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1. Summary 

 

 
 

Currently, NGS-based genetic testing has become an indispensable component of the 

comprehensive diagnostic workup in rare endocrine diseases. For this reason, our clinical 

genetics laboratory has designed a custom NGS panel including all the known candidate 

and susceptibility genes for Congenital Hypogonadotropic Hypogonadism (CHH) and 

Pheochromocytoma/Paraganglioma (Pheo/PGL/HNPGL), respectively. In addition, the 

VHL mutational screening has been developed to diagnose the von Hippel-Lindau 

syndrome (VHL) in suspected cases. This study aimed to evaluate the diagnostic yield 

based on genetic testing in the above-mentioned rare endocrine diseases. After the NGS 

sequencing, a comprehensive bioinformatic analysis of each variant was performed in 

order to evaluate their pathogenicity and genotype-phenotype correlations were 

examined. 

 

The first part of this thesis focused on CHH, which is a congenital disorder covering a 

wide spectrum of signs/symptoms, from classical forms with absent puberty, including 

Kallmann syndrome and other syndromic conditions, to milder forms with Adult-Onset 

Hypogonadism (AOH). To date more than 40 candidate genes have been identified in 

approximately 40-50% of cases with a genetic diagnosis of CHH. We have enrolled 26 

affected patients, of whom 12 showed the classic forms of disease whereas 14 were AOH. 

The total genetic diagnostic yield of our NGS panel, including 34 candidate genes with 

strong/definitive clinical evidence, was 23%, with the highest diagnostic rate in classic 

forms (42%) and the lowest one in the AOH (7%). The majority of mutated genes are well-

known causative genes, with the exception of DMXL2, for which only a few familial cases 

have been described so far. Interestingly, the unique case of AOH with a clear genetic 

diagnosis carried an affected DMXL2 allele, which is responsible for a mild reproductive 
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phenotype, according to the literature. Our finding contributes to elucidate the role of 

DMXL2 gene in the aetiology of CHH. 

 

The second part of this thesis focused on rare endocrine tumours. Among them, 

Pheo/PGL/HNPGL arise from neural crest cells and affect adrenal gland (Pheo) or 

extra-adrenal sites (PGL/HNPGL). More than 20 susceptibility genes have been reported 

to predispose to Pheo/PGL/HNPGL, with a diagnostic yield of approximately 30%. On 

the other hand, the VHL syndrome is a monogenic disorder arising from germline 

mutations in the VHL gene and involving multiple organs. All these conditions follow an 

autosomal mode of inheritance, with an incomplete and age-dependent penetrance 

related to the specific gene defect. We have enrolled 95 patients affected by 

Pheo/PGL/HNPGL and 8 suspected VHL cases. Concerning the former, our NGS panel 

containing 15 susceptibility genes revealed a genetic diagnostic yield of 20%, with the 

highest diagnostic rate in PGLs (33%) and the lowest one in Pheos (14%). The majority of 

mutated genes belongs to the SDHx family, in line with previous data. Interestingly, one 

Pheo patient carrying two germline defects in the SDHD and VHL genes received a 

diagnosis of VHL syndrome, thanks to the gene panel results. Regarding patients with 

suspected VHL, we diagnosed a “true” VHL syndrome in 25% of cases. 

This study highlights the power of genetic testing as a diagnostic tool with relevant 

implications in genetic counselling and clinical management of the mutation carriers. 

Based on our results, CHH patients should be well-characterized prior to genetic testing, 

as the presence of a disease-causing genotype is almost exclusively found in classic forms. 

Hence, the genotype of AOH patients seems to be different from those with CHH. In case 

of rare endocrine tumours, we confirmed that genetic testing is relevant for correct and 

early diagnosis, leading to a better prognosis and to an appropriate treatment, of both the 

patient and her/his family members through an active surveillance. 

 



5  

 2. Introduction 

 

2.1. Introduction to rare endocrine diseases 

 

 

Rare diseases are conditions which affect a small number of individuals compared to the 

general population, and there is no universal consensus about the definition of their 

frequency. In the United States, a rare disease is defined as a condition that affects fewer 

than 200,000 people (https://www.fda.gov/industry/designating-orphan-product-drugs- 

and-biological-products/orphan-drug-act-relevant-excerpts). The European Union 

defines a disease as rare if it affects fewer than 1 out of 2000 people within the general 

population (EC/141/2000). There are between 5000 and 8000 rare diseases, most of them 

with a known genetic basis (www.orpha.net). Among these, according to the National 

Institutes of Health, more than 175 distinct rare diseases affect the endocrine system. The 

symptoms related to these diseases may seem vague or overlapping with those of other 

complex diseases, which makes challenging differential diagnosis. In this context, rare 

endocrine diseases should be managed by experienced endocrinologists, who can solve 

the puzzle, recognizing the disease-pattern in a host of odd or unique symptoms. 

However, it is a challenge to diagnose these rare conditions by only assessing clinical 

features, and that is why many patients and their families undergo a long-lasting 

diagnostic odyssey. In this regard, a major breakthrough has been made thanks to the 

increasing availability and cost-effectiveness for clinical use of high throughput genetic 

tests, i.e. Next-Generation Sequencing (NGS)-based analyses. In fact, in the clinical 

endocrine practice, genetic testing is primarily requested to confirm a suspected clinical 

and endocrine diagnosis, especially when clinical features are ambiguous. Additionally, 

it also contributes to the identification of pre-symptomatic individuals. Thereby, their 



6  

risk to develop an inherited endocrine disorder can be predicted, and preventive 

measures might be taken. In addition, the knowledge on an inherited genetic variant is 

the basis to advice the patients´ family in respect of family planning and prenatal testing. 

Finally, the knowledge of the genetic cause underlying a certain endocrine disorder 

allows to understand its pathophysiology and thereby to develop and apply a 

personalized therapy. For all these reasons, a clinical and research collaboration between 

an expertise team, especially including endocrinologists and geneticists, is essential for 

diagnosis, management and surveillance of patients and their relatives.  

 

Over the years, the laboratory of genetics of rare endocrine diseases at the AOU Careggi 

Hospital, where I have collaborated during my PhD, has developed NGS-based gene 

panels for the hypothalamus-pituitary axis dysfunction and for certain types of rare 

endocrine tumours. Concerning the first category, in 2018 we have introduced a targeted 

gene panel for Congenital Hypogonadotropic Hypogonadism (CHH) into the diagnostic 

setting. Concerning the rare endocrine tumours, Pheocromocytoma/Paraganglioma 

(Pheo/PGL), and von Hippel-Lindau (VHL) syndrome they have been studied since 2016 

in the above- mentioned laboratory by performing multiple-gene panel and single-gene 

sequencing, respectively. 

 

In this part of the thesis, the above-mentioned diseases will be introduced through the 

description of their epidemiology, clinical presentation, genetic bases and genetic 

counselling. 
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2.2. Congenital Hypogonadotropic Hypogonadism (CHH) 

 

 
CHH is a rare endocrine disease affecting approximately 1 out of 4000 births (Mitchell et 

al., 2011), with a male to female ratio of approximately 4 to 1 (Seminara et al., 1998; 

Mitchell et al., 2011). It is caused by the deficient production, secretion or action of the 

Gonadotropin- Releasing Hormone (GnRH), which is the master hormone regulating the 

reproductive axis (Kim, 2015). 

During embryonic development, the neuroendocrine GnRH neurons originate outside 

the central nervous system in the olfactory placode from both the neural crest and 

ectodermal progenitors, and then migrate into the brain in close association with growing 

axons of olfactory and/or terminal nerves (Schwanzel-Fukuda et al., 1989; Teixeira et al., 

2010; Forni et al., 2011; Forni et al., 2014). Once in the hypothalamus, GnRH neurons 

detach from their axonal guides, disperse further into the brain parenchyma and stop 

migrating. At birth, post-migratory GnRH neurons have reached their final destination 

in the brain and are embedded in a complex neuronal network contributing to their 

proper maintenance and functionality. The activation of kisspeptin, which is the main 

regulator of GnRH neuron activation and hormone secretion, results in the onset of 

puberty. Hence, the GnRH from neuron’s axon terminals into the hypophyseal portal 

vasculature occurs (Bianco et al., 2009). GnRH acts via the GnRH receptor, which is 

expressed on the gonadotropic cells in the anterior pituitary gland. This action regulates 

both synthesis and release of gonadotropins, such as Luteinizing Hormone (LH) and 

Follicle Stimulating Hormone (FSH), which control gonadal maturation and adult 

reproductive physiology via the hypothalamic–pituitary– gonadal (HPG) axis.  

The failed/incomplete embryonic migration of GnRH neurons generally results in the KS 

phenotype. KS is found in about 50% of patients affected by CHH. In case of 

deficient/altered secretion and/or action of GnRH, the phenotype is normosmic CHH 

(nCHH). 
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2.2.1. Clinical presentation 

 

 
CHH is a clinically heterogeneous condition covering a wide spectrum of symptoms, 

where  the typical clinical features are incomplete or absent puberty and infertility 

(Bonomi et al., 2018). CHH can manifest itself with anosmia/hyposmia (KS) or as a 

normosmic form (nCHH). In addition, non-reproductive features can be recognized in 

CHH patients, such as  midline facial defects (cleft lip or palate), unilateral renal agenesis, 

hearing loss, synkinesia, dental agenesis and short metacarpals (Young et al., 2019). 

 In the neonatal period, the lack of HPG axis activation might provide early diagnostic 

signs for identifying CHH in male infants (Evain-Brion et al., 1982; Grumbach et al., 2005; 

Kaplan et al., 2010; Malin et al., 2000). In these cases, cryptorchidism and micropenis can 

be signs of  GnRH deficiency, although these features may vary during infancy, whereas 

no specific clinical signs of CHH are present in female neonates. The signs and symptoms 

of the disease arise in adolescents, where the failure to activate the HPG axis leads to 

absent puberty (Figure 1). In contrast to constitutional delay of growth and puberty 

(CDGP) characterized by an initiated and eventually spontaneously completed puberty, 

in the majority of CHH patients, puberty never occurs (absent puberty) or, less 

commonly, it is initiated then arrested (adult-onset CHH) (Pitteloud et al., 2002; Shaw et 

al., 2011; Young, 2012). Adolescents with CHH exhibit steady linear growth and thus lack 

the so-called growth spurt (van Buuren and Ooms, 2009; Lawaetz et al., 2015; Hero et al., 

2015). Given the delayed epiphyseal closure, these individuals often have eunuchoid 

proportions. The most common complaints in male adolescents with CHH include absent 

and/or minimal virilization and low libido. Among female adolescents, lack of breast 

development and/or primary amenorrhoea by the age of 15 years are the typical 

disturbances. Most patients are  diagnosed late in adolescence or early in adulthood, 

when they access to the clinic for evaluation of infertility or even for osteoporotic 

fractures. It is worth noticing that the clinical heterogeneity of CHH makes differentiation 
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from CDGP difficult (Palmert and Dunkel, 2012; Lawaetz et al., 2015). The clinical 

manifestations that argue in favour of CHH since they rarely seen in CDGP, are 

micropenis and/or cryptorchidism in males, a poor sense of smell, which suggests KS, and 

other non-reproductive defects, mainly including sensorineural deafness, cleft lip, 

bimanual synkinesia, etc. (see above). In addition to these features, associated congenital 

phenotypes are also very useful as they indicate a syndromic form of CHH. In fact, it 

should be considered that, CHH can occur as a part of complex genetic syndromes, as in 

case of CHARGE syndrome, Gordon Holmes syndrome (GHS) and hypomyelinating 

leukodystrophy type 8 (HLD8). CHARGE is an abbreviation for several common features 

of the syndrome, i.e. coloboma, heart defects, choanal atresia, growth retardation, genital 

abnormalities and ear malformations with/without deafness (Hall, 1979; Hittner et al., 

1979). On the other hand, GHS and HLD8 are neurological disorders, characterized by 

cerebellar ataxia/atrophy and eventually by nCHH. 
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Figure 1: Activity of the HPG axis across the lifespan (from Boehm et al., 2015). 

 

 

2.2.2. Genetics of CHH 

 

 
CHH is heterogeneous not only clinically but also genetically. To date, more than 40 

genes with variable expressivity, penetrance and inheritance have been identified as 

potential cause of the disease (Table 1) (Butz et al., 2021; Cangiano et al., 2021). These 

genes can take part in the following pathways: i) GnRH neuron migration / axon 

guidance; ii) GnRH neuron and gonadotropic cells differentiation and fate specification; 

iii) GnRH neuron activation and networking; iv) secretion and action of GnRH; v) 

gonadotropin secretion or action (Cangiano et al., 2021). 

The higher prevalence of rare variants in CHH patients concerns the FGFR1, CHD7, 

PROKR2, SEMA3A, ANOS1 and GNRHR genes (Table 1; see review Cangiano et al., 2021). 

Currently, through the sequencing of a targeted gene panel using NGS, a genetic 

diagnosis is possible in about 45-50% of cases, and, it is expected that novel CHH-

associated genes will be discovered by WES analysis in the near future (Cioppi et al., 

2021). 
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From a genetic point of view, this disease shows two peculiar features: 1) distinguishing 

between KS and nCHH is often difficult because mutations in genes involved in GnRH 

neuron migration / axon guidance might result in both forms of disease (Boehm et al., 

2015). In fact, with the exception of certain genes purely associated with KS or with 

nCHH, some others (e.g. FGFR1 and PROKR2) can be involved in both clinical 

manifestations, even within the same kindred (Cangiano et al., 2021). 2) We must consider 

that CHH is no longer viewed as a Mendelian monogenic disease, since rare variants in 

two (digenicity) or more (oligogenicity) candidate genes have been found in the same 

patient, supporting a digenic/oligogenic inheritance in about 20% of cases (Boehm et al., 

2015). Although the oligogenic basis of CHH makes the genotype-phenotype correlation 

even more complex, it may explain the variable penetrance of the same pathogenic variant 

within the same family members (Cangiano et al., 2021; Butz et al., 2021). 

It is important to note that some of these genes can be associated with other additional 

clinical features underlying a certain syndrome, hence a correct diagnosis could be 

improved by the identified gene defect(s). For instance, in CHD7 mutations carriers, a 

severe  CHH phenotype, including micropenis and cryptorchidism could be observed in 

a clinical context belonging to the CHARGE syndrome. Mutations in OTUD4, RNF216 

and PNPLA6 also cause the GHS, characterized by neurological and reproductive defects. 

In addition, the POLR3-related leukodystrophy, in particular HLD8, could be associated 

to other clinical features, including oligodontia and/or hypogonadotropic 

hypogonadism. 

In addition, most of these CHH-candidate genes can be responsible for other syndromic 

conditions which do not include CHH. This is the case of PROKR2 gene, which is also 

associated with septo-optic dysplasia (SOD) and Morning Glory syndrome. In addition 

to PROKR2, other candidate genes cause SOD, including FGF8, SOX2, HESX1, SOX3 and 

OTX2 (Boehm et al., 2015; Cangiano et al., 2021). Besides CHH, FGFR1 is responsible both 

for Hartsfield syndrome, characterized by the triad of holoprosencephaly, ectrodactyly, 
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and  cleft/lip palate, and for split-hand/foot malformation (Simonis et al., 2013), whereas 

FGF17 has been rarely associated with the Dandy-Walker syndrome (Zanni et al., 2011). 

SOX10 is well-known to cause the Waardenburg syndrome, characterized by pigmentary 

abnormalities of the hair, skin, and eyes, by congenital sensorineural hearing loss and by 

the absence of “dystopia canthorum” (see references in Boehm et al., 2015). Individuals 

carrying SOX10 mutations may have also neurologic abnormalities, including mental 

impairment, myelination defects and ataxia. In case of NR0B1 mutation, the Congenital 

Adrenal Hypoplasia (CAH) phenotype could be observed (Esden-Tempska et al., 2012) 

while the DMXL2 gene has been associated to polyendocrine deficiencies and 

polyneuropathies (Tata et al., 2014). 

 

 

 

2.2.3. Genetic counselling in CHH 

 

 
 

As stated above, many gene defects are associated with other non‑reproductive 

developmental abnormalities, hence the clinical management of CHH patients has to be 

carefully conducted, possibly in collaboration with other medical specialties. In fact, 

there may not always be a clearly distinction between CHH with non-reproductive 

defects and CHH as part of a complex syndrome (Cangiano et al., 2020). In this context, 

particular attention should be paid to the carriers of CHD7 mutations, given their causal 

effect both on CHH and CHARGE syndrome. In the majority of cases (~80%) pathogenic 

or likely pathogenic CHD7 variants are associated with CHARGE features (Xu et al., 

2018), although it is not always possible to differentiate the mutations resulting in CHH 

from those causing     CHARGE syndrome. In addition, a clinical re-evaluation of patients 

and their relatives should be recommended in case of mutations in the RNF216, OTUD4, 

PNPLA6 genes and in the POLR3A/POLR3B genes, in order to exclude any neurological 
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impairment underlying the GHS and the HLD8, respectively (Seminara et al. 2002; 

Margolin et al. 2013; Shi et al. 2014). 

Concerning the reproductive issue, in the majority of CHH patients, fertility can be 

induced by using hormonal therapies (Boehm et al., 2015), thus mutations can be 

transmitted either through spontaneous pregnancy or through Assisted Reproductive 

Techniques (ART). Overall, the complexity of this disease makes predicting the exact 

health consequences for the offspring difficult; however, Preimplantation Genetic Testing 

for monogenic conditions (PGT-M) or prenatal diagnosis should be offered to couples, 

mainly for syndromic cases characterized by severe clinical features. 

To note, the traditional view of CHH as a lifelong disease has been changed following 

the observation of spontaneous remission cases in about 10-20% of patients affected by 

CHH (Dwyer et al., 2016). Thus, all clinicians must be aware that a periodic suspension 

of the substitutive testosterone therapy should be advised in order to verify the 

“reversibility”. 
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Table 1: List of CHH candidate genes with the description of mode of inheritance and phenotypes.  

Gene 
OMIM 

number 
Locus Inheritance 

Prevalence in 

CHH patients 

CHH 

phenotype 

Additional 

phenotypes 

Syndromic-associated 
phenotypes 

AMH 600957 19p13.3 AD Very low KS/nCHH Unknown Unknown 

AMHR2 600956 12q13.13 AD Very low KS/nCHH Unknown Unknown 

ANOS1 300836 Xp22.31 XLR 4.5% KS 
Hearing loss, synk., 

RA Unknown 

AXL 109135 19q13.2 AR/oligo 4.85% nCHH Unknown Unknown 

CCDC141 616031 2q31.2 AR/di-oligo Very low nCHH Unknown Unknown 

CHD7 608892 8q12.2 AD/AR/di-oligo 8.1% KS/nCHH Hearing loss CHARGE sdr 

DDC 120470 18q21.2 AD/di-oligo Very low KS/nCHH Cleft-lip palate, synk. Unknown 

DMXL2 612186 15q21.2 AD 2.3% nCHH Hearing loss 
Polyendocrine- 
polyneuropathy 

DUSP6 602748 12q21.33 Oligo 1.3% KS/nCHH Hearing loss Unknown 

FEZF1 613301 7q31.32 AR Very low KS Unknown Unknown 

FGF17 603725 8p21.3 Oligo 1.1% KS/nCHH Unknown Unknown 

FGF8 600483 10q24.32 Oligo 1.2% KS/nCHH Cleft-lip palate, synk. SOD 

FGFR1 136350 8p11.23 AD/AR/di-oligo 8.9-11.4% KS/nCHH Cleft-lip palate, synk. Hartsfield sdr 

FLRT3 604808 20p12.1 Oligo 0.8% KS/nCHH Cleft-lip palate Unknown 

FSHB 136530 11p14.1 AR Very low nCHH Unknown Unknown 

GATA2 37295 3q21.3 AD Very low nCHH Unknown Unknown 

GLCE 612134 15q23 Unknown Very low KS/nCHH Unknown Unknown 

GLI2 165230 2q14.2 AD Very low nCHH Cleft-lip palate Culler–Jones sdr 

GNRH1 152760 8p21.2 AR/di-oligo 1.5% nCHH Unknown Unknown 

GNRHR 138850 4q13.2 AR/di-oligo 4.4% nCHH Unknown Unknown 

HESX1 601802 3p14.3 AD/AR 1.4% KS/nCHH Unknown SOD 
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HS6ST1 604846 2q14.3 Oligo Very low KS/nCHH Unknown Unknown 

IGSF10 617351 3q25.1 AD Very low nCHH Unknown Unknown 

IL17RD 606807 3p14.3 Oligo 2.1% KS/nCHH Hearing loss Unknown 

KISS1 603286 1q32.1 AR Very low nCHH Unknown Unknown 

KISS1R 604161 19p13.3 AR 1.6% nCHH Unknown Unknown 

KLB 
 

611135 

 

4p14 

 

AD 

 

4% 

 

KS/nCHH 
Cleft lip, synk. RA Unknown 

LEP 164160 7q32.1 AR Very low nCHH Unknown Obesity 

LEPR 601007 1p31.3 AR Very low nCHH Unknown  

LHB 152780 19q13.33 AR Very low nCHH Unknown Unknown 

LHX3 600577 9q34.3 AR Very low nCHH Hearing loss Unknown 

LHX4 602146 1q25.2 AD Very low nCHH Unknown Unknown 

NDNF 616506 4q27 AD Very low KS Unknown Unknown 

NR0B1 300473 Xp21.2 XLR Very low nCHH Unknown CAH 

NSMF 608137 9q34.3 AR/di-oligo 1.0% KS/nCHH Unknown Unknown 

NTN1 601614 17p13.1 AD/di-oligo Very low KS/nCHH Cleft-lip palate, synk. Unknown 

OTUD4 611744 4q31.21 AR/di-oligo Very low Unknown Unknown GHS 

OTX2 600037 14q22.3 AD Very low nCHH Unknown SOD 

PCSK1 162150 5q15 AR Very low nCHH Unknown Obesity 

PITX2 60154 4q25 AD Very low nCHH Unknown Axenfeld–Rieger sdr 

PLXNA1 601055 3q21.3 AR/di-oligo Very low KS/nCHH Unknown Unknown 

PNPLA6 603197 19p13.2 AR 1.1% nCHH Unknown 
GHS, Boucher– 

Neuhauser 

POLR3A 614258 10q22.3 AR 1.1% nCHH Unknown 
Hypomy.leukodyst, 

WR 

POLR3B 614366 12q23.3 AR 1.1% nCHH Unknown 
Hypomy.leukodyst, 

4H 



16  

PROK2 607002 3p13 AR/di-oligo 2.4% KS/nCHH Synkinesia Unknown 

PROKR2 607123 20p12.3 AR/di-oligo 5.6% KS/nCHH Synkinesia SOD 

PROP1 601538 5q35.3 AR Very low nCHH Unknown Unknown 

RNF216 609948 7p22.1 AR/di-oligo Very low nCHH Unknown GHS 

SEMA3A 603961 7p12.1 AD/di-oligo 5.3% KS/nCHH Unknown Unknown 

SEMA3E 608166 7q21.11 Oligo Very low KS/nCHH Unknown CHARGE sdr 

SEMA7A 607961 15q24.1 Oligo 4% KS/nCHH Unknown Unknown 

SMCHD1 614982 18p11.32 AD Very low KS Unknown 
Bosma-arhinia 

microphthalmia 

SOX10 602229 22q13.1 AD 4.4% KS Hearing loss Waardenburg sdr 

SOX2 184429 3q26.33 AR 2.3% nCHH Hearing loss SOD 

SOX3 313430 Xq27.1 XLR Very low nCHH Hearing loss SOD 

SPRY4 607984 5q31.3 Oligo 3.2% KS/nCHH Unknown Unknown 

STUB1 607207 16p13.3 AR Very low nCHH Unknown GHS 

TAC3 162330 12q13.3 AR 0.9% KS/nCHH Unknown Unknown 

TACR3 162332 4q24 AR 1.5% nCHH Unknown Unknown 

TBX3 601621 12q24.21 AD Very low nCHH Cleft-lip palate Ulnar–mammary 

TUBB3 602661 16q24.3 AD Very low KS Cleft-lip palate Moebius sdr 

WDR11 606417 10q26.12 AD/di-oligo Very low KS/nCHH Hearing loss Unknown 

AD: autosomal dominant; AR: autosomal recessive; CAH: congenital adrenal hypoplasia; GHS: Gordon Holmes syndrome; KS: Kallmann syndrome;      

nCHH: normosmic congenital hypogonadotropic hypogonadism; oligo: oligogenicity; RA: renal agenesis; synk: synkinesia; SOD: septo-optic 

dysplasia; sdr: syndrome; WR: Wiedemann–Rautenstrauch ; XLR: X-linked recessive. 
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2.3. Pheocromocytoma/Paraganglioma (Pheo/PGL) 

 

 
 

Pheo/PGL are neuroendocrine tumours arising from neural crest cells, with an annual 

incidence of approximately 1 per 100 000 (Berends et al., 2018). In the 2017 World Health 

Organization (WHO) classification, Pheo is an adrenal tumour and PGL is an extra-

adrenal tumour. Only anatomical location is used to distinguish between them, since the 

two tumour types cannot be differentiated on the basis of histologic findings (Tischler et 

al., 2017; Neumann et al., 2018). Pheos arise from the adrenal medulla’ chromaffin cells, 

which are homologous to sympathetic neurons, usually producing and secreting the 

catecholamines, i.e. dopamine, norepinephrine (noradrenaline), and epinephrine 

(adrenaline). PGLs derive from paraganglia, which are seen in close association with 

components of the sympathetic and parasympathetic nervous system (Lack, 2007; 

Tischler et al., 1998; Oudijk et al., 2016; Hayashi et al., 2014). PGLs can arise in any location 

where paraganglia normally reside (Figure 2) (Asa et al., 2018). Sympathetic PGLs arise 

from the sympathetic ganglia in torax, abdomen and pelvis (DeLellis et al., 2004). In the 

head and neck region, PGLs have a parasympathetic origin (HNPGLs) (Williams, 2017). 

Approximately 80–85% of chromaffin cell tumours are Pheos, and 15–20% are PGLs 

(Lenders et al., 2005; Whalen et al., 1992; Pacak et al., 2001). HNPGLs represent only 0.6% 

of all head and neck tumours and 0.03% of all tumours (LeeJH et al., 2002). Almost all 

Pheos and sympathetic PGLs are biochemically active and secrete catecholamines or their 

metabolites, while HNPGLs do not produce significant amounts of catecholamines (Chen 

et al., 2010; McNicol, 2010; Welander et al., 2011). These tumours are characteristically 

well- vascularized and typically benign; nonetheless, roughly 10–15% may metastasize to 

the lungs, bone, liver, and lymph nodes (Boedeker, et al., 2011). 

Genetics and developments of diagnostic procedures, i.e. biochemical testing and specific 

imaging studies, helps improving the diagnostic rate.  
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Figure 2: Location of paraganglia. This figure illustrates the 

location of normal paraganglia in the neck, thorax and 

abdomen. Locations in the head are not shown (from Asa 

et al., 2018). 

 

 

 

 

 

 

 

 

 

 

2.3.1. Clinical presentation 

 

The symptoms underlying Pheo/PGL are mainly due to the hypersecretion of 

catecholamines and can mimic more than 30 medical disorders, hence its name of “the 

great mimic” (Young, 2016). 

As stated above, pheocromocytoma and sympathetic paraganglioma (PPGL) often 

secrete catecholamines resulting in a variable clinical presentation (Manger, 2009). The 

diverse and variable signs and symptoms of PPGL are related to: i) the pattern of 

catecholamine release (continuous/sporadic); ii) the amount of catecholamine release 

(determined mainly by the size of the tumour); iii) the type of catecholamine released 

(dopamine, noradrenaline or adrenaline). Paroxysmal symptoms with a high variety of 

severity and frequency are a typical feature, presumably due to the sporadic secretory 

activity. Such symptoms may occur spontaneously or may be provoked by triggers, 
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including exercise, abdominal pressure, large meals, drugs (such as 

glucocorticosteroids, antidepressants, some anaesthetics, etc.), stress, alcohol and food, 

e.g. tyramine in some cheeses (Manger, 2009; Reisch et al., 2006; Lenders et al., 2014; 

Pacak, 2007; Eisenhofer et al., 2007). In about 80% of patients affected by PPGL an increase 

in blood pressure caused by the action of tumour catecholamines on the adrenergic 

receptors has been well-documented (Canu et al., 2019). This endocrine hypertension 

may occur as continuous or intermittent, with or without sudden spikes, associated or 

not with other symptoms of adrenergic activations, such as palpitations, sweating, 

trembling and anxiety (Canu et al., 2019). A recent meta-analysis showed that headache, 

palpitations and sweating occurred in 60%, 59%, 52% of patients, respectively, whereas 

other symptoms occurred at a much lower frequency (Soltani et al., 2015). It is worth 

noting that in some instances, the hypertensive crises can be very severe, with consequent 

cardiovascular complications, i.e. myocardial ischemia, arrhythmias, hearth failure, 

cerebral haemorrhage and sudden death. Diabetes and prediabetes represent other signs 

of the hyperadrenergic state. In addition, PPGL patients are more often characterized by 

lower BMI compared to those without PPGL (Manger, 2009; Reisch et al., 2006; Lenders 

et al., 2014; Pacak, 2007). 

 

On the other hand, almost all HNPGL cases do not produce significant amounts of 

catecholamines, thus the presence of catecholamine excess-related symptoms rarely 

occurs. They may present with a series of symptoms related to a temporal bone or cervical 

mass causing compression or infiltration of the adjacent structures, leading to hearing 

loss, pulsatile tinnitus, dysphagia, and cranial nerve palsies (Taieb et al., 2014).  

Of note, many Pheos/PGLs are unidentified during life and are diagnosed only during 

autopsies, meaning that the clinical diagnosis is missed in a substantial number of 

patients (McNeil et al., 2000; Lo et al., 2000). The main reason behind this phenomenon is 

the absence of specific clinical symptoms or the lack of biochemical evidence. However, it 
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is worth mentioning that these rare tumours can be lethal if left undiagnosed. Thus, rapid 

recognition is relevant. In the last few years, these undiagnosed cases are increasingly being 

discovered on the basis of family and germline mutation testing.  

 

 

2.3.2. Genetics of Pheo/PGL  

 

 

These diseases have the highest known hereditability rate among all human tumours. Up 

to 30% of affected patients carry germline mutations in one of at least 20 known 

susceptibility genes (Table 2), and this number is expected to increase in the near future, 

thanks to the discovery of novel disease-causing genes through the widespread diffusion 

of Whole Exome Sequencing (WES) in the clinical setting. 

The germline genetic profiling of Pheo/PGLs has shown the occurrence of two main 

clusters due to the activation of two different pathogenic pathways (Burnichon et al., 

2011): i) pseudo-hypoxia cluster, including tumours mainly related to VHL or SDHx 

mutations; ii) cluster of kinase receptor signalling and protein translation pathway, 

including tumours mainly linked to NF1 and RET mutations. The two different 

pathogenic pathways cause different phenotypes in terms of secretory pattern and 

biochemistry (Eisenhofer et al., 2001). 

Among the most frequently mutated genes in patients affected by Pheo/PGL are SDHB, 

SDHD, VHL, RET and NF1. Notably, for each disease-susceptibility gene, a mutated allele 

is sufficient to predispose to the disease, showing an autosomal dominant pattern of 

inheritance. All the detailed gene information is listed in Table 2. It is important to note 

that some of these genes (NF1, VHL, RET, SDHx) are associated with overlapping 

syndromic conditions where Pheo can represent one of the clinical features underlying 

the syndrome. By contrast, patients with mutations of TMEM127 and MAX genes 
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generally have only Pheo/PGL. It should be noted that a minority of SDHx mutation 

carriers have also gastrointestinal stromal tumours (GISTs), renal-cell carcinomas (RCC), 

or pituitary adenomas (Neumann et al., 2019). 

The clinical features of the overlapping syndromes (Table 2) have been known for more 

than 100 years, starting with neurofibromatosis type 1, von-Hippel-Lindau disease, 

MEN-2 and Carney-Stratakis syndrome. A brief description of the above-mentioned 

syndromes and their gene defects are reported below. 
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Table 2: List of Pheo/PGLs candidate genes with the indication of mode of inheritance and 

associated phenotypes. 

Gene OMIM 

number 

Locus Inheritance Associated-syndrome Other non-chromaffin 

tumours 

DNMT3A 602769 2p23.3 AD Tatton-Brown-Rahman 

syndrome, Heyn-Sproul- 

Jackson syndrome 

Unknown 

EGLN1 606425 1q42.2 AD Familial Erythrocytosis Unknown 

EGLN2 606424 19q13.2 AD Unknown Unknown 

EPAS1 603349 2p21 AD Familial Erythrocytosis Unknown 

FH 150800 1q43 AD Leiomyomatosis and RCC 

syndrome 

Unknown 

IDH1 147700 2q34 AD Unknown Unknown 

KIF1B 605995 1p36.22 AD Charcot-Marie-Tooth 2A1 Unknown 

MAX 154950 14q23.3 AD Unknown Rarely also RCC 

MDH2 154100 7q11.23 AD Unknown Unknown 

NF1 613113 17q11.2 AD NF1 syndrome Cutaneous neurofibromas, 

malignant peripheral-

nerve- sheath tumours, 

breast cancer 

RET 164761 10q11.21 AD MEN-2 syndrome Medullary thyroid 

carcinoma, 

hyperparathyroidism 

SDHA 600857 5p15.33 AD PGL5 Rarely also pituitary 

adenoma, GIST, RCC 

SDHAF2 613019 11q12.2 AD/ maternal 
imprinting 

PGL2 Unknown 

SDHB 185470 1p36.13 AD PGL4 Rarely also pituitary 

adenoma, GIST, RCC 

SDHC 602413 1q23.3 AD PGL3 Rarely also pituitary 
adenoma, GIST, RCC 

SDHD 602690 11q23.1 AD/ maternal 
imprinting 

PGL1 Rarely also pituitary 

adenoma, GIST, RCC 

SLC25A11 604165 17p13.2 AD PGL6 Unknown 

TMEM127 613403 2q11.2 AD Unknown Unknown 

VHL 608537 3p25.3 AD VHL syndrome Retinal and CNS 

hemangioblastomas, RCC, 

pancreatic neuroendocrine 
tumours, ELST 

AD: autosomal dominant; CNS: central nervous system; ELST: endolymphatic sac tumour; 

GIST: gastrointestinal stromal tumour; RCC: renal cell carcinoma.  
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2.3.2.1. Neurofibromatosis type 1 

 

 

Heterozygous pathogenic mutations of the NF1 gene are well-known causes of 

neurofibromatosis type 1 (OMIM # 162200). This condition is characterized by 

neurofibromas, café au lait spots, axillary freckling, iris hamartomas (Lisch nodules), 

bone abnormalities, gliomas of the central nervous system, macrocephaly, and cognitive 

deficits. Pheos and PGLs are present in 1 to 3% of affected patients (Gutmann et al., 1997; 

Bausch et al., 2007; Gruber et al., 2017). 

 

 

2.3.2.2. Von Hippel-Lindau disease 

 

The VHL gene is responsible for the dominantly inherited von Hippel-Lindau disease 

(OMIM #193300). This condition is considered as a familial cancer syndrome, 

predisposing to a variety of malignant and benign neoplasms, including Pheo/PGL. The 

occurrence of Pheo/PGL is common in these patients, and it may be part of the patient’s 

initial presentation, even in early infancy. In these cases, mutations in codons 98, 161 and 

167 of the VHL protein are often found (Neumann et al., 1991; Bender et al., 2001; 

Neumann et al., 2018). A distinction between different types of VHL mutations and the 

related phenotype(s) has to be made: i) missense VHL mutations predict von Hippel–

Lindau disease type 2; ii) loss of function VHL mutations are often associated with RCC 

and in rare cases with pheocromocytoma, resulting in von Hippel–Lindau disease type 1 

(Neumann et al., 2019). Detailed clinical and genetic features of this condition will be 

discussed apart in the next chapter.  
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2.3.2.3. MEN-2 

 

The multiple endocrine neoplasia type II (MEN-2; OMIM #162300) is caused by 

heterozygous mutations in the RET oncogene. It can be divided into two main subtypes: 

i) type 2A, which is characterized by medullary thyroid carcinoma (MTC), Pheos and 

parathyroid hyperplasia; ii) type 2B, which is characterized by aggressive MTC, Pheos, 

mucosal neuromas. Most MEN-2B-affected individuals may also present characteristic 

physical features, including full lips, thickened eyelids, high-arched palate, marfanoid 

habitus, skeletal anomalies and gastrointestinal problems (Neumann et a., 2007; Pick et 

al., 2012). The p. Met918Thr variant of RET seems to be the most commonly identified 

variant in patients affected by MEN-2B. It would be rare for these patients to first present 

with Pheo, since the typical features of this syndrome are manifested relatively early, 

even in infancy, such as early-onset MTC, ganglioneuromas (typically involving the 

tongue, lips, and eyelids), skeletal deformities, joint laxity and intestinal 

ganglioneuromatosis (Neumann et a., 2007; Pick et al., 2012).  

 

2.3.2.4. Carney-Stratakis syndrome  

 

The autosomal dominant Carney-Stratakis syndrome is associated with SDHx mutations 

and characterized by the association of Pheos, PGLs, or both with GIST and pituitary 

adenoma (Settas et al., 2018; Xekouki et al., 2019).  
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2.3.3. Genetic counselling in Pheo/PGL 

 

After the detection of the mutation, the identified gene defect guides the tailoring of 

imaging studies and subsequent medical management (Neumann et al., 2019). For 

instance, imaging studies for hemangioblastomas of the eyes and central nervous system 

and for tumours of the ears, kidneys, and pancreas are performed if VHL is mutated. 

Once the pathogenic RET mutation is identified in a patient with pheocromocytoma, 

clinicians must be aware that virtually all mutation carriers will have MTC, whereas 20% 

of patients with MEN-2A, but not MEN-2B, will have hyperparathyroidism. In case of 

SDHx, MAX, or TMEM127 mutation carrier, the screening for other chromaffin tumours 

or for rare kidney cancers, pituitary adenomas and GISTs is routinely carried out 

The results of gene testing need to be considered also in the pre-surgery planning. In fact, 

RET germline mutations are often associated with bilateral adrenal tumours, which can 

occur metachronously, with intervals of more than a decade, thus the preservation of 

sufficient adrenal cortex is vital (Castinetti et al., 2014; Neumann et al., 2019). Minimally 

invasive surgery performed by expert   surgeons   is   a   crucial step in these cases. An 

organized, long-term postoperative care program is essential for patients with germline 

mutations and should be in the hands of endocrinologists. The goals of this program 

consist of surveillance for and management of associated nonchromaffin tumours, 

including: i) MTC and primary hyperparathyroidism in patients with MEN-2; ii) 

hemangioblastomas of the retina, cerebellum, and spine, along with RCC and pancreatic 

neuroendocrine tumours, in patients with VHL disease; iii) peripheral-nerve-sheath 

tumours and breast cancer in patients with neurofibromatosis 1 (NF1 carriers); iv) GISTs, 

RCCs, and pituitary tumours in patients with SDHx and MAX mutations. 

In the context of genetic counselling, a genetic testing should be offered to all first-degree 

relatives of a mutation carrier. Testing of relatives results in a 50% likelihood of 
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identifying mutation carriers, who are typically asymptomatic. Clinical surveillance and 

management related to the identified gene defect should be offered to these 

asymptomatic mutation (Lenders et al., 2014). The age at onset and gene-specific age-

related penetrance guide the screening for pheocromocytoma, paraganglioma, and 

nonchromaffin tumours in order to identify these neoplasms at an early stage, when they 

are resectable. It is important that both patients and clinicians understand the concept of 

“disease-penetrance”, as the disease does not develop in all mutation carriers. In fact, all 

susceptibility genes for Pheo/PGL show an incomplete and age-dependent penetrance. 

For example, the mean penetrance of Pheo/PGL is 50% by the age of 44 years in RET 

mutation carriers, while it is 50% at the age of 52 years in carriers of VHL mutations 

(Castinetti et al., 2014; Bender et al., 2001). On the other hand, the SDHx mutations 

penetrance depends on the type of affected gene. In case of SDHA mutation carriers, the 

mutation penetrance is 39% by the age of 40 years in the index cases, whereas it is only 

10% at the age of 70 years with a lifetime disease- penetrance of 1.7% in the relatives. The 

SDHB mutation penetrance is similar in probands and relatives, accounting for 22% by 

the age of 60 years, whereas disease penetrance is 8% for SDHC and 43% for SDHD by 

the age of 60 years (Benn et al., 2018; Andrews et al., 2018). Penetrance estimations are 

currently ongoing for MAX, TMEM127, SDHAF2 and for the newer genes (Neumann et 

al., 2019).  
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2.4 Von Hippel-Lindau syndrome (VHL) 

 

VHL is an autosomal dominant disease affecting several organ systems and leading to 

the growth of cysts and/or tumours. The estimated prevalence ranges from 1 per 30 000 to 

1 per 50 000, and males and females are equally affected (Mikhail and Singh, 2021). Two 

different types of VHL syndrome have been reported, depending on the occurrence of 

Pheos among with the other cystic lesions/tumours forming part of this syndrome. VHL 

type 1 is characterized by a very low risk for Pheo, whereas VHL type 2 develop Pheo in 

10-20% of cases. In this latter syndrome type, Pheo appears earlier in patients compared 

to sporadic cases, and the manifestation is often bilateral, but malignant cases are rare 

(Chen et al., 1995; Eisenhofer et al., 2001). 

Hemangioblastoma, which are central nervous system’s vessel-related tumours, are the 

most frequent feature in VHL syndrome, developing in 60-80% of VHL patients, 

generally around the age of 30 years. The most frequently affected regions are the spinal 

cord (50%), the cerebellum (37%) and the brainstem (10%). Angiomas of the retina occur 

in 50% of cases, and these benign tumours are often recurrent, bilateral and multiplex. 

RCC is the second most common lesion in VHL, occurring approximately in 24%-70% of 

patients. RCC is often bilateral, multiplex and rapidly progressing tumour with a 

potential to form metastases early to the regional lymph nodes, liver and brain. 

Pancreatic lesions (usually cysts) arise in 25% of VHL cases, but autopsy confirms this 

number is around 70%. Pancreatic tumours also appear in 5-10% of patients, and they 

represent significant morbidity and mortality (Mikhail and Singh, 2021).
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2.4.1. Clinical presentation  

 

 

The clinical presentation is influenced by the type of tumours, by their size and location, 

by associated edema and by the presence of cysts as well. Hemangioblastomas of the 

spinal cord can cause hyperesthesia and pain, whereas tumours of the cerebellum are 

accompanied by headaches, dizziness, nausea, imbalance and ataxia. Brainstem tumours 

are associated with hyperesthesia, headaches, dysphagia and hyperreflexia. Although 

the hemangioblastomas are slowly growing benign tumours, the subsequent increased 

pressure in the central nervous system represents the major cause of VHL-associated 

morbidity and mortality. 

In case of retinal angiomas, retinal detachment and blindness regularly develop in 

patients who are not subjected to a definitive therapy, e.g. laser coagulation and 

cryotherapy. 

Pheos may be asymptomatic, but they may also cause a wide spectrum of symptoms as 

reported in the previous paragraph. 

In case of pancreas lesions, clinical symptoms are related to the size of the cyst, and 

abdominal discomfort or pain can be common, while pancreatitis seems to be rare. 

Pancreatic tumours related to VHL are usually asymptomatic, but in some instances they 

may result in abdominal pain, jaundice, pancreatitis, or even gastrointestinal bleeding 

(Hammel et al., 2000). 

Haematuria and pain might be present if RCC occurs, but this carcinoma is usually silent 

for years, and such symptoms appear in advanced stages only. 

VHL patients with endolymphatic sac tumours, which occur in the inner ear, may present 

with tinnitus, vertigo or hearing loss. 
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2.4.2. Genetics of VHL  

 

 

Germline mutations of the VHL tumour suppressor gene are responsible for the VHL 

syndrome. This gene encodes a protein which forms a stable ubiquitin-ligase complex 

with other proteins, such as RBX1, Cullin-2, Elongin-B and C. Under normoxic condition, 

this complex mediates the function of RNA polymerase II and participates in the 

ubiquitin-mediated degradation of hypoxia-inducible factor 1-alpha (HIF1-A). Under 

hypoxic condition or when VHL is mutated, the lack of HIF1 degradation leads to the 

consequent dimerization of HIF1-A and HIF1-B proteins, which translocate to the 

nucleus promoting the transcription of target growth factors genes, i.e. VEGF, EPO, PDGF, 

LDH, GLUT1 (Figure 3). This mechanism is called pseudo-hypoxia, and it has also been 

described in tumours associating with mutations in SDHx genes (see previous 

paragraph). In addition, VHL participates in two other cellular pathways regarding: i) 

regulatory functions of the mitochondria and the cell cycle; ii) organization of 

microtubules and formation of cilium (Kaelin, 2002). 

Generally, loss of function VHL mutations are associated with the type 1 syndrome, while 

missense mutations with the type 2 (Neumann et al., 2019). Furthermore, mutations 

which disrupt the VHL-HIF1A protein interaction more often cause RCC, whereas 

mutations affecting other protein domains lead to Pheos (Mikhail and Singh, 2021). Of 

note, those missense mutations more commonly found in Pheos are located at the surface 

of the protein rather than in the deeper regions (Ong et al., 2007).
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Figure 3: Molecular scheme of mechanism of action of von Hippel-Lindau protein (VHL). In 

conditions of hypoxia or VHL gene inactivation and consequently, absence of codified protein 

(pVHL) there is no HIF degradation, resulting in accumulation of complex HIF1-A and HIF1-B 

in nucleus to promote oncogenesis, through activation of target genes (from Heldwein et al., 

2009). 

 
 
 

 

2.4.3. Genetic counselling in VHL 

 

 

The identification of one VHL mutation leads to a lifelong monitoring by a multi- 

professional healthcare team, which involves various clinicians collaborating and 

communicating with oncologists to choose the best possible patient’s management. In 

fact, annual evaluation for hearing problems, neurological symptoms and blood pressure 

monitoring is recommended in VHL patients and in their first-degree relatives. In 

addition, consultations with an ophthalmologist should take place yearly. A MRI of the 

brain and entire spine is recommended every two years starting at age of 16 to screen for 

central nervous system hemangioblastomas. An abdominal ultrasound for visceral 

lesions is also advised every 1-2 years. Annual blood or urinary fractioned metanephrines 

are used to screen for Pheos starting at age of 5 (both for index case and relatives). 
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Family members of VHL patients need to be screened for the identified gene defect and, 

if the mutation is present, active surveillance in order to detect VHL-complications in an 

early stage, i.e. neurological defects, hearing and vision loss and renal impairment, is 

mandatory. 

It is important to consider that, VHL is an autosomal dominant disease, hence there is 

50% chance of an offspring to inherit the mutation from their parents. Given the severity 

of this syndrome, PGT-M or prenatal diagnosis should be offered to couples according to 

the Italian legislation. 
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2.5. NGS-based genetic tests and their application in endocrine 

diseases 

 

In recent years, high throughput genetic tests, i.e. NGS, have become increasingly 

available for clinical use at reasonable costs, and significant progress has been achieved 

regarding the diagnostic yield in human genetic diseases (Chong et al., 2015; Shendure et 

al., 2017). Currently, NGS-based genetic testing has become an indispensable component 

of the comprehensive diagnostic workup in paediatric endocrinology, and increasingly 

also as part of adult endocrine diagnostics, in addition to the common biochemical 

laboratory analyses. In fact, germline genetic alterations not only cause congenital 

disorders, such as CHH, but also play a major role in tumour development, as we can see 

for Pheo/PGLs, VHL and the other overlapping endocrine diseases. 

In endocrine disorders presenting with characteristic phenotypic expression and caused 

by pathogenic variants in only one gene, like VHL syndrome and MEN1, single gene 

testing is still the best strategy. However, in the majority of rare endocrine disorders, the 

presence of multiple susceptibility/candidate genes as well as similar/overlapping 

phenotypes has driven the need for the parallel analysis of several genes by targeted 

NGS. In this case, different genes can be analysed within the same diagnostic run and 

assessment pipeline, leading to an improvement of the diagnostic yield (Eggermann et 

al., 2020). Concerning CHH, the yield of genetic testing is already over 40%, while 30% of 

germline mutations can now be detected in Pheo/PGLs. 

In addition, other NGS approaches addressing the whole exome (WES) can be 

considered, taking into consideration their advantages/disadvantages in a diagnostic 

context. These methods cover thousands of unselected genes potentially leading to the 

discovery of new genetic causes. Especially trios would seem to be a promising approach 

in order to find the de novo mutation. On the other hand, for a diagnostic purpose, 
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bioinformatics pipelines need to become further automated to facilitate the interpretation 

of such data (Eggermann et al., 2020), as the attribution of a pathogenic role to a novel 

promising candidate gene represents the major challenge. Another challenge in the 

diagnostic use of WES is the handling of incidental findings, i.e. genetic alterations 

associated with conditions or diseases unrelated to the patient’s present condition, for 

which the patient management and genetic counselling become very difficult. For all these 

reasons, targeted NGS panels are considered as the first choice of testing to perform in the 

diagnostic field. 

Nevertheless, it is worth noting that the main challenge in NGS –based methods, 

including targeted gene panels, is the interpretation of Variants of Unknown Significance 

(VUSs). Hence, family screening, appropriate tools and expertise are needed for correct 

interpretation of these findings in the clinical practice. 
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3. Aims  

 

 

The general objective of this thesis was to investigate the diagnostic yield of genetic 

testing in CHH, Pheo/PGL/HNPGL and suspected VHL cases. For this purpose, a 

targeted NGS gene panel was designed in order to sequence candidate and susceptibility 

genes for CHH and Pheo/PGL/HNPGL/VHL, respectively, in affected patients. In 

addition, a number of secondary objectives have been addressed in function of the type 

of disease. 

 

 

 

3.1. Secondary objectives in CHH disease 

 

Concerning CHH disease, we aimed to evaluate: 

 

- the most frequently mutated genes in our cohort, including 26 affected patients. 

- the genetic diagnostic yield in the two main CHH clinical phenotypes, i.e. classic forms 

of CHH with or without other congenital anomalies and milder forms of Adult- Onset 

CHH. 

- the genotype-phenotype correlation, in order to attribute a clinical value to the 

identified variant(s). 
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3.2. Secondary objectives in rare endocrine tumours 

 

3.2.1. Secondary objectives in Pheo/PGL/HNPGL 
 

 

Concerning Pheo/PGL, we aimed to evaluate: 

 

- the most frequently mutated genes in our cohort, including 95 affected patients. 

- the clinical differences between the mutated cohort and the “wild type” one in terms of: 

i) age of disease-onset; ii) presence of multiple lesions; iii) onset of metastasis.  

- the genotype of relatives by performing family segregation studies, in order to detect 

healthy mutation carriers who could develop the disease. 

- the genotype-phenotype correlations. 

- the VHL mutation carriers without a diagnosis of VHL syndrome, in order to follow 

them up for the occurrence of the clinical signs underlying this syndrome. 

 

 
3.2.2. Secondary objectives in VHL 

 

 
Concerning VHL, we aimed to evaluate: 

 

- the percentage of “true” VHL cases in our cohort of suspected cases (n=8). 

- the genotype-phenotype correlations, in order to establish the type of VHL mutations 

leading to either disease 1 or disease 2 of this complex syndrome.
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4. Materials and Methods  

 

4.1. Study population  

 

A total of 129 subjects gave informed consent for the present study and was enrolled. 

Among these, Pheos (n=57), mediastinal/abdominal PGLs named as “PGLs” (n=9), head 

and neck PGLs named as “HNPGLs” (n=29), suspected VHL (n=8) and CHH (n=26) are 

included (Table 3).  

Considering Pheos/HNPGLs/PGLs and suspected VHL cases, 24-hour urinary 

fractionated metanephrines and normetanephrines were evaluated. Considering CHH 

patients, blood samples were drawn in the morning, after an overnight fast, for the 

determination of total testosterone (assay sensitivity: 0.35 nmol/l), LH (assay sensitivity: 

0.2 IU/l) and FSH (assay sensitivity: 0.2 IU/l) by electrochemiluminescent method 

(Modular Roche, Milan, Italy). Possible brain abnormalities (including atrophy or 

absence of olfactory bulbs and abnormalities of the hypothalamus–pituitary region) have 

been investigated evaluating previous recent Magnetic Resonance Imaging (MRI). All 

available MRIs have been performed with contrast media by qualified radiologic 

institutes or hospital radiology divisions.  In addition, olfactory dysfunction has been 

previously assessed using the Smell Identification Test (UPSIT), a qualitative 

suprathreshold olfaction test (Koenigkam-Santos et al., 2011). 

After obtaining signed informed consent, genomic DNA of each patient was extracted by 

the QIAsynfony CDN kit (Qiagen). DNA quality and quantity were measured by the 

Qubit ds assay on the Qubit 2.0 fluorimeter (Thermo Fisher Scientific).  
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Table 3: Number of recruited subjects divided according to their clinical condition and gender. 

PGLs 

 

Pheos 

Mediastinal/ 

Abdominal 

(PGL) 

Head and Neck 

(HNPGLs) 

Suspected 

VHL CHH 

Female 34 6 22 4 11 

Male 24 3 7 4 15 

  9 29   
Total       

 57 38 8 26 

 

 

 

4.2. Targeted NGS gene panel desing  

 

In 2016, a panel of 13 Pheo/PGL susceptibility genes was designed using the online Sure 

Design software (Agilent Technologies). After two years, a unique panel of 49 genes 

was designed by using the same technology, in order to analyse both the CHH candidate 

genes (n=34) and an increased number of major susceptibility genes for rare endocrine 

tumours (n=15 total) (Table 4).  

 

Table 4: List of genes with their canonical isoforms, flanking regions and coding exons analysed 

by using either the former or the latter gene panel. 

 

Gene panel 
(1 or 2)* 

Project Gene Isoform Flanking regions 
(n) 

Coding exons 
(n) 

1 and 2 Pheo/PGL EGLN1 NM_022051 20 5 

1 and 2 Pheo/PGL EPAS1 NM_001430 20 16 

1 and 2 Pheo/PGL FH NM_000143 20 10 

1 and 2 Pheo/PGL KIF1B NM_015074 20 46 

1 and 2 Pheo/PGL MAX NM_002382 20 5 

1 and 2 Pheo/PGL RET NM_020975 20 20 

1 and 2 Pheo/PGL SDHA NM_004168 20 15 
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1 and 2 Pheo/PGL SDHAF2 NM_017841 20 4 

1 and 2 Pheo/PGL SDHB NM_003000 20 8 

1 and 2 Pheo/PGL SDHC NM_003001 20 6 

1 and 2 Pheo/PGL SDHD NM_03002 20 4 

1 and 2 Pheo/PGL TMEM127 NM_017849 20 3 

1 and 2 Pheo/PGL VHL NM_000551 20 3 

2 Pheo/PGL MDH2 NM_005918 20 9 

2 Pheo/PGL SLC25A11 NM_003562 20 8 

2 CHH ANOS1 NM_000216 20 14 

2 CHH AXL NM_001278599 20 14 

2 CHH CHD7 NM_017780 20 37 

2 CHH DMXL2 NM_015263 20 43 

2 CHH DUSP6 NM_001946 20 3 

2 CHH FEZF1 NM_001024613 20 4 

2 CHH FGF17 NM_003867 20 5 

2 CHH FGF8 NM_006119 20 5 

2 CHH FGFR1 NM_001174063 20 17 

2 CHH FLRT3 NM_013281 20 1 

2 CHH GNRH1 NM_001083111 20 3 

2 CHH GNRHR NM_000406 20 3 

2 CHH HESX1 NM_003865 20 4 

2 CHH HS6ST1 NM_004807 20 2 

2 CHH IL17RD NM_017563 20 13 

2 CHH KISS1 NM_002256 20 2 

2 CHH KISS1R NM_032551 20 5 

2 CHH LEP NM_000230 20 2 

2 CHH LEPR NM_002303 20 18 

2 CHH NR0B1 NM_000475 20 2 

2 CHH NSMF NM_015537 20 15 

2 CHH OTUD4 NM_017493 20 6 

2 CHH PCSK1 NM_000439 20 14 

2 CHH PNPLA6 NM_006702 20 33 

2 CHH PROK2 NM_001126128 20 4 

2 CHH PROKR2 NM_144773 20 2 

2 CHH SEMA3A NM_006080 20 17 

2 CHH SEMA3E NM_012431 20 17 

2 CHH SEMA7A NM_003612 20 14 

2 CHH SOX10 NM_006941 20 3 

2 CHH SPRY4 NM_001127496 20 1 

2 CHH TAC3 NM_013251 20 5 

2 CHH TACR3 NM_001059 20 5 

2 CHH WDR11 NM_018117 20 29 

 

*1= former gene panel containing 13 Pheo/PGL susceptibility genes; 2=latter gene panel including 

a total of 49 genes divided into 34 CHH candidate genes and 15 Pheo/PGL susceptibility genes. 

http://www.ncbi.nlm.nih.gov/nuccore/NM_017780
http://www.ncbi.nlm.nih.gov/nuccore/NM_001946
http://www.ncbi.nlm.nih.gov/nuccore/NM_013251
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4.3. Targeted NGS gene panel sequencing  

 

 

DNA libraries indexed with oligonucleotides compatible with Agilent’s sequencing 

chemistry were prepared and captured using the HaloPlex Target Enrichment System for 

Illumina sequencing (Figure 4). Only the coding regions and the flanking sequences (±20 

nucleotides) were included for the enrichment and library preparation. The enriched 

libraries were quantified with Qubit High Sensitivity (Life Technologies, Foster City, CA, 

USA) and Bioanalyzer 2100 (Agilent technologies, Santa Clara, California) (Figure 5). The 

sequencing was performed in paired-end on the MiSeq instrument (Illumina, San Diego, 

California) to generate 250 nucleotide-long sequences with an average coverage depth of 

at least 30X. Quality of reads was checked through FastQC (v.0.11.9) 

(https://www.bioinformatics.babraham.ac.uk/). Reads were analysed with an Illumina 

pipeline based on Burrows–Wheeler Aligner (BWA) for sequence alignment on GRCh37 

(hg19) reference on Broad Institute Genome Analysis Tool kit (GATK) for genotyping 

and on Annotate Variation (ANNOVAR) for variant annotation.  
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Figure 4: Overall HaloPlex target-enriched sequencing sample preparation workflow. 

 

 
 

 
Figure 5: Validation of enrichment by Agilent 2100 Bioanalyzer analysis. 
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4.4. Variant filtering  

 

 

A standard variant filtering was applied to all samples as illustrated in Figure 6. Briefly, 

we selected missense variants, stop gains/losses, frameshift insertions/deletions and 

splicing variants, filtering out common polymorphisms (≥1% in the general population), 

after consulting the genome aggregation database gnomAD (http://gnomad- 

old.broadinstitute.org/). The obtained data was further filtered according to their clinical 

significance based on ClinVar and InterVar databases. Only those variants reported as 

“pathogenic” or “likely pathogenic” or as of unknown significance/conflicting 

interpretation of pathogenicity were prioritized. For this latter category, RENOVO 

algorithm (https://bioserver.ieo.it/shiny/app/renovo) was used in order to reclassify their 

as into pathogenic/likely pathogenic or benign. Pathogenicity of the prioritized variants 

was also manually checked using Varsome (https://varsome.com/), which allowed us to 

confirm whether they were already reported in the literature or not. In some instances, 

PRALINE database, a multiple sequence alignment tool, was used to assess amino acid 

residues conservation across species.  

 

 

 

 

 

 

 

 

Figure 6: Schematic illustration of standard variant filtering. *MAF: Minor Allele Frequency 

according to the frequencies reported both in all populations and in the Non-Finnish European 

http://gnomad-old.broadinstitute.org/
http://gnomad-old.broadinstitute.org/
https://bioserver.ieo.it/shiny/app/renovo
https://varsome.com/
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one by using the GnomAD database. **VUS: variant of unkown significance or variants with 

conflicting interpretation of pathogenicity according to ClinVar and Intervar predictions were 

reclassify as (likely) pathogenic or benign by using RENOVO algorithm, where feasible. #LP: 

likely pathogenic according to ClinVar and Intervar predictions. ^P: pathogenic according to 

ClinVar and Intervar predictions.  

 

 

 

 

4.5. Variants validation with Sanger sequencing  

 

 

To confirm the prioritized variants, we performed Sanger sequencing. Standard PCR was 

performed in a 25-μl reaction volume by using the HotStarTaq Plus Master Mix PCR 

protocol (QIAGEN), and the following thermal cycler program, according to the 

manufacturer’s instructions: 5-minutes initial heat activation step at 95°, followed by 35 

cycles consisting of denaturing at 94° for 1 minute, 1 minute at annealing temperature 

and elongation at 72° for 1 minute, and a final 10-minutes extension step at 72°C. Presence 

of amplification products was verified through electrophoresis on a 2% agarose gel. PCR 

products purification was performed by using ExoSAP-IT (Affymetrix, Santa Clara, CA, 

USA) in a 6-μl reaction volume, through a 15-minutes initial incubation at 37°C, followed 

by a 15-minutes incubation at 80°C. Sequencing reactions were performed using the The 

BigDye® Terminator v3.1 Cycle Sequencing Kit (Life Technologies) in a 20-μl reaction 

volume by using the following protocol: 1-minute initial denaturation step at 95°C and 

25 cycles of 10-seconds denaturation at 95°C, 5-seconds annealing at 58°C, and 2-minutes 

extension at 60°C. Capillary electrophoresis was performed on the 4-capillary 

SeqStudio™ Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). 
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4.6. Multiplex ligation-dependent probe amplification (MLPA)  

 

 

In order to detect clinically relevant deletions, i.e. copy-number variants (CNVs), in 

the ANOS1, SHDx and VHL genes, we performed the MLPA analysis. 

 

 

4.6.1. Detection of CNVs in the ANOS1 gene 

 

 

The SALSA MLPA Probemix P132 Kallmann-1 assay (MRC-Holland) was used for the 

detection of deletions or duplications in the ANOS1 gene, which is associated with KS. 

The SALSA MLPA Probemix P132 Kallmann-1 contains 32 MLPA probes with 

amplification products between 136 and 400 nucleotides. This includes 16 probes for the 

ANOS1 gene and 4 flanking probes that detect locations on both sides of the ANOS1 gene. 

In addition, 12 reference probes are included detecting locations on the X-chromosome. 

The Coffalyser.Net software was used for the data analysis in combination with the 

appropriate lot-specific MLPA Coffalyser sheet. 

The standard deviation of each individual probe over all the reference samples should 

be ≤0.10 and the dosage quotient (DQ) of each individual reference probe in the patient 

samples should be between 0.80 and 1.20. When these criteria are fulfilled, the cut-off 

values for the DQ of the probes which can be used to interpret MLPA results are reported 

in Table 5. 
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Table 5: Interpretation of results: a) dosage quotient values indicating a normal copy number 

status/deletion/duplication of the ANSO1 gene in male samples; b) dosage quotient values 

indicating a normal copy number status/deletion/duplication of the ANSO1 gene in female 

samples. 

 

 
 

 

 

 

 

 

 

 

 

 

 

4.6.2. Detection of CNVs in the SDHx genes  

 

The SALSA MLPA Probemix P226 SDH assay (MRC-Holland) was used for the detection 

of deletions or duplications in the SDHB, SDHC, SDHD, SDHAF1, and SDHAF2 genes, 

which are the main causes of hereditary Pheo/PGLs. The SALSA MLPA Probemix P226-

D1 SDH contains 45 MLPA probes with amplification products between 130 and 494 

nucleotides. This includes 9 probes for the SDHB gene, 10 probes for SDHC, 7 probes for 

SDHD, 2 probes for SDHAF1 and 4 probes for SDHAF2. In addition, 13 reference probes 

detecting autosomal chromosomal locations are included. The Coffalyser.Net software 

was used for the data analysis in combination with the appropriate lot-specific MLPA 

Coffalyser sheet. 

The expected results for the probes detecting autosomal sequences are allele copy 

a

) 

b

) 
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numbers of 2 (normal), 1 (heterozygous deletion), or 3 (heterozygous duplication). The 

standard deviation of each individual probe over all the reference samples should be 

≤0.10 and the dosage quotient (DQ) of each individual reference probe in the patient 

samples should be between 0.80 and 1.20. When these criteria are fulfilled, the cut-off 

values for the DQ of the probes which can be used to interpret MLPA results for autosomal 

chromosomes or pseudo- autosomal regions are reported in Table 6. 

 

Table 6: Interpretation of results based on dosage quotient values indicating normal copy number 

status/deletion/duplication of the SDHx and VHL genes. 

  

 

4.6.3. Detection of CNVs in the VHL gene 

 

The SALSA MLPA probemix P016 VHL assay (MRC-Holland) was used for the detection 

of deletions in the human VHL gene, in order to confirm a clinical diagnosis of Von 

Hippel- Lindau syndrome. The SALSA MLPA Probemix P016-C2 VHL contains 29 MLPA 

probes with amplification products between 166 and 427 nucleotides. This includes 9 

probes for the VHL gene (two or more probes for each exon), 6 probes for genes located 

close to VHL (FANCD2, BRK1/C3orf10/HSPC300, IRAK2 and GHRL), 2 probes on 3p which 

are further telomeric or centromeric from VHL, and 12 reference probes detecting 

sequences on other chromosomes. The Coffalyser.Net software was used for the data 
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analysis in combination with the appropriate lot-specific MLPA Coffalyser sheet. 

The expected results for VHL-specific MLPA probes are allele copy numbers of 2 

(normal), 0 (homozygous deletion), 1 (heterozygous deletion), 3 (heterozygous 

duplication), and 4 (heterozygous triplication/homozygous duplication). The standard 

deviation of each individual probe over all the reference samples should be ≤0.10 and the 

dosage quotient (DQ) of each individual reference probe in the patient samples should 

be between 0.80 and 1.20. When these criteria are fulfilled, the cut-off values for the DQ 

of the probes which can be used to interpret MLPA results for autosomal chromosomes 

or pseudo-autosomal regions are reported in Table 6. 

 

 
 

4.7. Mutational screening of the VHL gene 

 

 
In suspected cases of VHL syndrome, the three coding exons (Figure 7) of the VHL gene 

were sequenced by Sanger method. For each coding exon, standard PCR was performed 

in a 25-μl reaction volume by using the HotStarTaq Plus Master Mix PCR protocol 

(QIAGEN) with primer sequences, annealing temperatures and sizes of the amplified 

reported in Table 7. The protocol used is already been described in the 3.5 paragraph (see 

above). 

 

 

 

Figure 7: Schematic representation of the VHL gene encompassing 11,89Kb. Each orange rectangle 

represents an exon, whereas the lines connecting them are the introns (source: Ensembl Database 

(https://www.ensembl.org/index.html). 

 

https://www.ensembl.org/index.html
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Table 7: Primer sequences of the VHL gene, with their annealing temperature and product size. 
 

Forward Reverse Ta Size Product 

name 

CGTTCCATCCTCTACCGAG CTGCTGGGTCGGGCCTAA 60 502 Exon 1 

GCCACCGGTGTGGCTCTT ATAACGTGCCTGACATCAGGC 60 277 Exon 2 

CCATCAGTAGTACAGGTAGTTG GGAACCAGTCCTGTATCTAGA 60 358 Exon 3 

Ta: annealing temperature.  

 

4.8. Family segregation studies  

 

When DNA from relatives of mutated patients was available, we have performed family 

segregation studies (n=12 total families). To this purpose, sequence analysis of the 

identified variants in the index cases was conducted in the family members by Sanger 

sequencing, in order to: i) assess the clinical significance of the variants identified in CHH 

patients; ii) detect healthy mutation carriers in case of rare endocrine tumours pedigrees. 

 

 

 

4.9. Statistical analysis 

 

SPSS software (version 25.0 Chicago, IL, USA) was used for analysing clinical data of rare 

endocrine tumours cohort. The age of disease-onset was expressed as mean±SD, whereas 

the occurrence of multiple lesions and/or metastases were considered as categorical 

parameters ad expressed as percentages. Comparison of age at disease-onset between 

“wild type” and mutated groups was performed with unpaired two-sided Student’s t 

tests. Relative risk and 95% confidence interval were calculated for the association of 

categorical parameters, and chi-squared test was used for comparisons, using Fisher’s 

exact test. A p- value ≤ 0.05 was considered statistically significant for each test.  
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5. Results  

 

5.1. Congenital Hypogonadotropic Hypogondism cohort  

 

5.1.1. Clinical characterization  

 

Among the 26 CHH patients (15 males and 11 females), 8 individuals (4 males and 4 

females) were affected by Kallmann syndrome (KS), whereas 18 individuals (11 males and 

7 females) presented with normal sense of smell, i.e. normosmic hypogonadotropic 

hypogonadism (nCHH). All available clinical data of each patient, including hormone 

values at the diagnosis and magnetic resonance imaging (MRI) results, are reported in 

Table 8a and 8b, according to their gender. 

Given the wide clinical heterogeneity underlying the CHH disorder, we divided our 

study  population according to the following main clinical phenotypes: 

1) Classic form of isolated CHH, characterized by delayed or absent puberty in males and 

primary amenorrhea in females, which was called as “CHH1”. 

2) Classic form of CHH with additional features, i.e. hypo/anosmia (KS), cleft/lip palate, 

ear and eye malformations, hypocortisolism, which was considered as syndromic CHH 

and called as “CHH2”. 

3) Milder forms of CHH, characterized by post-pubertal hypotestosteronemia in males and 

secondary amenorrhea in females, which was called as Adult-Onset CHH or “AOH”. 

In our cohort, the majority of patients were AOH accounting for 54% of cases, whereas 
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CHH1 and CHH2 cases accounted for 8% and 38% of cases, respectively (Figure 8).  

 

Table 8: Clinical data of our CHH cohort, including their CHH phenotype, sense of smell, 

hormonal levels at the diagnosis and magnetic resonance imaging data. The table is divided 

according to the patient’s gender: a) clinical data of male patients; b) clinical data of female 

patients. 

 

a) 

 

Patient code 

Clinical 

phenotype 

(CHH1*; 

CHH2**; 

AOH***) 

Sense of smell 

(nCHH/KS) 

Hormone values at the  

diagnosis  

 

MRI 
LH (U/L) FSH (U/L) 

T 

(nmol/L) 

CHH 16 CHH1 nCHH 0.59 2.42 1.4 Negative 

CHH 23 CHH1 nCHH 0.4 0.5 3.3 Negative 

CHH 7 CHH2 KS n.a. n.a. n.a. 
Inner ear 

malformations 

CHH 9 CHH2 nCHH 0.2 0.3 n.a. Negative 

CHH 10 CHH2 KS 0.9 1.3 2.0 
Olfactory bulbs 

absence 

CHH 11 CHH2 KS <0.5 0.43 2.1 Negative 

CHH 17 CHH2 nCHH <0.1 <0.1 1.04 Negative 

CHH 26 CHH2 KS n.a. n.a. n.a. Negative 

CHH 1 AOH nCHH 2.64 2.76 5.3 n.a. 

CHH 3 AOH nCHH n.a. n.a. n.a. n.a. 

CHH 4 AOH nCHH 1.49 4.09 9.1 Negative 

CHH 5 AOH nCHH 1.6 1.1 9 
Partial empty Sella 

 

CHH 8 

 

AOH 

 

nCHH 

 

0.83 

 

1.44 

 

7.3 

Sellar floor congenital 

anomaly 

CHH 15 AOH nCHH 0.00 0.00 1.04 Negative 

CHH 20 AOH nCHH <0.3 <0.3 0.3 Negative 

b) 

 

Patient 

code 

Clinical 

phenotype 

(CHH1*; 

CHH2**; 

AOH***) 

 

Sense of smell 

(nCHH/KS) 

Hormone values at  the 

diagnosis  

 

MRI LH (U/L) FSH (U/L) 

CHH 6 CHH2 KS 0.18 0.7 Mesencephalic MAV# 

CHH 12 CHH2 KS 0.52 1.08 
Olfactory bulbs 

absence 

CHH 14 CHH2 KS n.a. n.a. Empty sella 
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CHH 21 CHH2 KS 2 2.9 Negative 

CHH 2 AOH nCHH 12.6 5.3 Negative 

CHH 13 AOH nCHH 2.3 8.2 Negative 

CHH 18 AOH nCHH 2.8 6.7 n.a. 

CHH 19 AOH nCHH 0.72 3.39 Negative 

CHH 22 AOH nCHH n.a. n.a. n.a. 

CHH 24 AOH nCHH 0.52 3.41 Negative 

CHH 25 AOH nCHH n.a. n.a. n.a. 

CHH1*: isolated congenital hypogonadotropic hypogonadism; CHH2**: congenital 

hypogonadotropic hypogonadism with other congenital anomalies; AOH***: adult-onset 

hypogonadism, i.e. post-pubertal hypotestosteronemia in males and secondary amenorrhea in 

females; KS: Kallmann syndrome; nCHH: normosmic CHH; MAV#: arteriovenous 

malformations; n.a.: not available. 

 

 

Figure 8: Percentages of our CHH cohort, divided according to the above-mentioned clinical 

phenotypes, i.e. adult-onset CHH (AOH), isolated CHH (CHH1) and syndromic CHH (CHH2). 

 

 
 

Among the syndromic CHH patients (n=10) (Table 9), 6 subjects (2 males and 4 females) 

exhibited both olfactory and reproductive defects without additional congenital 

features, i.e. KS patients. Besides these, one male patient (CHH 11) affected by KS also 

presented with cleft lip. In addition, one KS male patient (CHH 7) showed the clinical 

signs of CHARGE syndrome, i.e. congenital hypogonadotropic hypogonadism, opacity of 

the left lens, hearing loss and inner ear malformations. Among the normosmic patients 
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presenting with CHH2 (2 males), one index case (CHH 17) showed retinal detachment 

and blindness, suggesting a diagnosis of CHARGE syndrome. The remaining one (CHH 

9), a 29-years-old man, also exhibited hypocortisolism and diabetes mellitus and the 

diagnosis of this syndromic form is still under definition.  

 

 

Table 9: List of congenital anomalies in CHH2 patients. 

 

 

Patient 

 code 

Gender 

(F/M) 

 

Others non-reproductive phenotypes 

 

Overlapping syndrome 

CHH 6 F Hyposmia KS 

CHH 7 M 
Anosmia, opacity of the left lens, hearing 

loss, inner ear 

malformations 

CHARGE syndrome 

CHH 9 M 
Hypocortisolism, 

diabetes mellitus, lumbar and femoral 

osteoporosis 

To be defined 

CHH 10 M Hyposmia KS 

CHH 11 M Anosmia, cleft lip, femoral and vertebral 

osteoporosis 

KS 

CHH 12 F Anosmia KS 

CHH 14 F Anosmia KS 

CHH 17 M Retinal detachment and blindness 
Likely CHARGE 

syndrome 

CHH 21 F Hyposmia KS 

CHH 26 M Hyposmia KS 

 

KS: Kallmann syndrome.
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5.1.2. Genetic findings 

 

Here, we report both the targeted NGS gene panel results and the MLPA analysis for the 

ANOS1 gene. 

 

 

5.1.2.1. Targeted NGS gene panel results 

 

 
The targeted NGS gene panel contains 34 candidate genes of CHH (see Materials and 

Methods). 

After bioinformatics filtering, a total of 10 patients carried at least one variant in the 

analysed genes, for a total of 12 VUS/likely pathogenic/pathogenic variants in 7 genes 

(Figure 9). Each of these variants (n=12) has been validated with Sanger sequencing. The 

overall results are illustred in Figure 9.  

Among identified variants, splicing (n=2), stop gain (n=3), frameshift deletions (n=2) and 

missense variants (n=5) were reported (Table 10). Three of them were previously 

reported in different studies, whilst the remaining ones were novel (Table 10). Based on 

the literature data and Varsome verdict, we have a total of 7 pathogenic and 2 likely 

pathogenic variants, beside 3 variants of unknown significance (Table 10). 

 

The most frequently mutated gene was the FGFR1 (n= 3/12 variants), accounting for 25%, 

followed by CHD7 and DMXL2 genes (n=2/12 variants for each one), whose gene defects 

represent the 17% of variants identified in our cohort. In one patient (CHH 11), 2 different 

PROK2 variants have been identified. In the other affected genes (AXL, GNRHR and 

SEMA3A) only single variants have been reported, accounting each one for 8% of the 

totality  (Figure 10). 
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Figure 9: Flow chart illustrating the targeted NGS gene panel sequencing results of 26 CHH patients. Affected genes are represented in blue.  

Rectangles highlighted in red show those variants which can explain the phenotype of CHH (see paragraph 5.1.4). Oligo: oligogenic; VUS: variants 

of unknown significance; LP: likely pathogenic; P: pathogenic. 
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Figure 10: Distribution of gene variants identified in our CHH cohort. 

 

 

The percentage of mutated genes based on the number of mutation carriers (n=10) is 

illustrated in Figure 11. 3/10 patients were carriers of a FGFR1 variant, representing the 

30% of the mutated cohort. Concerning CHD7 and DMXL2, 2/10 patients carried variants 

in these genes accounting for 20% of cases. Other gene defects (AXL, GNRHR, PROK2 and 

SEMA3A) were each reported in 10% of patients (1/10). 

 

 

 

 

Figure 11: Distribution of mutated genes in CHH mutation carriers. 
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Table 10: List of gene variants identified in our CHH cohort, reporting the type of variant, status, MAF, Varsome verdict, carrier code and data from 

published studies. 

Gene Inheritance Variant Type of variant Status MAF 
Varsome 

verdict 

Carrier 

code 
Literature 

AXL AR/oligo NM_021913.5:c.1135-4C>G Splicing Het 0.0000177 VUS CHH 8 Not reported 

CHD7 AD 
NM_017780:exon2:c.G1657C:p.V553L Missense Het n.a. VUS CHH 11 Not reported 

NM_017780:exon33:c.C7047A:p.Y2349X Stop Gain Het n.a. P CHH 7 Not reported 

DMXL2 AD/AR 
NM_015263:exon7:c.650_653del:p.R217fs Frameshift deletion Het n.a. P CHH 2 Not reported 

NM_015263:exon28:c.C7145G:p.A2382G Missense Het n.a. VUS CHH 9 Not reported 

 

 

 
FGFR1 

 

 

 
AD 

NM_001174063:exon4:c.G418T:p.E140X Stop Gain Het n.a. P CHH 14 Not reported 

NM_001174063:exon5:c.570delG:p.W190fs Frameshift deletion Het n.a. P CHH 10 Not reported 

 

 
NM_001174063:exon14:c.C1858T:p.R620X 

 

 
Stop Gain 

 

 
Het 

 

 
n.a. 

 

 
P 

 

 
CHH 12 

Disease- causing 
(Dodè et al., 2003; 

Pitteloud et al., 

2006) 

 

GNRHR 

 

AR/oligo 

 

NM_000406:exon1:c.A317G:p.Q106R 

 

Missense 

 

Het 

 

0.00418 

 

P 

 

CHH 6 
Pathogenic 

(de Roux et  al., 1997) 

PROK2 AR/oligo 
NM_001126128.2:c.286-1G>C Splicing Het n.a. P CHH 11 Not reported 

NM_001126128:exon4:c.C301T:p.R101W Missense Het 0.0000704 LP CHH 11 Not reported 

 

 

 

SEMA3A 

 

 

 

AD/oligo 

 

 

 

NM_006080:exon2:c.C196T:p.R66W 

 

 

 

Missense 

 

 

 

Het 

 

 

 

0.0000289 

 

 

 

LP 

 

 

 

CHH 18 

Synergistic   effect 

genes (Hanchate et 

al., 2012) 

AD: autosomal dominant; AR: autosomal recessive; Het: heterozygous; LP: Likely Pathogenic; MAF: Minor Allele Frequency; n.a.: not available; 

oligo: oligogenicity; VUS: Variant of Uncertain Significance; P: Pathogenic.
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5.1.2.1.1. Function and expression pattern of mutated genes  

 

Here we report the function and expression data of each mutated gene, after consulting 

GeneCards and specific expression databases, such as Human Protein Atlas and Human 

Proteome Map. 

 

 

- AXL 

 

This gene encodes a receptor tyrosine kinase that transduces signals from the 

extracellular matrix into the cytoplasm by binding growth factor GAS6, thus regulating 

many physiological processes including cell survival, cell proliferation, migration and 

differentiation. This gene seems to be quite ubiquitous, with a high mRNA and protein 

expression profiles in testis, urinary bladder and skeletal muscle. 

 

- CHD7 

 

This gene encodes a protein that contains several helicase family domains and that is a 

probable transcription regulator, maybe involved in the 45S precursor rRNA production. 

It shows a high expression in brain tissues, especially in cerebellum, and a low expression 

in other tissues. 

 

- DMXL2 

 

This gene encodes a protein with 12 WD domains, which are involved in many functions 

including participation in signal transduction pathways, such as Notch signalling 

pathway. It seems to be a ubiquitous gene, with a high protein expression in adult frontal 
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cortex. 

 

- FGFR1 

 

This gene encodes a tyrosine-protein kinase that acts as cell-surface receptor for fibroblast 

growth factors and plays an essential role in the regulation of embryonic development, 

cell proliferation, differentiation and migration. It shows a ubiquitous expression profile.  

 

- GNRHR 

 

 

This gene encodes a seven-transmembrane G-protein coupled receptor, which is 

expressed on the surface of pituitary gonadotrope cells. Following binding of GnRH, the 

activation of the receptor causes the release of gonadotropic luteinizing hormone (LH) 

and follicle stimulating hormone (FSH). This gene shows a pituitary gland-specific 

expression. 

 

 

- PROK2 

 

 

This gene encodes a protein expressed in the superchiasmatic nucleus (SCN) circadian 

clock. The secreted form of the encoded protein serves as a chemoattractant for neuronal 

precursor cells in the olfactory bulb. The PROK2 mRNA expression profile is enhanced in 

testis, blood, and bone marrow, whereas the protein seems to be monocytes-specific. 
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- SEMA3A 

 

 

This gene is a member of the semaphorin family and encodes a protein, that is crucial for 

the normal neuronal pattern development. In fact, the secreted protein can function as 

either a chemorepulsive agent, inhibiting axonal outgrowth, or as a chemoattractive 

agent, stimulating the growth of apical dendrites. This gene shows a ubiquitous expression 

profile, with a high mRNA expression levels in brain, gastrointestinal tract and muscle 

tissue. 

 

 

5.1.2.2. ANOS1 MLPA analysis  

 

 

ANOS1 is mapping to an X-linked locus predisposing to submicroscopic chromosomal 

deletions. Given that this gene is associated with KS, only patients presenting with 

hyposmia/anosmia (n=8) were subjected to this analysis. All the analysed patients were 

found to be wild type. The assay output of one wild type patient is reported in Figure 12. 
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Figure 12: Ratio between each ANOS1 probe (light grey) and the reference ones (dark grey). 

Normal  range is considered as 0.7-1.3. 

 

 

 

 

5.1.3. Family segregation studies 

 

 

Family members were available only for 3 index cases (CHH 7, CHH 12 and CHH 18) in 

order to assess the variants segregation in these families (Figure 13). The 3 variants in 

CHD7, SEMA3 and FGFR1 genes were predicted as pathogenic. 

As reported in Figure 13a, the novel stop gain variant in the CHD7 gene (p.Tyr2349X) 

carried by the CHH 7 patient was de novo, as her parents did not carry this variant. 

Concerning the CHH 18 pedigree, the known likely pathogenic missense variant in the 

SEMA3A gene (p.Arg66Trp) was inherited from the father, who had no symptoms of 
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CHH (Figure 13b). Finally, the pathogenic stop gain FGFR1 variant (p.Arg620X) carried 

by the CHH 12 patient was transmitted from the mother, who presented with CHH and 

normal sense of smell (Figure 13c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Segregation analysis in 3 families of mutation carriers: a) Pedigree of CHH 7 index 

case, carrying the CHD7 variant (p.Tyr2349X); b) Pedigree of CHH 18 index case, carrying the 

SEMA3A variant (p.Arg66Trp); c) Pedigree of CHH 12 index case, carrying the FGFR1 variant 

(p.Arg620X). The probands are indicated by an arrow. 

 

 

5.1.4. Genotype-phenotype correlations among CHH mutated patients 

 

 

Concerning the female mutation carriers (n=5) (Table 11a), 3 were affected by KS, whilst 

b) 

c)  

a) 
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2 presented with the adult-onset form of disease. Among the KS patients, CHH 12 and 

CHH 14 received the genetic diagnosis of the disease, being carriers of heterozygous 

pathogenic variants (p. Arg620X and p.Glu140X, respectively) in the FGFR1 gene, which 

shows a wide inheritance pattern including the autosomal dominant one. Notably, CHH 

12 inherited the variant (p.Arg620X) from her mother (Figure 13c), who shares the CHH 

phenotype with the daughter, except for the impaired sense of smell. The remaining KS 

patient carried the heterozygous pathogenic hot spot (p.Gln106Arg) in the GNRHR gene, 

which shows an autosomal recessive or oligogenic mode of inheritance. Hence, her 

genetic diagnosis is still unknown. Among the AOH patients, in only one case the genetic 

cause can be established, i.e. the heterozygous loss of function variant (p.Arg217fs) in the 

DMXL2 gene with an AD/AR mode of inheritance, identified in the CHH 2 index case. 

The remaining AOH index case (CHH 18) was found to be an heterozygous carrier of the 

pathogenic variant (p.Arg66Trp) in the SEMA3A gene which shows an autosomal 

dominant or oligogenic mode of inheritance. The family segregation study of this variant 

(Figure 13b) allowed us to rule out a dominant mode of inheritance of SEMA3A gene, 

since the father, from whom it was inherited, did not show any symptoms associated to 

CHH. 

Concerning the male mutation carriers (n=5) (Table 11b), three were affected by KS, one 

showed the normosmic form of CHH and another one presented with the AOH. Among 

the KS patients, CHH 7 and CHH 10 received a clear genetic diagnosis of the disease. The 

CHH 7 presented with CHARGE syndrome, characterized by hearing loss, inner ear 

malformation and a severe form of CHH with extremely small testicles. His phenotype 

can be attributed to the de novo heterozygous pathogenic variant (p.Y2349X) in the 

autosomal dominant CHD7 gene (Figure 13a). The CHH 10 patient presenting with 

olfactory and reproductive defects, including a reduced bilateral testicular volume (10 

ml), was found to be a heterozygous carrier of a loss of function FGFR1 variant 

(p.Trp190fs). The remaining KS patient (CHH 11) with cleft lip and small testicles 
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represents a unique example of oligogeniciy in our cohort, as carrier of three variants in 

two different candidate genes, i.e. CHD7 and PROK2. The missense variant in the CHD7 

gene (p.Val553Leu) is of unknown significance, whereas the two identified variant in the 

autosomal recessive PROK2 gene (p.Arg101Trp and c.286-1G>C) are predicted to be 

likely pathogenic/pathogenic. Although DNA from family members was not available for 

variants phasing, we were able to confirm that the two PROK2 variants are in trans by 

using the Integrative Genomics Viewer (IGV) graphic report, thanks to their close 

proximity on DNA (c.286-1G>C and c.301C>T). The proband CHH 9, affected by a severe 

form of nCHH, also presented with hypocortisolism and diabetes mellitus. He was a 

heterozygous carrier of a missense variant in the DMXL2 gene (p.Ala2382Gly). However, 

this variant was predicted to be of uncertain significance, hence, he did not receive a 

genetic diagnosis. This also applies to CHH 8 proband, showing the adult-onset form of 

disease and carrying a heterozygous variant of unknwon significance (c.1135-4C>G) in 

the AXL gene with an AD/oligo mode of inheritance. 

 

 

Overall, the genetic diagnostic yield of our gene panel in the total CHH cohort (n=26) was 

26% (n=6/26). According to the main clinical phenotypes of CHH, i.e. classic and milder 

forms, we have found a genetic diagnostic yield of 41.6% (n=5/12) and 7% (1/14) in 

KS/overlapping syndrome and AOH cases, respectively (Figure 9, Table 11). 
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Table 11: Genotype-phenotype correlations among CHH mutation carriers, divided according to their gender in a) female patients and b) male  

patients.  

 

 

Patient 

code 

KS/ 

nCHH/ 

AOH 

Additional features 

(overlapping 

syndrome) 

 

Heterozygous Genotype 

 

Inheritance 

 

Variant 

significance 

 

Family 

segregation 

 

Genetic 

diagnosis 

CHH 6 KS Not reported 
GNRHR 

(NM_000406:exon1:c.A317G:p.Q106R) 
AR/oligo Pathogenic n.a. No 

CHH 12 KS Not reported 
FGFR1 

(NM_001174063:exon14:c.C1858T:p.R620X) 
AD/AR/oligo Pathogenic Yes Yes 

CHH 14 KS Not reported 
FGFR1 

(NM_001174063:exon4:c.G418T:p.E140X) 
AD/AR/oligo Pathogenic n.a. Yes 

CHH 2 AOH Not reported 
DMXL2 

(NM_015263:exon7:c.650_653del:p.R217fs)* 
AD/AR 

Likely 

pathogenic 
n.a. Yes 

 

 

CHH 18 

 

 

AOH 

 

 

Not reported 

 

SEMA3A 

(NM_006080:exon2:c.C196T:p.R66W) 

 

 

AD/oligo 

 

 

Pathogenic 

Yes 

(the healthy father 

shared the same 
genotype) 

No (but it 

could act as a 

genetic 

modifier) 

 

 

 

 

 

a) 
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Patient 

code 

KS/ 

nCHH/ 

AOH 

Testicular 

volume at 

diagnosis 

Additional features 

(overlapping 

syndrome) 

 

Heterozygous Genotype 

 

Inheritance 

 

Variant 

significance 

 

Family 

segregation 

 

Genetic 

diagnosis 

 

 
CHH 7 

 

 
KS 

 

4 ml 

(bilateral) 

Hearing loss and 

inner ear 

malformation 

(CHARGE 

syndrome) 

 

CHD7 

(NM_017780:exon33:c.C7047A:p.Y2349X) 

 

 
AD 

 

 
Pathogenic 

 

 
No 

 

 
Yes 

CHH 10 KS 
10 ml 

(bilateral) Not reported 
FGFR1 

(NM_001174063:exon5:c.570delG:p.W190fs) AD/AR/oligo Pathogenic n.a. Yes 

CHH 11 
 

KS 

 
4 ml (left), 5 

ml (right) 

 

Cleft lip 

CHD7 

(NM_017780:exon2:c.G1657C:p.V553L) AD VUS 

n.a. 

Yes (compound 

heterozygous 

PROK2 

Variants) 

PROK2 

(NM_001126128:exon4:c.C301T:p.R101W) AR/oligo 
Likely 

pathogenic 

PROK2 

(NM_001126128.2:c.286-1G>C) AR/oligo Pathogenic 

 

CHH 9 

 

nCHH 
3 ml 

(bilateral) 

Hypocortisolism 

and diabetes 

mellitus 

DMXL2 

(NM_015263:exon28:c.C7145G:p.A2382G)* 

 

AD/AR 

 

VUS 

 

n.a. 

 

No 

CHH 8 AOH 
12 ml 

(bilateral) Not reported 
AXL 

(NM_021913.5:c.1135-4C>G) AD/AR VUS n.a. No 

*These variants were found to be highly conserved among species by using PRALINE software. AD: autosomal dominant; AOH: adult-onset 

hypogonadism; AR: autosomal recessive; KS: Kallmann syndrome; n.a.: not available; nCHH:  normosmic hypogonadotropic hypogonadism; 

VUS: variant of unknown significance. 

b) 
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5.2. Rare endocrine tumours (Pheo/PGL/HNPGL/VHL) cohort 

 

 

5.2.1. Clinical characterization  

 

 

Among the 103 subjects affected by these types of rare endocrine tumours, 57 individuals 

(23 males and 34 females) were affected by pheochromocytomas (Pheos), 29 individuals 

(7 males and 22 females) were affected by head and neck paragangliomas (HNPGLs), 9 

individuals (3 males and 6 females) showed mediastinal/abdominal paragangliomas 

(PGLs) and 8 individuals (4 males and 4 females) were suspected von Hippel-Lindau 

syndrome cases (VHLs). In our cohort, the majority of patients were Pheos accounting for 

55% of cases, followed by HNPGLs (28%), whereas PGLs and VHLs subjects accounted 

for 9% and 8% of cases, respectively. (Figure 14). 

 

Figure 14: Distribution of the types of rare endocrine tumours in the study population. HNPGLs: 

Head and Neck Paragangliomas, PGLs: Paragangliomas; Pheos: Pheochromocytomas; VHLs: von 

Hippel-Lindau syndrome cases.  

 

 

With the exception of gender, clinical data, such as age at disease-onset, clinical 

symptoms at the diagnosis, presence of multiple lesions and/or metastases were not 

available for all analysed patients (Table 12). 
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A female to male ratio of 1.5-3:1 was reported for Pheos/PGLs/HNPGLs, whereas in VHL 

syndrome males and females appeared to be equally affected (1:1) (Table 12). 

 

Among the entire cohort with available age at disease-onset (n=81 patients), the mean age 

was 54.6 (± 15.5) years old, with a lower average in suspected VHL (37 years old, ± 28.6) 

and a higher one in Pheos (57.4 years old, ± 14.6) (Table 12). 

 

Concerning the entire cohort with full clinical data (n=78), 41% of cases manifested 

symptoms, including hypertension, mass effect and HNPGL-related signs, allowing to 

diagnose their conditions (Table 12). Among symptomatic patients, the majority 

presented with PGL (66.6%), followed by VHL (50%), Pheos (38.6%) and HNPGLs 

(36.4%). 

 

In addition, 16.7% and 12.8% were reported to have more than one lesion and distant 

metastases, respectively. VHL and PGL cases were found to be at higher risk of multiple 

lesions (33.3%), followed by HNPGLs (27%) and Pheos (7%). Concerning metastases, the 

involvement of bone, lymph nodes, pancreas and liver was reported in 50% of suspected 

VHL patients. Bone, lymph nodes, lung, liver and colon metastases were detected in 

13.6% and 4.5% of Pheos and HNPGLs, respectively.  
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Table 12: Clinical data of patients affected by analysed rare endocrine tumours, according to the 

type of tumour.  

 
Gender 

(F:M) 

Mean age at 

diagnosis in 

years (sd) 

Symptomatic 

patients 

Multiple 

lesions 

 

Metastases 

Pheos 1.5:1 57.4 (±14.6) 
38.6% 7% 13.6% 

(n=17/44) (n=3/44) (n=6/44) 

HNPGLs 3:1 52.5 (±15.3) 
36.4% 27% 4.5% 

(n=8/22) (n=6/22) (n=1/22) 

PGLs 2:1 50.4 (±12.0) 
66.6% 33.3% 0% 

(n=4/6) (n=2/6) (n=0/6) 

VHL 1:1 37 (±28.6) 
50% 33.3% 50% 

(n=3/6) (n=2/6) (n=3/6) 

Total 1.7:1 54.6 (±15.5) 
41% 

(n=32/78) 

16.7% 

(n=13/78) 

12.8% 

(n=10/78) 

Sd: standard deviation. 

 

 

5.2.2. Genetic findings 

 

Here we report: i) the targeted NGS gene panel results in 95 patients; ii) the MLPA analysis 

for the SDHx and VHL genes; iii) the mutational screening of VHL gene in selected 

patients (n=8) with suspected von Hippel-Lindau syndrome.  

 

5.2.2.1. Targeted NGS gene panel results 

 

The targeted NGS gene panel contains 15 susceptibility genes for Pheo/PGL/HNPGL (see 

Materials and Methods). 

After bioinformatics filtering, a total of 20/95 patients carried at least one variant in the 

analysed genes, for a total of 19 VUS/likely pathogenic/pathogenic variants in 9 genes. 

Each of these variants has been validated with Sanger sequencing. 

Among the identified variants, 3 were found in more than one patient whereas 16 were 
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singleton (Figure 15). Among them, missense (n=7), stop gain (n=5), frameshift (n=4), 

splicing (n=2) and stop loss (n=1) variants have been identified, of which 11 were 

previously reported as disease-causing, whereas 8 were novel (Table 13). Based on the 

literature data and Varsome/RENOVO verdicts, we have a total of 16 pathogenic and 2 

likely pathogenic variants, beside one variant of unknown significance (Table 13).  

 

 

Figure 15: Flow-chart illustrating recurrent and singleton variants. Concerning the former ones, 

the type of variant and the corresponding disease at clinical diagnosis of carriers are reported. 

Concerning the singleton variants (n=16), only affected genes with the number of carriers are 

shown. HNPGL: Head and Neck Paraganglioma; PGL: Paraganglioma. 

 

 

The most frequently mutated gene was the SDHD gene (n= 7/19 variants), accounting for 

36.8%, followed by SDHB (n=4/19 variants) and VHL (n=2/19) genes, whose defects 

represent the 21% and 10.5% of identified variants, respectively. In the other affected 

genes (SDHA, SDHAF2, SDHC, KIF1B, EGLN1 and TMEM127) only 1/19 variant has been 

reported, accounting each one for 5.3% of the totality (Figure 16). 

The percentage of mutated genes based on the number of mutation carriers (n=20) is 

illustrated in Figure 17. 9/20 patients were carriers of a SDHD variant, representing the 

45% of the mutated cohort. Concerning SDHB and VHL, 5/20 and 2/20 patients carried 

variants in these genes accounting for 25% and 10% of cases, respectively. Other gene 

defects (EGLN1, KIF1B, SDHA, SDHAF2, SDHC and TMEM127) were each reported in 

5% of patients (1/20). 
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Table 13: List of gene variants identified in our cohort affected by the four types of rare endocrine tumours, with type of variant, status, MAF, 

Varsome verdict, RENOVO verdict for VUSs, carrier code and literature data. 

Gene Variant Type of 

variant 

Status MAF* Varsome 

verdict 

RENOVO 

verdict 

Carrier code Literature 

EGLN1 NM_022051: c.153G>A; p.Trp51X Stop gain Het n.a. P - FI877 Not reported 

KIF1B NM_015074:c.4052C>T; p.Pro1351Leu Missense Het 0.00000879 LP n.a. FI1111 Not reported 

SDHA NM_004168:c.955A>G;p.Ile319Leu Missense Het n.a. VUS LP FI1422 Not reported 

SDHAF2 NM_017841:c.232G>A; p.Gly78Arg Missense Het n.a. P - FI1162 Reported 

 

SDHB 

NM_003000:c.423+1G>A; IVS4+1G>A Splicing Het 0.0000176 P - FI1219, FI1346 Reported 

NM_003000:c.541-2A>G, IVS5-2A>G Splicing Het n.a. P - FI1271 Reported 

NM_003000:c.572G>A; p.Cys191Tyr Missense Het n.a. P - F11119 Not reported 

NM_003000:c.591delC, p.Ser198Alafs*22 Frameshift Het n.a. P - FI1139 Reported 

SDHC NM_003001:c.387G>A, p.Trp129X Stop gain Het n.a. P - FI1190 Not reported 

 

 

 

 
SDHD 

NM_003002:c.242C>T;p.Pro81Leu Missense Het 0.0000264 P - FI1234, FI1401 Reported 

NM_003002: c.275_278dupTGGA, p. 
Asp92fs*21 

Frameshift Het n.a. P - FI1174 Not reported 

NM_003002:c.325C>T; p.Gln109X Stop gain Het n.a. P - FI954, FI1075 Reported 

NM_003002:c.335C>T; c.218C>T; p.Thr112Ile Missense Het 0.00000399 VUS P FI1004 Reported 

NM_003002:c.337_340delGACT; 

p.Asp113Metfs*21 

Frameshift Het n.a. P - F1005 Reported 

NM_003002:c.470G>A;p.Tyr157X Stop gain Het n.a. P - FI1367 Not reported 

NM_003002:c.477_478delCT; p.Ter160Thrext*29 Stop loss Het n.a. VUS VUS FI1426 Not reported 

TMEM127 NM_017849:c.117_120delGTCT;p.Ile41ArgfsX39 Frameshift Het 0.0000224 P - FI1316 Reported 

 

VHL 

NM_000551: c.154G>T, p.Glu52X Stop gain Het 0.0000123 P - FI1190 Reported 

NM_000551: c.337C>T, p.Arg113X Stop gain Het n.a. P - FI1306 Not reported 

NM_000551: c.524 A>G, p.Tyr175Cys Missense Het n.a. P - FI1132, FI1367 Reported 

 

*MAF: Minor Allele Frequency in Non-Finnish European; Het: heterozygous; LP: Likely Pathogenic; n.a.: not available; VUS: variant of uncertain 

significance; P: pathogenic.
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Figure 16: Distribution of gene variants identified in our cohort with Pheo/PGL/HNPGL. 

 

 

 

Figure 17: Distribution of mutated genes in mutation carriers affected Pheo/PGL/HNP 

 

 

5.2.2.1.1. Function and expression pattern of mutated genes 

 

Here we report the function and expression data of each mutated gene, after consulting 

GeneCards and specific expression databases, such as Human Protein Atlas and Human 

Proteome Map. 

 
- EGLN1 

 

This gene encodes a protein belonging to the pseudo-hypoxia cluster, which is involved 

in the post-translational formation of 4-hydroxyproline in hypoxia-inducible factor (HIF) 
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alpha. This protein functions as a cellular oxygen sensor, and under normal oxygen 

concentration, modification by prolyl hydroxylation is a key regulatory event that targets 

HIF subunits for proteasomal destruction via the von Hippel-Lindau ubiquitylation 

complex. This gene shows a mRNA tissue specificity for blood and skeletal muscle, 

whereas the encoded protein seems to be ubiquitous. 

 

 

- KIF1B 

 

This gene encodes a motor protein belonging to the cluster of kinase receptor signalling 

and protein translation pathway, that is essential for anterograde transport of 

mitochondria and synaptic vesicle precursors. Its mRNA expression profile is skeletal 

muscle-specific, whereas the KIF1B protein seems to be ubiquitous. 

 

 
- SDHA 

 

This gene belonging to the pseudo-hypoxia cluster encodes the major catalytic subunit of 

the succinate dehydrogenase (SDH), a complex of the mitochondrial respiratory chain 

responsible for transferring electrons from succinate to ubiquinone. It shows a mRNA 

tissue specificity for heart muscle and skeletal muscle, whereas the encoded protein 

appears to be ubiquitous. 
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- SDHAF2 

 

This gene belonging to the pseudo-hypoxia cluster encodes a mitochondrial protein with 

an essential role in the assembly of the SDH complex through the flavination of subunit 

A (SDHA). It shows a ubiquitous expression pattern. 

 

 
- SDHB 

 

This gene belonging to the pseudo-hypoxia cluster encodes the iron-sulfur subunit of the 

mitochondrial SDH complex. This subunit is highly conserved and contains three 

cysteine- rich clusters which may comprise the iron-sulfur centres of the enzyme. The 

SDHB gene shows ubiquitous expression levels. 

 

 
- SDHC 

 

This gene belonging to the pseudo-hypoxia cluster encodes one of two integral 

membrane proteins that anchor other subunits of the SDH complex to the inner 

mitochondrial membrane. It seems to be a ubiquitous gene, with a high protein 

expression in heart and liver. 

 

 
- SDHD 

 

 

This gene belonging to the pseudo-hypoxia cluster encodes the other integral membrane 

protein that anchor other subunits of the SDH complex to the inner mitochondrial 

membrane. It shows a ubiquitous expression pattern. 
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- TMEM127 

 

This gene encodes a protein belonging to the cluster of kinase receptor signalling and 

protein translation pathway. The TMEM127 protein acts as a negative regulator of  

TOR signalling pathway mediated by mTORC1. It seems to be a ubiquitous gene, with a 

high protein expression in heart tissue. 

 

 
- VHL 

 
This gene encodes a protein belonging to the pseudo-hypoxia cluster, which is involved 

in the ubiquitination and degradation of HIF factor. It seems to be a ubiquitous gene, 

showing high protein expression levels in gallbladder and kidney. 

 

 

 

5.2.2.2. SDHx and VHL genes MLPA analysis 

 

 
A total of 95 patients affected by Pheo/PGL/HNPGL was subjected to the detection of 

CNVs in SDHAF1, SDHAF2, SDHB, SDHC and SDHD genes, since approximately 5-17% 

of pathogenic mutations in SDHB/SDHC/SDHD genes is attributed to large 

deletions/duplications, including founder mutations in SDHB, i.e. a Dutch founder 

deletion in exon 3 and a Spanish founder deletion in exon 1 (Bayley et al. 2005, 2009, Buffet 

et al. 2012). 

All the analysed patients were found to be wild type. The assay output of one wild type 

patient is reported in Figure 18.  
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Figure 18: Ratio between each SDHx probe (light grey, indigo and orange) and the reference ones 

(dark grey). Normal range is considered as 0.8-1.2. 

 

 

A total of 8 patients with suspected VHL syndrome was subjected to the detection of VHL 

CNVs, as 20-40% of reported VHL mutations are large intragenic deletions (0.5-250 kb) 

(Decker et al. 2014). 

All the analysed patients were found to be wild type. The assay output of one wild type 

patient is reported in Figure 19. 

 

Figure 19: Ratio between each VHL probe (light grey) and the reference ones (dark grey). Normal 

range is considered as 0.8-1.2.  
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5.2.2.2.VHL mutation screening  

 

Concerning patients with clinical suspect of VHL syndrome (n=8), the mutational 

screening of VHL gene by performing Sanger sequencing has revealed the presence of 2 

variants in two different patients (Figure 20; Table13). In particular, a novel stop gain 

variant (p.Arg113X) (Figure 20a; Table 13) predicted as pathogenic has been identified in 

a 14-yrs- old boy (FI1306). In addition, the known pathogenic p. Tyr175Cys variant 

(Figure 20b; Table 13) has been also detected in a 28-yrs-old woman (FI1132). 

 

 

a) b) 

 

 

 

 

 
Figure 20: Sequence electropherograms of the two identified VHL variants. a) Sequence 

electropherogram of the stop gain variant (c.337C>T, p.Arg113X); b) Sequence electropherogram 

of the missense variant (c.524 A>G, p.Tyr175Cys). Each base substitution is indicated by a red 

arrow. 

 

 

 

 

5.2.3. Clinical characterization of mutation carriers versus “wild type” 

subjects 

 

 
 

5.2.3.1. Clinical presentation 

 

 

 

Among the mutated cohort with available clinical information (n=16), 37.5% (n=6/16) 

presented with symptoms (Figure 21). All paragangliomas (n=2) and 1/5 

pheochromocytoma showed hypertension, whilst a proportion of HNPGL cases (n=3/7) 
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manifested symptoms related to the mass effect. On the other hand, all of VHL patients 

(n=2) and more than half of HNPGLs were asymptomatic (incidentaloma cases). 

Interesting to note that, although the majority of Pheos (n=4/5) were incidentalomas, 3 of 

them were secreting tumours. 

 

Figure 21: Flow-chart illustrating the proportion of symptomatic and asymptomatic mutated 

patients divided according to their phenotype. 

 

 

Similarly, in the “wild type” cohort with available information based on clinical 

presentation (n=62), approximately 42% of patients (n=26/62) presented with 

hypertension or mass effect and 58% (n=36/62) was asymptomatic. This latter group 

included 66.6% of HNPGLs (n=10/15) and 59% of Pheos (n=23/39), respectively, beside 

50% of PGL cases (n=2/4). Concerning VHL patients, 25% (n=1/4) manifested mass effect-

related symptoms. 

Overall, no significant differences on clinical presentation between mutated and “wild 

type” subjects have been observed. 

 

Concerning Pheos with available urinary catecholamine levels (n=38), we have observed 

80% (n=4/5) and 90% (n=30/33) of secreting tumours among mutated and “wild type” 

subjects, respectively. Thus, no significant differences on the presence of high urinary 
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catecholamine levels between the two groups was reported.  

 

 

5.2.3.2. Mean age 

 

 
Concerning age at disease-onset, available data accounted for 59 and 22 “wild type” and 

mutated patients, respectively. 

The mean age of the mutation carriers (46.6 ± 18.4 years old±sd) was significantly lower 

(p=0.015) than that one of the “wild type” cohort (57.6 ± 13.2 years old±sd) (Figure 22). 

 

 
Figure 22: Comparison of the age at disease-onset between the “wild type” and the mutated 

patients. 

 

 

 

 

5.2.3.3. Multiple lesions 

 

 
Concerning the presence of multiple lesions, 16.7% of patients (n=13/78) presented 

multiple lesions. As reported in Figure 23, 9.7% (n=6/62) was “wild type”, whereas 43.7% 

(n=7/16) carried one of the above-mentioned germline mutations in susceptibility genes. 

Among these latter, VHL, SDHAF2, SDHB and SDHD mutation carriers were found to 

present with multiple lesions (Table 14). 

The “wild type” and the mutated groups showed a significant difference in the 
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occurrence of multiple lesions (p=0.001; Figure 23). 

 

 

Figure 23: Comparison of the percentage of multiple lesions between the wild type and the 

mutated patients. 

 

 

 
 

5.2.3.4. Metastases 

 

 
Concerning the occurrence of metastases, 12.8% (n=10/78) of them manifested distal 

metastases. Among the mutated patients, 12.5% (n=2/16) reported bone or lymph node 

metastases and in the wild type one 12.9% (n=8/62) presented with metastases in different 

sites, including bone (n=3), liver (n=2), lymph nodes (n=1), pancreas/spleen (n=1) and 

colon (n=1). 

Therefore, no differences concerning the occurrence of metastases between mutated and 

“wild type” subjects have been observed.  
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5.2.4. Family segregation studies 

 

 

A total of 9 families of mutation carriers has been evaluated both to assess the variants 

segregation (Figure 24) and to identify pre-symptomatic individuals. 

As reported in Figure 24a, the splicing variant in the SDHB gene (p.Tyr2349X) carried by 

the 31-yrs-old female patient (FI1271) with PGL was inherited from her mother aged 59 

years, who did not manifest this condition. Also the EGLN1 (p.Trp51X) and the KIF1B 

variants (p.Pro1351Leu) reported in two patients affected by Pheos, i.e. FI877 aged 16 

years and FI1111 aged 46 years, respectively, were inherited from the healthy fathers 

(Figure 24b and 24c). The stop gain variant in the VHL gene (p.Arg113X) , detected in a 

14-yrs-old VHL boy (FI1306) was de novo, as his parents did not carry this variant (Figure 

24d). Concerning the pedigree of the 57-yrs-old man (FI1119) affected by Pheo, the 

missense variant in the SDHB gene (p.Cys191Tyr) was transmitted to both sons, the older 

of whom has developed HNPGL (Figure 24e). The splicing variant in SDHB (c.423+1G>A) 

reported in a 61-yrs-old woman (FI1219) with PGL was also transmitted to one of her 

sons, who has developed the disease at the age of 29 years (Figure 24f). The same variant 

was detected in a 57-yrs-old female patient (FI1346) affected by HNPGL, who has 

inherited it from her mother free of disease at the age of 88 years, and then she has 

transmitted the mutated allele to her 30-yrs- old healthy son. None of the other carriers 

was affected (Figure 24g). Concerning the SDHD variant (p.Asp113Metfs21) identified in 

a 28-yrs-old man (FI1005) affected by HNPGL, also his father aged 57 years and his brother 

aged 24 years were found to carry this variant. Both of them have developed the disease 

(Figure 24h). Finally, the pedigree of a 33-yrs-old male patient (FI1190) affected by 

HNPGL is reported (Figure 24i). This patient has inherited the SDHC variant (p.Trp129X) 

from the father and the VHL one (p.Glu52X) from the mother. Neither parents nor his 

brother who is carrying the SDHC variant developed. 
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Figure 24: Segregation analysis in 9 families of mutation carriers: a) Pedigree of FI1271 index case, 

carrying the SDHB variant (c.541-2A>G); b) Pedigree of FI877 index case, carrying the EGLN1 

variant (p.Trp51X); c) Pedigree of FI1111 index case, carrying the KIF1B variant (p.Pro1351Leu); d) 

Pedigree of FI1306 index case, carrying the VHL variant (p.Arg113X); e) Pedigree of FI1119 index 

case, carrying the SDHB variant (p.Cys191Tyr); f) Pedigree of FI1219 index case, carrying the 

SDHB variant (c.423+1G>A); g) Pedigree of FI1346 index case, carrying the SDHB variant 

(c.423+1G>A); h) Pedigree of FI1005 index case, carrying the SDHD variant (p.Asp113Metfs21); i) 
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Pedigree of FI1190 index case, carrying the SDHC (p.Trp129X) and the VHL (p.Glu52X) 

variants. The probands are indicated by an arrow. The quotation mark indicates an unknown 

genotype. Age of each mutation carrier is shown. 

 

 

 

 

5.2.5. Genotype-phenotype correlations  

 
 

It is worth noting that all these susceptibility genes show an autosomal dominant 

inheritance, since one germline mutation affecting one copy of a gene is sufficient to 

increase the risk of developing tumors. Hence, Pheo/PGL/HNPGL and VHL syndrome 

can be considered as autosomal dominant conditions. 

Among the mutation carriers (n=22), 21 patients were found to carry at least one germline 

disease-causing variant, whereas the FI1426 female patient affected by HNPGL was a 

carrier of a variant of uncertain significance (Table 13). Thus, this latter patient did not 

receive the genetic diagnosis for her condition (Table 14). 

Here we report the genotype-phenotype correlations of patients carrying one germline 

disease-causing variant, according to the type of tumour, i.e. Pheo, HNPGL, PGL and 

VHL syndrome (Table 14). 

 

 
5.2.5.1. Pheochromocytomas 

 
 

Concerning Pheo patients with a genetic diagnosis (n=8), 3 were females and 5 were 

males. 

 

Among female individuals, one 16-yrs-old girl (FI877) affected by a secreting form of 

tumour (Table 15) without multiple lesions was found to carry a novel stop gain variant 
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(p.Trp51X) in the EGLN1 gene. This variant was inherited from the 65-yrs-old father, who 

has not yet developed the disease (Figure 24b). A 79-yrs-old woman (FI1422) presenting 

with elevated urinary catecholamines but without multiple lesions and metastases was 

carrier of a novel missense SDHA variant (p.Ile319Leu), which was predicted as likely 

pathogenic after using RENOVO tool. Another woman (FI1316) was a carrier of a known 

disease-causing variant (p.Ile41ArgfsX39) in the TMEM127 gene. 

Among male individuals, the FI1004 and FI1111 probands both presented secreting 

tumours and bone and lymph node metastases, respectively. The former aged 35 years 

and carried a known missense variant (p.Thr112Ile) in the SDHD gene, which was 

considered as pathogenic. The latter aged 46 years and carried a likely pathogenic variant 

(p.Pro1351Leu) in the KIF1B gene, which was inherited from his father (Figure 24c). The 

other two patients, FI1119 and FI1174, aged 57 and 78 years, respectively, were found to 

carry novel variants in the SDHB and SDHD genes, respectively. The FI1119 proband was 

a carrier of a missense variant (p.Cys191Tyr), which was transmitted to both sons (Figure 

24e). Interestingly, only the oldest one (29-yrs-old) has already developed the disease, 

whilst the other son aged 25 years did not yet show this condition. The FI1174 index case 

presenting without multiple lesions and low urinary catecholamine levels carried a novel 

frameshift one (p. Asp92fs*21).  Finally, a digenic case has been reported. In fact, a novel 

stop gain variant (p.Tyr157X) in the SDHD gene predicted as pathogenic and a known 

pathogenic VHL missense variant (p.Tyr175Cys) have been identified in the same patient 

(FI1367) only affected by Pheo. 

 

 

5.2.5.2. Head and Neck Paragangliomas 

 

 

Concerning HNPGL patients with a genetic diagnosis (n=8), 6 were females and 2 were 

males. 
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Among female individuals, two patients (FI954 and FI1075) carried the same mutation in 

the SDHD gene (p.Gln109X), which was previously reported as pathogenic. One of them 

(FI1075) aged 37 years showing multiple lesions and elevated urinary normetanephrine 

levels (575 mcg/die) (Table 15). No clinical data was available for the FI954 proband. The 

28-yrs-old patient (FI1005) carried a known pathogenic SDHD variant 

(p.Asp113Metfs*21), which was inherited from the father, who also presenting with a 

HNPGL. As reported in Figure 24h, also her 24-yrs-old brother, who has inherited the 

mutated allele from the father, showed a HNPGL. This familial case represents an 

example of a clear genotype-phenotype correlation, i.e. all mutation carriers will almost 

likely develop the disease. One 53-yrs-old woman (FI11162) with multiple lesions, carried 

a known pathogenic missense variant (p.Gly78Arg) in the SDHAF2 gene. The 57-yrs-old 

patient (FI1346) without multiple lesions was found to carry a known splicing variant 

(IVS4+1G>A) in the SDHB gene. By performing familial segregation studies (Figure 24g), 

we have observed that also her 88-yrs-old mother and her son carried that variant, despite 

they were healthy, suggesting that IVS4+1G>A shows an incomplete penetrance. Finally, 

a 61-yrs-old patient with a non-secreting tumour and multiple lesions (FI1401) carried a 

known pathogenic missense variant (p.Pro81Leu) in the SDHD gene , which was also 

identified in the FI1234 index case (see above). 

Among male individuals, the 33-yrs-old patient (FI1190) with low catecholamines levels 

was a carrier of two variants in two different genes (SDHC and VHL), i.e. a digenic case. 

He has inherited the SDHC variant (p.Trp129X) from his healthy father and the VHL 

variant (p.Glu52X) from his healthy mother (Figure 24i). Also his 26-yrs-old brother 

carried the SDHC variant but he did not yet show the disease. The remaining male patient 

was the FI1234 proband presenting with high urinary normetaneprhine levels (441 

mcg/die) (Table 15) and multiple lesions. He was found to carry the known pathogenic 

missense variant (p.Pro81Leu) in the SDHD gene. 
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5.2.5.3. Mediastinal and Abdominal Paragangliomas 

 

 

Concerning PGL patients with a genetic diagnosis (n=3), all of them were females. 

Interestingly, all these patients carried known pathogenic variants in the SDHB gene. 

Both the 40-yrs-old FI1139 proband and the 61-yrs-old patient (FI1219) presented with 

low with low urinary catecholamine levels. The FI1139 proband with a single lesion 

carried a frameshift variant (p.Ser198Alafs*22). The FI1219 patient with multiple lesions 

carried the splicing IVS4+1G>A variant, which was transmitted to the 29-yrs-old affected 

son (Figure 24f). Finally, the FI1271 patient aged 31 years was found to carry the splicing 

IVS5-2A>G variant, which was inherited from the 59-yrs-old mother who did not yet 

show the disease (Figure 24a), confirming the incomplete penetrance of the SDHB 

variants (see FI1346 case). 

 

 
5.2.5.4. Von Hippel-Lindau syndrome 

 

 

Concerning VHL patients with a genetic diagnosis (n=2), one was a female and the other 

one was a male. 

The female patient (FI1132) aged 28 years showing pheochromocytoma and pancreatic 

neuroendocrine neoplasia and was found to carry a known pathogenic VHL variant 

(p.Tyr175Cys). The male patient (FI1306) aged 14 years and was characterized by facial 

dysmorphism, hypospadias, unilateral renal agenesis and multiple retinal and cerebellar 

hemangioblastomas. He carried a de novo stop gain variant in the VHL gene (p.Arg113X) 

(Figure 24d), which has never been reported and it was predicted as pathogenic. 

Overall, the genetic diagnostic yield of our gene panel in patients affected by 

Pheo/PGL/HNPGL was 20% (n=19/95) (Figure 25). According to the type of tumour, we 
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have found a genetic diagnostic yield of 14% (n=8/57) in Pheos, 33.3% (n=3/9) and 27.6% 

(n=8/29) in PGLs and HNPGLs, respectively (Figure 25). 

In suspected VHL cases (n=8), a clinical diagnosis of VHL syndrome based on the 

presence of a VHL gene defect was made in 25% of cases (n=2/8). 

 

 

Figure 25: Schematic representation of the genetic diagnostic yield in pheochromocytomas and 

paragangliomas. Red rectangles represent the diagnostic rate based on gene panel.  
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Table 14: Genotype-phenotype correlations among Pheo/HNPGL/PGL/VHL mutation carriers.  

 
Patient 

Code 

 

 

Gender 

 

Age at 

disease- 

onset 

Phenotype 

(Pheo; 

HNPGL; 

PGL; 

VHL) 

 

Multiple 

lesions 

(Yes/No) 

 
Metastases 

(Yes/No) 

Elevated 

urinary 

catecholamines* 

(Yes/No) 

 

 

Genotype 

 
Variant 

significance 

 

Family 

segregati 

on 

 
Genetic 

diagnosis 

FI877 F 16 Pheo No n.a. Yes EGLN1 (p.Trp51X) Pathogenic Yes Yes 

FI1316 F 53 Pheo n.a. n.a. n.a. TMEM127(p.Ile41ArgfsX39) Pathogenic No Yes 

FI1422 F 79 Pheo No No Yes SDHA (p.Ile319Leu) LP No Yes 

FI1004 M 35 Pheo No Yes Yes SDHD ( p.Thr112Ile) Pathogenic No Yes 

FI1111 M 46 Pheo No Yes Yes KIF1B (p.Pro1351Leu) LP Yes Yes 

FI1119 M 57 Pheo n.a. n.a. n.a. SDHB (p.Cys191Tyr) Pathogenic Yes Yes 

FI1174 M 78 Pheo No No No SDHD (p. Asp92fs*21) Pathogenic No Yes 

FI1367 M 67 Pheo n.a. n.a. n.a. 
SDHD (p.Tyr157X) 

VHL (p.Tyr175Cys) 

Pathogenic/ 

Pathogenic 
No Yes 

FI954 F 66 HNPGL n.a. n.a. n.a. SDHD ( p.Gln109X) Pathogenic No Yes 

FI1005 F 28 HNPGL n.a. n.a. n.a. SDHD ( p.Asp113Metfs*21) Pathogenic Yes Yes 

FI1075 F 37 HNPGL Yes No n.a. SDHD ( p.Gln109X) Pathogenic No Yes 

FI1162 F 53 HNPGL Yes No n.a. SDHAF2 (p.Gly78Arg) Pathogenic No Yes 

FI1346 F 57 HNPGL No No n.a. SDHB (IVS4+1G>A) Pathogenic Yes Yes 

FI1401 F 61 HNPGL Yes No No SDHD (p.Pro81Leu) Pathogenic No Yes 

FI1426 F 34 HNPGL Yes No No SDHD (p.Ter160Thrext*29) VUS No No 

FI1190 M 33 HNPGL No No No 
SDHC (p.Trp129X) 

VHL (p.Glu52X) 

Pathogenic/ 
Pathogenic 

Yes Yes 

FI1234 M 50 HNPGL Yes n.a. Yes SDHD (p.Pro81Leu) Pathogenic No Yes 

FI1139 F 40 PGL No No No SDHB ( p.Ser198Alafs*22) Pathogenic No Yes 

FI1219 F 61 PGL Yes No No SDHB (IVS4+1G>A) Pathogenic Yes Yes 

FI1271 F 31 PGL n.a. n.a. n.a SDHB (IVS5-2A>G) Pathogenic Yes Yes 

FI1132 F 28 VHL No n.a. n.a. VHL (p.Tyr175Cys) Pathogenic No Yes 

FI1306 M 14 VHL Yes No No VHL (p.Arg113X) Pathogenic Yes Yes 

*We considered elevated urinary catecholamines if at least one of the two catecholamines exceeds the reference cut-off (see table 15). LP: 

likely pathogenic; n.a.: not available. 



87  

Table 15: Urinary catecholamine levels for 13 mutated patients with available data. 

 

 

Patient 

code 

Phenotype 

(Pheo; 

HNPGL; 

PGL; VHL) 

Metanephrine 

(cut-off <320 

mcg/die) 

Normetanephrine 

(cut-off < 390 

mcg/die) 

FI877 Pheo 488 6512 

FI1004 Pheo 326 5650 

FI1111 Pheo 4033 5234 

FI1174 Pheo 115 265 

FI1422 Pheo 9940 2732 

FI1075 HNPGL 100 575 

FI1190 HNPGL 158 184 

FI1234 HNPGL 125 441 

FI1401 HNPGL 51 184 

FI1426 HNPGL 139 172 

FI1139 PGL 122,5 383 

FI1219 PGL 15 39 

FI1306 VHL 95 145 
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6. Discussion 

 

 

Here we discuss the results of both Congenital Hypogonadotropic Hypogonadism and 

the four types of rare endocrine tumours. According to the ACMG and ACGS 

guidelines (Richards et al., 2015), we have considered a clear genetic diagnosis based 

on the following criteria: i) gene inheritance patterns, i.e. biallelic defects for AR genes, 

monoallelic defects for AD genes and multiple gene defects for those genes showing an 

oligogenic mode of inheritance; ii) type of identified variant, i.e. pathogenic and likely 

pathogenic variants were considered of diagnostic value, whereas variants of uncertain 

significance were excluded. 

 

 
 

6.1 Congenital Hypogonadotropic Hypogonadism 

 

 
The CHH is a rare endocrine congenital disease, for which reveal genetic factors have 

been identified. It is worth noting that, this is a clinically and genetically heterogeneous 

condition. From a clinical point of view, it covers a wide spectrum of signs/symptoms, 

from classical forms (KS and nCHH) with/without other congenital features to mild forms 

with adult-onset (AOH). Classical forms are diagnosed at birth or due to pubertal delay, 

whereas mild forms can be recognized as post-pubertal CHH cases, i.e. 

hypotestosteronemia (Testosterone < 4-4.5 nmol/L) in males and secondary amenorrhea in 

females (Cangiano et al., 2021). From a genetic point of view, more than 40 genes with 

variable expressivity, penetrance and inheritance have been identified as candidate in the 

CHH aetiology (Cangiano et al., 2020; Butz et al., 2020). Beside monogenic forms, 
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oligogenicity, i.e. mutations in two or more candidate genes in the same patient, represents 

another mode of inheritance, further complicating the interpretation of the detected 

genetic variants and genetic counselling. With the advent of high-throughput NGS, 

several genes can be analysed at the same time, which is especially relevant in this disease 

considering its digenic/oligogenic nature.  

 

In this study, we designed a custom NGS panel, containing 34 CHH candidate genes with 

clinical evidence up to 2018 (ANOS1, AXL, CHD7, DMXL2, DUSP6, FEZF1, FGF17, FGF8, 

FGFR1, FLRT3, GNRH1, GNRHR, HESX1, HS6ST1, IL17RD, KISS1, KISS1R, LEP, LEPR, 

NR0B1, NSMF, OTUD4, PCSK1, PNPLA6, PROK2, PROKR2, SEMA3A, SEMA3E, 

SEMA7A, 

SOX10, SPRY4, TAC3, TACR3, WDR11), to identify the genetic cause of this complex 

disease in our study population (n=26 affected patients). 

Among our 26 CHH patients, a slightly male predominance (1.4:1) was reported, 

although a male to female ratio of approximately 4:1 has been reported in the literature 

(Seminara et al., 1998; Mitchell et al., 2011). 

Classical forms of CHH were reported in 46% of cases, whereas 54% of patients were 

affected by AOH. Among the former, 38% of patients showed CHH with additional 

features, including KS syndrome (n=7), CHARGE syndrome (n=2) and one syndrome yet 

to be defined (n=1), whilst 8% of cases showed isolated CHH (nCHH). Since a common 

genetic origin of classical and milder forms of CHH has been reported (Cangiano et al., 

2019), we decided to investigate the genetic diagnostic yield of our custom NGS panel in 

the entire cohort. 

A total of 12 variants predicted as VUS/likely pathogenic/pathogenic has been filtered in, 

of which 3 were previously reported in literature, whereas 9 were novel. The most 

commonly found variants mapped to the FGFR1 gene (25%), in line with previous eight 

studies based on targeted NGS panels (Quaynor et al., 2016; Wang et al., 2017; Aoyama et 
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al., 2017; Cassatella et al., 2018; Zhou et al., 2018; Kim et al., 2019; Amato et al., 2019; Butz 

et al., 2021). The second most frequently mutated genes in our study were CHD7, DMXL2 

and PROK2, each accounting for 17%. Finally, single variants in the AXL, GNRHR and 

SEMA3A only represent 8% of the total identified variants. 

 

Calculating the detection rate in our cohort, FGFR1 variants were detected most 

commonly, in an average of 11.5% of all investigated patients, in accordance with the 

11.4% of average detection rate previously reported (Butz et al., 2021). Both CHD7 and 

DMXL2 variants were found in 7.7% of patients, while PROK2, AXL, GNRHR and 

SEMA3A in 3.8% of patients.  

 

The detection rate of CHD7 gene defects is similar to that one reported in the literature 

(8.1%, n=48/592) (Cangiano et al., 2021), whereas concerning DMXL2, rare variants have 

been found in only 2.3% by another study (Stamou et al., 2019). Except for PROK2, whose 

prevalence of rare variants in CHH patients have been previously reported in 2.4%, AXL, 

GNRHR and SEMA3A gene defects are in the literature more frequently reported, with a 

4.85%, 5.3% and 4.4% of average detection rate, respectively (see references in Cangiano 

et al., 2021). 

Overall, we have identified a total of 10/26 patients carrying at least one potential disease- 

causing variant. Among these, only one patient was found to carry three variants in two 

different genes, i.e. a digenic case. In the literature, oligogenicity was reported between 

0% among Japanese populations (Aoyama et al., 2017) and 7-21% among Chinese and 

Caucasian ones (Quaynor et al. 2016; Wang et al., 2017; Zhou et al., 2018; Cassatella et al., 

2018; Maione et al., 2018; Amato et al. 2019; Butz et al., 2021). In the present study, 

oligogenicity represents only the 3.8% of cases, and this percentage is likely to increase in 

the future with enlarging our cohort, especially the number of patients with classic CHH. 

Only 26% of cases (n=6/26) received the genetic diagnosis supporting the phenotype. 
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Although current guidelines state that the genetic cause of classic CHH can be found in 

almost 45% of cases (Boehm et al., 2015; Cangiano et al., 2021), a recent publication 

supports our results, as the authors have identified a genetic diagnosis in only 13% of 

cases tested (n=5/38) (Butz et al., 2021). This is likely due to the wide spectrum of CHH 

phenotypes included in the study, i.e. KS, nCHH, AOH and delayed puberty. In 

particular, Butz and colleagues have clearly identified the genetic diagnosis in 5/30 

patients, who were affected either by KS or nCHH. None AOH/delayed puberty case has 

been genetically diagnosed. In line with these results, the majority of our patients with a 

genetic diagnosis were affected by a classical form of CHH (n=5/12; 42%), except for one 

female patient presenting with AOH (n=1/14; 7%). The presence of a relatively high 

proportion of AOH cases included in our study population influenced our genetic 

diagnostic rate (see paragraph 9.1.3.). In fact, the diagnostic yield of our custom NGS 

panel is different in classic versus milder phenotypes, reaching the highest percentage in 

CHH with additional congenital features.  

 

Here we discuss in details the genetic findings in relationship with the clinical 

phenotypes. 

 

 

6.1.1. Genetic diagnostic yield in the classic forms of CHH 

 

 
A total of 12 patients showed classic forms of CHH, including 2 patients with isolated 

CHH, 7 patients presenting with both reproductive and olfactory defect (KS), 2 patients 

affected by CHARGE syndrome and one case showing a complex undefined CHH 

phenotype consisting of nCHH, hypocortisolism and diabetes mellitus. 
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6.1.1.1. KS patients 

 

 

 

Among 7 KS patients, 5 patients were found to be carriers of variants in GNRHR, FGFR1, 

CHD7 and PROK2 genes. According to the literature, the most frequently mutated genes 

in KS are usually ANOS1, CHD7, FGFR1, PROK2, PROKR2, and SEMA3A (Alkelai et al. 

2017). However, in our current study, ANOS1 defects have not been identified, neither 

point mutations nor copy number variants. 

 

 

6.1.1.1.1. Patients with genetic diagnosis 

 

 

- FGFR1 mutation carriers 

 

The CHH 10 index case is a male patient showing absent puberty and hyposmia, with 

very low hormone values but a bilateral testicular volume of 10 ml at the diagnosis. He was 

found to be a heterozygous carrier of a FGFR1 novel frameshift deletion (c.570delG; 

p.Trp190fs), which shifts the way the sequence is read, hence its pathogenic role. 

Although it is a novel variant, a stop gain variant at the same codon (p.Trp190X) in the 

extracellular domain has already been reported as de novo in one KS male patient with 

syndactyly and dental agenesis (Men et al., 2020), supporting the potential involvement 

of loss of function mutations at this amino acid residue (Trp190) in the pathogenesis of the 

KS disease. The case described by Men and and colleagues (2020) showed a more severe 

phenotype than our CHH 10 proband, likely because he was found to carry an additional 

variant in the IL17RD gene, i.e. a digenic case. 

The CHH 12 index case is a female patient showing primary amenorrhea and anosmia, 

with family history for impairment of pubertal development. In fact, both her mother and 

her maternal cousins presented with primary amenorrhea, one of which also showed 
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anosmia. The patient is a heterozygous carrier for a known pathogenic FGFR1 variant 

(p.Arg620X), which was described in the literature as a cause of a wide spectrum of CHH 

phenotype, ranging from KS with cleft lip to nCHH ( Dodè et al,. 2003; Pitteloud et al., 

2006; Xu et al., 2007). The family segregation analysis of this variant showed that it was 

maternally inherited (Figure 13c), confirming its pathogenic role in the phenotypes of the 

maternal family members. As Xu and colleagues reported (2007), we have confirmed that 

this variant can be responsible also for the isolated absent puberty observed in the mother, 

supporting the variable expressivity of this variant. We can also speculate that unrevealed 

variant(s) in additional novel gene(s) may explain the more severe phenotype of the index 

case and her maternal cousin, who presenting anosmia besides primary amenorrhea. 

The CHH 14 proband is a female patient showing primary amenorrhea, anosmia and 

empty sella, without a family history for CHH. She was a heterozygous carrier of a FGFR1 

stop gain variant (p.Glu140X), which has never been reported in literature. However, 

given both the intrinsic pathogenic nature of the variant as loss of function and its in silico 

prediction as damaging, we were able to consider it as the genetic cause of her clinical 

condition. No family members were available to perform the segregation studies. 

Finally, the proband CHH 11 was a male patient affected by KS with cleft lip, who carried 

three variants in two different genes (PROK2 and CHD7), i.e. an example of oligogenicity. 

In particular, he was compound heterozygous for two PROK2 variants, i.e. one missense 

(p. p.Arg101Trp) and one splicing ones (c.286-1G>C), in addition to one heterozygous 

CHD7 missense variant (p.Val553Leu). The missense PROK2 variant has been already 

reported in one Maghrebian KS patient (Sarfati et al., 2013), whereas the other two 

identified variants were novel. It is worth noting that this patient did not respond to the 

gonadotropin therapy. This may be due to the impairment of the Prokineticin 2, 

suggesting the lack of a functional  PROK2 allele. In fact, by performing in silico mRNA 

expression analysis (https://www.proteinatlas.org/humanproteome/tissue), we can 

observe a PROK2 expression not only in the brain, but also in the testis, where it seems 

https://www.proteinatlas.org/humanproteome/tissue
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to be involved in the physiological testicular angiogenic activity (Brouillette et al., 2014). 

In addition, an enrichment of these transcripts in seminiferous tubules has been detected, 

especially in primary spermatocytes. Thus, the presence of PROK2 transcripts in 

spermatocytic cell, together with its angiogenic role in the testis, suggests a putative 

involvement of PROK2 in the proper functioning of spermatogenesis. To note that this 

patient presented another congenital features, such as cleft lip. Such an observation 

confirms the hypothesis that multiple gene defects could synergize to produce a more 

severe CHH phenotype (Dodè et al. 2006; Pitteloud et al., 2007). 

 

 
6.1.1.1.2. Patient carrying a mutation without diagnostic value 

 

 

- GNRHR mutation carrier 

 

The proband CHH 6 is a female patient affected by primary amenorrhea and hyposmia, 

without family history for amenorrhea and reproductive defects. She was found to be a 

heterozygous carrier for the well-known pathogenic hot spot in the GNRHR gene 

(p.Gln106Arg), which was first described by de Roux and colleagues (1997). This 

mutation leads to a reduced GnRH-binding affinity and a decreased GnRH-stimulated 

signalling (de Roux et al., 1997; Leanos-Miranda et al., 2002; Cioppi and Riera-Escamilla 

et al., 2019), resulting in the normosmic form of CHH. Thus, this genotype cannot explain 

the olfactory phenotype of this patient. In addition, the presence of a GNRHR functional 

allele has a compensatory effect, avoiding the disease onset. Hence, we expect that this 

patient would be a carrier of additional pathogenic variant(s) in other not yet identified 

candidate genes, which would be the main responsible for her KS phenotype. The mild 

missense mutation in  the GNRHR could be a modifier of the expressivity of the disease.  

 

Overall, the genetic diagnostic yield of our custom NGS panel in the KS cohort is high, 

accounting for approximately 57% (n=4/7) of cases. For this reason, the genetic screening 
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of candidate CHH genes in selected cases, such as KS, is strongly recommended. The 

identification of the genetic cause in more than 50% of cases allows to optimize genetic 

counselling, especially when pregnancy is desired. In fact, in the majority of cases fertility 

can be induced by using hormonal therapies (Boehm et al., 2015) and there is a 50% 

chance of transmitting the mutated allele to the offspring. This is especially relevant for 

those subjects carrying a mutation in a dominant gene, such as FGFR1 and CHD7, since the 

change  of having an affected child is 50%. However, even for mutations with a well-

established Mendelian mode of inheritance, the prediction of transmission risk of disease 

features is complicated by phenotypic expression and variable disease severity that could 

be modified by different underlying genetic background. It should be noted that, a child 

who has inherited a mutation in a syndromic gene, such as FGFR1 or CHD7, could 

manifest a more severe phenotype than the carrier parent. Overall, the complexity of this 

disease makes predicting the exact health consequences for the offspring difficult. 

However, PGT-M should be offered to couples, especially for FGFR1 and CHD7 mutation 

carriers, whose consequences in child could be very severe. 

 

 

6.1.1.2. Overlapping syndromic cases 

 

 
Among 3 patients in whom CHH occurs as part of a complex genetic syndrome, 2 patients 

were found to be carriers of variants in CHD7 and DMXL2. 

 

 
6.1.1.2.1. Patient with genetic diagnosis 

 

 

- CHD7 mutation carrier 

 

The male proband CHH 7 suffered from CHARGE syndrome, since he presented with 

absent puberty, opacity of the left lens, hearing loss and inner ear malformations. In 
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addition, he also showed anosmia. CHARGE syndrome is a genetic disorder due to 

dominant mutations of the CHD7 gene in approximately 90% of cases, presenting highly 

variable phenotypes in carriers belonging to the same family (Janssen et al., 2012). Our 

proband was found to carry a novel CHD7 heterozygous stop gain variant (p.Tyr2349X), 

which has proven to be de novo (Figure 13a). This variant was predicted to be pathogenic 

and the family segregation study confirmed the in silico results. As reported in literature, 

CHD7 variants predicted to be pathogenic or likely pathogenic are usually found in 

patients with CHARGE features or even undiagnosed CHARGE syndrome (Xu et al., 

2018). In this case, CHARGE syndrome was clinically diagnosed, but appropriate genetic 

counselling based on the presence of the pathogenic CHD7 variant is a challenge, as a 

high degree of variable expressivity is often observed in CHARGE-syndrome families 

(Lalani et al., 2006; Delahaye et al., 2007). The phenotypic differences in this disease could 

be due to the type of variant (missense versus loss of function) and the presence of genetic 

modifiers, such as mild missense variants in other CHH genes, which could enhance the 

penetrance and expressivity of pathogenic CHD7 variants. 

 

 

6.1.1.2.2. Patient carrying a mutation without diagnostic value 

 

 

- DMXL2 mutation carrier 

 

The male proband CHH 9 was affected by partial anterior hypopituitarism, i.e. 

hypogonadism and hypocortisolism, and decompensated diabetes mellitus. His clinical 

diagnosis is still under definition. Our custom gene panel revealed the presence of a novel 

heterozygous missense variant in the DMXL2 gene (p.Ala2382Gly), which lies within a 

highly conserved amino acid residue and was predicted as VUS. This gene was associated 

with syndromic CHH phenotype (Tata et al., 2014). In particular, a homozygous loss of 

function variant (p.1942_1946del) has been identified in three Senegalese brothers from a 
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consanguineous family, who showed a polyendocrine-polyneuropathy syndrome, with 

ataxia and dysarthria, characterized by mild CHH, central hypothyroidism, peripheral 

demyelinating neuropathy and diabetes mellitus (Tata et al. 2014). Interestingly, our 

patient comes from Nigeria. It has been demonstrated that heterozygous knockout mice 

showed delayed puberty, poor reproductive outcomes and abnormal glucose 

metabolism, as DMXL2 protein seems to be also involved in both constitutive and 

glucose-induced secretion of insulin by pancreatic beta cells (Tata et al., 2014). These 

findings in mice could explain the phenotype of our CHH 9 proband. However, we 

cannot consider the detected variant as diagnostic, since it was not predicted as 

pathogenic and family members were not available. 

Overall, the genetic diagnostic yield of our custom NGS panel in more complex 

phenotypes is approximately 33% (n=1/3). Concerning CHARGE syndrome, the 

diagnostic rate based on CHD7 testing is 50% (n=1/2), suggesting that the wild type CHD7 

patient could be a phenocopy of CHARGE syndrome. 

 

 

 

6.1.2. Genetic diagnostic yield in the milder Adult-Onset forms of CHH 
 

 
Among 14 AOH patients, 3 patients were found to be carriers of variants in AXL, DMXL2 

and SEMA3A genes. 

 

 

6.1.2.1. Patient with genetic diagnosis 

 

 

- DMXL2 mutation carrier 

 

The proband CHH 2 was a female patient presenting with secondary amenorrhea. 

Genetic testing revealed the presence of a novel heterozygous missense variant in the 
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DMXL2 gene (p.Arg217fs), which is located in a highly conserved amino acid residue and 

it was predicted to be pathogenic. Given both its AD transmission and mild reproductive 

phenotypes associated with Dmxl2 gene defects in mouse (Tata et al., 2014), we can state 

that this genotype is responsible for the AOH condition. To note, two dominant missense 

variants (p.Gln306His and p.Arg2416His) have been found to cosegregate with mild to 

severe non- syndromic hearing loss, suggesting the role of DMXL2 in innear ear function 

(Chen et al., 2017; Wonkam-Tingang et al., 2021). However, the disease-causing DMXL2 

variant identified in the CHH 2 case (p.Arg217fs) was not associated with sensorineural 

hearing impairment, as the proband showed normal hearing. We could assume that 

different gene defects, i.e. frameshift versus missense variants, lead to different 

phenotypes, suggesting an incomplete penetrance and variable expressivity of this gene 

in the disease-onset. 

 

 
6.1.2.2. Patients carrying mutations without diagnostic value 

 

 

- AXL mutation carrier 

 

The proband CHH 8 was a 36-years-old men, who reported normal pubertal 

development, starting by the age of 15 years, followed by the onset of hypogonadotropic 

hypogonadism at 21 years. He was referring to our clinic for AOH, severe 

oligoasthenoteratozoospermia and secondary hypothyroidism. The proband was found 

to be a heterozygous carrier of a novel AXL intronic variant 4 bp upstream from the start 

of exon 9 out of 20 (c.1135-4C>G), whose significance was predicted to be uncertain. The 

protein encoded by this gene is a member of the Tyro3-Axl-Mer (TAM) receptor tyrosine 

kinase subfamily, with a high expression profile in testis, which could explain the 

impairment of sperm production in this patient. Prior studies showed that Axl/Tyro3 null 

mice displayed developmental defects in GnRH neuron migration and survival (Pierce 

et al., 2008). Also in humans, rare heterozygous variants in this gene have been reported 
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in KS and nCHH patients, acting as dominant mutations (Salian-Mehta et al., 2014). 

Testing of the intronic AXL variant by the in silico tool Human Splicing Finder predicted 

no abnormal splicing. Thus, this variant alone cannot be sufficient to disrupt exon splicing. 

 

- SEMA3A mutation carrier 

 

The proband CHH 18 was a female AOH case, whose menarche occurred at the age of 

14. After 3 years from pubertal development, she has experienced anorexia and stopped 

menstruating. Even when she gained weight during the anorexia recovery, menstrual 

cycles were absent. She was found to be a heterozygous carrier of a missense variant in 

the SEMA3A gene (p.Arg66Trp). This variant was previously identified in one KS male 

patient (Hanchate et al., 2012). Functional studies demonstrated that the variant results in 

the absence of the secreted protein (Hanchate et al., 2012). However, based on the 

seemingly normal reproductive phenotype of Sema3a+/− heterozygous mice (Schwarting 

et al., 2000; Cariboni et al., 2011), the authors suggest that monoallelic mutations in the 

SEMA3A gene are not sufficient to induce the KS phenotype (Hanchate et al., 2012). In 

support to this hypothesis, the father of our proband was found to share the genotype 

with the affected daughter, despite being healthy (Figure 13b). Neither the healthy father 

nor the affected daughter displayed KS. Therefore, the heterozygous SEMA3A variant 

(p.Arg66Trp) cannot be considered as the genetic cause of CHH, but it could be influenced 

either by other mutant alleles or by environmental factors, such as anorexia, thus resulting 

in a milder CHH phenotype which characterizes the proband. 

The only study focusing on AOH in the literature reports a frequency of rare variants in 

39% of AOH cases (Cangiano et al., 2019). In our study, we found that 21.4% (n=3/14) of 

AOH patients carried rare variants in the analysed genes, but in only one case we were 

able to consider the variant as diagnostic. Overall, the genetic diagnostic yield of our 

custom NGS panel in the AOH cohort is low, accounting for 7% (n=1/14) of cases. In fact, 

it has been recently reported that AOH subjects are frequently carriers of susceptibility 
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alleles with an impact on GnRH function that alone are not able to manifest as classic 

CHH (Cangiano et al., 2019). These genetic variants with a minor pathogenic impact may 

cumulate and interact with environmental factors to determine the phenotype, 

supporting a multifactorial origin of AOH (Cangiano et al., 2019). In this context, the 

identification of the genetic cause of disease in AOH cases is complex.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101  

6.2 Rare endocrine tumours (Pheo/PGL/HNPGL/VHL) 

 
 
Pheochromocytomas (Pheos) and paragangliomas are rare neural-crest derived tumours 

located in the adrenal medulla and extra-adrenal, respectively. Among extra-adrenal 

tumours, sympathetic paragangliomas (PGLs) arise from the paraganglia of the thorax, 

abdomen and pelvis, whereas the parasympathetic paragangliomas originate from the 

head and neck paraganglia, hence named as HNPGLs. Among all human neoplasia, 

Pheos/PGLs/HNPGLs show the highest frequency of hereditary forms of the disease, i.e. 

a single driver germline mutation is identified in at least 30% of cases (The NGS in PPGL 

Study Group et al., 2017). More than 15 autosomal dominant genes with age-dependent 

and incomplete penetrance have been implicated in the susceptibility to these tumours, 

which thus occur as genetically heterogeneous conditions (The NGS in PPGL Study 

Group et al., 2017). Among the 15 genes, VHL is involved in the aetiology of von Hippel-

Lindau (VHL) syndrome. VHL is a monogenic disorder, with an autosomal dominant 

inheritance and a wide variability in penetrance and phenotype. From a clinical point of 

view, it is characterized by the development of tumours in several organs, most 

commonly hemangioblastoma of the central nervous system and retina. Other typical 

manifestations of VHL are renal cell carcinoma, endolymphatic sac tumors, islet-cell 

tumors of the pancreas and multiple pancreatic cysts, including pheochromocytoma 

(Maher and Kaelin, 1997). A wide variety of germline mutations has been identified, 

including exonic deletions (Franke et al., 2009), nonsense mutations and missense 

substitutions of the VHL gene (Dwyer and Tu, 2017). 

 

Although all these diseases follow an autosomal mode of inheritance, it is important to 

underline that a single mutated allele of one of the susceptibility genes is not sufficient to 

develop the above-mentioned tumours. In fact, in case of a germline mutation, an 

additional somatic mutation in the same or in other susceptibility genes is needed to 



102  

determine the loss of heterozygosity or the dysregulation of multiple growth control 

genes leading to tumorigenesis. Hence, it is easily understandable that some individuals, 

who have inherited a germline mutation, may never develop cancer, because they never 

acquire the second hit which is necessary to start the process of tumour formation. This 

can explain why, when a certain germline mutation is present, cancer may appear to skip 

generations in a family. 

In this study, a total of 103 affected patients were enrolled, including 57 Pheos, 9 PGLs, 

29 HNPGLs and 8 suspected VHL cases. Among Pheo/PGL/HNPGL cohort (n=95), we 

observed a predominance of female to male ratio (1.5:1 in Pheos, 2:1 in PGLs and 3:1 in 

HNPGLs), in line with most of the previous studies (Lai et al., 2008; Audenet et al., 2013; 

Alesina and Walz, 2020). Similarly, in accordance with the literature, our suspected VHL 

cases (n=8) show a similar prevalence in males and females. 

In order to determine the genetic diagnostic rate, 95 patients affected by 

Pheo/PGL/HNPGL and 8 individuals with suspected VHL syndrome were subjected to 

our custom NGS panel and to the VHL mutational screening, respectively. The custom 

NGS panel contains 15 susceptibility genes (EGLN1, EPAS1, FH, KIF1B, MAX, MDH2, 

RET, SDHA, SDHAF2, SDHB, SDHC, SDHD, SLC25A11, TMEM127, VHL). 

In the entire cohort, we have identified a total of 20 variants predicted as VUSs/likely 

pathogenics/pathogenics, of which 11 were previously reported as disease-causing, 

whereas 9 were novel. In line with the literature, the most commonly found variants 

mapped to the SDHD gene (35%), followed by SDHB and VHL gene defects, accounting 

for 20% and 15%, respectively. Finally, variants in the EGLN1, KIF1B, SDHA, SDHAF2, 

SDHC and TMEM127 represent the 5% of the total identified variants. 

 

Calculating the detection rate in our Pheo/PGL/HNPGL cohort, SDHD variants were 

detected most commonly, in a slightly higher average than that reported in the literature 
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(9.5% versus 5-7%) (Burnichon et al., 2011; Curras-Freixes et al., 2015). On the other hand, 

the detection rate of SDHB and VHL gene defects being 5.3% and 2%, respectively, is 

lower than expected, given that in other studies the frequency was of 8-10% and 7-10% 

concerning SDHB and VHL genes, respectively (Burnichon et al., 2011; Curras-Freixes et 

al., 2015). Similarly to the literature data, the other gene defects were found in 

approximately 1% of affected patients (The NGS in PPGL Study Group et al., 2017). 

Concerning our cohort with a clinical suspect for VHL, only 25% of patients carried a 

disease-causing variant in the VHL gene, hence received the diagnosis of VHL syndrome. 

This finding will be discussed in detail in paragraph 9.2.3. 

Clinical characterization and genotype-phenotype correlations among Pheos, PGLs, 

HNPGLs and VHLs is reported below. 

 

 
 

6.2.1. Pheos/PGLs/HNPGLs 

 
 

In our cohort, the mean age of disease-onset is 57.4 years (±14.6), 50.4 years (±12.0) and 

52.5 years (±15.3) in Pheos, PGLs and HNPGLs, respectively. This is in accordance with 

the literature data reporting an incidence in sporadic cases between the fourth and the 

fifth decade of life (Guerrero et al., 2009). 

Among the totality of patients affected by sympathetic tumours (Pheo/PGL), for whom 

clinical data was available (n=50), we observed that 42% (n=21/50) presented symptoms 

at clinical diagnosis, whereas 58% (n=29/50) of cases was detected as incidentaloma, 

similarly to what has been previously reported (Haissaguerre et al., 2013). Concerning our 

symptomatic patients, 81% (n=17/21) showed hypertension, whilst 19% (n=4/21) 

manifested signs related to a mass effect. The increase in blood pressure is caused by the 

actions of tumour catecholamines on the adrenergic receptors (Canu et al., 2019). In fact, 
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all our patients showing hypertension were characterized by high urinary catecholamine 

levels. Among the totality of Pheo/PGL patients with available urinary catecholamine 

values (n=45), 91% (n=41/45) showed elevated concentrations indicating a secreting 

tumour. This figure is in line with what reported for the sympathetic tumours (Erickson 

et al., 2001). 

 

Among HNPGL patients with available clinical data (n=22), we observed 36% (n=8/22) of 

them presenting with symptoms mainly due to a mass-related effect. However, 3/22 

patients showed hypertension. It is worth noting that 2 of these hypertensive patients 

did not exhibited elevated urinary catecholamines, thus they presented a hypertension not 

different from patients with essential hypertension, i.e. they were not affected by the 

characteristic symptomatic crises due to sudden release of catecholamines. Only one 

patient showed hypertension due to high urinary catecholamine levels, indicating a 4.5% 

frequency of secreting tumours among our HNPGL patients. Our data are in accordance 

with the literature, as, in contrast to Pheos/PGL, only about 5% of parasympathetic 

paragangliomas has been reported to release catecholamines (Erickson et al., 2001; Baysal 

and Myers, 2002). 

 

Concerning the so called “malignant parameters” in Pheos/PGLs, i.e. the presence of 

multiple lesions and metastases at clinical diagnosis, 10% (n=5/50) and 12% (n=6/50) of 

cases were reported, respectively. According to the literature, multiple tumours in 

Pheo/PGL/HNPGL are more frequently identified in carriers of mutations in SDHx, 

EPAS1 and EGLN1 (see references in Martucci and Pacak, 2014). In our cohort, 1/5 patient 

with multiple lesions carried a SDHB variant (see below). Regarding the metastatic 

potential, it is well known that approximately 10% of Pheos and 35% of PGLs are 

metastatic at the diagnosis (Scholz et al., 2007; Baudin et al., 2014). Concerning Pheos, our 

findings confirm the literature data, as 13.6% (n=6/44) of patients presented with distal 
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metastases involving bone, lymph nodes, liver, lung and colon. Concerning PGLs, none of 

the patients was found to manifest metastases as at initial clinical presentation, and this is 

likely due to the low number of our PGL cases (n=5). However, we cannot exclude that 

these PGL patients may develop metastases in the future, given that distant spread can 

also occur many years later (Scholz et al., 2006, Baudin et al., 2014). 

 

Concerning the HNPGL cohort, multiple lesions and metastases occurred in 27% (n=6/22) 

and 4.5% (n=1/22) of cases, respectively. Interestingly, almost all patients with multiple 

lesions (n=5/6) were carriers of a germline mutation in SDHD and SDHAF2 genes, in line 

with what has been stated above (see reference in Martucci and Pacak, 2014). According 

to the literature, the occurrence of metastases in HNPGLs ranges from 2% to 19% based 

on primary tumour localization (Lee et al., 2002). In our cohort, the only patient with lung 

metastases was found to be wild type for germline variant in all 15 susceptibility genes. 

On the contrary, in the literature it is reported that metastases arise most frequently in 

regional lymph nodes (70%), followed by the spinal canal, lung, liver and skin 

(Papaspyrou et a., 2012), and they are most commonly related to SDHB variants, followed 

by those affecting the SDHD gene. 

 

 
6.2.1.1. Genetic diagnostic yield in Pheos/PGLs/HNPGLs 

 

 

 

Among Pheos, 14% of patients (n=8/57) were found to be carriers of pathogenic/likely 

pathogenic germline variants in a total of 7 genes (EGLN1, KIF1B, SDHA, SDHB, SDHD, 

TMEM127 and VHL). Notably, one of these patients (n=1/8) carried two variants in two 

different genes, i.e. SDHD and VHL, consisting of a digenic mode of inheritance. Among 

PGLs, 33% of patients (n=3/9) were carriers of different disease-causing germline variants 

within the SDHB gene. Concerning HNPGLs, 31% of patients (n=9/29) carried germline 
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variants in the SDHAF2, SDHC and SDHD genes. 8/9 of these mutations are considered 

as pathogenic, leading to a diagnostic yield of 27.6% (n=8/29) in HNPGLs. In addition, 

one of these carriers has proved to be a digenic case, as both his SDHC and VHL genes 

were affected. 

Therefore, by estimating the genetic diagnostic yield for the all cohort of 

Pheo/PGL/HNPGL we obtain 20%, which is slightly lower than the one reported in the 

literature (about 30%) (The NGS in PPGL Study Group et al., 2017). 

Here we report the genotype-phenotype correlations, according to the type of affected 

gene, ordered by their frequency. 

 

-SDHD 

 

Germline SDHD pathogenic mutations are frequently found (5-7%) in patients affected 

by neuroendocrine tumours (The NGS in PPGL Study Group et al., 2017). Similarly to 

SDHC, mutations in this gene were associated with a higher risk of HNPGL than 

Pheo/PGL (Neumann et al., 2004; Burnichon et al., 2009; Mannelli et al., 2009). In 

addition, a high penetrance for symptomatic tumours in SDHD mutation carriers has 

been reported (Andrews et al., 2018). Other tumours are very rarely associated with 

SDHD gene defects, almost exclusively renal cell carcinoma (Andrews et al., 2018). 

Malignant tumours defined by distal metastases vary between 0% to 22.7% in SDHD 

mutation carriers (van Hulsteijn et al., 2012). The estimated risk of HNPGL/Pheo/PGL at 

the age of 60 in non-index SDHD mutation carriers is 43.2% (Andrews et al., 2018). It is 

worth noting that, as for the SDHAF2 gene, germline SDHD mutations show a “parent-

of-origin” expression phenotype (imprinted gene), with tumour development occurring 

only when mutations are inherited via the paternal line (Van der Mey et al., 1989). 

However, in rare instances, SDHD mutations via the maternal line can also result in 
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tumorigenesis (Bayley et al., 2014). 

In our cohort, we have identified a total of 9 patients carrying SDHD gene defects, with 

the highest incidence in HNPGLs, as described in the literature. This gene resulted to be 

the most mutated: 6/9 HNPGLs and 3/8 Pheos. Among the 9 SDHD mutation carriers, 

only one patient affected by pheochromocytoma also showed bone metastases at initial 

clinical presentation, accounting for 11% of metastatic SDHD mutation carriers. 

Concerning the variants, a total of 7 variants have been identified, including stop gain 

(n=2), frameshift (n=2), missense (n=2) and one stop loss variant. 

Among stop gain variants, a pathogenic founder mutation (p.Gln109X) has been detected 

in two female patients affected by HNPGL. One 33-yrs-old patient showed multiple 

HNPGLs without secreting catecholamines, whereas for the other 66-yrs-old patient no 

clinical data was available. Concerning the stop gain p.Tyr157X identified in a 67-yrs-old 

woman with Pheo, it is a novel variant predicted as pathogenic by the Varsome tool. To 

note that in this patient the SDHD variant co-segregates with a known pathogenic VHL 

variant (p.Tyr175Cys), hence this patient represents a case of digenicity and it will be 

discussed in the specific paragraph. 

 

Among frameshift variants, one (p.Asp92fs*21) was found to be novel, whereas the other 

one (p.Asp113Metfs*21) is known to be pathogenic. The former was identified in a 78-

yrs- old man affected by a unilateral non-secreting pheochromocytoma, whereas the 

latter has been detected in a HNPGL woman aged 28 years. By performing variant 

segregation in the family, we can confirm its paternal origin. To note, both her 57-yrs-old 

father and her 24- yrs-old brother carrying the mutated allele showed the disease, 

suggesting a full penetrance of this variants in this family. However, it has been 

previously reported that relatives carrying this variant may not manifest the disease at 

the time of genetic diagnosis (Cascon et al., 2002; Lima et al., 2007). 
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Concerning the two missense variants, both were previously reported in patients with 

HNPGL/Pheo/PGL (Andrews et al., 2018). The founder mutation p.Pro81Leu has been 

almost exclusively associated with HNPGLs, in contrast with p.Thr112Ile which 

predisposes to both HNPGL and Pheo/PGL (Andrews et a., 2018). In our cohort, two 

unrelated patients (a 50-yrs-old man and a 61-yrs-old woman) carrying the p.Pro81Leu 

variant were found to be affected by multiple non-secreting HNPGLs. On the other hand, 

the p.Thr112Leu carrier was a 35-yrs-old man affected by a unilateral secreting 

pheocromocytoma. 

Finally, a novel stop loss variant (p.Ter160Thrext*29) has been detected in a 34-yrs-old 

woman with multiple secreting HNPGLs. However, the variant significance is still 

unclear, as both Varsome and RENOVO tools have classified it as a variant of uncertain 

significance. Thus, we cannot state that this germline SDHD variant predisposes to the 

development of HNPGLs and, for this reason, we excluded this patient from the 

calculation of the genetic diagnostic yield. 

 

 

-SDHB 

 

Gerrmline SDHB pathogenic mutations are the most commonly found (8-10%) in patients 

affected by neuroendocrine tumours (The NGS in PPGL Study Group et al., 2017). In 

particular, mutations in this gene mainly predispose to extra-adrenal PGLs and to a lesser 

extent to adrenal Pheos (Neumann et al., 2004; Burnichon et al., 2009; Mannelli et al., 2009; 

Ricketts et al., 2010). Interestingly, male mutation carriers are at higher risk of disease 

than females (Jochmanova et al., 2017; Andrews et al., 2018), although the reason of this 

phenomenon is not clear. SDHB pathogenic variants also give rise to renal cell carcinoma, 

gastrointestinal stromal tumours and pituitary/ parathyroid adenomas (Andrews et al., 

2018; Mannelli et al., 2018). Moreover, SDHB pathogenic variants have been associated 

with   a high risk of metastases and poor prognosis (Amar et al., 2007; van Hulsteijn et al., 
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2012). The more frequently detected mutations in this gene are missense, followed by 

frameshift indels, splicing and stop gain ones (Ben Aim et al., 2021). Clinical disease 

penetrance in non- proband SDHB mutation carriers is estimated to be 16%, 22% and 44% 

at the age of 50, 60 and 80 years, respectively (Andrews et al., 2018). Given the relatively 

high malignancy risk, a surveillance programme based on biochemical and radiological 

tests is mandatory for asymptomatic SDHB mutation carriers (Lenders et al., 2014). 

In our cohort, we have identified a total of 5 patients carrying SDHB gene defects, 

including the totality of mutated PGLs (n=3/3), one case out of 8 Pheo mutated patients and 

one patient among a total of 9 HNPGL mutated cases, in line with a higher risk of PGL 

observed in case of SDHB mutations. In contrast with the literature data, none of the 

patients carrying SDHB variants presented with metastases at the clinical diagnosis. 

Given the high risk of disease recurrence, the possible emergence of other tumours (renal 

cell carcinoma and gastrointestinal stromal tumours) and the metastatic evolution, it is 

essential that our mutation carriers receive a strict follow-up. 

Concerning the type of SDHB variants, a total of 4 variants have been identified, 

including splicing (n=2), frameshift (n=1) and missense (n=1) variants. 

 

Among splicing mutations, we have observed the presence of a Dutch founder mutation 

(c.423+1G>A) in one PGL and one Pheo case, confirming the variable expressivity 

associated with this variant (Bayley et al., 2006; Ercolino et al., 2009; Erlic et al., 2009; Hes 

et al., 2010; Hensen et al., 2012; van Hulsteijn et al., 2014; Imamura et al., 2016, Niemeijer 

et al., 2017; Rijken et al., 2018). The 61-yrs-old PGL female patient was affected by 

secreting multiple lesions, thus also showing hypertension. She has transmitted the 

SDHB mutated allele to one of her sons, who manifested PGL by the age of 29 years, 

suggesting a complete penetrance of this SDHB splice site variant. The other mutation 

carrier was a 57-yrs-old man, who showed a unilateral non-secreting pheochromocytoma. 

By performing family segregation study, we could trace the mutation in 3 generations. 
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The variant was inherited from his healthy 88-yrs-old mother and then our index case 

transmitted it to one of his sons, who did not manifest the disease at the age of 30. This 

refutes the hypothesis of c.423+1G>A- related complete penetrance, further complicating 

its interpretation regarding its contribution to the disease-onset. However, as stated at 

the beginning of the discussion, all these susceptibility genes show an incomplete and 

age-related penetrance, as also somatic mutations should be acquired to develop these 

types of tumours. 

Also the other SDHB splicing variant (c.541-2A>G) identified in a PGL case has been 

previously reported in association with PGLs and Pheos (Timmers et al., 2007; Ricketts et 

al., 2012; Choat et al., 2014; Helman et al., 2016; Jochmanova et al., 2017; Huang et al., 

2018). Additionally, an infant carrier was diagnosed with leukoencephalopaty without 

Pheo/PGL (Helman et al., 2016), and a 11-yrs-old boy was affected by polycythemia and 

abdominal PGL (Choat et al., 2014). Our patient showing an abdominal PGL has inherited 

the variant from her 59-yrs-old mother who did not yet manifest the disease. 

Beside the splicing mutations, we identified another known pathogenic frameshift 

mutation (p.Ser198Alafs*22) in a 40-yrs-old woman with a secreting abdominal PGL. This 

variant has been previously found in sporadic PGLs/Pheos with a malignant potential 

(Amar et al., 2005; Andrews et al., 2018). 

 

Finally, a novel missense variant (p.Cys191Tyr) predicted as pathogenic was identified 

in a 57-yrs-old man affected by Pheo. We have found that the variant has been transmitted 

to both of his sons aged 29 and 25 years. Interestingly, the older son has developed a 

HNPGL,  suggesting a sort of genetic anticipation, in which the signs and symptoms of a 

certain genetic condition tend to become more severe and/or appear at an earlier age as the 

disorder is passed from one generation to the next. Based on what we observed in the 

older affected brother, the other 25-yrs-old healthy son carrying the mutation should 

undergo to a stricter   follow-up.  
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- SDHA 

 

Pathogenic germline SDHA variants account for approximately 12% of HNPGLs, 7.6% of 

PGLs and 2% of Pheos (Van der Tuin et al., 2018). As for all SDH-associated syndromes 

characterized by the development of PGLs, also SDHA gene variants confer an additional 

risk for developing other tumour types, i.e. clear cell renal cancer, gastrointestinal stromal 

tumours and, more rarely, neuroendocrine tumours and pituitary adenomas (Oudijk et 

al., 2013; Dwight et al., 2013; Yakirevich et al., 2015). Malignant Pheos and PGLs seem to 

feature across 12% of SDHA mutation carriers (Bausch et al., 2017). The age-related 

penetrance for SDHA mutation carriers is of 50% by the age of 70 years (Van der Tuin et al., 

2018). However, the penetrance for SDHA mutation carriers was significantly lower in 

relatives compared with index patients at the age of 40 years: 13% (95% CI, 0%-33%) 

and 45% (95% CI, 23%- 

60%), respectively. (Bausch et al., 2017). 

 

In our cohort, a 79-yrs-old woman affected by a secreting unilateral pheochromocytoma 

was found to carry a novel SDHA missense variant (p.Ile319Leu), which was predicted as 

likely pathogenic after consulting RENOVO tool. To note, the patient did not present 

neither metastases nor any other tumours. 

 

 
- SDHAF2 

 

 

Germline SDHAF2 mutations have been reported in <1% of patients affected by 

pheochromocytomas and paragangliomas (Bayley et al., 2010). Several founder 

mutations have been reported in this gene, including the most commonly found 

p.Gly78Arg in Dutch and southern European populations, which segregates with early 

onset of HNPGL familial cases (Bayley et al., 2010; Hensen et al., 2012). It is worth noting 

that mutations in this gene are inherited almost exclusively via the paternal line, since a 
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maternally imprinting mechanism beside the autosomal dominant inheritance has been 

demonstrated (Van der Mey et al., 1989).  

 

In our cohort, we have identified the afore-mentioned founder mutation of the SDHAF2 

gene (p.Gly78Arg) in a 53-yrs-old woman with multiple HNPGLs and without 

metastases or other types of tumour, similarly to previously reported p.Gly78Arg carriers 

(Bausch e al., 2017). Unfortunately, no family members were available to confirm the 

paternal segregation of this variant. 

 

 

- SDHC 

 

Germline SDHC mutations have been reported in 1-2% of patients affected by HNPGLs, 

PGLs and Pheos (The NGS in PPGL Study Group et al., 2017). The phenotype associated 

with SDHC mutations has not been well defined. Early reports described benign 

HNPGLs (Niemann and Müller, 2000; Baysal et al., 2004; Schiavi et al., 2005), but more 

recent studies have also identified sympathetic PGLs and more invasive tumours 

(Bickmann et al., 2014; Bourdeau et al., 2016; Andrews et al., 2018). Nevertheless, we can 

state that mutations in SDHC are associated with a higher risk of HNPGLs than 

Pheos/PGLs (Andrews et al., 2018). Other rare tumours related to SDHC gene defects 

include pituitary adenoma and gastrointestinal stromal tumour (Andrews et al., 2018). 

The estimated risk of Pheo/PGL/HNPGL at the age of 60 years in non-index SDHC 

mutation carriers is 25% (Andrews et al., 2018). 

In our cohort, we have identified a novel SDHC stop gain variant (p.Trp129X) in a 

HNPGL male case, who was found to carry another stop gain variant in the VHL gene 

(p.Glu52X). This case will be discussed in the paragraph on digenic cases. 
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- EGNL1 

 

 

Mutations in this gene have been implicated in the pathogenesis of polycythemia in 

humans (Ang et al., 2002; Percy et al., 2008; Prchal and Gordeuk, 2008). In 2008, Ladroue 

and colleagues first described a germline EGLN1 mutation in a patient presenting with 

recurrent abdominal PGLs and polycythemia (Ladroue et al., 2008). In addition, a 60-year-

old woman with a germline EGLN1 variant and a diagnosis of polycythemia has 

developed multiple PGLs and a right adrenal Pheo (Yang et al, 2015). To note, beside 

polycythemia, germline EGLN1 mutations seem to be associated with multiple or 

recurrent Pheos/PGLs characterized by noradrenergic phenotypes (Yang et al., 2015). 

In our cohort, a 16-yrs-old female patient affected by a secreting unilateral 

pheochromocytoma was found to carry a novel stop gain variant (p.Trp51X) in the 

EGLN1 gene which was inherited from her healthy father. It is known that mutations in 

the Trp51 amino acid residue abrogates binding to the p23 peptide, which is a key co-

chaperone for the HSP90 in order to promote HIF-A degradation due to hydroxylation 

(Arsenault et al., 2016). Interesting to note, this patient did not show clinical signs of 

polycythemia, although the EGLN1 gene is affected. A possible explanation is that EGLN 

mutation carriers generally present with borderline or mildly elevated serum 

erythropoietin levels and may develop polycythemia later in life (Yang et al., 2015). Thus, 

a late-onset polycythemia may still occur in our patient. Based on these observations, both 

patient and her 61-yrs-old father should undergo follow-up not only for Pheo/PGL but 

also for polycythemia. 

 

 

- KIF1B 

 

Mutations in this gene have been associated with the Charcot-Marie-Tooth disease, type 
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2A (Zhao et al., 2001), an autosomal dominant disease which is characterized by weakness 

and atrophy of distal muscles, depressed or absent deep tendon reflexes, and mild 

sensory loss (Shy et al. 1999). Beside this syndromic condition, KIF1B gene defects have 

been associated with the development of neural and non-neural tumours (Yeh et al., 

2008). Germline variants in this gene have been reported in < 5% of patients affected by 

Pheo, while somatic variants without germline KIF1B variants have been more frequently 

found in tumour tissues (Schlisio et al., 2008; De Filpo et al., 2020). 

In out cohort, a 46-yrs old man affected by a left incidental Pheo was found to carry a 

novel missense variant predicted as likely pathogenic (p.Pro1351Leu) in the KIF1B gene. 

The patient had no symptom at the first visit, although during the diagnostic workup high 

levels of urinary metanephrine and normetanephrine were found. To note, lymph node 

metastases have been identified in the patient at initial clinical presentation. By 

performing the family segregation study, we observed that KIF1B variant was transmitted 

from his father, who did not manifest the disease. Both patient and his father will undergo 

a lifelong follow-up in view of their genetic status, looking for Pheo recurrence/onset, 

metastatic disease development and the occurrence of other KIF1B-linked tumours. 

 

 
-TMEM127 

 

The first comprehensive series of TMEM127 mutations revealed that these gene defects 

were almost always associated with Pheos, with a frequency of 1-2% of cases (Yao et al., 

2010; Curras-Freixes et al., 2015). Since than, other clinical features, such as 

paraganglioma and renal cell carcinoma, were detected in association with TMEM27 

variants, suggesting that TMEM127 dysfunction may lead to a wider clinical spectrum 

(Qin et al., 2014; Hernandez et al., 2015; Deng et al., 2017; Casey et al., 2017). According 

to a very recent publication, the majority of detected TMEM127 variants leads to a 

truncating product, i.e. stop gain, splicing and frameshift indels (Armaiz-Pena et al., 2021). 
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Interestingly, patients with PGLs or renal cell carcinomas but without Pheo were more 

likely to have non-truncating variants than patients presenting with Pheo, suggesting 

that truncating TMEM127 variants are a typical feature of Pheos (Armaiz-Pena et al., 

2021). The penetrance of a driver mutation in this gene is approximately 30% at the age of 

65 years (Toledo and Dahia, 2015). 

In our cohort, a 53-yrs-old female patient affected by a pheochromocytoma was found to 

carry a known pathogenic frameshift variant (p.Ile41Argfs*39) in the TMEM127 gene, 

confirming the observation that loss of function variants only result in the Pheo 

phenotype (Takeichi et al., 2012; Armaiz-Pena et al., 2021).  

 

 

- Digenic cases carrying SDHx and VHL variants 

 

 

In our cohort, two patients were revealed to be digenic cases, as carriers of two mutations 

in two different genes. To date, no case of digenic inheritance has been reported in 

pheochromocytoma/paraganglioma. Our first index case was a 33-yrs-old man affected 

by a unilateral non-secreting HNPGL. He was found to be a carrier both of a novel stop 

gain variant (p.Trp129X) in the SDHC gene inherited from his father and a known stop 

gain one (p.Glu52X) in the VHL gene inherited from his mother. Both parents were 

healthy. After identifying the VHL stop gain variant, the maternal family history for VHL-

related phenotypes has been carefully evaluated leading to the exclusion of this variant 

from determining the VHL syndrome. In fact, HNPGL is not a typical VHL syndrome-

related tumour, whereas germline SDHC mutations have been mainly associated with 

HNPGLs. In addition, although the VHL variant (p.Glu52X) has been identified in VHL 

cases, an alternative VHL gene product could arise from alternative translation initiation 

at a second start codon at the site of amino acid residue 54 within the VHL open reading 

frame (Blankenship et al., 1999). For all these reasons, the proband and his family 
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members carrying the VHL gene variant should not follow the standard early screening 

and close monitoring of VHL syndrome. Conversely, both proband and relatives carrying 

the germline SDHC variant, i.e. his father and his younger brother, will undergo a lifelong 

follow-up for recurrence/onset of paragangliomas. 

The other index case was a 67-yrs-old female affected by a pheochromocytoma. She was 

found to carry a novel stop gain variant in the SDHD gene (p.Trp157X) and a known 

pathogenic missense one in the VHL gene (p.Tyr175Cys). It is well known that Pheo is a 

typical manifestation of VHL syndrome related to VHL missense variants. In addition, 

the identified VHL variant (p.Tyr175Cys) has been previously reported as disease-

causing. Hence, the genotype-phenotype correlation of our index case indicates a type 2 

VHL disease, instead of an isolated Pheo. Thus, thanks to the genetic screening, a strict 

clinical follow-up of VHL syndrome is mandatory.  

 

 

6.2.2. Suspected Von Hippel-Lindau cases  

 

The mean age of disease onset in our cohort with clinical VHL is 37 years (±28.6), which 

is higher than that one reported in the literature (approximately 26 years) (Maher et al., 

1990). However, it has been observed that the onset age varies according to the type of 

affected organ(s), i.e. ≤ 30 years in case of central nervous system tumours and >30 years 

in case of renal cell carcinoma (RCC), pheochromocytoma (Pheo), pancreatic cystic 

lesion/pancreatic neuroendocrine tumours (PCL/PNET) (Zhou et al., 2019). In our cohort, 

clinical data was available for 6 patients. Among them, 4 were affected by abdominal 

tumours, such as RCC, Pheo, PCL/PNET, neuroendocrine tumour of the small intestine 

(SINET), whereas 2 presented with central nervous system tumours, i.e. retinal and 

cerebellum hemangioblastomas. Indeed, the latter patients were the youngest ones, aged 

14 and 13. 
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Two patients manifested symptoms and multiple lesions. Symptoms differ according to 

the affected organ(s), and in our study they were related to the mass effect, related to a 

small bowel neuroendocrine mass and to a pancreatic neoplasia. Multiple lesions affected 

the central nervous system (retina and cerebellum) and kidneys in a 14-yrs-old boy and 

in a 69- yrs-old man, respectively. Concerning metastases, 50% of cases (n=3/6) was 

affected: 1) a patient presenting with SINET had metastases but no information about the 

site(s) was available in the clinical record. According to the literature, most SINET 

patients already suffer from metastatic disease at the time of diagnosis, as our case (Weber 

and Dralle, 2019); 2) a patient affected by RCC and PCL showing bone and lymph nodes 

metastases. It is worth noting that the most frequent malignant tumour in VHL disease is 

RCC, and a potential metastatic risk in presence of lesion diameter greater than 3 cm as 

in this case (10 cm) has been reported (Steinbach et al., 1994; Walther et al., 1999; Duffey 

et al., 2004): 3) a patient with pancreatic neoplasia showing liver metastases. PNET are 

known to harbour a malignant potential (Libutti et al., 1998) with two main prognostic 

factors, i.e. neoplasm size > 3 cm and tumour doubling time of less than 500 days 

(Blansfield et al., 2007; Corcos et al., 2008). Unfortunately, none of these clinical 

parameters was available for this patient. After a diagnosis of suspected VHL syndrome, 

only the detection of a germline mutation in the VHL gene confirm the clinical suspicion, 

allowing to diagnose this syndromic condition and to carry out a close monitoring 

indicated in VHL cases. 

 

 
6.2.2.1. Genetic diagnosis of VHL 

 

 

 

A total of 2/8 patients were found to be carriers of germline variants in the VHL gene, 

accounting for 25% of cases with a clear diagnosis of VHL syndrome. It is interesting to 

note that, according to a previous study, the detection rate of germline VHL mutations 
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ranges from 95-100% in suspected VHL cases characterized by multi-organ involvement 

to 24% in suspected VHL cases with single-organ involvement (Hes et al., 2007). Based on 

this observation, the reason we found only 25% of “true” affected cases is probably 

because our cohort included only half of patients with multi-organ tumours. 

Interestingly, both mutation carriers belonged to this group. 

 

 

- VHL 

 

The germline mutations of the VHL gene, as well as the disease phenotypes, are highly 

variable (Wong et al., 2007). According to the typical genotype–phenotype correlation, 

loss of function variants are responsible for the type 1 disease with a high risk of central 

nervous system hemangioblastoma and a low risk of Pheo, whereas missense mutations 

are responsible for the type 2 disease with a high risk of Pheo (Ong et al., 2007). However, 

a recent study reports that missense VHL mutations in the HIF-α binding site show a 

high risk both of retinal/central hemangioblastoma and pancreatic tumour, similarly to 

VHL truncating mutations (Liu et al., 2018). Thus, this novel genotype-phenotype 

correlation proposes to distinguish missense variants according to the involvement of the 

HIF-α binding site (HM mutations) and to consider both truncating and HM mutations 

as responsible for the type 1 VHL disease (Liu et al., 2018). Nevertheless, it is worth noting 

that, patients with truncating mutations are more likely to develop renal cell carcinoma 

than those with HM mutations (Liu et al., 2018). 

In our cohort, a 14-yrs-old boy and a 28-yrs-old woman were found to be carriers of a 

VHL germline mutation. The affected boy presenting with multiple retinal and cerebellar 

capillary hemangioblastomas also showed facial dysmorphism, unilateral renal agenesis 

and hypospadias. He carried a known pathogenic stop gain variant (p.Arg113X) in the 

VHL, which has been previously associated with the early-onset of retinal lesions and 

multiple cerebellar and spinal hemangioblastomas (Murro et al., 2021). The affected 
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woman presented a unilateral pheochromyctoma and a pancreatic neuroendocrine 

neoplasia. She carried a known missense variant (p.Tyr175Cys), which was reported in 

patients affected by unilateral or bilateral Pheo (Ruiz-Llorente et al., 2004; Astapova et al., 

2018). To note, this variant does not lie within the HIF-α binding site of the VHL protein. 

The genotype- phenotype correlation of our index cases confirm the previously reported 

classification, by which loss of function variants, i.e. the identified stop gain mutation 

(p.Arg113X), cause the type 1 VHL disease, whereas missense variants in the non-HIF-α 

binding site of the VHL, i.e. the detected p.Tyr175Cys, are responsible for the type 2 VHL 

disease, characterized by the presence of Pheo.  
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7. Conclusions  

 

 

Next-generation sequencing (NGS) methods have been rapidly adopted also in a 

diagnostic setting. In fact, multi-gene panels based on NGS technology became valuable 

diagnostic tools for several clinical conditions, including Congenital Hpogonadotropic 

Hypogonadism (CHH) and rare endocrine tumours, such as 

Pheochromocytoma/Paraganglioma (Pheo/PGL) and von Hippel-Lindau syndrome 

(VHL). 

 

Concerning CHH, the genetic diagnostic yield of our gene panel based on 34 candidate 

genes was 23%. By stratifying the study population according to the main CHH 

phenotypes, we have observed the highest diagnostic rate (42%) in classic forms of CHH 

(syndromic cases) and the lowest one (7%) in the milder form, i.e. Adult-Onset 

Hypogonadism (AOH). In this latter instance, a multifactorial origin seems to be the most 

plausible, given the detection of rare variants with a minor pathogenic impact which may 

interact with environmental factors. Thus, the targeted diagnostic CHH panel does not 

seem to be an appropriate tool for AOH. In our study, the most frequently mutated gene 

was FGFR1. An interesting finding is related to the DMXL2 gene, since it is very rarely 

reported as the cause of CHH with a mild reproductive phenotype. Our unique case of 

AOH with a clear genetic diagnosis carried a mutation in the DMXL2 gene, contributing 

to clarify the role of this gene in the aetiology of CHH. To note, in approximately 60% of 

classic CHH cases the genetic diagnosis remained unknown. We expect that ongoing 

large-scale exome sequencing in the frame of international networks will discover novel 

candidate genes which then can be included in the diagnostic panel. It is also plausible that 

epimutations in regulatory elements of known candidate genes can be responsible for the 
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disease. However, methylation analysis in CHH genes has not been reported so far. The 

clinical impact of discovering novel disease- causing genes in this condition is especially 

relevant for diagnosing and genetic counselling, since the majority of these patients can 

generate their own biological child with the risk of transmission of the identified 

mutation(s).  

 

Concerning Pheochromocytoma and Paraganglioma (Pheo/PGL/HNPGL), the 

application of our gene panel including 15 susceptibility genes, allowed us to identify the 

presence of a germline mutation in 20% of cases. Based on our study, PGLs show the 

highest hereditability among all neuroendocrine tumours, with more than 30% of 

patients carrying a pathogenic germline variant in one of the known susceptibility genes. 

Conversely, the genetic contribution for Pheos was revealed in only 14% of patients. The 

most frequently mutated gene is SDHD, followed by SDHB. Interestingly, mutated 

patients showed an earlier disease-onset and a higher presence of multiple lesions 

compared to the “wild type” patients. It is worth noting that, in the majority of cases, the 

molecular aetiology of sporadic Pheo/PGL remains undefined, and exome sequencing in 

selected “wild type” patients with a positive family history could reveal new players 

involved in tumorigenic pathways. In this context, the identification of a germline 

mutation can lead to an early diagnosis, appropriate treatment and regular surveillance 

not only for the patient but also for their family members carrying the mutation. 

 

Regarding the diagnosis of von Hippel-Lindau (VHL) syndrome in suspected cases, the 

genetic diagnostic rate was 25%. Interestingly, all affected patients showed a multi-organ 

involvement at the initial clinical presentation. It is worth noting that, after the 

identification of a germline pathogenic variant in the VHL gene, a careful active 

surveillance must be conducted aiming at early tumour detection and appropriate 

treatment. In our cohort of Pheos, one patient carrying a known pathogenic germline 
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mutation in the VHL in addition to a SDHD germline defect, has been subjected to the 

standard ophthalmologic follow-up, which revealed the presence of retinal capillary 

hemangioblastomas. Hence, thanks to the genetic screening, it was possible to diagnose 

the VHL syndrome, even in the presence of an isolated pheochromocytoma at the initial 

clinical presentation. 

A major challenge in a clinical setting is represented by the attribution of a pathogenic 

role to the detected variants, especially if they are classified as VUSs. In our study, we 

have identified a total of 4 variants of unknown significance and future in vitro studies 

will be carried out in order to demonstrate their potential pathogenic role.  

In conclusion, this study aimed to report the genetic diagnostic yield of selected rare 

endocrine diseases based on our 7-years experience in targeted NGS gene panels. We 

confirmed that genetic testing is a powerful diagnostic tool with relevant implications in 

genetic counselling and clinical management. Concerning CHH, given the high 

probability of fertility induction by hormonal therapy, diagnosing the genetic defect also 

allows to carry out preventive measures, such as Preimplantation Genetic Test for 

monogenic diseases (PGT-M) in syndromic cases. Concerning rare endocrine tumours, 

the molecular genetic results are relevant for correct and early diagnosis leading to a 

better prognosis, and for appropriate treatment of the patient and the other family 

members through an active surveillance. 
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