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RÉSUMÉ 

Les paragangliomes (PGL) sont des tumeurs neuroendocrines rares, génétiquement 

déterminées dans 40 % des cas. Malgré les évolutions récentes des connaissances 

sur la génétique des PGL, il reste toujours environ 15 % des patients pour lesquels 

aucune cause génétique ne peut être identifiée alors que leur présentation clinique 

évoque une forme génétiquement déterminée. De plus, il nʼa jamais été démontré 

que lʼidentification dʼune mutation constitutionnelle dans lʼun de ces gènes de 

prédisposition avait un impact positif sur la prise en charge et lʼévolution des patients. 

Mon travail de thèse a été organisé autour de deux grands objectifs : 1) évaluer le 

bénéfice pour les patients de lʼidentification dʼune mutation constitutionnelle sur un 

gène de prédisposition au moment du diagnostic du PGL ; 2) mettre en évidence de 

nouveaux gènes de prédisposition aux PGL et/ou de nouveaux mécanismes 

dʼinactivation des gènes de prédisposition connus pouvant expliciter les formes 

suspectes dʼêtre génétiques sans mutation identifiée. 

Grâce à une étude rétrospective multicentrique rassemblant 221 patients ayant un 

PGL secondaire à une mutation sur les gènes SDHB, SDHD, SDHC ou VHL, jʼai pu 

observer que les patients ayant bénéficié de lʼanalyse génétique au moment du  

diagnostic de leur PGL avaient été mieux suivis que ceux ayant bénéficié du 

diagnostic génétique à distance de leur prise en charge initiale. La connaissance 

dʼun statut génétique positif dans la période du diagnostic du PGL a permis de 

dépister des PGL plus petits en cas de récidive et une maladie métastatique moins 

étendue en cas de malignité et dʼaméliorer la survie. Ces résultats valident les 

recommandations internationales qui proposent un test génétique à tous patients 

avec PGL au moment du diagnostic initial.  

Sur le plan fondamental, jʼai identifié par une stratégie de séquençage dʼexome des 

mutations dans un nouveau gène de prédisposition au PGL, SLC25A11, qui code 

pour le transporteur mitochondrial du 2-oxoglutarate/malate et montré que les 

mutations constitutionnelles de SLC25A11 prédisposent à des formes malignes de 

PGL. Jʼai de plus démontré que les tumeurs humaines ainsi que le modèle 

expérimental cellulaire inactivé pour ce gène développent une pseudo-hypoxie et une 

hyperméthylation globale de lʼADN expliquant la tumorigenèse secondaire à 

lʼinactivation de ce gène. Lʼidentification de ce nouveau gène de prédisposition étend 

le champ des dysfonctions mitochondriales dans la tumorigenèse et dans la 

cancérogénèse des PGL et révèle un  nouveau lien entre mitochondrie et cancer. 
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ABSTRACT 

Paragangliomas (PGL) are rare neuroendocrine tumors, genetically determined in 

around 40% of cases. Despite recent developments in PGL genetics, there is still 

about 15% of patients for whom no genetic cause can be identified, while their clinical 

presentation is suspicious of a genetic form. Moreover, it has never been 

demonstrated that the identification of a germline mutation in any of the PPGL 

predisposition genes has a positive impact on the patientsʼ management and clinical 

outcome. 

My PhD research project has been organized around two main objectives: 1) to 

evaluate the benefits for the patients of the identification of a germline mutation on 

one susceptibility gene at the time of PGL diagnosis;  

2) to search for new PGL genes and / or new mechanisms of inactivation of the 

previously known genes, which could explain PGL suspected to be a genetic form but 

without detected mutation.  

Thanks to a retrospective multicenter study involving 221 patients with a PGL due to 

a mutation on the SDHB, SDHD, SDHC or VHL genes, I observed that the patients 

who benefited from the genetic analysis at the time of the diagnosis of PGL had a 

better follow-up than those who had the data of their genetic test later on after the 

initial PGL diagnosis. Knowledge of a positive genetic status in the PGL diagnosis 

period favored the detection of smaller recurrent PGLs and less extensive metastatic 

disease and improved the median of survival. These results validate the international 

recommendations of offering a PPGL genetic testing to all affected patients at the 

time of initial diagnosis. 

I identified germline mutations in a novel PGL gene, SLC25A11 with a whole-exome 

sequencing strategy, which encodes for the mitochondrial 2-oxoglutarate/malate 

carrier and showed that SLC25A11 germline mutations predispose to malignant PGL. 

I demonstrated that human tumors as well as the knockout of slc25a11 gene in a 

murine experimental model induces a pseudo-hypoxia and a global hypermethylation 

of the DNA, which explains the tumourigenesis secondary to the inactivation of this 

gene. The identification of this new PGL susceptibility gene expands the role of 

mitochondrial dysfunction in paraganglioma tumorigenesis and reveals a new 

pathway linking metabolic defects and cancer. 
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PARTIE 1 : LES PARAGANGLIOMES ET PHÉOCHROMOCYTOMES : 

PRÉSENTATION GÉNÉRALE 

 

I- DÉFINITION ET LOCALISATION  

 

Les paragangliomes (PGL) sont des tumeurs neuroendocrines rares (OMIM 171300  

et OMIM 606864) qui se développent aux dépens des paraganglions qui forment les 

systèmes parasympathiques ou sympathiques extra-surrénaliens et la médullo-

surrénale. Les phéochromocytomes (PH) sont définis comme des PGL développés 

spécifiquement aux dépens de la médullo-surrénale. 

Ces tumeurs hypervascularisées ont une distribution large dans lʼorganisme. Un 

PGL peut donc être diagnostiqué dans différentes localisations (Figure 1) : 

- dans la région cervicale, ils peuvent se développer à partir des ganglions du 

système nerveux parasympathique (glomus tympanique et jugulaire dans la tête, et 

glomus carotidien et vagal dans le cou),  

- dans les régions thoraciques, abdominales et pelviennes, ils peuvent se 

développer à partir de la chaine ganglionnaire du système nerveux sympathique, 

cʼest à dire le long des chaines ganglionnaires para-aortiques, le long des chaines 

ganglionnaires pré-vertébrales et para-vertébrales thoraciques et abdominales, au 

niveau de lʼorgane de Zuckerkandl, en avant de la bifurcation aortique et dans la 

vessie. Des localisations plus rares ont été décrites au niveau du pelvis (ovaires, 

testicules, prostate, urètre) ou du système digestif (foie, ampoule de Vater, estomac, 

pancréas). 

- dans la médulla de la glande surrénale. 
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Figure 1 : Localisation anatomique des principaux paraganglions dans la 

région cervicale (à gauche) et thoraco-abdomino-pelvienne (à droite) (dʼaprès 

(1)). JTP : paraganglion jugulotympanique, VP : paraganglion vagal, CBP : 

paraganglion carotidien, APP : paraganglions aortiques. 

 

Comme de nombreuses tumeurs neuroendocrines, les PGL peuvent être sécrétants. 

Certains PGL ont ainsi la particularité de pouvoir produire des catécholamines. Dans 

ce cas, la tumeur sera dite fonctionnelle.     

 

II- ORIGINE EMBRYOLOGIQUE 

 

Les cellules neuroendocrines qui formeront les cellules chromaffines des PGL et PH 

sont des cellules dʼorigines neuroectodermiques dérivées de la crête neurale.   

Ces crêtes neurales se forment au cours de la vie embryonnaire, lors de la jonction 

du tube neural et de lʼectoderme dorsal à la fin de la gastrulation. Elles donnent 

A B
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naissance à des cellules pluripotentes qui vont migrer dans lʼembryon, coloniser 

différents types de tissus et se différencier en différents types cellulaires. Elles sont 

à lʼorigine de la quasi-totalité du système nerveux périphérique, des mélanocytes, 

des os, cartilages et tissus conjonctifs de la face, des cellules C de la thyroïde et des 

cellules chromaffines des paraganglions (Figure 2) (2, 3). 

 

 

Figure 2 : Différents types cellulaires dérivant de la migration des cellules de 

la crête neurale (dʼaprès (3)) 

 

Des données très récentes suggèrent que le développement des cellules 

chromaffines des systèmes nerveux sympathiques, parasympathiques et de la 

médullo-surrénale passeraient par des étapes différentes selon leurs localisations 

anatomiques. En effet, le système nerveux sympathique se développerait en une 

seule étape à partir de précurseurs issus directement de la crête neurale (4). Par 

contre, le système nerveux parasympathique se développerait en deux étapes. Des 

cellules de Schwann précurseurs multipotentes migreraient de la crête neurale pour 

former des niches cellulaires le long des axones puis migreraient le long de ces 

axones pour former ensuite le système nerveux parasympathique (5). La médullo-
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surrénale quant à elle se développerait en associant les deux mécanismes 

précédemment décrits (4).  

 

III- SÉCRÉTION 

 

Les PGL et PH sont des tumeurs pouvant être responsables dʼune morbidité et 

mortalité cardiovasculaire causées par la production intermittente ou continue de 

catécholamines (dopamine, adrénaline, noradrénaline). Les catécholamines sont 

synthétisées à partir de la tyrosine, issue de lʼalimentation ou du métabolisme de la 

phénylalanine. La première étape de la synthèse des catécholamines à partir de la 

tyrosine débute par lʼétape limitante de la réaction. La tyrosine va être métabolisée 

par la tyrosine hydroxylase en L-DOPA (dihydrophényléthylamine) dans le 

cytoplasme des cellules du système sympathique et de la médullo-surrénale. Cette 

étape est sous le rétrocontrôle des catécholamines qui vont inhiber leur propre 

synthèse (6). 

La dopa décarboxylase transforme la L-DOPA en dopamine, puis après transfert 

intra-vésiculaire, la dopamine est transformée en noradrénaline par la dopamine β 

hydroxylase. Finalement, la noradrénaline sera transformée en adrénaline dans le 

cytoplasme par la PNMT (Phényléthanolamine N-méthyltransférase) dans la 

médullosurrénale et dans les neurones adrénergiques du système nerveux central 

(Figure 3). 
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Figure 3 : Voie de synthèse des catécholamines.  

 

Les catécholamines sont ensuite stockées dans les cellules chromaffines sous forme 

libre dans le cytoplasme (20 % des catécholamines, ou pool libre) ou dans des 

granules (80 % des catécholamines, ou pool de réserve), des transporteurs 

vésiculaires assurant leur transport dʼun pool à lʼautre. Les catécholamines sont 

ensuite sécrétées par exocytose et relarguées dans la circulation, et une partie est 

toutefois recaptée pour être de nouveau stockée afin de reconstituer le pool de 

réserve (7). La sécrétion est déclenchée par la stimulation des récepteurs 

nicotiniques à lʼacétylcholine au niveau de la médullo-surrénale ou par lʼactivation 

des canaux sodiques voltages dépendants dans les neurones sympathiques (8).  

Après sécrétion, les catécholamines seront inactivées au niveau de la médullo-

surrénale ou des organes périphériques (notamment le foie et le rein) par la 

monoamine oxydase (MAO) et la catéchol-O-méthyl transférase (COMT) (7) puis 

sulfo-conjuguées et éliminées par voie urinaire 
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IV- ÉPIDÉMIOLOGIE 

 

Les PGL et PH sont des pathologies rares, dont lʼincidence est estimée entre 2 et 8 

par million (9). Ces pathologies touchent autant les hommes que les femmes. Dans 

un centre tertiaire, la prévalence des  PH a été estimée à 1 à 2 /100 000 adultes par 

an (10).  

Toutefois la prévalence de ces pathologies augmente chez les sujets hypertendus, 

où elle est évaluée entre 0,2 et 0,6% des patients et elle atteint 4% chez les patients 

présentant une masse surrénalienne découverte de façon fortuite (11-13).  

Malheureusement lʼépidémiologie de ces tumeurs est difficile à déterminer du fait 

des formes pauci-symptomatiques ou asymptomatiques, et de la clinique 

aspécifique. Plusieurs études ont ainsi démontré quʼelles étaient sous diagnostiqués. 

Sur des séries autopsiques, un PH était découvert dans 0,05 % des cas, suggérant 

une incidence bien supérieure à celle qui est actuellement considérée (14).  

 

V- DIAGNOSTIC 

 

1- Signes cliniques 

 

Les PGL/PH peuvent se révéler soit par un syndrome de compression (le plus 

souvent pour les PGL de la tête et du cou), soit par des manifestations 

catécholaminergiques si le PGL est fonctionnel, soit de façon incidente à lʼoccasion 

dʼun examen dʼimagerie. Néanmoins, du fait de symptômes souvent aspécifiques 

quand ils sont présents et de la rareté de la pathologie, il a été estimé que le délai 

moyen entre lʼapparition des premiers symptômes et le diagnostic de PGL serait 

dʼenviron 3 ans (15). La sécrétion de catécholamines entraîne une hypertension 

artérielle (HTA) dans plus de 80 % des cas, soit permanente soit paroxystique, 

expliquée par lʼaugmentation des résistances périphériques, de la fréquence 

cardiaque et par lʼhyperaldostéronisme secondaire. Une hypotension est également 

possible en cas de sécrétion préférentielle de dopamine (16). A côté de cette HTA 

les patients peuvent également présenter des malaises prototypiques, 
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correspondants à des décharges de catécholamines, connus sous la dénomination 

de « triade de Ménard » : céphalées, sueurs et palpitations. Les signes de cette 

triade peuvent survenir associés entre eux ou de façon isolée. Les céphalées sont 

présentes dans 60 à 90 % des cas, les sueurs dans 55 à 75 % des cas et les 

palpitations dans 50 à 70 % des cas. Ils sont classiquement associés à une pâleur 

après le malaise ce qui distingue la crise catécholaminergique du malaise vagal. 

Lʼassociation de ces trois signes au cours dʼun malaise a une spécificité de 90 % 

pour le diagnostic de PGL fonctionnel (17, 18). Dʼautres symptômes liés à la 

production catécholaminergique peuvent survenir comme par exemple lʼanxiété, 

lʼamaigrissement, une intolérance au glucose ou un diabète, et chez lʼenfant un 

syndrome polyuro-polydypsique et/ou des douleurs abdominales et/ou des troubles 

du comportement. De plus, 10 à 15 % des PGL fonctionnels sont diagnostiqués 

suite à une complication aigue comme une cardiopathie adrénergique, un accident 

vasculaire cérébral, ou une hypertension artérielle maligne (19). 

 

En cas de PGL non fonctionnel, le PGL peut être découvert sur des signes de 

compression (nerveuse, vasculaire, urétérale…). Cʼest souvent le cas des PGL qui 

se développent dans la région cervicale. Ces PGL peuvent être découverts soit 

devant une tuméfaction cervicale ou des signes de compression des nerf crâniens 

environnants : par exemple, hypoacousie et/ou acouphènes en cas de compression 

du nerf auditif, paralysie faciale en cas de compression du nerf facial, ou troubles de 

la déglutition en cas de compression du nerf vague ou glossopharygien (20). 

Enfin, on estime quʼenviron 25% des PGL/PH sont découverts de façon fortuite à 

lʼoccasion dʼune imagerie (incidentalomes) (15).  

 

2- Indications de la mise en place dʼune démarche diagnostique 

 

La recherche de PGL/PH se justifie : 

- chez les patients ayant une HTA résistante définie comme une pression artérielle 

systolique supérieure ou égale à 140 et/ou une PA diastolique supérieure ou égale à 

90 mm Hg malgré une trithérapie à dose efficace contenant au moins un diurétique, 
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- chez les patients ayant des symptômes pouvant être dʼorigine catécholaminergique, 

- chez les patients ayant une labilité tensionnelle importante objectivée, 

- chez les patients de moins de 50 ans, diabétiques, hypertendus, ayant un indice de 

masse corporelle inférieur à 25, 

- chez les patients présentant un incidentalome surrénalien, 

- chez les patients présentant des symptômes évocateurs dʼun syndrome de masse 

cervical, thoracique, abdominal ou pelvien, 

- chez les patients atteints dʼune maladie génétique prédisposant aux PGL/PH ou 

chez des sujets chez qui le dépistage génétique a montré quʼils étaient à risque de 

développer un PGL/PH (21). 

 

3- Diagnostic biologique 

 

Le diagnostic biologique de PGL/PH permet principalement de mettre en évidence un 

PGL fonctionnel, élément dʼune importance capitale pour la prise en charge du 

patient. 

Il repose sur la mise en évidence dʼune hypersécrétion de catécholamines. Du fait de 

leur excellente sensibilité et spécificité, le dosage des métabolites issus de la 

dégradation de lʼadrénaline et de la noradrénaline (lʼadrénaline est dégradée par la 

COMT en métanéphrines et la noradrénaline en normétanéphrines) au niveau 

urinaire ou plasmatique est indiqué en première intention (21). Chez les patients 

présentant un PH ou PGL fonctionnel, plus de 94 % des métanéphrines (MN) et 

normétanéphrines (NMN) plasmatiques proviennent du métabolisme intra-tumoral 

des catécholamines, un processus qui se produit en permanence et qui est 

indépendant du relargage des catécholamines (22, 23). Ces MN et NMN sont ensuite 

éliminées par voie urinaire sous forme sulfo-conjuguée. Ainsi les dosages des NMN 

et MN urinaires reflètent les NMN et MN conjuguées alors que les NMN et MN 

plasmatique reflètent les NMN et MN libres (24).  

Le dosage des NMN et MN urinaires ou plasmatiques a été démontré comme 

supérieur aux dosages des catécholamines urinaires et plasmatiques antérieurement 

utilisés (25). 
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Ces dosages sont actuellement effectués par des techniques de chromatographie 

liquide à haute performance (HPLC) ou de spectrométrie de masse ce qui permet 

une bonne reproductibilité et permet de séparer les NMN des MN (on parle alors de 

métanéphrines fractionnées) (26). La sensibilité de ces dosages pour le diagnostic 

de PGL fonctionnel est supérieure à 95 % dans la plupart des études tant pour les 

dosages des MN/NMN libres plasmatiques que pour les dosages des MN/NMN 

urinaires fractionnées des 24 heures, et la spécificité est supérieure à 85 %. Les 

dosages plasmatiques sont équivalents aux urinaires et plus simples pour le patient, 

les dosages urinaires se faisant sur un recueil complet des urines de 24 heures (25, 

27-30). Le diagnostic est hautement probable devant une élévation au‐dessus de 

trois fois la normale et suspecté en dessous lorsque lʼélévation se situe entre 2 et 3 

fois la normale.  

 

A côté du dosage des MN et NMN, qui est reconnu comme étant le gold standard 

pour le diagnostic dʼune hyperproduction catécholaminergique, le groupe de Graeme 

Eisenhofer a suggéré de compléter les explorations biologiques par le dosage de la 

3-méthoxytyramine (3-MT) plasmatique et/ou urinaire. En effet, certains PGL 

notamment cervicaux ne produisent que de la dopamine. Ce marqueur serait donc 

élevé chez 10 à 28 % des patients avec un PGL cervical (alors que moins de 5 % de 

ces patients auraient une élévation des MN ou NMN) (31-33). Il avait été suggéré 

que la 3-MT pourrait être aussi un facteur diagnostique et pronostique dans les 

formes malignes  de PGL (34), ce qui nʼa pas été confirmé dans les études suivantes 

(31, 35).  

Le profil sécrétoire mis en évidence lors de ces dosages (prédominance soit des MN 

ou des NMN) va dépendre de lʼexpression de la PNMT dans le PGL et, comme nous 

le verrons plus loin, du statut génétique du PGL (36).   

Les résultats de ces dosages peuvent être biaisés par certains médicaments qui 

peuvent induire des faux positifs en raison dʼinterférences avec le métabolisme des 

catécholamines ou avec la méthode de dosage (21) ou en raison des conditions de 

prélèvement. Ainsi, le dosage des MN/NMN plasmatiques doit être réalisé sur un 
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prélèvement sanguin effectué chez un patient allongé pendant au moins 30 minutes, 

et le dosage des 3-MT doit être fait après une nuit de jeun (21).  

La chromogranine A étant moins sensible et moins spécifique que les dosages de 

NMN et MN, elle nʼest généralement pas utilisée pour le diagnostic de PGL (37, 38). 

Elle peut être utile pour la surveillance des patients, opérés ou ayant une forme 

métastatique, qui présenteraient une élévation de la chromogranine A au moment du 

diagnostic. 

 

Les tests dynamiques anciennement utilisés (test à la clonidine, test au glucagon), 

parfois dangereux, ont été abandonnés au profit du dosage de métanéphrines et 

normétanéphrines. 

 

4- Diagnostic topographique 

 

Une fois le diagnostic évoqué, du fait de la mise en évidence dʼun excès de 

catécholamines ou de symptômes liés à un syndrome compression, un diagnostic 

topographique précis est nécessaire pour localiser le(s) PGL responsable(s).  

 

a- Imageries conventionnelles  

Pour la région thoracique, abdominale et pelvienne les recommandations 

internationales sur la prise en charge des PGL/PH publiées en 2014 ont suggéré de 

réaliser une tomodensitométrie (TDM). Une imagerie par résonance magnétique 

(IRM) pourrait être envisagée en cas de contre-indications au TDM (21).   

Pour la région cervicale, lʼangio‐IRM est lʼexamen de référence pour le dépistage des 

PGL de la sphère ORL. 

Ces examens ont une excellente sensibilité  (98 et 100 % respectivement) mais une 

spécificité moindre (70 et 67 % respectivement) (18). 

 

b- Imageries fonctionnelles  

Depuis de nombreuses années, différents traceurs de médecine nucléaire ont été 

développés pour aider au diagnostic des PGL. Dans une méta-analyse réalisée par 
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la Mayo Clinic dans le contexte des recommandations internationales de prise en 

charge, lʼapport des examens de médecine nucléaire  à lʼimagerie conventionnelle 

est considéré comme faible puisquʼils ont permis de détecter 24 PGL 

supplémentaires chez 1445 cas index (39). Toutefois, ces différentes études ont été 

menées dans des « centres experts » de la pathologie, et ces examens de médecine 

nucléaire ont toute leur place dans des « centres non experts » comme lʼa démontré 

lʼétude PGL.EVA menée chez les patients avec PGL SDHx-dépendants (40). De plus, 

leur spécificité par rapport à lʼimagerie conventionnelle est souvent une aide au 

diagnostic. 

 

- Scintigraphie à la 123I‐métaiodobenzylguanidine (123I‐MIBG) 

La MIBG est un dérivé proche de la noradrénaline, captée via le transporteur 

noradrénergique NET (NorEpinephrine Transporter) et qui permet son accumulation 

sélective dans les tumeurs produisant des catécholamines.  Elle sʼaccumule dans les 

tissus chromaffines après stockage dans les vésicules de sécrétion par le transport 

VMAT. Cette scintigraphie du corps entier, réalisée grâce à un marquage à lʼiode 123, 

peut révéler des atteintes multifocales et des localisations secondaires, à condition 

quʼelles secrètent des catécholamines. 

La sensibilité est bonne pour les localisations surrénaliennes (supérieure à 90 %), 

par contre elle chute à 50-60 % pour les localisations extra-surrénaliennes ainsi que 

pour la détection de métastases (41-43). Dans le cas dʼune forme métastatique, cette 

scintigraphie ouvre lʼopportunité dʼun traitement par 131I-MIBG, ainsi le PGL/PH 

métastatique est la seule indication retenue pour cette scintigraphie par les 

recommandations internationales (21). 

 

- Scintigraphie des récepteurs de la somatostatine par 111In‐pentetréotide 

(Octréoscan®) 

Le pentetréotide est un analogue de la somatostatine qui présente une affinité 

excellente pour les récepteurs de la somatostatine de sous‐types 2 et 5 et plus 

modérée pour les sous‐types 3 et 4. Les PGL expriment préférentiellement les 

récepteurs de la somatostatine de sous‐types 3 et 4 (44).  
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La sensibilité est bonne dans les localisations thoraciques et cervicales et les PGL 

SDHx-dépendants (supérieure à 95 %), mais nettement moins bonne pour les 

localisations surrénaliennes (40, 41, 45, 46). Ces scintigraphies ont été 

progressivement remplacées par la tomographie par émission de positons (TEP) (cf 

ci-après) à partir du moment où ce nouvel examen a été largement disponible en 

routine clinique.  

 

- TEP au 18F‐Fluorodeoxyglucose (18F‐FDG) 

Le 18F‐FDG est le traceur le plus utilisé en oncologie. Lʼexamen repose sur 

lʼutilisation dʼun analogue du glucose marqué au fluor 18 permettant de mettre en 

évidence lʼaugmentation de la consommation tissulaire de glucose induite par la 

transformation néoplasique. Cette fixation sera dʼautant plus marquée que la 

prolifération tumorale est intense dans les tumeurs malignes.  

Les PGL fixent fréquemment le 18FDG, notamment les tumeurs avec mutation SDHx 

et VHL, qui présentent une surexpression des transporteurs du glucose GLUT1 et 

GLUT3 du fait de la pseudo-hypoxie (47, 48). La sensibilité de cet examen se situe 

entre 80 à 100 %, notamment chez les patients avec un PGL métastatique SDHB-

dépendant, mais la spécificité est faible (43, 47, 49). 

 

- TEP à la dihydroxyphénylalanine marquées au fluor 18 (18F‐DOPA) 

Les PGL ont la capacité de capter avec une haute affinité la F-DOPA mais 

également de la décarboxyler en F-FDA. Elle sera ainsi stockée dans les vésicules 

de sécrétion permettant lʼimagerie (50). 

La sensibilité globale de cet examen a été estimée dans une méta-analyse à 79 % et 

la spécificité à 95 % chez 275 patients (51). Ce traceur a une forte affinité pour les 

PGL cervicaux SDHD-dépendants (51, 52), mais une sensibilité inférieure à celle du 
18FDG dans les PGL SDHB-dépendants (50). En effet, la sensibilité chez les patients 

porteurs dʼune mutation SDHB a été évaluée à 20 % (53, 54). 

 

- TEP aux analogues de la somatostatine marqués au Gallium 68 

Trois peptides sont actuellement disponibles sur le marché : DOTATOC, DOTATATE 
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et DOTANOC. Il ne semble pas y avoir de supériorité diagnostique entre ces trois 

traceurs bien que DOTANOC ait une plus haute affinité pour les récepteurs de la 

somatostatine de sous type 2, 3 et 5 (55-57). 

Sur les petites séries rétrospectives publiées jusquʼalors, il semblerait que cet 

examen soit prometteur pour le diagnostic des formes métastatiques SDHB-

dépendants et pour les localisations cervicales. Une méta-analyse publiée en 2018 

confirmerait la bonne sensibilité de cet examen pour les PGL cervicaux (58). 

Cependant la TEP aux analogues de la somatostatine marqués au Gallium 68 nʼa 

pas été, pour lʼinstant, comparée à lʼimagerie de référence (AngioIRM) dans les PGL 

cervicaux (59, 60). 

 

5- Diagnostic histologique 

 

Historiquement, le diagnostic histologique des PH reposait sur la coloration au 

bichromate de potassium, qui conduisait à une coloration brune caractéristique (due 

à la présence de sels de chrome) des cellules contenant des catécholamines, dʼoù 

leur nom de cellules « chromaffines ». Ces techniques de coloration sont désormais 

abandonnées au profit de techniques plus récentes dʼimmunohistochimie (IHC).  

La majorité des PGL/PH ont une structure caractéristique en coloration HES. En effet, 

les cellules tumorales sont organisées en niches séparées par des capillaires et 

entourées par des cellules sus-tentaculaire. Cette structure est aussi nommée 

« Zellballen », et a été décrite pour la première fois au 19éme siècle par Alfred Kohn 

dans des paraganglions (61) (Figure 4). Toutefois, cette structure nʼest pas toujours 

présente et le diagnostic histologique des PGL/PH repose essentiellement sur la 

mise en évidence dʼune positivité pour les marqueurs généraux des tumeurs 

neuroendocrines que sont la chromogranine A et la synaptophysine, en association 

avec un réseau caractéristique de cellules sus‐tentaculaires visibles grâce au 

marquage de la protéine S100. Un immunomarquage plus spécifique sur les 

enzymes impliquées dans la synthèse des catécholamines comme la tyrosine 

hydroxylase peut également être utilisée (62). 
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Figure 4 : Histologie dʼun PGL. HES dʼun PGL montrant des ilots de Zellballen (A) 

et immunohistochimie anti protéine S100 mettant en évidence des cellules sus-

tentaculaires autour des Zellballen (B) (Dʼaprès (61)) 

 

VI- PRISE EN CHARGE THÉRAPEUTIQUE 

 

La prise en charge thérapeutique des patients avec un PGL/PH va dépendre du 

caractère fonctionnel ou non de la tumeur et de sa localisation. Le seul traitement 

curatif des PGL est la chirurgie, mais lʼacte chirurgical peut être difficile du fait du 

risque de décharges catécholaminergiques, du caractère hypervasculaire de ces 

tumeurs et de leurs rapports intimes avec le réseau vasculo‐nerveux locorégional.  

En cas de chirurgie, si le patient a un PGL fonctionnel, une préparation du patient est 

recommandée sept à quatorze jours avant la chirurgie reposant sur une réhydratation 

et un traitement par alpha-bloquants complété en cas de tachycardie secondaire à ce 

traitement par lʼintroduction dʼun béta-bloquant, ceci afin de limiter le risque et 

lʼimpact de décharges catécholaminergiques au cours du geste chirurgical et 

notamment lors de la mobilisation de la tumeur (63, 64).  

 

Pour les PGL cervicaux, la chirurgie peut être discutée. En effet, le risque dʼatteinte, 

lors de la procédure chirurgicale, dʼun nerf crânien responsable dʼune paralysie 

définitive est non négligeable et dépend de la localisation et de la taille de la tumeur 

et de son envahissement vasculaire (65). Une méta-analyse récente a évalué le 
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risque de paralysie dʼun nerf crânien à 3 % chez les patients ayant un PGL carotidien 

sans envahissement vasculaire, alors que ce risque sʼélève à 32 % en cas 

dʼenglobement complet de la carotide par le PGL (66). Certaines équipes 

accompagnent ce geste chirurgical dʼune embolisation préopératoire du PGL (67, 68). 

Toutefois cette procédure sʼaccompagne dʼun risque  non-négligeable dʼaccident 

vasculaire cérébral (de 0 à 18 % selon les études) (67-69). De plus, une méta-

analyse sur 470 patients publiée en 2016 a démontré que lʼembolisation pré-

chirurgicale ne réduisait pas le taux de saignement peropératoire, ni le temps 

chirurgical, ni le risque de paralysie des nerfs crâniens par rapport à la chirurgie 

seule (70). Lʼindication chirurgicale est possible pour le traitement dʼun PGL du 

glomus carotidien de petite taille. Pour les tumeurs volumineuses envahissant la 

carotide, ou proches de la base du crâne, des traitements par radiothérapie ou 

radiochirurgie sont de plus en plus souvent proposés pour éviter la morbidité 

secondaire au geste chirurgical. Ils permettent une stabilisation tumorale dans 92 à 

100 % des cas (suivi moyen, selon les séries de la littérature, de 3 à 13 ans). Il nʼa 

pas été rapporté dʼeffets indésirables graves suite à la radiothérapie ou la 

radiochirurgie (71, 72). Une publication récente a mis en lumière les résultats 

prometteurs de la proton-thérapie (73). 

 

VII- LE PROBLÈME DE LA MALIGNITE DES PGL/PH 

 

Dix à 15 % des PGL sont dʼévolution maligne (15), le diagnostic de malignité étant 

porté sur la présence dʼune dissémination métastatique à distance dʼun site 

paraganglionnaire (classification WHO 2016). Il est désormais recommandé 

dʼabandonner lʼappellation PGL/PH « malin » pour la remplacer par PGL/PH 

« métastatique ». Cette dissémination métastatique se fait le plus souvent aux 

dépens des ganglions lymphatiques, des os, du foie, et du poumon (15, 74). Cette 

évolution métastatique est synchrone dans 30 % des cas et métachrone dans 70 % 

des cas (75), les métastases métachrones pouvant survenir dans un délai très 

variable allant de 3 mois à 30 ans (15, 76). Le pronostic à 5 ans de ces formes 
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métastatiques est inférieur à 50 % (77, 78), mais presque la moitié des patients avec 

une forme métastatique dʼemblée sont stables sans traitement à un an de suivi (74). 

Ces formes métastatiques posent donc un problème de diagnostic et de suivi car un 

patient avec une forme apparemment bénigne après la chirurgie peut développer des 

métastases des années plus tard.  

 

1- Diagnostic des formes métastatiques 

 

a- Critères clinico-biologiques 

Dʼun point de vue clinico-biologique, différentes études de cohortes ont mis en 

évidence quʼen analyses multivariées, la taille du PGL au diagnostic et une 

localisation extra-surrénalienne étaient les facteurs de risque les plus robustes de 

malignité (79-81), lʼâge au diagnostic de PGL ne sortant pas dans toutes les études.  

Dans les différentes études, la présence dʼune mutation constitutionnelle du gène 

SDHB apparait comme un facteur de malignité et de mauvais pronostic. Ce point 

sera développé en détail dans le chapitre Génétique de ce travail (15, 76, 81-84).  

 

b- Critères histologiques 

Il nʼy a actuellement pas de critères histologiques fiables permettant le diagnostic de 

malignité (85, 86). Différents scores histologiques ont été proposés pour essayer de 

diagnostiquer les formes malignes. Le plus largement utilisé est le score de PASS 

(Pheochromocytoma of the Adrenal Scaled Score), mis au point en 2002 sur 100 

phéochromocytomes. Il sʼagit dʼun score composé de douze items comportant des 

critères de morphologie cellulaire et tissulaire et dʼinvasivité. Chaque item est associé 

à un score différent (Table 1). Un score cumulé supérieur ou égal à 4/20 est en 

faveur de la malignité.  

 

 

 

 

 



INTRODUCTION 
 

 

  31 

Items Points 

Anomalies cellulaires : 
- Nids larges et irréguliers 
- Cellules spumeuses 

 
2 
2 

Cellularité élevée 2 

Nécrose 2 

Invasion : 
- Capsulaire 
- Vasculaire 

 
1 
1 

Mitoses : 
- > 3/10 grands champs 
- atypiques 

 
2 
2 

Monotonie cellulaire 2 

Extension au tissu adipeux 2 

Pléomorphisme nucléaire 1 

Hyperchromasie du noyaux 1 

Score maximum 20 

 
Table 1 : Score de PASS. Un score supérieur ou égal à 4 serait en faveur de la 
malignité. 
 

Ce score souffrait dès sa conception dʼun défaut important. En effet, le suivi des 

patients nʼétait pas connu dans la série princeps (87). Les publications suivantes 

évaluant ce score par des experts internationaux de la pathologie ont montré une 

variabilité inter-observateurs mais aussi intra-observateur importante (86, 88). 

Récemment un nouveau score a été proposé, le score de GAPP (Grading of Adrenal 

Pheochromocytoma and Paraganglioma). Ce score reprend les items du PASS en 

supprimant les items dont lʼinterprétation est peu reproductible et en y ajoutant 

lʼévaluation de la prolifération par le Ki67 et le phénotype sécrétoire. Ce score permet 

de séparer les PGL en trois groupes de différenciation différente : PGL bien 

différencié (Grade 1), modérément différencié (Grade 2) et peu différencié (Grade 3) 

(Table 2). Ce score serait corrélé à la vitesse de progression de la maladie 

métastatique et à la survie des patients (85). Malheureusement, cette classification 

ne permet pas non plus de différencier les PGL malins des autres car 10 % des PGL 
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malins sont classés en Grade 1 selon le score de GAPP (89). Ce score de GAPP a 

ensuite été modifié en score M-GAPP, qui reprend les différents items du GAPP mais 

en y ajoutant lʼimmunohistochimie anti-SDHB, ce qui améliorerait sa sensibilité (89). 

 

Items Points 

Anomalies cellulaires : 
- Zellballen 
- Nids larges et irréguliers 
- Pseudo-rosettes 

 
 

0 
1 
1 

Cellularité : 
- Faible (<150 cellules/champ) 
- Modérée (150-250 cellules/champ) 
- Elevée (> 250 cellules/champ) 

 
0 
1 
2 

Nécrose 2 
Invasion  
Capsulaire ou vasculaire 

 
1 

Index Ki67 (%)* 
- < 1 % 
- 1-3 % 
- > 3 % 

 
0 
1 
2 

Sécrétion : 
- Adrénaline  
- Noradrénaline 
- Non fonctionnel 

 
0 
1 
0 

Score maximum 10 
 

Table 2 : Score de GAPP.  Le score maximum permet de définir le grade de la 

tumeur : Grade 1 entre 0-2 points ; Grade 2 entre 3-6 ; Grade 3 entre 7-10. Les items 

en rouge sont les items déjà présents dans le score de PASS.  

*Un champ est défini sous grossissement x400. 

 

Mon équipe dʼaccueil a proposé lʼutilisation de lʼarchitecture vasculaire comme critère 

de malignité. En effet, les PGL malins présentent une architecture vasculaire 

désorganisée et anarchique (90). Toutefois ce critère évalué en aveugle par les 

anatomopathologistes du consortium ENSAT-Cancer sur une série de 184 tumeurs a 

montré quʼil posait également des problèmes de reproductibilité dʼinterprétation par 

les experts (91). 
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2- Prise en charge des formes métastatiques 

 

Le traitement des formes métastatiques est tout dʼabord symptomatique.  Il vise à 

contrôler le retentissement de lʼexcès de catécholamines dans la circulation, 

responsable des symptômes catécholaminergiques souvent sévères (HTA malaises, 

constipation..), voire du décès du patient.   

 

Différentes possibilités de traitement existent. Le thésaurus français établi par le 

centre national de référence COMETE-CANCER indique que :  

- La radiothérapie métabolique à lʼ131I‐MIBG permet une amélioration des symptômes 

chez près de 80% des patients, une rémission partielle dans 30 à 50% des cas et 

une rémission complète dans seulement 5 à 13% des cas (16, 92).  

- Pour les tumeurs fixant lʼoctréotide, la radiothérapie métabolique utilisant les 

dérivés de la somatostatine est une option. Toutefois, peu de patients ayant bénéficié 

de ce traitement ont été rapportés, la plus large série comportant 28 patients (93). 

Les nouveaux traceurs couplés à lʼ90Yttrium ou le 177Lutétium semblent avoir des 

résultats prometteurs dans les PGL malins sur les premières petites séries publiées, 

avec 10 à 20 % de réponse objective et 46 à 60 % de stabilisation (93-95). 

- La chimiothérapie de type CVD (Cyclophosphamide, Vincristine, Dacarbazine) est 

efficace chez 55% des patients (11% de rémission complète et 44% de rémission 

partielle) mais cette réponse nʼest que transitoire (durée médiane de réponse de 20 

mois) (96, 97).  

- Le témozolomide a été proposé récemment comme alternative à la chimiothérapie 

intra-veineuse. Ce traitement, si la tumeur présente une sous-expression de 

lʼenzyme MGMT, présente une bonne efficacité (réponse partielle dans 33 % des cas 

et stabilité dans 47 % des cas, avec une survie sans progression de 13,3 mois) et 

ceux dʼautant plus que le patient est porteur dʼune mutation SDHB (98).  

- Lʼinterféron semble être une alternative dans certains cas. En effet, la seule étude 

dans la littérature sur le sujet chez 14 patients ayant un PGL métastatique avec des 

lésions osseuses prédominantes a mis en évidence une stabilisation chez 9 patients 

et une réponse partielle chez 3 patients avec une survie sans progression de 17 mois 
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(99). 

- Enfin le sunitinib est en cours dʼévaluation dans une étude prospective randomisée 

en double aveugle évaluant le sunitinib contre placebo (FIRSTMAPPP) dans le 

PGL/PH malin progressif. Une étude antérieure rétrospective chez 14 patients avait 

mis en évidence une réponse partielle chez trois patients et une stabilisation chez 

cinq. De façon intéressante, chez ces huit patients, six étaient porteurs dʼune 

mutation SDHB ou VHL (100). 
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PARTIE 2 : LA GÉNÉTIQUE CONSTITUTIONNELLE ET TUMORALE 

DES PARAGANGLIOMES ET PHÉOCHROMOCYTOMES 

 

Une des grandes caractéristiques PGL/PH est leur fort déterminisme génétique, 

pour lequel des progrès marquants ont été effectués ces quinze dernières années. 

En effet, il était considéré avant les années 2000 que les PH obéissaient à la règle 

des 10 % : 10 % de formes extra-surrénaliennes, 10 % de formes malignes, 10 % de 

formes multiples, et 10 % de formes génétiquement déterminés qui sʼintégraient 

dans des formes syndromiques (101). Les années 2000, avec la découverte de 

mutations constitutionnelles dans les gènes SDHD, SDHC puis SDHB (102-104) ont 

changé cette vision et ont permis de comprendre que les PGL et PH étaient le 

même type de tumeur. Actuellement, grâce au progrès des méthodes dʼexploration 

génétique, il est considéré quʼenviron 40 % des PGL sont génétiquement déterminés, 

secondaires à des mutations constitutionnelles de transmission autosomique 

dominante dans une quinzaine de gènes de prédisposition. La probabilité dʼidentifier 

une mutation constitutionnelle dans un gène de prédisposition est dʼautant plus forte 

que le patient présente un PGL précoce (avant 35 ans), des PGL multiples, des 

lésions syndromiques, ou des antécédents familiaux de PGL (84). Toutefois, ces 

caractéristiques ne sont pas indispensables, et il est identifié une mutation 

constitutionnelle dans un gène de prédisposition au PGL/PH chez environ 12 % des 

patients avec un PH et 16% des patients avec un PGL de présentation 

apparemment sporadique (84, 105, 106). 

 

Mis à part le proto-oncogène RET et le gène HIF2A qui sont des oncogènes, tous 

les autres gènes de prédisposition au PGL/PH sont des gènes suppresseurs de 

tumeurs, c'est-à-dire que le mécanisme de tumorigenèse nécessite lʼassociation 

dʼune mutation constitutionnelle et dʼun deuxième événement génétique somatique 

comme une perte dʼhétérozygotie, une mutation ou une hyperméthylation sur lʼautre 

allèle, comme dans le modèle des « two hits » de Knudson (107). 
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A- GÉNÉTIQUE CONSTITUTIONNELLE DES PGL 

 

I- LES FORMES SYNDROMIQUES  

 

1-La neurofibromatose de type 1 (gène NF1)  

 

Le gène NF1, localisé sur le chromosome 17q11.2 est un des gènes les plus longs 

chez lʼhumain, avec 60 exons qui codent pour une protéine de 2839 acides aminés. 

Ce gène code pour la neurofibromine qui, en inhibant la protéine RAS, est impliquée 

dans la suppression de la voie de signalisation RAS-RAF-MAPK.  

Les mutations de ce gène sont responsables de la neurofibromatose de type 1 (NF1) 

ou maladie de von Recklinghausen, pathologie à forte pénétrance de transmission 

autosomique dominante et dont la prévalence est estimée à 1/3000 (108). Le 

diagnostic est relativement simple cliniquement chez lʼadulte. Il repose sur les 7 

critères du consensus du NIH (Table 3) (109). Le diagnostic est posé dans 95 % des 

cas dès lʼâge de 11 ans sur ces seuls critères cliniques (110).  

 

 

Table 3 : Critères diagnostiques de la Neurofibromatose de type 1 selon le 

consensus du NIH.  

Deux critères ou plus sont suffisants parmi la liste ci dessous pour faire le diagnostic de 
NF1 !!

≥ 6 taches café au lait !
- > 0,5 cm avant la puberté, !
- > 1,5 cm après la puberté!

Ephélides axillaires ou inguinales!

≥ 2 neurofibromes quelques soit le type ou!
1 neurofibrome plexiforme !!

≥ 2 nodules de Lisch!

Une lésion osseuse évocatrice!

Un gliome des voies optiques !!

Un apparenté au premier degré avec un NF1!

Taches cutanées! Neurofibrome! Nodule de Lisch! Gliome de voies optiques!
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Les patients avec une neurofibromatose de type 1 développent des PGL dans 0,1 à 

5,7 % des cas, plutôt vers lʼâge de 40 ans (84, 111-113). Il sʼagit, dans la grande 

majorité des cas, de PH sécrétant de lʼadrénaline, métastatiques dans 10 % des cas 

et bilatéraux dans 20 à 40 % des cas (84, 113, 114). De façon intéressante, ces PH 

sont découverts de façon incidente dans 30 % des cas (113, 115), et moins de 20 % 

des patients présentent des symptômes catécholaminergiques (112). Le diagnostic 

de NF1 chez un patient avec un PH nécessite donc un examen clinique et un 

interrogatoire sur lʼhistoire familiale attentif. Toutefois, il a été mis en évidence une 

mutation constitutionnelle du gène NF1 chez quatre patients avec un PH initialement 

considéré comme sporadique. Ces patients avaient en réalité des critères modérés 

de la maladie lors de la réévaluation clinique spécialisée ou une histoire familiale de 

NF1 passée inaperçue (114, 116). Ces données ont été récemment confirmées par 

la réalisation du séquençage systématiquement du gène NF1 par Next Generation 

Sequencing dans lʼADN constitutionnel de 1029 patients avec un PGL dʼapparence 

sporadique. Dans cette étude, trois patients porteurs dʼune mutation NF1 ont été 

identifiés. Ils présentaient eux-aussi des signes cliniques modérés de la maladie 

(117).  

 

2- La maladie de von Hippel-Lindau (gène VHL) 

 

Le gène VHL est un gène suppresseur de tumeur, composé de 3 exons, localisé en 

position chromosomique 3p25. Il code pour une protéine faisant partie dʼun complexe 

protéique responsable de lʼubiquitination et de la dégradation dans le protéasome 

des sous unité alpha des facteurs de transcription de réponse à lʼhypoxie (HIF 1 et 2) 

(118). 

 

Les mutations constitutionnelles de ce gène VHL induisent le développement de la 

maladie de von Hippel-Lindau (VHL), maladie de transmission autosomique 

dominante dont lʼincidence est de 1/36 000. Cette pathologie dont la pénétrance est 
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quasi complète à 65 ans (119), est caractérisée par le développement avec une 

expressivité variable de différentes tumeurs : 

- cancers du rein à cellules claires (70 % à lʼâge de 60 ans (119)), 

- PGL (24 % des patients), 

- hémangioblastomes rétiniens et/ou du système nerveux central (80 % et 75 % des 

patients respectivement),  

- tumeurs neuroendocrines (5-17 % des patients) et/ou kystes pancréatiques (80 % 

des patients) (120), 

- tumeurs du sac endolymphatique (10-15 % des patients) (121, 122), 

- cystadénomes épididymaires ou du ligament large. 

 

Deux grands cadres phénotypiques ont été décrits chez les patients atteints, basés 

sur le risque de développer un PGL/PH : le VHL de type 1, où le risque de 

développer un PH est bas, et où les mutations mises en évidence sont plus 

fréquemment des mutations tronquantes, et le VHL de type 2, où le risque de 

développer un PH est important. Ce VHL de type 2 est subdivisé en 3 sous-groupes : 

le type 2A où le risque de cancer du rein est important, le type 2B ou le risque de 

cancer du rein est faible, et enfin le type 2C où les patients ne développent 

théoriquement que des PH ou des PGL (Figure 5) (123, 124). Les mutations 

responsables du VHL de type 2 sont plutôt des mutations faux sens qui, si elles 

mènent à une altération importante de la fonction de la protéine VHL, seront plutôt 

responsable dʼun VHL de type 2A ou 2B, alors que si lʼaltération de la fonction est 

faible, seront responsables dʼun VHL de type 2C (125, 126).  

Pour compléter le tableau de ces corrélations génotype/phénotype, il a été décrit par 

plusieurs équipes que les patients porteurs dʼune délétion de VHL emportant la partie 

5ʼ du gène VHL et le gène C3orf10 avait un risque de cancer du rein moindre que les 

autres patients ayant un VHL de type 1 causée par une délétion plus courte 

nʼemportant pas le gène C3orf10 (127, 128). 

Toutefois les corrélations génotypes-phénotypes de ses différentes formes ne sont 

pas parfaites (127).  
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Figure 5 : Différences phénotypiques dans la maladie de von Hippel-Lindau 

(dʼaprès (129)).   

 

Les patients porteurs dʼune mutation dans le gène VHL développent souvent  un 

PGL avant lʼâge de 20 ans, de location surrénalienne ou abdominale, et volontiers 

bilatéral durant le suivi (40 à 60 % des cas). Ces PGL sécrètent de la noradrénaline 

car il y a une sous expression de la PNMT secondaire à lʼhyperméthylation du 

promoteur du gène codant pour cette enzyme (130) (Voir lʼarticle 3 donné en 

Annexes). Il est retrouvé des antécédents familiaux de VHL ou des lésions 

syndromiques associés au PGL/PH dans deux tiers des cas (84, 131). De façon 

exceptionnelle une mutation dans le gène VHL peut être mise en évidence chez des 

patients avec des PGL cervicaux (132). 
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3- Les néoplasies endocriniennes multiples de type 2 (gène RET) 

 

Le proto-oncogène RET est un gène de 21 exons localisé sur le chromosome 

10q11.2. Ce gène code pour un récepteur à tyrosine kinase qui comporte plusieurs 

domaines : quatre domaines cadhérine-like qui permettent la dimérisation, un 

domaine riche en cystéine, et un domaine tyrosine kinase qui permet lʼactivation du 

récepteur et la transactivation du signal (133). Physiologiquement, le récepteur RET 

est activé par la phosphorylation de son domaine tyrosine kinase, secondaire à sa 

dimérisation et à son interaction avec son co-récepteur GFRA. Cette dimérisation du 

récepteur RET fait suite à lʼinteraction du récepteur GFRA avec son ligand le GDNF 

(Figure 6). Ceci va conduire à lʼautophosphorylation de RET et son activation, qui va 

mener à lʼactivation des voies des PI3K-AKT et des voies des MAPK-ERK kinases.  

 

Figure 6 : Représentation schématique du récepteur RET et de son interaction 

avec son corécepteur GFRA (dʼaprès (133)). 
 

Les mutations gain de fonction du gène RET sont responsables des néoplasies 

endocriniennes multiples de type 2 (NEM2), touchant 1/30 000 individus. Ces 

mutations de transmission autosomique dominante sont des mutations récurrentes 

survenant dans les exons 8, 10, 11, 13, 14, 15, 16, qui entrainent une auto-activation 

du récepteur RET. Trois tableaux cliniques différents sont issus de ces mutations 

activatrices avec de bonnes corrélations génotype-phénotype :  
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- les NEM2A ou syndrome de Sipple (70% à 80 % des cas), caractérisées par 

lʼoccurrence dʼun carcinome médullaire de la thyroïde (CMT), dʼun PH et dʼune 

hyperparathyroïdie (HPTH). Certains patients peuvent aussi développer un lichen 

amyloïde.  

- les NEM2B ou syndrome de Gorlin (5 % des cas), caractérisées par lʼoccurrence 

dʼun CMT, dʼun PH, de neuromes muqueux, dʼune gangliomatose de lʼestomac et de 

lʼintestin, et dʼun habitus marfanoïde.  

- les carcinomes médullaires de la thyroïde familiaux ou syndrome de Farndon (10 à 

12 % des cas) caractérisés par le développement isolé dʼun CMT (134).  

La gravité de la NEM2A et son pronostic reposent sur le CMT. Des corrélations entre 

le génotype et lʼagressivité du CMT sont bien établies. Les mutations responsables 

de la NEM2B (p.Met918Thr) donnent les CMT de développement le plus précoce et 

les plus agressifs. Les mutations RET ont ainsi été classées en fonction de 

lʼagressivité du CMT en 3 niveaux (Moderate, High, Highest)  par lʼAmerican Thyroid 

Association (Table 4) (135).  

 

 
 

Table 4 : Corrélations génotypes/phénotypes dans les NEM2 (dʼaprès (136)).   

+ : environ 10 %,  ++ : 20-30 %, +++ : environ 50 %. 

Mutation RET! Exon!
Risque de 

CMT!
Incidence 

des PH!
Incidence de 

lʼHPTH!

G533C! 8! MODERATE! +! -!

C609F/G/R/S/Y! 10! MODERATE! +/++! +!

C611F/G/S/Y/W! 10! MODERATE! +/++! +!

C618F/R/S! 10! MODERATE! +/++! +!

C620F/R/S! 10! MODERATE! +/++! +!

C630R/Y! 11! MODERATE! +/++! +!

D631Y! 11! MODERATE! +++! -!

C634F/G/R/S/W/Y! 11! HIGH! +++! ++!

K666E! 11! MODERATE! +! -!

E768D! 13! MODERATE! -! -!

L790F! 13! MODERATE! +! -!

V804L! 14! MODERATE! +! +!

V804M! 14! MODERATE! +! +!

A833F! 15! HIGH! +++! -!

S891A! 15! MODERATE! +! +!

R912P! 16! MODERATE! -! -!

M918T! 16! HIGHEST! +++! -!



INTRODUCTION 
 

 

  42 

Les PH sont présents chez environ 50 % des patients avec une NEM2A ou NEM2B. 

(134) et peuvent révéler une NEM2 dans 6-13 % des cas (137, 138). Ces PH se 

développent généralement vers lʼâge de 30 ans. Ils sécrètent de lʼadrénaline. Deux 

tiers des patients développent des PH bilatéraux (84, 137, 139). Un seul cas de PGL 

a été décrit dans le cadre de la NEM2 chez un patient porteur dʼune mutation du 

codon 620, ayant un PGL cervical diagnostiqué en même temps quʼun CMT (140). 

 

4- Les syndromes PGL-polyglobulie (gènes EPAS1 et EGLN1)  

 

Les gènes EPAS1 (aussi dénommé HIF2A, 16 exons, chromosome 2p21) et EGLN1 

(aussi dénommé PHD2, 5 exons chromosome 1q42.2) codent pour deux protéines 

qui interviennent comme VHL dans la voie de lʼhypoxie. EPAS1 code pour la sous-

unité alpha du facteur de réponse à lʼhypoxie HIF2 et EGLN1 pour une des prolines 

hydroxylases permettant lʼhydroxylation de HIF2α et ainsi la fixation de VHL (Figure 

7).   

 

 

Figure 7 : Représentation schématique de la voie de régulation de lʼhypoxie 

(dʼaprès (141)). 

 

Les mutations constitutionnelles gain de fonction de EPAS1 et perte de fonction de 

EGLN1 sont connues depuis de nombreuses années pour être impliquées dans les 

polyglobulies congénitales de transmission autosomique dominante (142-144). 
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La première mutation constitutionnelle de EGLN1 a été décrite en 2008 chez un 

patient ayant une polyglobulie et un PGL abdominal (145). La mutation était une 

mutation perte de fonction associée à une perte dʼhétérozygotie dans le PGL. Ces 

données ont été confirmées récemment avec la description dʼun nouveau patient 

ayant des PGL multiples et porteur dʼune mutation EGLN1 (146). 

 

Lʼéquipe de Karel Pacak a décrit en 2012 les premières mutations somatiques de 

EPAS1. Ces mutations sont des mutations gain de fonction et ont été retrouvées 

chez des patients avec polyglobulie congénitale, somatostatinome et PGL (147). 

Depuis dʼautres équipes, dont la notre, ont confirmé ces données : les patients avec 

mutations EPAS1 ont des PGL ou des PH, sécrétant préférentiellement de la 

noradrénaline et/ou de lʼEPO, multiples dans la moitié des cas et volontiers précoces 

(147-151). Une polyglobulie est retrouvée dans moins de la moitié des cas et des 

somatostatinomes uniques ou multiples sont présents dans un quart des cas.   

Toutes ces mutations de EPAS1 sont localisées dans les exons 9 et 12, qui codent 

pour les deux prolines hydroxylées par les PHD et qui permettent donc la 

dégradation de HIF2α. Ainsi ces mutations mènent à une stabilisation anormale de 

HIF2α  et à une activation inappropriée de la voie de réponse à lʼhypoxie. De surcroit, 

ces différentes mutations peuvent être présentes au niveau tumoral, mais aussi à 

lʼétat de mosaïque somatique ou de mosaïque constitutionnelle. Dans ce dernier cas, 

elles peuvent être transmissibles à la descendance (151) . 

 

Les mutations somatiques de EPAS1 ont très récemment été impliquées dans les 

PGL et PH qui se développent chez les patients avec cardiopathie cyanogène. En 

effet, les patients ayant une cardiopathie cyanogène ont une probabilité de 

développer des PH plus importante que celle de la population générale (152). Cela 

serait dû à la présence de mutations somatiques EPAS1 dans ces PH comme le 

suggère un article de lʼéquipe de Patricia Dahia (153). Lʼhypoxie chronique pourrait 

favoriser lʼémergence de ces mutations somatiques de EPAS1.   
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II- LES PARAGANGLIOMES ET PHEOCHROMOCYTOMES HEREDITAIRES 

 

1- Les gènes SDHx (SDHA, SDHB, SDHC, SDHD, SDHAF2) 

 

Les gènes SDHx (SDHA, SDHB, SDHC, SDHD et SDHAF2) représentent presque la 

moitié des gènes mutés au niveau constitutionnel dans les PGL (84, 131, 154, 155). 

Ils représentent les gènes majeurs de prédisposition à cette pathologie. Les gènes 

SDHx sont des gènes nucléaires. Les gènes SDHA, SDHB, SDHC et SDHD codent 

pour les 4 sous-unités de la succinate déshydrogénase (SDH) ou complexe II 

mitochondrial, un enzyme localisée dans la membrane interne de la mitochondrie. 

Cette enzyme est au carrefour de deux voies métaboliques : elle permet dʼoxyder le 

succinate en fumarate dans le cycle de Krebs, et intervient dans le transfert 

dʼélectrons de la chaine respiratoire mitochondriale. La SDH contient deux sous-

unités dʼancrage SDHC, SDHD, et deux sous-unités catalytiques SDHA et SDHB 

(Figure 8). Le gène SDHAF2 code quant à lui pour une protéine indépendante de la 

SDH, mais essentielle à lʼassemblage du complexe, responsable de la flavination de 

SDHA. 

 

 

Figure 8 : Représentation schématique de la succinate déshydrogénase 

(dʼaprès (156)). 

SDHA 

SDHB 

SDHC 

SDHD 
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La découverte dans les années 2000, que les gènes SDHx étaient des gènes 

suppresseurs de tumeurs responsables de la tumorigenèse des PGL a révolutionné 

les connaissances sur la génétique des PGL (102-104). Une mutation 

constitutionnelle dans un de ces gènes associée à une perte dʼhétérozygotie au 

niveau somatique mène à une perte de lʼactivité de la SDH, responsable dʼune 

accumulation de succinate dans le cytoplasme qui va se comporter comme un 

oncométabolite (83, 157). Ces mutations se transmettent simplement de façon 

autosomique dominante pour les gènes SDHA, SDHB, et SDHC mais de façon 

autosomique dominante associé à un mécanisme évoquant une empreinte 

génomique maternelle pour SDHD et SDHAF2. 

La majorité des PGL SDHx-déterminés sont secondaires à des mutations dans les 

gènes SDHD et SDHB, alors que les mutations dans SDHC et SDHA sont rares (155, 

158, 159). Les patients porteurs de ces mutations développent des PGL vers lʼâge de 

36 ans, alors que les PGL sporadiques apparaissent habituellement vers 50 ans 

(105). Ces PGL, sʼils sont fonctionnels, sécrètent de la noradrénaline ou de la 

dopamine du fait de lʼinactivation par un mécanisme épigénétique de la PNMT dans 

la tumeur (157, 160). Des phénotypes différents sont observés selon le gène SDHx 

muté ce qui permet dʼorienter les analyses moléculaires (Table 5).  

 

 
SDHB SDHC SDHD SDHA SDHAF2 

PHEO unique ++ - + + - 

PGL TAP +++ + ++ + - 

PGL cervical ++ ++ +++ ++ +++ 

PH bilatéral + - + - - 

PGL multiples ++ + +++ - + 

PGL métastatiques +++ +/- +/- +/- - 

 

Table 5 : Phénotype des patients porteurs dʼune mutation constitutionnelle 

dans les gènes SDHx (dʼaprès (84, 105, 131, 155, 161)). TAP : thoraco-abdomino-

pelvien. 
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a- Le gène SDHD 

 

Le gène SDHD code pour lʼune des deux sous-unités dʼancrage de la succinate 

déshydrogénase. Il comporte 4 exons et est localisé en 11q23. Ce gène fut le 

premier gène SDHx impliqué dans la tumorigenèse des PGL, grâce à des études de 

liaison menées dans des grandes familles hollandaises et américaines (102). 

 

Les PGL héréditaires secondaires aux mutations SDHD se transmettent selon le 

mode autosomique dominant soumis à empreinte maternelle, ce qui fait que le 

phénotype des patients va varier selon le parent transmetteur.  

Les mutations dans le gène SDHD, quand elles sont héritées de la branche 

paternelle sont plutôt responsables de PGL cervicaux (plus de 97 % des patients), 

multiples dans deux tiers des cas. La pénétrance des mutations SDHD a été évaluée 

à 86 % à lʼâge de 50 ans. Il est retrouvé une histoire familiale de PGL dans la 

branche paternelle dans 60 à 80 % des cas (105, 158).  

 

Du fait de lʼempreinte maternelle, il était considéré jusquʼà récemment que les 

mutations SDHD transmises par la branche maternelle nʼétaient pas responsables du 

développement de PGL. Toutefois, quelques cas de violation de la règle de 

lʼempreinte génomique maternelle ont été décrits (162-164). Mon équipe dʼaccueil, 

dans une étude prospective, a récemment estimé que les patients ayant hérité de la 

mutation SDHD de la branche maternelle ont un risque dʼenviron 5 % de développer 

un PGL dans leur vie. De surcroit, il semblerait que ces patients développent 

principalement des PH uniques (165). 

 

Les premières explications à cette violation de lʼempreinte dans les PGL SDHD-

dépendants ont été apportées par Hensen et al. puis par Burnichon et al. Le 

développement des PGL SDHD-dépendants serait secondaire à la perte 

dʼhétérozygotie qui, au niveau somatique, emporte lʼintégralité du chromosome 11 et 

induirait la perte dʼun allèle dʼun second gène suppresseur de tumeur localisé dans la 

région chromosomique 11p15, bien connue comme étant soumise à empreinte, ce 
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deuxième gène étant hyperméthylé sur lʼallèle paternel.  Ainsi, en cas de mutation 

SDHD dʼorigine paternelle, la perte dʼhétérozygotie somatique permettrait 

lʼinactivation bi-allélique de SDHD et du deuxième gène suppresseur de tumeur (dont 

la seule copie restante serait hyperméthylée et donc inactive).  

Dans le cas de mutation SDHD sur lʼallèle maternel, la perte dʼhétérozygotie ne serait 

pas suffisante pour induire la tumorigenèse car le second gène suppresseur de 

tumeur ne serait pas inactivé (il resterait le second allèle non hyperméthylé). Le 

développement de PGL nʼaurait lieu que si un autre évènement somatique se produit. 

Il sʼagit dʼune recombinaison entre lʼallèle paternel et maternel qui ne laisse en place 

que lʼallèle paternel hyperméthylé du second gène suppresseur de tumeur dans le 

tissu  (Figure 9) (166). La complexité de ce mécanisme, qui nécessite 3 différents 

évènements génétiques (mutation constitutionnelle, recombinaison et perte 

dʼhétérozygotie au niveau somatique) dans la même cellule dʼun paraganglion, 

explique le fait que les PGL se développent très rarement chez les patients porteurs 

dʼune mutation SDHD dʼorigine maternelle.  

Toutefois cette explication repose sur lʼhypothèse théorique quʼil nʼy a pas de centre 

de lʼempreinte à proximité directe de SDHD. Or, il a été proposé un putatif centre de 

lʼempreinte à 125 kb en aval de SDHD à proximité dʼun gène codant pour un long 

ARN non codant, ce qui nʼa jamais été confirmé expérimentalement jusquʼalors (167).   



INTRODUCTION 
 

 

  48 

 

Figure 9 : Mécanisme proposé pour expliquer la possible violation de 

lʼempreinte maternelle dans les PGL SDHD-dépendants (dʼaprès (166)). m : 

allèle maternel, p : allèle paternel 

 

b- Le gène SDHB  

 

Le gène SDHB code pour lʼune des deux sous-unités catalytiques de la succinate 

déshydrogénase. Il comporte 8 exons et est localisé en position chromosomique 

1p36.  

Les mutations constitutionnelles dans le gène SDHB prédisposent au développement 

des PGL abdominaux dans 60 % des cas, et cervicaux dans 40 % des cas.  Seules 
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20 % des patients ont une forme multiple. Lʼâge moyen au diagnostic de PGL est 

comme pour SDHD, de 30 ans environ (84, 131, 161). La pénétrance des mutations 

SDHB est estimée à 50 % à lʼâge de 50 ans (168, 169). Ces données de pénétrance 

ont été contestées récemment par une étude sur 673 patients porteurs dʼune 

mutation SDHB où la pénétrance était estimée à 22 % à 60 ans. Mais contrairement 

aux études précédentes, cette étude couplait des cas index et des apparentés (plus 

de 2 apparentés pour un cas index) dans son calcul de pénétrance ce qui explique 

probablement ce résultat (170).  
 

Par ailleurs, les mutations du gène SDHB prédisposent à la malignité et sont le 

principal facteur prédictif de malignité chez les patients avec un PGL (15, 76, 81-84). 

En effet, environ la moitié des patients porteurs dʼun PGL SDHB-dépendant ont une 

forme métastatique, et une mutation constitutionnelle du gène SDHB est retrouvée 

chez 36 % des patients avec un PGL malin, alors quʼune forme maligne nʼest 

retrouvé que chez 5 % des patients porteurs dʼune mutation dans les gènes SDHD et 

SDHC (Figure 10) (105, 158).  
 

 

Figure 10 : Répartition des génotypes dans les PGL malins et proportion de 

PGL malins selon les génotypes (dʼaprès (83, 84, 171)). 
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De plus, dans une étude princeps ayant inclus rétrospectivement 54 patients ayant 

un PGL malin, les patients avec un PGL SDHB-dépendant avaient un plus mauvais 

pronostic que les patients ayant un PGL malin non SDHB-dépendant. La survie 

globale des patients ayant un PGL malin SDHB-dépendant était de 42 mois après le 

diagnostic de première métastase versus 244 mois chez les patients ayant un PGL 

malin non SDHB-dépendant (Figure 11) (76). Cette association entre mutations 

SDHB et mauvais pronostic a été confirmée dans une série pédiatrique (172, 173). 

Les raisons de ce phénotype malin et de cette agressivité spécifique des mutations 

SDHB nʼétaient pas connues au début de mon travail.  

 

Figure 11 : Survie globale des patients avec PGL après le diagnostic de la 

première métastase (dʼaprès (76)). 

 

c- Les gènes SDHC, SDHA, SDHAF2  

 

Ces trois gènes sont plus rarement mutés chez des patients avec PGL/PH. 

Le gène SDHC code pour lʼune des deux sous-unités dʼancrage de la succinate 

déshydrogénase. Il comporte 6 exons et est localisé en 1q23.  

Les mutations dans le gène SDHC prédisposent au développement de PGL 

cervicaux dans la majorité des cas, avec une histoire familiale dans un quart des cas, 

mais aussi aux autres localisations de la maladie (105).  
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Le gène SDHA code pour lʼune des deux sous-unités catalytiques de la succinate 

déshydrogénase. Il comporte 15 exons et est localisé en 5p15.  

Les mutations dans le gène SDHA représentent moins de 10 % des mutations 

identifiées chez les patients avec PGL/PH. La première mutation a été mise en 

évidence par mon équipe dʼaccueil initialement chez une patiente avec un PGL 

abdominal fonctionnel révélé par une HTA gravidique (174). Le phénotype est un peu 

mieux connu grâce à une étude récente sur 30 patients ayant un PGL porteurs dʼune 

mutation constitutionnelle dans le gène SDHA : 70 % des patients ont un PGL 

cervical, et 16 % un PGL thoracique ou abdominal (175).  

 

Le gène SDHAF2 code pour une protéine permettant la flavination de la sous-unité 

SDHA essentielle à la stabilisation du complexe et donc à la fonction de la succinate 

déshydrogénase (176). Il comporte 4 exons et est localisé en 11q13. Deux familles 

ont été décrites en 2009 et 2010 aux Pays Bas et en Espagne portant la même 

mutation. Les membres de cette famille avaient uniquement des PGL cervicaux 

uniques ou multiples bénins (176-178). Depuis lors, seuls 3 patients supplémentaires 

ont été décrits avec le même phénotype (179, 180). 

 

d- Les mutations SDHx prédisposent à dʼautres tumeurs que les PGL/PH 

 

Les mutations SDHx ont aussi été impliquées dans la genèse dʼautres tumeurs :   

- Elles ont été décrites chez quelques patients avec cancer du rein (181). Elles 

seraient impliquées dans 0,05 à 0,2 % des cancers du rein, principalement des 

carcinomes à cellules claires (182). Deux à 3% des patients porteurs dʼune mutation 

SDHx développeraient un cancer du rein (168, 170).  Même si tous les génotypes ont 

été impliqués, il sʼagit plutôt de patients jeunes, porteurs dʼune mutation SDHB. Ces 

cancers du rein SDHx-dépendants sont reconnus maintenant comme une forme à 

part entière de cancer du rein par lʼOMS (OMS 2016). Cependant il est important de 

souligner que la preuve formelle de lʼimplication de la mutation SDHx par un 

immunomarquage SDHB négatif est apportée dans un faible nombre de cas publiés. 
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- Elles ont été également impliquées dans les tumeurs gastrointestinales stromales 

(GIST) sans mutation dans les gènes PDGFRA et KIT. Elles prédisposent 

principalement à la survenue de GIST survenant chez lʼenfant ou lʼadulte jeune, 

gastriques, multiples et malignes (183). En effet, 85 % des GIST de lʼadulte et 15 % 

des GIST pédiatriques sont secondaires à des mutations somatiques des gènes KIT 

ou PDGFRA, les GIST sans mutation dans ces deux gènes étant appelés GIST Wild-

Type (WT). Parmi ces GIST WT, plus de 80 % sont secondaires à des mutations 

somatiques ou constitutionnelles des gènes SDHx (183). Alors que SDHB est le 

gène le plus souvent muté dans les cancers du rein SDHx-dépendants, SDHA serait 

le gène majeur des GIST SDHx-dépendants (183). 

En outre, parmi ces GIST SDHx-dépendants, il a été décrit au début de ma thèse un 

nouveau mécanisme mutationnel des gènes SDHx : il sʼagit des « épimutations » du 

promoteur de SDHC (184) qui sont des hyperméthylations du promoteur qui 

empêchent sa transcription. 

 

- Enfin elles ont été impliquées dans les adénomes hypophysaires mais leurs 

implications dans la tumorigenèse reste débattue notamment car, comme pour les 

cancers du rein évoqués plus haut, les données dʼimmunohistochimie sont le plus 

souvent absentes ou contradictoires dans les cas publiés (185). 

 

2- Le gène FH  

 

Le gène FH code pour la fumarate hydratase, une enzyme du cycle de Krebs qui 

catalyse lʼétape qui suit celle de la succinate déshydrogénase, permettant 

lʼhydratation du fumarate en malate (Figure 8).  

Les mutations constitutionnelles de ce gène de 8 exons localisé en 1q42, étaient 

connues pour être responsables du syndrome HRLCC (Hereditary Leiomyomatosis 

and Renal Cell Cancer) ou syndrome de Reed (186). Les patients atteints 

développent des léiomyomes cutanés dans 70 % des cas et de façon rare, des 

leiomyosarcomes cutanés.  Les femmes présentent des léiomyomes utérins dans 

plus de 80 % des cas, dès lʼâge de 30 ans (187). Enfin dans 15% à 19% des cas il 
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est retrouvé un carcinome rénal papillaire de type 2, qui est de mauvais pronostic 

(188, 189). En effet, environ 47 % des ces cancers du rein sont métastatiques 

dʼemblée et 35 % le deviendront dans les 3 ans qui suivent le diagnostic. En outre, la 

survie médiane des patients avec cancer du rein est de 18 mois, ce qui fait du cancer 

du rein le principal facteur pronostic de ce syndrome (187).  

 

Nous avons démontré récemment que ce gène FH était également impliqué  dans 

les PGL. Nous avons mis en évidence les premières mutations constitutionnelles de 

ce gène chez 1 % des patients avec PGL, dont 40 % avaient des PGL malins 

(Figure 10) ou multiples sécrétant de la noradrénaline ou non sécrétant (157, 171, 

190). De façon intéressante, une seule patiente avait des manifestations de HLRCC 

(léiomyomes utérins), les autres étaient indemnes de ces manifestations.  

 

3- Le gène TMEM127  

 

Lʼimplication de TMEM127 dans la prédisposition au PGL a été mise en évidence en 

2010 dans une grande famille présentant de nombreux sujets atteints dʼun PH, grâce 

à une analyse de liaison génétique puis de séquençage à haut débit de la région 

chromosomique identifiée comme contenant le gène (191). Ce gène de 4 exons, 

localisé en 2q11, est un régulateur négatif de la voie mTOR. TMEM127 interagirait 

avec un complexe multi-protéique à la surface du lysosome pour réprimer la 

stimulation de mTOR par les acides aminés (192). 

 

TMEM127, qui représente 1 à 2 % des gènes mutés dans les PGL, prédispose aux 

PH sécrétant de lʼadrénaline, dont 15 à 66 % sont bilatéraux et qui se développent 

après 35 ans (193-195). Une histoire familiale est retrouvée dans 15 à 30 % des cas. 

La pénétrance est de 32 % avant 65 ans (194).  

Ce gène a également été impliqué dans la prédisposition aux  carcinomes rénaux à 

cellules claires (196).  
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4- Le gène MAX   

 

Le gène MAX est le premier gène de prédisposition au PGL identifié par une 

stratégie utilisant le whole-exome sequencing (197). Il est composé de 5 exons et 

localisé en 14q23. Il sʼagit dʼun facteur de transcription de type leucine zipper qui est 

un membre du réseau protéique MYC/MAX/MXD, intervenant dans la prolifération 

cellulaire, la différenciation et lʼapoptose. La protéine MAX peut former des 

hétérodimères avec les oncogènes MYC ou les protéines MXD. Son association 

avec MYC lui permet de se fixer sur ses gènes cibles via un motif du promoteur 

(Boite E) pour induire la transformation et la prolifération, alors que son interaction 

avec les protéines MXD induit une réponse opposée (198). De plus la protéine MAX 

est capable de former un homodimère qui réprime les cibles de lʼhéterodimère 

MYC/MAX (199).  

 

Les mutations de MAX sont retrouvées dans environ 1 % des PGL. Il prédispose aux 

PGL sécrétant de la noradrénaline qui se développent en moyenne autour de lʼâge 

de 34 ans. La majorité des patients porteurs dʼune mutation MAX présentent un PH 

ou un PGL abdominal, la moitié dʼentre eux développent une forme bilatérale 

synchrone ou métachrone. Une histoire familiale est retrouvée dans 40 % des cas 

(200).  

De façon récente, il a été mis en évidence des mutations MAX chez des patients 

avec adénomes hypophysaires mais pour le moment, lʼassociation reste toujours à 

démontrer (201). 

 

III- LES GÈNES DE PRÉDISPOSITION PLUS RARES  

 

Certains gènes ont été impliqués que dans un nombre très limité de patients, comme 

par exemple MDH2, MET, H3F3A, MERTK, KMT2D et KIF1B, et la réalité de leur 

implication reste à encore démontrer dans des études plus larges 
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1- Le gène MDH2 

 

La malate déshydrogénase existe sous deux isoformes, lʼune dans le cytosol (codée 

par le gène MDH1) et l'autre dans la matrice mitochondriale (codée par le gène 

MDH2). Cʼest une enzyme du cycle du Krebs qui catalyse lʼétape suivant celle de la 

fumarate hydratase où elle oxyde le L-malate en oxaloacétate (Figure 12). La forme 

mitochondriale intervient également dans la navette malate-aspartate, essentielle à la 

respiration cellulaire.  

Le premier patient porteur dʼune mutation constitutionnelle du gène MDH2 a été 

décrit très récemment. Il sʼagissait dʼun patient qui avait des PGL multiples 

métastatiques sécrétant de la noradrénaline. (202). Les mutations de ce gène 

semblent être rarement impliquées dans la prédisposition aux PGL. Dans une 

cohorte internationale à laquelle notre laboratoire a participé, seul 4 patients porteurs 

dʼune mutation constitutionnelle de ce gène ont été mis en évidence sur les 830 

patients analysés (203) (Voir lʼarticle 8 donné en Annexes).  

 

Figure 12 : Cycle de Krebs. Les  enzymes SDH, FH et MDH sont impliquées dans 

la prédisposition aux PGL. 
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2- Le gène MET  

 

Lʼoncogène MET est impliqué dans les carcinomes rénaux papillaires de type 1. Il 

code pour un récepteur à tyrosine kinase comme RET.  

Des mutations somatiques de ce gène ont été décrites en premier par mon équipe 

dʼaccueil dans les PGL (130), et récemment au niveau constitutionnel dans une 

famille de PH (204).  

 

3- Le gène KIF1B  

 

Seule deux mutations constitutionnelles ont été décrites depuis 2008 (205, 206) dans 

ce putatif gène suppresseur de tumeurs. Toutefois, lʼimplication de ce gène dans la 

prédisposition aux PGL nʼa jamais été prouvée formellement et il nʼy a pas à lʼheure 

actuelle de test fonctionnel disponible permettant de prouver la pathogénicité de ces 

variants génétiques identifiés sur ce gène comportant 1816 acides aminés. 

 

4- Le gène H3F3A 

  

Une seule équipe a décrit une mutation récurrente à lʼétat de mosaïque somatique 

sur un hot spot de mutation déjà impliquée dans les tumeurs osseuses à cellules 

géantes. Il sʼagissait de deux patients qui avaient des PGL multiples associés à des 

tumeurs osseuses à cellules géantes (204).  

 

5- Le gène MERTK  

 

Deux patients ayant un PGL et un CMT ont été décrits récemment comme porteurs 

dʼune mutation constitutionnelle de ce gène, qui code pour un récepteur à tyrosine 

kinase. Toutefois lʼimplication de ce gène reste à prouver (204). 
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6- Le gène GOT2  

 

En 2017, en utilisant une approche de séquençage à haut débit ciblé sur les 

différents gènes impliqués dans le métabolisme mitochondrial, lʼéquipe de M. 

Robledo a mis en évidence une mutation gain de fonction de GOT2 (207) chez un 

patient avec des PGL multiples et métastasiques. Ce gène code pour la 

transaminase glutamique-oxaloacétique mitochondriale faisant partie de la navette 

malate-aspartate. 

 

7- Le gène DNMT3A 

 

Grâce à une approche de whole-exome sequencing, il a été mis en évidence début 

2018 deux mutations constitutionnelles activatrices dans le gène DNMT3A chez deux 

patients avec des PGL familiaux (208).   

 

B- LA GÉNÉTIQUE TUMORALE DES PGL/PH  

 

Si jusquʼà 40% des patients atteints de PGL peuvent être porteurs de mutations 

constitutionnelles dans lʼun des nombreux gènes de prédisposition, des mutations 

dans lʼADN tumoral des PGL ont également été décrites dans différents gènes. Mon 

équipe dʼaccueil a identifié lʼimportance de ces mutations somatiques dans les PGL, 

qui sont retrouvées dans presque 30 % des PGL, ce qui porte à 70 % le nombre de 

PGL génétiquement déterminés (116, 130, 209). 

 

Les gènes mutés au niveau somatique peuvent être divisés en deux groupes :   

- soit les mutations sont identifiées dans des gènes de prédisposition connus aux 

PGL, comme NF1, VHL, RET, EPAS1, MET,… ce qui en fait dans ce cas le 

« driver » de la tumorigenèse du PGL (116, 130, 204, 209, 210). Dans ce groupe les 

mutations NF1 sont de loin les plus fréquentes (116, 211). 

- soit les mutations sont identifiées dans des gènes connus pour être impliqués dans 

lʼoncogenèse (HRAS, TP53, CDKN2A, FGFR1, ATRX…) (130, 210, 212-215). 
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En dehors de ces deux groupes de gènes il a été mis en évidence sur la cohorte de 

PGL/PH sur laquelle a été menée lʼétude de génomique intégrative du The Cancer 

Genome Atlas (TCGA) des mutations somatiques du gène CSDE1. Ces mutations 

activeraient la voie Wnt-βcaténine. Ces travaux nʼayant pas été répliqués, il nʼest pas 

certain pour le moment que ce gène soit responsable de la tumorigenèse des PGL 

(210).  

 

Bien quʼil nʼy ait pas de risque de transmission de ces mutations somatiques à la 

descendance, la mise en évidence de ces mutations est importante pour connaître la 

biologie de la tumeur du patient et explique entre autres le phénotype sécrétoire de 

ces PGL. En effet, un PGL avec une mutation somatique dans le gène VHL secrétera 

préférentiellement de la noradrénaline, alors quʼun PGL avec une mutation 

somatique NF1 ou RET sécrétera préférentiellement de lʼadrénaline (116, 206, 209). 

De surcroit, certaines données récentes suggèrent que lʼidentification dʼune mutation 

somatique dans les gènes ATRX, ou KMT2D pourrait être un prédicteur de 

lʼagressivité de la tumeur ou de sa taille respectivement (213, 216). 

 

C- LA VALIDATION DES VARIANTS GÉNÉTIQUES IDENTIFIÉS  

 

Du fait de la complexité génétique des PGL et du nombre important de variants de 

signification inconnue, accélérée récemment par les techniques de séquençage haut 

débit mises en place en routine diagnostique, il est devenu nécessaire de développer 

des tests fonctionnels pour valider les variants mis en évidence dans les différents 

gènes de prédisposition aux PGL.   

Actuellement les immunohistochimies (IHC) anti-SDHA (217), SDHB (218), SDHD 

(219), MAX (200) et 2-succinyl cystéine (171) sont utilisées pour valider les variants 

génétiques identifiés. 

Ainsi, une immunohistochimie anti-SDHA négative sera en faveur dʼune mutation 

SDHA alors quʼune IHC anti-SDHB négative sera en faveur dʼune mutation dans un 
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gène SDHx de façon non spécifique. En cas dʼIHC anti-SDHB non contributive, lʼIHC 

anti-SDHD positive permet dʼorienter vers une mutation dans une des gènes SDHx. 

En dehors des gènes SDHx, lʼIHC anti-MAX permettra de valider la présence dʼune 

mutation tronquante de la protéine MAX si elle est négative, et une IHC anti 2-

succinyl cystéine positive orientera vers une mutation FH.   

A côté de ces IHC, il a été développé des approches basées sur la quantification de 

certains métabolites, et en particulier du succinate dans les tumeurs SDHx. Ainsi, la 

spectrométrie de masse ou la résonnance magnétique nucléaire peuvent être 

utilisées sur les tumeurs congelées pour valider lʼaccumulation du succinate, signe 

dʼune mutation sur un gène SDHx (220, 221). 

Récemment, mon équipe a développé une séquence de spectrométrie par 

résonnance magnétique qui permet de détecter lʼaccumulation de succinate in vivo 

dans les tumeurs, lors dʼune séance dʼimagerie par IRM, et ainsi dʼorienter le 

diagnostic vers une mutation dʼun gène SDHx avant que le patient ne soit opéré de 

son PGL (221-223) (Voir lʼarticle 5 donné en Annexes). 

 

D- LʼIMPLICATION DE CES GÈNES DANS LA TUMORIGENÈSE 

 

Les données récentes issues des études de génomique, ont permis de mieux 

comprendre les mécanismes de la tumorigenèse des PGL/PH (Figure 13). En effet, 

les études de transcriptomique menées sur des cohortes de PGL, ont montré que 

que les PGL se répartissaient en trois grands clusters, reflétant trois mécanismes de 

tumorigenèse différents (209, 210).  

Le premier cluster (cluster C1) se subdivise en deux, un sous groupe regroupant les 

tumeurs secondaires aux mutations SDHx, et FH (cluster C1A), et un deuxième 

sous-groupe regroupant les PGL secondaires aux mutations VHL (cluster C1B). Ces 

deux sous-groupes sont caractérisés par une signature moléculaire suggérant une 

activation de la voie de la réponse hypoxique. Il a été démontré que cette activation 

passe par la stabilisation anormale des facteurs de transcription HIF-1 et HIF-2 

mènant à ce quʼon appelle la « pseudo-hypoxie ». Les protéines HIFs sont des 

facteurs de transcription hétérodimériques associant une sous-unité exprimée de 
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façon constitutionnelle (HIF1β) à une des sous-unités induite par lʼhypoxie (HIF1α ou 

HIF2α).  En situation physiologique et normoxique, les HIFα sont dégradés 

rapidement grâce à lʼhydroxylation de deux prolines par les prolyl-hydroxylases 

(PHD), permettant la fixation de VHL et ainsi leur polyubiquitination et leur 

dégradation dans le protéasome. En absence dʼO2, les PHD ne peuvent plus 

assurer lʼhydroxylation des HIFα, qui sont donc stabilisés et transloqués dans le 

noyau.  

Les mutations des gènes SDHx et FH mènent respectivement à lʼaccumulation de 

succinate et de fumarate dans les PGL, où ils jouent un rôle dʼinhibiteur compétitif 

des dioxygénases dépendantes du 2-oxoglutarate (2-OG) (dont les PHD),  et 

conduisent donc à une stabilisation anormale des HIFs (224, 225). Lʼactivation de la 

pseudo-hypoxie induit lʼexpression de gènes cibles impliqués entre autres dans la 

prolifération cellulaire  (Cyclin D1), lʼangiogenèse (VEGF, Angiopoeitine, VEGFR1 et 

2, PDGF), la survie et la transition epithélio-mésenchymateuse (LOXL2, Twist) (226).  

Toutefois la pseudo-hypoxie nʼest pas le seul mécanisme de la tumorigenèse 

associé à lʼaccumulation de succinate. Mon équipe dʼaccueil a démontré que des 

modifications épigénétiques intervenaient également dans les PGL SDHx et FH-

dépendants (157, 224). En effet, lʼaccumulation de succinate et de fumarate dans 

ces PGL est responsable de lʼinhibition de lʼactivité dʼautres dioxygénases 

dépendantes du 2-oxoglutarate, les enzymes TET, impliquées dans la déméthylation 

de lʼADN, et les enzymes JmJ, impliquées dans la déméthylation des histones, 

conduisant ainsi à une hyperméthylation globale de lʼADN et à des modifications 

structurelles de la chromatine. Ces modifications mènent à la sous-expression de 

différents gènes, notamment de GST, et de gènes répresseurs des processus 

métastatiques, ainsi quʼà la sous-expression des gènes impliqués dans la 

différenciation chromaffine (157). Enfin il a été démontré en 2018 que lʼaccumulation 

de succinate et de fumarate menait également à lʼinhibition des enzymes KDM4A et 

KDM4B qui seraient responsable dʼune suppression de la recombinaison homologue 

dans les tumeurs SDHx et FH-dépendantes (227).  
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Le deuxième grand mécanisme de tumorigenèse des PGL implique la voie des MAP 

kinase et la voie mTOR et est retrouvé dans les PGL secondaires aux mutations des 

gènes RET, NF1, TMEM127, et MAX (cluster C2). Le gène RET code pour un 

récepteur à activité tyrosine kinase activant la voie des MAP kinase. La GTPase 

NF1 est impliquée dans la régulation de la voie de lʼoncogène Ras, première étape 

de la voie des MAP kinases et qui régule la voie AKT/mTOR et, comme évoqué plus 

haut, la protéine TMEM127 réprime lʼactivation secondaire aux acides aminés de 

mTOR. Enfin, les mécanismes exacts de lʼactivation de ces voies dans les PGL 

secondaires aux mutations MAX ne sont pas encore bien connus mais font 

également intervenir la signalisation mTOR (192, 200, 209).  

 

Finalement il a été récemment mis en évidence un troisième cluster sur le 

transcriptome grâce aux études menées dans le cadre du TCGA. Celui-ci est 

marqué par une activation de la voie de Wnt-βcatenine, une voie impliquée dans la 

tumorigenèse de nombreuses tumeurs. Des mutations somatiques dans le gène 

CSDE1 intervenant dans cette voie ont été mises en évidence ainsi que 

lʼamplification dʼun gène de fusion (UBTF-MAML3) (210). 
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Figure 13 : Voie de tumorigenèse des PGL selon le génotype. Les protéines 

entourées en vert sont codées par des gènes suppresseurs de tumeur et celle 

entourées en rouge par des oncogènes. 

 

E- LES IMPLICATIONS DE LA GÉNÉTIQUE POUR LES PATIENTS AYANT UN 

PGL  

 

I- LE TEST GÉNÉTIQUE  

 

Devant cette forte composante génétique dans la genèse des PGL, il est désormais 

recommandé de proposer systématiquement, à chaque patient atteint dʼun PGL, de 

bénéficier de lʼanalyse de ces différents gènes au niveau constitutionnel. Ce test 

génétique permet de proposer un suivi adapté au cas index selon son génotype  et 

un test pré-symptomatique chez les apparentés si une mutation constitutionnelle est 

mise en évidence. Néanmoins, le bénéfice dʼun test génétique chez le cas index nʼa 

jamais été formellement prouvé. 
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Les procédures de réalisation de ces tests génétiques, symptomatiques ou pré-

symptomatiques ont été parfaitement définies sur le plan légal par lʼarticle R.1131-1 

du Code de la Santé Publique. 

 

Les tests étaient antérieurement orientés selon le phénotype du patient comme 

rapporté en synthèse sur la Table 6, la fréquence des mutations (Figure 14),  et 

dans certains cas sur les résultats dʼimmunohistochimies anti-SDHB, SDHA, MAX 

sur le tissu tumoral inclus en paraffine (200, 217, 218).  

 

 

Figure 14 : Répartition des mutations constitutionnelles et somatiques (dʼaprès 

(228)). 

 

Cette approche est de moins en moins utilisée avec la généralisation récente du 

séquençage haut débit utilisé pour séquencer lʼensemble des gènes de 

prédisposition à lʼaide dʼun panel dédié. Cette technologie permet désormais de 

séquencer sans a priori et en une seule fois lʼintégralité des gènes du PGL (229). 

Toutefois, la description détaillée du phénotype du patient et les analyses 

immunohistochimiques peuvent permettre de valider les variations génétiques de 

signification inconnue qui sont beaucoup plus fréquentes avec les nouvelles 

techniques de séquençage haut débit (NGS). Des recommandations internationales 

sur la pratique du test génétique du PGL par NGS ont été récemment publiées (229).  
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Gène 

Fréquence 

des 

mutations 

Age au 

diagnostic 

Localisation 

préférentielle 

PGL 

multiples 

PGL 

malins 

Type de 

catécholamine  

NF1 3 % 40-50 ans PH 20-40 % Rare Adré 

VHL 7 % 20-30 ans PH/PGLA 40-60 % Rare Norad 

RET 6 % 30-40 ans PH 66 % Rare Adré 

EPAS1 1 % 20-30 ans PH/PGLTAP 50 % Rare Norad, EPO 

EGLN1 2 patients NC PGLA NC Rare Norad 

SDHA < 5 % 35-40 ans PGLC>PGLA < 5 % Rare 
Norad, Dopa, 

NS 

SDHB 10 % 30-40 ans PGLA>PGLC 20 % 40 % 
Norad, Dopa, 

NS 

SDHC 1 % 35-40 ans PGLC 30 % Rare 
Norad, Dopa, 

NS 

SDHD 9 % 30-40 ans PGLC 66 % Rare 
Norad, Dopa, 

NS 

SDHAF2 < 1 % 30-40 ans PGLC 75 % Rare NS 

FH 1 % 30-40 ans PGLA 40 % 60 % 
Norad, Dopa, 

NS 

TMEM127 1-2 % 35-40 ans PH 15-66 % Rare Adré 

MAX 1 % 35-40 ans PH 50 % Rare Norad 

 

Table 6 : Synthèse des différents phénotypes secondaires aux mutations des 

principaux gènes de prédisposition au PGL. PGLA : PGL abdominal, PGL C : 

PGL cervical, PGL TAP : PGL thoraco-abdomino-pelvien, Adré : sécrétion 

préférentielle dʼadrénaline, Norad : sécrétion de noradrénaline, Dopa : sécrétion de 

dopamine, NS : non sécrétant, NC : non connu. 

 

Malgré les tests génétiques systématiques et les évolutions technologiques au cours 

des années, il reste environ 10 à 15 % des patients avec PGL suspects dʼune forme 
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héréditaire (précoce, multiples, familiaux) pour lesquels aucune cause génétique nʼa 

été mise en évidence (159).   

 

Enfin, lʼintérêt de la génétique tumorale dans les PGL/PH est en cours dʼévaluation 

par mon équipe dʼaccueil dans le cadre du PRTK COMETE TACTIC. 

 

II- INTERET DU STATUT GENETIQUE POUR LE SUIVI DU CAS INDEX ET DES 

APPARENTES  

 

Les recommandations américaines et européennes sur la prise en charge du PGL 

ont mis lʼaccent sur le fait que les patients avec une forme génétique de PGL 

devaient être suivis de façon adaptée à leur génotype par un centre expert (21, 230). 

La mise en évidence dʼune mutation constitutionnelle permettra de surveiller 

lʼoccurrence des différentes lésions syndromiques. En effet, dans le cadre des 

formes syndromique de PGL des recommandations existent sur le rythme de 

dépistage des différentes lésions syndromique notamment pour la maladie de von 

Hippel-Lindau et pour les néoplasies endocriniennes multiples de type 2 (Table 7 et 

Table 8). 

Lésions Modalités Âge Fréquence 

PGL/PH 
Mesure de la PA 

Dosage des métanéphrines 
5 ans 1 an 

Hémangioblastome rétinien Fond de lʼoeil 5 ans 1 an 

Hémangioblastome du SNC IRM 15 ans 2 ans 

Tumeur du sac endolymphatique IRM 18 ans 1 à 2 ans 

Cancer du rein 
Échographie abdominale 5 ans 1 an 

IRM/échographie abdominale 18 ans 1 an 

Tumeur pancréatique IRM/échographie abdominale 18 ans 1 an 

 

Table 7 : Recommandations de suivi des patients avec une maladie de von 

Hippel-Lindau établies par le centre national de référence PREDIR. PA : 

Pression artérielle 
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Mutation Tumeurs Âge Prise en charge 

Moderate CMT 5 ans Calcitonine et échographie cervicale annuelles* 

 PH 16 ans Dosage des métanéphrines annuel 

 HPTH 16 ans Calcémie annuelle 

High CMT Avant 5 ans Thyroïdectomie prophylactique 

 PH 11 ans Dosage des métanéphrines annuel 

 HPTH 11 ans Calcémie annuelle 

Highest CMT Avant 1 an Thyroïdectomie prophylactique 

 PH 11 ans Dosage des métanéphrines annuel 

 HPTH 11 ans Calcémie annuelle 

 

Table 8 : Recommandations américaines de suivi des patients avec une NEM2 

selon le groupe à risque défini par le génotype (dʼaprès (136)) * si la surveillance 

annuelle est acceptée par la famille, la thyroïdectomie prophylactique pourra être 

réalisée si la calcitonine est supérieure à 30 pg/ml (231) 

 

En dehors de ces situations syndromiques, ils nʼy pas de recommandations bien 

établies pour la surveillance des patients avec PGL génétiquement déterminés, et les 

propositions de suivi reposent sur des avis dʼexperts. De surcroit, il nʼy a pas de 

preuve que le suivi de ces formes génétiques change la prise en charge des patients, 

lʼhistoire naturelle de la maladie, et soit véritablement bénéfique pour lui.  La Table 9 

reprend les recommandations de suivi proposées par mon équipe dʼaccueil dans 

Nature Reviews Endocrinology en 2015 (154). 
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Gène 
Âge au 

dépistage 
Surveillance des adultes asymptomatiques 

SDHB 6 ans 

- Pression artérielle annuelle 
- Dosage des dérivés méthoxylés plasmatiques ou urinaires annuel 

- IRM corps entier tous les 2 à 3 ans 
- TEP 18FDG-TEP si anomalie à lʼIRM 

SDHD 6 ans 

- Pression artérielle annuelle 
- Dosage des dérivés méthoxylés plasmatiques ou urinaires annuel 

- IRM corps entier tous les 2 à 3 ans 
- TEP FDOPA si anomalie à lʼIRM 

SDHC ou 
SDHA 

6 ans 
- Pression artérielle annuelle 

- Dosage des dérivés méthoxylés plasmatiques ou urinaires annuel 
- IRM corps entier tous les 2 à 3 ans 

VHL 5 ans Cf Table 7 

FH 10 ans 

- Pression artérielle annuelle 
- Dosage des dérivés méthoxylés plasmatiques ou urinaires annuel 

- Examen gynécologique annuel 
- IRM abdominal annuel 

RET Selon le génotype Cf Table 8 

NF1 
non nécessaire, 

clinique 

- Pression artérielle et examen physique annuel 
- Si HTA : dosage des dérivés méthoxylés plasmatiques ou urinaires et imagerie 

abdominale 
- Examen ophtalmologique annuel jusquʼà 8 ans puis tous les 2 ans  

TMEM127
ou MAX 

10 ans 
- Pression artérielle annuelle 

- Dosage des dérivés méthoxylés plasmatiques ou urinaires annuel 
- IRM abdominale tous les 2 à 3 ans 

 

Table 9 : Propositions de suivi des patients porteurs dʼune mutation 

constitutionnelle dans un des principaux gènes de prédisposition au PGL 

(dʼaprès (154, 232)). 

  

Enfin, des études rétrospectives menées sur un petit nombre de patients traités par 

témozolomide ou sunitinib ont montré que les patients répondeurs seraient 

fréquemment porteurs de mutations sur le gène SDHB (98, 100). Ainsi, la mise en 

évidence dʼune mutation chez un patient avec un PGL malin peut potentiellement 

changer son traitement pour orienter vers ces thérapies en cas de mutation SDHB. 

 

Par ailleurs, la mise en évidence dʼune mutation dans un de ces gènes de 

prédisposition permet de proposer, comme il sʼagit dʼune maladie de transmission 
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autosomique dominante, un dépistage pré-symptomatique aux apparentés dans le 

cadre prévue par la loi (article R.1131-5 du Code la Santé Publique), et si ils sont 

porteurs de la mutation de les faire entrer dans un protocole de suivi adapté dans un 

centre expert (Table 9). 
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OBJECTIFS ET PRÉSENTATION DU TRAVAIL DE THÈSE 

 

Comme nous lʼavons vu, lʼidentification dʼune quinzaine de gènes de prédisposition 

au PGL a permis, au cours de ces quinze dernières années, de comprendre la 

tumorigenèse des PGL et dʼidentifier de nouvelles pistes thérapeutiques pour traiter 

les formes malignes. Néanmoins plusieurs questions restaient en suspens au 

moment où jʼai entamé ce travail de thèse (2014).  

 

La première partie de ma thèse est un travail de recherche clinique, où jʼai tenté de 

répondre à la question : Quel est lʼimpact de la mise en évidence dʼune mutation 

constitutionnelle dans lʼun des gènes de prédisposition au PGL sur la prise en charge 

et lʼévolution des cas index, en dehors de la possibilité dʼoffrir un dépistage 

génétique familial aux apparentés à risque ?  

Du fait de la rareté de la pathologie il était difficile de réaliser une étude prospective 

sur le sujet. Toutefois, grâce aux différents projets de recherche clinique mis en 

œuvre par mon laboratoire dʼaccueil ces dernières années et notamment la 

constitution des cohortes COMETE et PGL.NET puis du registre national du 

paragangliome héréditaire PGL.R (105, 233), un nombre conséquent de patients 

ayant un PGL porteurs dʼune mutation constitutionnelle dans un gène de 

prédisposition au PGL sont suivis dans les différents centre français qui prennent en 

charge cette pathologie, depuis presque 10 ans pour la plupart, ce qui permet de 

collecter des données cliniques avec un long délai de suivi. Le premier objectif de 

mon travail de thèse fut donc dʼévaluer lʼintérêt de lʼidentification dʼune mutation 

constitutionnelle dans un gène de prédisposition au PGL pour la prise en charge des 

cas index. Ce travail a bénéficié dʼun financement du Groupe dʼEtude des Tumeurs 

Endocrines (GTE). 

 

Lʼobjectif de la deuxième partie de ma thèse était de mettre en évidence de 

nouveaux gènes de prédisposition au PGL et/ou de nouveaux mécanismes 

mutationnels dans les gènes de prédisposition connus.  

En effet, comme évoqué plus haut, environ 10 à 15 % des patients ont un phénotype 
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évoquant une forme héréditaire alors quʼaucune mutation dans lʼun des gènes de 

prédisposition connus nʼa été mise en évidence.  

La première partie de ce travail a donc porté sur lʼidentification de nouveaux gènes 

de prédisposition. Pour ce faire, jʼai utilisé les échantillons biologiques et les 

annotations biocliniques de la cohorte de PPGL du réseau COMETE ainsi que les 

données multi-omiques précédemment obtenues par mon équipe dʼaccueil.  

La seconde partie sʼest intéressée à lʼidentification de nouveaux mécanismes 

mutationnels dans les gènes de prédispositions connus.  
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Impact dʼun test génétique positif chez les patients 

ayant un PGL 
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I- CONTEXTE   

 

La génétique constitutionnelle des PGL a rapidement évolué ces dernières années, 

en passant de lʼidentification de mutation dans 3 gènes de prédisposition avant les 

années 2000 à actuellement la possibilité de mettre en évidence une mutation dans 

une quinzaine de gènes de prédisposition. Les différentes séries rétrospectives de la 

littérature ont permis de mieux comprendre quels étaient les phénotypes attendus 

suite à lʼidentification dʼune mutation constitutionnelle dans lʼun de ces gènes de 

prédisposition, et quels étaient les risques de développer une forme multiple, maligne 

ou syndromique de PGL (84, 105, 131, 155, 161). 

De surcroit, cette évolution majeure a conduit les experts chargés dʼétablir les 

recommandations internationales de lʼEndocrine Society sur la prise en charge des 

PGL/PH à proposer la réalisation de lʼanalyse moléculaire des différents gènes de 

prédisposition chez tous les patients avec un diagnostic de PGL/PH (21).  

Toutefois, en dehors de lʼintérêt pour lʼenquête familiale, il nʼa jamais été 

formellement prouvé que lʼidentification dʼune mutation dans un gène de 

prédisposition au PGL changeait le suivi et lʼévolution clinique des cas index, et était 

bénéfique pour le patient. Cette question a dʼailleurs aussi été soulevée lors des 

recommandations sur la prise en charge des patients ayant un PGL de lʼEndocrine 

Society (21).  

Lʼobjectif de ce premier chapitre de ma thèse était donc dʼévaluer lʼimpact dʼun test 

génétique positif sur la prise en charge des cas index. 

 

II- TRAVAUX PERSONNELS 

 

Jʼai mené une étude rétrospective multicentrique dans 24 centres tertiaires prenant 

en charge des patients avec PGL génétiquement déterminés. Ces différents patients 

ont été recrutés grâce aux différents projets de recherche clinique mis en œuvre par 

mon laboratoire dʼaccueil ces dix dernières années et notamment la constitution des 

cohortes COMETE et PGL.NET puis du registre national du paragangliome 

héréditaire PGL.R (105, 233), et ce travail a été réalisé sous lʼégide du Groupe des 
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Tumeurs Endocrines. 

Ce travail représente le premier article de ma thèse, dont le manuscrit est en 

préparation. Je me suis rendu dans ces 24 centres dans 20 villes et jʼai analysé les 

dossiers de 221 patients avec PGL/PH. Ces patients étaient porteurs dʼune mutation 

constitutionnelle dans un des gènes SDHB, SDHD, SDHC, ou VHL, qui sont les 

gènes  majeurs dans les PGL/PH. Pour démontrer lʼimpact du test génétique sur la 

prise en charge du patient et son évolution, jʼai donc séparé en deux groupes ces 

221 patients que jʼai ensuite comparés : un groupe ayant eu le diagnostic de PGL et 

le diagnostic génétique dans le même temps et un groupe ayant eu le diagnostic 

génétique plusieurs années après le diagnostic de PGL.   
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ABSTRACT 81 

 82 

Context 83 

Paragangliomas  and  pheochromocytomas  (PPGL)  are  characterized  by  a  strong  genetic 84 

component with up  to 40 % of patients  carrying a germline mutation  in a PPGL susceptibility 85 

gene, and international guidelines recommend that genetic screening should be proposed to all 86 

patients with PPGL.  87 

Objective 88 

Our objective was to evaluate how a positive genetic test impacts the management and outcome 89 

of patients with SDHx or VHL‐related PPGL. 90 

Design 91 

We  performed  a  multicentric  retrospective  study  on  221  propositus  carrying  a  SDHB,  SDHD, 92 

SDHC or VHL germline mutation. Patients were divided  into  two groups: Genetic patients, who 93 

were  informed  of  their  genetic  status within  the  year  following  the  first  PPGL  diagnosis,  and 94 

Historic patients who only benefited from the genetic test at least seven years after initial PPGL 95 

diagnosis.   96 

Results 97 

Compared to Historic patients, Genetic patients had a better follow‐up, with a higher number of 98 

examinations  and  a  reduced number  of  patients  lost  to  follow‐up  (9.6% versus  72 %). During 99 

follow‐up, smaller (18.7 mm versus 27.6, p=0.0128) new PPGL and metastases as well as lower 100 

metastatic  spread  were  observed  in  Genetic  patients.  Importantly,  these  differences  were 101 

reversed  in  the  Historic  cohort  after  genetic  testing.  Genetic  patients  who  developed 102 

metachronous metastases had a better 5‐year survival than Historic ones (p=0.0127). 103 

Conclusion 104 

Altogether our data suggest that the early knowledge of the genetic status has a positive impact 105 

on  the management  and on  the  clinical  outcome of  the patients with  a  germline SDHx  or VHL 106 

mutation.   107 
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INTRODUCTION 108 

 109 

Pheochromocytomas  and  paragangliomas  (PPGL)  are  rare  neuroendocrine  tumors  with  an 110 

estimated prevalence of one  in 10,000 (1‐3). These  tumors can be  found  in  the head and neck 111 

region, as well as in thoracic, abdominal and pelvic area. PGL located in the adrenal medulla are 112 

called  pheochromocytoma.  These  tumors  can  produce  catecholamines  and  cause  severe 113 

hypertension  (HTA)  and  cardiovascular morbidity.  Since 2000  and  the  identification  of SDHD, 114 

SDHC  and SDHB  germline mutations  in PPGL,  the understanding of PPGL genetic determinism 115 

has significantly improved. Nowadays, it is known that up to 40% of patients with PPGL carry a 116 

germline mutation in one of the 17 susceptibility genes reported so far (three proto‐oncogenes: 117 

RET, EPAS1  and GOT2  and 14  tumor suppressor genes: SDHB, SDHD, SDHC, SDHA, SDHAF2, FH, 118 

MDH2, VHL, NF1, TMEM127, MAX, GOT2, SLC25A11, DNMT3A)  (4‐7).  The  great majority  (70  to 119 

80%) of germline mutations detected in PPGL susceptibility genes are found in SDHB, SDHD and 120 

VHL  genes  (4,8‐10). Various  studies have shown  that a mutation  in one of  these  susceptibility 121 

genes can predispose the patient to the development of multiple and/or metastatic PPGL, or to 122 

other  syndromic  lesions  (8,9,11‐13).    In  accordance with  the  international  recommendations, 123 

genotyping of PPGL susceptibility genes is therefore proposed to all patients with PPGL (14,15).  124 

However, it has actually never been shown whether the identification of a germline mutation in 125 

one PPGL susceptibility gene changes the outcome of mutation‐carriers. The lack of such studies 126 

assessing  the clinical benefits of  the PPGL genetic  test has been stressed by  the experts of  the 127 

Task Force in charge of the Endocrine Society Clinical Practice Guideline for the management of 128 

PPGL (14).  In  this context, our main objective was  to evaluate  the  impact of a positive genetic 129 

test  on  the  management  and  the  clinical  outcome  of  propositus  patients  with  PPGL,  in  a 130 

retrospective multicentric study of a large cohort of 221 patients carrying a germline mutation 131 

in one of the four major PPGL susceptibility genes (SDHB, SDHD, SDHC and VHL).  132 

 133 

 134 
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PATIENTS AND METHODS 135 

 136 

Patients 137 

Baseline  and  follow‐up  clinical  and  biological  data  of  271  propositus  patients  with  PPGL 138 

carrying a germline mutation  in one of  the  four major susceptibility genes (SDHB, SDHD, SDHC 139 

and VHL) were retrospectively collected in each clinical site by two investigators (AB & LB) in 24 140 

tertiary  centers  in  France.  Each  patient  had  signed  a  written  informed  consent  for  genetic 141 

analyses.  Mutation  screening  of  the  major  PPGL  susceptibility  genes  were  carried  out  in  the 142 

Genetics  Department  of  Hôpital  Européen  Georges  Pompidou  in  Paris  as  previously  reported 143 

(8,11,16).  Patients’  mutations  are  reported  in  Supplemental  Table  1.  This  study  has  been 144 

approved  by  the  CPP  Ile  de  France  II  (IRB  00001072)  and  endorsed  by  the  French  Group  of 145 

Endocrine Tumours (GTE). 146 

The 271 cases were divided into two groups (named “Genetic” and “Historic”) according to the 147 

delay between diagnosis of the first PPGL and announcement of a positive genetic result to the 148 

affected  patient  by  the  geneticist  or  the  physician.  In  order  to  have  comparable  groups  we 149 

divided the cohort as follows:  150 

‐ Patients of  the Genetic  group were defined as patients who were delivered  the  result 151 

from  their PPGL genetic  test  during  a maximum delay of  12 months  (1  year)  after  the 152 

diagnosis  of  their  first  PPGL.  This  delay  includes  the  first  genetic  consultation,  blood 153 

sampling for the test, processing of the sample in the genetics department, transmission 154 

of the results to the geneticist or the physician and finally consultation during which the 155 

geneticist/physician  informed  the  patient.  This  group  contains  125  patients  that were 156 

first investigated between the years 1996 to 2013, and the mean of their follow‐up was 7 157 

years (range 1‐17 years). 158 

‐ Patients of  the Historic  group were defined as patients who benefited  from  the PPGL 159 

genetic test retrospectively. In order to have patients with a period of follow‐up without 160 

knowledge of their genetic status comparable to that of the mean follow‐up of the Genetic 161 
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group of patients (7 years), we selected patients who had at least seven years of follow‐162 

up after the first PPGL diagnosis, and who had benefited from a PPGL genetic test after 163 

these  seven  years  of  follow‐up.  This  group  contains  96  patients  (named  Historic 164 

patients). Historic patients were first investigated between 1963 and 2006, and the mean 165 

of  their  follow‐up was 21 years  (range 4‐53 years). For  the  follow‐up analyses, we did 166 

analyze this group during two periods:  in the first seven years of  follow‐up (before the 167 

genetic test) and after the genetic test. 168 

The  fifty  remaining  patients  were  excluded  from  the  study  because  they  didn’t  fit  with  the 169 

definition of the two groups. 170 

 171 

We  defined  1)  a  ‘follow‐up  examination’  as  a  medical  consultation  associated  with  the 172 

assessment  of metanephrines measurements  and/or  at  least  a  PPGL  imaging  by  conventional 173 

imaging (contrast‐enhanced computed tomography (CT‐scan) or gadolinium‐enhanced magnetic 174 

resonance imaging (MRI)) or scintigraphic imaging (123I‐metaiodobenzylguanidine scintigraphy 175 

or somatostatin receptor scintigraphy) or positron emission tomography imaging (PET) (18FDG 176 

PET or 18FDOPA PET), 2) a ‘complete follow‐up’ by at least a head and neck, thoracic, abdominal 177 

and  pelvic  conventional  imaging  (MRI  and/or  CT‐scan)  and  plasma  or  urine  metanephrines 178 

measurements after first PPGL diagnosis (4), 3) a ‘lost of follow‐up period’ as a period of time for 179 

at  least 3 years when  the patient did not benefit  from any medical consultation. This cut off 3 180 

years  was  chosen  because  1  to  3  years  is  the  time  interval  for  the  imaging  follow‐up  of 181 

genetically determined PPGL suggested by several experts in the field (4,17‐21). 182 

 183 

Statistical analysis 184 

Statistical  analyses  were  performed  with  Graph‐Pad  Prism  software  version  5.0  (La 185 

Jolla California,  USA).  As  data  exhibit  a  non‐Gaussian  distribution,  results  are  expressed  on 186 

mean, median and range and were compared by two‐sided Mann and Whitney U test or Kruskal‐187 

Wallis  test  for  quantitative  variables  and  two‐sided  Fisher  exact  test  for  qualitative  variables 188 
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were applied. Censored data were analyzed and plotted by Kaplan–Meier method and compared 189 

by two‐sided log‐rank test. P<0.05 was considered to be significant.  190 
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RESULTS 191 

 192 

Baseline characteristics of Historic and Genetic patients  (Table 1) 193 

The mean delay between the first PPGL diagnosis and the results of PPGL genetic testing was of 194 

199 months  for  the Historic patients  and  of  9.7 months’  Genetic  patients  (p<0.0001). Historic 195 

patients were  significantly  younger  at  the  time  of  the  first  PPGL  diagnosis  than Genetic  (29.3 196 

versus 39 years, p< 0.0001). Patients of both groups presented an equivalent number of single, 197 

multiple  and metastatic  PPGL  and  a  similar  tumor  size measured  by  conventional  imaging  at 198 

diagnosis. Catecholamine production was evaluated in 55 % of the Historic patients versus 86.4 199 

% of  the Genetic  (p<0.0001). We  did  observe  a  significant  increase  in  the  number  of  patients 200 

with family history of PPGL as well as an excess of SDHD‐mutated patients in the Historic group. 201 

All  significant  data,  except  family  history  of  PPGL,  remained  the  same when we  repeated  the 202 

statistical analyses without the SDHD‐mutated patients (Supplemental Table 2). The number of 203 

SDHB, SDHC or VHL mutated patients was not significantly different between both groups.  204 

 205 

Genetic patients had benefited from a better follow‐up than Historic patients (Table 2). 206 

The  quality  of  the  follow‐up  during  the  first  seven  years  after  the  diagnosis  appeared 207 

significantly  better  for  Genetic  patients  compared  to Historic  ones.  Genetic  patients  benefited 208 

from a higher number of follow‐up examinations and complete follow‐up by years compared to 209 

Historic  patients  (p<0.0001).  We  identified  a  period  of  loss  of  follow‐up  in  72  %  of Historic 210 

patients compared to 9.6 % (69 patients out of 96 versus 12 out of 125, p<0.0001) for the Genetic 211 

patients. Furthermore, 54 % of Historic patients had no follow‐up examinations during their 7 212 

first years of follow‐up. The subsequent knowledge of their genetic status significantly improves 213 

the follow‐up of these patients (p<0.05). All these data were not affected by the SDHD positive 214 

status (Supplemental Table 3).  215 

 216 

   217 
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Genetic  patients  experienced  a  less  severe  course  of  their  disease  compared  to Historic 218 

patients before the genetic test.  219 

We, and others, have previously shown that SDHD mutation carriers have a significant increase 220 

in  multiple  PPGL  compared  with  other  SDHx  mutation  carriers  (11,12).  However,  despite  a 221 

higher  number  of SDHD‐mutated patients, Historic  patients  had  an  equivalent  number  of  new 222 

PPGL during their first seven years of follow‐up than the Genetic ones (Table 2), suggesting that 223 

new tumors may have be under‐detected in the Historic group. Moreover, new PPGL diagnosed 224 

during  the  follow‐up  had  a  smaller  size  at  diagnosis  in  the  Genetic  group  compared  to  the 225 

Historic group (18.7 mm versus 27.6 mm respectively, p=0.0128) (Figure 1). Interestingly, when 226 

detected in the period following the genetic test, new PPGL Historic patients were of comparable 227 

size to that of  the Genetic group (16.3 mm, p=0.4132) (Supplemental Table 3). All  these data 228 

were  not  affected  by  the  SDHD  positive  status  (Supplemental  Table  4  and  Supplemental 229 

Figure 1).    230 

52 Historic patients  (54 %) were  lost  to  follow‐up during  the whole seven years  following  the 231 

initial diagnosis. We thus evaluated the PPGL number and size  in these Historic patients at the 232 

first  follow‐up  examination  after  the  period  of  loss  of  follow‐up  (occurring  between  9  to  38 233 

years after the initial diagnosis) but before the genetic test. Twenty two out of 54 patients (40.7 234 

%)  carried  a  new PPGL  after  16.7  years  of  loss  of  follow‐up  (range 5‐38).  These patients  had 235 

larger PPGL than the Genetic group (31.9 mm versus 18.7, p<0.0001) (Supplemental figure 2). 236 

 237 

During the 7 first years of follow‐up, occurrence of metachronous metastases in patients with an 238 

apparently benign PPGL at first diagnosis was observed in 13.5 % of Historic patients (11 SDHB‐239 

mutated patients, one SDHC‐mutated patient, one SDHD‐mutated patient), compared to 8.8 % of 240 

the Genetic ones (10 SDHB‐mutated patients, 1 SDHC‐mutated patient)(p=0.5163) (Table 2).  241 

However, at the time of this diagnosis of malignancy, the size of the greatest metastasis (65.7 vs 242 

23.3  mm,  p=0.0184)  and  the  total  number  of  invaded  organs  by  metastases  (1,9  vs  1,3 243 

p=0.0213) were significantly lower in the Genetic patients (Figure 1). Finally, the percentage of 244 
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patients with more than 5 different metastases detected by imaging was significantly smaller in 245 

the  Genetic  group  compared  to  the  Historic  one  (18.2  %  versus  69  %,  p=0.0188).  After  the 246 

genetic test, only two patients of the Historic group had a new metastatic PPGL, with metastasis 247 

size and metastatic spread comparable with  the Genetic patients  (Supplemental  Table 3  and 248 

Supplemental Table 4). 249 

 250 

Patients in the Genetic group have a better survival 251 

Because most  of  the  new metastatic  patients  of Genetic  group were  followed  an  average  of  5 252 

years  following  the  diagnosis  of  the  first  metastasis,  we  assessed  the  5‐year  survival  of  new 253 

metastatic patients in the Genetic patients and in Historic patients before the genetic test.  254 

Patients  with  a  metastatic  PPGL  diagnosed  during  their  follow‐up  had  a  better  survival  at  5 255 

years in the Genetic group compared to patients of the Historic group (p=0.0127) (Figure 2).  256 
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DISCUSSION  257 

For the first time to our knowledge, this study demonstrates that performing the PPGL genetic 258 

test  early  after  the  first  PPGL diagnosis  has  a  positive  impact  on  the management  and on  the 259 

clinical outcome of the patients carrying SDHx or VHL mutations. Knowing the genetic status of 260 

patients allows a better quality of follow‐up and leads, at the time of new clinical events, to the 261 

diagnosis  of  smaller  PPGL  at  recurrence  and  less  extensive  metachronous metastatic  disease 262 

and, at the end, to a better survival of patients with metastatic PPGL.  263 

We observed a higher number of SDHD‐mutated patients in the Historic group compared to the 264 

Genetic  one, which probably explains  the  increased number of  PPGL  familial  histories  and  the 265 

younger age at PPGL diagnosis of these patients. We hypothesize that the patients of the Historic 266 

group did present more clinical symptoms in favor of a genetic form at the time of their genetic 267 

testing  than  the  Genetic  patients.  Nevertheless,  we  have  checked  that  this  difference  in  the 268 

number  of SDHD‐mutated  patients within  the  two  groups  did  not  introduce  any  biases  in  the 269 

results of our study. 270 

The  patients  of  the Historic  and Genetic  groups  have  been  diagnosed  for  their  first  PPGL  at  a 271 

different  time period. The Historic  patients were diagnosed during  the 1990’s  and  the Genetic 272 

patients during the 2000’s. This point raises the hypothesis of another potential bias due to the 273 

technical advances in imaging during the same period of time. However, there was no significant 274 

difference in the number of single, multiple and metastatic PPGL as well as in the size of tumors 275 

at the initial diagnosis between the two groups. Furthermore, all but 3 patients had a recurrence 276 

in  the  2000’s  after  a  loss  of  follow‐up  period  in  the  Historic  group,  and  PPGL  size  in  these 277 

patients was significantly higher than in the Genetic group, suggesting that the performances of 278 

imaging methods did not affect our data. 279 

Many previous studies have highlighted the higher risk of metastatic disease  in SDHB‐mutated 280 

patients (8,9,11‐13,22). In former retrospective series, patients with an SDHB‐related metastatic 281 

PPGL had a worse overall survival than the non SDHB‐related PPGL (23‐27). Herein, patients of 282 

the Historic  group with  a metastatic  PPGL,  have  a  5‐year median  survival  of  50 % before  the 283 
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genetic  test,  which  is  comparable  to  other  studies  (23,27,28).  The  survival  dramatically 284 

increases with the knowledge of the genetic status (100% of survival at 5, years, more than 50 % 285 

of patients are still alive at 10 years), which is probably due to the higher quality of the follow‐286 

up  and  a  change  in  the  patients’ management  in  accordance with  the  genetic  risk.    After  the 287 

previous  demonstrations  of  a  positive  impact  of  the  identification  of  germline  mutations  in 288 

frequent  cancers  susceptibility  genes  such  as  BRCA1  and  BRCA2  mutations  in  invasive 289 

epithelial  ovarian  and  breast  cancers,  APC  mutations  in  the  familial  adenomatous 290 

polyposis  colon  cancer,  and MMR  genes  in  the  Lynch  syndrome  (29‐31),  our  study  clearly 291 

shows the positive impact of the identification of a SDHx or a VHL mutation in the management, 292 

clinical  outcome  and  survival  of  patients  with  PPGL.  It  reveals,  for  the  first  time,  the  clinical 293 

benefits of the practice of oncogenetics for patients with a rare cancer and strongly strengthens 294 

the recommendations of  the Endocrine Society  to consider PPGL genetic  testing  in all patients 295 

affected by PPGL (14).  296 
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TABLES AND FIGURES LEGENDS 467 

Table 1: Baseline characteristics of patients and PPGL in the Historic and Genetic groups. 468 

Results are shown as means (medians; range) or number of patients (percent). 469 

 470 

Table 2: Main characteristics of  the  follow‐up within  the  three groups. Results are shown 471 

means (medians; range) or number of patients (percent).  472 

* p< 0.05 versus Historic before the genetic test 473 

$ p< 0.05 versus Historic after the genetic test 474 

 475 

Figure 1: Size of new PPGL (A) and metastases (B), number of invaded organs by metastases at 476 

the diagnosis of malignancy (C), and percent of patient with up to five metastases at diagnosis of 477 

malignancy (D) in the different groups.  478 

Historic before: Historic patients before the genetic test 479 

* p<0.05 versus Historic group before the genetic test 480 

 481 

Figure 3: Survival of patients affected by a metastatic PPGL, with the first metastasis diagnosed 482 

during their follow up with the knowledge of their positive genetic status for the Genetic 483 

patients and before the genetic diagnostic for the Historic patients. 484 

 485 

 486 
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Table 1: Baseline characteristics of patients and PPGL in Historic and Genetic groups. Results are 
shown as means (medians; range) or number of patients (percent). 
 

 
Historic   Genetic  

Historic 

 vs Genetic 

Total number of patients (n)  96  125  p 

Sex ratio, F/M (n)  54/42  61/64  0.2809 

Age at first PPGL diagnosis (years)  29.3 (29; 7‐66)  39 (39; 10‐75)  <0.0001 

Year of first PPGL diagnosis 
1990  

(1991; 1963‐2009) 
2007  

(2007; 1996‐2013) 
<0.0001 

PPGL size (mm)  44 (40; 5‐150)  44.3 (40; 9‐180)  0.7568 

Single PPGL [n,(%)]  77 (80)  93 (74.4)  0.3374 

Multiple PPGL [n,(%)]  19 (20)  32 (25.6)  0.3374 

Number of PPGL by patients (n)  1.2 (1; 1‐4)  1.4 (1; 1‐5)  0.2244 

Synchronous metastatic PPGL 
[n,(%)] 

4 (4)  15 (12)  0.0518 

Catecholamine producing PPGL 
[n,(%)] 

35 (36)  59 (47.2)  0.1313 

Absence of catecholamine 
assessment at first diagnosis [n,(%)] 

43 (45)  17 (13.6)  <0.0001 

Family history of PPGL [n,(%)]  26 (27)  20 (16)  0.0471 

Delay between first PPGL diagnosis 
and genetic testing (months) 

199 (180; 84‐504)  9.7 (11; 4‐12)  <0.0001 

Age at genetic diagnosis (years)  45.9 (46; 18‐78)  39.5 (40; 11‐75)  0.0015 

SDHB‐mutated patients [n,(%)]  34 (35)  61 (48.8)  0.0552 

SDHD‐mutated patients [n,(%)]  38 (40)  24 (19.2)  0.0014 

SDHC‐mutated patients [n,(%)]  7 (7)  14 (11.2)  0.3637 

VHL‐mutated patients [n,(%)]  17 (18)  26 (20.8)  0.6101 
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Table  2:  Main  characteristics  of  the  follow‐up  within  the  three  groups.  Results  are  done  in 
means (medians; range) or number of patients (percent).  
* p< 0.05 versus Historic before the genetic test 
$ p< 0.05 versus Historic after the genetic test 
 

  Historic  Genetic 

 
Before 

 genetic test  

After  

genetic test   

Total number of patients (n)  96  78  125 

Follow‐up duration (years) 
6.9 

(7; 4‐7)  

6.2  
(6; 1‐14) 

7 
(7; 1‐17) 

Number of follow‐up examinations by years 
0.42 

(0.14; 0.14‐4.3) 
1* 

(0.7; 0‐9) 
0.96* 

(0.7; 0.27‐4.7) 

Number of complete follow‐up by years 
0.13 

(0; 0‐4.3) 
0.9* 

(0.6; 0‐9) 
0.89* 

(0.66; 0‐4.7) 

Patients with a loss of follow‐up period 
[n,(%)] 

69 (72)  0 (0)*  12 (9.6)* 

New PPGL [n,(%)]  18 (18.8)  20 (25.6)  24 (19.2) 

Diagnosis delay of new PPGL (years) 
4.3 

(4; 1‐7) 
19.6  

(20; 8‐51) 
3.4 

(2; 1‐9) 

New metastatic patients [n,(%)]  13 (13.5)  2 (2.6)*  11 (8.8)$ 

Diagnosis delay of new metastases (years) 
4.5 

(4.5; 1‐7) 
16.5  

(16.5; 16‐17) 

3.7 
(4; 1‐10) 
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Figure 1: Size of New PPGL (A) and metastases (B), number of invaded organs by metastasis at 
the diagnosis of malignancy (C), and percent of patient with up to five metastases at the 
diagnosis of malignancy (D) in the different groups.  
Historic before: Historic patients before the genetic test 
* p<0.05 versus Historic group before the genetic test 
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Figure 3: Survival of patients affected by a metastatic PPGL, with the first metastasis diagnosed 
during their follow up with the knowledge of their positive genetic status for the Genetic patients 
and before the genetic diagnostic for the Historic patients. 
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Supplemental Table 1: SDHx and VHL mutations in the 221 patients of the study. 

 

Gene  cDNA mutation  Protein alteration  Number of patients 

SDHB  c.1‐?_72+?del    p.?  4 

 

c.1‐?_765+?del  p.?  1 

 

c.1‐16416_72+3877del   p.?  1 

 

c.72+1G>A   p.?  1 

 

c.73‐?_843+?del   p.?  1 

 

c.79C>T   p.(Arg27Ter)  2 

 

c.127G>C   p.(Ala43Pro)  3 

 

c.136C>G   p.(Arg46Gly)  1 

 

c.137G>A   p.(Arg46Gln)  4 

 

c.166_170del   p.(Pro56TyrfsTer5)  2 

 

c.167C>T   p.(Pro56Leu)  1 

 

c.175C>T   p.(Gln59Ter)  1 

 

c.182A>C   p.(Tyr61Ser)  1 

 

c.200+1G>A  p.?  3 

 

c.201‐?_286+?del  p.?  1 

 

c.201‐1G>A  p.?  1 

 

c.203G>A   p.(Cys68Tyr)  1 

 

c.206G>T   p.(Gly69Val)  4 

 

c.260T>C   p.(Lys87Ser)  1 

 
c.268C>T   p.(Arg90Ter)  2 

 

c.274T>C   p.(Ser92Pro)  1 

 

c.286+1G>A  p.?  1 

 

c.287‐2A>G  p.?  1 

 

c.287‐6_287‐3del  p.?  1 

 
c.293G>A   p.(Cys98Tyr)  1 

 

c.314_316del   p.(Ile105del)  2 

 

c.332T>G   p.(Leu111Arg)  1 

 

c.384C>A   p.(Tyr128Ter)  1 

 

c.392delC   p.(Pro131HisfsTer5)  2 

 

c.423+1G>A  p.?  4 

  c.424‐3C>G  p.?  1 

 

c.493del   p.(Glu165LysfsTer10)  1 

 

c.505C>T  p.(Gln169Ter)  1 

 

c.565T>C   p.(Cys189Arg)  1 

 
c.583_585del   p.(Ser195del)  1 

 

c.587G>A   p.(Cys196Tyr)  2 

 

c.587G>T   p.(Cys196Phe)  1 

 

c.589C>T   p.(Pro197Ser)  1 

 
c.591delC   p.(Ser198AlafsTer22)  1 

 

c.598T>A + c.603G>A   p.(Trp200Arg + p.Trp201Ter)  2 

 

c.617A>G   p.(Tyr206Cys)  1 

 

c.620_621del   p.(Leu207ArgfsTer14)  4 

 

c.626C>T   p.(Pro209Leu)  2 



 

c.654G>A   p.(Trp218Ter)  1 

 

c.688C>T   p.(Arg230Cys)  2 

 
c.689G>A   p.(Arg230His)  3 

 

c.701T>C   p.(Leu234Pro)  1 

 

c.713delT   p.(Phe238SerfsTer10)  6 

 

c.718_721delCTAT   p.(Leu240ThrfsTer7)  2 

 

c.724C>T   p.(Arg242Cys)  2 

 

c.725G>A   p.(Arg242His)  3 

 

c.745T>G   p.(Cys249Gly)  1 

 
c.746G>A   p.(Cys249Tyr)  1 

 

c.758G>A   p.(Cys253Tyr)  2 

 

c.761C>T   p.(Pro254Leu)  1 

SDHC  c.1‐?_c.20+?del  p.?  1 

 

c.1A>G   p.(Met1?)  2 

 

c.43C>T   p.(Arg15Ter)  2 

 

c.49del   p.(His17ThrfsTer30)  1 

 

c.77+2dup  p.?  2 

 

c.148C>T   p.(Arg50Cys)  1 

 

c.182G>A   p.(Trp61Ter)  2 

 

c.214C>T   p.(Arg72Cys)  1 

 

c.215G>A   p.(Arg72His)  1 

 

c.239‐242dupGTGC  p.?  1 

 

c.377A>G   p.(Tyr126Cys)  1 

 
c.379C>T   p.(His127Tyr)  1 

 

c.385T>C   p.(Trp129Arg)  2 

 

c.397C>T   p.(Arg133Ter)  1 

 
c.409T>C   p.(Trp137Arg)  1 

 

c.489dup   p.(Met164TyrfsTer43)  1 

SDHD  c.1‐?_314+1_315‐1del  p.?  1 

 

c.1‐?_480+?del  p.?  6 

 

c.2T>C   p.(Met1?)  4 

 

c.64C>T   p.(Arg22Ter)  2 

 

c.94_95del   p.(Ala33IlefsTer35)  1 

 

c.112C>T   p.(Arg38Ter)  3 

 
c.129G>A   p.(Trp43Ter)  4 

 

c.148_149insA   p.(His50fsTer68)  1 

 

c.149dup   p.(His50GlnfsTer19)  1 

 

c.169+1G>T  p.?  1 

 

c.170‐1G>T   p.?  6 

 

c.191_192del   p.(Leu64ProfsTer4)  2 

 

c.202dup   p.(Ser68LysfsTer46)  1 

 

c.239T>G   p.(Leu80Arg)  1 

 

c.242C>T   p.(Pro81Leu)  3 

 

c.242delC   p.(Pro81ArgfsTer5)  1 

 

c.260delC   p.(Pro87LeufsTer48)  1 

 

c.274G>T   p.(Asp92Tyr)  1 



 

c.275_286del   p.(Asp92_Leu95del)  1 

 

c.290G>T   p.(Arg70Met)  1 

 

c.302T>C   p.(Leu101Pro)  1 

 

c.305A>C   p.(His102Pro)  2 

 
c.312C>G   p.(His104Gln)  1 

 

c.315‐?_480+?del  p.?  2 

 

c.315‐2A>C  p.?  2 

 

c.316G>C   p.(Gly106Arg)  1 

 

c.337_340delGACT   p.(Asp113MetfsTer21)  1 

 

c.341A>G   p.(Tyr114Cys)  3 

 

c.405del   p.(Phe136LeufsTer32)  2 

 

c.446T>A + 448_450del  p.(Ile149Asn + Cys150del)  4 

 

trans (6;11) (p22;q23)  p.?  1 

VHL  c.1‐?_642+?del  p.?  2 

 

c.161insT   p.(Met54AsnfsTer78)  1 

 

c.203C>G   p.(Ser68Trp)  1 

 

c.239G>C   p.(Ser80Asn)  1 

 

c.244C>G   p.(Arg82Gly)  1 

 

c.292T>C   p.(Tyr98His)  2 

 

c.320G>A   p.(Arg107His)  1 

 

c.334T>C   p.(Tyr112His)  2 

 

c.340+1G>A  p.?  1 

 

c.365C>T   p.(Ala122Val)  1 

 

c.374A>C   p.(His125Pro)  1 

 

c.376G>A  p.(Asp126Asn)  1 

 

c.406C>T   p.(Pro154Ser)  2 

 

c.466T>C   p.(Tyr156His)  1 

 

c.467A>G   p.(Tyr156Cys)  7 

 

c.482G>A   p.(Arg161Gln)  4 

 

c.497T>C   p.(Val166Ala)  1 

 

c.499C>T   p.(Arg167Trp)  3 

 

c.500G>A   p.(Arg167Gln)  8 

 

c.764T>A   p.(Leu184His)  1 

 

 

   



Supplemental  table  2:  Baseline  characteristics  of  patients  and  PPGL  in Historic  and  Genetic 

groups  without  SDHD‐mutated  patients.  Results  are  shown  as    means,  (medians;  range)  or 

number of patients (percent).  

 

 

Historic  

without SDHD 

Genetic  

without SDHD 

Historic 

 vs Genetic 

Total number of patients (n)  58  101  p 

Sex ratio, F/M (n)  34/24  47/54  0.1873 

Age at PPGL diagnosis (years) 
28.8 

(27.5; 7‐66) 

38.5  

(39; 10‐71) 
0.0002 

Year of PPGL diagnosis 
1991 

(1993; 1963‐2006) 

2007  

(2008; 1996‐2013) 
<0.0001 

PPGL size (mm) 
51.5  

(50; 10‐150) 

49.4  

(41; 10‐180) 
0.4584 

Single PPGL [n,(%)]  53 (91.4)  85 (84.2)  0.2312 

Multiple PPGL [n,(%)]  5 (8.6)  16 (15.8)  0.2312 

Number of PPGL by patients (n)  1.1 (1; 1‐2)  1.2 (1; 1‐5)  0.1782 

Metastatic PPGL [n,(%)]  4 (7)  15 (14.9)  0.2036 

Catecholamine producing PPGL 

[n,(%)] 
31 (53.4)  58 (57.4)  0.7402 

Absence of catecholamine 

assessment at first diagnosis [n,(%)] 
18 (31)  13 (12.9)  0.007 

Family history of PPGL [n,(%)]  8 (13.8)  14 (13.9)  1 

Delay between first PPGL diagnosis 

and genetic testing (months) 

192 

(168; 84‐504) 

9.7 

(11; 4‐12) 
<0.0001 

Age at genetic diagnosis (years) 
44.8  

(45.5; 18‐78) 

39  

(40; 11‐71) 
0.0288 

SDHB‐mutated patients [n,(%)]  34 (58.6)  61 (60.4)  0.8675 

SDHD‐mutated patients [n,(%)]  0  0  NA 

SDHC‐mutated patients [n,(%)]  7 (12)  14 (13.9)  0.8124 

VHL‐mutated patients [n,(%)]  17 (29.3)  26 (25.7)  0.7113 

 

 

 

 

 

 

   



Supplemental table 3: Sizes of new PPGL and metastases, and metastatic spread in Historic 

patients before and after the genetic test and in Genetic patients.  

* p< 0.05 versus Historic before 

 

  Historic  Genetic 

 

Before 

 genetic test  
After  

genetic test 
 

Total number of patients (n)  96  78  125 

New PPGL size (mm) 
27.6  

(25; 10‐80) 

16.3*  

(12; 7‐70) 

18.7*  

(16; 7‐60) 

New metastasis size (mm) 
65.7  

(60; 22‐150) 

8  

(8; 6‐10) 

23.3*  

(25; 8‐45) 

Number of invaded organs [n,(%)] 
1.9  

(2; 1‐3) 

1.5  

(1.5; 1‐2) 

1.3*  

(1; 1‐3) 

Number of patients with >5 metastases at 

malignancy diagnosis [n,(%)] 
9 (69)  0 (0)  2* (18.2) 

 

   



Supplemental table 4: Main characteristics of the follow‐up within the three groups without 

SDHD‐mutated patients. Results are done in means (medians; range) or number of patients 

(percent). 

* p< 0.05 versus Historic before 

 

 

 
Historic 

without SDHD 

Genetic 

without SDHD 

 

Before 

 genetic test  
After  

genetic test   

Total number of patients (n)  58  44  101 

Follow‐up duration (years)  6.9 (7; 4‐7)  6.2 (6; 1‐14)  6.7 (6; 1‐17) 

Number of follow‐up examinations by 

years 

0.42 

(0.14; 0.14‐4.3) 

1.2* 

(0.7; 0‐9) 

1* 

(0.8; 0.3‐4.7) 

Number of complete follow‐up by years 
0.21 

(0; 0‐4.3) 

1.1* 

(0.6; 0‐9) 

1* 

(0.7; 0‐4.7) 

Patients with a lost of follow‐up period 

[n,(%)] 
41 (70.6)  0* (0)  9* (8.9) 

New PPGL [n,(%)]  5 (8.6)  8 (18.2)  14 (13.8) 

Diagnosis delay of new PPGL (years) 
3.8 

(4; 2‐5) 
3.4 (2; 1‐9) 

4.5 

(5; 1‐9) 

New metastatic patients [n,(%)]  11 (19)  2* (4.5)  11 (10.9) 

Diagnosis delay of new metastasis (years) 
4.5  

(4.5; 1‐7) 

4 

(4; 1‐7) 

3.7 

(4; 1‐10) 

 

 

 

 

   



Supplemental Figure 1: Size of New PPGL (A) and metastases (B), number of invaded organs 

by metastasis at the malignancy diagnosis (C), and percent of patient with up to five metastases 

at malignancy diagnosis (D) in the different groups without SDHD‐mutated patients.  

Historic before: Historic patients before the genetic test 

* p<0.05 versus Historic group before the genetic test 
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Supplemental Figure 2: New PPGL size in Genetic patients and in Historic patients before the 

genetic test and after lost of follow‐up (LOF).  

* p<0.0001  
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I- CONTEXTE  

 

Le deuxième objectif de ma thèse était dʼidentifier de nouveaux gènes de 

prédisposition au PGL/PH. Pour ce faire, nous avons utilisé les tumeurs incluses 

dans le réseau COMETE. Depuis de nombreuses années mon équipe dʼaccueil 

collecte, via le réseau COMETE, les ADN constitutionnels, les tumeurs et les 

données cliniques de patients opérés de phéochromocytomes et de paragangliomes 

fonctionnels pris en charge dans lʼUnité dʼHypertension artérielle de lʼHôpital 

Européen Georges Pompidou (HEGP) dirigée par le Pr PF. PLOUIN puis par le Pr 

M.AZIZI et dans le service dʼEndocrinologie de lʼHôpital Cochin dirigé par le Pr X. 

BERTAGNA puis par le Pr J. BERTHERAT (233). Une partie de cette cohorte (202 

PGL/PH) a pu bénéficier du Programme Carte dʼIdentité des Tumeurs de la Ligue 

Contre le Cancer et obtenir la réalisation et lʼanalyse successive de différentes 

« omiques » (transcriptome, méthylome, miRnome, SNP-array) de ces tumeurs. 

 

Ainsi, 13 tumeurs de 13 patients qui avaient précédemment eu une caractérisation 

génomique complète par analyse intégrative multi-omique dans le cadre du 

programme carte dʼidentité des tumeurs (130), ont bénéficié également du 

séquençage dʼexome à partir dʼADN constitutionnel et tumoral. Ce séquençage avait 

été réalisé au laboratoire avant mon arrivée.  

 

Les caractéristiques cliniques des patients atteints sont rapportées dans la Table 10.  
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Echantillons Age Localisation Sécrétion Transcriptome Méthylome Mutation 

HS_021 68 PH B Mixte C2B M3 
 

HS_042 46 PGL A B NS C1A M1 
 

HS_091 64 PH B NMN C2B M3 
 

HS_113 28 PH B NMN C2B M3 
 

HS_125 21 PH B NMN C2B M3 
 

HS_129 36 PH B NMN C2B M3 
 

HS_130 58 PH B Mixte C2B M3 METs 

HS 151 27 PGL A M Mixte C2A M3 
 

HS_164 60 PH B NMN C2B M3 
 

HS_165 47 PH B NMN C2B M3 
 

HS_168 47 PGL A B NMN C2B M3 
 

HS_178 37 PH B NMN C2B M3 METs 

HS 179 70 PH B NMN C2B M3 
 

 

Table 10 : Caractéristiques cliniques des 13 patients et génomiques des 13 

tumeurs dont lʼADN a été analysé par whole-exome sequencing. 

PGL A : PGL abdominal, B : PGL bénin, M : PGL malin, Mixte : sécrétion de 

normétanéphrines et métanephrines concomitantes, NS : non sécrétant, METs : 

mutation somatique du gène MET. 

 

Onze de ces 13 tumeurs se classaient de façon préférentielle dans le cluster M3 du 

méthylome, où se classent les tumeurs dont lʼADN est hypométhylé et dans le cluster 

C2B du transcriptome, siège dʼune activation de la voie des MAP Kinase et de mTOR, 

mais pour lequel le mécanisme génétique en cause restait méconnu dans la grande 

majorité des cas (seules deux mutations somatiques de lʼoncogène MET avaient été 

précédemment retrouvées (130)).  

Une tumeur se classait dans le cluster C2A du transcriptome, siège dʼune activation 

de la voie des MAP Kinase et de mTOR, dans lequel il est habituellement retrouvé 

les tumeurs secondaires aux mutations RET, NF1, TMEM127 et MAX. Aucune 

mutation somatique dans lʼun de ces gènes nʼavait été mise en évidence dans cette 

tumeur. Enfin une tumeur se classait dans le cluster C1A, dont la caractérisation est 

lʼobjet du chapitre suivant.  
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II- TRAVAUX PERSONNELS  

 

1- Interprétation du whole-exome sequencing du PGL pseudo-SDHx 

 

Je me suis donc intéressé en premier  lieu au patient HS_042 car il sʼagissait de la 

dernière tumeur ʻpseudo-SDHxʼ qui se classait systématiquement avec les tumeurs 

SDHx-dépendantes dans les différentes analyses de génomique, notamment dans le 

cluster C1A pseudo-hypoxique du transcriptome et M1 hyperméthylé du méthylome. 

Chez ce patient, aucune mutation sur un gène de prédisposition codant notamment 

pour une protéine du cycle de Krebs nʼavait été identifiée, ni au niveau constitutionnel 

ni somatique. 

En croisant les données du whole-exome sequencing et les données des multi-

omiques, jʼai pu identifier une mutation constitutionnelle dans le gène SLC25A11 qui 

code pour le transporteur mitochondrial du 2-oxoglutarate/malate (OGC). La mise en 

évidence des mutations et la démonstration fonctionnelle du rôle de ce nouveau gène 

dans la genèse des PGL ont fait lʼobjet du deuxième article de ma thèse publié au 

mois dʼavril 2018 dans la revue Cancer Research. 
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Germline Mutations in the Mitochondrial

2-Oxoglutarate/Malate Carrier SLC25A11 Gene

Confer a Predisposition to Metastatic

Paragangliomas
Alexandre Buffet1,2, Aur�elie Morin1,2, Luis-Jaime Castro-Vega1,2, Florence Habarou2,3,

Charlotte Lussey-Lepoutre1,2, Eric Letouz�e2,4,5,6,7, Herv�e Lefebvre8, Isabelle Guilhem9,

Magalie Haissaguerre10, Isabelle Raingeard11, Mathilde Padilla-Girola1, Thi Tran1,2,

Lucien Tchara3, J�erôme Bertherat2,12,13, Laurence Amar1,2,13,14, Chris Ottolenghi2,3,

Nelly Burnichon1,2,15, Anne-Paule Gimenez-Roqueplo1,2,13,15, and Judith Favier1,2

Abstract

Comprehensive genetic analyses have identified germline

SDHB and FH gene mutations as predominant causes of

metastatic paraganglioma and pheochromocytoma. However,

some suspicious cases remain unexplained. In this study, we

performed whole-exome sequencing of a paraganglioma

exhibiting an SDHx-like molecular profile in the absence of

SDHx or FH mutations and identified a germline mutation

in the SLC25A11 gene, which encodes the mitochondrial

2-oxoglutarate/malate carrier. Germline SLC25A11 mutations

were identified in six other patients, five of whom had

metastatic disease. These mutations were associated with

loss of heterozygosity, suggesting that SLC25A11 acts as a

tumor-suppressor gene. Pseudohypoxic and hypermethylator

phenotypes comparable with those described in SDHx- and

FH-related tumors were observed both in tumors with mutat-

ed SLC25A11 and in Slc25a11D/D immortalized mouse chro-

maffin knockout cells generated by CRISPR-Cas9 technology.

These data show that SLC25A11 is a novel paraganglioma

susceptibility gene for which loss of function correlates with

metastatic presentation.

Significance: A gene encoding amitochondrial carrier is impli-

cated in a hereditary cancer predisposition syndrome, expanding

the role of mitochondrial dysfunction in paraganglioma. Cancer

Res; 78(8); 1914–22. �2018 AACR.

Introduction

Pheochromocytomas and paragangliomas (PPGL) are neu-

roendocrine tumors with a very strong genetic component. Up

to 40% of patients with PPGL carry a germline mutation in one

of the 13 susceptibility genes reported so far (two proto-

oncogenes and 11 tumor-suppressor genes; for review, see

ref. 1). Mutations in SDHx genes (SDHA, SDHB, SDHC,

SDHD), encoding the tricarboxylic acid (TCA) cycle enzyme

succinate dehydrogenase (or mitochondrial complex II)

account for approximately 50% of the germline mutations

identified in affected patients and cause multiple or metastatic

PPGL (2). These mutations abolish succinate dehydrogenase

(SDH) activity, resulting in the accumulation of its substrate,

succinate, which acts as an oncometabolite by inhibiting

2-oxoglutarate (2-OG)–dependent dioxygenases. These include

hypoxia-inducible factors (HIF) prolyl-hydroxylases (PHD),

ten-eleven translocation enzymes (TET) DNA demethylases

(which catalyze the conversion of 5-methylcytosine (5-mC)

into 5-hydroxymethylcytosine (5-hmC; ref. 3) and JmjC-

domain containing histone demethylases (which promote
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lysine demethylation of histones; ref. 4). Inhibition of PHD,

TET and JmjC-domain-containing proteins respectively result

in a pseudohypoxic signature and a hypermethylator pheno-

type (5, 6). We previously reported the first integrated multi-

omics study performed on a large collection of 202 PPGL that

remarkably classified tumors according to their genotype (7).

Unsupervised classifications revealed that SDHx-mutated PPGL

systematically clustered together across the genomic platforms.

These tumors formed the so-called cluster 1A (pseudohypoxic)

in the transcriptome study, the cluster M1 (hypermethylated)

following methylome analysis and the cluster Mi1 in the

miRnome-based classification (7). Intriguingly, two tumors

were classified within the SDHx-related clusters in these data

sets (Fig. 1A and B; Supplementary Fig. S1), even though both

did not carry any germline or somatic SDHx mutations. In

the first tumor, whole-exome sequencing identified the first

PPGL-causative germline mutation in the FH gene, encoding

fumarate hydratase, another TCA cycle enzyme (6) previously

known to predispose to hereditary leiomyomatosis and renal

cell carcinoma (HLRCC). Subsequent study identified FH

mutations in four additional patients with PPGL, who had a

high incidence of the metastatic forms of the disease (8). The

aim of the present study was to identify the mutation causing

the second tumor with an SDHx-like genomic profile.

Patients and Methods

Patients

The tumor and blood samples were prospectively collected by

the French COMETE Network. This study was conducted in

accordance with the Declaration of Helsinki and was approved

by the local ethics committee (Comit�e de Protection des Per-

sonnes (CPP) Ile de France II, June 2012). Each patient signed a

written informed consent for genetic analyses. The procedures

used for PPGL diagnosis were in accordance with both internal

and international clinical practice guidelines (2, 9). Germline

DNA was extracted from leukocytes according to standard pro-

tocols. Tumor DNA extraction was performed using the AllPrep

Kit (Qiagen) and theDNAMini Kit (Qiagen) for frozen tumor and

paraffin-embedded tissue, respectively. DNA was quantified and

its purity assessedwith aNanoDropND-1000 spectrophotometer

(Labtech). Mutation analyses of the major PPGL susceptibility

genes were performed as previously described in the Genetic

department of Hôpital Europ�een Georges Pompidou in Paris

(2). Two groups of patients for whom no known mutation in a

PPGL predisposition gene had been identified were enrolled: a

first group of 267 patients with a clinical history suggestive of

a hereditary PPGL (multiple tumors, early onset or family history

of PPGL) and a second group of 372 patients with apparently

sporadic PPGL (Table 1).

Whole-exome sequencing

Exome sequencing was performed by IntegraGen Genomics

(Evry, France) as previously described (6). The germlinemutation

identified in the SLC25A11 gene was validated by Sanger

sequencing.

Next-generation sequencing on known PPGL susceptibility

genes

PPGL susceptibility genes coding regions and exon-intron

boundaries (SDHx, VHL, EPAS1, EGLN1, EGLN2, NF1, RET,

TMEM127, MAX, FH and MDH2 genes) were amplified using

the SDH MASTR Kit V2.0 (Multiplicom, Belgium). Libraries

were sequenced onMiSeq platform (Illumina) using v3 chemistry

according to the standard protocol. Alignment and variant

calling were performed using SeqNEXT (JSI medical systems) and

PolyDiag (Paris Descartes university) software.

Genome editing in SLC25A11 gene by the CRISPR–Cas9

method

Targeted gRNA was designed in silico by using http://crispr.

genome-engineering.org/ as previously described (10). gRNA

was transcribed in vitro using the kit PrecisionX Cas9

SmartNuclease RNA system (System Biosciences CAS510A-

KIT). Briefly, targeted oligonucleotides were annealed to

form double strands, and then cloned into SmartNuclease

Linearized T7 gRNA Vector. The resulting recombinant

vector was linearized by EcoRI digestion. The generated

template was used to produce gRNA by in vitro transcription.

gRNA was then purified (miRNeasy minikit, Qiagen) and its

purity was assessed using the Experion RNA StdSens Analysis

Kit (Bio-Rad).

Wild-type immortalized mouse chromaffin cells (WT imCC),

previously generated by our laboratory (6), were transfected with

0.6 mg of gRNA (RNA i-MAX; Life Technologies) and 2 mg of Cas9

(System Biosciences CAS940A-1) and YFP plasmids (Lipofecta-

mine 2000; Life Technologies). Fluorescent cells were cloned

by FACS sorting. Clones were screened by direct sequencing of

the targeted sequence of murine Slc25a11 gene. Two consecutive

transfections were performed: the first generated three hetero-

zygous clones out of 70, and the second performed on hetero-

zygous clones generated 51 homozygous clones out of 129.

Predicted exonic off-target sequences were screened by direct

sequencing (KRT9 exon 2, TMEM260 exon 16, ALDH2 exon 10,

KANK1 exon 19, FCRLB exon 2). Mycoplasma contamination

was ruled out using the PCRMycoplasma Test kit I/C (PromKine,

PK-CA91-1048). All experiments were performed between pas-

sages 15 and 20.

Slc25a11D/D clones transfection by Slc25a11 plasmid

Slc25a11D/D clone 6 was transfected with 2 mg of Slc25a11-

expressing vector (ORIGENE, MR204477) using Lipofectamine

2000 (Life Technologies). Twenty-four hours later, selection

was performed by Geneticin (Sigma, G8168, 800 mg/mL)

and selected cells were cloned by limited dilution under Genet-

icin selection.

5-methylcytosine and 5-hydroxymethylcytosine ELISA

200ngof denaturedDNAwas added to theReacti-BindCoating

Solution (Thermo, 17250) and incubated in a 96-well plate at

37�C for one hour. After blocking for 30 minutes with a blocking

buffer [PBS1X, 5 g/l BSA, and 0,5% of Kathon CG/ICP (Supelco

5-0127)], anti-5-methylcytosine (1/5,000,Calbiochem,NA81)or

anti 5-hydroxy-methylcytosine (1/200, Actif Motif, 39759) and

secondary antibody (1/1,000) were added to the wells and

incubated at 37�C overnight. The plate was then incubated

with Streptavidin-HRP (BD Biosciences, 554066) for 30minutes.

Finally, revelation was performed by adding a solution of

5 mg/mL of TMB (Sigma), citrate 0,1 mol/L pH 5 and 3%

hydrogen peroxide. Reaction was stopped with sulfuric acid and

the absorbance was read at 450 nm. The experiments were

performed three times.
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Figure 1.

Identification of an SLC25A11mutation in a patient with a paraganglioma.A, Transcriptome-based classification of 188 PPGL collected by the COMETE cohort reveals

five clusters strongly associated with driver mutations. The paraganglioma of patient #1 classifies within cluster C1A together with SDHx- and FH-mutated

tumors. B, The proportion of probes located within CpG islands that are hypermethylated with respect to normal samples (beta value difference > 0.2) is

represented as a function of tumor subtype. Hypermethylated (M1) tumors are divided according to the mutated driver gene. The paraganglioma of patient #1

classifies within cluster M1 together with SDHx- and FH-mutated tumors. C, Pedigree of patient #1 (black box) shows several cases of cancers (gray boxes)

in his family. D, Positive SDHB IHC of the patient #1's paraganglioma. E, B alleles frequency plots generated by SNP array analysis of the patient #1's paraganglioma

showa 17p copy neutral LOH. F,Electropherograms of Sanger sequencing of the exon 6of SLC25A11 gene showing the c.715C>Amutation at heterozygous state from

germline and at homozygous state from tumor DNA of patient #1 compared with a control DNA.
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Statistical analysis

Data were analyzed by one-way ANOVA. The results were

considered to be significant if P < 0.05. Statistics tests were carried

out using the Graph-Pad software.

Results

Characterization of the unexplained SDHx-like tumor

The unexplained tumor with a pseudo-SDHx profile (Fig. 1A

and B; Supplementary Fig. S1) was a nonsecreting abdominal

paraganglioma diagnosed in a 46 years-old patient (Patient #1).

Genetic counseling revealed a family history of cancer, with his

father deceased at 49 from a cancer of unknown origin discovered

by bone metastases, a paternal uncle with bone cancer, and a

paternal cousin with a head and neck tumor (Fig. 1C). Unfortu-

nately, it was not possible to retrieve neither more specific clinical

information regarding the relatives of the paternal branch sus-

pected to be affected, nor tumors or DNA samples. Patient #1's

tumor was positive for SDHB by immunochemistry (Fig. 1D)

confirming the absence of SDHx mutations (11). Whole-exome

sequencing performed on leukocyte DNA identified 2,343 germ-

line genetic variations (2,213 SNVs and 130 InDels). After filtra-

tion of the common polymorphisms described in the dbSNP,

ExAC or 1000 Genome databases, 218 variations remained. We

hypothesized that similar to SDHx and FH genes, the causative

gene could be a tumor suppressor, and searched for variations

associated with a loss of heterozygosity (LOH) using SNP array in

tumor DNA (Fig. 1E). We found 54 variations, of which 11 were

classified as pathogenic according to in silico analyses (Supple-

mentary Table S1). Among them, we identified a candidate

genetic variation [c.715C>A, p.(Pro239Thr)] in the SLC25A11

gene (NM_003562), encoding themitochondrial 2-oxoglutarate/

malate carrier (OGC) protein. The presence of the SLC25A11

variation, heterozygous in germline and homozygous in tumor

DNA, was confirmed by Sanger sequencing (Fig. 1F). OGC is part

of the malate/aspartate shuttle (MAS) andmediates the transport

of 2-OG from the mitochondrial matrix to the cytoplasm in an

electroneutral exchange for malate (Fig. 2A). The proline at

position 239 is part of a PX[D/E]XX[K/R]X[K/R] signature

sequence motif (PROSITE PS50920, PFAM PF00153), which is

highly conserved across species, particularly in the SLC25 family

of mitochondrial transporters (12). Mutagenesis of this amino

acid in bovine OGC results in a severe defect of 2-OG transport

activity (12). We performed OGC immunohistochemistry (IHC)

Figure 2.

SLC25A11 mutation is associated with loss of OGC, hypermethylator phenotype, and metabolic reprogramming. A, Schematic presentation of the

malate–aspartate shuttle, composed of the OGC (encoded by SLC25A11) and the aspartate–glutamate carriers (AGC, encoded by SLC25A12 and 13 genes). Asp,

aspartate; Glu, glutamate;Mal, malate; OAA, oxaloacetate.B,OGC IHC in the SLC25A11-mutated paraganglioma frompatient #1 shows no immunostaining,whereas a

strong granular staining expected from a mitochondrial protein is observed in SDHB and NF1-mutated tumors. 5-hmC and H3K9 IHC in SLC25A11-mutated

paraganglioma from patient #1 show an immunostaining, suggesting DNA and histone methylation.

Table 1. Main clinical and tumor features of patients from the validation cohort

Clinical feature Number of patients Percentage

Benign PPGL 518 81%

Single HN PGL 74

Single TAP PGL 180

Single PCC 189

Unknown localization 1

Multiple HN PGL 25

Multiple TAP PGL 12

Bilateral PCC 17

HN þ TAP PGL 5

PCC þ TAP PGL 14

Unknown localization 1

Metastatic PPGL 121 19%

Single HN PGL 13

Single TAP PGL 32

Single PCC 66

Unknown localization 3

Multiple HN PGL 1

Multiple TAP PGL 2

Bilateral PCC 3

PCC þ TAP PGL 1

639

Abbreviations: HN, head and neck PGL; PCC, pheochromocytoma; TAP, thoracic

and abdominopelvic PGL.
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on the paraffin-embedded tumor. We observed no OGC pro-

tein in the PGL carrying the SLC25A11 mutation in contrast

with the 20 PPGL tumors without SLC25A11mutations used as

controls (6 SDHx, 1 FH, 3 RET, 4 NF1, 1 TMEM127, 3 MAX, 2

sporadic cases; Fig. 2B; Supplementary Table S2). 5-hmC and

H3K9me3 IHC further validated a hypermethylated phenotype

affecting both DNA and histones, as previously described in

SDHx-mutated tumors (6, 13). Altogether these data suggested

that germline [c.715C>A, p.(Pro239Thr)] SLC25A11 mutation

associated with somatic loss of the wild-type allele causes the

patient's PGL.

SLC25A11 gene sequencing on a large cohort of PPGL

To establish the frequency of SLC25A11 mutations in patients

with PPGL, the 8 exons and exon/intron junctions of the gene

were sequenced by Sanger method in a large cohort of 639

patients for whom no germline mutation had been identified in

the major PPGL susceptibility genes (SDHx, RET, VHL,

TMEM127, MAX, FH), nor in the recently described MDH2 gene

(14). These patients had a mean age at diagnosis of 34.8 years �

15.6 (Table 1) and among them, 121 (19%) had a metastatic

disease. Eighty-one (13%) had multiple PPGL and 13 (2%)

reported a family history of the disease. We identified six patients

with germline SLC25A11 mutations (Table 2; Supplementary

Table S3). Five patients had a single metastatic abdominal PGL

andone a head andneck PGL; none had a known family history of

PPGL (Supplementary Fig. S2 and Supplementary Clinical Data).

All six mutations (2missense, 2 frameshifts, one intronic and one

silentmutation)werepredicted tobedeleterious in silico (Table 2).

None of these variants was present in the dbSNP nor ExAC

databases. The missense mutations affected highly conserved

amino acids (Supplementary Fig. S3A) located in the signature

protein sequence or in the alphamatrix helix, both well known to

be critical forOGC function (Supplementary Fig. S3B; refs. 12, 15,

16). Interestingly, the silent p.Ala236Alamutation was associated

with a marked decrease in SLC25A11 mRNA levels in leukocytes

(Supplementary Fig. S3C). LOH was identified in tumor DNA of

the three patients for whom tumor tissue was available (Supple-

mentary Fig. S3D) and all evaluable tumors were negative for

OGC by IHC (Table 2; Supplementary Fig. S4). Next-generation

sequencing (NGS) performed on tumor DNA of patient #1, #4

and #6 showed no somatic mutation in SDHx, VHL, EPAS1,

EGLN1, EGLN2, NF1, RET, TMEM127, MAX, FH and MDH2

genes. We had not enough material to performed NGS on PGL

of patient #2. We carried out 5-hmC (Supplementary Fig. S5),

H3K9me3 (Supplementary Fig. S6) and H3K27me3 IHC (Sup-

plementary Fig. S7) to establish whether these tumors displayed a

hypermethylator phenotype, as the one we observed in the initial

SLC25A11-mutated case. In all but one of the SLC25A11-mutated

tumors (patient #2), 5-hmC immunolabelling was less intense in

tumor cells than in endothelial or sustentacular cells (Table 2;

Supplementary Fig. S5), whereas H3K9me3 andH3K27me3were

positive in all cases (Table 2; Supplementary Fig. S6 and S7).

Hence, SLC25A11mutations apparentlymediate the inhibition of

TET and JmjC-domain containing demethylases, as we previously

reported in SDHx- and FH-mutated PPGL (6).

Slc25a11 knockout in immortalized mouse chromaffin cells

To fully demonstrate that SLC25A11 is a new tumor-suppressor

gene, we generated a knockout (KO) of the Slc25a11 gene using

the CRISPR/Cas9 approach in wild-type immortalized mouse

chromaffin cells (WT imCC; ref. 6; Supplementary Fig. S8A). Two

Slc25a11D/D clones (c4 and c6) were selected for analyses. These

clones carried a homozygous c.720delG and a heterozygous

c.720_733del14 variant in the Slc25a11 gene (Supplementary

Fig. S8B and S8C), both leading to premature stop codons in

exon 7. The correspondingmutation results in the loss of the third

signature sequence motif and the H56 alpha matrix helix (Sup-

plementary Fig. S8D). A rescue was then performed by stably

transfecting an Scl25a11-expressing vector in the Slc25a11D/Dclone

6 (clone c6-R). Western blot analysis of OGC protein levels

revealed a loss of the transporter in both Slc25a11D/D clones, and

its re-expression in the c6-R cells (Supplementary Fig. S8E). Both

Slc25a11D/D clones exhibited nuclear translocation of HIF2a sim-

ilar to Sdhb�/� cells, which was not seen in WT imCC, nor in the

c6-R cells (Fig. 3A). We used an ELISA method to quantify the

levels of 5-mC and 5-hmC in the different cell types. As expected,

5-mC levels were 2-fold higher in Sdhb�/� imCCs than inWT cells.

Similarly, both Slc25a11D/D clones displayed an approximately

2-fold increase in 5-mC content, reflecting a hypermethylated

phenotype, which was reversed in the Slc25a11-rescued cells

(Fig. 3B). Accordingly, 5-hmC levels in WT imCC and c6-R were

higher than in Sdhb�/� and Slc25a11D/D cells (Fig. 3C). Hence,

Slc25a11 inactivation promotes both a pseudohypoxic and a

hypermethylated phenotype.We next evaluated the proliferation,

migration and adhesion capacities of Slc25a11D/D imCCs in

comparison to those of wild-type, Sdhb�/� and Slc25a11-rescued

cells. Slc25a11-deficient cells displayed a decrease in proliferation,

compared to WT cells, which was much less marked than

that observed in Sdhb-deficient cells (Supplementary Fig. S8F).

They showed increased adhesion as compared to WT cells,

which was however inferior to that observed in Sdhb�/� imCC

(Fig. 3D). Slc25a11 KO cells demonstrated a 2-fold increase in

collective migration as compared with the WT and c6-R cells

and comparable with the Sdhb�/� imCC (Fig. 3E). Altogether,

these in vitro data obtained with two different Slc25a11 KO clones

and the reversion of the phenotypes shown by the rescue experi-

ments clearly demonstrate that loss of Slc25a11 gene mediates

Table 2. Clinical, genetic, and immunohistological characteristics of SLC25A11 mutation carriers

Sex Age

Tumor

location Meta

Delay for meta

diagnosis Secretion

cDNA

mutation Protein alteration LOH

OGC

IHC

5-hmC

IHC

H3me3

IHC

Patient #1 M 46 A PGL No NA No c.715C>A p.(Pro239Thr) Yes Neg Neg Pos

Patient #2 F 51 A PGL Yes sync NM c.439A>G p.(Met147Val) Yes Neg Pos Pos

Patient #3 M 67 A PGL Yes 3 years NM c.248þ3A>G p.? ND ND ND ND

Patient #4 F 32 HN PGL No NA No c.708C>T p.(Ala236Ala) Yes Neg Neg Pos

Patient #5 F 87 A PGL Yes sync NM c.25delG p.(Ala9ProfsTer4) ND ND ND ND

Patient #6 F 59 A PGL Yes 3 years NM c.421G>A p.(Glu141Lys) Yes Neg Neg Pos

Patient #7 F 74 A PGL Yes sync NM c.107_108del p.(Thr36SerfsTer71) Yes Neg Neg Pos

Abbreviations: Meta,metastases; A PGL, abdominal paraganglioma; HN PGL, head and neck paraganglioma; sync, synchronous; NM, normetanephrines; LOH, Loss of

heterozygosity; H3me3, H3K9me3 and H3K27me3; Neg, negative; Pos, positive; ND, not determined; NA, not applicable.
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pseudo-hypoxic signature, hypermethylator phenotype and the

acquisition of metastatic properties.

To decipher the mechanism linking SLC25A11 loss of function

and this phenotype, we performed metabolomic analysis in the

different cell types, which showed normal levels of succinate

(Supplementary Fig. S8G) but higher levels of aspartate and

glutamate, and lower levels of 2-OG in Slc25a11D/D cells

(Fig. 4A). Interestingly, treating Slc25a11D/D cells with 2-OG

reversed the migratory phenotype, demonstrating the role of

this metabolite in the SLC25A11 tumorigenic cascade (Fig. 4B).

Metabolomic analysis performed on the frozen tumor of patients

#1, #6 and #7 showed normal succinate levels (Supplementary

Fig. S9) whereas, consistent with MAS dysfunction and in vitro

data, aspartate and glutamate concentrations were elevated in all

three SLC25A11-mutated tumors compared with control PPGL

samples from the cluster 1A (2 SDHB and 1 SDHD-mutated cases)

Figure 3.

Characterization of Slc25a11D/D immortalized mouse chromaffin cells. A, Immunofluorescence showing HIF2 nuclear localization in Slc25a11D/D (clones c4

and c6) and Sdhb�/� imCCs, whereas the signal is restricted to the cytoplasm in WT cells and SLC25A11 rescued cells (c6-R). B, 5-methylcytosine

quantification by ELISA in all cell types reveals the hypermethylator phenotype of Slc25a11D/D cells at comparable level with that observed in Sdhb-deficient imCCs.

C, 5-hydroxymethylcytosine quantification by ELISA in all cell types shows a decrease level of 5-hmC quantification in Slc25a11-deficient cells at comparable

level with Sdhb-deficient imCCs. D, Increased adhesion in Slc25a11D/D and Sdhb�/� as compared with WT and c6-R imCCs. E, Scratch test experiments

reveal that collective migration is increased in Slc25a11D/D and Sdhb�/� imCCs compared with WT and c6-R cells. Data are mean � SEM; � , P < 0.01 versus WT;

x, P < 0.01 c4 and c6 versus c6R.
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or the cluster 2 (3 RET, 1 TMEM127 and 1 sporadic case; Fig. 4C).

2-OG levels were highly variable between tumors homogenates

and did not show such decrease (Supplementary Fig. S9).

Discussion

We identified SLC25A11 as a new tumor-suppressor gene

implicated in the predisposition to metastatic paraganglioma.

This gene encodes a carrier that participates to malate–asparate

shuttle (MAS) by mediating the transport of 2-OG from the

mitochondrial matrix to the cytoplasm in an electroneutral

exchange with malate. MAS is composed of OGC (SLC25A11)

and of two aspartate–glutamate carriers: CITRIN (SLC25A13) and

ARALAR (SLC25A12; Fig. 2). This shuttle regenerates NADH pool

in mitochondrial matrix to allow complex I function (17). After

the identification of 7 PPGL predisposing genes encoding TCA

cycle enzymes (SDHA, B, C, D, SDHAF2, FH andMDH2), it is the

first time that a gene encoding a mitochondrial carrier is impli-

cated in PPGL tumorigenesis. Interestingly, patients with CITRIN

deficiency caused by homozygous germline mutation in

SLC25A13 have an increased risk of hepatocellular carcinoma

following hepatic inflammation and fibrosis (18). Also, hetero-

zygous germline mutations in the SLC25A13 gene have been

implicated in hepatocellular carcinoma in Asiatic population,

suggesting a potential role for MAS in tumorigenesis (19). Nev-

ertheless, mutations in SLC25A13 reported in the latter study are

frequent in Asiatic population raising the question of their actual

pathogenicity (20).

More strikingly, a gain-of-function mutation in the GOT2

gene, encoding the mitochondrial aspartate aminotransferase

was very recently reported in a PGL patient, further reinforcing

the link between MAS dysfunction and PPGL (21). The aspar-

tate aminotransferase catalyzes the interconversion of aspartate

and 2-OG to oxaloacetate and glutamate. Our metabolomics

data show a marked increase in aspartate and glutamate in both

SLC25A11-mutated human samples and KO mouse cells asso-

ciated with a decrease in 2-OG in the KO cells. Various deri-

vatives of glutamate and aspartate were previously shown to be

potent inhibitors of HIF prolyl hydroxylases (22). Furthermore,

these changes associated with the decrease in 2-OG levels may

suggest an increased GOT2 activity in SLC25A11-deficent cells.

This could lead to an alteration of the 2-OG/succinate ratio and

to the subsequent inhibition of 2-OG dependent enzymes. This

is consistent with the recent data on GOT2 activating mutation,

where the aspartate/glutamate ratio is also increased (21).

Hence, although further studies will be needed, these observa-

tions may explain the link between MAS dysfunction and

tumorigenesis.

We show that SLC25A11 gene mutations account for 1% of

all PPGL, a frequency equivalent to the recently identified PPGL

susceptibility genes (SDHA, TMEM127, MAX, FH; refs. 1, 8, 14).

Although these data will need to be confirmed in an indepen-

dent cohort, our analysis of more than 600 patients does

suggest that SLC25A11 gene should now be screened in patients

with PPGL, especially for those with a malignant phenotype. It

is still unclear what will be the penetrance of the disease in

affected families. The information we could obtain on few

relatives of the SLC25A11-mutation carriers were suggestive of

family history of cancers (cases reported with bone metastases

of unknown primitive cancer, leukemia, as well as colon,

breast, prostate and throat cancers) but not precise enough to

allow drawing definite conclusions. So, it should further be

assessed whether SLC25A11-mutations may confer an

increased risk to other type of cancers. Moreover, SLC25A11

somatic mutations or copy-number alterations have been

reported in various types of cancers in The Cancer Genome

Atlas (TCGA) project or the Catalog Of Somatic Mutations In

Cancer (COSMIC) database (Supplementary Table S4), and 33

of these 145 samples were shown to present an underexpres-

sion of SLC25A11 mRNA, thus strengthening the hypothesis of

a role of SLC25A11 in the tumorigenesis of other types of

cancers. Interestingly, a low expression of SLC25A11 is associ-

ated with a reduced survival in renal and pancreatic cancers,

according to the TCGA studies (23).

It is worth noting that SLC25A11 gene mutations are strongly

associated with the development of metastatic PPGL as 5% of all

metastatic patients in our cohort were SLC25A11 mutations

carriers and a malignant phenotype was observed in 5 out of the

Figure 4.

A, Metabolomic profiling in the different

cell types shows increased levels of

intracellular aspartate and glutamate in

Slc25a11-deficient cells (clones c4 and c6)

versus WT, whereas 2-OG is decreased

in Slc25a11D/D cells. Aspartate and

glutamate both decrease, whereas 2-OG

increases inSLC25A11 rescued cells (c6-R).

B, 2-OG treatment (hashed bars) reverses

the collective migration capacities of

Slc25a11-deficient cells (clones c4 and c6).

C, Metabolomic analysis of the SLC25A11-

mutatedparagangliomaof patients #1, #6,

and #7 reveals that aspartate and

glutamate steady-state levels are

increased as compared with control

tumors from the cluster 1A (2 SDHB,

1 SDHD PPGL) or the cluster 2 (3 RET,

1 TMEM127, 1 sporadic PPGL). � , P < 0.01

versus WT.
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7 (71%) SLC25A11mutation carriers (Table 2). In particular, we

found germline SLC25A11 mutations in 5 out of 30 (17%)

patients with a single, apparently sporadic metastatic abdom-

inal PGL (Table 1). In PPGL, malignancy diagnosis is made at

the time of the diagnosis of the first metastasis (24) and the

identification of an SDHB or an FHmutation are a risk factor for

malignant disease. This study suggests that similar to SDHB and

FH mutations, SLC25A11 could be considered as a new genetic

risk factor of metastatic PPGL. This observation is important for

the follow-up of mutation carriers and may also have some

important consequences on their therapeutic management.

SDHx, FH- and now SLC25A11-mutated tumors should be

managed as the so-called 'Cluster 1A' associated tumors. They

display pseudo-hypoxic and hypermethylator phenotypes that

probably participate to the acquisition of some metastatic

properties (6, 25). Hence, antiangiogenic therapies or demethy-

lating agents such as low-dosed 5-aza-deoxycytidine may be of

therapeutic benefit for these specific patients. Similarly, it has

recently been shown that MGMT promoter methylation in

SDHB-metastatic PPGL confers an increased response to temo-

zolomide (6, 26). Hence, SCL25A11-mutated carriers may also

benefit from such therapy.

In conclusion, we show, using a large cohort of affected

patients and an in vitro experimental model generated by

CRISPR/Cas9 technology, that SLC25A11 is a new tumor-sup-

pressor gene conferring a predisposition to metastatic PPGL.

The data reported here show how a mitochondrial dysfunction

driven by a transporter inactivation can lead to tumorigenesis,

and further broadens the field of mitochondrial genetic defects

and cancer.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: A. Buffet, N. Burnichon, A.-P. Gimenez-Roqueplo,

J. Favier

Development of methodology: A. Morin, J. Favier

Acquisition of data (provided animals, acquired and managed patients,

provided facilities, etc.): L.-J. Castro-Vega, F. Habarou, C. Lussey-Lepoutre,

E. Letouz�e, H. Lefebvre, I. Guilhem, M. Haissaguerre, M. Padilla-Girola, T. Tran,

L. Tchara, J. Bertherat, L. Amar, C. Ottolenghi, A.-P. Gimenez-Roqueplo

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,

computational analysis): A. Buffet, L.-J. Castro-Vega, F. Habarou, E. Letouz�e,

N. Burnichon, A.-P. Gimenez-Roqueplo, J. Favier

Writing, review, and/or revision of themanuscript:A. Buffet, L.-J. Castro-Vega,

F. Habarou, I. Raingeard, J. Bertherat, N. Burnichon, A.-P. Gimenez-Roqueplo,

J. Favier

Administrative, technical, or material support (i.e., reporting or organizing

data, constructing databases): A.-P. Gimenez-Roqueplo

Study supervision: A.-P. Gimenez-Roqueplo, J. Favier

Acknowledgments
We thank Profs. Pierre-François Plouin and Xavier Bertagna for making this

work possible through the COMETE Network. We also thank Jean-Michael

Mazzella, M�elanie Menara, Aur�elien de Reyni�es, Nabila Elarouci, Dr. Rossella

Lib�e, Prof. Antoine Tabarin, Prof. C�ecile Badoual, Dr Tchao M�eatchi,

Dr. Mathilde Sibony, Dr Fr�ed�erique Tissier, Prof. Nathalie Rioux-Leclercq,

Dr. François Le Gall, Dr. Françoise Gobet, Prof. B�eatrice Vergier, Dr. Isabelle

Pellegrin, Dr. Joel Edery, andDr. Nathalie Carrere for their help, Estelle Robidel,

Ma€evaRuel, Irmine Ferrara, StefaniMazurkiewics, Christophe Simian andMarie

Fontenille for technical assistance, Catherine Tritscher for administrative assis-

tance and Pr. Bertrand Tavitian for helpful discussion. We also thank all

members of the Genetics Department and Biological Resources Center and
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SUPPLEMENTARY	METHODS	

	

Direct	sequencing	of	SLC25A11	gene	

Direct	sequencing	of	the	eight	exons	and	exon-intron	boundaries	of	the	SLC25A11	gene	

was	 performed	 by	 Sanger	 method.	 Specific	 primers	 to	 amplify	 small	 amplicons	 were	

designed	 for	 SLC25A11	 gene	 sequencing	 of	 DNA	 extracted	 from	 paraffin	 embedded	

tissues.	Primers	sequences	are	available	upon	request.		The	sequencing	reactions	were	

performed	 using	 the	 BigDye	 Terminator	 v3.1	 kit	 (Life	 Technologies),	 in	 an	 ABI	

Prism3730XL	 DNA	 Analyzer	 (Perkin	 Elmer	 Applied	 Biosystems,	 Foster	 City,	 CA).	 We	

assessed	 the	potential	pathogenicity	of	variants	with	Alamut®-Mutation	 Interpretation	

Software	version	2.3.2	(http://www.interactivebiosoftware.com/software.html).	

	

RT-qPCR	on	leukocyte	RNA	

Total	 leukocyte	 RNA	was	 extracted	 on	 Paxgene	 tube	 (PreAnalytiX)	 by	 the	Maxwell	 16	

IVD	 Instrument	 (Maxwell	16	LEV	simply	RNA	Blood	Kit,	Promega).	RNA	was	quantified	

and	its	purity	assessed	with	a	NanoDrop	ND-1000	spectrophotometer	(Labtech).	After	a	

reverse	 transcription,	 quantitative	 PCR	 was	 performed	 on	 SLC25A11	 transcript	 from	

patient	#4	and	three	controls	on	the	C1000	Touch	(Biorad).		

	

Immunohistochemical	analyses	

Immunohistochemistry	 (IHC)	was	performed	on	6	micrometers	 sections	 from	paraffin-

embedded	 tumors.	 Anti-5-hmC	 (1/1200,	 Active	 Motifs,	 39759),	 H3K9me3	 (1/1000,	

Active	Motifs,	 39161),	H3K27me3	 (1/1000,	Active	Motif,	 39156),	 SDHB	 (1/500,	 Sigma-

Aldrich,	HPA002868)	IHC	and	interpretation	were	performed	as	previously	described	(1).	

Anti-OGC	 IHC	 was	 carried	 out	 with	 the	 anti-SLC25A11	 antibody	 produced	 in	 rabbit	

(HPA021167,	Sigma-Aldrich)	at	a	1:10	dilution	and	following	antigen	retrieval	by	boiling	

slides	in	Tris-EDTA	buffer	(pH9)	for	45	min.	Revelation	was	achieved	with	Histogreen	in	

all	cases.	Images	were	acquired	with	a	Leica	DM400B	microscope	with	Leica	Application	

Suite	software	version	2.8.1,	and	a	Leica	DFC420C	camera.		
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Western	blot	

Protein	extracts	were	prepared	with	RIPA	lysis	buffer.	Equal	quantities	of	proteins	were	

separated	 on	 acrylamide	 12	 %	 gels	 and	 transferred	 to	 PVDF	 membranes.	 The	

membranes	 were	 incubated	 overnight	 at	 4°C	 with	 primary	 antibody	 (anti-SLC25A11	

(1/1000,	 Abcam	 ab80464)	 or	 anti-SDHA	 (1/5000,	 Abcam	 ab14715)).	 The	 membranes	

were	 washed	 in	 PBS,	 0.05%	 tween-20,	 and	 incubated	 with	 horseradish-peroxidase-

conjugated	 anti-rabbit	 or	 anti-mouse	 antibodies	 (Bio-FX).	 The	 bound	 antibodies	 were	

revealed	by	chemiluminescence	using	ECL	(Pierce)	and	the	results	read	with	a	LAS-4000	

Mini	 (Fuji).	 The	 experiment	 was	 performed	 independently	 three	 times	 and	

representative	results	are	shown.	

	

Immunofluorescence		

Cells	were	cultured	on	glass	slides	until	80%	confluence.	They	were	then	washed	in	PBS	

and	fixed	for	10	min	in	ice-cold	4%	paraformaldehyde.		The	slides	were	incubated	with	

primary	 antibody	 for	 2	 hours	 at	 room	 temperature	 (anti	 HIF2-alpha,	 R&D	 systems,	

AF2997)	 and	 then	 washed	 with	 PBS.	 The	 slides	 were	 incubated	 with	 the	 secondary	

antibody,	conjugated	with	Alexa	Fluor	594	(1/2000,	Invitrogen),	was	incubated	for	1	h,	

at	 room	 temperature	 in	 the	 dark	 and	 then	 washed	 with	 PBS.	 The	 slides	 were	 finally	

mounted	 in	 Vectashield,	 containing	 DAPI,	 to	 stain	 the	 nuclei.	 Image	 acquisition	 was	

performed	 using	 an	 Axioimager	 Z1	 Zeiss,	 with	 apotome	 system.	 The	 experiment	 was	

performed	three	times.	

	

Cell	migration	assay	

Cells	were	treated	48	hours	by	5	mM	of	dimethyl	2-oxoglutarate	(Sigma	Aldrich).	Non-

treated	 and	 treated	 cells	were	 seeded	 in	 6-well	 dishes.	 Twelve	 hours	 later,	when	 the	

cells	were	confluent,	a	wound	was	made	in	the	cell	 layer	and	cells	were	maintained	in	

standard	medium	for	10	hours.	The	relative	cell	migration	was	established	by	calculating	

the	 closure	 index	 by	 the	 analysis	 of	 10	 images	 for	 each	 time	 point	 using	 imageJ	

software.	The	experiment	was	performed	three	times,	in	duplicates.	
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Cell	proliferation	

50.000	cells	were	plated	on	6-well	plates.	Growth	curves	were	established	by	counting	

cells	 after	 two,	 four	 and	 six	 days.	 The	 experiment	 was	 performed	 three	 times,	 in	

duplicates.	

	

Cell	adhesion	

After	complete	detachment	from	their	plates	by	trypsin	EDTA	0,05	%	(Gibco),	cells	were	

plated	in	12-wells	plates.	Cell	adhesion	was	evaluated	by	taking	picture	two	hours	after	

plating.	 Adherent	 and	 non-adherent	 cells	 were	 identified	 on	 the	 basis	 of	 their	

morphology.	The	experiment	was	performed	three	times.	

	

Metabolite	quantification		

Snap-frozen	tumor	samples	(from	patient	#1,	#6	and	from	5	tumors	classified	in	cluster	

2	 by	 the	 transcriptome	 used	 as	 controls	 (one	 sporadic,	 one	 TMEM127-	 and	 3	 RET-

mutated	 PPGL),	 aliquots	 of	 100	 µl	 of	 cell	 pellets	 resuspensions,	 and	 the	 supernatant	

from	imCC	cultures	(WT,	Sdhb-/-	clone	(c8)	and	two	Slc25a11
∆/∆	

clones	(clones	4	and	6)	

and	Slc25a11-rescued	cells	(c6-R))	were	processed	by	methanol	precipitation	or	organic	

extraction	with	ethylacetate,	derivatized	with	N,O-bis(trimethylsilyl)	trifluoroacetamide	

with	 1%	 trimethylchlorosilane,	 and	 analyzed	 by	 gas	 chromatography-tandem	 mass	

spectrometry	on	a	GC-MS	triple	quadrupole	(Scion	TQ,	Brüker	Daltonics).	Organic	acids	

were	 identified	 according	 to	 retention	 time	 and	 mass	 spectra	 in	 selected	 reaction	

monitoring	 mode	 based	 on	 standard	 spectral	 reference	 libraries.	 Amino	 acids	 were	

quantified	 both	 by	 this	 method	 and	 by	 liquid	 chromatography	 tandem	 mass	

spectrometry	(Acquity	TQD,	Waters).	Stable	isotope	labeled	internal	standards	included	

U-
13
C4	fumarate,	U-

13
C4	succinate,	U-

13
C4	malate,	1,2,3,4-

13
C4	2-oxoglutarate,	2,3,3,4,4-

D5	glutamate	and	2,3,3-D3-aspartate	from	Cambridge	Isotope	Laboratories.	
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SUPPLEMENTARY	CLINICAL	DATA	

	

Patient	#1		

An	 abdominal	 mass	 was	 incidentally	 discovered	 in	 this	 46-years	 old	 male	 during	 a	

doppler	evaluation	performed	for	surveillance	of	smoking	complications.	An	abdominal	

CT	scan	revealed	a	34	mm	image	evocating	of	Zuckerkandl	PGL	and	a	6	mm	right	basal	

pulmonary	 nodule.	 The	 patient	 had	 no	 clear	 familial	 history	 of	 PPGL,	 but	 a	 paternal	

cousin	had	had	surgery	for	a	cervical	tumor	and	his	father	died	of	a	metastatic	cancer	of	

unknown	 origin	 at	 49	 years	 old.	 His	 blood	 pressure	 was	 normal	 as	 well	 as	 urinary	

concentrations	 of	 total	 metanephrine	 and	 normetanephrine.	
111

In-pentetreotide	

scintigraphy	(Octreoscan)	was	normal	whereas	
123

I-MIBG	scintigraphy	revealed	a	unique	

fixation	on	the	abdominal	PGL.	He	underwent	surgery	and	the	pathological	analysis	of	

the	 tumor	 diagnosed	 a	 37	 mm	 PGL	 without	 any	 lymph	 node	 metastasis	 and	 rare	

intravascular	bolus.	Thirteen	years	later,	no	recurrence	has	been	detected	and	the	size	

of	pulmonary	nodule	was	stable	under	1	cm.		

	

Patient	#2		

The	 patient	 was	 a	 51	 years	 old	 female,	 with	 no	 familial	 history	 of	 the	 disease,	 who	

suffered	 from	 arterial	 hypertension	 since	 she	 was	 41	 years	 old.	 She	 presented	 with	

upper	 gastrointestinal	 bleedings	 and	 gastroscopy	 revealed	 a	 duodenal	 tumor.	

Abdominal	CT	scan	showed	that	the	40	mm	tumor	was	located	between	duodenum	and	

pancreas.	 The	 patient	 underwent	 a	 cephalic	 duodenopancreatectomy.	 	 Pathological	

analysis	 diagnosed	 a	 gangliocytic	 PGL	of	 the	 ampulla	 of	Vater	with	metastases	 in	 two	

lymph	nodes.	Ten	years	later	she	is	disease	free.		

	

Patient	#3		

The	 patient	 had	 an	 arterial	 hypertension	 since	 he	 was	 52	 years	 old,	 which	 became	

resistant,	 ten	 years	 later.	 At	 67	 years	 old,	 he	 complained	 of	 nycturia	 associated	with	

other	 symptoms	 (palpitations,	 headaches,	 diaphoresis)	 evocating	 of	 catecholamine-

secreting	 tumor.	 Urinary	 total	 metanephrine	 measurements	 showed	 an	 increase	 in	
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normetanephrines.	 Abdominal	 CT	 scan	 revealed	 a	 50	 mm	 tumor	 in	 the	 bladder	

corresponding	to	a	unique	fixation	on	
123

I-MIBG	scintigraphy.	The	patient	underwent	a	

partial	cystectomy	and	pathological	exam	diagnosed	paraganglioma.	Three	years	 later,	

the	 recurrence	 of	 hypertension	 led	 to	 new	 investigations	 that	 diagnosed	 multiple	

secreting	metastatic	 locations	 in	 the	 lymph	 nodes	 that	were	 not	 treated.	 The	 patient	

died	10	years	after	first	surgery,	of	other	causes.		

	

Patient	#4		

The	 patient	 was	 a	 32	 years	 old	 female	 with	 a	 carotid	 body	 PGL	 discovered	 during	 a	

thyroid	 echography.	 This	 cervical	mass	 had	 actually	 been	 observed	 by	 the	 patient	 by	

self-examination	five	years	before,	but	not	 investigated.	Urinary	normetanephrine	and	

metanephrine	 concentrations	 were	 normal.	 Head	 and	 neck	 MRI	 showed	 a	 40	 mm	

unique	PGL	developed	from	the	carotid	body.	No	other	PGL	was	detected	by	thoraco-

abdominal	 and	 pelvic	 CT	 scan	 neither	 by	
111

In-pentetreotide	 scintigraphy.	 The	 tumor	

was	operated	on	and	pathological	exam	confirmed	 the	diagnosis	of	PGL.	5	years	 later	

the	patient	is	still	disease	free		

	

Patient	#5		

The	 patient	 was	 a	 87	 years	 old	 female	 who	 presented	 with	 intestinal	 occlusion.	 The	

abdominal	 scan	 showed	 a	 retroperitoneal	 46	 mm	 tumor,	 corresponding	 to	 a	 unique	

fixation	on	
123

I-MIBG	scintigraphy.	The	patient	suffered	from	paroxystic	and	permanent	

arterial	 hypertension	 and	 urinary	 normetanephrines	 were	 elevated.	 	 She	 underwent	

surgery	 and	 the	 pathological	 analysis	 diagnosed	 a	 55	 mm	 PGL	 with	 local	 invasion,	

especially	 in	the	vena	cava.	The	patient	died	5	years	 later	after	metastatic	diffusion	of	

the	disease.	

	

Patient	#6		

At	59	years	old,	this	patient	complained	of	lumbar	pains.	She	benefited	from	a	CT	scan	

that	showed	a	70	mm	retroperitoneal	tumor.	Urinary	normetanephrines	concentration	

was	highly	increased.	She	underwent	surgery	and	pathological	analysis	diagnosed	a	PGL	



 

 

 

 

7 

associated	with	intravascular	and	capsular	invasions.	One	month	later,	an	abdominal	CT	

scan	 showed	 a	 residual	 tumor,	which	was	 treated	 by	 radiotherapy.	 Three	 years	 later,	

thoracic	 lymphatic	metastases	 were	 diagnosed	 by	 F-DOPA	 and	
18
F-FDG	 TEP	 scan	 and	

were	 treated	 by	 surgical	 resection.	 Six	 month	 later,	 pulmonary	 and	 liver	 metastases	

appeared	and	a	treatment	by	a	long-acting	somatostatin	analog	(lanreotid)	was	begun.	

After	6	month	of	treatment	the	disease	is	stable.	

	

Patient	#7	

The	 patient	 was	 operated	 at	 74	 years	 old	 of	 a	 33	 mm	 skull	 tumor	 the	 invading	

subarachnoid	 space.	 Pathological	 analysis	 diagnosed	 PGL	 metastasis.	 Thorax	 and	

abdominal	CT	showed	a	40	mm	right	retroperitoneal	PGL,	and	a	unique	retroperitoneal	

fixation	 on	
123

I-MIBG	 scintigraphy,	 and	
18
F-FDG	 TEP	 scan.	 The	

111
In-pentetreotide	

scintigraphy	was	negative.	She	had	a	HTA	for	ten	years	and	urinary	normetanephrines	

concentrations	were	highly	increased.	She	underwent	surgery	and	pathological	analysis	

diagnosed	a	metastatic	PGL	associated	with	capsular	 invasions	and	three	 lymph	nodes	

metastasis.	Four	month	 later,	urinary	normetanephrines	concentrations	decreased	but	

was	still	above	the	upper	limit	of	the	norm.	
18
F-FDG	TEP	scan	showed	an	iliac	metastasis	

and	a	jugular	lymph	node.	Two	years	later	the	iliac	metastasis	increased	and	pulmonary,	

mediastinal	 and	 peritoneal	 metastasis	 appeared.	 The	 patient	 was	 treated	 by	 iliac	

external	radiotherapy	and	
131

I-MIBG	therapy,	but	the	disease	was	still	progressive.	She	

was	treated	for	three	months	by	 interferon	and	then	enrolled	 in	the	first	FIRSTMAPPP	

randomized	trial	 (ClinicalTrials.gov	 Identifier:	NCT01371201).	She	died	rapidly	after	the	

inclusion.		
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Fig.	S1.	Mirnome-based	classification	of	tumors	of	the	COMETE	cohort.	Patient	#1’s	PGL	(in	red)	classifies	

in	the	Mi1	cluster	together	with	SDHx-	and	FH-mutated	PPGL.	
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Fig.	S2.	Family	pedigrees	of	SLC25A11-mutated	patients.	 Index	cases	are	shown	 in	black,	 relatives	with	

cancers	are	shown	in	grey.	HTA:	hypertension.	

Patient #2

Patient #4

Patient #6

Patient #7



 

 

 

 

10 

	

Fig.	 S3.	 Germline	 and	 tumor	 SLC25A11	 mutations.	 Conservation	 of	 mutated	 amino	 acid	 residues	

identified	in	SLC25A11	gene	across	species	(A).	Localization	of	mutated	amino	acids	on	a	3D	modelization	

of	 the	OGC	protein	 (by	Swiss	Model);	up	view	 (left)	or	 side	view	 (right)	 (B).	RT-qPCR	on	 leukocyte	RNA	

suggests	 the	 degradation	 of	 the	mutated	mRNA	 in	 patient’s	 #4	 tumor,	 as	 compared	 to	 leukocyte	 RNA	

from	 a	 patient	 with	 a	 sporadic	 and	 an	 SDHC-mutated	 PGL	 (C).	 Sequence	 traces	 are	 shown	 for	 the	 4	

patients	for	whom	tumor	tissues	were	available	(patients	#2,	#4,	#6	and	#7).	All	sequence	traces	exhibit	a	

germline	heterozygous	mutation	and	a	corresponding	tumoral	LOH	(arrows)	(D).		

E141 

M147 

A236 

P239 

P239 

A236 

E141 

M147 

A Conservation of the mutated amino-acids in OGC protein between species 

D Sequence chromatograms of SLC25A11

A  T   C  C  G  C A/G T  G  A  C  T   G

c.439A>G, p.(Met147Val)

Patient #4 -  leukocyte DNA Patient #4 -  tumor DNA

Patient #2 -  tumor DNA

A  T   C  C  G  C A/G T  G  A  C  T   G

Patient #2 -  leukocyte DNA

c.708C>T, p.(Ala236Ala)

G    C    T    G   C  C/T  T    C   C  A   T G    C    T    G   C  C/T   T    C     C     A   T

Patient #6 -  tumor DNAPatient #6 -  leukocyte DNA

C    A    G    C       C  G/A    A     A    G   T   GC    A    G    C     C  G/A  A     A    G   T   G

c.421G>A, p.(Glu141Lys)

Homo sapiens         

Macaca mulatta      

Equus caballus      

Rattus norvegicus   

Ovies aries              

Mus musculus         

Bos taurus              

Pteropus alecto      

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

----VGTPAEVALIRMTADGRL----------LVTTAASMPVDIAKT----

B Position of the mutated amino-acids in OGC protein C SLC25A11 RT-qPCR 

sporadic SDHC patient #4

0.0

0.5

1.0

1.5

2.0

Patient #7 -  tumor DNAPatient #7 -  leukocyte DNA

c.107_108del p.(Thr36SerfsTer71)
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Fig.	S4.	OGC	immunohistochemistry	in	SLC25A11-mutated	tumors.	Tumors	from	patients	#2,	#4	

and	 #7	 show	 a	 very	 low,	 weak	 diffuse	 OGC	 immunostaining,	 which	 is	 completely	 negative	 in	
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tumor	tissue	from	patient	#6.	 In	contrast,	control	 tumors	without	SLC25A11	mutations	 (SDHD,	

TMEM127,	sporadic	(SPO)	and	MAX	PPGL)	display	a	strong	granular	staining,	as	expected	from	a	

mitochondrial	protein.	

					 	

Fig.	 S5.	5hmC	 immunohistochemistry	 in	 SLC25A11-mutated	 tumors.	 5-hmC	 IHC	 of	 SLC25A11	mutated	

PGL	 from	patients	#2,	#4,	#6	and	#7	 shows	a	 low	staining	 in	 the	nuclei	of	all	SLC25A11-mutated	 tumor	

cells	 except	 for	 one	 (patient	 #2),	 as	 compared	 to	 endothelial	 or	 sustentacular	 cells.	 Similar	
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immunostaining	 is	 observed	 in	 an	 SDHB-mutated	 PPGL	 whereas	 a	 RET-mutated	 tumor	 displays	 a	

homogeneously	distributed	positive	5-hmC	labeling.		
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Fig.	S6.	H3K9me3	immunohistochemistry	in	SLC25A11-mutated	tumors.	Tumors	from	SLC25A11-mutated	

patients	 (#2,	 #4,	 #6	 and	 #7)	 show	 a	 strong	 nuclear	 immunostaining,	 similar	 to	 that	 observed	 in	 a	

hypermethylated	tumor	carrying	SDHB	mutation.	In	contrast,	control	tumor	with	a	RET	mutation	shows	a	

negative	or	a	low	H3K9me3	labeling.	

													 	



 

 

 

 

15 

Fig.	 S7.	 H3K27me3	 immunohistochemistry	 in	 SLC25A11-mutated	 tumors.	 Tumors	 from	 SLC25A11-

mutated	patients	(#1,	#2,	#4,	#6	and	#7)	show	a	strong	nuclear	immunostaining,	similar	to	that	observed	

in	 a	 hypermethylated	 tumor	 carrying	 SDHB	 mutation.	 In	 contrast,	 control	 tumors	 with	 NF1	 or	 RET	

mutations	show	a	negative	or	a	low	H3K27me3	labeling.		

						 	

Fig.	S8.	CrispR-Cas9	design	for	the	generation	of	Slc25a11
∆/∆

	immortalized	mouse	chromaffin	cells.	gRNA	

sequence	 (in	 red)	and	targeted	genomic	Slc25a11	 sequence	 (in	blue).	PAM:	Protospacer	Adjacent	Motif	

(A).	Genomic	alteration	in	Slc25a11	gene	in	Slc25a11
∆/∆
	imCCs.	The	first	line	represents	the	wild	type	(WT)	

sequence,	and	the	two	next	 lines	the	two	alleles	of	Slc25a11	gene	 in	Slc25a11
∆/∆
	 imCCs.	The	deletion	 is	

drawn	 in	red.	The	deletion	 in	allele	1	 leads	to	a	stop	codon	12	amino	acids	downstream	 in	exon	7.	The	

deletion	 in	allele	2	 results	 to	a	 stop	codon	after	8	amino	acids	 (B).	 Sequence	electrophoregrams	of	 the	
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targeted	region	in	WT	and	in	Slc25a11
∆/∆
	 imCCs	(C).	Schematic	top	view	of	WT	and	mutant	OGC	protein.	

The	H1	 to	H6	 transmembrane	alpha	helix	 chains	 are	displayed	 in	dark	blue	and	 the	H12	 to	H56	matrix	

helix	chains	in	light	blue.	In	the	Slc25a11
∆/∆
	mutant,	the	H56	and	H6	chains	are	deleted	(D).	Western	Blot	

showing	 OGC	 and	 SDHA	 protein	 expression.	 NS:	 non-specific	 band	 (E).	 Cell	 proliferation	 (F).	 Succinate	

levels	were	not	modified	in	Slc25a11
∆/∆
	imCCs	(G).	

	

Fig.	S9.	Metabolomics	analysis	in	human	PPGL	tumors	shows	no	succinate	increase	in	SLC25A11-mutated	

tumors	from	patients	P#1,	P#6	and	P#7.	2-OG	levels	were	highly	variable	and	did	not	show	significant	

differences	between	groups.	
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Gene	 Name	 Ref	Seq	 cDNA	mutation	 Protein	alteration	

ALKBH7	 alkB	homolog	7	 NM_032306	 c.419_420del	 p.(Pro140Glnfs*28)	

SHANK1	 SH3	and	multiple	ankyrin	repeat	domains	1	 NM_016148	 c.102_130del	 p.(Arg35Glnfs*6)	

ZNF579	 zinc	finger	protein	579	 NM_152600	 c.1109_1111del	 p.(Gly370del)	

TRIM50	 tripartite	motif	containing	50	 NM_178125	 c.1074del	 p.(Ser359Alafs*18)	

OPRD1	 opioid	receptor	delta	1	 NM_000911	 c.122G>A	 p.(Arg41Gln)	

DENND2C	 DENN/MADD	domain	containing	2C	 NM_001256404	 c.68A>G	 p.(Gln23Arg)	

SLC25A11	 2-oxoglutarate/malate	carrier		 NM_003562	 c.715C>A	 	p.(Pro239Thr)	

MYO19	 myosin	XIX	 NM_025109	 c.953C>T	 p.(Ala318Val)	

PNPLA6	 patatin	like	phospholipase	domain	containing	6	 NM_001166112	 c.1667T>A	 p.(Val556Glu)	

LRRC8E	 leucine-rich	repeat	containing	8	family	member	E	 NM_025061	 c.1753C>T	 p.(Arg585Trp)	

UBAP2	 ubiquitin	associated	protein	2	 NM_018449	 c.2456C>T	 p.(Ala819Val)	

		

Table	 S1.	 Germline	 variations	 identified	 by	 whole-exome	 sequencing	 in	 patient	 #1’s	 PGL.	 Only	 the	

variations	that	remained	after	filtration	of	whole-exome	sequencing	data,	which	were	associated	with	a	

LOH	on	corresponding	locus	on	SNP	array	data	and	predicted	as	being	pathogenics	in	silico	are	shown.		
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Tumor	ID	 Gender	 Malignancy	 Mutation	 OGC	immunostaining	

Patient	1	 M	 Benign	 SLC25A11	 Weak	

CIT_207	 F	 Benign	 SDHC	 Positive	

CIT_208	 M	 Metastatic	 SDHB	 Positive	

CIT_158	 M	 Benign	 SDHD	 Positive	

10H2558	 F	 Benign	 SDHB	 Positive	

CIT_201	 F	 Metastatic	 SDHB	 Positive	

14H21172	 F	 Benign	 SDHA	 Positive	

CIT_121	 F	 Metastatic	 FH	 Positive	

CIT_044	 F	 Benign	 RET	 Positive	

CIT_133	 F	 Benign	 RET	 Positive	

06H409	 M	 Benign	 RET	 Positive	

CIT_072	 F	 Benign	 NF1s	 Positive	

CIT_033	 F	 Benign	 NF1s	 Positive	

CIT_120	 F	 Benign	 NF1s	 Positive	

08h2722	 F	 Benign	 NF1	 Positive	

166556	 F	 Benign	 TMEM127	 Positive	

CIT_126	 M	 Benign	 MAX	 Positive	

CIT_132	 F	 Benign	 MAXs	 Positive	

CIT_059	 F	 Benign	 MAXs	 Positive	

CIT_031	 F	 Benign	 	 Positive	

CIT_119	 F	 Benign	

	

Positive	

	

Table	S2.	Evaluation	of	OGC	immunostaining	in	a	series	of	PPGL	with	different	genotypes.	OGC	

expression	is	positive	in	all	PPGL	tissues,	except	in	the	SLC25A11	mutated	one.		
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SNV	 Gene	location	

Protein	

location	

Allele	frequencies	

in	this	study	(%)	

EXAC	allele	

frequencies	(%)	

rs138852681	 c.262C>T	 p.(Leu88Leu)	 0.08	 0.22	

rs375769507	 c.492G>C	 p.(Val164Val)	 0.16	 0.01	

rs201612668	 c.547-34G>A	 p.?	 0.23	 0.06	

rs144541813	 c.638-17C>T	 p.?	 0.08	 0.01	

rs73973661	 c.738-14G>A	 p.?	 0.47	 0.24	

rs375082797	 c.789+30G>C	 p.?	 0.23	 0.02	

rs145172608	 c.849G>A	 p.(Thr283Thr)	 0.23	 0.06	

	

	

Table	 S3.	Allelic	 frequencies	of	single	nucleotide	polymorphisms	 identified	 in	SLC25A11	 gene	by	Sanger	

sequencing	 of	 639	 patients	 with	 PPGL	 and	 in	 the	 EXAC	 database	

(http://exac.broadinstitute.org/gene/ENSG00000108528).	
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2- Dissection des mécanismes de tumorigenèse induits par lʼinactivation de 

SLC25A11 : nouvelles données de métabolomique 

 

Suite à cette publication, notre objectif a été dʼapprofondir les connaissances sur les 

mécanismes moléculaires de la tumorigenèse SLC25A11-dépendante et les 

adaptations métaboliques mises en place par les cellules KO inactivées pour ce gène. 

En collaboration avec le Dr Daniel Tennant de lʼUniversité de Birmingham, nous 

avons réalisé des dosages par spectrométrie de masse des différents métabolites 

présents dans les mitochondries des cellules WT et des cellules Slc25a11∆/∆. 

Lʼobjectif était de mieux comprendre les échanges de métabolites entre les 

compartiments cytosoliques et mitochondriaux secondaires à lʼinactivation de ce 

transporteur mitochondrial, et plus précisément du 2-OG. En effet, notre hypothèse 

était que le 2-OG ne pouvait pas sortir de la mitochondrie, ce expliquerait la 

tumorigenèse secondaire à lʼinactivation de SLC25A11. 

Pour ce faire nous avons traité les cellules WT et Slc25a11∆/∆ par la digitonine, ce 

traitement permettant de perméabiliser la membrane cellulaire et ainsi dʼéliminer le 

contenu du cytosol. Les dosages réalisés après traitement sont donc le reflet des 

métabolites présents dans la mitochondrie.   

La perméabilisation par la digitonine a été contrôlée par un Western blot utilisant les 

3 anticorps primaires suivants, comme précédemment décrit (234) : 

- anti-GAPDH (évalue lʼélimination du cytosol), 

- anti-cytochrome C (évalue lʼintégrité de la membrane externe mitochondriale),  

- anti-PCK2 (évalue lʼintégrité de la membrane interne et la matrice mitochondriale).   

 

Le premier essai réalisé en quadriplicats sur les cellules WT et les clones 6 

Slc25a11∆/∆ a montré une bonne perméabilisation par la digitonine (25 ug/ml pour les 

clone 6 et 30 ug/ml pour les WT) (Figure 15), et suggéré ainsi que le traitement 

nʼavait pas lésé les mitochondries. 
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Figure 15 : Western blot anti-GAPDH, anti-PCK2 et anti-Cytochrome C sur les 

cellules WT et les clones 6 Slc25a11∆/∆, traités ou non à la digitonine.  

N : non traités par la digitonine, D : traités à la digitonine. 

 

La quantification des métabolites intra-mitochondriaux par résonance magnétique 

montre que le 2-OG est à un niveau équivalent dans les mitochondries des cellules 

WT et des cellules Slc25a11∆/∆ .  Nous avions pu démontrer dans lʼarticle que le 2-OG 

dans les cellules entières était abaissé dans les cellules Slc25a11∆/∆ . Ces deux 

résultats suggèrent que le 2-OG ne peut pas sortir de la mitochondrie du fait du KO 

de Slc25a11 (Figure 16). Ces premiers résultats, sʼils sont bien confirmés lors de la 

répétition de ces expériences et des dosages (en cours), expliqueraient la 

tumorigenèse secondaires à lʼinactivation de SLC25A11, où lʼappauvrissement en 2-

OG cytosolique, dû à sa rétention dans la mitochondrie, conduirait à une perte 

dʼactivité des enzymes 2-OG dépendantes. 
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Figure 16 : Dosage de métabolites dans les cellules WT et Slc25a11∆/∆ réalisé 

en cellules entières (à gauche) et sur la fraction mitochondriale (à droite). 
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Des flux métaboliques au glucose et à la glutamine marqués en C13 ont été 

également réalisés sur ces fractions mitochondriales. Leur analyse est en cours, les 

flux métaboliques sur cellules entières nʼayant montré que peu de différences 

(Figure 17).  

 

Figure 17 : Flux métaboliques après incorporation de 13C-glucose et analyse 

par spectrométrie de masse dans les cellules WT et Slc25a11∆/∆ (clones 4 et 6). 

 

3- Perspectives ouvertes par les résultats des autres whole-exome 

sequencing 

 

Je me suis ensuite intéressé aux résultats dʼexome des 12 autres patients et jʼai 

trouvé une mutation somatique délétère du gène CSDE1 (Cold shock domain-

containing protein E1). Ce gène intervient dans le développement embryonnaire, la 

stabilité des ARNm et lʼapoptose (235, 236). Comme mentionné dans lʼintroduction 
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de ce document, des mutations somatiques de CSDE1 ont été décrites au cours de 

ma thèse par le TCGA chez quatre patients ayant des phéochromocytomes bénins 

dont le diagnostic a été fait au-delà de cinquante ans. Il sʼagissait de quatre 

mutations perte de fonction associées à une perte dʼhétérozygotie entrainant une 

diminution dʼexpression du transcrit de CSDE1. Les mutations de ce gène 

activeraient la voie Wnt-βcaténine (210).  

Jʼai identifié la mutation CSDE1 chez HS_021, uniquement au niveau somatique 

(Figure 18). Il sʼagit dʼune mutation non-sens (c.2119C>T, p.Gln707Ter, 

NM_001242891) non décrite dans la base de données dʼexomes GnomAD, située 

dans un domaine fonctionnel de la protéine. Le chromatographe est en faveur dʼune 

perte dʼhétérozygotie, et les données du transcriptome de la tumeur montrent une 

franche sous expression du transcrit de CSDE1 (Figure 18), comme cela a été décrit 

précédemment (210). Pour valider lʼimplication de ce gène et la pathogénicité du 

variant nous allons réaliser une immunohistochimie anti-βcaténine prochainement.  

 

 

Figure 18 : Mutation somatique du gène CSDE1 chez HS_021 (A), et expression 

de CSDE1 dans les différents PGL du transcriptome (B). 

 

A la suite de ces résultats, nous avons repris les données dʼexpression de CSDE1 

issues du transcriptome de la collection de PPGL du réseau COMETE. De façon 

intéressante, nous avons observé quʼune des tumeurs classées par le transcriptome 
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dans le cluster C2A présente aussi une sous expression marquée de CSDE1 

(Figure 18). Nous avions précédemment mis en évidence une mutation somatique 

de NF1 sur cette tumeur. Pour tester lʼhypothèse dʼun digénisme, nous allons 

séquencer CSDE1 au niveau somatique et réaliser lʼimmunohistochimie anti-

βcaténine sur ce phéochromocytome.  

 

Enfin, dans les données des whole-exome sequencing jʼai identifié dʼautres candidats. 

Toutefois ces gènes candidats nʼont pas été complétement validés à ce jour et feront 

lʼobjet de futures investigations. 
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Nouveaux mécanismes dʼinactivation des gènes 

de prédisposition aux paragangliomes 
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I- CONTEXTE  

 

Comme précédemment évoqué dans lʼintroduction, les mutations les plus souvent 

identifiées chez les patients avec un PGL sont localisées dans les des gènes SDHx, 

et une IHC SDHB peut permettre de détecter ces PGL SDHx-dépendants. Toutefois, 

une étude du réseau européen ENSAT a montré quʼenviron 12 % des PGL avec une 

IHC SDHB négative nʼont pas de mutation constitutionnelle dans lʼun des gènes 

SDHx (237). Il reste donc de nouveaux mécanismes dʼinactivation des gènes SDHx à 

mettre en évidence. 

Par ailleurs, les mutations des gènes SDHx peuvent également être responsables 

dʼautres tumeurs, dont les tumeurs stromales gastrointestinales (GIST). La majorité 

des GIST, notamment chez lʼadulte, sont secondaires à des mutations somatiques 

activatrices récurrentes dans les gènes KIT et PDGFRA qui sont les principaux 

ʻdriversʼ de cette pathologie tumorale (238, 239). Cependant, environ 15 % des GIST 

de lʼadulte et 85 % des GIST pédiatriques nʼont pas de mutation dans ces deux 

gènes et sont individualisés sous la dénomination GIST ʻWild Typeʼ (183). De façon 

intéressante la majorité de ces GIST WT ont une IHC SDHB négative, et une 

mutation dans lʼun des gènes SDHx est régulièrement retrouvée au niveau 

somatique ou constitutionnel chez ces patients (Figure 19) (183). La détermination 

de ce statut SDHx est importante pour ces patients qui ne répondent pas à lʼimatinib 

contrairement aux GIST secondaires aux mutations dans les gènes KIT ou PDGFRA 

(240, 241).  

 

Figure 19 : Répartition des génotypes dans les GIST de lʼadulte et les GIST 

pédiatriques dʼaprès (183, 242). 
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Dans deux études publiées en 2014, il a été rapporté chez des patients avec des 

GIST à IHC SDHB négative et des dyades ou triades de Carney (qui sont 

lʼassociation de PGL, GIST et chondromes pulmonaires pour la triade et de PGL et 

GIST pour la dyade), des épimutations du promoteur de SDHC (définie comme une 

altération épigénétique (dans ce cas une hyperméthylation spécifique du promoteur) 

menant à la répression transcriptionnelle de SDHC) (184, 243, 244).  

Au début de ma thèse aucun patient avec un PGL nʼavait été décrit avec une 

épimutation du promoteur de SDHC.  

Lʼobjectif de ce travail était de rechercher une épimutation du promoteur de SDHC 

parmi notre cohorte de patients ayant des PGL ou des GIST et une IHC anti-SDHB 

négative sans mutation identifiée dans un gène SDHx. 

 

 

II- TRAVAUX EFFECTUES 

 

1- Patients et méthodes 

 

a- Patients 

 

Nous avons sélectionné deux groupes de patients ayant déjà bénéficié de lʼanalyse 

constitutionnelle des gènes SDHx et dʼune IHC anti-SDHB (Table 11): 

- douze patients ayant un PGL avec une IHC anti-SDHB négative et sans mutation 

dans un gène SDHx identifiée sur les analyses constitutionnelles. 

- sept patientes ayant une GIST avec IHC anti-SDHB négative. Deux patientes 

avaient une triade de Carney, deux une dyade de Carney, et trois des GIST isolées. 

Deux patientes avaient une mutation constitutionnelle dans le gène SDHC sans perte 

dʻhétérozygotie dans le tissu tumoral. 

  



CHAPITRE 3 
 

 

  89 

 

PGL à IHC SDHB négative 12 

Âge moyen au diagnostic 32 ans (19-52) 

PGL unique  11 

PGL multiples 1 

Absence de mutation constitutionnelle SDHx 12 

GIST à IHC SDHB négative 7 

Âge moyen au diagnostic 17 ans (9-30) 

PGL + GIST 
(Dyade de Carney) 

2 

PGL + GIST + Chondrome pulmonaire 
(Triade de Carney) 

2 

GIST isolée 3 

Absence de mutation constitutionnelle SDHx 5 

Mutation SDHC sans LOH 2 

 

Table 11 : Caractéristiques cliniques et génétiques des deux groupes de 

patients étudiés. 

Les âges sont exprimés en moyenne et valeurs extrêmes.   

 

b- Conversion au bisulfite et pyroséquençage du promoteur de SDHC 

 

LʼADN leucocytaire des patients des deux groupes a été extrait selon les protocoles 

standards, et lʼanalyse des gènes de prédisposition au PGL au niveau constitutionnel 

a été réalisée comme précédemment décrit (105, 229). LʼADN tumoral a été extrait 

avec les kits AllPrep pour les tumeurs congelées et DNA mini kit (Qiagen) pour les 

tumeurs incluses en paraffine.  

Les ADN constitutionnels et tumoraux ont été traités au bisulfite en utilisant le kit 

EpiTect Plus DNA Bisulfite (Qiagen) selon le protocole du fabriquant.  

Le pyroséquençage a été réalisé sur 7 CpG dans le promoteur du gène SDHC, qui 

ont été précédemment décrits comme hyperméthylés dans les précédentes 

publications (184, 244) : cinq CpG sont localisés avant le codon dʼinitiation de la 

traduction  de SDHC et deux CpG au début de lʼintron 1 (Figure 20). Les amorces 

permettant dʼamplifier ces deux régions ainsi que les amorces utilisées pour le 
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séquençage ont été dessinées grâce au logiciel PyroMark Assay Design. Les PCR 

ainsi que le pyroséquençage ont été réalisés en utilisant les réactifs, équipements et 

logiciels PyroMark Q24 (Qiagen). Les résultats sont exprimés en moyenne de la 

méthylation des 7 CpG. 

 

Figure 20 : Représentation schématique du promoteur de SDHC et de lʼîlot 

CpG décrit comme méthylé dans les épimutations du promoteur de SDHC. Les 

CpG en rouge sont ceux explorés par pyroséquençage par les deux différentes PCR. 

 

c- Séquençage haut débit des gènes SDHx sur lʼADN tumoral 

 

Les exons et jonctions exons-introns des gènes de susceptibilité au PGL (SDHx, 

VHL, EPAS1, EGLN1, EGLN2, NF1, RET, TMEM127, MAX, FH et MDH2) ont été 

amplifiés en utilisant le kit SDH MASTR kit V2.0 (Multiplicom, Belgique). Les librairies 

ont été séquencées sur la plateforme MiSeq (Illumina, CA, USA) en utilisant la chimie 

v3 selon le protocole standard. Les alignements et le « variant calling » ont été 

réalisés en utilisant les logiciels SeqNEXT (JSI medical systems) et PolyDiag 

(Université Paris Descartes). 

 

2- Résultats 

 

La méthylation moyenne des 7 CpG explorés dans les tumeurs contrôles dont nous 

connaissons le génotype est toujours inférieure à 20 %. Nous nʼavons pas mis en 

évidence dʼhyperméthylation du promoteur de SDHC dans les régions explorées 

dans les ADN tumoraux des 12 patients avec un PGL à IHC SDHB-négative. Par 

contre, nous avons mis en évidence une épimutation du promoteur de SDHC au 

niveau tumoral chez 6 patientes sur 7 ayant une GIST à IHC anti-SDHB négative 

(Figure 21). 

ATG 



CHAPITRE 3 
 

 

  91 

   

Figure 21 : Moyenne de la méthylation des 7 CpG explorés dans les ADN 

tumoraux contrôles et dans les deux groupes de patients.  

Les points rouges pleins représentent les tumeurs dans lesquelles nous avons 

identifié une épimutation.  

 

Trois des épimutations identifiées sont à lʼétat homozygote (les deux triades et une 

dyade de Carney) et trois épimutations sont à lʼétat hétérozygote (deux GIST isolées 

et une dyade de Carney). Parmi les trois patientes ayant une épimutation 

hétérozygote, deux dʼentre elles étaient porteuses dʼune mutation hétérozygote 

constitutionnelle de SDHC conduisant à une inactivation bi-allélique (Table 12).  

Nous avons recherché un autre évènement mutationnel sur les gènes SDHx au 

niveau tumoral par séquençage haut débit (NGS SDHx) dans tous les GIST à IHC 

anti-SDHB négative, mais aucune autre mutation nʼa été mise en évidence.  

  

A
D
N
 tu

m
or

au
x 
co

nt
rô

le
s 

PG
L 

IH
C
 S

D
H
B n

ég
at

iv
e

G
IS

T IH
C
 S

D
H
B n

ég
at

iv
e

0

20

40

60

80

100

!
"#

$
%&
'
()
*
+
,



CHAPITRE 3 
 

 

  92 

 

Patiente 
Âge au 

diagnostic 
Phénotype épimutation SDHC NGS SDHx  

#1 14 ans GIST multiples Hétérozygote Normal 

#2 9 ans 
GIST malins et PGL 

multiples 
Hétérozygote 

c.397C>T 

p.Arg133* 

#3 15 ans 
GIST multiples 

métastatiques 
Hétérozygote 

c.385T>C 

p.Trp129Arg 

#4 15 ans 
GIST et PGL  

multiples 
Homozygote Normal 

#5 15 ans 
GIST, PGL et chondromes 

pulmonaires multiples 
Homozygote Normal 

#6 23 ans 
GIST, PGL et chondromes 

pulmonaires multiples 
Homozygote Normal 

  

Table 12 : Caractéristiques cliniques et génétiques des patientes ayant une 

épimutation du promoteur de SDHC. La recherche d ʻépimutation et le NGS SDHx 

ont été fait sur lʼADN tumoral. 

 

Nous avons ensuite évalué si ces épimutations étaient tumorales uniquement ou si 

elles étaient également présentes dans lʼADN constitutionnel, sous forme de 

mosaïque comme décrit dans 3 des 7 cas rapportés dans lʼarticle de Killian et al. 

(184). Lʼépimutation nʼétait détectable dans lʼADN constitutionnel que dans un seul 

cas, chez la patiente #5 qui a une triade de Carney (Figure 22). En effet, la moyenne 

de la méthylation des 7 CpG au niveau constitutionnel était de 17 % dans lʼADN 

constitutionnel de cette patiente, alors que dans les ADN constitutionnels contrôles la 

méthylation était toujours inférieure à 10 %. De surcroit, nous avons pu mettre en 

évidence que lʼépimutation était présente dans différents tissus tumoraux (GIST, 

chondrome pulmonaire) ou sain (rate) pour cette patiente, confirmant que 

lʼépimutation de cette patiente était à lʼétat de mosaïque constitutionnelle (Figure 23).  
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Figure 22 : Méthylation du promoteur de SDHC dans lʼADN constitutionnel des 

patientes porteuses dʼune épimutation du promoteur de SDHC détectée dans 

lʼADN tumoral.  

 

 

Figure 23 : Méthylation dans les différents tissus disponibles chez la patiente 

avec une épimutation détectable dans lʼADN constitutionnel (patiente #5). 
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3- Discussion 

 

Nous avons mis en évidence une épimutation du promoteur de SDHC chez 6 

patientes ayant développé une GIST et présentant une perte de lʼexpression de la 

protéine SDHB à lʼIHC, dont un cas prouvé en mosaïque. 

Ces épimutations seraient présentes dans 22 % des GIST WT et 25 % des GIST à 

IHC anti-SDHB négative selon les chiffres dʼune étude récente sur 95 GIST WT 

publiée au cours de ma thèse (183). Toutefois cet évènement semble rare chez les 

patients avec PGL, car seules deux patientes ont été décrites jusquʼalors (207, 245). 

Il sʼagit dʼune patiente de 33 ans avec deux PGL abdominaux et dʼune patiente avec 

une dyade de Carney (207). De façon étonnante, nous nʼavons pas retrouvé 

dʼépimutation du promoteur de SDHC dans notre cohorte de patients ayant un PGL 

avec une IHC anti-SDHB négative. Les deux PCR que jʼai utilisées couvrent deux 

des régions décrites comme hyperméthylées dans les épimutations du promoteur de 

SDHC. Ainsi la région en amont de lʼATG est la région explorée dans tous les articles 

publiés sur le sujet (184, 207, 244-246). Toutefois le papier princeps avait décrit une 

zone de 656 pb comme différentiellement méthylée, que nous nʼavons pas explorée 

en intégralité ce qui explique peut-être une partie de ces résultats négatifs. De plus, 

ces PGL pourraient tout à fait être porteurs dʼune autre épimutation sur un autre gène 

SDHx. Les premiers résultats du pyroséquençage du promoteur de SDHB que jʼai 

réalisé sur le même prélèvement ne semblent pas impliquer ce gène. 

Des mutations du promoteur de SDHD ont été décrites dans les mélanomes (247-

250). Nous avons recherché ces mutations récurrentes du promoteur de SDHD chez 

nos patients, mais sans succès. 

 

De façon intéressante, la majorité des patients chez qui nous avons identifié une 

épimutation du promoteur de SDHC sont des femmes, ce qui est en accord avec les 

données de la littérature, où à notre connaissance un seul homme avec une GIST est 

porteur dʼune épimutation du promoteur de SDHC (183, 184). Ce déséquilibre de 
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sexe ratio soulève la question de lʼinfluence du chromosome X ou des hormones 

sexuelles sur la genèse de ces épimutations.  

 

Le mécanisme de ces épimutations reste pour le moment mystérieux. Tout dʼabord le 

caractère primaire ou secondaire de ces épimutations nʼa pas été complètement 

démontré. En effet, les épimutations secondaires sont définies par une épimutation 

secondaire à un évènement mutationnel génétique en cis, comme par exemple dans 

les épimutations de MSH2 secondaires aux délétions de EPCAM ou les épimutations 

de MLH1 secondaires à des mutations du promoteur de MLH1 ou des grands 

réarrangements du gène (251, 252). Dans le papier princeps, Killian et ses 

collaborateurs ont séquencé 130 kb autour de SDHC par séquençage haut débit de 

lʼADN tumoral des patients ayant une épimutation sans quʼun autre évènement nʼait 

été mis en évidence, ce qui suggèrent que ces épimutations seraient primaires (184). 

Nous nʼavons pas pu confirmer ces résultats sur les tumeurs dans lesquelles nous 

avons mis en évidence une épimutation.  

   

La détermination du statut primaire ou secondaire de ces épimutations est important 

pour la prédiction de la ségrégation familiale et donc pour le conseil génétique dans 

les familles des patients atteints. En effet, les épimutations secondaires se 

transmettent de façon autosomique dominante, alors que les épimutations primaires 

sʼeffacent au cours de la gamétogenèse, et donc ne se transmettront pas a priori à la 

descendance. Toutefois, deux cas exceptionnels de transmission familiale non 

mendélienne dʼune épimutation primaire du promoteur de MLH1 ont été décrites, 

toutes deux transmises par la mère (252). 

Nos patientes ayant une épimutation du promoteur de SDHC nʼont pas dʼhistoire 

familiale de GIST ou de PGL, notamment la patiente #5 avec lʼépimutation en 

mosaïque constitutionnelle. De plus le fait que cette épimutation soit présente à lʼétat 

de mosaïque rend peu probable la transmission par un de ses parents, mais 

nʼélimine pas la possibilité dʼune transmission à sa descendance.  
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Tous ces éléments semblent indiquer que la recherche dʼépimutation du promoteur 

de SDHC doit être réalisée chez les patients avec une GIST ou un PGL ayant une 

IHC anti-SDHB négative, et cela dʼautant plus quʼil sʼagit dʼune femme, que les GIST 

sont gastriques, multiples, métastatiques, quʼelles surviennent chez un enfant 

(pédiatriques) ou que le patient a une association dʼune GIST et dʼun PGL. Pour être 

le plus sensible possible, cette recherche dʼépimutation doit débuter sur lʼADN 

tumoral.  

 

  



CONCLUSIONS ET PERSPECTIVES 
 

 

  97 

 

 

 

 

 

CONCLUSIONS  

ET  

PERSPECTIVES 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



CONCLUSIONS ET PERSPECTIVES 
 

 

  98 

 
Mes travaux de thèse se sont articulés autour de deux grands projets :  

1) un projet de recherche clinique, mené sur une grande cohorte de 221 patients 

suivis en France dans différents centres, qui a permis dʼétablir pour la première fois 

lʼimpact positif de la connaissance du statut génétique au moment du diagnostic du 

premier PGL sur la prise en charge et lʼévolution des patients ;  

2) un projet de recherche fondamentale qui a permis lʼidentification dʼun nouveau 

gène de prédisposition au PGL dʼune part et la confirmation de lʼimplication de 

nouveaux mécanismes dʼinactivation de gènes de prédisposition préalablement 

connus dʼautre part.  

 

Lʼétude de recherche clinique que jʼai menée durant ma thèse a mis en lumière le 

bénéfice de lʼidentification dʼune mutation constitutionnelle dans lʼun des gènes 

majeurs de prédisposition au PGL chez les cas index. Ainsi, après des études ayant 

préalablement démontré lʼimpact sur la survie de la connaissance du statut 

mutationnel dans des cancers fréquents comme le cancer du sein/ovaires liés aux 

mutations sur les gènes BRCA et du colon secondaires aux mutations sur lʼun des 

gènes MMR ou le gène APC,  il sʼagit de la première étude qui démontre le bénéfice 

de la connaissance du statut génétique pour les patients atteints dʼun cancer rare 

(253, 254). Les résultats de notre étude renforcent les recommandations 

européennes et américaines de prise en charge du PGL qui recommandent, selon 

lʼavis des experts, la réalisation dʼun test génétique chez tous patients avec un PGL 

(21, 230). 

La première perspective de ce travail est maintenant dʼétudier lʼimpact dʼun test 

génétique positif chez les apparentés asymptomatiques. A lʼoccasion des visites que 

jʼai effectuées dans les différents centres, jʼai pu recueillir les données phénotypiques 

et de suivi de cette population. Les recommandations actuelles de suivi des patients 

asymptomatiques porteurs dʼune mutation identifiée chez un cas index de leur famille 

sont de réaliser un suivi adapté à leur génotype mais toutefois, elles ne décrivent pas 

les modalités précises (types dʼexamens et rythmicité) de cette surveillance. En effet, 

au moment de la rédaction de ces recommandations, il nʼexistait pas dʼétudes 

menées sur ce thème, sur un grand nombre de sujets, disponibles dans la littérature. 
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Cette question des modalités de surveillance des sujets génétiquement prédisposés 

au PGL est lʼune des grandes questions cliniques quʼil reste à résoudre. Les données 

contenues dans le registre national du paragangliome héréditaire, PGL.R, coordonné 

par mon laboratoire dʼaccueil et auquel jʼai contribué durant ma thèse, permettront au 

moins en partie de répondre à cette interrogation. Ce registre devrait aussi être le 

support de nouvelles études dédiées à évaluer la pénétrance des différentes 

mutations et gènes SDHx, et à rechercher de nouveaux variants et gènes 

modificateurs comme le variant p.E318K du gène MITF (255) (voir lʼarticle 6 donné 

en Annexes), à lʼaide des nouvelles technologies de puces à ADN qui permettent de 

génotyper un grand nombre de SNPs ou par whole-exome sequencing/whole-

genome sequencing afin dʼexpliciter lʼexpressivité variable des mutations au sein des 

familles à risque et in fine dʼaméliorer le conseil génétique. 

 

Mon projet de recherche fondamentale a bénéficié des études de whole-exome 

sequencing réalisées sur la cohorte de PGL collectée par le réseau COMETE. Ces 

études mʼont permis dʼidentifier SLC25A11 comme nouveau gène de prédisposition 

aux PGL malins. Ce gène est le deuxième gène, en termes de fréquence, derrière 

SDHB et devant FH, associé à la malignité, ce qui justifie son exploration en routine 

chez les patients notamment en raison du risque de développement de métastases 

métachrones apparaissant après la chirurgie initiale.  

  

Avec lʼidentification de SLC25A11, mon travail de thèse a mis en évidence un nouvel 

acteur qui joue un rôle important dans les relations entre le cycle de Krebs, le 

métabolisme cellulaire et la cancérogenèse. Nous avons une hypothèse forte pour 

expliciter le mécanisme initial de la tumorigenèse SLC25A11-dépendante, mais cette 

hypothèse doit être validée à lʼaide de nouveaux dosages des métabolites dans les 

fractions mitochondriales et par lʼévaluation des différents éléments du phénotype 

cellulaire après traitement au 2-oxoglutarate, comme nous lʼavons réalisé 

précédemment pour lʼétude de la migration collective publiée dans Cancer Research. 

De plus, les études de flux métaboliques actuellement en cours menées sur les 

cellules inactivées pour Slc25a11 en collaboration avec Daniel Tennant (Université 
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de Cambridge) devraient permettre dʼidentifier les voies métaboliques permettant de 

compenser lʼinactivation de SLC25A11 et donc de pouvoir envisager ensuite des 

expériences de létalité synthétique qui pourraient aboutir à plus long terme à 

lʼémergence de nouveaux traitements spécifiques pour les patients porteurs dʼune 

mutation SLC25A11. 

 

Sur le plan clinique, la pénétrance des mutations de SLC25A11 chez les patients 

nʼest pas connue actuellement. Les enquêtes familiales en cours devraient nous 

permettre de lʼestimer et ainsi dʼaffiner lʻinformation délivrée aux familles lors du 

conseil génétique et de préciser le rythme et les modalités de surveillance à proposer 

aux patients asymptomatiques identifiés comme porteurs des mutations par le 

dépistage génétique familial. Enfin, les études du TCGA et les histoires familiales 

contenues dans les arbres généalogiques des patients chez qui les premières 

mutations ont été identifiées semblent suggérer que les mutations constitutionnelles 

de ce gène pourraient prédisposer à dʼautres types de cancers, ce point important 

devra être précisé par les enquêtes familiales. 

 

Lʼétude des données de whole-exome sequencing mʼa aussi permis de confirmer 

lʼimplication des mutations CSDE1 dans les PGL. Toutefois, la fréquence exacte des 

mutations somatiques de ce gène reste peu connue. Si lʼétude pilote en cours menée 

sur la cohorte COMETE dédiée à évaluer les performances de lʼimmunohistochimie 

anti-βcatenine pour la détection des mutations CSDE1 sʼavère concluante, nous 

pourrons utiliser cette IHC sur la cohorte prospective de PGL collectée dans le cadre 

du PRTK COMETE TACTIC, pour déterminer la fréquence des mutations.  

 

La quête de nouveaux gènes du PGL doit se poursuivre. Parmi les 11 premiers 

patients, sélectionnés  à partir des données de génomique intégrative obtenues sur 

leur tumeur et pour lesquels des données de whole-exome sequencing ont été 

générées, jʼai identifié une mutation constitutionnelle potentiellement causale dans de 

nouveaux gènes candidats dans quelques cas , mais pas pour lʼensemble des 

patients ayant bénéficié de ces analyses, probablement parce que la majorité dʼentre 
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eux avaient un PGL dont la présentation clinique était dʼapparence sporadique. Plus 

récemment, nous avons sélectionné de nouveaux patients sur une suspicion clinique 

quʼils soient porteurs dʼune forme de PGL génétiquement déterminée car ils étaient 

atteints dʼun PGL multiple ou quʼils avaient des antécédents familiaux de PGL. Pour 

ces patients, le whole-exome sequencing sur le couple ADN constitutionnel/ADN 

tumoral, ainsi que le RNA-sequencing sur lʼARN tumoral ont été réalisés. Les 

variations génétiques déjà mises en évidence ainsi que celles qui seront identifiées 

grâce à lʼinterprétation des nouveaux séquençage dʼexomes (dont lʼinterprétation 

sera facilitée par les résultats du RNA-sequencing), vont être validées en réalisant 

des analyses fonctionnelles au niveau tumoral, et en recherchant de nouveau 

patients porteurs de variations dans ces gènes parmi les patients testés dans le 

laboratoire de génétique. La poursuite de ce programme de recherche sera 

notamment confiée à une étudiante de Master 2 qui a obtenu une bourse de la 

Fondation pour la Recherche Médicale pour mener ce projet durant lʼannée 

2018/2019 et que je participerai à encadrer.  

 

À côté de ces nouveaux gènes de prédisposition, certains PGL sans cause 

génétique identifiée ont été finalement expliqués par des mécanismes mutationnels 

autres que des mutations ponctuelles dans les exons des gènes de prédisposition 

connus. Par exemple, durant ma thèse jʼai identifié des épimutations du promoteur 

de SDHC chez des patients ayant des GIST dont lʼIHC anti-SDHB était négative, 

comme décrit préalablement dans la littérature à partir de données de méthylome, et 

transféré le protocole de pyroséquençage développé pour les mettre en évidence au 

laboratoire de génétique de lʼHEGP afin que ce test soit accessible en routine 

diagnostique. Toutefois, ces épimutations ne sont pas lʼexplication de tous les cas de 

PGL ou GIST à IHC anti-SDHB négative, et lʼexploration des promoteurs des autres 

gènes SDHx est à envisager, tant pour rechercher de nouvelles épimutations que de 

variations génétiques. Des altérations des zones régulatrices intra- ou inter-géniques 

des gènes SDHx pourraient également être impliquées, et nous prévoyons de 

réaliser lʼanalyse des interactions chromatine-chromatine à lʼaide des nouvelles 
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techniques de capture de  la  conformation  des  chromosome couplées au 

séquençage haut débit (ʻ4Cʼ pour Chromosome Conformation Capture-on-Chip). 

 

Enfin, au cours de ma thèse, il a aussi été décrit un nouveau mécanisme 

dʼinactivation du gène VHL.  En effet lʼéquipe de Betty Gardie a mis en évidence un 

nouvel exon, cryptique, du gène VHL, localisé dans lʼintron 1. Cet exon Eʼ1 est le 

siège de mutations chez des patients ayant un phénotype de maladie de von Hippel-

Lindau sans mutation dans les trois exons connus du gène VHL (256) (Voir lʼarticle 

7 donné en Annexes). Cʼétait le cas dʼune famille de VHL de type 2C qui avait été 

vue en consultation dʼoncogénétique à lʼHEGP où le cas index était une petite fille de 

11 ans avec un phéochromocytome et dont le père et le grand-père avaient 

développé des PGL. Cette famille était porteuse dʼune variation apparemment 

silencieuse de VHL, qui entraine une rétention de cet exon cryptique. Nous 

coordonnons actuellement une grande étude internationale sur plus de 800 patients 

impliquant les principaux laboratoires Français dʼoncogénétique du centre de 

référence de la maladie de von Hippel Lindau (PREDIR) ainsi que les équipes de 

Patricia Dahia à San Antonio (USA) et de Mercedes Robledo à Madrid (Espagne) 

afin de déterminer la fréquence des mutations de lʼexon cryptique de VHL chez les 

patients porteurs de PGL/PH ou dʼun pseudo-VHL. Nous avons identifié pour lʼinstant 

quatre mutations constitutionnelles de Eʼ1 chez deux patients avec un PH et deux 

patients avec un PGL cervical parmi les 356 patients avec PGL que nous avons déjà 

analysés, ce qui suggère que le taux mutationnel pourrait se situer aux alentours de 

1%.  

 

Pour conclure, mon travail de thèse ainsi que les travaux de recherches menés par 

dʼautres étudiants ou collaborateurs de mon équipe dʼaccueil et auxquels jʼai pu 

participer ces dernières années (donnés en Annexes) ont permis de faire avancer les 

connaissances sur la génétique des PGL/PH, mais aussi dʼouvrir de nouvelles 

perspectives de recherche intéressantes. 
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Multi-omics analysis defines core genomic
alterations in pheochromocytomas and
paragangliomas
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Charlotte Lepoutre-Lussey1,2,5, Cécile Badoual1,2,6, Mathilde Sibony2,7, Bertrand Dousset2,8,9,10,

Rossella Libé2,9,10,11,12, Franck Zinzindohoue2,13, Pierre François Plouin1,2,5,12, Jérôme Bertherat2,9,10,11,12, Laurence

Amar1,2,5, Aurélien de Reyniès3, Judith Favier1,2,y & Anne-Paule Gimenez-Roqueplo1,2,4,12,y

Pheochromocytomas and paragangliomas (PCCs/PGLs) are neural crest-derived tumours

with a very strong genetic component. Here we report the first integrated genomic

examination of a large collection of PCC/PGL. SNP array analysis reveals distinct

copy-number patterns associated with genetic background. Whole-exome sequencing shows

a low mutation rate of 0.3 mutations per megabase, with few recurrent somatic mutations in

genes not previously associated with PCC/PGL. DNA methylation arrays and miRNA

sequencing identify DNA methylation changes and miRNA expression clusters strongly

associated with messenger RNA expression profiling. Overexpression of the miRNA cluster

182/96/183 is specific in SDHB-mutated tumours and induces malignant traits, whereas

silencing of the imprinted DLK1-MEG3 miRNA cluster appears as a potential driver in a

subgroup of sporadic tumours. Altogether, the complete genomic landscape of PCC/PGL is

mainly driven by distinct germline and/or somatic mutations in susceptibility genes and

reveals different molecular entities, characterized by a set of unique genomic alterations.
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Cochin, F-75006 Paris, France. 10CNRS UMR8104, F-75006 Paris, France. 11Department of Endocrinology, Assistance Publique-Hôpitaux de Paris, Hôpital
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P
heochromocytomas (PCCs) and paragangliomas (PGLs) are
rare neuroendocrine tumours derived from chromaffin cells
of the adrenal medulla and paraganglia of the autonomic

nervous system, respectively. Most PCCs/PGLs are benign, but
10% of PCCs and up to 40% of PGLs become malignant with a
5-year survival rate below 50%. The malignant form of the disease
remains difficult to predict and cure, as there are neither
established histopathological criteria to assess the risk of
progression nor effective treatment. Compared with other
cancers, PCCs/PGLs are characterized by a remarkable genetic
determinism1. To date, at least 12 susceptibility genes have been
identified comprising two oncogenes (RET and HIF2A) and ten
tumour suppressors (NF1, VHL, SDHA, SDHB, SDHC, SDHD,
SDHAF2, FH, TMEM127 and MAX). Up to 40% of affected
patients carry a germline mutation in one of these genes1.
Germline mutations in either SDHB or FH have been associated
with an increased risk of metastasis2–4. On the other hand,
loss-of-function mutations in NF1 and VHL, as well as activating
mutations in RET, HIF2A and HRAS, have been reported at the
somatic level in about 30% of these tumours5–9.

Transcriptome analyses identified expression clusters strongly
correlated with known drivers10–12. Specifically, Clusters C1A
and C1B, comprising SDHx- and VHL-mutated tumours,
respectively, display a pseudohypoxic signature, whereas Cluster
C2A, corresponding to RET-, NF1- and TMEM127-mutated
tumours, displays activation of the RAS/mitogen-activated
protein kinase (MAPK) signaling pathway. Clusters C2B and
C2C are enriched in sporadic tumours. In addition, recent
characterization of the methylation profile revealed that SDHx
tumours display a hypermethylator phenotype13. Deregulated
expression of microRNAs (miRNAs) and copy-number
alterations (CNAs) have also been described14–21. However, to
date, there is no study attempting to integrate multi-dimensional
molecular data, which is necessary for a comprehensive
understanding of the crucial mechanisms driving PCC/PGL
tumorigenesis.

Here we present an integrated genomic analysis including
whole-exome sequencing, single-nucleotide polymorphism (SNP)
array, as well as mRNA, miRNA and DNA methylation profiling,
aiming to characterize the major genomic alterations underlying
PCCs/PGLs.

Results
Description and processing of the PCC/PGL COMETE cohort.
A collection of 202 PCC/PGL samples from the French ‘Cortico et
Médullosurrénale: les Tumeurs Endocrines’ (COMETE) Network
was profiled on a set of genomic platforms. Tumour samples were
collected from 190 patients, including 116 women and 74 men
with a mean age at diagnosis of 42.4 years (range: 7–82 years;
Supplementary Data 1). Overall, 168 (83.2%) tumours were
PCCs, 25 (12.4%) were abdominal PGLs, 3 (1.5%) were thoracic
PGLs and 6 (3%) were metastases. Twenty-seven (13.4%)
tumours were from patients with a metastatic form of the disease.
Importantly, all cases were previously genotyped for the presence
or the absence of germline and somatic mutations in well-known
susceptibility genes. For this study, we also screened the whole
cohort for hotspot mutations of HRAS and found 10 of 202
(4.95%) mutated cases, corresponding exclusively to sporadic
tumours (Supplementary Data 1).

SNP array (150 tumours), exome sequencing (31 tumour-
normal pairs) and miRNA sequencing data (172 tumours) were
generated specifically for this study, whereas DNA methylation
(145 tumours) and mRNA expression data (188 tumours) were
partially exploited in previous reports5,6,13,22. The collective
molecular status derived from all of these platforms, excluding

exome sequencing, was assigned to 128 tumours (Supplementary
Fig. 1 and Supplementary Data 1).

Somatic CNAs. We first profiled somatic CNAs using
SNP arrays. Overall, the degree of genome instability was low
as determined by the fraction of aberrant arm score
(median¼ 15%). The most frequent CNAs were broad deletions
involving chromosome arms 1p, 3p, 3q, 11p, 11q, 17p, 21 and 22
(Fig. 1a). Chromosome gains were less frequent, mostly affecting
chromosome arm 1q and chromosome 7. Strikingly, tumours
belonging to the different molecular groups displayed character-
istic CNA patterns (Fig. 1b). Specifically, SDHx tumours (Cluster
C1A) displayed a significant enrichment of 1q gains (q-value
o0.05, Supplementary Table 1). Loss of chromosomal arm 1p
encompassing the SDHB locus, as well as losses of 11p—mostly
present in SDHD tumours—and 17p were also frequent, yet
not exclusive of SDHx tumours. VHL tumours (Cluster C1B)
were characterized by a combined deletion of chromosome 3
(harbouring VHL) and arm 11p. RET, NF1 and sporadic tumours
(Cluster C2A) displayed a high frequency of 1q and 3q deletions,
and a significant enrichment of 17q11 deletions (NF1 locus).
Deletions of arm 6q and chromosomes 21 and 22 were also
frequent in this group. Sporadic tumours included in Cluster C2B
were enriched in gains of chromosome 7. A copy-neutral loss of
heterozygosity (LOH) at 14q32 was significantly associated with
Clusters C2B and C2C.

Although PCC/PGL present a fairly low degree of chromosome
instability, three tumours (37, 49 and 188) presented evidence of
chromothripsis, consistent with the proportion of 2–3% observed
in most cancers23. Notably, chromosome arms 1p and 17p were
strongly rearranged in the three cases (Fig. 1c), suggesting
chromosome shattering may lead to the loss or gain of important
drivers in these regions.

For four patients (18, 25, 42 and 80), we obtained the SNP
array profiles of two tumours: coexisting tumours or the primary
tumour, and a relapse or metastasis. We also generated exome
data for one tumour/metastasis pair. Using the TuMult
algorithm24, we reconstructed the order of copy-number
changes in these tumours. We identified common alterations in
every patient, confirming the clonal origin of their tumours. We
could also distinguish early events, often comprising the loss of
the wild-type copy of predisposing genes when a germline
mutation is present, from late events that may be involved in
tumour progression, including acquired somatic mutations and
CNAs (Fig. 1d).

Somatic mutations. To gain insights from the mutational land-
scape of PCCs/PGLs, we performed whole-exome analysis of 30
tumour-normal DNA pairs and one trio including the primary
tumour and a metastasis. We enriched the exome series in
tumours belonging to the C1A expression cluster (n¼ 17) and
sporadic tumours included in the C2A (n¼ 3) and C2B (n¼ 11)
clusters, aiming to establish comparisons between these tumour
groups (Supplementary Data 1). Among them, 15 were SDHx-
related tumours; 1 tumour, belonging to the Cluster C1A, carried
1 germline and 1 somatic mutation in the FH gene as previously
reported13; 2 sporadic tumours from the C2A cluster displayed
somatic mutations in NF1; 13 were sporadic tumours with no
mutation in known predisposing genes. We sequenced 333,765
exons from 20,975 genes to a mean coverage of 80-fold
(Supplementary Fig. 2). Mutations were considered as somatic
if they were found only in the tumour sample without evidence in
the germline data. We identified a total of 672 somatic variants in
coding regions or exon/intron boundaries: 616 single-nucleotide
variants (SNVs) and 56 indels (Supplementary Data 2).
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PCCs/PGLs harboured a median of 3 synonymous and 9 non-
synonymous mutations (range: 1–41 total mutations) (Fig. 2a),
corresponding to a relatively low mutation rate of 0.3 mutations
per megabase. The mutation rate did not differ between
molecular subgroups or regarding the malignant status. The
spectrum of mutations was enriched in C4T transitions
(Fig. 2b), which are typically found in the majority of cancers
analysed so far25. This result is compatible with spontaneous

deamination rather than with a carcinogen-induced process.
These mutations were also more frequent, yet not significant, in
the transcribed strand.

We then combined damaging mutations (indels, nonsense or
missense mutations predicted to be damaging by PolyPhen-2
software) and homozygous deletions obtained by SNP array
(Supplementary Data 4), to identify putative driver genes in
PCCs/PGLs. Seven genes presented at least two damaging events
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Figure 1 | Copy-number alterations in PCC/PGL. (a) Pan-genomic frequency of gains (in red) and deletions (in blue) among the complete set of

150 PCC/PGL. (b) Overview of the copy-number profiles exported from the Integrative Genomics Viewer. Each line represents the profile of a tumour, with
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(Fig. 2c). As expected, we confirmed the FH and NF1 mutations
in corresponding tumours. Two other common cancer genes,
TP53 and CDKN2A, were altered in three (10%) and two (7%)
cases, respectively, whereas the genes CLPTM1L, SYNE1, CAPN2
and RFPL4A have not been yet implicated in cancer. Other genes
of interest carrying damaging variants and listed in the Cancer
Gene Census included MET (activating mutation p.E355K),
CDH1, ARHGEF12, SLC45A3, SMO, CARD11, MLL2, PCM1,
ATRX, GNAS, FLT3 and FHIT. These genes were altered in a
single tumour (Fig. 2c). Of note, the sample with the highest
number of mutations (162) carries one somatic mutation in POLE
and one in POLD1. All of these mutations were confirmed by
Sanger sequencing (Supplementary Data 2). As expected, given
the low mutation load of PCCs/PGLs, none of these variants was
significantly mutated when MutSigCV was applied. To validate
the exome-sequencing results, we screened the whole PCC/PGL
cohort for mutations in TP53, CDKN2A and MET genes. In total,
five (2.5%) tumours harbour hotspot mutations in MET, whereas
no additional damaging variants were identified in TP53 or
CDKN2A genes (Supplementary Data 3).

DNA methylation profiling. We previously identified three
homogeneous DNA methylation-based subgroups of PCCs/PGLs:
the M1 group corresponding to SDHx- and FH-mutated cases
and displaying a hypermethylator phenotype, the M2 group
comprising exclusively VHL-mutated samples and the M3 group
comprising mostly tumours of the C2 expression cluster.
We have already extensively described the DNA methylation
changes occurring in the M1 cluster13. Here we extended our
analyses to DNA methylation changes present in the two other
groups. We identified 88 genes significantly hypermethylated
in the M2 cluster (VHL related). Of these genes, 84 (95%)
were also hypermethylated in the M1 cluster (Supplementary
Data 5). However, these changes had little impact on gene
expression, as only two genes (PNMT and NMNAT3) were
both hypermethylated and downregulated in M2 tumours.
We found no significant CpG island hypermethylation in
tumours belonging to cluster M3. In contrast, these tumours
displayed a widespread hypomethylation outside CpG islands

(Supplementary Fig. 3a). Hypomethylation of the same loci was
also encountered in M2 tumours but with lower amplitude
(Supplementary Fig. 3b). DNA hypomethylation outside CpG
islands may thus result from a similar mechanism operating with
different intensities in the two subgroups.

miRNA profiling. To further characterize gene expression
patterns of PCC/PGL tumours, we assayed miRNA expression
levels in our cohort by Illumina sequencing. Unsupervised clas-
sification using the miRNome data of 172 PCCs/PGLs revealed 7
homogeneous subgroups (Mi1 to Mi7, Fig. 3a) strongly associated
with mRNA expression subgroups (P¼ 1.8e� 63, w2-test) and
mutations in known driver genes (P¼ 6.1e� 39, w2-test, Fig. 3b).
Clusters Mi1 and Mi2 were more closely associated and corre-
sponded to mRNA expression Cluster C1, whereas clusters Mi3
to Mi7 corresponded to mRNA expression Cluster C2. Clusters
Mi1 and Mi2 comprised SDHx- and VHL-mutated tumours,
respectively, whereas cluster Mi3 was enriched in sporadic
tumours belonging to the C2B mRNA expression cluster. We
used the DESeq package26 to identify differentially expressed
miRNAs between the subgroups (Supplementary Data 6).

We found a significant upregulation of the miRNA cluster
182/96/183 in Mi1 (SDHx-related) tumours (Fig. 3c). We
validated this finding using quantitative reverse transcription–
PCR and confirmed that the highest expression is displayed by
SDHB-mutated tumours (Supplementary Fig. 4). Of these, the
miR-183 was significantly expressed in malignant cases (Fig. 3c).
We demonstrated that ectopic expression of miR-183/96 but not
miR-182 in immortalized mouse chromaffin cells (imCCs)
induces an epithelial-to-mesenchymal transition (EMT) pheno-
type (Fig. 3d and Supplementary Fig. 5).

The Mi3 cluster, containing a subgroup of C2B, was
characterized by a strong silencing of the imprinted DLK1-
MEG3 cluster (Fig. 3b,e). This genomic region harbours the
largest cluster of miRNAs in the human genome27. Strikingly,
15 of 17 tumours belonging to cluster Mi3 displayed a LOH at the
14q32 locus harbouring DLK1-MEG3, compared with only
2 of 114 remaining cases (P¼ 9.4e� 16, Fisher’s exact test). We
hypothesized that the loss of the maternal unmethylated allele
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may explain the repression of this imprinted miRNA cluster, and
we indeed identified a shift in MEG3 promoter methylation from
hemimethylation to full methylation, specifically in Mi3 cases
(P¼ 4.1e� 11, Wilcoxon rank-sum test, Fig. 3e).

Multi-omics integration. The combination of the main findings
obtained with each omics data set defines the molecular portrait
of each PCC/PGL subgroup (Fig. 4). C1A tumours are driven by
germline mutations affecting SDHx genes. These tumours har-
bour frequent deletions of 1p and gains of 1q, display a hyper-
methylator phenotype and an overexpression of the miRNA
cluster 182/96/183. This subgroup mostly comprises PGLs and

malignant cases. C1B tumours are driven by VHL mutations.
These tumours display a co-deletion of chromosome 3 and
chromosome arm 11p, promoter hypermethylation of a few tar-
gets and a low-amplitude hypomethylation outside CpG islands.
C2A tumours are mainly driven by RET, NF1 and HRAS muta-
tions. They harbour frequent 1p and 3q deletions, as well as
17q11 deletions in NF1-related cases. This group displays a strong
hypomethylation outside CpG islands, such as the C2B and C2C
groups. C2B tumours have no recurrent mutations but display
frequent gains of chromosome 7, as well as a downregulation of
the tumour suppressor DLK1-MEG3 miRNA cluster following
LOH at the 14q32 locus, also encountered in the C2C group. C2C
tumours have only few CNAs, including deletions of 1p and 3q,
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Figure 3 | miRNA profiling of 172 PCC/PGL. (a) Unsupervised classification of 172 PCC/PGL identifies 7 stable miRNA expression clusters. The

consensus matrix represents the similarity between samples. Consensus index values range from 0 (highly dissimilar profiles, white) to 1 (highly similar

profiles, dark blue). Samples are ordered on the x and y axes according to consensus clustering, which is depicted above the heat map. (b) Heat map of

miRNA expression profiles. The expression levels of the miRNAs with the most variant expression are shown by colour (red for high expression and green

for low expression). Samples are ordered by miRNA expression subgroup, with mRNA expression subgroup and mutations in known driver genes depicted

above the heatmap. (c) Box-and-whisker plots show the distribution of miR-183-96-182 expression levels relative to each tumour subgroup (left), and of

miR-183 relative to malignancy among Mi1 tumours (right). Middle bar, median; box, interquartile range; bars extend to 1.5 times the interquartile range.

Ben., benign; Mal., malignant. Error bars denote the s.d. (d) Overexpression of miRNAs 96/183 in mouse chromaffin cells induces an EMT-like phenotype.

Histograms show the relative expression of mature miRs and keratin-19 (used as EMTmarker) detected by quantitative reverse transcription–PCR in clones

obtained after stable transfections with plasmids containing either scrambled or miRNA sequences. Error bars denote the s.e.m. The bottom panel shows

the corresponding morphology changes as determined by F-actin immunostaining. Scale bar, 20mm. (e) Deregulation of the DLK1-MEG3 cluster in PCC/

PGL of the Mi3 group. The mean expression levels of miRNAs belonging to the DLK1-MEG3 cluster are indicated, together with the presence of a LOH at the

locus (blue, LOH; white, no LOH) and the methylation levels at the promoter CpG island (yellow, fully methylated; green, hemimethylated; dark green,

unmethylated).
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but no chromosomal gains. Overall, the C2 group comprises
mainly benign PCCs with a later age of onset.

Discussion
The integrative genomic analysis of the well-annotated and
genotyped COMETE cohort demonstrated that mutation status
in PCC/PGL susceptibility genes is strongly correlated with multi-
omics data. The somatic inactivation of the normal allele in
PCC/PGL tumour suppressors such as SDHx, VHL and NF1
tumours is driven by large deletions at the corresponding loci, but
not by somatic mutations or epigenetic modifications. Given that
these alterations involve large genomic segments, it remains
challenging to identify other potential drivers and we cannot
formally exclude the possibility that a concomitant loss of another
tumour suppressor participates to tumorigenesis. Nevertheless,
loss of 1p (SDHB locus) is broadly observed in PCC/PGL and was
also encountered in cases displaying chromothripsis.

Regarding the mutational landscape, PCCs/PGLs are similar to
other neural crest-derived tumours. Although they display a low
mutation rate similar to neuroblastomas, medulloblastomas
and ependymomas28–31, PCCs/PGLs have mutations in TP53,
CDKN2A and the RAS/MAPK signalling pathway that have also
been found in melanomas and glioblastomas32,33.

Importantly, we did not find any recurrent mutations in
PCCs/PGLs, but it is expected that analysis of more samples could
help identify significant genes of low mutation frequency34. In
fact, our validation screening revealed frequent mutations in
MET, particularly in C2A and C2B tumours. This gene encodes
for a receptor with tyrosine kinase activity that triggers the RAS/
MAPK signalling pathway frequently altered in PCCs/PGLs and
therefore can be considered as a potential driver and theranostic

biomarker35. We also point out mutations in ATRX and MLL2,
two chromatin-remodelling genes, as they are frequently altered
in gliomas, neuroblastomas, medulloblastomas and neuro-
endocrine tumours28–30,36–40 and may therefore constitute a
converging tumorigenic pathway for these related tumour types.

We previously found that SDHx and FH mutations establish a
hypermethylator phenotype in PGLs4,13. In this regard, it is worth
mentioning that similar results have been observed for at least
two other neural crest-derived tumours, ependymomas and
IDH-dependent glioblastomas31,33, as well as in gastro-intestinal
stromal tumours41. Increased CpG methylation induced by
accumulation of metabolic intermediates (oncometabolites)
reflects a block of the differentiation programme, thus probably
promoting an increase in the number of stem and progenitor
cells. Epigenetic modifiers would be a pertinent therapeutic
strategy for this type of malignancy. On the other hand, the
significance of the prevalent hypomethylation outside CpG
islands found in Cluster 2 PCCs/PGLs remains unclear. Indeed,
hypomethylation has classically been associated with genomic
instability. In this subgroup of tumours, we have however not
observed an increase in chromosome instability, and the
pathophysiological consequences of this phenotype are still to
be further investigated. In addition, we show here that
PNMT gene encoding for the enzyme catalysing the conversion
of noradrenaline to adrenaline is hypermethylated and
downregulated in VHL tumours, suggesting that epigenetic
silencing of this gene explains the noradrenergic phenotype of
both VHL- and SDHx-mutated tumours42.

Regarding miRNA expression changes, a high expression of
miR-96 and miR-183 in SDHB-mutated tumours has been
previously observed17. Here we extended this observation to the
whole miRNA cluster miR-182/96/183 and further verified that
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this overexpression is not related with CNA at this miR locus.
Of these miRNAs, it seems that miR-183 is specific for malignant
tumours, suggesting a potential prognostic value16. We previously
reported that SDHB-mutated tumours display the activation of
the EMT programme43. Here we further demonstrated that
overexpression of miR-183 or miR-96 in mouse chromaffin cells
induces an EMT-like phenotype. This miRNA cluster is
upregulated in other invasive cancers including neural crest-
derived tumours such as medulloblastomas, gliomas and
melanomas44–48. Moreover, these miRs are highly expressed in
neural stem cells and downregulated during differentiation49.
Overexpression of miR-183 or miR-96 in PC12 cells blocks Nerve
growth factor (NGF)-mediated differentiation17. Altogether, these
observations suggest that these miRNAs may contribute to the
maintenance of the undifferentiated state of SDHB-mutated
tumours. The specific targets as well as the precise role of miR-
182 await further functional characterization.

The miRNA profiling of PCC/PGL also uncovered a novel
subgroup of sporadic tumours carrying a shutdown in the
expression of the imprinted DLK1-MEG3 cluster located in
14q32, an alteration previously associated with MAX tumours17.
It is worth mentioning that this cluster is highly expressed in
normal adrenal and other endocrine tissues50. The fact that both
LOH and focal deletions of this genomic region were present,
strongly suggests a tumour suppressor role of these miRNAs.
Interestingly, in adrenocortical carcinoma, this alteration was also
found in a benign subgroup without known driver mutation51.
Therefore, downregulation of this cluster may be sufficient to
trigger tumorigenesis in adrenal tissues.

In conclusion, this integrative genomic study provides evidence
for strong concordance between multi-omics data and genetic
status, thus demonstrating the crucial role of predisposing
mutations as being the main drivers of PCCs/PGLs. This
comprehensive analysis further illustrates the functional inter-
dependence between genomic and epigenomic dysregulations.
Ultimately, PCC/PGL subtypes can be defined by a set of unique
genomic alterations and most probably represent different
molecular entities. In the near future, omics-based tests should
be developed to offer access to a precise molecular classification of
PCCs/PGLs, to practicing clinicians. The knowledge of specific
genomic alterations should provide a real help for individual
patient management and should guide the choice of targeted
therapy for malignant cases. Therefore, our findings pave the way
towards omics-based clinical management and personalized
medicine for patients with PCCs/PGLs.

Methods
Tumour samples. The tumour and blood samples were collected prospectively
by the French COMETE Network. Ethical approval for the study was obtained
from the institutional review board (Comité de Protection des Personnes Ile de
France III, June 2012).

Written informed consent for the sample collection and subsequent analyses
was obtained from all patients. The procedures used for PCC/PGL diagnosis were
in accordance with both internal and international clinical practice guidelines52,53.
Diagnosis was confirmed by histology in every case. A total of 202 consecutive
cases of PCCs/PGLs, recruited over 15 years (1993–2008), were included in this
study. Fresh tumour samples collected during surgery were immediately frozen and
stored in liquid nitrogen until processing.

Nucleic acids extraction. Germline DNA was extracted from leukocytes using
standard protocols. Tumour samples (30–50mg) were powdered under liquid
nitrogen. DNA was extracted and purified using a QIAamp DNA Mini Kit or an
Allprep Kit (Qiagen) and RNA was extracted using an RNeasy Mini Kit (Qiagen).
miRNA was extracted using a miRNeasy Mini Kit (Qiagen). Concentration of
nucleic acids was determined using a Nanodrop ND-1000 instrument (Nyxor
Biotech). RNA quality was assessed by electrophoresis on a Bioanalyzer 2100
(Agilent Technologies). A 28S/18S ratio above 1.5 was considered to rule out
degradation.

Genetic testing and validation of somatic mutations. Mutation analysis of
PCC/PGL susceptibility genes was performed as previously described4–6. Screening
of CDKN2A gene and hotspot mutations in HRAS (exons 2, 3, 4 and 5), TP53
(exons 4, 5, 6, 7, 8, 9, 10 and 11) and MET (exons 2, 14, 16 and 19) genes in the
whole cohort, as well as validation of 20 mutations identified by exome sequencing
in cancer genes (Supplementary Data 2) were performed by Sanger sequencing.
The somatic nature of mutations was confirmed by sequencing tumour DNA and
their paired blood DNA. The primer sequences and PCR conditions are available
on request.

Analysis of copy-number data. DNA samples from 150 PCC/PGL (145 primary
tumours and 5 relapses) were analysed with Illumina HumanCNV610-Quad v1.0.
Hybridization was carried out by Integragen SA (Evry, France), following the
manufacturer’s recommendations. Raw fluorescent signals were launched into
BeadStudio software (Illumina) and normalized54 to obtain log R ratio and B allele
frequency values. Genomic profiles were divided into homogeneous segments by
applying the circular binary segmentation algorithm55 to both log R ratio and B
allele frequency values. The ploidy of each sample, the level of contamination with
normal cells and the allele-specific copy number of each segment was determined
using the Genome Alteration Print method56. The overall genomic instability of
each sample was quantified as the fraction of aberrant arm score57. When several
samples were available from the same patient, tumour progression trees were
reconstructed using the TuMult algorithm24.

Sequencing data processing and mutation detection. Whole-exome sequencing
was performed in 30 pairs of PCCs/PGLs and matched normal samples (from
blood), and 1 trio with a primary tumour and metastasis. In all tumour samples,
the ratio of tumour cells to non-tumour cells was determined to be 450% and this
value was confirmed by SNP array analysis. Sequence capture and exome
sequencing were performed by Integragen as described elsewhere57. Briefly, Agilent
in-solution enrichment (SureSelect Human All Exon Kit v4þUTR) with the
provided biotinylated oligonucleotide probe library (Human All Exon v4þUTR–
70Mb) was used for DNA sequence capture, enrichment and elution from the
tumour and matched blood DNA samples. The eluted fraction was amplified by
PCR and sequenced on an Illumina HiSeq 2000 sequencer as paired-end 75-bp
reads. Image analysis and base calling were performed using Illumina Real-Time
Analysis Pipeline version 1.12.4.2 with default parameters. Illumina CASAVA 1.8.2
software was used to align reads against the hg19 genome build (GRCh37) and to
detect SNVs and indels. We used the ELANDv2 algorithm for alignment. Targeted
regions were sequenced to an average depth of 80� . We applied a previously
described pipeline51, with some modifications, to generate a list of somatic variants
located in coding regions, plus four intronic bases corresponding to consensus
splice sites. Quality-control filtering removed variants sequenced in o10 reads,
with o3 variant calls or with QPHRED of o10. Variants were considered to be of
somatic origin when the frequency of variant reads was Z10% in the tumour and
o5% in the normal counterpart, with a significant enrichment of variant cells in
the tumour as assessed through a Fisher’s exact test. Common polymorphisms
(with reported frequency of 41%) were removed by comparison with dbSNP135,
the 1000 Genomes Project database and a proprietary database of exomes from
normal tissues. Missense variants were classified as ‘benign’, ‘possibly damaging’ or
‘probably damaging’ using PolyPhen-2 software (http://genetics.bwh.harvard.edu/
pph2/). AlamutVisual Software version 2.4.6 (http://www.interactive-biosoftware.
com/software.html) was used for nomenclature of gene variations. Somatic
mutations occurring in at least two samples were validated visually using the
Integrative Genomics Viewer58. The mean number of somatic mutations per
sample (three silent and nine non-silent) comprised exonic SNVs and indels. The
mutation rate in each tumour was evaluated by dividing the number of somatic
mutations by the number of exonic bases covered by Z10� in both the tumour
and normal samples. To identify mutations with transcriptional strand bias, we
used a binomial test to assess whether the proportions of each type of somatic
substitution occurring on the transcribed strand differed significantly from 0.5.

miRNA profiling. miRNA expression was performed in 172 PCC/PGL. Multi-
plexed miRNA libraries were prepared using a PCR barcoding method59 and
sequenced on an Illumina HiSeq 2000 sequencer. Image analysis, base calling,
demultiplexing and conversion of BCL to FASTQ format were carried out using
Illumina CASAVA 1.8.2 software. Adaptor sequences were removed using
mirExpress software60 and FASTA files for each sample were processed by
miRanalyzer0.3 software61, to quantify read counts for each miRNA referenced in
mirBase74 v18. In total, 763 miRNAs were expressed (410 reads) in at least 2
samples and were used for unsupervised classification. The miRNA count data
were log2 transformed, divided by the total number of reads in each sample and
centred on the mean expression level of each gene. Consensus clustering was then
performed62 and the optimal number of clusters (K¼ 7) was determined from
cumulative distribution function (CDF) curves. We used the Bioconductor DESeq
package26 to identify differentially expressed miRNAs. For validation of the
expression of miRNA cluster 182/96/183 in tumour tissues and murine cell lines,
we used the following TaqMan assays (Applied Biosystems): mmu-miR-183 (ID
002269), mmu-miR-96 (ID 000186), hsa-miR-182 (ID 002334) and mmu-miR-182
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(ID 002599), hsa-miR-324-3p (ID 002161), has-miR-320 (ID 002277) and U6
snRNA (ID 001973). Briefly, 10 ng of RNA previously treated with Turbo DNase
was reverse transcribed. Amplifications were performed in a StepOne Plus Real-
Time PCR system. The expression of U6 or the mean expression of miR-320 and
miR-324 were used as normalization control in murine cells and tumours,
respectively.

Gene expression data. Gene expression profiles were available from a previous
study, in which we identified five stable PGL/PCC subgroups, significantly asso-
ciated with clinical features and gene mutations6. HG-U133 Plus 2.0 Affymetrix
GeneChip data from this previous study are available online as ArrayExpress entry
E-MTAB-733 (http://www.ebi.ac.uk/arrayexpress/).

DNA methylation arrays. Whole-genome DNA methylation was analysed in
145 tumour samples using the Illumina Infinium HumanMethylation27 assay as
previously reported13. Data from this previous study are accessible through the
NCBI’s Gene Expression Omnibus series accession number GSE43298 (http://
www.ncbi.nlm.nih.gov/geo).

Cellular assays. imCCs13 were cultured in medium DMEMþGlutamax (GIBCO)
supplemented with 10% fetal bovine serum (GIBCO) and maintained in a
humidified 5% CO2 atmosphere at 37 �C. For stable transfections of miRs, we used
the Origen plasmid mmu-miR-183 (catalogue number SC400806), which also
contains the mmu-miR-96 sequence, whereas both scrambled and mmu-miR-182
sequences were cloned in pCMV6-A-Puro Vectors. MegaTran 1.0 was used as
transfection reagent (CliniSciences). Clones expressing one of the miRs belonging
to the cluster 182/96/183 were obtained by limited dilution assays.

For immunofluorescence, microscope slides (Thermo scientific) were coated
with Poly-D-lysine (100 mgml� 1) for 3 h at 37 �C and washed with PBS 1�
without calcium. Cells seeded for 24 h were assayed for F-actin staining. Briefly,
cells were fixed in 3% formaldehyde and 2% sucrose for 20min at room
temperature. Next, cells were washed twice with PBS 1� and permeabilized for
10min. A stock solution of phalloidin–tetramethylrhodamine isothiocyanate
(Sigma) in dimethyl sulfoxide at 0.5mgml� 1 was used at a concentration
of 1:1,000 in PBS 1� for 1 h at room temperature. Cells were washed several
times to remove the conjugate and stained with 0.5mgml� 1 40 ,6-diamidino-2-
phenylindole.

Cell migration capacity of transfected imCC was assessed by performing in vitro
scratch assays. Closure of the wounds was measured after 12 h13. For invasion
assays, 75,000 cells per well (24-well format plates) were seeded on cell wall filters
(8.0mm pore size) containing a layer of growth factor reduced matrigel (BD
Biosciences) diluted 1:4 in serum-free culture media. Cells were allowed to traverse
the Matrigel for a period of 40 h after which they were fixed with methanol 15min
and then stained with toluidine blue 1% for 30min. Cells were removed from the
upper side of the chamber with cotton swabs. Images were taken from two
independent experiments for quantifications.
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a b s t r a c t

Pheochromocytomas and paragangliomas (PPGL) are rare neuroendocrine tumors characterized by a

high frequency of hereditary forms. Based on transcriptome classification, PPGL can be classified in two

different clusters. Cluster 1 tumors are caused by mutations in SDHx, VHL and FH genes and are char-

acterized by a pseudohypoxic signature. Cluster 2 PPGL carry mutations in RET, NF1, MAX or TMEM127

genes and display an activation of the MAPK and mTOR signaling pathways. Many genetically engineered

and allografted mouse models have been generated these past 30 years to investigate the mechanisms of

PPGL tumorigenesis and test new therapeutic strategies. Among them, only Cluster 2-related models

have been successful while no Cluster 1-related knockout mouse was so far reported to develop a PPGL.

In this review, we present an overview of existing, successful or not, PPGL models, and a description of

our own experience on the quest of Sdhb knockout mouse models of PPGL.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Pheochromocytomas (PCC) and paragangliomas (PPGL) are

rare catecholamine-secreting tumors arising respectively from

the adrenal medulla (PCC proper) or from extra-adrenal chro-

maffin tissues (PGL). PPGL occur in the context of inherited

cancer syndromes in around 40% of cases. These hereditary

syndromes include multiple endocrine neoplasia type 2 (caused

by RET mutations), von Hippel Lindau disease (VHL gene muta-

tions), neurofibromatosis type 1 (NF1 gene mutations), heredi-

tary PPGL syndrome (SDHA, SDHB, SDHC, SDHD (referred to as

SDHx) and SDHAF2 genes), familial pheochromocytoma

(TMEM127, MAX), polycythemia paraganglioma syndrome

(EPAS1/HIF2A), and Reed syndrome (FH) (Amar et al., 2005;

Dahia, 2014; Favier et al., 2014; Gimenez-Roqueplo et al., 2012).

Recently, MDH2 was described as a novel PPGL susceptibility

gene (Cascon et al., 2015). With the exceptions of RET and HIF2A

which act as oncogenes, all PPGL susceptibility genes are

considered as tumor suppressor genes: patients carry a hetero-

zygous germline mutation and tumor development occurs

following a somatic second hit that leads to loss of heterozy-

gosity (LOH), and to the subsequent inactivation of the gene. The

hereditary PPGL syndrome is the most frequent inherited con-

dition, characterized by the occurrence of PCC or PGL usually at a

young age, with a multifocal disease. Patients with SDHB muta-

tions have an increased risk of recurrence, malignant disease and

poor prognosis (Amar et al., 2007).
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Various large cohorts of patients have been generated

worldwide with highly representative tumor collections

permitting the implementation of genomic studies (Burnichon

et al., 2011; Dahia et al., 2005; Eisenhofer et al., 2004; Favier

et al., 2009; Lopez-Jimenez et al., 2010). Gene expression

profiling obtained in these transcriptomic studies have been used

to classify PPGLs, assigning them to either a hypoxic/angiogenic

cluster (Cluster 1) or a kinase-signaling cluster (Cluster 2).

Cluster 1 contains all SDHx-related tumors, the recently

described FH- (Castro-Vega et al., 2014; Letouze et al., 2013) and

VHL-mutated tumors. Cluster 2 consists in tumors related to RET,

NF1, TMEM127 and MAX genes mutations, as well as most of the

sporadic tumors.

Many genetically engineered and allografted mouse models

have been generated to investigate the mechanisms of PPGL

tumorigenesis and test new therapeutic strategies (Table 1).

Existing mouse models include inactivation of Nf1, Rb, Vhl, Sdhd,

Pten and InK4a tumor suppressor genes (Bayley et al., 2009; Gnarra

et al., 1997; Haase et al., 2001; Jacks et al., 1994; Korpershoek et al.,

2009; Ma et al., 2003; Nikitin et al., 1999; Piruat et al., 2004; You

et al., 2002) and mutations on c-mos, Ret and ErbB2 proto-onco-

genes(Lai et al., 2007; Schulz et al., 1992; Smith-Hicks et al., 2000).

We describe here an overview of these existing predisposed and

xenografted mouse models together with our local experience on

the generation of Sdhb deficient mouse models.

2. Predisposed mouse models

2.1. Cluster 1

The Cluster C1 includes tumors carrying SDHx, FH, VHL and

HIF2A genes mutations. Genes overexpressed in this cluster

participate to the hypoxia-dependent signaling pathways promot-

ing angiogenesis, proliferation and glycolysis (Favier et al., 2009).

This “pseudo-hypoxic” signature is explained by the direct capacity

of SDHx, FH and VHL-mutated cells to stabilize hypoxia-inducible

factors (HIFs) in normoxic conditions. VHL encodes a member of

an E3 ubiquitin ligase complex that targets HIFa proteins to pro-

teasomal degradation in normoxia. SDHA-D genes encode the 4

subunits of succinate dehydrogenase (SDH) or mitochondrial

complex II, an enzyme located at the crossroads between the

mitochondrial electron transport chain and the tricarboxylic acid

(TCA) cycle (Lancaster and Simon, 2002). The complete loss of SDH

activity in the tumor is associated with succinate accumulation,

which inhibits prolyl-hydroxylases activity that finally results in

the abnormal stabilization of HIFas under normoxic conditions

(Briere et al., 2005). Succinate also inhibits TET DNA demethylases

and JmJC histones demethylases, leading to global DNA and his-

tones hypermethylation that has important consequences on gene

expression (Letouze et al., 2013). FH is a tumor suppressor gene

encoding fumarate hydratase (also known as fumarase), which

Table 1

Success and failures of predisposed mouse models of pheochromocytomas.

Transcription

cluster

Human syndrome Gene Mouse model PCC Other phenotype Cell

lines

Reference

Cluster 1 Familial

Paraganglioma

SDHD Sdhd�/� e Embryonic lethal (E7) e Piruat et al., 2004

Sdhdþ/- No Carotid body hyperplasia e Bayley et al, 2009

SDHB Sdhb�/� e Embryonic lethal (E7) imCC Letouze et al., 2013

Sdhbþ/- No No e Present study

Sdhdlox No No e

Von Hippel Lindau VHL Vhl�/� e Embryonic lethal (E10.5 to

12.5)

e Gnarra et al., 1997

Vhlþ/e;

Vhlþ/lox, albumin-Cre

No Vascular tumours of

multiple organs

e Ma et al., 2003

Vhllox/e, ß-actin-CRE No Hepatic Hemangiomas e Haase et al., 2001

HLRCC FH Fh1�/�
e Embryoniclethal (E6) e Pollard et al., 2007

Fh1lox/lox;Ksp1.3/Cre No renal cysts e

Cluster 2 Neurofibromatosis

Type 1

NF1 Nf1�/� e Embryonic lethal (E13.5) e Jacks et al., 1994

Nf1þ/� PCC in 10e20%, 15e28

months

Myeloid leukemia

e e MPC Powers et al., 2000

MEN2B RET Met918Thr (het) Chromaffin cell hyperplasia

(16%)

C-cell hyperplasia (up to

41% at 12 months)

e Smith-Hicks et al., 2000

Met918Thr (homo) PCC in 100%, 6e10 months C-cell hyperplasia (up to

60% at 10 months)

e

e

“MEN2-like” c-mos Transgenic Bilateral PCC in 58%, 8

months

C-cell thyroid carcinomas;

gliosis; axonal

degeneration

e Schulz et al., 1992

Rb Rb þ/� PCC in 71% (14% bilateral)

12 months

C-cell thyroid carcinomas

81% 12 months Pituitary,

parathyroid, lung, pancreas

tumors

e Nikitin et al., 1999

None ErbB2 PB-ErbB2 Adrenal hypertrophy (5%), Prostate intraepithelial

neoplasia

e Lai et al., 2007

PCC in 5% of males, 15

months

B-RAF B-RafV600E PCC and PGL in 80% at 5

months

cardio-facio-cutaneous

syndrome

e Urosevic et al., 2011

Cowden Syndrome PTEN Ink4a Arfþ/þ ; Ptenþ/- PCC in 24%, 10.5 months Prostate, breast and

endometrial hyperplasia

Lymphoma; pulmonary and

colon carcinoma sarcoma

e You et al., 2002

Ink4a Arfþ/e; Ptenþ/- PCC in 57%, 7.5 months

Ink4a Arf�/�; Ptenþ/- PCC in 59%, 6 months

PSA-Cre;

PtenloxP/loxP

PCC in 30% at 7e9 months

and 100%,

at 15e16 months

Prostate tumors e Korpershoek et al., 2009
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converts fumarate into malate in the TCA cycle. As for SDH-related

PPGL, FH-related paragangliomas present a pattern of global his-

tone and DNA hypermethylation evocating that fumarate acts, like

succinate, as an oncometabolite (Castro-Vega et al., 2014; Letouze

et al., 2013; Morin et al., 2014).

2.1.1. SDH deficient mouse models

The first report of SDH complex inactivation in mouse was

published in 2004 by Piruat et al. (Piruat et al., 2004). This model is

embryonic lethal at E7 when the knockout (KO) of Sdhd is homo-

zygous. Heterozygous Sdhd inactivation induces a slight increase in

the percentage of glomus cells in the carotid body (CB) and a sig-

nificant increase of spontaneous CB activity under normoxic con-

ditions but does not lead to carotid body PGL nor PCC (Piruat et al.,

2004). Several years later, a second team generated Sdhd gene

knockout mice with the same results even after crossing themwith

a strain knocked-out for a candidate imprinted modifier gene (H19
þ/� mice) in order to mimic the “imprinted” inheritance of SDHD

tumorigenesis observed in human (Bayley et al., 2009).

Our strategy was to inactivate Sdhb gene in order to generate an

animal model of malignant PPGL as close as possible to the human

disease.

Because embryonic death of nullizygous Sdhb mice was pre-

dictable, we used the Cre-Lox system to generate both a constitu-

tive and a conditional inactivation of the gene. To that aim, LoxP

sites were inserted on both sides of Sdhb exon 2 (Letouze et al.,

2013). Sdhb-floxed mice were subsequently crossed with PGK-

Crem mice (Lallemand, 1998) to generate the constitutive knockout

model, and with tyrosine hydroxylase-Cre (TH-Cre) or human

Prostate-Specific Antigen-Cre (PSA-Cre) mice to generate cell-

specific conditional KO models. TH promoter is expected to drive

Cre recombinase expression in all catecholaminergic cells (Gelman

et al., 2003), while PSA, although supposedly specific of the pros-

tate, actually drives expression in the adrenal medulla in mouse

(Korpershoek et al., 2009) (see Section 2.2.2).

As expected, cross-breeding of Sdhbþ/� animals did not lead to

the expected Mendelian genotype ratios of 1:2:1 but to a hetero-

zygous Sdhbþ/� and wild type Sdhbþ/þ offspring (ratio 2:1) indi-

cating that a complete inactivation of Sdhb results in embryonic

lethality. Embryos isolated at day E7.5 onwards were found to have

heterozygous Sdhbþ/� or wild-type Sdhbþ/þ genotypes (N ¼ 63)

(Fig. 1A). At that time of embryonic development, about 25% of the

embryo sacs were empty and only one homozygous Sdhb�/� em-

bryowas retrieved and genotyped at E6.5 (Fig.1A). These results are

concordant with an embryonic lethality before E7.5 as previously

reported for the Sdhd gene knockout (Piruat et al., 2004).

Expression of Sdhb mRNA (Fig. 1B) and SDH enzymatic activity

(Fig. 1C) in several tissues were reduced in Sdhbþ/� mice as

compared with their wild type counterparts.

Heterozygous Sdhbþ/� mice are fertile and viable. No bias was

detected in the male/female ratio and the survival was comparable

in the two groups. Evaluation of the cardiovascular phenotype of

the mice (blood pressure and heart rate) revealed no significant

differences compared toWTmice. Main organs (heart, kidney, lung,

liver) and specific tissues of PGL emergence (adrenal, carotid body)

were examined macroscopically and histologically and revealed no

difference. A cohort of 231 mice was followed during a median

period of 19 months (range 6e27 months) and sacrificed to analyze

tumor development. This cohort included 106 wild type and 125

Sdhbþ/� mice. No indication of chromaffin tumor development was

apparent in any animal and only one heterozygous mouse died of

natural causes (other than PCC) before sacrifice.

As for the heterozygous mice, TH-Cre/Sdhblox/lox and TH-Cre/

Sdhblox/� (n¼ 51), as well as PSA-Cre/Sdhblox/lox and PSA-Cre/Sdhblox/

� (N ¼ 67) conditional knockout mice are viable, fertile and had no

apparent phenotype (Table 2). Various tumors were identified in 5

mice (one schwannoma, one pancreatic cyst, one hepatocarcinoma,

one lymphoma, one epidermoïd carcinoma) but none were pheo-

chromocytoma and the median adrenal weight was 3.0 mg [range

1.0e7.9 mg], which is comparable to that of control mice.

Ptenþ/� mice were previously reported to be predisposed to PCC

(You et al., 2002). Because of the absence of PCC or PGL in Sdhb KO

mice, we crossed them under a Pten knockout background (Ptenþ/�

mice generated by crossing Ptenþ/lox mice (Ma et al., 2005) with

PGK-Crem mice). The aim was to generate a metastatic PCC exper-

imental model harboring an inactivation of the Sdhb gene. Fifty-one

constitutive double heterozygous (Sdhbþ/�/Ptenþ/�) mice were

studied and compared to 83 heterozygous Ptenþ/� mice. Among

these mice, 26 died before sacrifice (11 Sdhbþ/�/Ptenþ/� including 1

necropsied and 15 Ptenþ/� including 3 necropsied). Necropsy was

performed for the 68 remaining Ptenþ/� and 40 Sdhbþ/�/Ptenþ/�

mice following sacrifice. Adrenals were retrieved in all cases and

considered as a PCC if weighting more than 8 mg, as previously

reported (Korpershoek et al., 2009). At 10months, more than 70% of

these mice developed a PCC detectable in vivo on MRI (Fig. 1E, F)

and confirmed by histology (Fig. 1G) with no significant difference

between the two groups regarding PCC frequency, adrenal median

weight, median age of dissection, or death. Among the mice with

PCC, lungs were examined on histological sections in 11/52 Ptenþ/�

cases and 15/33 Sdhbþ/�/Ptenþ/� and lung micro-metastasis were

found in 64% (7/11) and 73% (11/15) of cases, respectively (Fig. 1H).

No other metastatic site was detected (lymph node or liver). Other

cancer development was observed in accordance with Pten defi-

ciency, with no difference between the two groups.

Finally, a double Sdhb/Pten conditional KO model expressing Cre

recombinase under the control of PSA promoter was generated

(Table 2). This promoter was chosen as its efficiency to promote PCC

had previously been demonstrated in the Pten conditional KO

(Korpershoek et al., 2009). Seventy-two double conditional KO

mice were studied for PCC development. Among these mice one

PSA-Cre/Sdhblox/�/Ptenlox/lox died before sacrifice at 12 months old.

In the end, necropsy was performed for 71 mice including 45

double conditional KO heterozygous for Sdhb deletion and 26

double conditional KO homozygous for Sdhb deletion (Table 2) at a

median age of 12.9 months [range 8.3e14.6] and 9.7 months [range

7.6e11.9] respectively. The median adrenal weight and PCC devel-

opment were significantly different between the 2 groups with a

much lower tumor incidence in the group with double conditional

KO homozygous for Sdhb deletion (Fig. 1E, Table 2). Indeed, in the

double conditional KO heterozygous for Sdhb deletion, a high

incidence of PCCwas observed in comparable range to that of Ptenþ/

� and Sdhbþ/�/Ptenþ/� mice (i.e. 64% in PSA-Cre/Sdhbþ/lox/Ptenþ/lox

mice and 89% in PSA-Cre/Sdhbþ/lox/Ptenlox/lox). In contrast, there was

a two-fold decrease in the incindence of PCC in the double condi-

tional KO homozygous for Sdhb deletion (Table 2).

The succinate level was assessed by Gas chromatographyemass

spectrometry (GCeMS) in 23 PCC from 13 Ptenþ/� mice and 9

double conditional KO (4 heterozygous and 5 homozygous for Sdhb

deletion). In contrast with human PPGL (Pollard et al., 2005), no

accumulation of succinate was detected in any of these tumors

(Fig. 1I), demonstrating the persistence of an SDH activity, even in

supposedly Sdhb homozygous knockout tumors. The high incidence

of PCC in double conditional KO heterozygous for Sdhb deletion

(PSA-Cre/Sdhbþ/lox/Ptenþ/lox mice and PSA-Cre/Sdhbþ/lox/Ptenlox/lox)

shows that Cre-mediated recombination is highly efficient using

the PSA promoter. Thus, the two-fold reduction in PCC incidence

observed in the double conditional KO homozygous for Sdhb

deletion, must be the consequence of a cell death induced by Sdhb

complete deletion. Only cells in which a reduced Cre efficiency

maintained a wild-type Sdhb allele were able to survive, leading to

C. Lepoutre-Lussey et al. / Molecular and Cellular Endocrinology 421 (2016) 40e4842



Fig. 1. Characterization of Sdhb constitutive and conditional knockout mice. Genotyping of Sdhb gene locus revealed the homozygous deletion of exon 2 (Dex2) in a single Sdhb�/�

embryo at E7 (A). Quantitative RT-PCR confirmed the haploinsufficiency in the heart, kidney and adrenals of Sdhbþ/� mice, compared to their wild-type (wt) littermates (B). Sdhbþ/�

mice displayed a 25e40% decrease in SDH activity measured by spectrophotometry (C). T2-weighted MRI reveals large adrenal masses in Sdhbþ/�; Ptenþ/� (yellow circles) as

compared to a normal adrenal of a wt mouse (orange circles) (E). While more than 70% of Ptenþ/�, Sdhbþ/�; Ptenþ/�, and Double Pten/Sdhb PSA-Cre conditional knockout mouse

(DbCondKO) heterozygous for Sdhb (Sdhbþ/lox) present a PCC, DbCondKO homozygous for Sdhb (Sdhblox/lox and Sdhblox/�) only present a PCC in 38% of cases (F). Hematoxylin eosin

staining of the adrenal of wt and Sdhbþ/�; Ptenþ/�mice confirms the diagnosis of PCC (G). Synaptophysin immunostaining reveals PCC micrometastases in the lungs of Ptenþ/� or

Sdhbþ/�; Ptenþ/� (H). None of the PCC resected from these mouse models displays succinate accumulation measured by GS-MS (I).

Table 2

The quest for generating an Sdhb deficient mouse model predisposed to pheochromocytoma.

Mouse genotype Expected genotype in adrenal medulla PCC (%) Nb of mice with PCC/Total

Sdhb�/� NA NA NA

Sdhbþ/� Sdhbþ/� 0 0/125

TH-Cre/Sdhblox/lox Sdhb�/� 0 0/51

TH-Cre/Sdhblox/�

PSA-Cre/Sdhblox/lox Sdhb�/� 0 0/67

PSA-Cre/Sdhblox/�

Ptenþ/� Ptenþ/� 73 52/71

Sdhbþ/�/Ptenþ/� Sdhbþ/�/Ptenþ/� 80 33/41

PSA-Cre/Sdhbþ/lox/Ptenþ/lox Sdhbþ/�/Ptenþ/� 64 23/36

PSA-Cre/Sdhbþ/lox/Ptenlox/lox Sdhbþ/�/Pten�/� 89 8/9

PSA-Cre/Sdhblox/lox/Ptenþ/lox Sdhb�/�/Ptenþ/� 33 4/12

PSA-Cre/Sdhblox/�/Ptenþ/lox

PSA-Cre/Sdhblox/lox/Ptenlox/lox Sdhb�/� Pten�/� 42 6/14

PSA-Cre/Sdhblox/�/Ptenlox/lox

PSA-Cre/Sdhblox/�/Ptenlox/�
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PCC with normal SDH activity.

Altogether, these results suggest that Sdhb complete KO is lethal

inmouse chromaffin cells in vivo and that the generation of an SDH-

related model of PGL or PCC may not be feasible in mouse.

2.1.2. Other models targeting the pseudohypoxic pathway

Von HippeleLindau disease (VHL) is a rare autosomal dominant

disease characterized in human by renal clear-cell carcinoma, PPGL

and central nervous system or retinal haemangioblastomas asso-

ciated with neuroendocrine pancreatic tumors or cysts, endolym-

phatic sac tumors, and epididymal and/or broad ligament

cystadenomas (Maher et al., 2011). Homozygous disruption of Vhl

in mice results in embryonic lethality from lack of placental vas-

culogenesis (Gnarra et al., 1997), while heterozygous Vhlmice have

a phenotype strongly dependent on genetic background. Indeed, no

phenotype was observed in Vhlþ/� mice bred in a mixed C57BL6/

c129 genetic background (Gnarra et al., 1997), while Vhlþ/� in a

BALB/c129 background developed cavernous liver hemangiomas

with a high phenotypic penetrance (Haase et al., 2001). Haase et al.

generated a conditional Vhl KO mouse model (Haase et al., 2001).

They first targeted a disruption of Vhl in the liver leading to hepatic

vascular tumors (cavernous hemangiomas) (Haase et al., 2001).

Thereafter, different tissue-specific Vhl KO strains were generated

(in the kidney, epidermis, thymus …) with several vascular HIF1

and 2 dependent tumors. However, no specific chromaffin KO was

generated and thus no PPGL was ever reported in these mice (for

review see (Haase, 2005)).

Mutations in FH gene in human predispose to Reed syndrome,

also known as multiple cutaneous and uterine leiomyomatosis

(HLRCC) (Tomlinson et al., 2002; Toro et al., 2003). This autosomal

dominant disease associates smooth muscle tumors (leiomyomas)

in the skin and uterus. Some affected patients are at risk of devel-

oping benign renal cysts, type 2 papillary renal carcinoma, leio-

myocarcinomas and, in exceptional cases, PPGL (Castro-Vega et al.,

2014; Lehtonen et al., 2006; Tomlinson et al., 2002; Toro et al.,

2003). The Fh1�/� mice generated by Pollard et al. died during

early embryogenesis (Pollard et al., 2007). In this model, condi-

tional targeting of Fh1 in the kidney (Fh1lox/lox;Ksp1.3/Cre animals),

results in renal cysts as a direct consequence of HIF1a (and HIF2a)

overexpression (Pollard et al., 2007). Nevertheless, while the link

between tumor development and activation of the hypoxic

pathway is clearly demonstrated in Vhl deficient animals (Rankin

et al., 2005), the phenotype observed in Fh KO mice is not

rescued, but evenworsened by the inactivation of HIF1 (Adam et al.,

2011). To our knowledge, a conditional model targeting Fh

knockout in the adrenal medulla has not been generated yet.

2.2. Cluster 2A

Cluster C2A comprises RET-, NF1-, MAX- and TMEM127-mutated

PCC, as well as most sporadic tumors. These tumors display acti-

vation of the RAS/mitogen-activated protein kinase (MAPK)

signaling pathways (Fig. 2).

2.2.1. Predisposing genes in human

2.2.1.1. NF1. The NF1 gene, located on chromosome 17q11.2, is one

of the largest genes in humans. It encodes neurofibromin, a tumor

suppressor that downregulates the RASeRAFeMAPK signaling

cascade (Viskochil et al., 1990). Neurofibromatosis type 1, also

known as von Recklinghausen disease, is a frequent autosomic

disorder that includes several clinical features among the

following: caf�e-au-lait spots, neurofibromas, freckling in the axil-

lary or inguinal regions, optic glioma, Lisch nodules (iris hamarto-

mas) and typical bone lesions (Gutmann et al., 1997). PCC are rare in

patients with neurofibromatosis type 1 (0.1e5.7%).

Homozygous deletion of Nf1 in mouse leads to embryonic

lethality, while the heterozygous Nf1 knockout mouse model is an

incomplete reflection of the human pathology. Indeed, mice

develop PCC at a much higher frequency (~10e20% lifetime inci-

dence) but without any neurofibromas (Jacks et al., 1994). Never-

theless, important observations with this model were that PCC

only arose in mice with a mixed genetic background, and that the

lifetime tumor incidence was increased to ~80% by neonatal irra-

diation of rat pups harboring the mutant Nf1 allele (Powers et al.,

2000).

2.2.1.2. c-mos, Rb and ret. The RET proto-oncogene encodes a

tyrosine kinase receptor activated by dimerization after binding of

its ligands but also by phosphorylation of its tyrosine kinase

domain. This leads to activation of the PI3KeAKT and MAPKeERK

signaling pathways (Ibanez, 2013; Wagner et al., 2012). RET can be

constitutively activated in human by gain-of-function mutations

causing the multiple endocrine neoplasia type 2 (MEN2). MEN2 is a

rare autosomal dominant disorder bringing together two syn-

dromes: MEN2A (or Sipple syndrome) characterized by medullary

thyroid carcinoma (MTC), PCC and primary hyperparathyroidism,

and MEN2B (or Gorlin syndrome, accounting only for 5% of MEN2

cases) assembling severe medullary thyroid carcinoma, PCC, Mar-

fanoid habitus, mucosal neuromas and ganglioneuromatosis of the

gut and intestine (Brandi et al., 2001).

Historically, Schulz et al. developed the first PCCmousemodel in

1992 while they were studying 4 lines of transgenic c-mos mice

(Schulz et al., 1992). In addition to severe neurological defects and

lens abnormalities, 3 of 4 of these mos transgenic lines develop a

pattern of tumor formation similar to the humanMEN2with a high

frequency of bilateral PCC (58%) at 8 months associated with MTC.

Thereafter, two mouse models of MEN2 were generated. The first

was secondary to a heterozygous loss-of-function mutation in Rb

with a phenotype dominated by MTC together with the develop-

ment of PCC in 71% of Rb ± mice, 14% of which were bilateral

(Nikitin et al., 1999). The second model was secondary to the acti-

vating mutation (Met918thyr) of the RET proto-oncogene involved

in MEN2B (Smith-Hicks et al., 2000). At 6 months, 100% of the

homozygous RetMEN2B mice developed a PCC. These mice also

developed thyroid C-cell hyperplasia (the presumed precursor of

carcinoma in human) but no MTC (Smith-Hicks et al., 2000).

2.2.2. Other genes: Pten/InK4a, ErbB2 and B-RAF

The PTEN tumor suppressor gene encodes a phosphatase that

negatively regulates the phosphoinositide 3-kinase (PI3K), inhib-

iting the PI3K/AKT signaling pathway (Cantley and Neel, 1999).

Mutations in this tumor suppressor gene in humans, cause, among

others, Cowden syndromewhich is characterized by several tumors

(hamartomas, and in particular cancers of the breast, the thyroid

gland, the endometrium) but no PCC (Puc et al., 2006; van

Nederveen et al., 2006). Nevertheless, co-existing inactivation of

PTEN and of INK4a are observed in several human cancers, although

not yet in PPGL (Ali et al., 1999). INK4A gene encodes 2 tumor

suppressor genes (p16INK4a and p19ARF) that regulate p53 and pRb

(Retinoblastoma) pathways. You et al. showed that the heterozy-

gous inactivation of Pten predisposes to a broad spectrum of can-

cers inmice including PCC in 23% of cases at 7months (rising to 60%

when co-inactivated with Ink4a gene). Moreover, in contrast with

the previously described mouse models predisposing mostly to

benign PCC, these tumors present around 15% of malignancy (lung

metastasis) (You et al., 2002).

Two models unexpectedly came from prostate cancer studies

using targeting technologies driven by supposedly specific prostate

promoters that actually leak in the adrenal medulla. First, Korper-

shoek et al. reported the conditional Pten KO using the PSA-Cre
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system. These mice have proven to be a good model of PCC pre-

disposition (78% of male mice developed a PCC, a number of whom

had pulmonary metastases) (Korpershoek et al., 2009; Ma et al.,

2003). Three years after, the same group crossed the Pten condi-

tional KO mouse model with a Trp53 conditional KO strain previ-

ously generated byMarino et al. (Marino et al., 2000). These double

conditional KO mice developed metastatic PCC at a higher fre-

quency (up to 67% lung metastases) and at a younger age

(4e5months vs 11 months) (Korpershoek et al., 2012).

The second model is secondary to an ectopic expression of an

activated ErbB2 transgene, driven by the minimal rat probasin

promoter (PB). The activation of this tyrosine kinase receptor re-

sults in bilateral PCC in approximately 5% of PB-Erb2 male mice

with an interesting decrease in the PTEN signaling pathway

together with an increase in cycline D1 levels (Lai et al., 2007).

Finally it was recently shown that mice expressing a hypomor-

phic B-RafV600E allele, a constitutively active B-Raf kinase originally

identified in human melanoma are predisposed to PPGL (Urosevic

et al., 2011). This is the first model that develops both PGL and

PCC, with a high incidence (80%) and at a relatively young age of

onset (around 5 months). Twenty percent of these tumors even-

tually became metastatic to the stomach, pancreas, liver or lung.

These results are particularly interesting, as around 10% of sporadic

PCC have recently been shown to carry a somatic mutation in H-

RAS (Castro-Vega et al., 2015b; Crona et al., 2013; Oudijk et al.,

2014).

3. Allo- and xenografted mouse models

In parallel with these genetically predisposed models, allog-

rafted mice have been developed from the mouse pheochromocy-

toma cell (MPC) lines derived from a Nf1 KO mouse tumor (Powers

et al., 2000). Originally, a mouse model of metastatic PCC using

intravenously injected MPC cells has been established, character-

ized by metastatic lesions predominantly in the liver, 4 weeks after

injection (Ohta et al., 2008). In a second time, a more aggressive

phenotype was obtained by isolating Mouse Tumor Tissue cells

derived from an MPC liver metastasis (MTT cells) that can also be

injected to athymic mice (Martiniova et al., 2009b). The extensive

characterization of these two allografted models by multimodality

imaging confirmed the metastatic phenotype, with a particular

tropism for the liver (Giubellino et al., 2012; Martiniova et al.,

2009a, 2009c, 2010, 2011b). Both models appear to be convenient

for preclinical studies (Martiniova et al., 2011a; Pacak et al., 2012).

A second mouse xenograft model has recently been generated

using rat pheochromocytoma PC12 cells injected subcutaneously

into athymic Swiss nude nu/nu mice with a tumor development

observed about 14 days after implantation. This model appears to

be sensitive to both sunitinib and sorafenib treatments (Denorme

et al., 2014).

Finally, a xenograft model using shRNA mediated SDHB

knocked-down in 143B human osteosarcoma cells was generated

by Guzy and colleagues (Guzy et al., 2008). Interestingly, they found

an acceleration of tumor growth when inhibiting SDHB. Never-

theless, this model is not stricto sensu a PCC mouse model since the

Fig. 2. Pathways involved in mouse models developing pheochromocytomas. Cluster 2-related models develop PCC at various frequencies. Targeted genes comprise transgenic

activation of Ret, c-mos, ErbB2 and B-RAF oncogenes and knock-out of Nf1, Rb and Pten or Pten/InK4a tumor suppressor genes.
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cell types do not derived from a chromaffin tissue.

4. Preclinical trials

The main goal of developing animal models of PPGL is to eval-

uate the efficacy of candidate therapies in vivo, in conditions as

close as possible to the human pathology. Management of patients

with metastatic PPGL is indeed problematic as effective treatments

are severely missing, the main therapeutic approach remaining

surgery. The recent molecular findings related to the tumorigenic

pathways associated with inherited forms of the disease have

identified candidate targets that will need to be validated in

appropriate experimental models. Although several genetically

engineered mice have revealed a predisposition to PCC, none of

these mice were yet reported in a preclinical study, and all in vivo

therapeutic studies have been performed on allografted nude mice

with MPC, MTT or PC12 cells.

A few studies have recently reported the assessment of anti-

proliferative or anti-migratory effects of different compounds in

MPC and MTT cells, as well as in non-proliferating human PPGL

primary cell cultures. These reports were not always based on a

strong rationale but have showed some efficacy. These included a

small molecule inhibitor of serine/threonine protein phosphatase

2A (LB1) combined with Temozolomide (Martiniova et al., 2011a),

Topoisomerase 1 inhibitors associated with 5-azacytidine (Powers

et al., 2014), lipophilic statins (Fliedner et al., 2014), as well as

some somatostatin analogues, LHRH and GHRH antagonists

(Ziegler et al., 2013). Surprisingly, only a very fewand recent reports

have tested the efficacy of anti-cancer drugs in vivo. Following the

hypothesis of a central role of the mTOR pathway in cluster 2

related PPGL, Giubellino et al. reported anti-tumor effects of

AZD8055 (an mTORC1/2 inhibitor), in a metastatic model estab-

lished with MTT cells expressing Luciferase and monitored by

bioluminescence in vivo (Giubellino et al., 2013). The same group

simultaneously reported important anti-metastatic effects of

HSP90 inhibitors, both in vitro and on the metastatic spread of MTT

cells injected in the tail vein of athymic mice. It was reported that

HSP90 binds HIF1 and participates to its stabilization (Isaacs et al.,

2002). In their study, Giubellino et al. showed that HSP90 inhibitors

did promote a reduction of HIF1 levels. These observations suggest

that HSP90 inhibition may be of interest for the management of

Cluster 1 pseudohypoxic PPGL. Finally, only one report tested the

effect of anti-angiogenic agents, such as the small tyrosine kinase

inhibitor sunitinib, which is currently being evaluated in clinical

trials in patients (http://clinicaltrials.gov/show/NCT01371201, and

https://clinicaltrials.gov/ct2/show/NCT00843037). Denorme et al.

showed that both sunitinib and sorafenib that target, among others,

the VEGF receptors, were able to reduce microvessel density and

tumor burden in a xenograft model of PC12 cells (Denorme et al.,

2014).

5. Perspectives

Almost 20 years after the first publication of a mouse model of

PCC predisposition, the number of studies evaluating the in vivo

efficacy of candidate therapies remains very limited. In particular,

the failure in generating human PPGL xenograft models and the

lack of adequate experimental models of Cluster 1-related tumors

have severely compromised the advances that could be applicable

to malignant PPGL caused by SDHB mutations. Recently, an

immortalized mouse chromaffin cell line harboring a complete

Sdhb knockout has been generated and establishment of an in vivo

model of allograft using these cells is currently underway. If suc-

cessful, such a model would constitute the first cluster 1 model and

will allow the assessment of the candidate targets identified by the

numerous molecular studies reported over the past ten years (For

review, see (Castro-Vega et al., 2015a)). These targets comprise

demethylating agents such as 5-azacytidine and decitabine, which

efficacy has partially been studied in vitro (Letouze et al., 2013;

Powers et al., 2014), temozolomide, which was also evaluated in

MPC and has shown some efficiency in SDHB-mutated patients

(Hadoux et al., 2014) or 2-oxoglutarate, a metabolite that is ex-

pected to reverse all the tumorigenic effects mediated by onco-

metabolites such as succinate (in SDHx mutated tumors) or

fumarate (in FH mutated tumors). The development of non-

invasive imaging methods such as bioluminescence, small

animal-dedicated MRI or PET-CT has recently permitted a major

breakthrough in the capacities of research laboratories to evaluate

therapeutic responses in small rodents. This will allow the

launching of preclinical studies in the experimental models that are

now available, and will most probably lead, in the next few years to

major advances in the indication of molecular targeted therapies in

malignant PPGL.
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In Vivo Detection of Succinate by Magnetic

Resonance Spectroscopy as a Hallmark of SDHx

Mutations in Paraganglioma
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Laurence Amar1,2,3, Maxime Janin2,4,5, Chris Ottolenghi2,4,5, Franck Zinzindohou�e2,6,

Gwennhael Autret1,2, Nelly Burnichon1,2,7, Estelle Robidel1,2, Benjamin Banting8,

S�ebastien Fontaine8, Charles-Andr�e Cuenod1,2,8, Paule Benit9,10, Pierre Rustin9,10,

Philippe Halimi2,8, Laure Fournier1,2,8, Anne-Paule Gimenez-Roqueplo1,2,7, Judith Favier1,2,

and Bertrand Tavitian1,2,8

Abstract

Purpose: Germline mutations in genes encoding mitochon-

drial succinate dehydrogenase (SDH) are found in patients with

paragangliomas, pheochromocytomas, gastrointestinal stromal

tumors, and renal cancers. SDH inactivation leads to a massive

accumulation of succinate, acting as an oncometabolite and

which levels, assessed on surgically resected tissue are a highly

specific biomarker of SDHx-mutated tumors. The aim of this

study was to address the feasibility of detecting succinate in vivo

by magnetic resonance spectroscopy.

Experimental Design: A pulsed proton magnetic resonance

spectroscopy (1H-MRS) sequence was developed, optimized, and

applied to image nude mice grafted with Sdhb�/� or wild-type

chromaffin cells. The method was then applied to patients with

paraganglioma carrying (n ¼ 5) or not (n ¼ 4) an SDHx gene

mutation. Following surgery, succinate was measured using gas

chromatography/mass spectrometry, and SDHprotein expression

was assessed by immunohistochemistry in resected tumors.

Results:A succinate peakwas observed at 2.44 ppmby 1H-MRS

in all Sdhb�/�-derived tumors in mice and in all paragangliomas

of patients carrying an SDHx gene mutation, but neither in wild-

type mouse tumors nor in patients exempt of SDHxmutation. In

one patient, 1H-MRS results led to the identification of an unsus-

pected SDHA genemutation. In another case, it helped define the

pathogenicity of a variant of unknown significance in the SDHB

gene.

Conclusions: Detection of succinate by 1H-MRS is a highly

specific and sensitive hallmark of SDHx mutations. This non-

invasive approach is a simple and robust method allowing

in vivo detection of the major biomarker of SDHx-mutated

tumors. Clin Cancer Res; 22(5); 1120–9. �2015 AACR.

Introduction

Pheochromocytoma and paraganglioma are rare neuroendo-

crine tumors that arise in chromaffin cells of the adrenal medulla

and in sympathetic and parasympathetic ganglia, respectively.

The prevalence of pheochromocytoma and paraganglioma

(PPGL) in patients with hypertension consulting at general out-

patient clinics is estimated at 0.2% to 0.6%, but this number may

be underestimated (1). Nearly 40% of patients with PPGL carry a

germline mutation in one of the 13 PPGL predisposing genes

identified so far (2), andmutations of SDHx genes (SDHA, SDHB,

SDHC, SDHD, SDHAF2) are causative of approximately half of

the genetically determined cases. SDHx mutations predispose to

the hereditary PPGL syndrome but may also be found in patients

with gastrointestinal stromal tumors (GIST; ref. 3) or renal clear

cell carcinomas (4).

SDHA, B, C, andD genes encode the four subunits of succinate

dehydrogenase (SDH), a mitochondrial enzyme of the tricarbox-

ylic acid (TCA) cycle that oxidizes succinate into fumarate. They

were the first genes encoding a mitochondrial enzyme demon-

strated to act as tumor suppressor genes (5), an important finding

supporting the hypothesis of a direct link betweenmitochondrial

dysfunction and cancer proposed by Warburg in 1924 (6). Since
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Pompidou, ServicedeG�en�etique, Paris, France. 8AssistancePublique-
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then, mutations in genes encoding for the TCA enzymes fumarate

hydratase (FH; ref. 7), isocitrate dehydrogenase (IDH1 and 2;

ref. 8), and more recently malate dehydrogenase (MDH2), were

reported to predispose to PPGL, renal cancers, leimyomas, or to be

causative of sporadic gliomas (for review, see ref. 9).

Identification of SDHx mutations is important for the diag-

nostic work-up, the management, and the follow-up of index

cases and their families. SDHx mutation carriers are at risk of

developing multiple paraganglioma that can arise all along the

embryonicmigrationwayof neural crest cells, from the base of the

skull to the pelvis (10).Moreover, the identification of SDHB gene

mutations is of specific clinical importance as they predispose to

malignant, particularly aggressive forms of the disease (11, 12),

and a genetic counseling is now recommended for all patients

suffering from PPGL (1). In familial PPGL patients carrying a

germline heterozygous mutation on an SDHx gene, the somatic

loss of the remaining allele induces a complete SDH loss-of-

function, which results in the accumulation of succinate. Succi-

nate acts as an oncometabolite and is suspected to mediate most,

if not all, of the tumorigenic effects related to SDHx mutations

(9, 13, 14). Development of specific tumor biomarkers allowing

the rapid identification of these patients would be highly bene-

ficial and particularly helpful for the characterization of inoper-

able tumors and suspicious lesions. Biomarkers could serve as

surrogate markers in the assessment of tumor response to specific

treatments. Until now, no in vivomethod to assess the functional

consequences of SDHx mutations was available, and all existing

tests were performed on surgical resected specimens (15–22).

Succinate concentrations in the millimolar range—4 to 500

micromoles per gram depending on studies and procedures—

have been reported in SDHx-mutated PPGL tumors, an increase of

up to 100-fold compared with non-SDHx–mutated PPGL tumors

(19, 21, 23).We hypothesized that these succinate levels could be

detected noninvasively by in vivo proton magnetic resonance

spectroscopy (1H-MRS) in SDHx-mutated tumors, without the

need for tissue sampling, similarly to 2-hydroxyglutarate in

patients with IDH1/2-mutated gliomas (24–26). Here, we report

a new method for SUCCinate Estimation by Spectroscopy

(SUCCES) in patients with PPGL related or not to an SDHx

mutation.

Materials and Methods

Optimization of SUCCES for succinate detection with 1H-MRS

We first tested the SUCCES sequence at 4.7 T on a 3-cm-

diameter spherical phantom tube containing 100 mmol/L sodi-

um succinate dibasic hexahydrate, 100 mmol/L L-lactate, and

animal fat. Spectra and signal intensities acquired with different

echo times (TE) ranging from 12.8 to 792 ms are shown in

Supplementary Fig. S1A and S1B. The gradual decrease of the

lipid signal with increasing TE eventually unmasked the succinate

peak at TE > 70 ms and the lactate peak at TE > 100 ms. As

previously described (27), increasing TE reduced the succinate

signal exponentially and the lactate peak sinusoidally due to

scalar coupling effect (Supplementary Fig. S1B). To study both

the succinate and lactate signals, we chose a TE of 272 ms that

reduced fat contamination and yielded positive lactate and suc-

cinate peaks. We then performed 1H-MRS spectra with decreasing

(10–1 mmol/L) concentrations of succinate and lactate

[repetition time (TR), 3000 ms; echo time (TE), 272 ms; average,

128; volume of interest (VOI) size, 5 � 5 � 5 mm3]. Water

suppression was performed using VAPOR pulses (sinc RF pulses,

646 ms total duration, 700 Hz bandwidth), followed by crusher

gradients (3 ms duration, 58 mT/m strength). Three-sinc–shaped

RF pulses with 4 kHz bandwidth to obtain a spectral width of 20

ppm achieved VOI selection. Spectral resolution was 0.98 Hz/

point. After zero filling and phase correction, data filtration was

performed with a Gaussian function at the top of the Free

Induction Decay, with a length band of 2 Hz and visualization

was obtained with a Fourier transform. The area under the

succinate peak measured from the spectra was linearly correlated

with the succinate concentration (Supplementary Fig. S1C

and S1D).

A similar procedure was performed in the 3T clinical

scanner using 3-cm-diameter phantom tubes and a larger VOI

size (10 � 10 � 10 mm3), except that the TR was 2,500 ms

and the TE was lowered to 144 ms to compensate the lower

detection threshold and the decrease of the signal-to-noise

ratio (Supplementary Fig. S1E). On the basis of these proce-

dures, the threshold for succinate detection was found to be

approximately 1 mmol/L in both magnets.

Generation of the allografted mouse model

No animal model of SDH-related PPGL being available, we

generated an allograftedmousemodel by subcutaneous injection

of 2.5�106 immortalizedmouse chromaffin cells (imCC; ref. 13)

carrying ahomozygous knockout of the Sdhb gene (Sdhb�/�, clone

8) or their wild-type (WT) counterparts (Sdhblox/lox) into the flanks

of 10-week-old female NMRI-nu mice. Animal experiments were

registered by the French Ethical committee underNumber 14-041

and followed theARRIVE guidelines of theNationalCentre for the

Replacement, Refinement, and Reduction of Animals in Research

(London, UK).

Tumors were allowed to grow until their size reached

0.6 cm3. They were then resected and 8 mm3 fragments were

grafted in the dorsal fat pad of na€�ve nude mice. The tumors

grew in 100% of mice and tumors were macroscopically visible

after 2 weeks for WT and 1 month for Sdhb�/� tumors, in line

with the reduced growth rate of Sdhb�/� cells observed in vitro

(13). Immediately after magnetic resonance spectroscopy,

Translational Relevance

A large proportion of patients with paraganglioma/pheo-

chromocytoma (PPGL) carry a germline mutation in an SDHx

gene. Identification of SDHx mutations is important for the

diagnostic work-up, the management, and the follow-up of

patients with PPGL and their families, who are at risk of

developing multiple paraganglioma. Moreover, SDHB gene

mutations predispose to malignant, particularly aggressive

forms of the disease. Therefore, a genetic counseling is now

recommended for all patients suffering from PPGL. We here

show that in vivo detection of succinate by proton magnetic

resonance spectroscopy is a highly specific and sensitive hall-

mark of SDHx mutated tumors. This noninvasive approach

will allow identifying and classifying SDHx mutations or

variants of unknown significance. It may help for the charac-

terization of inoperable tumors and suspicious lesions and

serve as a surrogate biomarker in the assessment of tumor

response to specific treatments.
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tumors were retrieved and snap-frozen in liquid nitrogen or

fixed in 4% paraformaldehyde.

Succinate 1H-MRS in a 4.7-T animal-dedicated MRI device

Imaging was performed 37 � 11 days after the graft for the

Sdhb�/� group versus 22 � 7 days for the WT group. Mice were

placed in prone position under isoflurane anesthesia (4% for

induction and 1.5% for maintenance in 1 L/min air) with respi-

ration monitoring.
1H-MRS was performed in a dedicated small-animal 4.7-T MR

system (Biospec 47/40 USR Bruker), using a 1H quadrature

transmit/receive body coil with a 3.5-cm inner diameter. An

anatomical two-dimensional (2D) steady-state free precession

sequence (True FISP) was first acquired in two orthogonal planes.
1H-MRS was then carried out using an optimized asymmetric

Point REsolved SpectroScopy (PRESS) monovoxel acquisition

(Supplementary Fig. S1). Echo signals [TR, 3,000 ms; TE, 144 or

272 ms; average, 512, with a VOI size of 5 � 5 � 5 mm3) were

acquired during 25 minutes.

The MRS spectrum of succinic acid [HOOC-(CH2)2-COOH]

presents a characteristic peak at 2.44 ppm, corresponding to the

precession frequency of the CH2 protons. The succinate peak was

quantified by measuring the area under the peak using Topspin

2.0 software (Br€uker Corporation).

Patients

Patients were recruited from the French COMETE (`Cortico et

M�edullosurr�enale: les Tumeurs Endocrines') cohort of the Hyper-

tension unit of the European Georges Pompidou Hospital

(HEGP), Paris, France. Ethical approval for the studywas obtained

from the institutional review board [Comit�e de Protection des

Personnes (CPP) Ile de France II], andwritten informed consent to

participate in the study was obtained from all patients. The

procedures used for PPGL diagnosis and genetic testing were in

accordance with international clinical practice guidelines (1).

Mutation analysis of PPGL susceptibility genes was performed

as previously described (28). When patients underwent surgery

for paraganglioma, fresh tumor samples were frozen immediately

after surgical removal and stored in liquid nitrogen until proces-

sing following the COMETE collection procedures. Confirmation

of diagnosis was performed by histology on paraffin-embedded,

formalin-fixed samples.

Succinate detection by 1H-MRS in patients at 3 T

Combined MR images and MR spectroscopic scans of

patients were acquired in a 3 T MRI clinical scanner (Discovery

MR750w GEMSOW, GE Medical Systems). 1H-MRS spectra

were acquired by PRESS on the basis of the PROBE monovoxel

sequence (29) and optimized for succinate and lactate detec-

tion, with TR, 2,500 ms; TE, 144 ms; Nex: 512 (22-minute

acquisition) or 1,024 (44-minute acquisition). The VOI (1.3–

19 cm3) was centered on the anatomical image to prevent lipid

contamination from the tissue surrounding the tumor as pre-

viously described (30).

MR images were acquired using a whole body (GEM Chest/

Body/Pelvis; Body 24 AA3) or a head and neck (GEMHead/Neck/

Chest; Head 24) phased-array multi-coil.

Detection of tumors and VOI positioning was performed on

thin-section high-resolution T2-weighted fast spin-echo imaging

in at least two orthogonal planes with the following parameters:

TR, 2,500 ms; TE, 85 ms; echo train length, 19; slice thickness,

3 mm; spacing, 0.3; field of view, 14 � 14 cm2 for neck or 42 �

42 cm2 for whole-body coil; matrix, 320 � 320.

If necessary, an anatomical 2D steady-state free precession

sequence (FIESTA CINE) was acquired with TR, 3.7 ms; TE, 1.4

ms; TI, 210 ms; slice thickness, 5 mm; spacing, 1 mm; field of

view, 14 � 14 cm2 for neck or 42 � 42 cm2 for whole-body coil

and/or a 3D angio-MR at arterial phase, after contrast agent

administration of gadoterate meglumine 0.2 mL/kg with TR,

11.4 ms; TE, 2.2 ms; slice thickness, 0.8 mm; spacing, 0.4 mm;

field of view, 30 � 27 cm2.

A prescan algorithm was first acquired to adapt the transmitter

and receiver gains and center frequency, the homogeneity of the

magnetic field was optimized with the three-plane auto-shim

procedure, and water suppression and automatic shimming of

the single voxel were performed.

Measurement of succinate by gas chromatography/mass

spectrometry

Tumor samples from 15mice (10 samples with Sdhb knockout

and 5 WT controls) and from paragangliomas of four patients

(patients #1, #5, #6, and #9) were processed by organic extraction

with ethylacetate, derivatization with N,O-bis(trimethylsilyl) tri-

fluoroacetamide with 1% trimethylchlorosilane, and analyzed

by gas chromatography/tandem mass spectrometry (GC-MS)

on a GC-MS triple quadrupole (Scion TQ, Br€uker Daltonics).

Analytes were identified according to retention time and mass

spectrum in selected reaction monitoring mode on the basis of

standard spectral reference libraries.

Immunohistochemistry

SDHA, SDHB, and SDHD protein expression were assessed

on formalin-fixed, paraffin-embedded (FFPE) tumor samples by

immunohistochemistry as previously described (16, 18, 22) using

the following antibodies: anti-SDHA (ab14715, Abcam; 1:1,000),

anti-SDHB (HPA002868, Sigma-Aldrich Corp; 1:500), and anti-

SDHD (HPA045727, Sigma-Aldrich Corp; 1:50).

SDH activity

SDH activity was investigated on frozen tumor samples using a

spectrophotometrical assay, as previously described (31).

Results

In vivo detection of succinate in murine allografted tumors

The 1H-MRS sequence was optimized in vitro (Supplementary

Fig. S1). To investigatewhether in vivodetectionof succinate could

be assessed for the noninvasive identification of SDH-related

tumors, a proof-of-concept pilot study was performed in amouse

model prior to patients' exploration. No animal model of SDH-

related PPGL being available, we generated an allografted mouse

model using imCC carrying a homozygous knockout of the Sdhb

gene or their WT counterparts (13). Sdhb knockout in tumors was

confirmed by genotyping (Fig. 1A) and measurement of SDH

enzymatic activity (Fig. 1B). GC-MS showed a massive accumu-

lation of succinate in SDH-deficient tumors: 28.3� 9.5 nmol per

mg protein in the Sdhb�/� group, versus 0.6 � 0.7 nmol/mg

protein in the control groups (Fig. 1C), confirming inhibition of

SDH activity in Sdhb�/� tumors. 1H-MRS was first tested in mice

using a TE¼ 272 ms and a fixed VOI size (125 mm3) placed over

the tumor mass of 13 Sdhb�/� and 16 WT allografted mice (Fig.

1D). The peak corresponding to lactate, indicative of anaerobic

glycolysis, was always present regardless of the tumor type. In
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contrast, the succinate peak was only detected in Sdhb�/� tumors,

with a sensitivity and specificity of 100% (n ¼ 13), in agreement

with succinate accumulation caused by SDH inhibition (Fig. 1D;

Supplementary Fig. S2A). Measurements of succinate concentra-

tions in Sdhb�/� tumor samples (n¼ 4) by GC-MS confirmed the

MRS results. The succinate levels measured in vitro correlated with
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Figure 1.

SUCCES in Sdhb
�/�

allografted tumors in mice. A, genotyping of Sdhb gene locus in DNA extracted from tumors derived from Sdhb
�/�

and WT (Sdhb
lox/lox

) cells

allografted in mice. The deletion of exon 2 (ex2, 460 bp) is visible in tumors from Sdhb
�/�

grafted cells, whereas the floxed allele (900 bp) is shown in

the Sdhb
lox/lox

grafted mice. In both tumor types, a WT DNA band (845 bp) originating from the supporting cells of the allografted mice (fibroblasts, endothelial

cells) is visible. B, Sdhb
�/�

derived tumors display an unequivocal decrease in SDH activity measured by spectrophotometry. C, massive accumulation of

succinatemeasuredbyGC-MS in Sdhb
�/�

derived tumors,which is not seen in Sdhb
lox/lox

-derived tumors. D,
1
H-MRS spectra of tumormasses inmice allograftedwith

WT (green spectra) or Sdhb
�/�

(blue spectra) cells using a TE ¼ 272 ms. The lactate peak was present regardless of the tumor type, whereas the succinate

peak was only detected in Sdhb
�/�

tumors. E, succinate levels measured in vitro by GC-MS correlate with the area under the succinate peaks (AUP) at

TE ¼ 272 ms. F, and G, the same data as in A and B, respectively, but at TE ¼ 144 ms.
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the area under the succinate peaks using a TE of 272 ms (r2 ¼

0.88; Fig. 1E). The results obtained in the 4.7 T magnet with TE¼

272 ms were repeated with TE ¼ 144 ms in 5 Sdhb�/� and 3 WT

tumors, (Fig. 1F; Supplementary Fig. S2B). At TE¼ 144ms, lactate

was hardly detectable, whereas succinatewas specifically observed

in Sdhb�/� tumors. Again, GC-MS quantification of succinate

performed in Sdhb�/� resected samples (n ¼ 5) correlated with

in vivo measures (r2 ¼ 0.70; Fig. 1G).

In vivo detection of succinate in patients

Nine patients presenting with pheochromocytoma, cervical,

and/or abdominal paragangliomas were recruited at the Hyper-

tension unit of the European Georges Pompidou Hospital (Table

1). All patients benefited from genetic counseling in accordance

with theEndocrine SocietyClinical PracticeGuidelines (1). Before

undergoing SUCCES with 1H-MRS, a germline SDHx gene muta-

tion was identified in four patients (one SDHB, one SDHC, and

two SDHD), whereas nomutationwas identified for the other five

patients.

Genetic testing identified a variant of unknown significance

(VUS) in the SDHB gene of Patient #1 (c.740T>G ¼ p.

Met247Arg), a 33-year-old male with two paragangliomas and

a predominant noradrenergic secretion profile. In the cervical

paraganglioma of this patient, the 1H-MRS signal of succinate was

unequivocally discernable at 2.44 ppmusing 1,024 averages and a

4.6 cm3 VOI size (Fig. 2A). Sensitivity and specificity were

explored by reducing the scan repeats from 1,024 to 512 averages

and the VOI size from 4.6 to 1.5 cm3: the succinate peak was still

clearly detected in low sensitivity conditions in the cervical para-

ganglioma (Fig. 2A), as well as in the abdominal tumormass (Fig.

2B), but not in the liver, showing the persistence of SDHactivity in

this healthy organ, expected to be heterozygous for the mutation

(Fig. 2C). The pathogenicity of this newly described variant

suggested by 1H-MRS was supported by the LOH at the SDHB

locus in DNA extracted from the resected abdominal paragan-

glioma (Fig. 2D) and confirmed by three functional tests: SDHB-

negative (unspecific weak diffuse signal) and SDHD-positive

immunohistochemistries (Fig. 2E), loss of SDHenzymatic activity

(Fig. 2F), and succinate accumulation measured by GC-MS

(Fig. 2G).

The succinate peak was observed in the tumors of the three

other SDHx patients using scan repeats of 1,024 and 512 averages

(Supplementary Fig. S3). Interestingly, a choline peak at 3.2 ppm

was associated with the succinate peak in each of the SDHx-

mutated tumors. In contrast, neither succinate nor choline peaks

were observed in tumors from patients without SDHxmutations

(Fig. 3; Supplementary Fig. S4). In Patient #5, immunohis-

tochemistry of tumor samples showed SDHB- and SDHA-positive

and SDHD-negative staining, whereas GC-MS analysis confirmed

the absence of succinate accumulation (Fig. 3B and C).

Unexpected SDHA mutation identified by SUCCES

Surprisingly, a small but significant peak above baseline was

detected in an abdominal paraganglioma from a patient with an

apparently sporadic formof the disease (Fig. 4A.) This patient was

a 48-year-old man suffering from a single abdominal paragan-

gliomawith no family history of PPGL. Following comprehensive

genetic counseling according to the international guidelines, the

search for mutations of SDHB, SDHC, and SDHD genes returned

negative. Nevertheless, the presence of a succinate peak in the

tumor of this patient prompted us to sequence the SDHA gene of

this patient, which identified a c.91C>T ¼ p.Arg31Ter mutation

(Fig. 4B), previously reported inDutch patientswith PPGL (16) or

GIST (32). After the patient had undergone surgery, additional

analyses of his tumor showed negative SDHA and SDHB and

positive SDHD immunohistochemistry (Fig. 4C). GC-MS con-

firmed the accumulation of succinate (Table 1) and validated the

rare and unexpected SDHA-mutated status of this patient that had

been initially stratified as a sporadic case.

Discussion

Here, we report the noninvasive detection of succinate by in vivo

MRS in tumors of patients with PPGL carrying SDHx genes

mutations but not in those of patients without SDHx mutations.

Interestingly, in an Sdhb�/� mouse tumor model, this succinate

peak is correlated with the concentrations of succinate measured

in the resected tumors by GC-MS.

Demonstration of SDH inactivation is currently based on in

vitro analyses of tissue samples: immunohistochemical analyses

of SDHB, SDHA, and SDHD expression in FFPE tissues

(16, 18, 22), direct succinate measurements on frozen tumor

samples by nuclear magnetic resonance (NMR) spectroscopy

(15, 19, 20, 23), GC-MS, or liquid chromatography mass spec-

troscopy (LC-MS; refs. 13, 17, 21). Recently, Varoquaux and

colleagues reported in vivo detection of succinate using 1H-MRS

in 6 patients with head and neck paraganglioma (3 SDHD, 1

SDHB, and 2 sporadic cases). Although the spectra quality was

considered as low in the 2 sporadic cases and uninterpretable in

one SDHD-mutated tumor, a succinate peak was also only

Table 1. Characteristics of the 9 patients and 10 tumors analyzed by 1H-MRS at 3 T

Patient Gender Age, y Gene

Mutation

type

Multiple

locations

Type of tumor

analyzed

Largest tumor

diameter, mm VOI size, cm3

Succinate level

on GC-MS, nmol/mg

protein

1 M 33 SDHB c.740T>Gp.Met247Arg Yes VPGL 80 4.6 and 1.5 ND

APGL 94 19.2 89.3

2 M 70 SDHC c.397C>Tp.Arg133Ter No VPGL 42 3.7 ND

3 F 32 SDHD c.210G>Tp.Arg70Ser Yes CBPGL 24 1.5 ND

4 M 41 SDHD c.325C>Tp.Gln109Ter Yes CBPGL 39 3.6 ND

5 M 25 none NA No PCC 55 6.2 0.84

6 M 60 none NA No APGL 35 4.2 0.54

7 F 74 none NA Yes CBPGL 30 1.3 ND

8 M 47 none NA No PCC 30 5.8 ND

9 M 48 SDHA c.91C>Tp.Arg31Ter No APGL 50 12 72.17

Abbreviations: APGL, abdominal paraganglioma; CBPGL, carotid body paraganglioma; NA, not applicable; ND, not determined; PCC, pheochromocytoma; VPGL,

vagal paraganglioma.
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detected in three SDHx-mutated tumors (33). In thepresent study,

we show that 1H-MRS also detects succinate in abdominal para-

ganglioma and in genes encoding all four SDH subunits. More-

over, we performed longer acquisition time (512 and 1,024

averages, vs. 120 in the Varoquaux and colleagues study), which

allowed an immediate interpretation of spectra, without the need

of postprocessing the data.

The benefits of assessing this tumor hallmark in patients with

SDHx-related tumors are important in several aspects. SUCCES

would allow stratifying these patients or classifying VUS as del-

eterious mutations with no need of tissue sampling. Patient #9

carried a single abdominal paraganglioma diagnosed at age 48,

without a family history for this disease. According to interna-

tional guidelines, SDHB, SDHC, and SDHD genetic testing were

Figure 2.

SUCCES in a patient with an SDHB gene mutation. A,
1
H-MRS spectra of the right cervical paraganglioma (PGL) of Patient #1. A succinate peak was detected in the

cervical PGL with two different averages (1,024 and 512) and two different VOI sizes (4.6 and 1.5 cm
3
). B, applying the PRESS sequence to the abdominal

tumormass of the samepatient permits todetect a succinate peak. C, in the healthy liver, the absence of apeakdemonstrates the specificity of themethod. D, genetic

testing identified a variant of unknown significance in the SDHB gene with an LOH in tumor DNA extracted from the resected abdominal PGL. E, SDHB

immunochemistry (IHC) leads to anunspecificweak diffuse signal in tumor cells, whereas endothelial cells (arrows) are strongly labeled (toppart). A positive staining

is shown after SDHD IHC (bottom part). Scale bar, 50 mm. F, significant reduction of SDH activity in Patient #1 (blue line) as compared with Patient #6, a case

without SDHx mutation (green line). G, High level of succinate in the abdominal PGL of Patient #1 measured by GC-MS.
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performed in this patient, but not SDHA, which would have been

prescribed only after surgery, in case of SDHA negative immu-

nohistochemistry (1). In such a case, exploring the patient with
1H-MRS and detecting the succinate peak orientated us without

hesitation toward SDHA sequencing, leading to early identifica-

tion of themutation. SDHA immunohistochemistry is not includ-

ed in international guidelines and is not a standard procedure,

thus it is likely that this mutation would have been missed in

most instances. In Patient #1, an SDHB gene VUS was identified,

whereas SDHB immunohistochemistry showed a potentially

misleading, weak diffuse signal, previously reported in some

PPGL with SDHx genes mutations (18). Hence, in this other case,

the 1H-MRS succinate peak was particularly informative to vali-

date the functionality of the SDHB mutation.

SDHx mutation carriers are at risk of developing multiple

paragangliomas, and SDHB-mutated carriers are predisposed to

metastatic forms of the disease. Knowledge of the SDHx-mutated

status is critical for the follow-up and clinical management

of patients and of their relatives. On the basis of an early knowl-

edge of the SDHx mutational status, surgeons may decide to

Figure 3.

SUCCES in a patient without SDHx gene mutation. A, absence of a succinate peak in the
1
H-MRS spectrum of Patient #5's pheochromocytoma (PCC) with

1,024 averages. B, unequivocal positive granular staining after SDHB and SDHA IHC (left) and negativity of SDHD IHC (right). Scale bar, 50 mm. C, low level

of succinate in the tumor measured by GC-MS.

Figure 4.

SUCCES in a patient with an SDHA gene mutation. A,
1
H-MRS spectra in Patient #9's abdominal paraganglioma (PGL). A small succinate peak was detected

with 512 averages and a 12 cm
3
VOI size. B, results of genetic testing that identified a c. 91C>T variant in the SDHA gene. C, SDHA and SDHB immunochemistry

(IHC) lead to unspecific weak diffuse signals in tumor cells whereas endothelial cells are strongly labeled. In contrast, SDHD IHC shows a positive staining.

Scale bars, 50 mm.
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adapt their procedures, especially for SDHB cases. For nonoper-

able tumors, therapeutic choices may also take advantage from

this information. For example, studies have suggested that SDHB

mutation carriers may be better responders to high doses of 131I-

MIBG (34), sunitinib (35), or temozolomide treatments (36).

Although these results will need to be evaluated in larger, pro-

spective, and comparative studies, they nevertheless pave the way

toward personalized medicine for inherited PPGL.

Overall, the clinical value of SUCCES lies in its capacity to assess

for the presence of succinate repeatedly over the time course of the

disease, for clinical surveillance, postoperative follow-up, and

evaluation of treatment efficacy (17). In vivo estimation of succi-

nate could help classifying a dubious lesion detected during

surveillance and to demonstrate the causality of SDH deficiency

in tumors identified in SDHx-mutated patients. This would be

particularly helpful in cases for which surgery is not necessary,

such as prolactin-secreting pituitary adenomas recently described

in SDHxmutation carriers (37). Because of the small size of these

tumors, the feasibility of SUCCESSmay however bemore difficult

in these cases.

Animal experiments demonstrated that the area under the

succinate peak of the 1H-MRS spectra is correlated with the

concentrations of succinate measured in the resected tumors by

GC-MS. Future studies in larger groups will be needed to show

whether this correlation holds also inpatients. If this turned out to

be the case and given that succinate concentrations in tumors

reflect the metabolic activity of SDH-deficient tumor cells, then

SUCCES would produce a quantifiable surrogate marker of radi-

ation and/or chemotherapy efficacy for the patients.

Interestingly, other metabolites have been shown in vitro to

discriminate between different types of inherited PPGL (20). In

future studies, it may also be addressedwhether thesemetabolites

can also be observed by 1H-MRS and used as supplemental

tools. For example, Imperiale and colleagues recently reported

in a case of sporadic pheochromocytoma that catecholamines

are indeed detectable by 1H-MRS (38).

The present proof-of-concept study has shown that SUCCES is

highly sensitive, reliable, and specific for the detection of the

SDHxmutations that lead to inhibition of SDH activity. The next

step to fully define the place of this new method in the clinical

management of PPGL is to test the method in larger series of

patients and define the best conditions for routine clinical appli-

cations. In that respect, we occasionally observed, in both groups

of patients, a blunt signal centered at 1.2 ppm. This signal

corresponds to adipose tissue surrounding the tumor that is not

always straightforward to avoid even with strict intratumor posi-

tioning of the VOI in which 1H-MRS is performed. Because MRS

data are usually displayedwith a y scale normalized on the highest

peak of the spectrum, the presence of a significant lipid signalmay

modify the threshold for succinate detection in small lesions.

Averagingmore spectra increases the signal-to-noise ratio but also

increases scan duration, which may not be applicable to all

patients. For abdominal tumors, respiratory gating should be

considered to reduce the lipid peak and improve the quality of

spectra, as previously reported for in vivo catecholamine detection

(38). Using 512 scan averages appears to be sufficient for reliable

succinate detection in tumors with SDHx genes mutation. How-

ever, this may limit the quality of spectra for small or highly

necrotic tumors, as shown in the case of patient #3 (Supplemen-

tary Fig. S3B), for whom successful interpretation could only be

achieved after 1,024 scan averages. Therefore, the minimal tumor

size for reliable measurements of succinate needs to be addressed

in future prospective studies. Fortunately, this 1H-MRS sequence

is easy to implement in any clinical MRI scanner using standard

hardware and software already in place in many imaging

departments.

Finally, it is noteworthy that the succinate peak was always

associated in human PPGL with a peak resonating at 3.2 ppm on

the 1H-MRS spectra, most probably corresponding to choline.

Such a peak was only seen in tumors from the patients carrying

SDHx mutations. Previous in vitro NMR studies never reported

such a choline increase in SDH-related tumors.However, a similar

peak is also observed in the spectra of both SDHx-mutated para-

ganglioma evaluated by in vivo 1H-MRS in the Varoquaux and

colleagues study (33). The accuracy of this observation will need

to be further validated both in vivo and in vitro, in SDH as well as

in other oncogenic mutations of metabolic pathways. It is worth

noting that choline is a methyl donor in the S-adenosylmethio-

nine pathway involved in DNA and histone methylation. Hence,

if confirmed, the choline peak that we observed here may be

related to the disrupted methylation phenotype recently identi-

fied in SDH-deficient tumors (13).

In conclusion, wepresent here a robust and simplemethod that

can be used routinely to demonstrate the presence of succinate in

the tumors of patients with PPGL. Considering its excellent

sensitivity, specificity, and innocuousness, SUCCES deserves to

be tested in large multicentric series to define its place in the

clinical guidelines of PPGLmanagement as well as in other SDH-

related tumors such as GIST and renal clear cell carcinomas.
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ABSTRACT	

Purpose	of	review:		Pheochromocytomas	 and	 paragangliomas	 PPGL 	 are	 rare	 tumours,	 strongly	associated	with	 inherited	susceptibility	gene	mutations,	 and	presenting	 limited	therapeutic	options	 for	patients	with	metastatic	disease.	This	 review	discusses	the	 recent	developments	 in	 the	 characterization	of	PPGL	genetic	heterogeneity	and	 associated	 tumourigenesis	 pathways,	 together	with	 their	 potential	 clinical	relevance.		
Recent	findings:	The	 mutational	 landscape	 of	 PPGL	 is	 now	 well	 defined,	 especially	 with	 the	contribution	of	next	generation	sequencing	 NGS .	Up	to	 %	of	these	tumours	harbour	a	germline	or	a	somatic	mutation	in	one	of	the	numerous	predisposing	gene.	 )n	 parallel,	 omics 	 analyses	 have	 identified	 mutation‐linked	 subsets	 of	tumours	 substantially	 associated	 with	 molecular	 signatures	 suggesting	 new	therapeutic	targets	for	patients	with	a	malignant	transformation	of	the	disease.	
Summary:	)n	 the	 near	 future,	 extended	 molecular	 testing	 of	 PPGL	 could	 be	 used	 to	determine	 therapeutic	 approaches	 and	 assess	 diagnosis	 and	 prognosis	biomarkers.	 Considering	 the	 current	 development	 of	 NGS‐based	 genetic	screening,	 this	 technology	 appears	 as	 a	 good	 option	 to	 improve	 both	 PPGL	molecular	diagnosis	and	patient	management.	
	

KEYWORDS	Paragangliomas;	 genetic	 testing;	 personalized	 medicine;	 next	 generation	sequencing



	

INTRODUCTION		Pheochromocytomas	 PCC 	and	paragangliomas	 PGL 	are	rare	neuroendocrine	tumours	that	arise	from	neural	crest	cells	and	can	develop	either	in	the	adrenal	medulla	 PCC ,	or	in	paraganglionic	tissues	 PGL 	located	from	the	skull	base	to	the	pelvic	region.	Paraganglioma	 and	pheochromocytoma	 PPGL 	 can	be	 classified	 as	 syndromic,	familial	 or	 sporadic.	 The	 understanding	 of	 inherited	 forms	 of	 PPGL	 has	dramatically	 changed	 over	 the	 past	 	 years.	 Since	 the	 first	 description	 of	mutations	 in	 the	 SDHD	 gene	 in	 patients	 with	 PPGL	 in	 	 [ ],	 a	 dozen	 of	susceptibility	 genes	 have	 been	 identified.	 )t	 is	 currently	 accepted	 that	 roughly	%	 of	 PPGL	 are	 associated	 with	 an	 inherited	 mutation	 [ ].	 Moreover,	 major	advances	 in	genomic	analyses	have	 shown	 that	up	 to	 %	of	 tumours	actually	carry	somatic	mutations	in	these	known	susceptibility	genes	[ ,	 **]	 Figure	 .	)n	 contrast,	 the	 genetic	 events	 that	 drive	 the	 malignant	 progression	 of	 the	disease	 are	 yet	 poorly	 understood,	 and	 malignancy	 is	 still	 defined	 by	 the	presence	of	distant	metastases.	The	risk	of	malignancy	is	about	 	to	 %	with	a	‐year	 survival	 rate	 estimated	 to	 %	 [ ].	 To	 date,	 no	 reliable	 predictors	 for	malignant	potential	nor	molecular	or	histological	markers	for	malignancy	exist.	Therapeutic	options	are	limited	and	mainly	restricted	to	palliative	management	[ *].	The	large	genetic	heterogeneity	of	PPGL	is	directly	linked	to	the	heterogeneity	in	subsequently	 activated	 cancer	 pathways.	 The	 identification	 of	 such	 pathways	



paves	 the	 way	 to	 molecular	 targeted	 therapies	 and	 to	 the	 implementation	 of	diagnosis	and	prognosis	markers	of	malignancy.	(erein,	 we	 review	 the	 mutational	 landscape	 of	 PPGL	 at	 both	 germline	 and	somatic	 levels.	 A	 molecular	 oriented	 strategy	 for	 targeted	 therapy	 will	 be	discussed.				
MAIN	 SUSCEPTIBILITY	 GENES	 AND	 ASSOCIATED	 TUMOURIGENIC	

PATHWAYS			Traditionally,	 pheochromocytomas	 were	 considered	 to	 have	 a	 syndromic	presentation	in	about	 %	of	cases,	as	part	of	neurofibromatosis	type	 	 due	to	mutations	in	the	NF1	gene ,	multiple	endocrine	neoplasia	type	 	 associated	with	activating	RET	 mutations 	 or	 von	 (ippel	 Lindau	 caused	 by	mutations	 in	VHL	gene 	 syndromic	 diseases.	 The	 description	 of	 familial	 form	 of	 PPGL	 and	 the	improvement	 in	 molecular	 biology	 methods	 have	 led	 to	 the	 identification	 of	
SDHx	[ ,	 ‐ ]	and,	more	recently,	TMEM127	[ ],	MAX	[ ]	and	MDH2	[ **]	as	PPGL	tumour	suppressor	genes	 Figure	 .	During	 the	 last	 few	 years,	 several	 large‐scale	 genomic	 analyses,	 including	 CG(	and	 SNP	 array,	 mRNA	 and	 microRNA	 expression	 studies	 and	 methylation	profiling,	have	been	conducted	worldwide	on	independent	series.	Concordantly,	these	 approaches	 have	 led	 to	 the	 description	 of	well‐defined	 tumour	 subtypes	and	their	corresponding	tumourigenic	pathways.	Gene	expression	profiling	initially	revealed	that	PPGL	could	be	separated	in	two	main	clusters	 C 	and	C 	each	subdivided	into	sub‐clusters	 C A	and	 B;	C A,	B	 and	 C 	 by	 unsupervised	 analysis	 [ ‐ ].	 These	 different	 groups	 were	



defined	according	to	their	mutational	status	and	strongly	associated	with	specific	tumourigenic	pathways.	 )n	 a	 same	way,	DNA	methylation	and	miRNA	profiling	revealed	a	major	influence	of	the	main	genetic	drivers	on	the	somatic	molecular	phenotype	[ **,	 ‐ **].			
Cluster	1‐related	genes	Unsupervised	 analyses	 distinguished	 two	 groups	defined	 as	 C A	 and	C B	 sub‐clusters	mainly	corresponding	to	SDHx‐	and	VHL‐related	tumours,	respectively.	
SDHx	 genes	 comprise	 SDHA,	 SDHB,	 SDHC	 and	 SDHD	 genes	 encoding	 the	 four	subunits	 of	 succinate	 dehydrogenase	 SD(,	 mitochondrial	 complex	 )) ,	 and	
SDHAF2,	which	encodes	an	SD(	assembly	factor,	responsible	for	the	flavination	of	 SD(A	protein.	 Germline	mutations	 in	 these	 tumour	 suppressor	 genes	 cause	hereditary	paragangliomas	with	familial	or	sporadic	presentation.	)t	is	worthy	of	note	 that	mutation	 in	SDHB	 is	 a	 risk	 factor	 for	malignancy	and	poor	prognosis	[ ,	 ].	SDHD	and	SDHAF2	mutations	are	mainly	found	in	patients	with	a	family	history	of	head	and	neck	paragangliomas	in	the	paternal	branch	while	mutations	in	SDHA	have	been	described	in	sporadic	form	of	the	disease	only.	SDHA,	SDHAF2	and	 SDHC‐related	 PPGL	 remain	 unfrequent.	 Somatic	 mutations	 in	 SDHx	 are	extremely	rare,	if	ever	[ ].	Germline	VHL	mutations	predispose	to	the	von	(ippel	Lindau	disease,	a	systemic	cancer	 syndrome	 that	 gives	 rise	 to	 clear‐cell	 renal	 cell	 carcinoma,	 PPGL	 and	other	 tumours	 in	 many	 organs	 including	 central	 nervous	 system,	 eyes	 and	pancreas.	VHL‐associated	PPGL	are	 frequently	early‐onset	pheochromocytomas	that	can	be	bilateral	and/or	recurrent.		(ead	and	neck	paragangliomas	have	been	more	rarely	described.	



Very	high	similarities	in	gene	expression	profiles	inside	each	subgroup	led	to	the	discovery	of	germline	mutations	in	FH	[ ]	and	MDH2	[ **]	genes	in	apparently	sporadic	 tumours	 clustering	 with	 C A	 and	 the	 identification	 of	 somatic	mutations	in	VHL	[ ]	and	EPAS1	[ ]	in	sporadic	C B‐tumors.	
FH	 and	MDH2	 encode	 the	 fumarate	 hydratase	 and	 the	malate	 dehydrogenase,	respectively,	two	enzymes	belonging	to	the	tricarboxylic	acid	cycle.		Mutations	in	
FH	predispose	to	hereditary	 leiomyomatosis	and	renal	cell	carcinoma	 (LRCC ,	associating	 cutaneous	 and	 uterine	 leiomyomatosis	 and	 type	 	 papillary	 renal	carcinoma.	 The	 incidence	 of	 FH	 mutation	 in	 PPGL	 is	 estimated	 at	 %.	)nterestingly,	 about	 %	 of	 cases	 carrying	 germline	 FH	 mutation	 presented	 a	metastatic	disease	[ ,	 *].	To	date,	only	one	germline	MDH2	mutation	has	been	identified	in	a	patient	with	multiple	malignant	PPGL.	Larger	international	cohort	studies	are	now	required	to	determine	the	prevalence	of	MDH2	mutations	and	to	confirm	 a	 possible	 association	 with	 malignancy,	 as	 already	 demonstrated	 for	
SDHB	and	FH.	Gain	of	function	mutations	of	EPAS1	 encoding	the	hypoxia‐inducible	factor	 α 	have	been	described	recently	 in	PPGL	at	 the	somatic	 level	 [ ,	 *].	Additional	studies	 revealed	 that	 these	 hot	 spot	 mutations	 could	 actually	 be	 mosaic	 or	germline	mutations	 [ ].	 )n	 that	 case,	 affected	 patients	 can	 present	 associated	polycythemia	and	somastinoma.	Germline	 or	 somatic	 mutations	 in	 cluster	 	 genes	 lead	 to	 a	 pseudo‐hypoxic	signature	 [ ‐ ]	 with	 overexpression	 of	 angiogenesis	 factors	 as	 one	consequence.	Thus,	antiangiogenic	drugs	are	promising	candidates	 for	 targeted	therapies	in	malignant	PPGL,	especially	those	belonging	to	the	C 	cluster.	Several	phase	))	clinical	trials	evaluating	tyrosine	kinase	inhibitors	sunitinib	and	axitinib	



are	 currently	 in	 progress	 and	 should	 determine	 the	 efficacy	 of	 such	 therapies	[ *].		Gene	expression	and	methylation	profiling	studies	have	allowed	differentiating	tumorigenesis	 mechanisms	 in	 C A	 from	 C B.	 Glycolysis	 is	 activated	 in	 VHL‐related	tumours	while	DNA	and	histone	hypermethylation	is	observed	in	SDHx‐,	
FH‐	 and	MDH2‐linked	 tumours.	 For	 therapeutic	 purpose,	 the	 hypermethylator	phenotype	 of	 C A	 tumours	 suggests	 that	 DNA‐demethylating	 drugs	 such	 as	 ‐aza‐ '‐deoxycytidine	 or	 histone	 methyl	 transferase	 inhibitors	 could	 be	 an	effective	 approach.	 Moreover,	 temozolomide,	 an	 alkylating	 agent,	 has	 been	shown,	in	a	limited	cohort,	to	be	more	effective	in	patients	with	SDHB	malignant	tumours	compared	with	non‐SDHB	patients.	This	increased	response	is	probably	explained	 by	 the	 extinction	 of	 the	 repair	 enzyme	 MGMT	 which	 promoter	 is	highly	methylated	in	this	subgroup	of	tumours	[ **].		
	

Cluster	2‐related	genes	Cluster	 	includes	tumours	carrying	mutations	in	NF1,	RET,	TMEM127	and	MAX	genes	as	well	as	a	large	set	of	sporadic	tumours.	Mutations	in	the	NF1	tumour	suppressor	gene	lead	to	neurofibromatosis	type	 	NF ,	 a	 frequent	 autosomal	 dominant	 syndrome	 prevalence	 estimated	 to	/ , .	PPGL	occurrence	is	rare	in	NF 	and	is	in	general	restricted	to	unique	pheochromocytoma.	Mutation	analysis	of	the	large	NF1	gene	is	not	 indicated	in	the	majority	of	cases	as	clinical	diagnosis	is	mostly	obvious.	)nterestingly,	NF1	is	the	 most	 somatically	 mutated	 gene	 in	 sporadic	 pheochromocytomas	 with	 a	somatic	mutation	rate	estimated	between	 	and	 %	[ ,	 ].	



Activating	 mutations	 in	 the	 RET	 proto‐oncogene	 cause	 multiple	 endocrine	neoplasia	 type	 	 MEN .	MEN A,	which	accounts	 for	 %	of	MEN 	cases,	 can	associate	medullary	thyroid	carcinoma	 MTC ,	PPGL	and	parathyroid	adenomas	while	MEN B	is	characterized	by	MTC,	PPGL	and	clinical	abnormalities	such	as	ganglioneuromas	of	the	lips,	tongue	and	colon	but	without	hyperparathyroidism.	Causative	mutations	are	hot‐spot	missense	mutations	classified	into	three	risk	of	developing	MTC	categories	according	to	the	recently	revised	American	Thyroid	Association	 guidelines	 [ **]:	 highest	 risk	 MEN B	 and	 the	RET	 p.Met Thr	mutation ,	 high	 risk	 MEN A	 and	 the	 RET	 codon	 Arg 	 mutations 	 and	moderate	 risk	 other	 mutations .	 Pheochromocytomas	 associated	 with	 RET	mutations	are	frequently	bilateral	while	paragangliomas	are	reported	to	be	rare	[ ].	Somatic	RET	gain‐of‐function	mutations	have	been	reported	in	about	 %	of	sporadic	PPGL	[ ].		Mutations	in	TMEM127	and	MAX	genes	are	found	in	about	 ‐ %	of	cases	[ ,	 ,	**],	 primarily	 in	 PPGL	 with	 family	 history	 but	 also	 in	 apparently	 sporadic	forms	of	the	disease.	Somatic	mutations	have	been	described	in	MAX	[ ]	but	not	in	TMEM127.	PPGL	presenting	mutations	 in	RET,	NF1,	TMEM127	 and	MAX	 but	 also	 sporadic	tumours	classifying	in	cluster	 A	share	the	overexpression	of	the	RAS/MAPK	and	P) K‐AKT‐mTOR	signalling	pathways.	The	use	of	mTOR	inhibitors	or	other	drugs	targeting	the	RAS‐RAF	pathway	might	be	of	interest	in	cluster	 	malignant	PPGL	but	needs	to	be	evaluated	in	adapted	clinical	trials.	
	

CONTRIBUTION	OF	HIGH	THROUGHPUT	SEQUENCING		



Multiple	 technological	 advances	 in	 molecular	 genetics	 have	 allowed	 the	development	 of	 high	 throughput	 sequencing,	 referred	 to	 as	 next	 generation	sequencing 	 NGS .	Among	them,	whole	exome	sequencing	 WES 	revealed	MAX,	
FH	and	MDH2	as	new	susceptibility	genes	[ ,	 **,	 ]	 Figure	 .	With	the	aim	of	identifying	novel	disease	causing	genes	or	new	driver	mutations,	several	WES	studies	have	been	performed	on	PPGL	tumour	tissue	during	the	last	years.	)n	 ,	 WES	 conducted	 on	 	 cases	 of	 benign	 apparently	 sporadic	 tumours	revealed	 	tumours	with	hotspot	mutations	in	H‐RAS	[ ].	Targeted	H‐RAS	direct	sequencing	 in	 larger	 cohorts	 showed	 a	 somatic	 mutation	 rate	 of	 ‐ %	 in	sporadic	PPGL	[ ,	 ,	 *,	 *].	Fishbein	and	colleagues	[ **]	recently	published	WES	of	 	matched	tumour/	germline	 DNA	 pairs.	 They	 confirmed	 the	 high	 prevalence	 of	 somatic	 NF1	mutations	in	sporadic	PPGL	 	of	 	and	reported	somatic	ATRX	mutations.	ATRX	encodes	 a	 SW)/SNF	 chromatin	 remodelling	 protein	 playing	 a	 role	 in	 telomere	maintenance	 and	 chromosome	 integrity.	 )n	 a	 validation	 cohort,	 . %	 of	tumours	 exhibited	 a	 somatic	ATRX	mutation,	 comprising	 several	 tumours	with	germline	 SDHx	 mutations.	 	 Again,	 this	 finding	 suggests	 association	 between	epigenetic	regulation	and	clinically	aggressive	features	in	PPGL.		WES	 of	 a	 set	 of	 	 tumour‐normal	 DNAs	 pairs	 and	 one	 trio	 including	 the	primary	 tumour	 and	 a	 metastasis 	 allowed	 identifying	 somatic	 mutations	 in	various	cancer	genes	 including	TP53	 % ,	CDKN2A	 % ,	MET	 . % ,	CDH1,	
MLL2,	 ATRX,	 GNAS	 and	 FHIT	 [ **].	 Recurrent	 mutations	 were	 also	 found	 in	
CLPTML,	 SYNE1,	 CAPN2	 and	 RFPL4A	 genes,	 which	 have	 not	 been	 related	 to	



cancer	yet.	Additional	studies	are	required	to	determine	the	role	of	these	genes	in	PPGL	tumourigenesis	and	the	prevalence	of	their	mutations.	Somatic	 mutations	 in	 ATRX	 and	 TP53	 genes	 have	 been	 confirmed	 in	 an	independent	WES	 analysis	 of	 	 PPGL	 [ **].	 Additional	 known	 cancer	 genes	have	 been	 involved	 such	 as	 STAG2,	PALB2	 and	 STAT3	 genes	 but	 still	with	 low	frequencies.	Finally,	the	most	recent	publication	reporting	PPGL	exome	sequencing	identified	recurrent	MLL2	 =KMT2D 	variants	in	 	of	 	explored	tumours	with	 	of	them	co‐occurring	 with	 somatic	 or	 germline	 mutations	 in	 NF1,	 RET	 or	 TMEM127	[ **].	As	occurrence	of	KMT2D	mutation	has	not	been	confirmed	in	a	cohort	of		 abdominal	 PGL,	 future	 studies	 are	 needed	 to	 elucidate	 whether	 identified	
KMT2D	 missense	 variants	 are	 activating,	 deleterious	 or	 without	 pathogenic	significance	and	to	determine	the	implication	of	KMT2D	in	PPGL	tumourigenesis	[ ].	All	 these	 WES	 studies	 indicate	 that	 PPGL	 harbour	 limited	 somatic	 single	nucleotide	variants	 SNV ,	counting	for	less	than	 	mutations	in	coding	regions	per	tumour.	They	concordantly	show	very	low	mutation	frequencies	in	multiple	genes	 suggesting	 that	 no	 major	 underlying	 driver	 is	 responsible	 for	 PPGL	tumourigenesis	or	malignant	transformation	in	addition	to	mutations	occurring	in	 known	 PPGL	 susceptibility	 genes.	 (owever,	 further	 studies	 exploring	 non	coding	 regions	 such	 as	 whole	 genome	 sequencing,	 could	 detect	 recurrent	promoter,	 intronic	 or	 intergenic	 variants	 of	 interest.	 To	 date,	 only	 TERT	promoter	 C T	 mutations	 have	 been	 reported	 in	 metastatic	 SDHx‐deficient	tumours,	 including	 extra‐adrenal	 PGLs	 but	 also	 adrenocortical	 carcinomas	 and	gastrointestinal	stromal	tumours	 G)ST 	[ *,	 ].	



	
Next	generation	sequencing	in	clinical	practice	Recent	published	guidelines	on	PPGL	recommend	that	genetic	testing	should	be	considered	 in	all	patients	with	PPGL,	given	 that	about	 %	of	all	patients	with	PPGL	 have	 disease‐causing	 germline	 mutations	 [ **].	 A	 sequential	 strategy	using	 a	 clinical	 feature‐driven	 diagnostic	 algorithm	 is	 generally	 applied	 to	prioritize	 the	 analysis,	 as	 conventional	 Sanger	 sequencing	 remains	 expensive	and	time	consuming.	The	 use	 of	 NGS	 now	 allows	 a	 simultaneous	 screening	 of	 all	 PPGL	 genes	 of	interest.	Recent	publications	demonstrated	that	targeted	NGS	using	gene	panels	but	also	whole	exome	sequencing	are	sensitive,	time	efficient	and	cost‐effective	methods,	which	can	be	used	as	a	reliable	alternative	to	Sanger	sequencing	[ ‐**].	Such	a	strategy	 is	now	relevant	 in	 laboratory	routine	and	should	rapidly	lead	 to	 a	 more	 widespread	 PPGL	 diagnostic	 genetic	 testing	 in	 all	 at‐risk	individuals.		Regarding	 diagnosis,	 using	 an	 NGS‐based	 assay	 including	 the	 less	 commonly	involved	 genes	 should	 improve	 the	 knowledge	 of	 mutation	 prevalence	 for	 all	genes	and	associated	phenotypes.	As	NGS	 test	 is	 feasible	on	germline	DNA	but	also	 on	 DNA	 extracted	 from	 frozen	 or	 from	 formalin‐fixed	 paraffin	 embedded	FFPE 	tissues,	this	method	will	be	relevant	from	a	clinical	perspective.	)ndeed,	it	will	 certainly	be	helpful	 to	 identify	appropriate	 targeted	 therapy	as	 indications	are	usually	based	on	somatic	DNA	sequencing	results.	Finally,	when	biomarkers	for	response	and	resistance	to	therapy	will	be	identified,	NGS	analysis	would	be	decisive	for	follow‐up	and	treatment	adjustment	if	required.	Moreover,	although	it	 is	 still	 technically	 challenging,	 detection	 and	 characterization	 of	 circulating	



tumour	cells	and	cell	free	circulating	tumour	DNA	might	play	a	role	in	malignant	PPGL	 management	 in	 the	 next	 future.	 These	 precise	 technologies	 could	 help	defining	and	estimating	 the	degree	of	 inter‐	and	 intra‐tumour	heterogeneity	 in	PPGL	 of	 the	 same	 patient	 as	 recently	 demonstrated	 [ **,	 **,	 **].	 At	 the	beginning	of	the	development	of	precision	medicine	in	patients	with	aggressive	disease,	the	implication	of	genetic	PPGL	heterogeneity	needs	to	be	clarified,	as	it	would	 have	 a	 direct	 impact	 on	 the	 interpretation	 of	 detected	 biomarkers	 for	diagnosis,	prognosis	and	response	to	therapy.		
CONCLUSION	During	the	past	 	years,	mutations	associated	with	PPGL	have	been	described	in	 more	 than	 	 genes,	 at	 germline	 and/or	 somatic	 levels	 with	 very	 different	mutational	frequencies	according	to	the	nature	of	the	gene.	Despite	this	complex	mutational	 landscape,	different	"omics"	analyses	have	shown	that	mutations	 in	major	susceptibility	genes	are	driver	events	in	PPGL	tumourigenesis	revealing	at	least	three	groups	of	tumours	exhibiting	distinct	molecular	profiles.		The	genetic	and	genomic	hallmarks	characterizing	each	tumour	could	ultimately	be	used	as	diagnosis	and	prognosis	biomarkers	and	should	allow	personalized	treatment.	)n	that	 perspective,	 next	 generation	 sequencing	 testing	 in	 germline	 and	 tumour	DNA	should	be	used	in	PPGL	patient	management	as	a	major	tool.	



	
KEY	POINTS	‐	 PPGLs	 are	 characterized	 by	 a	 high	 rate	 of	 heritability	 and	 a	 strong	 genetic	heterogeneity.	‐	 Using	 genomic	 hallmarks,	 PPGLs	 can	 be	 classified	 in	 tumour	 subtypes	associated	with	distinctive	and	targetable	tumourigenic	signatures.	‐	Genomics‐driven	therapy	is	a	pertinent	perspective	for	patients	with	malignant	PPGL,	comprising	antiangiogenic	drugs	for	cluster	 ‐tumours	and	mTOR	or	RAS‐RAF	pathway	inhibitors	for	tumours	belonging	to	cluster	 .	‐	 Next	 generation	 sequencing	 recently	 contributed	 to	 the	 identification	 of	 new	susceptibility	 genes	 and,	 in	 a	 near	 future,	 should	 be	 commonly	 used	 to	 detect	driver	mutations	 at	 germline	 and	 somatic	 levels	 and	 to	 determine	 biomarkers	useful	for	patient	care.	
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Figure	1:	)dentification	of	the	major	genes	involved	in	PPGL	tumourigenesis	
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Context: The microphthalmia-associated transcription factor (MITF) regulates the survival, prolif-

eration, and differentiation of neural crest-derived lineages. Recent studies reported an increased

risk of melanoma in individuals carrying the rare variant MITF, p.E318K (rs149617956). Whether this

variant plays a role in other neural crest-derived tumors is unknown.

Objective: In the present study, we aimed at determining the prevalence of the MITF, p.E318K

variant, in a well-characterized French cohort of pheochromocytomas/paragangliomas (PCC/PGL).

Design and Methods: Genomic DNA from 555 unrelated patients with PCC/PGL was genotyped for

the p.E318K variant in MITF using Sanger sequencing.

Main Outcome Measure: The prevalence of the mutation in the PCC/PGL cohort was compared with

a population-based sample of 2348 ethnically matched controls.

Results: We identified seven carriers (five patients with sporadic PCCs, two with PGLs). The prev-

alence of the MITF, p.E318K variant, was higher in the PCC/PGL cohort than in controls, and appears

to be a significant risk factor (odds ratio, 3.19; 95% confidence interval, 1.34–7.59; P � .005).

Noteworthy, two patients were homozygous for the p.E318K risk allele, a patient with metastatic

PCC and an SDHB-mutated patient with PGL.

Conclusion: Our results indicate that the germline variant MITF, p.E318K is associated with an

increased risk of other neural crest-derived tumors such as PCC/PGL. (J Clin Endocrinol Metab 101:

4764–4768, 2016)
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The microphthalmia-associated transcription factor

(MITF), a basic helix-loop-helix, leucine-zipper tran-

scription factor, is a master regulator of neural crest de-

velopment (1). MITF plays a role in the survival, prolif-

eration, and differentiation of neural crest-derivative cells

such as melanocytes (2). Genetic alterations including so-

matic copy number gains and mutations in MITF were

initially reported in metastatic melanomas, thus indicating

a potential oncogenic effect (3, 4). More recently, two

studies reported that a rare germline variant in the

MITF gene (c.952G�A, p.Glu318Lys, rs149617956,

usually abbreviated as p.E318K) (National Center for

Biotechnology Information accession NM_000248.3;

NP_000239.1) is associated with increased risk of mela-

noma (5, 6) and renal cell carcinoma (5). This association

was later replicated in different populations and extended

to pancreatic carcinomas (7). The MITF, p.E318K vari-

ant, cosegregated with melanomas in some but not all

familial cases, demonstrating incomplete penetrance and

a role as a moderate susceptibility risk gene. Functional

analyses demonstrated that the variant changes the

binding affinity of small-ubiquitin-like modifier (SUMO)

proteins for the canonical site (�K316XE318), and ulti-

mately modifies the MITF transcriptional activity on

downstream targets (5, 6). Whether this variant plays a

role in other neural crest-derived tumors remains

unknown.

Pheochromocytomas and paragangliomas (PCC/PGL)

are rare neural crest-derived tumors with an approximate

incidence of 1:300,000/year. The only environmental risk

factor described so far is chronic hypoxia in populations

living at high altitude. These tumors are characterized by

a strong genetic determinism. To date, germline mutations

in 13 susceptibility genes comprising SDHA, SDHB,

SDHC, SDHD, SDHAF2, FH, MDH2, EPAS1, VHL,

NF1, RET, TMEM127, and MAX have been shown to

account for up to 40% of cases, whereas the genetic basis

of most PCC/PGL remains unknown (8). Although rare

genetic variants with a moderately penetrant risk could

substantially contribute to unexplained PCC/PGL herita-

bility, the possible effect of such variants has not yet been

assessed. PCC/PGL display genetic alterations common to

other neural crest-derived tumors including melanomas

(9), suggesting that converging tumorigenic pathways

could be common to these related tumor types. We hy-

pothesized that MITF, p.E318K, a low-frequency variant

and well-established melanoma risk factor, might also

play a role in PCC/PGL tumorigenesis, and we investi-

gated its prevalence in a large cohort of PCC/PGL cases

and in controls.

Materials and Methods

Patients and controls
Blood samples from 555 patients with PCC and/or PGL, col-

lected prospectively (1993–2012) in the Department of Genetics,
Georges Pompidou European Hospital, Paris, France, were in-
cluded in this study (Table 1). Written informed consent as well
as clinical data and confirmed diagnosis of PCC/PGL by con-
ventional tests (clinical, biological, imaging, or histopathology)
were obtained for each patient. This study was formally ap-
proved by the institutional review board [Comité de Protection
des Personnes (CPP) Ile de France III, June 2012].

Controls were 2348 individuals ascertained from the SU.
VI.MAX study, a national sample of healthy volunteers living in
France and enrolled between 1996 and 2001 in a randomized,
placebo-controlled trial testing the benefit of antioxidants nu-
trients on the incidence of cancers and cardiovascular diseases
(10). Of these, 689 samples were genotyped using the Illumina
HumanExome-12v1_A Beadchip platform, whereas genotypes
of 1659 DNAs were assayed on single-nucleotide polymorphism
arrays (Illumina) as previously described (5).

MITF, p.E318K variant, genotyping
Genomic DNA was extracted from leukocytes according to

standard protocols. PCR was performed for the exon 9 of MITF
isoform M, (NM_000248.3) using the JumpStart Taq Ready-
Mix (Sigma). The sequences of forward and reverse primers (5�–
3�) were CAGTGACATTTCATTATCCT and TATATCCTG
GGCTATTGATA, respectively. Sequencing reactions in both
directions were performed using BigDye terminator v3.1 (Life
Technologies) in an Applied Biosystems 3730xl machine. DNA
sequencing chromatograms were obtained and analyzed with the
Sequencher 4.10.1 software. Deletions affecting the MITF locus
(3p13) in the two MITF carriers presenting the homozygous
status were ruled out by using the multiplex ligation-dependent
probe amplification assay SALSA multiplex ligation-dependent
probe amplification probe mix P186-C1 (MRC-Holland).

Statistical analyses
The MITF, p.E318K allele frequencies in cases and controls

were compared using a standard �2 test. The odds ratios (ORs)
and 95% confidence intervals (CIs) associated with MITF,
p.E318K carrier status were calculated using a logistic regression
test under the additive and dominant genetic models. Differences
between patients carrying or not the MITF, p.E318K variant,

Table 1. Clinical Characteristics of Patients From the
PCC/PGL Cohort

Total Patients n � 555

Mean age at diagnosis 44.6
PCC 400
PGL 136
PCC and PGL 19
Genetically determined 299
Sporadic 256
Single 457
Multiple 98
Metastatic 58
Nonmetastatic 497
Total controls n � 2348
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regarding age at diagnosis, frequency of multiple tumors and
malignancy were analyzed using Student t test or Fisher’s exact
tests. To evaluate MITF expression levels in PCC/PGL tumors,
we used our previously generated transcriptome data (ArrayEx-
press entry E-MTAB-733). Differences in expression between
tumor subtypes and between malignant vs nonmalignant tu-
mors were assessed using ANOVA Bonferroni and Student t
test, respectively. All statistic tests were two-tailed with sig-
nificance threshold set to P � .05. The computations of single-
nucleotide polymorphism association tests were carried out
using the PLINK software (v1.07) (11).

Results

We identified seven germline carriers of the MITF, p.E318K

variant, present in five patients with PCCs and two with

PGLs. The variant was enriched in the PCC/PGL cohort (n �

555; allele frequency, 0.008) compared with the population-

based sample of controls (n � 2348; allele frequency, 0.003)

(Table2).Thers149617956[A]allelewas significantlymore

prevalent in PCC/PGL patients compared to controls (OR,

3.19; 95% CI, 1.34–7.59; P � 5.58 � 10�3) (Table 2). Of

note,wereport for the first timetwohomozygouscarriers for

the risk [A]allele thatwerepresent inapatient suffering from

sporadic PCC with evidence of metastatic disease, and in an

SDHB-germline mutation (p.Arg46Gly) carrier (Figure 1;

Table 3). We verified that this homozygosity was not an

artifactual effect of MITF deletions using a multiplex liga-

tion-dependent probe amplification assay (data not shown).

In marked contrast, despite the relatively large sample, none

of thecontrolsanalyzedwas foundtocarry thers149617956

variant at the homozygous state. The risk association was

also significant under the additive model of penetrance (P �

.018), with an OR of 2.65 (95% CI, 1.18–5.96), and on the

boundary of significance when the dominant model was

tested (P � .057), with an OR of 2.49 (95% CI, 0.97–6.34)

(Table2).Regarding themutation status in thecarriersof the

MITF,p.E318Kvariant, fivecorrespondedtosporadicPCCs

without mutations in a predisposing gene, whereas the other

twocasespresentedeitherNF1orSDHBgermlinemutations

(Table 3). Finally, no significant differences between MITF,

p.E318K carriers and noncarriers, were found regarding

clinical characteristics such as frequency of multiple tumors,

age at diagnosis, or malignant status (P � .05).

Discussion

In the current genetic association case-control study, we

demonstrated that the MITF, p.E318K germline variant,

is associated with a more than 3-fold increased risk of

PCC/PGL development in a French population. The

strength of this result relies on the reliable comparison of

a large and well-characterized cohort of PCC/PGL pa-

tients with a 4-fold greater number of controls.

Table 2. Association Between rs1496117956 and PCC/PGL

Genotypes Allelica Additiveb Dominantb

N GG AG AA EAF (A) OR (95% CI)

P

Value OR (95% CI)

P

Value OR (95% CI)

P

Value

Cases 555 548 5 2 0.008 3.19 (1.34–7.59) .005 2.65 (1.18–5.96) .018 2.49 (0.97–6.34) .057
Controls 2348 2336 12 0 0.003

Abbreviation: EAF, effect allele frequency.
a �-squared test (two-sided) for the differences in rs1496117956 allele frequency between cases and controls.
b Logistic regression tests under the additive and dominant genetic models.

Figure 1. Chromatograms corresponding to one MITF wild-type sample from an unaffected individual, and the MITF, p.E318K variant, found in

PCC/PGL patients in either heterozygous or homozygous states.
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Previous studies estimated that carriers of the MITF,

p.E318K variant, have an increased risk of melanoma

(OR, 2.09–4.78) in different cohorts from Australia, the

United Kingdom, France, Italy, and Denmark (7). The fa-

milial studies demonstrated a dominant model of inheri-

tance and incomplete penetrance, compatible with a me-

dium-risk variant (6).

Our results extend the association of this variant effect

to the development of another neural crest-derived tumor

type. Further studies are needed in other populations to

confirm this finding and to quantify relative and lifetime

risk of MITF, p.E318K carriers.

In contrast to melanoma, where the MITF variant has

been associated with multiple tumors and malignancy, we

did not observe differences between MITF carriers and

noncarriers in the PCC/PGL cohort regarding frequency

of multiple tumors, age at diagnosis, or malignant status.

Given the limited statistical power of our current sample

of patients, and the low prevalence of the p.E318K vari-

ant, more cases are needed to confidently conclude about

these genotype/phenotype correlations in PCC/PGL.

Although infrequent, the association of PCC with ma-

lignant melanoma has been previously described (12) and

a rigorous screening of phenotypic risk manifestations of

melanoma should therefore not be overlooked. Con-

versely, screening of PCC/PGL carriers should be per-

formed in MITF, p.E318K carriers, with melanoma.

Interestingly, we found two homozygous carriers of the

MITF, p.E318K variant, one of which with evidence of met-

astatic disease. This result suggests a more pronounced effect

Figure 2. Analysis of transcriptome data, ArrayExpress entry E-MTAB-733. The box plots show the expression data of MITF among the different

PCC/PGL tumor subtypes (left) and between nonmalignant and malignant tumors (right). ANOVA Bonferroni and two-tailed Student t tests were

performed, respectively, for the comparisons. HRAS, Harvey rat sarcoma viral oncogene homolog; RET, rearranged during transfection

protooncogene; SDHx, succinate dehydrogenase complex subunit gene; VHL, Von Hippel-Lindau tumor suppressor.

Table 3. Clinical Characteristics of the Seven MITF, p.E318K Variant, Carriers Identified in the PCC/PGL Cohort

Patient Sex Age Tumor Type Single Sporadic Metastases Genotype p.E318K

1 M 41 PCC Yes Yes No AG
2 M 54 PCC Yes Yes No AG
3 F 71 PCC Yes Yes No AG
4 F 54 PCC Yes NF1 No AG
5 M 39 PGL (TA) Yes Yes No AG
6 M 58 PGL (H&N) Yes SDHB No AA
7 M 62 PCC Yes Yes Yes AA

Abbreviations: F, female; H&N, head and neck; M, male; TA, thoracic/abdominal.

doi: 10.1210/jc.2016-2103 press.endocrine.org/journal/jcem 4767
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oftheriskallelewhenhomozygote,whichissupportedbythe

fact that the association fits with the additive genetic model.

Regarding the second homozygous carrier, there is no evi-

dence of metastasis at present. This patient also carries a

germline mutation in SDHB, which is known to confer risk

ofprogressionandtherefore itwillbedifficult toascertainthe

effect of the MITF, p.E318K variant, in such a genetic back-

ground. Whether the MITF mutation could act as a genetic

modifier of SDHB needs further investigation.

Mechanistically, it has demonstrated a gain-of-function

effect for the MITF, p.E318K variant, that, in agreement

with the somatic amplifications and mutations of this locus

found in both primary and metastatic melanomas, supports

an oncogenic role for MITF (5, 6). In PCC/PGL, although 3p

deletions are frequent in VHL-mutated tumors (9), the high-

est expression of MITF is present in SDHx-mutated tumors

as well as in malignant tumors (Figure 2).

A role for MITF in cell survival appears to predominate

(13), which in turn can be crucial for facing the constraints

imposed by a hostile microenvironment. It has been shown

that MITF signaling is modulated by the hypoxic tumor mi-

croenvironment (14–16) and plays a role in oxidative me-

tabolism (17, 18). Of note, hypoxia and mitochondrial dys-

function are also predominant scenarios in PCC/PGL

tumorigenesis (19). Specifically, MITF, p.E318K activates

more efficiently EPAS1 promoter than MITF wild-type. On

the other hand, EPAS1 is being targeted by renal cancer sus-

ceptibility genes including VHL, which also predisposes to

PCC/PGL (8). Given that SUMOylation is a global cellular

answer to allow proper adaptation to stress (20), a possible

roleoftheMITF,p.E318Khypo-SUMOylableform, inPCC/

PGL tumorigenesis is not surprising.

In conclusion, we present the MITF, p.E318K as the first

low-frequency genetic variant associated with an increased

risk of PCC/PGL. It will be important to confirm this finding

inotherpopulationsand toaddress the roleofMITFasmod-

ifier gene in hereditary PCC/PGL by genotype.
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Abstract: Paragangliomas and pheochromocytomas are rare neuroendocrine tumours with a very

strong genetic component. It is estimated that around 40% of all cases are caused by a germline

mutation in one of the 13 predisposing genes identified so far. Half of these inherited cases are

intriguingly caused by mutations in genes encoding tricarboxylic acid enzymes, namely SDHA, SDHB,

SDHC, SDHD, and SDHAF2 genes, encoding succinate dehydrogenase and its assembly protein,

FH encoding fumarate hydratase, and MDH2 encoding malate dehydrogenase. These mutations

may also predispose to other type of cancers, such as renal cancer, leiomyomas, or gastro-intestinal

stromal tumours. SDH, which is also the complex II of the oxidative respiratory chain, was the first

mitochondrial enzyme to be identified having tumour suppressor functions, demonstrating that

80 years after his initial proposal, Otto Warburg may have actually been right when he hypothesized

that low mitochondrial respiration was the origin of cancer. This review reports the current view on

how such metabolic deficiencies may lead to cancer predisposition and shows that the recent data

may lead to the development of innovative therapeutic strategies and establish precision medicine

approaches for the management of patients affected by these rare diseases.

Keywords: SDH; paraganglioma; pheochromocytoma

1. Introduction

Paragangliomas (PGLs) are rare tumours that may occur in non-chromaffin cells of the

parasympathetic ganglia, typically in the head and neck region (glomus tympanicus, glomus jugulare,

carotid body). These tumours can also arise in chromaffin cells of the sympathetic nervous system in

the chest, abdomen, or pelvis (organ of Zuckerkandl, urinary bladder). Pheochromocytomas (PCCs)

are particular PGLs that develop in the adrenal medulla. While head and neck PGLs are usually

non-functional, PCCs and functional PGLs secrete catecholamines (epinephrine, norepinephrine,

dopamine) in the circulation and can induce severe lethal cardiovascular and cerebrovascular

complications. The prevalence of pheochromocytomas/paragangliomas (PPGLs) in patients with

hypertension consulting at general outpatient clinics is estimated at 0.2% to 0.6%, but this number is

probably underestimated [1]. Most PPGLs are benign, with a 10-year overall survival rate of ~96%.

However, 10% of PCC patients and up to 40% of PGL patients develop a metastatic disease with
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a five-year survival rate below 50%. Currently, there are no histopathological criteria to predict

malignancy [2], and current treatments for the metastatic forms of the disease are generally ineffective.

Approximately 40% of patients with PPGLs carry a germline mutation in one of the 13 PPGL

predisposing genes identified so far, including the RET proto-oncogene and the NF1, VHL, and SDHx

genes. Other rare cases involve germline mutations in the FH, TMEM127, MAX, and MDH2 genes [3–6].

In addition, somatic mutations have been reported in 30% of cases, involving the VHL, RET, NF1,

HIF2A, ATRX and HRAS genes [4]. Predisposing mutations can occur in apparently sporadic tumours

(12–15%) or in the context of a hereditary cancer syndrome mostly represented by the following

three genetic syndromes: multiple endocrine neoplasia type 2, Von Hippel–Lindau disease, and

neurofibromatosis type I [7,8]. Activating mutations in the RET proto-oncogene lead to multiple

endocrine neoplasia type 2 (MEN2), characterized by the development of medullary thyroid carcinoma,

often associated with PCCs and hyperparathyroidism. The NF1 gene, one of the largest genes in

humans (60 exons) [9], encodes neurofibromin, which is a tumour suppressor that downregulates

the RAS–RAF–MAPK signalling cascade. Mutations in this gene cause neurofibromatosis type 1,

also known as Von Recklinghausen disease, a frequent autosomal disorder (prevalence of 1 in

3000 to 1 in 4000 people in the general population and a high penetrance) characterized by

pigmentary abnormalities and neoplastic growth of neural crest-derived cells, such as multiple dermal

neurofibromas and very rarely PCCs (0.1–5.7% of patients with NF1) [10]. The Von Hippel Lindau

disease is a hereditary neoplastic syndrome caused by mutations in the VHL tumour suppressor gene,

which are responsible for a predisposition to renal cell carcinoma (RCC), retinal or central nervous

system hemangioblastomas, pancreatic cysts, and PCCs [11]. VHL type 1 families have a greatly

reduced risk of PCC, but can develop all the other tumour types generally associated with the disease.

VHL type 2 families develop PCCs, but have either a low-risk (type 2A) or high-risk (type 2B) for

RCC. VHL type 2C families have PPGLs only, without the other hallmarks of VHL disease. More

recently, integrative genomic approaches identified germline mutations in two new tumour suppressor

genes: TMEM127 [12] and MAX [13] genes which predispose to familial, bilateral, or apparently

sporadic PCCs.

In 2000, the description of the first mutations in the SDHD gene [14] in patients with PPGL

was a major breakthrough, not only in the understanding of PPGL tumorigenesis but in cancer in

general [14,15]. Indeed, SDHx genes were the first genes encoding a mitochondrial protein implicated

in the development of cancer, supporting the hypothesis of a direct link between mitochondrial

dysfunction and cancer, as proposed by Otto Warburg at the beginning of the 20th century [16] and

underlying the important role of metabolism as a “new” hallmark of cancer [17].

2. Genetically-Determined Mitochondrial Deficiencies

SDHx genes (SDHA, SDHB, SDHC, SDHD, and SDHAF2) represent almost half of the germline

mutated genes in PPGL [6] (Table 1). SDHA-D are nuclear genes that encode the four subunits of

succinate dehydrogenase (SDH), a mitochondrial enzyme located in the inner mitochondrial membrane.

It catalyses the oxidation of succinate into fumarate within the tricarboxylic acid (TCA) cycle and

transfers electrons to the ubiquinone pool in the respiratory chain. Succinate dehydrogenase contains

two anchorage proteins (SDHC and SDHD) and two catalytic proteins (SDHA and SDHB). SDHAF2 is

responsible for the flavination of the SDHA subunit, which is essential for the assembly of the complex.

SDHx genes behave as tumour suppressor genes in keeping with Knudson’s “two-hit” model.

Hence, patients carry a germline heterozygous loss-of-function mutation and subsequent loss of

heterozygosity (LOH) at somatic level, leads to the complete inactivation of the gene [18,19]. These two

events are responsible for the loss of function of succinate dehydrogenase activity leading to massive

succinate accumulation in the cytoplasm [20].

Previous studies have reported that germline mutations in one of the SDHx genes lead to PPGL

predisposition in patients [7,21,22], which is transmitted in an autosomal dominant fashion for SDHA,

SDHB, and SDHC genes mutations and in an autosomal dominant fashion with maternal imprinting
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for SDHD and SDHAF2 genes. In SDHx-related PPGL, the great majority of patient have a mutation

in SDHB and SDHD genes (more than 60%), while mutation in SDHC and SDHA are rare [22,23].

Patients carrying an SDHx germline mutation develop PPGLs at a mean age of 36 years old, while

sporadic PPGLs usually occur around 50 years old [7,8]. SDHx germline mutations have an incomplete

penetrance, and genotype-phenotype correlations have been described. SDHD germline mutations

have a penetrance of 86% at the age of 50 and are frequently associated with the development of

multiple head and neck PGL and with family history of PPGLs in the paternal branch. In contrast,

SDHB germline mutations have an estimated penetrance of 50% at the age of 50 [24,25], frequently

predispose to abdominal PGLs, and to malignant forms of the disease in 50% of cases. On the contrary,

malignant PPGLs are only found in 5% of SDHD or SDHC mutation carriers [8,25].

Table 1. Genes encoding mitochondrial proteins implicated in pheochromocytomas/paragangliomas

(PPGL) susceptibility.

Genes Enzyme Phenotype Mutation Frequency

SDHA
SDHB
SDHC
SDHD

SDHAF2

Succinate dehydrogenase

Paraganglioma/pheochromocytoma
Renal cell carcinoma

Gastrointestinal stromal tumour
Gastrointestinal stromal tumour

20%
0.05–0.2%

12% (adult forms)
70% (paediatric forms)

FH Fumarate hydratase
HRLCC syndrome

Paraganglioma
70–90%

1%

MDH2 Malate dehydrogenase Paraganglioma One patient

Germline SDHB mutations are found in 36% of all malignant PPGLs, and SDHB-related malignant

PPGLs have a worst prognosis than all other types of malignant PPGL. The median overall survival

of patients with an SDHB-related malignant PPGL is of 42 months after the diagnosis of the first

metastasis, while it is of 244 months for non-SDHB malignant PPGL [26]. The reason for this phenotypic

characteristic of SDHB mutants is still unclear.

Germline mutation in SDHC gene are rare and may be associated with any type of PPGL. Finally,

SDHA and SDHAF2 mutations have been described in only few patients and predispose to abdominal

PPGL and head and neck PGL, respectively [27,28].

Because of the genetic complexity of PPGL and of the large number of variants of unknown

significance (VUS) identified in patients, immunochemical analyses of SDHA [29], SDHB [30], and

SDHD [31] are now used in pathology department worldwide to validate the genetic analyses.

Germline mutations in SDHx genes have also been implicated in other tumours such as renal

cell carcinoma (RCC) and gastro-intestinal stromal tumour (GIST) (Table 1). In 2004, Vanharata et al.

described the first cases of RCC secondary to an SDHB germline mutation, which co-segregated

with PPGL in a family [32]. Since, SDHx genes mutations have been implicated in 0.05 to 0.2% of

renal cancers, and SDHB mutations are the most frequent [33]. It had recently been recognized as

a subtype of renal cancer by the World Health Organization (WHO, 2016). In this subtype of RCC,

various histological types have been described (chromophobe RCC, clear cell RCC, papillary RCC, and

sarcomatoïd RCC). Multiple forms are described in 30% of cases [34]. In patients carrying the SDHB

gene mutation, the lifetime risk of RCC has been estimated as 14% [24].

The great majority of GISTs are secondary to somatic mutation in KIT or PDGFRA genes. However,

85% of paediatric forms and 15% of adult forms have a so-called Wild-Type (WT) GIST, i.e., without

KIT or PDFGRA mutations [35]. In these WT GISTs, more than 85% are secondary to an SDHx gene

mutation [36]. The great majority are germline mutation (82%) and SDHA mutations represent more

than a half of the identified mutations. SDHx related GISTs are more frequent in women, are always

located in the gastric wall, and are multiple in 40% of cases. Malignant evolution is observed in 45%

of patients, but with an indolent evolution [36]. Recently, epimutations of the SDHC gene promoter
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have been proposed as a new mechanism of SDH loss of function in WT GIST with a negative SDHB

immunochemistry and without any mutations in germline or somatic DNA [37,38]. These epimutations

are germline or somatic mosaic, and represent almost the quarter of SDHx related GIST [36]. They are

more frequent in female patients and are multiple in 70% of cases. They are characterized by an SDHC

promoter-specific CpG island hypermethylation associated with subsequent gene silencing. Recently,

a patient with multiple PPGL has been described with an epimutation of the SDHC promotor [39].

Additional to SDHx genes, other genes encoding enzymes of the TCA cycle have been implicated

in tumorigenesis. Fumarate hydratase, encoded by the FH gene, is a TCA cycle enzyme that catalyses

the step immediately following SDH in the cycle, converting fumarate into malate. Germline mutations

in this tumour suppressor gene were first described in the predisposition to HRLCC syndrome

(hereditary leiomyomatosis and renal cell cancer) also known as Reed Syndrome [40]. More than 70%

of FH-mutation carriers develop cutaneous leiomyoma, and women are prone to uterine leiomyoma

in more than 82% of cases. In 18% of cases, FH patients develop very aggressive papillary type II

renal cancer associated with poor prognosis [41,42]. More recently, it was demonstrated that FH gene

germline mutations can also predispose to PPGL [43] and lead to malignant or multiple forms of the

disease [44,45].

Finally, Cascon et al. have recently described the first MDH2 gene germline mutation in a patient

with a multiple and malignant PGL. This gene encodes malate dehydrogenase, which converts the

malate into oxaloacetate in the TCA cycle [3]. Until now, this is the only case of MDH2 mutation ever

described in the predisposition to cancer.

3. Tumorigenesis

In 2000, the demonstration of SDHD being a tumour suppressor gene showed that Warburg view

was actually true, at least in these very specific cases of inherited cancer predisposition, and that a

defect in a central metabolic function could be the origin of cancer. Intriguingly, genetic disorders

associated with this type of dysfunction had before that, been associated with neurodegenerative

diseases rather than with a proliferative phenotype. Indeed, SDHA and FH germline homozygous

mutations had been shown to respectively cause Leigh syndrome, a progressive brain disorder that

appears in infancy or early childhood and multiple severe neurologic abnormalities in the so-called

“Fumarate hydratase deficiency”. How mutations in the same genes lead to a proliferative disease was

a real surprise. One explanation is that patients affected with Leigh syndrome or fumarate hydratase

deficiency carry homozygous germline mutations that maintain some residual enzymatic activity,

allowing these mutations to be viable and mediating the neurologic phenotype. In contrast, mutations

predisposing to cancer susceptibility are heterozygous, require a second somatic genetic event (most

generally the loss of the chromosomal region harbouring the wild-type allele), and then lead to the

complete and selective loss of the enzymatic activity. Recently, Lorendeau et al addressed this question

and suggest that tumorigenesis requires the combine loss of SDH and complex I activity, while SDH

inhibition alone would solely lead to the neurodegenerative phenotype [46].

The first key allowing understanding the tumorigenesis pathways associated with TCA cycle

mutations was the description, in the first French family of SDHD-related PGL, of increased

angiogenesis and overexpression of the hypoxia inducible factor 2α (HIF2α) and one of its target, the

vascular endothelial growth factor (VEGF) [18]. Transcriptomic studies further confirmed this initial

observation by demonstrating that unsupervised classification of PPGL tumours allowed separating

them into two major clusters of expression: cluster 1, characterized by a hypoxic signature, which

comprised all TCA cycle mutations (cluster 1A) on one side and VHL and HIF2A mutated tumours

(cluster 1B) on the other side, and cluster 2, regrouping RET, NF1, MAX, and TMEM127 related

tumours, as well as most of the sporadic cases [47,48]. The VHL gene encodes an E3 ubiquitin

ligase that is implicated in the ubiquitination of HIF1α and HIF2α transcription factors leading

to their proteosomal degradation (Figure 1). The recognition of HIFs by pVHL requires their

hydroxylation on two highly conserved proline residues by the so called HIF-prolyl hydroxylases
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(PHDs or EGLN) that belong to the family of 2-oxoglutarate (2-OG) dependent dioxygenases. The

reaction of hydroxylation uses O2 as a co-substrate, explaining the stabilization of HIFs in hypoxic

conditions. In VHL-mutants, loss of pVHL function leads to the abnormal stabilization of HIFs, even

in the presence of oxygen, leading to a pseudohypoxic drive. In SDH and FH-deficient tumours, it was

subsequently shown that the massive accumulation of their respective substrates, namely succinate and

fumarate is responsible for the inhibition of PHD activity, also leading to a pseudohypoxic response.

Indeed, succinate and fumarate, which are very similar to 2-OG, act as competitive inhibitors of 2-OG

dependent dioxygenases. In addition, another hydroxylase is implicated in the modulation of HIF

activity in normal conditions. This so-called Factor Inhibiting HIF (FIH) is an asparagyl hydroxylase

that hydroxylates an asparagine residue located on the carboxy-terminal transactivation domain

of HIFs, preventing the recruitment of the coactivator proteins p300 and CBP, thereby attenuating

HIF-dependent transcription [49]. The inhibition of FIH activity by succinate and fumarate may as

well increase the HIF-mediated transcriptional response thereby modulating the expression of a wide

variety of target genes, the products of which being implicated in the regulation of angiogenesis,

tumour growth, energy metabolism, survival, and migration.

Figure 1. Mechanisms of tumorigenesis and survival associated with tricarboxylic acid (TCA) cycle

mutations in paraganglioma.

Other important members of the 2-OG dependent dioxygenases family are the DNA and

histone demethylases, namely the ten eleven translocation (TET) enzymes and histone lysine

demethylase (KDM) family of JmjC-domain containing proteins. Oxidative demethylation of DNA is

mediated by TET enzymes, which hydroxylate 5-methylcytosine (5mC) into 5-hydroxy-methylcytosine

(5hmC) [50,51]. It was shown that inhibition of TET enzymes by succinate leads to a high abundance

of DNA methylation and a low abundance of DNA hydroxymethylation in SDH-related PPGL [43]

and GIST [52] (Figure 1). This has massive consequences on gene expression as hypermethylation

of CpG islands within the promoter regions of genes is frequently associated with the repression of

transcription. Hence, SDH mutant cells, by reprogramming the transcriptome at the whole genome

scale, foster tumorigenesis by repressing the expression of genes that promote cancer stem cell

identity [53], and Epithelial-to-Mesenchymal Transition (EMT) [54]. An EMT like phenotype has

indeed been described in both SDHB-mutated metastatic human PPGL [55] and cells [56], as well as

in FH-deficient cells [57]. This phenotype is regulated by epigenetic modifications, that comprise the

hypermethylator phenotype, but also the dysregulation of key target microRNAs [4,57]. Because of

their central role in the acquisition of tumour hallmarks by SDH- and FH-deficient cells, succinate and
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fumarate are now referred to as “oncometabolites”, as 2-hydroxyglutarate, the organic acid generated

by mutant isocitrate dehydrogenase mutants in gliomas and acute myeloid leukaemia [58].

4. Innovative Strategies and Future Directions

As discussed earlier, SDHx mutation carriers are at risk of developing multiple PPGLs, and

SDHB-mutation carriers are predisposed to metastatic forms of the disease. Malignant PPGLs respond

very poorly to classical chemotherapies, and the complete surgical resection of the tumour is still the

only curative treatment. For non-operable or metastatic PPGLs, therapeutic choices may take into

account the particular metabolic reprogramming of these tumours.

4.1. New Therapeutic Strategies for SDHx-Deficient Metastatic PPGL

One promising strategy is based on an antiangiogenic approach that appears appropriate

regarding the highly vascularized pattern and the activation of a VEFG-dependant angiogenesis

of PPGL carrying SDHx mutations. The first six case reports of metastatic PPGLs treated with sunitinib

were published almost simultaneously by four different teams showing extended partial response

in patients carrying SDHB mutations [59–62]. The most comprehensive study reported so far is a

retrospective review of medical records of 17 patients (including eight with an SDHB mutation and

one VHL patient) with metastatic PPGLs who were treated with sunitinib [63]. Among the 14 patients

without early toxicity, three had a partial response and five had stable disease, while the disease

progressed in the other six patients. Partial response or stable disease were observed in the patient with

a VHL mutation and five of the six evaluable patients with an SDHB mutation, suggesting that patients

with cluster 1 disease might be better responders to antiangiogenic treatments than patients with cluster

2 tumours. These observations need to be confirmed in larger cohorts of patients and compared with

appropriate placebo conditions. To that aim, the first randomized double blind phase II international

multicentre study (the FIRSTMAPPP study) is currently ongoing and will hopefully enable such

validations. The FIRSTMAPPP study is a randomized double-blind phase II international multicentre

study that is evaluating the efficacy of sunitinib versus placebo in patients with progressive malignant

PPGL (http://clinicaltrials.gov/ct2/show/NCT01371201), and two nonrandomized phase II studies

that are evaluating the response to sunitinib (https://clinicaltrials.gov/ct2/show/NCT00843037) and

axitinib (https://clinicaltrials.gov/ct2/show/NCT01967576).

Directly inhibiting HIF2α, instead of its targets like VEGF, appears to be a good strategy. Recently,

two independent teams published the results of PT2399, a selective HIF-2 antagonist, in a preclinical

model of clear cell renal carcinoma (ccRCC) [64,65]. Further studies are needed to evaluate if these

new molecules will be effective in the PPGL field.

Other pathways identified by “OMICs” approaches are promising candidates for precision

medicine. Epigenetic alterations play major roles in establishing and maintaining aberrant gene

expression profiles in cancer cells and in particular in the hypermethylated cluster M1 involving all

PPGL with SDHx and FH mutations [43]. Targeting epigenetic alterations in cancer cells (epigenetic

therapy) is a new frontier in drug discovery. Reversion of DNA methylation by epidrugs such as

5-aza-2′-deoxycytidine (Decitabine) or histone methylation by histone methyl transferase inhibitors, is

clearly an attractive strategy for carriers of SDHx or FH mutations. The efficacy of these drugs has led to

their approval as monotherapy in haematological malignancies [66]. Although no study is yet available

in humans, some promising results are now starting to bear fruit from in vitro studies, suggesting that

drugs targeting epigenetic pathways might constitute useful alternative treatments for SDHx-related

or FH-related malignant PPGLs in the future [43]. Hence, a statistically significant effect of decitabine

on the cell migration was previously demonstrated in a model of hypermethylated Sdhb-knockout

mouse chromaffin cells (ImCC) [43]. In primary cultures of human PCCs and in another PCC-derived

mouse cell line (MPC), the 5-aza-cytidine DNA methylation inhibitor increased the efficacy of the

proapoptotic Topoisomerase1 inhibitor (camptothecin) agent when used as a complementary drug [67].

http://clinicaltrials.gov/ct2/show/NCT01371201
https://clinicaltrials.gov/ct2/show/NCT00843037
https://clinicaltrials.gov/ct2/show/NCT01967576
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Furthermore, the hypermethylated phenotype of SDHB-related tumours apparently affects the

promoter of the MGMT gene encoding the O6-methylguanine-DNA methyltransferase, the repression

of which is a biomarker of a good response to alkylating agents such as temozolomide [68,69]. Indeed,

in the first report involving a small retrospective cohort of 15 patients with progressive metastatic

PPGL, temozolomide treatment was more effective in patients carrying SDHB mutations than in

those without SDHB mutations [70]. Although these data are promising, the findings will need to be

confirmed in a prospective clinical trial.

4.2. The Explorative Way of Metabolic Reprogramming

Metabolic reprogramming is emerging as a core hallmark of cancer [71]. During the last decade,

many studies have shown that the majority of oncogenes and tumour suppressor genes are involved

in cell metabolism and that mutations in these genes facilitate cell survival and proliferation by

promoting the use of nutrients [72]. As a central metabolic actor, alterations of enzymes in the TCA

cycle result in important metabolic re-wiring in order to respond to bioenergetics and anabolic requests

of cancer cells. Main changes rely on an increase of glucose and glutamine consumption and an

increased anaerobic glycolysis. Hence, mutations in SDHx genes were demonstrated to mediate a

rise in contribution of glucose to ATP production and glutamine to TCA cycle intermediates in an

ovarian cancer model [73,74]. Recently, two independent studies demonstrated that loss of SDH

activity through Sdhb deletion in a mouse cellular model results in their dependence on the pyruvate

carboxylase (PC) enzyme, responsible for pyruvate carboxylation to synthesize oxaloacetate (OAA)

(Figure 1). Despite the TCA cycle truncation, cells can use OAA as a TCA cycle intermediate in order

to produce aspartate, a key metabolic pivot in the cell (the main precursor for protein and nucleotide

biosynthesis) [75,76]. Moreover, in vitro silencing of PC resulted in complete ablation of proliferation

and loss of viability [75,76]. Although it is unlikely that PC targeting would be appropriate in patients,

deciphering the metabolic pathways associated with TCA cycle mutations may reveal important and

novel therapeutic targets for the management of these tumours. In FH deficient renal cells, similar

experiments revealed that argininosuccinate was produced from arginine and fumarate by the reverse

activity of the urea cycle enzyme argininosuccinate lyase (ASL), making these cells auxotophic for

arginine [77]. Fumarate also promotes protein succination that alters the function of multiple proteins,

including aconitase, thus promoting to the dysregulated metabolism observed in these cells [78].

Hence, although these observations should also be confirmed in PPGL cells, they may also provide

potential new therapeutic interventions or biomarkers for these cancers.

4.3. New Biomarkers for Diagnosis, Prognosis, and Early Response to Treatment

Increase in anaerobic glycolysis in most cancer cells and particularly in cells with an

interruption of the TCA cycle lead to a wide utilisation in oncology imaging of the radionuclide
18F-Fluorodeoxyglucose (18F-FDG), a glucose analogue labelled with a positron emitter (18F) permitting

its detection by positron emission tomography (PET) imaging. In contrast to its uptake in other

neuroendocrine tumours, 18F-FDG uptake in PPGL provides the most sensitive functional imaging

with a sensitivity on a patient basis of more than 80% [79]. Furthermore, 18F-FDG uptake is higher in

SDH-deficient PGL [80,81]. 18F-FDG PET/CT is therefore already considered a standard examination

for complete staging in patients with an SDHx mutation and for the evaluation of early response to

treatment [82–84]. Nevertheless, the limitation of 18F-FDG PET/CT is the lack of specificity.

SDH inactivation leads to a massive accumulation of succinate, acting as an oncometabolite, and

its levels, assessed on surgically resected tissues, are a highly specific biomarker of SDHx-mutated

tumours. Succinate presents a characteristic peak at 2.44 ppm in spectral analysis that can be detected

noninvasively by in vivo proton magnetic resonance spectroscopy (1H-MRS). 1H-MRS is an analytical

technique for the observation of tissue compounds after elimination of water protons with a saturation

pulse. Until now, 1H-MRS has been mostly studied in the field of cerebral tumours, especially

gliomas. The majority (50–86%) of gliomas diagnosed in younger adults (<45 years old) have recurrent
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somatic mutations in one of the genes encoding isocitrate dehydrogenase (IDH1 and IDH2) leading

to the overproduction of 2-hydroxyglutarate, an oncometabolite that plays a key role in malignant

transformation and is interestingly detectable in vivo by 1H-MRS [85,86]. A pulse 1H-MRS sequence

was previously developed to measure succinate in an allografted mouse model of Sdhb-deficient

tumours and used in a pilot study performed in nine patients with PPGL (five with SDHx mutations

and four sporadic cases). That pilot study demonstrated the feasibility of detecting succinate in vivo

by 1H-MRS as a very specific biomarker of SDHx mutations [87]. Moreover, animal experiments

demonstrated that the area under the succinate peak of the 1H-MRS spectra in vivo was correlated

with the concentrations of succinate measured in the resected tumours by GC-MS in vitro, allowing

quantifying succinate levels in vivo. Future studies are needed to show whether this correlation holds

in patients. If this turned out to be the case, and given that succinate concentrations in tumours reflect

the metabolic activity of SDH-deficient tumour cells, this new innovative and innocuous imaging

method could produce a quantifiable surrogate marker of early response to treatment for the patients.
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Abstract

Paragangliomas and pheochromocytomas are rare neuroendocrine tumors characterized by a large spectrum of hereditary

predisposition. Based on gene expression profiling classification, they can be classically assigned to either a hypoxic/

angiogenic cluster (cluster 1 including tumors with mutations in SDHx, VHL and FH genes) or a kinase-signaling cluster (cluster

2 consisting in tumors related to RET, NF1, TMEM127 andMAX genes mutations, as well as most of the sporadic tumors). The

past 15 years have seen the emergence of an increasing number of genetically engineered and grafted models to investigate

tumorigenesis and develop new therapeutic strategies. Among them, only cluster 2-related predisposed models have been

successful but grafted models are however available to study cluster 1-related tumors. In this review, we present an overview

of existing rodent models targeting predisposition genes involved or not in human pheochromocytoma/paraganglioma suscep-

tibility and their contribution to the improvement of pheochromocytoma experimental research.

Keywords Pheochromocytoma . Paraganglioma .Mouse models

Introduction

Pheochromocytoma (PCC) and paraganglioma (PGL) are rare

neuroendocrine tumors that arise in chromaffin cells of the adre-

nalmedulla and in sympathetic and parasympathetic paraganglia,

respectively. Nearly 40% of patients with pheochromocytoma

and/or paraganglioma (PPGL) carry a germline mutation in one

of the 13 PPGL predisposing genes identified so far (Favier et al.

2014), including RET (leading to multiple endocrine neoplasia

type 2A and 2B), NF1 (causing neurofibromatosis type 1), VHL

(Von Hippel Lindau disease) and SDHx genes (SDHA, SDHB,

SDHC, SDHD, SDHAF2, responsible for hereditary PGL syn-

drome). Other rare cases involve germline ormosaicmutations in

the FH, TMEM127, MAX, HIF2A and MDH2 genes (Cascon

et al. 2015; Castro-Vega et al. 2015; Dahia 2014; Favier et al.

2014). In addition, somatic mutations have been reported in 30%

of cases, involving the VHL, RET, NF1, HIF2A, ATRX and

HRAS genes (Castro-Vega et al. 2015). With the exception of

RET and HIF2A that act as oncogenes, all PPGL susceptibility

genes are tumor suppressor genes: patients carry a heterozygous

germline mutation and tumor development occurs following a

somatic second hit that leads to loss of heterozygosity (LOH)

and to the subsequent inactivation of the gene’s function.

Over the past few years, gene expression profiling of these

rare tumors enabled discovering new PPGL predisposition

genes (Burnichon et al. 2010; Cascon et al. 2015; Comino-

Mendez et al. 2011; Favier et al. 2012; Letouze et al. 2013;

Qin et al. 2010) and classifying PPGLs by classically

assigning them to either a hypoxic/angiogenic cluster (cluster

1) or a kinase-signaling cluster (cluster 2) (Burnichon et al.

2011; Dahia et al. 2005; Eisenhofer et al. 2004; Favier et al.

2009; Lopez-Jimenez et al. 2010). Cluster 1 contains all

SDHx-, VHL- and FH-mutated tumors (Castro-Vega et al.

2014; Letouze et al. 2013). Cluster 2 comprises tumors related

to RET, NF1, TMEM127 and MAX genes mutations, as well

as most of the sporadic tumors.

Between 10% (PCC) to 40% (PGL) of patients will present

a malignant progression of their disease, defined by the occur-

rence of the first metastasis (Lenders et al. 2014) and with a 5-
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year survival rate below 50%. Mutations in the SDHB gene

are associated with metastatic, aggressive forms of PPGL

(Amar et al. 2007; Gimenez-Roqueplo et al. 2003). Indeed,

more than one third of patients with metastatic PPGL carry a

germline SDHB mutation and half of SDHB-mutated patients

will ultimately develop a metastatic disease.

Many genetically engineered and grafted mouse models

have been generated to investigate the mechanisms of PPGL

tumorigenesis, develop new diagnostic biomarkers or test in-

novative therapeutic strategies. Existing mouse models in-

clude mutations on c-mos, Ret, ErbB2 and B-Raf proto-

oncogenes (Lai et al. 2007; Schulz et al. 1992; Smith-Hicks

et al. 2000; Urosevic et al. 2011) and inactivation of Nf1, Rb,

Trp53 Vhl, Sdhd, Pten and InK4a tumor suppressor genes

(Bayley et al. 2009; Gnarra et al. 1997; Haase et al. 2001;

Jacks et al. 1994; Korpershoek et al. 2009; Ma et al. 2003;

Nikitin et al. 1999; Piruat et al. 2004; You et al. 2002). This

review focuses on these existing models aiming at deciphering

human tumor development and improving malignant PPGL

early diagnosis and treatment.

Predisposed mouse models

Cluster 1

The cluster C1 comprises tumors carrying mutations on

SDHx, FH, VHL and HIF2A genes. Genes overexpressed in

the C1 cluster promote a Bpseudo-hypoxic^ signature second-

ary to the direct capacity of SDHx and VHL-mutated cells to

stabilize hypoxia-inducible factors (HIFs) in normoxic condi-

tions, thereby stimulating angiogenesis, proliferation and gly-

colysis pathways (Favier et al. 2009). VHL encodes a member

of an E3 ubiquitin ligase complex that addresses HIFα pro-

teins to proteasomal degradation in normoxia. SDHA-D genes

encode the four subunits of succinate dehydrogenase (SDH)

or mitochondrial complex II, an enzyme located at the cross-

roads between the mitochondrial electron transport chain and

the tricarboxylic acid (TCA) cycle (Lancaster and Simon

2002). In PPGL patients carrying a germline heterozygous

mutation on a SDHx gene, somatic loss of the remaining

allele induces a complete SDH loss-of-function, which results

in the accumulation of its substrate, succinate in the tumor.

Succinate acts as an oncometabolite that is suspected to me-

diate the tumorigenic effects related to SDHx mutations

(Letouze et al. 2013): its accumulation inhibits prolyl-

hydroxylases activity that finally results in the abnormal sta-

bilization of HIFαs under normoxic conditions (Briere et al.

2005). SDHxmutations also impair DNA and histone demeth-

ylation processes. Succinate inhibits TET DNA and JmJC

histones demethylases, leading to global DNA and histones

hypermethylation that has important consequences on gene

expression (Letouze et al. 2013). FH is also a tumor

suppressor gene involved in the TCA cycle, encoding fuma-

rase (or fumarate hydratase), which converts fumarate into

malate. As for SDH-related PPGL, fumarate accumulation

acts as an oncometabolite (Castro-Vega et al. 2014; Letouze

et al. 2013) (Morin et al. 2014) leading to a global histone and

DNA hypermethylation in FH-related paragangliomas, a high

rate of malignancy and a poor prognosis. Altogether these

findings underlie the medical need for a reliable preclinical

model of Bcluster 1-like^ tumors.

The (desperate) quest for an SDH-deficient mouse model

Piruat et al. published the first report of SDH complex inacti-

vation in a mouse model in 2004 (Piruat et al. 2004). In this

model, the homozygous knockout (KO) of Sdhd was lethal at

an embryonic stage (E7) while heterozygous Sdhd inactiva-

tion induces a slight hyperplasia of the carotid body (CB) and

a significant increase of spontaneous CB activity under

normoxic conditions but without any CB PGL nor PCC

(Piruat et al. 2004). Several years later, a second Sdhd-knock-

out mouse model was generated. They observed the same

results even after crossing them with a strain knocked-out

for a candidate imprintedmodifier gene (H19+/−mice) in order

to mimic the Bimprinted^ inheritance of SDHD tumorigenesis

observed in human (Bayley et al. 2009). Finally, two condi-

tional Sdhd KO were reported. One allowed a tissue-specific

Sdhd deletion driven by the tyrosine hydroxylase promoter in

the catecholaminergic system and the other one a tamoxifen-

induced LOH at adulthood. None of these models resulted in

PPGL. In contrast, they led to a reduced size of carotid bodies

and to decreased cell numbers in the adrenal medulla (Diaz-

Castro et al. 2012).

Two different teams reported negative results regarding

engineering a Sdhb-deficient mouse model (Lepoutre-Lussey

et al. 2015; Maher III et al. 2011).

Maher et al. did not observe any PPGL development in

their heterozygous constitutional Sdhb-deficient mouse mod-

el, even after crossing them with a mouse deficient for Bub 1,

a gene playing a key role in the mitotic checkpoint (Maher III

et al. 2011).

As embryonic death of nullizygous Sdhbmice was predict-

able, our strategy was to use the Cre-Lox system to generate

both a constitutive and a conditional inactivation of the gene.

To that aim, LoxP sites were inserted on both sides of Sdhb

exon 2 (Lepoutre-Lussey et al. 2015; Letouze et al. 2013). The

constitutive knockout model was obtained by crossing Sdhb-

floxed mice with PGK-Crem mice and two tissue-specific

conditional KO models were generated using tyrosine

hydroxylase-Cre (TH-Cre), expected to drive Cre

recombinase expression in all catecholaminergic cells

(Gelman et al. 2003) or human Prostate-Specific Antigen-

Cre (PSA-Cre), supposedly specific of the prostate in human

but actually driving expression in the adrenal medulla in

380 Cell Tissue Res (2018) 372:379–392



mouse (Korpershoek et al. 2009). Unfortunately, after a long-

life follow-up of a large cohort including heterozygous con-

stitutive and tissue specific Sdhb KO mice, no indication of

chromaffin tumor development was apparent in any animal

(Lepoutre-Lussey et al. 2015).

In a second step, because of the failure of the pure SdhbKO

model, we crossed them under a Pten KO background, which

was previously reported to be predisposed to PCC (You et al.

2002), in order to generate a metastatic PCC experimental

model harboring an inactivation of the Sdhb gene. At

10 months, 37% of the double conditional KO homozygous

for Sdhb deletion mice (Ptenlox/lox, Sdhblox/lox, PSA-Cre

and Pten+/lox, Sdhblox/lox, PSA-Cre) developed a PCC (in-

stead of more than 70% in the Pten+/− KO mouse model) but

in contrast with human tumors (Pollard et al. 2005), no accu-

mulation of succinate was detected in any of these tumors

suggesting the absence of Sdhb deletion in the tumor. This

result, together with the lower incidence of PCC, suggest

a cellular lethality of Sdhb complete KO in mouse, as shown

for the Sdhd conditional KO (Diaz-Castro et al. 2012). The

generation of a predisposed SDH-related model of PGL or

PCC probably requires a Bsecond hit^ that would allow

paraganglioma tumorigenesis in rodents.

Vhl- and Fh-deficient mice

The Von Hippel Lindau disease is a rare autosomal dominant

hereditary neoplastic syndrome caused by mutations in the

VHL tumor suppressor gene, which are responsible for a pre-

disposition to renal cell carcinoma (RCC), retinal or central

nervous system hemangioblastomas, pancreatic cysts and

PPGL (Kim and Kaelin 2004).

The homozygous KO of Vhl in mice results in embryonic

lethality secondary to a lack of placental vasculogenesis

(Gnarra et al. 1997), while the phenotype of heterozygous

Vhl mice is strongly dependent on their genetic background.

Indeed, no phenotype was observed in Vhl+/− mice bred in a

mixed C57BL6/c129 genetic background (Gnarra et al. 1997),

while Vhl+/− in a BALB/c129 background developed cavern-

ous liver hemangiomas with a high phenotypic penetrance

(Haase et al. 2001). Several tissue-specific Vhl KO models

were generated (first in the liver (Haase et al. 2001) and then

in the kidney, epidermis, thymus…) leading to several vascu-

lar tumors and renal cysts (for review see Haase 2005).

Although about 90% of clear cell renal cell carcinomas

(RCC) harbor biallellic inactivation of VHL (Sato et al.

2013), most of renal cell-specific Vhl KO failed to develop

RCC. Recently, Harlander et al. showed that the development

of RCC in Vhl-deficient mice needed the combination of 2

other combined deletions in Trp53 and Rb1 genes suggesting

that Vhl deficiency is not sufficient for RCC formation

(Harlander et al. 2017).

To our knowledge, only one specific Vhl KO in catechol-

aminergic cells was generated using the TH promoter (Macias

et al. 2014). Interestingly, in contrast with the expected role of

VHL as a tumor suppressor gene in human, conditional Vhl

inactivation in catecholaminergic mouse cells did not lead to a

tumor development but in the contrary to an important atrophy

of targeted organs such as CB, adrenomedulla and sympathetic

ganglia. These impairments were also associated with intoler-

ance to hypoxia in the absence of hypoxia-induced CB hyper-

trophy in adult mice (Macias et al. 2014). These results were

confirmed, to a lesser extend but always without any PPGL

development, with a conditional Vhl KO during adulthood

thanks to an inducible conditional KO (TH-CREER-VHLKO)

(Macias et al. 2014).

Germline mutations in the tumor suppressor gene FH

predispose in human to Reed syndrome, also known as

Hereditary leiomyomatosis and renal cell cancer

(HLRCC) (Tomlinson et al. 2002; Toro et al. 2003).

This autosomal dominant disease associates smooth

muscle tumors (leiomyomas) in the skin (more than

70% of FH-mutation carriers develop cutaneous

leiomyoma) and uterus (about 82% of women develop

uterine leiomyoma). Affected patients are at risk of de-

veloping benign renal cysts and type 2 papillary renal

carcinoma. Recently, we demonstrated that FH gene

germline mutations can also predispose to PPGL

(Letouze et al. 2013) and, as in patients with SDHB

mutation, lead to malignant or multiple forms of the

disease (Castro-Vega et al. 2014; Clark et al. 2014).

Pollard et al. generated a mouse model of FH deficiency

with a particular interest in kidney cancer development

(Pollard et al. 2007). Again, Fh1−/− mice died during early

embryogenesis, while tissue-specific targeting of Fh1 in the

kidney (Fh1lox/lox;Ksp1.3/Cre animals), results in renal cysts

but no RCC, as a direct consequence of HIF1α (and HIF2α)

overexpression (Pollard et al. 2007) but without a clear dem-

onstration of the link between tumor development and activa-

tion of the hypoxic pathway while the phenotype observed in

Fh KO mice is not rescued but even worsened by the inacti-

vation of HIF1 (Adam et al. 2011). No specificFh inactivation

in the adrenal medulla has been performed so far.

Cluster 2A

Cluster C2A comprises RET-, NF1-, MAX- and TMEM127-

mutated tumors, as well as most sporadic tumors, including

the recently described hotspot somatic mutation in HRAS

(Castro-Vega et al. 2015). These tumors display activation of

the RAS/mitogen-activated protein kinase (MAPK) and IGF1

signaling pathways, predisposing in human to the develop-

ment of usually benign PCC with a very low incidence of

PGL and malignant tumors (Table 1, Fig. 1).
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Genes linked to PPGL predisposition in human

Nf1NF1 is a very large gene (60 exons) (Viskochil et al. 1990)

encoding neurofibromin, a repressor of the RAS–RAF–

MAPK signaling cascade. Heterozygous mutations in this

gene were identified in the early nineties as being responsible

for neurofibromatosis type 1, also known as Von

Recklinghausen disease, one of the most frequent autosomic

disorders (prevalence of 1 in 3000 to 1 in 4000 people in the

general population and a high penetrance) characterized by

pigmentary abnormalities and neoplastic growth of neural

crest-derived cells, such as multiple dermal neurofibromas

and very rarely PCC (0.1–5.7% of patients with NF1)

(Gutmann et al. 1997).

As an important tumor suppressor, homozygous deletion of

Nf1 in mouse leads to embryonic lethality. The heterozygous

Nf1 knockout mouse model partially mimics the human syn-

drome as mice develop PCC (but at a much higher frequency,

~ 10–20% lifetime incidence) without any neurofibromas

(Jacks et al. 1994). However, an interesting observation with

this model is that, as already observed in the Vhl mice, the

great influence of the genetic background. Indeed, PCC only

arose in mice with a mixed genetic background (Powers et al.

2000). One possible explanation for this is the varying levels

of neurofibromin expression depending on the mouse strain.

Indeed, strain-dependent tissue-specific modifiers may mod-

ulate Nf1 expression to levels comparable to that of mutation

of one Nf1 allele. Hence, haploinsufficient models may be

extremely different from one another depending on the genetic

background (Hawes et al. 2007).

Ret RET is a proto-oncogene encoding a tyrosine kinase re-

ceptor activating, after binding of its ligands, the PI3K–AKT

and MAPK–ERK signaling pathways (Ibanez 2013; Wagner

et al. 2012). Gain-of-function mutations in RET proto-

oncogene cause multiple endocrine neoplasia type 2

(MEN2), a rare autosomal dominant disorder comprising 2

syndromes: MEN2A, associating medullary thyroid carcino-

ma, PCC and hyperparathyroidism and caused by several

germline mutations frequently affecting codon 634 and

MEN 2B (accounting only for 5% of MEN2 cases) defined

by severe medullary thyroid carcinoma, PCC, Marfanoid hab-

itus, mucosal neuromas and ganglioneuromatosis of the gut

and the intestine and exclusively secondary to a unique point

mutation at codon 918 (M918T) (Carlson et al. 1994) .

Only one PCC model was secondary to a direct activating

mutation (Met918thr) of the RET proto-oncogene, the muta-

tion involved in MEN2B in human (Smith-Hicks et al. 2000).

At 6 months, 100% of the homozygous RetMEN2B mice

developed a PCC. In contrast with the human phenotype,

these mice developed thyroid C-cell hyperplasia (the pre-

sumed precursor of carcinoma in human) but no MTC

(Smith-Hicks et al. 2000). MEN 2A mouse models secondaryT
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to RETmutations affecting codon 634 predispose to MTC but

without chromaffin tumor (Michiels et al. 1997; Reynolds

et al. 2001). These different phenotypes may be explained

by the different consequences of MEN 2A andMEN 2B caus-

ing mutations. Indeed, all MEN 2 mutations result in a stim-

ulation of RET tyrosine kinase receptor but through different

mechanisms of activation. MEN 2A 634 mutations involve

cysteine residues in the RET extracellular domain resulting

in ligand-independent dimerization and constitutive activation

of the phosphorylating cascade. In contrast, the M918T sub-

stitution seems to convert the substrate-binding pocket of RET

to resemble those of non-receptor src-related tyrosine kinases.

More recently, it was shown to increase intrinsic kinase

activity, partially release kinase autoinhibition and facilitate

ligand-independent phosphorylation of 2B-RET receptors

(Gujral et al. 2006).

Predisposing genes in mice without parallel human PPGL

disease: c-mos, Rb, B-Raf, Pten/InK4a, p53, Rb, ErbB2

and CerS2

Other genetically engineered mice with mutations not associ-

ated with PPGL susceptibility in humans have surprisingly

been shown to be predisposed to PPGL.

The very first report of a PCC mouse model was linked to

the RET signaling pathway, when Schultz et al. studied four

Fig. 1 Signaling pathways

associated with the development

of pheochromocytomas in mouse

384 Cell Tissue Res (2018) 372:379–392



lines of transgenic c-mosmice in 1992 (Schulz et al. 1992). In

addition to severe neurological defects and lens abnormalities,

three of these mos transgenic lines presented neuroendocrine

tumors similar to the human MEN2 associating a high fre-

quency of bilateral PCC (58%) with MTC. Thereafter, a

mouse with a heterozygous loss-of-function mutation of the

retinoblastoma tumor suppressor (Rb+/−) developed a pheno-

type combining MTC and 71% of PCC (14% bilateral)

(Nikitin et al. 1999). This later pathway is strongly associated

with PCC in mouse as the dual loss of Rb1 and Trp53 in the

adrenal medulla (using a Tyrosinase promoter driven Cre) also

leads to PCC, without metastasis (Tonks et al. 2010).

Mutations in the PTEN tumor suppressor gene (involved in

the negative regulation of the PI3K/AKT signaling pathway)

have as main consequences in humans the Cowden syndrome

associating several tumors (hamartomas, breast, thyroid and

endometrium cancers) but no PCC (Puc et al. 2006; van

Nederveen et al. 2006). Co-existing inactivation of PTEN

and of INK4a, (which encodes 2 tumor suppressors

(p16INK4a and p19ARF) that regulate p53 and pRb path-

ways) are observed in several human cancers, although not

yet in PPGL (Ali et al. 1999). The heterozygous inactivation

of Pten predisposes to a broad spectrum of cancers in mice

including PCC in 23% of cases at 7 months, a frequency that

rises to 60% when Pten and Ink4a are co-inactivated.

Furthermore, this is one of the rare mouse models predispos-

ing to malignant PCC, with around 15% of malignancy (lung

metastasis) (You et al. 2002).

Surprisingly prostate cancer studies led to two tissue-

specific PCC mouse models using technologies driven by

supposedly specific prostate promoters that actually leak

in the mouse adrenal medulla. First, Korpershoek et al. report-

ed the conditional PtenKO driven by a PSA (prostate-specific

antigen)-Cre recombinase. These mice are predisposed to

PCC with an incidence of 78% in males, a number of whom

with pulmonary metastases (Korpershoek et al. 2009; Ma

et al. 2003). The same group also generated a double condi-

tional KO mouse by crossing the Pten conditional KO with a

Trp53 conditional KO previously generated by Marino et al.

(2000). This model is more severe with a higher frequency of

metastatic PCC (up to 67% lung metastases) and with a youn-

ger age of onset (4–5 months vs 11 months) (Korpershoek

et al. 2012).

The second model results from an ectopic expression of an

activated ErbB2 transgene, driven by the minimal rat probasin

promoter (PB). The activation of this tyrosine kinase receptor

results in a decrease in the PTEN signaling pathway together

with an increase in cycline D1 levels and leads to bilateral

PCC in approximately 5% of male mice (Lai et al. 2007).

BRAF encodes a serine/threonine protein kinase involved

in the RAS-RAF-MEK-ERK signaling pathway. The BRAF

V600E mutation is the most common activating mutation in

cancer, leading to constitutive BRAF kinase activity,

phosphorylation of MEK and ERK kinases and sustained

MAPK pathway signaling. BRAF V600E somatic mutations

have been identified in several solid tumors, including malig-

nant melanoma, colorectal cancer, differentiated thyroid can-

cers, breast and lung carcinomas, with a usually poor progno-

sis (Davies et al. 2002; Ikenoue et al. 2003; Namba et al.

2003). This mutation is not directly involved in human hered-

itary PPGL but around 10% of sporadic PCC have recently

been shown to carry a somatic mutation in H-RAS (Castro-

Vega et al. 2015; Crona et al. 2013; Oudijk et al. 2014).

Interestingly, it was recently shown that mice expressing the

hypomorphic B-RafV600E allele are predisposed to PPGL

(Urosevic et al. 2011). Very interestingly, this is the first model

that develops a high incidence (80% at 5 months of age) of

both PGL and PCC with a 20% rate of metastatic phenotype.

Finally, the CerS2 gene, encoding ceramide synthase 2, an

enzyme involved in sphingolipid (SL) biosynthesis, has re-

cently been implicated in PCC predisposition in mice (Park

et al. 2015). Indeed, the CerS2 null mice, which are unable to

synthetize very long-chain ceramides, develop lesions in sev-

eral organs (hepatopathy, emphysema, demyelination) and are

prone to bilateral PCC in more than 50% at 19 months of age

with a 100% of medullary hyperplasia. The mechanism re-

sponsible for PCC tumorigenesis is not known but appears

to be linked with changes in the SL profile with a reduction

level of very long-chain SL together with an accumulation of

long-chain SL and sphinganine that lead to the inhibition of

mitochondrial complex IV activity and subsequent oxidative

stress (Zigdon et al. 2013). Nevertheless, none of the classical

signaling pathways usually incriminated in PPGL develop-

ment seem to be involved: no upregulation of HIF-1α, no

phosphorylation of Akt or mTor (Park et al. 2015). In human,

only one patient harboring a deletion in one allele of CerS2

has been reported with no evidence of PCC occurrence

(Mosbech et al. 2014).

Conclusions on predisposed mouse models

The struggle for developing animal models of PPGL predis-

position has shown that mice and men display some similar-

ities but also major differences. Hence, all the models that

have been successful are related to cluster 2 tumors and cause

pheochromocytomas, with the exception of some

paragangliomas in B-Raf+/LSLV600E mice. These mutations

that mostly promote the activation of the MAPK and AKT/

mTOR pathways do seem to be strongly oncogenic in adrenal

chromaffin cells in mouse (Fig. 1). Actually, their impact is

even more important than in humans as some genes of these

pathways such asPten, c-mos, Rb, Erbb2 cause PCC inmouse

but have not been associated with PCC predisposition in pa-

tients. To the best of our knowledge, none of the knockout mice

of the cluster 1 mutated genes has ever been described with

PPGL. Actually, at least 90% of tumors developed in SDH
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patients are paragangliomas, which appears to be extremely

rare in rodents. This may partly explain the failure in generat-

ing SDH-related tumors in mouse. However, VHL-mutated

patients mostly develop PCC and PGL in only 20% of cases

or so. Hence, it appears that the pathways associated with

tumorigenesis in cluster 1 related tumors (pseudo-hypoxia in

both SDH and VHL and DNA hypermethylation in SDH but

also, to a lesser extent in VHL tumors) seem to be poorly

efficient to promote tumorigenesis in mice. The reason for this

discrepancy is quite puzzling but difficult to investigate exper-

imentally. Whether it is linked to the genetic backgrounds

used to generate these animals or to the lack of an associated

chromosomal event, not reproduced in these models, is still a

question that has not been properly addressed and that may

provide some answers. Anyhow, the urge to generate such

models has led researchers in the field to develop graft models

using mouse or human cells.

Grafted mouse models

In a grafted model, human (xenograft) or animal (xeno-/allo-

graft) cancer cells are transplanted either under the skin

(ectopic) or into the organ of tumor origin (orthotopic) using

immunodeficient rodents such as athymic nudemice or severely

compromised immunodeficient (SCID) mice. Metastatic

models can further be developed by injecting cells into the

circulation (through the tail vein or in the heart) or in the

spleen, the latter leading to a typical liver tropism. As com-

pared with naturally occurring tumors, these models generally

show a rapid tumor growth with an easy follow-up in partic-

ular for ectopic grafts. Although very useful for preclinical

studies, most of these models do not recapitulate the typical

slow growth of PPGL in humans and do not mimic the natural

history of the tumor. In addition, they imply the use of immu-

nodeficient mice and are thus inappropriate for studying the

role of the immune microenvironment and the use of

biotherapies targeting the immune checkpoint. Anyhow, the

recent development of several cell lines and graft models has

allowed significant advances in the understanding of PPGL

tumorigenesis and in the launching of preclinical studies.

Allografted models

The first mouse model was developed by allografting the

mouse pheochromocytoma cells (MPC) derived from an Nf1

KO mouse tumor (Powers et al. 2000). This mouse model of

metastatic PCC was established using intravenously

injected MPC cells leading to metastatic lesions predominant-

ly in the liver, 4 weeks after injection (Ohta et al. 2008). One

year after, the same team obtained an allografted mouse model

with a more aggressive phenotype by injecting into athymic

mice the mouse tumor tissue (MTT) cells derived from an

MPC liver metastasis (Martiniova et al. 2009). These two

allografted models were extensively characterized by

multimodality imaging confirming the metastatic phenotype,

with a particular tropism for the liver (Giubellino et al. 2012;

Martiniova et al. 2009, 2009, 2010, 2011) and both models

appear to be suitable for preclinical studies (Martiniova et al.

2011; Pacak et al. 2012). More recently, theMPC cell line was

stably transduced with a far-red-flurorescent-tagged lentivirus

(MPC-mCherry cell line) and subcutaneously allografted to

nude mice in order to elaborate a mouse model suitable for

preclinical studies without the need for dedicated small animal

imaging strategies only available in specialized research cen-

ters (Ullrich et al. 2014).

Nevertheless, there was still an unmet medical need for

experimental models of cluster 1-related tumors that would

reproduce malignant PPGL caused by SDHB mutations.

Hence, because of the failure to develop a predisposed SDH-

related animal model, our lab recently generated an allografted

mouse model by subcutaneous injection of immortalized

mouse chromaffin cells (imCC) (Letouze et al. 2013) carrying

a homozygous knockout of the Sdhb gene into the fat-pad of

female NMRI-nu mice (Lussey-Lepoutre et al. 2015). This

mouse model reproduces the succinate accumulation and the

particular vascular pattern observed in human SDHx-depen-

dent PPGL. However, imCC have lost some differentiation

markers of chromaffin cells and are likely not secreting any-

more. Another allograft model has also been reported using

Sdhb−/− renal cells (Cardaci et al. 2015).

Xenografted mouse models

One xenograft mouse model has recently been generated

using rat pheochromocytoma PC12 cells injected subcutane-

ously into athymic Swiss nude nu/nu mice with a tumor de-

velopment observed about 14 days after implantation. PC12

cells are historically the first cell line elaborated from an irra-

diated rat that spontaneously developed a PCC (Greene and

Tischler 1976). About 20 years after, a deletion inMax, a gene

also involved in human PCC (cluster C2) was identified as

potentially responsible for tumorigenesis in these cells

(Hopewell and Ziff 1995).

An adequate experimental model for a preclinical study

would have been human xenograft of primary or metastatic

PPGL. An interesting xenograft model using shRNA mediat-

ed SDHB knock-down in 143B human osteosarcoma cells

was generated by Guzy et al. (2008). Interestingly, they found

an acceleration of tumor growth when inhibiting SDHB.

Nevertheless, this model is not stricto sensu a PCC mouse

model since the cell type is not derived from a chromaffin

tissue. Unfortunately, generating such a model appears to be

challenging and until now, only one human xenografted mod-

el has been reported (Powers et al. 2017). Indeed, Powers et al.

succeeded in growing xenografts of human PPGL in a
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particular strain of immunodeficient mice: NOD-scid gamma

(NGS) mice, which lack functional B cells, T cells and NK

cells, paving the way for a new hope in this quest.

Nevertheless, a limit of these human xenografts is that their

progression is extremely slowly. Therefore, while they might

faithfully replicate the growth rate of PPGL in their human

hosts, which is often measured in years for a single doubling,

this also makes them impractical for reproducible studies.

Did rodent models give new insights
in the human PPGL struggle?

The objective of developing animal models includes

deciphering tumorigenesis, developing new diagnosis tools

and testing new therapeutic strategies in vivo, in conditions

as close as possible to the human pathology.

Tumorigenesis

Surprisingly, PCC predisposed models in mouse have been

only minimally utilized for mechanistic studies following their

initial reports. Indeed, the molecular pathways implicated in

cluster 2 tumors are mostly very well known, with the activa-

tion of the canonical signaling pathways involving MAPK or

mTOR. In contrast, the more puzzling cluster 1 group of tu-

mors could never be reproduced in a rodent knockout model

and has therefore not beneficiated from such tools, allowing

the study of the tumor’s natural history. Current knowledge on

these tumors, such as the identification of the pseudohypoxic

pathway or the hypermethylator phenotype, have basically

been obtained through the study of human tumor samples, or

using in vitro cell lines. Xenograft models have however

allowed some progress in the demonstration of the function-

ality of these pathways in vivo. Indeed, Guzy et al. demon-

strated that targeting the hypoxic response in Sdhb knock-

down cells did lead to a reduction of their growth in immuno-

deficient mice (Guzy et al. 2008).

Innovating diagnosis tools and therapeutic preclinical
studies

The recent development of numerous graft models has

allowed the launching of an increasing number of preclinical

and in vivo imaging studies. One main advance in PPGL

imaging issued from a preclinical model was the development

last year of a new method to detect succinate accumulation

in vivo by proton magnetic resonance spectroscopy (1H-

MRS) (Lussey-Lepoutre et al. 2015). Indeed, SDH inactiva-

tion leads to a massive accumulation of succinate that,

assessed on surgically resected tissues, is a highly specific

biomarker of SDHx-mutated tumors (Pollard et al. 2005;

Rao et al. 2013; Richter et al. 2014). We optimized a pulse

1H-MRS sequence to measure succinate in the allografted

mouse model of Sdhb-deficient tumors. Following this initial

preclinical step, we demonstrated, in patients, the feasibility of

detecting succinate in vivo by 1H-MRS as a very specific

biomarker of SDHx mutations and as a quantifiable surrogate

marker putatively enabling to monitor early response to treat-

ment (Lussey-Lepoutre et al. 2015).

Other reports studied functional imaging with the ultimate

objective of radionuclide therapy.Martinova et al. showed an

increased uptake in 123MIBG (meta-iodobenzylguanidine)

and 18F–Fluorodopamine detected by scintigraphy in the met-

astatic allografted MPC mouse model following treatment

with histone deacetylase (HDAC) inhibitors (Martiniova

et al. 2011). HDAC inhibitors actually amplified the amount

of norepinephrine transporter expressed in the tumors, poten-

tially enhancing the efficacy of 131MIBG therapy, one current

therapeutic option in malignant PPGL (Martiniova et al.

2011). Nevertheless, until now, no therapeutic combination

of HDAC and 131MIBG therapy has been published either

in this mouse model or in patients.

As a neuroendocrine tumor, PPGL abundantly express so-

matostatin receptor (sst) promoting great interest for new im-

aging using Gallium-68 labeled somatostatin analogues that

recently showed interesting performance for PPGL evaluation

(Archier et al. 2016; Janssen et al. 2015; Janssen et al. 2016;

Kroiss et al. 2013, 2015). These good results support peptide

receptor-targeting radionuclide therapies, mostly tested in

gastroenteropancreatic neuroendocrine tumors (Strosberg

et al. 2017) but also in metastatic or inoperable PPGL, al-

though only in small series (Forrer et al. 2008; Puranik et al.

2015; Zovato et al. 2012). Recently, a German team demon-

strated promising results of 177Lu-Dotatate therapy in parallel

to a high rate of 64Cu-DOTATATE tumor uptake visualized on

microPET imaging in the MPC-mCherry allografted mouse

model (Ullrich et al. 2014), hence providing a basis for future

clinical trials (Ullrich et al. 2016).

A few studies tested specific therapeutic agents in in vivo

models. The effect of AZD8055 (an mTORC1/2 inhibitor)

was assessed in the metastatic model established with MTT

cells expressing Luciferase and monitored by in vivo biolumi-

nescence imaging (Giubellino et al. 2013). This showed a

reduction in the primary tumor burden as well as of the num-

ber of lung and liver metastases. The same authors reported

the effects of HSP90 inhibitors in the metastatic spread of

MTT cells injected in the tail vein of immunodeficient mice

(Isaacs et al. 2002) and showed a reduction of HIF1 levels,

suggesting that such inhibitor may be of interest for the man-

agement of cluster 1 pseudohypoxic PPGL. Finally, Denorme

et al. used the xenograft model of PC12 cells to study the

effect of the anti-angiogenic molecules, sorafenib and suniti-

nib (which is still being evaluated in clinical trials in patients

(http://clinicaltrials.gov/show/NCT01371201 and https://

clinicaltrials.gov/ct2/show/NCT00843037)) and showed that
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both molecules promoted a reduction in microvessel density

and of tumor growth (Denorme et al. 2014).

Conclusion and perspectives

In conclusion, the past 10 or 15 years have seen the emergence

of an increasing number of models and studies that have been

able to generate a pertinent and efficient animal model of

PPGL that allows studying their natural history and

launching preclinical assays. These studies have now demon-

strated that if mice are strongly susceptible to the development

of cluster 2-like pheochromocytomas (mediated by activating

mutations in Ret, Erbb2, Raf or c-mos or by knockout of Nf1,

Rb, Pten, p16Ink4a), it is still impossible to generate a cluster

1-likemodel through knockouts of Sdhx, Fh, orVhl genes. For

now, allografts with murine cell lines remain the only feasible

option to study in vivo the behavior of such tumors. The recent

progress allowed by the TALEN, CRISPR/Cas9, or induced

pluripotent stem cells (iPSCs) technologies will surely pro-

mote, in the next future, an acceleration of such models. The

Tischler Lab has already generated heterozygous Sdhb+/−

rats that may be more prone to the development of SDH-

related PPGL. Also, new mouse or human chromaffin or

PPGL cell lines or grafts will eventually become available to

permit experimental research for the treatment of this rare

disease.

The international pheochromocytoma/paraganglioma re-

search consortium PRESSOR encourages and attempts to fos-

ter collaboration on development of new experimental

models. The webpage of the PRESSORTumor Models work-

ing Group can be accessed at www.PRESSOR.org.
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Abstract: 

 

Chuvash polycythemia is an autosomal recessive form of erythrocytosis associated with a 

homozygous p.Arg200Trp mutation in the von Hippel-Lindau (VHL) gene. Since this discovery, 

additional VHL mutations have been identified in patients with congenital erythrocytosis, in a 

homozygous or compound-heterozygous state. VHL is a major tumor suppressor gene, mutations 

in which were first described in patients presenting with von Hippel–Lindau disease, which is 

characterized by the development of highly vascularized tumors. Here, we identified a new VHL 

cryptic-exon (termed E1’) deep in intron 1 that is naturally expressed in many tissues. More 

importantly, we identified mutations in E1' in seven families with erythrocytosis (one 

homozygous case and six compound-heterozygous cases with a mutation in E1' in addition to a 

mutation in VHL coding sequences) and in one large family with typical VHL disease but without 

any alteration in the other VHL exons. In this study we have shown that the mutations induced a 

dysregulation of the VHL splicing with excessive retention of E1’ and are associated with a 

downregulation of VHL protein expression. In addition, we have demonstrated a pathogenic role 

for synonymous mutations in VHL-Exon 2 that alter splicing through E2-skipping in five families 

with erythrocytosis or VHL disease. In all the studied cases, the mutations differentially impact 

splicing, correlating with phenotype severity. This study demonstrates that cryptic-exon-retention 

or exon-skipping are new VHL alterations and reveals a novel complex splicing regulation of the 

VHL gene. These findings open new avenues for diagnosis and research into the VHL-related-

hypoxia-signaling pathway.  

 

Key points 

• Mutations in a VHL cryptic exon may be found in patients with familial erythrocytosis or von 

Hippel-Lindau disease 

• Synonymous mutations in VHL exon 2 may induce exon-skipping and cause familial 

erythrocytosis or von Hippel-Lindau disease 
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Introduction: 
 

Congenital erythrocytosis represents a heterogeneous group of rare disorders. Genetic changes 

affecting all parts of the regulatory pathway of erythropoiesis, including oxygen sensing, 

erythropoietin sensitivity, or hemoglobin oxygen affinity have been described in patients with 

congenital erythrocytosis. The detection of underlying genetic changes in patients with presumed 

hematological pathology may have important implications for an adequate clinical management. 

However, even with the use of NGS panel diagnostics, the underlying genetic cause of presumed 

congenital erythrocytosis has been identified in less than one third of the patients in most 

published cohorts. 

 

 The molecular basis of VHL-related congenital erythrocytosis was first described in the 

autonomous Russian Republic of Chuvashia where this condition is an endemic disorder.
1
 

Chuvash polycythemia is frequently associated with rubor, vertebral hemangiomas, varicose 

veins and low blood pressure. Chuvash patients have reduced survival rates associated with a 

higher prevalence of arterial and venous thromboses and pulmonary hypertension in addition to 

hemorrhagic events.
2
  

Chuvash polycythemia arose from a homozygous c.598C>T, p.Arg200Trp (R200W) mutation in 

the VHL gene. This specific VHL-R200W mutation has also been identified in combination with 

other VHL mutations (compound-heterozygosity) in Chuvash polycythemia. Subsequently, other 

missense VHL mutations in both alleles have been described in patients with congenital 

erythrocytosis.
3,4

 Interestingly, it has been described some unexplained cases of patients with 

erythrocytosis in which only one heterozygous VHL mutation has been identified to date.
4-6

 

VHL is located on 3p25-26 and has been reported to contain three exons (E1, E2, E3). The 

commonly described VHL transcript contains the three spliced exons that encode a 213 amino-

acid (aa) protein (pVHL213 also termed pVHL30) and a smaller isoform (pVHL160 or pVHL19) 

initiated from an in-frame internal translation start site.
7
 A naturally occurring splice variant, 

expressed at low levels in some tissues, comprises E1 directly spliced to E3 and is translated into 

a protein product termed pVHL172 (pVHLΔE2), the functions of which are still under 

investigation.
8-12

 pVHL213 and pVHL160 are involved in a variety of functions, the most studied 

being the regulation of the cellular oxygen-sensing pathway. The main player of this pathway is 

the Hypoxia Inducible Factor (HIF). Under normal oxygen supply, the α−subunits of HIF (HIF-
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1α, 2α and 3α) are hydroxylated by the prolyl-4 hydroxylase domain enzymes (PHD1, 2 and 3) 

and subsequently targeted by pVHL, a subunit of an E3 ubiquitin-ligase complex that promotes 

HIF-α ubiquitination and subsequent proteasomal degradation.
13,14

 Under hypoxic conditions or 

when VHL is mutated, HIF-α remains stable and heterodimerizes with HIF-β, constituting a 

functional HIF factor. HIF transcriptionally activates a variety of genes involved in adaptation to 

reduced oxygen supply (e.g. erythropoiesis, angiogenesis, metabolism and cell survival). 

Dysregulation of the hypoxia pathway
13,14

 is central to the development of erythrocytosis
1,4

 (via 

upregulation of erythropoietin (EPO), a HIF2α target gene), but also in the development of 

tumors.
15

 Indeed, VHL is a tumor suppressor gene, heterozygous mutations of which are 

associated with von Hippel-Lindau disease (Figure 1A).
16,17

 The VHL disease, described in 1936, 

is an autosomal dominant disorder with high penetrance characterized by the development of 

highly vascularized tumors like central nervous system and retinal haemangioblastomas, 

pancreatic neuroendocrine tumors, pheochromocytomas and clear-cell renal cell carcinomas 

(ccRCC).
18-20

  

In patients carrying VHL mutations, the precise mechanistic aspects that underpin the different 

phenotypes remain obscure. Although most patients carry mutations in the VHL gene that induce 

a partial or complete loss of protein function, some cases remain unsolved. Indeed, some patients 

with erythrocytosis have been found to be heterozygous rather than homozygous for the expected 

alteration
4-6

 or carry homozygous synonymous mutations that leave the amino-acid sequence 

intact. In addition, some patients present with VHL disease in the absence of identified mutations 

or deletions in VHL, or carry heterozygous synonymous mutations. Here, we report an 

investigation of twelve families linked to unexplained disease, including nine families with 

erythrocytosis and three families with VHL disease (Figure 1A). This study has led to the 

discovery of a novel cryptic-exon in the VHL gene and a complex regulation of VHL splicing. 
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Methods:  

Complete materials and methods are detailed in supplemental data. 

 

Study approval  

Informed consent for medical diagnosis and research was obtained from the patients and their 

relatives. This study was agreed by the CCPPRB (French Ethical Committee) Paris-Sud at 

Bicêtre Hospital. 

 

Sanger sequencing   

Exons and exon-intron junctions of the VHL gene were sequenced from DNA extracted from 

whole blood, as previously described.
21

 

 

Whole Genome Sequencing  

Whole genome sequencing (for Families F2, F3, F7) was performed at the clinically accredited 

Molecular Diagnostics Laboratory at the John Radcliffe Hospital using the Hi-Seq 4000 platform 

(Illumina Inc., San Diego, CA) in high-throughput mode.
22,23

 Analysis of single nucleotide 

variants, short insertions/deletions and copy number variants was conducted and is explained in 

detail in the supplemental methods.  

 

Transcript detection and quantification 

After reverse-transcription reactions (ThermoScientific), exon-specific PCR was performed using 

primers localized to flanking E1 and E3 exons. Taqman real-time PCR were performed on 20 ng 

of cDNA with the qPCR Mastermix (Eurogentec). Quantification of RPLP0 transcripts was used 

as internal control. The thresholds were determined using dilutions of plasmids containing coding 

sequences of each gene. 

 

RNA sequencing 

Library construction was performed with SureSelect Strand-Specific RNA Library Prep for the 

Illumina Multiplexed-kit (Agilent-Technologies). After purification (Macherey-Nagel), the 

fragment size of libraries was controlled using the 2200 TapeStation system (Agilent-
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Technologies). Ten pM of each library were pooled and prepared according to the denaturing and 

diluting libraries protocol for the Hiseq and GAIIx (Illumina) for cluster generation on the 

cBot
TM

 system. Paired-end sequencing was carried out in a single lane on the HiSeq
®
 2500 

system (Illumina). Processing of reads is detailed in Supplemental methods. 

  

Reporter assays 

The plasmid encoding the wild-type HA-VHL was kindly provided by Prof. William G. Kaelin 

Jr. An expression plasmid for the hypothetical X1-protein was constructed by subcloning the 

coding sequence following its synthesis (LifeTechnologies). Mutations of interest were 

introduced by site-directed mutagenesis (New-England Biolabs). 786-O cells were transfected 

(Polyplus) with constructs encoding wild-type or mutant proteins, Firefly-luciferase under the 

control of Hypoxia-Response-Elements (HRE-luciferase), and Renilla-luciferase for 

normalization.
24

 After 24h, luciferase assays were performed using a Dual-Luciferase®Reporter 

Assay System (Promega).  

 

Western Blotting 

Cell lysates from the luciferase reporter assay were loaded into a Bis-Tris Mini Gel (4-12%) 

(Invitrogen). After transfert, the membrane (GE-Healthcare) was subsequently incubated with a 

mouse anti-HA antibody (BioLegend), and then a goat anti-mouse HRP-conjugated antibody 

(Jackson-Immuno-Research). Western blot using the mouse monoclonal antibody JD-1956 

(Patent No. 14305925.1-1402-2014; CNRS-EFS) raised against human VHL was performed as 

described.
8
 

 

Minigene experiments 

Minigene constructs were prepared in pCas2 plasmid, containing two artificial exons A and B (as 

described
25

), between which VHL-Exon1’ or VHL-Exon2 with intronic flanking sequences were 

cloned. Cells were transfected (Polyplus) or nucleofected (Lonza). RNA were extracted 24h after 

transfection and reverse transcribed. PCR amplification was performed using the PCR GoTaqQ2 

kit (Promega) with primers against artificial (A and B) exons. PCR products were resolved in a 

2% agarose gel. 
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Results:  

Identification of new VHL spliced isoforms containing a cryptic-exon.  

 We first focused our study on a patient with erythrocytosis in whom a synonymous VHL 

c.429C>T, p.Asp143Asp (D143D) mutation in the heterozygous state had previously been 

identified (Family 1, Table 1). No other mutations in the three VHL canonical exons had been 

identified in genomic DNA of this patient. A RT-PCR using primers in E1 and E3 was performed 

using mRNA samples extracted from lymphoblastoid cell lines (LCL) established from different 

family members. The results showed a strong decrease of the E1E2E3 isoform and an 

upregulation of the E1E3 isoform (Figure 1B) compared with wild-type LCL. Some minor extra 

fragments of larger size were observed in this patient and his mother's sample. Subcloning and 

sequencing of these fragments allowed us to identify new VHL transcripts that contained intronic 

sequences. This intronic sequence, which we termed the E1' cryptic-exon, is spliced to E1 at its 5' 

end, and to either E2 or E3 at its 3' terminus (Figure 1C). We showed that these isoforms are 

expressed in a variety of tissues and cell lines (Supplemental Fig.1). Their translation may 

theoretically lead to the production of a protein of 193 aa that contains the first 114 aa encoded 

by E1
26

, and 79 additional aa of unknown function encoded by E1'. During the course of our 

study, data from an automated computational analysis for an isoform containing the E1’ cryptic-

exon (E1E1'E2 isoform), was deposited in NCBI. This isoform was predicted to encode a protein 

of 193 aa, named X1 (XP_011532380.1) with the sequence described above. The analysis of this 

region revealed strong conservation in primates, but a moderate to low conservation in more 

distant species (Supplemental Fig.2A-C); notably, the splice sites are identical to canonical sites 

(ttcag/TC, AG/gtaag), and are highly conserved. In silico analysis of the donor (SD) and acceptor 

(SA) splice sites of E1' showed similar consensus values compared to other VHL exons (Figure 

1C, upper panel). The capacity to translate a potential X1 protein is only conserved in higher 

primates (Supplemental Fig.2D). The deposited sequence has now been removed and replaced by 

a non-coding isoform containing E1' spliced with VHL-E2 and E3 (ENST00000477538.1) 

(Figure 1C, isoform on the bottom). This isoform may be initiated by an alternative promoter. 

Indeed, the sequence located at the 5' end of E1' represents a transcriptionally active region, as 

illustrated by epigenetic marks (Supplemental Fig.3). We confirmed the expression of an 

additional transcript initiated from the upstream region of E1' (that we termed "Upstream E1'") in 

different tissues and cell lines (Supplemental Fig.1).  
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The new E1' cryptic-exon is mutated in patients with erythrocytosis or von Hippel-Lindau 

disease. 

 Sanger sequencing of this new cryptic-exon in the proband (F1-II.1) identified a variant 

which had not been reported in databases: c.340+770T>C (Figure 2B, Table 1, Supplemental 

Fig.4). Sequencing of the germline DNA of the mother revealed the same variant, indicating that 

the propositus F1-II.1 is compound heterozygous. This result prompted us to sequence additional 

patients with erythrocytosis described as heterozygous for VHL mutations.   

 

We investigated Chuvash polycythemia patients for whom the VHL-R200W had been found in a 

heterozygous state. Sanger sequencing identified the identical intronic variant c.340+770T>C in a 

singleton (F2)
5
 and two affected brothers (F3) (Figure 2B). In addition, we identified a 

duplication c.340+694_711dup in the proband of F4 and F5
6
 previously described as VHL-

R200W/wt and VHL-G144R/wt respectively (Figure 2B). In F6, previously diagnosed as VHL-

Q164H/wt, we identified a genetic variant c.340+574A>T that altered the consensus splice-

acceptor (SA) site ag/TC of E1'. This variant is described as a rare polymorphism (rs98274567) 

in the NCBI database (Table 1). 

As biological material from the parents of F2 and F3 was not available, we cloned the intronic 

region containing the E1' variant and the Chuvash core-haplotype SNP (single nucleotide 

polymorphism) rs779808 associated with the VHL-R200W mutation (described
27

 to be located 

downstream of E1', in position c.340+1150). Segregation analysis (F4, F5, F6) or Chuvash core-

haplotype analysis (F2, F3) demonstrated that all patients are compound heterozygous, with one 

mutation being inherited from each parent (Supplemental Fig.5). 

 

In a parallel independent study, whole genome sequencing (WGS) was being used to investigate 

patients with Chuvash polycythemia, heterozygous for the VHL-R200W mutation (F2 and F3). 

The intronic variant c.340+770T>C was the only rare variant identified in the VHL gene in these 

patients. Other WGS filtering strategies (Supplemental Methods) did not identify any further 

significant mutations in biologically relevant genes (Supplemental Fig.6). This study also 

conducted WGS for a trio with congenital erythrocytosis for which prior whole exome 

sequencing (WES) had not identified any mutations (F7). No rare biologically relevant variants 
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were identified using the filtering strategy described in Supplemental Methods. However, further 

inspection of the new cryptic-exon led to the identification of a c.340+816A>C variant in the 

homozygous state in the proband, with both parents being heterozygous for this mutation.  

 

In addition to these patients with erythrocytosis, in which no variants in VHL were initially 

detected, screening of patients with von Hippel-Lindau disease may also fail to detect mutations 

in canonical VHL exons. An example of such family, F8, with hereditary hemangioblastoma, 

clear-cell renal-cell carcinoma and pheochromocytoma has been studied. Microsatellite analysis 

demonstrated a co-segregation of markers surrounding the VHL region with the disease 

(Supplemental Fig.7). Sequencing of the new E1’ cryptic-exon in this family identified two 

heterozygous variants in E1': a previously unreported c.340+617C>G variant and a 

c.340+648T>C variant described as a rare polymorphism in databases (Table 1). These variants 

segregate in six patients who developed the disease, and were absent in four healthy tested 

descendants, indicating their presence on a single disease-associated allele (Figure 2B). 

Sequencing of tumor DNAs did not display loss of heterozygosity (LOH), suggesting that a wild-

type VHL deletion (as observed in classic VHL disease) may not be prerequisite in cells of 

patients with this specific VHL genotype (Supplemental Fig.4). 

 

Expression study of the new VHL isoforms in patients' cells. 

 RNA-sequencing (RNA-Seq) analysis of patients’ LCL and tumors demonstrated that 

genomic variants in E1' are associated with an up-regulation of transcripts containing the E1' 

cryptic-exon compared with controls (Figure 3A, Supplemental Fig.8). In addition, the mutated 

allele is preferentially expressed (more than 70%), suggesting a causal relationship between the 

genetic variants and the E1' retention (Supplemental Fig.8C).  

We performed quantitative RT-PCR using TaqMan probes specific for the different splicing 

junctions or for the region upstream of E1' (location of probes Figure 1C), which showed a strong 

upregulation of a unique isoform containing E1' spliced with E1 in LCL and tumors from patients 

of F8 compared with controls (Figure 3B). The study therefore focused on the isoform E1-E1’. 

Transcripts that retain E1' spliced with E1 contain (in-frame with E1) a premature termination 

codon (Figure 1C) and are likely targeted for degradation according to nonsense-mediated 

mRNA Decay (NMD) mechanisms. We therefore investigated the expression of transcripts that 
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contain E1 spliced with E1’ in the absence or presence of puromycin, an inhibitor of NMD. 

Without puromycin, higher levels of expression were seen in samples with mutated E1' (Figure 

3C) compared with samples containing WT-E1'. Exposure to puromycin resulted in a profound 

induction of isoforms containing E1 spliced with E1' versus other isoforms (Figure 3C, 

Supplemental Fig.9). These results indicated that isoforms with E1-E1' junction are degraded by 

NMD and may fail to produce proteins. We performed RT-PCR on LCL sample of F6 carrying 

the mutation in the SA site, using primers in VHL exons E1 and E3. We observed fragments of 

larger size in samples from patients carrying the mutation, which were highly visible in presence 

of puromycin (Figure 3D). Cloning and sequencing of these fragments demonstrated a 

dysregulated splicing of E1' with the use of an alternative SA site located 15 nucleotides 

downstream (Supplemental Fig.10).  

 

In order to measure the impact of the splicing dysregulation on pVHL expression, we performed 

an immunoblot with an antibody able to recognize the aa encoded by E1 and, therefore, able to 

detect the different pVHL isoforms.
8
 The antibody detected overexpressed exogenous X1 protein 

following transfection of plasmid encoding X1 (Figure 4A). However, it failed to detect the 

endogenous protein, even in patients' samples that overexpress the mRNA containing E1-E1’. 

Instead, the immunoblots showed a lower expression of all the VHL protein isoforms in patients 

with mutated E1’ (Figures 4A and 4B).  

 

Functional characterization of the mutated VHL-E1’. 

 As the hypoxia pathway represents the major pathway involved in the genesis of the 

secondary erythrocytosis and VHL disease
13-15,28

, we performed functional studies of the 

hypothetical wild-type or mutated X1 proteins using Hypoxia Response Element (HRE)-

dependent reporter assays. These functional tests failed to reveal any substantial effects of X1 on 

this pathway, either alone or in competition with pVHL (Figure 4C, Supplemental Fig.11). We 

next focused our study on a potential impact of the E1' variants on splicing by performing 

splicing reporter minigene assays in various cell lines. The experiments showed that splicing of 

the wild-type E1' is barely detected (Figure 4D). Interestingly, higher molecular weight bands 

corresponding to the expected spliced isoforms containing E1' appeared in the presence of the 

mutations. Cloning and sequencing of the isoforms confirmed a retention of E1’ at the expected 
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splicing sites. The level of expression of the upper isoform, specific to E1' inclusion, was higher 

for mutations associated with cancers than for those with erythrocytosis, independently of the cell 

lines. Notably, the combination of both variants associated with cancer has a more pronounced 

effect than each variant individually (the SNP showing very low effect), suggesting a synergistic 

effect of the variants on splicing (Supplemental Fig.12). In silico analysis of the c.340+617C>G 

consistently predicted a severe alteration of splicing by the creation of an Exonic Splicing 

Enhancer (ESE) site (Supplemental Fig.13). 

The minigene experiment performed with the mutated E1' at the SA site (F6) confirmed the 

inclusion of E1' during splicing (Figure 4D, right panel), using the same dowstream alternative 

SA site identified in mRNA extracted from patients’ LCL (Supplemental Fig.10).  

 

Synonymous mutations in VHL-Exon 2 induce exon-skipping. 

 We then focused our study on the synonymous heterozygous D143D mutation in E2, 

identified in the proband of F1. This mutation was also identified in the homozygous state in two 

patients with erythrocytosis (F9, F10, Figure 5A, Table 1). The mRNAs extracted from LCLs 

established from the different members of these two families were reverse transcribed and 

sequenced. Comparison of chromatograms obtained by sequencing of DNA versus cDNA 

displayed a weaker peak of the mutated allele in cDNA, reflecting a decreased expression of the 

mRNA transcripts carrying the mutation.  

 

A different synonymous mutation in E2, c.414A>G, p.Pro138Pro (P138P), has been identified in 

two families (F11, F12) with von Hippel-Lindau disease (Figure 5B). This heterozygous mutation 

segregates with the disease in three generations. Sequencing of DNA extracted from the 

pheochromocytoma of F11-III.1 showed a loss of the wild-type allele in the tumor, demonstrating 

LOH as currently described in classical VHL disease. 

 

Suspecting an effect of the synonymous mutations on splicing, we next assessed the expression of 

the VHL transcripts in patients' samples by RT-PCR (Figure 5C). We showed a significant 

change in the ratio of expressed VHL isoforms, with a higher expression of the E1-E3 transcripts 

in LCL of patients homozygous for D143D and in the pheochromocytomas with P138P mutation. 

These results suggested an effect of the mutation on splicing regulatory elements, leading to E2 
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skipping. In silico analysis of the synonymous mutations indicated a potential effect on Exonic-

Splicing Enhancer (ESE) motifs (Supplemental Fig.14). 

In order to specifically quantify the different VHL isoforms, we performed quantitative RT-PCR 

on LCL using Taqman probes complementary to the VHL E1-E2 or E1-E3 junctions (Figure 5D). 

All mutated samples displayed an increase of the isoform with skipped E2 (E1-E3). The patients 

carrying a homozygous D143D mutation presented a severe decrease of the wild-type isoform 

expression level. These results demonstrated that synonymous mutations in E2 affect mRNA 

isoform production. 

In order to evaluate a potential impact on protein expression, we performed a western blot 

analysis. We did not observe any overexpression of the pVHL172 isoform as expected from 

mRNA quantification studies. However, in patients homozygous for D143D, we detected a strong 

downregulation of all the pVHL isoforms, which was also observed to a lesser extent in LCL 

samples from heterozygous patients (Figure 5E). 

 

Proportion of VHL-E2 skipping is correlated to disease severity in minigene experiments. 

 In order to study the impact of the synonymous E2 mutations on splicing in different cell 

lines, we performed minigene assays. We tested the implications of the D143D and P138P 

mutations on splicing in addition to the nearby mutations described in patients with 

erythrocytosis (P138L and G144R).
4,6,29

 Indeed, these mutations may also impact splicing rather 

than VHL protein function. We first evaluated the loss-of-function of these mutants by reporter 

assays. We showed that these could downregulate HIF in a manner similar to the wild-type 

protein, in contrast to VHL proteins lacking E2 (pVHLΔE2) which are described to be non-

functional in terms of their regulation of HIF activity
8-10,12

 (Figure 6A). Minigene experiments 

were performed in a variety of cell lines relevant to the studied diseases, using LCLs as control 

(Figure 6B). We demonstrated that all mutations cause E2-skipping in LCLs. In other cell lines, 

these experiments demonstrated a major impact on the VHL-E2 splicing of the P138P mutation 

which is associated with cancer. The mutations P138L, D143D and G144R, which are all 

associated with erythrocytosis, displayed a weaker effect on splicing, with slight variations 

among cell lines but with a stronger effect in the erythroid cell line (UT7 cultured with EPO).  
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Splicing dysregulation of VHL is causal in the developement of disease. 

 RNA-seq confirmed that the synonymous mutations were not silent but instead induce 

potent E2-skipping (Figure 6C, Supplemental Fig.15A). Further transcriptome analyses of the 

pheochromocytoma carrying P138P showed an upregulation of HIF target genes (typically seen 

in VHL-related pheochromocytomas) compared with the pheochromocytoma carrying a RET 

mutation (Supplemental Fig.15B)
30

. We then re-analyzed our independent cohort of 

pheochromocytomas
30

 using RNA-Seq data from both tumors. After unsupervised classification, 

we observed a segregation of the P138P pheochromocytoma with other VHL related-tumors (C1B 

cluster) whereas the control pheochromocytoma bearing the RET mutation was grouped with 

other RET related-tumors (Figure 6D). 

 

Discussion: 

 

 The hypoxia pathway plays a central role in erythrocytosis or tumors developed by 

patients carrying VHL mutations. Nevertheless, the full molecular mechanisms at the origin of 

these different phenotypes remain to be elucidated. To date, the functional studies of VHL 

mutants have been performed on missense mutations. We describe here, for the first time, 

functional studies of VHL mutations which do not have an impact on the coding sequence, but 

which influence the VHL splicing. We discovered a complex regulation of VHL splicing that may 

help to explain the complexity of genotype/phenotype correlations observed in VHL-related 

disorders. Notably, we demonstrated that synonymous variants (D143D or P138P) can have an 

impact on VHL splicing and should be considered as pathogenic mutations. Our study points to a 

particular region in the E2 that may be considered as a splicing regulatory domain. Therefore, it 

would be interesting to evaluate the impact of all the nucleotide changes described in VHL-E2
17

 

on splicing, in the same way as we described for two missense mutations (P138L, G144R). We 

observed that, depending on the mutation in this region, the impact on splicing can be moderate 

(D143D, G144R, P138L) or severe (P138P), which correlates with the severity of the disease 

seen in individuals carrying these VHL mutations (erythrocytosis versus cancers). This 

observation confirms the hypothesis of a continuum model of tumor suppression by VHL.
21,31

 

Regarding the erythrocytosis developed in patients homozygous for D143D, both probands (F9 

II.1 and F10 II.1) present mutations in the beta-globin gene (HBB) that induce hemoglobin 
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instability or thalassemia (Table 1). This may compensate the strong erythropoiesis associated 

with a very high serum erythropoietin level associated with the D143D mutation.  

 

More importantly, we discovered a new VHL cryptic-exon, E1', expressed in healthy tissues. Our 

study led to the identification of E1’ heterozygous mutations occurring in the second allele of six 

families with an erythrocytosis previously associated with a heterozygous mutation in VHL rather 

than a homozygous mutation. Our investigations further confirmed that polycythemia associated 

with VHL mutation is definitely an autosomal recessive disease. In addition, we identified an E1' 

homozygous mutation in a patient with an erythrocytosis of unknown origin. This result 

demonstrates the causal role of the alteration in this new cryptic-exon in the pathophysiology of 

erythrocytosis. Importantly, we also identified E1' mutations in patients with unexplained VHL 

disease. 

 

This VHL-E1' exon remained unidentified until this point because of its low expression and the 

fact that this deep intronic region was never explored or represented in WES data. Our data 

showed that these newly described E1’-containing transcripts may be polyadenylated (as they are 

captured by polydT in RNAseq) but are also likely to be subjected to NMD and may therefore 

fail to produce a protein. However, we cannot exclude the possibility that they are translated into 

a new protein (X1) not expressed in sufficient quantity to be detected by western blot. This 

potential X1 isoform would contain the VHL-E1 that encodes the NH2-terminal part of pVHL, 

including 16 residues involved in HIF binding from the 17 described.
26

 Nonetheless, the hypoxia-

dependent reporter assays failed to identify a potential direct role of this isoform on the HIF 

pathway. Instead, our results provide compelling evidence that mutations in E1’ induce a severe 

retention of this E1’cryptic-exon which correlates with a defect in global VHL protein 

expression. Therefore, our study strongly favors a dysregulation of splicing with a consequent 

downregulation of pVHL expression as the underlying cause of the diseases observed. Here, 

insufficient pVHL levels but not a reduced HIF binding by the mutant pVHL (as seen in the 

Chuvash polycythemia mutation VHL-R200W
1
) may lead to an impairment of HIF degradation. 

Of note is the fact that the functional study of mutations identified in E1' in association with 

erythrocytosis resulted in a less severe impact on splicing than the mutations associated with 

cancer, confirming that polycythemia is associated with VHL hypomorphic mutations.  
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Our findings may have broad implications for patients with presumed congenital erythrocytosis. 

First, the underlying cause of congenital erythrocytosis has been identified in only about one third 

of the patients in most published studies. However, previous studies have focused on missense 

and nonsense changes in coding regions and known regulatory domains of candidate genes. This 

has also been the case in patients with suspected VHL disease. Our study shows that synonymous 

exonic changes, as well as changes within intronic sequences affecting exon splicing, may be 

responsible for these disorders and should be considered during the diagnostic process. Notably, 

the VHL-E1' exon should be added in the list of regions routinely sequenced in patients with 

congenital erythrocytosis. Second, the detection of molecular changes has implications for the 

clinical management of patients. For example, phlebotomy in patients with VHL- or HIF2α-

related erythrocytosis may even worsen the clinical situation by increasing the risk and severity 

of pulmonary hypertension in these patients.
32

 Third, the confirmation of the continuum model of 

tumor suppression by VHL helps to understand the very low frequency of secondary tumors in 

patients with VHL-related erythrocytosis.
33

 On the other hand, this also means that later 

occurrence of such neoplasms cannot be definitely excluded. Therefore, the clinical management 

of these patients should include regular follow-up to assess the risk for thromboembolic 

complications, pulmonary hypertension, and cardiovascular disease, as well as regular 

examinations to check for the presence of typical VHL-related tumors. Patients with VHL disease 

due to E1' mutations will also benefit from regular screening for tumors. Finally, the detection of 

these new genetic changes will also allow appropriate genetic counselling of affected patients and 

their families. 

 

In conclusion, VHL is a major tumor suppressor gene that plays a pivotal role in the oxygen-

sensing pathway which is involved in multiple physiological (e.g. angiogenesis, erythropoiesis) 

and pathological (e.g. cancer) processes. Our findings regarding the complex splicing regulation 

of this gene in erythrocytosis and tumorigenesis may therefore open new avenues for diagnosis of 

these conditions as well as research in biological mechanisms related  to the hypoxia-signaling 

pathway. Notably, we suggest further targeted exploration of the VHL-E1' region in unresolved 

cases of congenital erythrocytosis, inherited kidney cancers, hereditary 
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paraganglioma/pheochromocytoma syndrome, hemangioblastomas, in addition to all types of 

sporadic tumors with altered hypoxia signaling.  
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Table Legend: 

 

Table 1. Description of variants identified in VHL-E1' and VHL-E2 with associated clinical 

manifestations. The second column indicates the position of the nucleotide variants identified in 

the VHL gene regarding the current nomenclature (sequence encoded by the VHL E1-E2-E3). 

WT: wild-type. �: the nucleotide change has been reported as rs982745672 with a global MAF 

that corresponds to T=0.00007/2 (TOPMED). ��: the nucleotide change has been reported as 

rs73024533 with a global MAF that corresponds to C=0.0026/13 (1000 Genomes) and 

C=0.0050/147 (TOPMED). The third column indicates the impact either on the VHL protein (for 

variants located in E1, E2 or E3), or on the potential X1 protein, if encoded by E1-E1' (for 

variants located in E1'). SA: mutation in splice acceptor site; Diag: diagnosis, M: Male, F: 

Female, N: normal values. The normal values corresponds to: Hb (Hemoglobin) (g/dL) = M: 13-

18 and F: 12-15; Ht (hematocrit) (%)= M: 40-52, F: 37-47; Red cells (million/mm
3
)= M: 4.2-5.7, 

F: 4.2-5.2; EPO (mU/ml)= 5-25. 

 

Figures Legend: 

 

Figure 1: Clinical manifestations of patients carrying VHL mutations and identification of a 

new VHL spliced isoform containing a cryptic-exon. 

(A) Mutations in the VHL gene predispose to different phenotypes. Von Hippel–Lindau disease is 

characterized by the development of central nervous system (CNS) and retinal 

hemangioblastomas, neuroendocrine pancreatic tumors, pheochromocytomas and clear-cell renal 

cell carcinomas. Chuvash polycythemia (erythrocytosis) is characterized by an elevated red blood 

cell number. This study describes families with typical VHL-related phenotypes associated with 

an unexpected VHL status (i.e. either synonymous mutations or no alterations in VHL). (B) RT-

PCR using primers specific for E1 and E3 was performed on mRNA extracted from 

lymphoblastoid cell line (LCL) established from Controls and patients of the Family 1. WT: wild-

type. *: denotes larger fragments that were subsequently cloned and sequenced. (C) Schematic 

representation of the VHL gene and its products. The different VHL exons are represented on a 

scale: E1: 340bp from the ATG initiation codon, E1': 259bp, E2: 123 bp, E3: 179bp to the Stop 

termination codon. The full-length VHL mRNA isoform encodes pVHL213 (also named 
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pVHL30). VHL-E1 contains an internal translation initiation codon that initiates the production of 

pVHL160 protein (pVHL19). *: the isoforms containing E1' spliced with VHL exons have been 

identified by cloning and sequencing in the laboratory but have been described later on by NCBI 

as transcripts able to produce a protein termed X1. Consensus values of donor (SD) and acceptor 

(SA) splice sites sequences are indicated above the VHL gene, as calculated by the Human 

Splicing Finder in silico tool. Horizontal blue lines indicate the location of probes used in 

Taqman assays.  

 

Figure 2: Identification of mutations in the new VHL cryptic-exon in seven patients with 

erythrocytosis and a large family with the VHL disease. 

(A) Schematic representation of the VHL gene and location of the identified mutations in the new 

VHL cryptic-exon E1'. (B) Pedigree of families with erythrocytosis or von Hippel Lindau disease. 

The genotypes have been elucidated by sequencing both parents and proband (F1, F5, F6), 

deduced by sequencing of one parent and proband (F4, the mutation deduced being under 

brackets), or deduced from allele cloning of proband carrying the conserved Chuvash mutation 

and core haplotype (F2, F3) confirming the transmission of the mutations by one of each parents 

(for F2 and F3, the identity of the transmitting parent being unknown, the mutation is represented 

by a white circle under brackets). The genotype of parents from F7 has been elucidated from 

WGS data. The numbers in italics (F8) indicate the age of the patient at tumor diagnosis.  

 

Figure 3: Expression study of the new VHL transcripts isoforms in patient cells.  

(A) Sashimi plots from RNA-Seq data obtained from samples (LCLs or pheochromocytoma, 

Pheo), of three patients from F8. The positions of the different VHL exons are indicated, with the 

maximal number of reads indicated at the right. Splice junctions are denoted by the horizontal 

links, with details provided in Supplemental Fig. 8. (B) TaqMan quantification of the different 

VHL isoforms from samples of F8 performed using probes specific to the VHL E1-E2, the 

translated sequence upstream E1' or E1-E1' junctions. Relative gene expression has been 

normalized to LCL control (C1) fixed at 1 (mean results of technical duplicates). C: healthy 

control. (C) TaqMan quantification of the different VHL isoforms in LCLs (established from two 

independent controls and from patients of F1, F2 and F8) cultured in the absence or presence of 

puromycin, an inhibitor of Nonsense-Mediated mRNA Decay. TaqMan probes are specific to the 
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VHL E1-E1' or E1-E2 junctions. The graph resumes experiments performed on LCL cultured 

independently 3 times and quantified in duplicates. Data are represented as the mean +/- SEM. 

Statistical p value: * p<0.05, ** p<0.01 based on a t-test. (D) RT-PCR using primers specific for 

E1 and E3 was performed on mRNA extracted from LCLs established from controls and patients 

of the Family 6 (carrying the mutation c.340+574A>T that targets the Splice Acceptor (SA) site 

of E1'). Patients with erythrocytosis are indicated in red. On the right, the spliced isoforms are 

schematically represented. *: denotes larger fragments that contains E1' spliced with E1, but with 

15 nucleotides deleted (represented in red) by the use of an alternative SA site (sequences of the 

cloned bands are detailed in Supplemental Fig.10).  

 

Figure 4: Functional studies of mutations in VHL-E1'. 

(A, B) Immunoblot analysis of patient LCLs. A representative immunoblot (A) and quantification 

of 3 different immunoblots are presented (B). Relative gene expression has been normalized to 

GAPDH expression and results obtained with LCL control (C1) have been fixed at 100%. Data 

are represented as the mean +/- SEM. ** p<0.01, *** p<0.001, **** p<0.0001 based on a t-test. 

A VHL-antibody which recognized VHL-E1 was able to detect the hypothetical X1 protein. In 

the most left lane, control LCLs were transfected with an expression vector containing the coding 

sequence for X1. Five µg of proteins were blotted vs. 45µg for other samples to avoid signal 

saturation with overexpressed X1. Patients with erythrocytosis are indicated in red. (C) 

Functional HRE-dependent reporter assays were performed in 786-O cells (i.e. VHL negative 

cells that constitutively express HIF-2α). The results are expressed as relative Firefly luciferase 

activity with Renilla luciferase as an internal control. 1.0 unit denotes the basal activity of 

endogenous HIF-2α using the HRE-luciferase reporter plasmid. The ability of wild-type and 

mutated X1 to downregulate Firefly luciferase activity (related to HIF activity) was compared to 

pVHL and in competition with pVHL. An immunoblot using an antibody specific to the 

hemagglutinin tag was used to detect HA-VHL and HA-X1. The X1-L128V+L138P corresponds 

to a potential impact of the c.340+648T>C and c.340+617C>G mutations on the hypothetical X1 

protein. Three independent experiments were performed. ** p<0.01, based on t-test. (D) 

Characterization of VHL-E1' retention by the Minigene experiment (representative picture of 

agarose gel from n=3). RT-PCR was performed on mRNA obtained from cell lines transfected 

with a minigene construct containing VHL-E1’ (wild-type or mutated) flanked by large intronic 
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sequences cloned between the SERPING1 exons (exons A and B, targeted by the RT-PCR 

primers). The plasmids were transfected and the expression of the spliced chimeric transcripts 

(containing EA and EB with or without E1’) was analyzed. Two wild-type constructs containing 

E1’ were used; one contains SNP rs779808, 340+1150T>C. Bands corresponding to EA and EB 

spliced together or with VHL-E1’ are indicated on the right. * corresponds to unspecific bands 

verified by sequencing. The minigene experiment performed with the construction carrying the 

mutation c.340+574A>T (that targets the Splice Acceptor (SA) site of E1' in F6) confirmed the 

use of an alternative SA site (right panel) with the deletion of 15 nucleotides (represented in red). 

 

Figure 5: Genetic and expression study of synonymous mutations in VHL-E2.  

(A, B) Pedigree and sequence chromatograms of germline DNA, tumor (pheochromocytoma) 

DNA or cDNA prepared from two families (F9, F10) with erythrocytosis (A), and two families 

(F11, F12) with von Hippel-Lindau disease. (C) Results of RT-PCR using mRNA extracted from 

LCLs (F9, F10) and leukocytes and tumor material (pheochromocytoma) (F11, F12). (D) 

TaqMan quantification of the different VHL isoforms in LCLs (established from patients of F9, 

F10 and F11) cultured in the absence or presence of puromycin. TaqMan probes are specific to 

the VHL E1-E2 or E1-E3 junctions. Relative gene expression has been normalized to LCL control 

(C1). C: healthy control, F: Families. ** P < 0.01, *** P < 0.001 (E) Immunoblot analysis of 

patient LCLs. Patients with erythrocytosis are indicated in red. A representative immunoblot 

(upper panel) and quantification of 4 different immunoblots are displayed (lower panel). Relative 

gene expression has been normalized to GAPDH expression and results obtained with LCL 

control (C1) have been fixed at 100%. Data are represented as the mean +/- SEM. ** p<0.01, *** 

p<0.001, **** p<0.0001 based on a t-test.  

 

Figure 6: Functional study of synonymous mutations in VHL-E2. 

(A) Functional HRE-dependent reporter assays were performed in 786-O cells to evaluate the 

impact of VHL mutations in E2 (P138L and G144R) on VHL protein activity. The VHL protein 

lacking E2 (pVHL172/VHLΔE2) is used as a negative controle. The results are expressed as 

Firefly luciferase activity relative to Renilla luciferase as an internal control. 1.0 unit denotes the 

basal activity of endogenous HIF-2α using the HRE-luciferase reporter plasmid. Immunoblots 

using an antibody specific for the hemagglutinin tag were used to detect HA-VHL. (B) 
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Characterization of VHL E2-skipping by minigene analyses. Minigene experiments were 

performed in a variety of cell lines relevant to the studied diseases: renal (293T, 786-O, HK2), 

pheochromocytoma (PC12), erythroid cell line (UT7 cultured with EPO); and LCL. RT-PCR was 

performed on mRNA obtained from cell lines transfected with a minigene construct containing 

VHL-E2 flanked by intronic sequences cloned between the SERPING1 exons (exons A and B, 

targeted by the RT-PCR primers). Bands corresponding to EA and EB spliced together or with 

VHL-E2 are indicated on the right (C) Sashimi plots from RNA-Seq data. The positions of the 

different VHL exons are indicated, with the maximum number of reads for each exon indicated at 

the right. Splice junctions are denoted by the horizontal links, with details provided in 

Supplemental Fig. 15A. (D) Heatmap of pheochromocytoma transcriptome data. A comparison 

of transcriptome data for the pheochromocytoma from patient F11 III.1 (with P138P mutation) 

vs. Affymetrix data from the largest available cohort of paraganglioma/pheochromocytomas 

(recruited by the French COMETE network) that identified homogeneous molecular subgroups 

associated with susceptibility genes (Burnichon et al., 2011). exp: relative expression compared 

to the median. 
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ABSTRACT 

Purpose: MDH2 (malate dehydrogenase 2) has recently been proposed as a novel potential 

pheochromocytoma/paraganglioma (PPGL) susceptibility gene, but its role in the disease has not been 

addressed. This study aimed to determine the prevalence of MDH2 mutations among PPGL patients 

and determine the associated phenotype. 

Methods: Eight hundred thirty patients with PPGLs, negative for the main PPGL driver genes, were 

included in the study. Interpretation of variants of unknown significance (VUS) was performed using 

an algorithm based on twenty computational predictions, by implementing cell-based enzymatic and 

immunofluorescence assays, and/or by using a molecular dynamics simulation approach. 

Results: Five variants with potential involvement in pathogenicity were identified: three missense 

(p.Arg104Gly, p.Val160Met and p.Ala256Thr), one in-frame deletion (p.Lys314del), and a splice-site 

variant (c.429+1G>T). All were germline and those with available biochemical data, corresponded to 

noradrenergic PPGL.  

Conclusion: This study suggests that MDH2 mutations may play a role in PPGL susceptibility and that 

they might be responsible for less than 1% of PPGLs in patients without mutations in other major PPGL 

driver genes, a prevalence similar to the one recently described for other PPGL genes. However, more 

epidemiological data are needed to recommend MDH2 testing in patients negative for other major 

PPGL genes. 

 

Key words: MDH2; pheochromocytoma and paraganglioma; variants of unknown significance; 

dominant negative effect; molecular dynamics 
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INTRODUCTION 

Pheochromocytomas (PCCs) and paragangliomas (PGLs), abbreviated as PPGLs, are very rare 

neuroendocrine tumors characterized by a high degree of genetic and clinical heterogeneity1,2.   

Since the description of NF1 in 1990 as the first driver gene related to PPGL development, thirty-five 

additional genes have been identified to be involved in the disease, establishing PPGLs as the human 

neoplasia with the highest degree of heritability. Among PPGL-associated genes, seven have been 

found almost exclusively mutated in the germline (SDHA, SDHB, SDHC, SDHD, SDHAF2, FH and 

TMEM127), four either in the germline or somatically (RET, VHL, NF1 and MAX), one postzygotically 

or somatically (EPAS1) and the last one only somatically (HRAS) 1,3. Furthermore, there are twenty two 

more susceptibility genes for which the contribution to the disease remains unclear: IDH1, KIF1B, 

MEN1, BAP1, EGLN1/PHD2, EGLN2/PHD1, ATRX, KMT2D/MLL2, MET, TP53, BRAF, JMJD1C, KDM2B, 

MERTK, H3F3A, SETD2, EZH2, FGFR1, MITF, CSDE1, GOT2 and IDH3B1,4–12. In addition, other 

mechanisms such as point mutations in the promoter region of TERT13,14, SDHC promoter 

epimutations15, or rearrangements involving  MAML3, BRAF, NGFR, and NF1 have been also 

described11.   

Recently, our group added malate dehydrogenase 2 (MDH2) to the list of potential PPGL susceptibility 

genes. MDH2 encodes the mitochondrial malate dehydrogenase (MDH), essential for the conversion 

of malate to oxaloacetate as part of the proper functioning of the Krebs cycle. A single MDH2 mutation 

affecting a donor splice-site (c.429+1G>A) was identified in a 55 year-old man with multiple 

noradrenergic PGLs associated with bone metastasis16, and in one apparently unaffected relative with 

a positive biochemical diagnosis of the disease. Loss of heterozygosity (LOH) and significant reduction 

of MDH activity in the tumors suggested that MDH2 acts as a tumor suppressor gene. As alterations 

in Krebs cycle genes have been associated with a higher metastatic risk of the disease, an early genetic 

diagnosis of unaffected carriers in these families seems to be crucial.  However, that study did not 
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address the contribution of MDH2 to the global PPGL susceptibility or the clinical features associated 

with mutations in this gene.  

One of the main challenges for genetic screening is the classification of variants of unknown 

significance (VUS) to improve genetic counseling and clinical follow-up of mutation carriers. The 

pathogenicity assessment of VUS requires taking into account the frequency reported in several 

databases, in silico effect prediction and functional assays. 

In this international collaborative study, we determined the prevalence of germline and/or somatic 

MDH2 mutations, and the associated phenotype in 830 unrelated PPGL index patients, negative for at 

least the main 13 driver PPGL susceptibility genes. Secondly, we developed a workflow of in silico 

predictions and simulations, and functional studies for assessing the functional impact of MDH2 VUS 

identified. 

All MDH2 genetic changes, except one in-frame deletion and one variant affecting a donor splice-site, 

consisted of single nucleotide substitutions leading to missense, synonymous or intronic changes, for 

which we assessed their functional impact. Those MDH2 VUS were analyzed with one to five 

approaches: (i) applying 20 computational methods to predict their effect at the level of protein 

structure and function, implementing an enzymatic assay to assess: (ii) MDH2 activity and (iii) MDH2 

affinity, (iv) designing an immunofluorescence assay to evaluate MDH2 localization changes, and (v) 

using a molecular dynamics (MD) simulation approach to examine the potential changes in protein 

structure and dynamics for the most controversial variants. This sequential scheme aimed to 

categorize the vast majority of MDH2 VUS found in an extensive setting. 
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MATERIALS AND METHODS  

Patients  

Diagnosis of PPGL was established following conventional methods (including clinical, biochemical, 

imaging and pathological data). A new series of 561 PPGL index cases negative for at least 13 major 

PPGL genes (RET, VHL, SDH genes, NF1, HRAS, EPAS1, MAX, TMEM127, and FH) and not previously 

tested for MDH2 were screened by Sanger (SS) or a Next-Generation (NGS) sequencing panel 

(PheoSeq17). In order to establish the prevalence of MDH2 mutations and classify MDH2 VUS, we also 

considered 269 previously reported patients with negative genetic screening for the 13 PPGL genes, 

but including 4 carriers of MDH2 VUS17. This outstanding series of 830 unrelated PPGL index patients 

was recruited through a collaborative effort from 11 participating centers: 10 of the European 

Network for the Study of Adrenal Tumors (ENS@T) consortium (Madrid, Paris, Liège, Würzburg, 

Munich, Dresden, Florence, Rotterdam, Delft and Nijmegen), and one in the USA (Bethesda).  

Clinical data were collected as previously described18. Table 1 summarizes the clinical characteristics 

of patients, who provided informed consent to collect clinical and genetic data, in accordance with 

institutional ethical –approved protocols for each center. In addition, tumor tissues from the Erasmus 

MC (Rotterdam, The Netherlands) and the Radboud University Medical Centre (Nijmegen, The 

Netherlands) were used according to the ode of o du t: Proper “e o dary Use of Hu a  Tissue  

established by the Dutch Federation of Medical Scientific Societies.  

Samples 

A total of 849 DNA samples from the 830 patients were available for this study. DNA was obtained 

exclusively from blood in 641 patients, tumor in 170 patients and matched tumor-blood in 19 patients 

(Table 1). Tumor samples were formalin-fixed paraffin-embedded (FFPE) tissues in 80 (42.3%) and 

frozen tissues in 109 (57.7%) of the cases.  
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Germline DNA was extracted from peripheral blood samples following a standard method (FlexiGene 

DNA Kit, Qiagen). DNeasy Blood & Tissue Kit (Qiagen) and truXTRAC FFPE DNA microTUBE Kit (Covaris, 

Massachusetts, USA) were used to extract DNA from frozen tumor tissue and from FFPE tumor 

samples, respectively, follo i g the a ufa turer’s i stru tio s. 

Molecular genetic analyses  

MDH2 genetic screening was performed in the CNIO (Madrid) and in the HEGP (Paris), either by NGS 

panel or SS. Primers sequences spanning the nine exons and intron-exon boundaries of MDH2 were 

those previously described16.  

MDH2 gross deletions were tested in 216 cases with good germline DNA quality using a semi-

quantitative multiplex-PCR method with labeled primers, as previously described for other genes16,19.  

The variant calling was based on the MDH2 transcript ENST00000315758.9. The frequency of MDH2 

variants was investigated in public databases: dbSNP (https://www.ncbi.nlm.nih.gov/SNP), COSMIC 

(http://cancer.sanger.ac.uk/cosmic), and gnomAD (http://gnomad.broadinstitute.org/). 

MDH2 variants identified in <0.1% of the population and without homozygotes described were 

included in the study and used for further analyses. LOH of the MDH2 variants in tumor DNA was 

assessed by direct sequencing (if material available). 

MDH2 expression by immunohistochemistry 

Immunohistochemistry was performed as described in supplemental methods. 

Computational prediction of functional impact 

Three distinct in silico approaches were used to assess the functional and three-dimensional (3D) 

structural effect of the missense variants: 1) measure of the evolutionary conservation in the genome 

of vertebrate and mammalian species (i.e. phyloP, phastCons, GERP++), 2) prediction of the impact of 

amino acid substitutions in protein function (i.e. SIFT, Polyphen2, LRT, MutationAssessor, fathmm-

http://cancer.sanger.ac.uk/cosmic
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MKL, PROVEAN, MetaSVM, MetaLR, MutationTaster), and 3) prediction of protein 3D destabilization 

(i.e. PoPMuSiCv3.1, CUPSAT, I-Mutant v3.0, MAESTRO, INPS-3D).  

A consensus interpretation was established according to the number of tools predicting a damaging 

effect versus a benign or tolerated one. The consensus was given if at least 70% (functional impact: 7 

out of 10; 3D stability: 4 out of 5) of the predictors agreed in the variant classification. Otherwise, the 

results were considered as inconclusive. 

Moreover, we included functional annotations (e.g. ligand binding sites, catalytic residues, post-

translational modifications of proteins, residues in protein-protein interaction interfaces) retrieved by 

the Structure-PPi system20. Structure-PPi also considers residues in physical proximity (at a distance 

of 5Å) to amino-acid changes found in other type of cancers. 

ESEFinder and RESCUE-ESE using Alamut Visual software version 2.7 (Interactive Biosoftware, Rouen, 

France) were used to predict splicing changes in synonymous and intronic variants.  

RBP1 gene expression analysis  

The low expression of retinol binding protein 1 (RBP1) is a marker of Krebs cycle disruption21. Its 

assessment is detailed in supplemental methods.  

Plasmids and cell culture 

QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent) was used to generate missense variants 

in pCMV6-AC-MDH2 (Origene), a plasmid containing the full cDNA sequence (NM_005918) of the 

human MDH2 gene. We generated a polymorphism with a MAF=0.037 in gnomAD (rs10256: 

p.Lys301Arg), to be used as control. Primers used to generate mutated vectors are described in Table 

S1. The introduction of the mutation of interest was confirmed by SS (Figure S1).  

Sh8561 MDH2 knock down Hela cells16 (MDH2 KD cells) culture conditions are specified in 

supplemental methods.  



11 
 

Microscopic analysis 

For immunofluorescence imaging, 300,000 cells were seeded 24h before transfection on coverslips in 

12-well plates. Cells were transiently transfected with 2µg of plasmids mutated with each variant using 

Lipofe ta i e  I itroge  follo i g the e dor’s a ual. Twenty-four hours after transfection 

cells were stained as described in supplemental methods and analyzed by confocal microscopy (Leica 

TCS SP5 X).  

In silico molecular dynamics (MD) simulations 

The initial model of the system used the crystal structure of a tetramer of oxaloacetate and NADH-

bound MDH2 (PDBid: 4wlo). The structure contains coordinates for residues 24-337 of each monomer. 

The dimer formed by monomers A and B was extracted and ligands and crystal waters were removed. 

Missing hydrogen atoms were added using the H++ server22, and in the case of the mutants, the point 

mutations were introduced using Pymol23. The systems were placed in dodecahedral boxes, being the 

minimal distance between the protein and the borders of the box was 10Å. The systems were solvated 

with TIP3P waters24, and Na+/CL- was added to neutralize them to obtain a physiological salt 

concentration of 0.15mol/l. First, the systems were minimized during 500 steps, applying the steepest 

descent algorithm. Consequently, the solvent was equilibrated for 100ps in the NVT ensemble, 

followed by another 100ps in the isobaric-isothermal (NpT) ensemble. The resulting configurations 

were used for MD production runs of 400ns for each system. The trajectories were analyzed by 

Principal Component Analysis (PCA) (see supplemental methods). 

Simulations and analyses of the trajectories were performed as described in supplemental methods.  

Enzymatic activity assay 

MDH2 KD cells were seeded in T150 flasks at 16·106 cells/ flask 24h before transfection. Each flask was 

tra sie tly tra sfe ted ith μg of ea h aria t plas id usi g Lipofe ta i e  I itroge , 

according to the manufacturer's recommendations. MDH2 KD cells transfected either with wild-type 
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(WT) cDNA (pCMV6-AC-MDH2), MDH2 KD cells with pCMV6-AC empty vector (EV) or MDH2 KD cells 

with pCMV6-AC-MDH2-c.902A>G vector, were used as controls. To mimic the heterozygous state of 

p.Arg104Gly patient, we co-tra sfe ted μg pCMV -AC-MDH2 and 10μg pCMV -AC-MDH2-

c.310A>G plasmids; as control, we used cells co-tra sfe ted ith μg pCMV -AC-MDH2 and 10μg 

pCMV6-AC EV, and 20μg EV alone. 24h after transfection, enzymatic activity assay was performed as 

described in supplemental methods.  
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RESULTS  

MDH2 variants and computational analyses 

Twelve MDH2 heterozygous variants (Figure 1) were found, demonstrating a germline origin for 11 of 

them (only tumor DNA was available in the remaining case). Clinical data of the MDH2 carriers are 

detailed in Table S3. None of the patients had family history of the disease.  

Five of the 12 were missense (41.7%), one synonymous (8.3%), four were located in the intronic region 

(33.3%), one was an in-frame deletion (8.3%), and one affected a donor splice-site (8.3%) (Figure 1). 

Five of them were unreported variants (3 missense, 1 intronic and 1 in-frame deletion), six showed a 

low allele frequency (<1·10-3) and no homozygotes in gnomAD, and the donor splice-site mutation had 

been  previously suggested to be pathogenic16 (Table 2; Table S5). The two probands with the splice-

site MDH2 mutation are not related.   

The synonymous variant (p.Phe333Phe), found in a patient with a non-functional T-PGL, had no effect 

according to in silico splicing predictors (Table S5). Similarly, the splicing for three of the four intronic 

variants (c.320-26A>C, c.733+47G>A and c.734- 5C>A) was not predicted affected, while it was 

anticipated as altered in the remaining intronic variant (c.319+37G>A) identified in a 48-year-old 

patient with a noradrenergic PCC. RNA of this patient was not available to confirm this prediction. 

Of the 5 MDH2 missense variants identified (Table 2), only one (p.Ser3Phe) was outside the functional 

domains in the transit peptide to mitochondria. The variants p.Arg104Gly, p.Gln130Arg and 

p.Val160Met were positioned in the lactate/malate dehydrogenase, NAD binding domain; and, 

p.Ala256Thr in the lactate/malate dehydrogenase, alpha/beta C-terminal domain. Furthermore, they 

affected conserved positions in vertebrate and mammalian species, as indicated by phyloP, phastCons 

and GERP++ methods. Indeed, p.Arg104Gly is positioned in the NAD-binding site.  

Three of the missense variants (p.Arg104Gly, p.Val160Met and p.Ala256Thr) were predicted to have 

a damaging effect (impaired functional predictions and destabilization of the 3D structure) (Table 2; 
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Table S4). The variant p.Ser3Phe was classified as inconclusive according to the functional impact 

predictions and the corresponding 3D structural predictions could not be performed (residue not 

present in the crystal structure [PDB ID: 2DFD]). The variant p.Gln130Arg was categorized as neutral 

and inconclusive according to the functional and 3D structure predictions, respectively. Moreover, 

COSMIC database reported MDH2 somatic mutations in other cancers in neighbor positions (d5Å), 

as indicated by Structure-PPi (Figure S2), for all the variants except for p.Ser3Phe.  

The variants p.Arg104Gly and p.Ala256Thr were found in two young patients (25 and 29 years old, 

respectively) with norepinephrine-producing PCC both diagnosed during pregnancy. One of them 

developed metachronous bone metastases. The p.Val160Met was identified in a PCC-patient without 

biochemical data. The remaining two missense variants (p.Ser3Phe and p.Gln130Arg) were found in 

patients older than 45 years, diagnosed with PCC; the former involving an adrenergic tumor and the 

latter without evidence of excess in catecholamine production (Table S3).  

A previously unreported in-frame deletion (p.Lys314del) was found in a 55-year-old patient, with 

multiple noradrenergic PGLs. It affected a conserved residue, for which mutations in neighboring 

residues have been described in several cancers (Table 2; Figure S2); LOH was demonstrated in the 

tumor. 

Furthermore, the c.429+1G>T variant, previously described16, was found in a 57-year-old patient 

diagnosed with a PCC and liver metastases.  

MDH2 immunohistochemistry 

MDH2 IHC it is not useful to classify VUS or select patients for MDH2 screening (see supplemental 

results). 

RBP1 expression in MDH2 variants 

RBP1 measurement was performed in four available tumors (p.Ser3Phe, p.Arg104Gly, p.Val160Met 

and p.Lys314del–tumor), observing a reduced RBP1 expression in three tumors compared to controls: 
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93.86±1.83% (p=0.007), 83.18±0.65% (p=0.007) and 82.44±19.72% (p=0.030) for p.Lys314del-, 

p.Arg104Gly-, and p.Val160Met-tumor, respectively (Figure S3). 

MDH2 localization 

None of the variants was associated with an altered MDH2 localization, or mitochondrial quantity and 

morphology (see supplemental results).  

Enzymatic activity characterization 

Only variant p.Arg104Gly displayed a significant lower MDH2 enzymatic activity at saturating 

concentration of substrates (p<0.0001) compared to WT, comparable to the activity detected in the 

KD cells not expressing MDH2 (Figure 2A). On the other hand, citrate synthase activity, present 

exclusively in the mitochondria, was similar for all variants (Table S2), suggesting that none of them 

produced an increased mitochondrial biogenesis to compensate the possible aberrant MDH2 variant. 

Thus, this functional assay only supported pathogenicity for p.Arg104Gly, having an incomplete 

functional proof of in silico predictions. 

Enzymatic activity assay to check a dominant-negative effect. 

LOH was not detected in any of the tumors carrying the missense variants. In order to evaluate if 

MDH2 variants could exert a dominant-negative effect on MDH2 WT, we took as a model the 

p.Arg104Gly variant. We co-transfected WT plasmid, p.Arg104Gly plasmid, and a combination of both 

to mimic the heterozygous state of the mutated patient. EV was used to achieve the same amount of 

total transfected plasmid (20ug in each co-transfection). Cells co-transfected with both WT and 

p.Arg104Gly plasmids exhibited lower enzymatic activity in comparison with those co-transfected with 

WT and EV ones (27.8%±22.6; p=0.0002) (Figure 2B). 

MDH2 missense variants affinity characterization 

Another assay was designed to evaluate if p.Val160Met and p.Ala256Thr variants affected the affinity 

of the enzyme for the substrates, instead of the maximal activity. We used the p.Arg104Gly variant as 
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positive control. A tendency of reduced enzymatic activity when decreasing malate concentration was 

observed for p.Val160Met, significant at 5mM (5-fold reduction to malate saturating concentration, 

p=0.0256) (Fig 2C) and at 2.5mM (10-fold reduction to malate saturating concentration, p=0.0047) (Fig 

2D). Furthermore, a subtle decrease in the activity was observed for p.Ala256Thr when diminishing 

concentration of NAD+ (Fig 2F) and malate (Fig 2D) to 20-fold (p=0.0464) and 10-fold (p=0.0366), 

respectively. No significant changes were observed at higher NAD+ concentrations (0.5mM) (Fig 2E). 

Molecular dynamics (MD) simulations 

Simulations of the dimers of the WT apoenzyme, and the p.Ala256Thr and p.Val160Met variants 

revealed differences in their principal motions. In the WT, we observed movements of the two 

monomers relative to each other, and large conformational changes in one of the helices of the 

substrate-binding site and its adjacent loop (Figure S5A). In the p.Ala256Thr mutant, the character of 

the main motions was conserved (Figure S5B), whereas in the p.Val160Met mutant the relative 

movement of the monomers was strongly reduced (Figure S5C).  

Although the dynamics of the p.Ala256Thr variant were similar to that of the WT, closer inspection 

revealed conformational changes. In the WT and p.Val160Met variant, the side chain of Phe260, 

neighboring Ala/Thr256, switches between two orientations, while in the p.Ala256Thr mutant it 

remains immobile (Figure 3A). On a larger scale, the opening between the two monomers becomes 

slightly enlarged (Figure 3B).  

Even on a short time scale, the MD simulations revealed changes in conformation and dynamics of the 

variants, compared to the WT. The results suggest that the p.Ala256Thr variant affects the 

conformation of the neighboring residues, which contribute to the dimeric interface. This implies that 

the p.Ala256Thr variant may affect dimerization of MDH2. In the p.Val160Met variant changes in the 

dynamics of the substrate binding site may affect substrate affinity. 
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DISCUSSION  

After the identification of major susceptibility PPGL genes, the list of other genes with modest 

contributions to the disease has kept growing and it is likely that this number will continue to increase 

over the near future3. Examples include SDHA32, TMEM12733, MAX34 or FH35. The use of NGS panels36 

to offer a comprehensive genetic diagnosis, multiple VUS are identified, for which the functional 

interpretation represents a crucial challenge in an accurate genetic counseling. Herein, we aimed to 

determine the prevalence and the clinical characteristics of MDH2 mutation-carriers in 830 patients 

with PPGL without mutation in major PPGL susceptibility genes and to investigate the potential 

pathogenicity of every identified MDH2 variant. We were able to classify 2 MDH2 variants as 

pathogenic and provide evidence that suggests an altered molecular function of MDH2 in 2 others 

(which have been designated as likely pathogenic mutations), following the criteria established by the 

American College of Medical Genetics and Genomics and the Association for Molecular Pathology 

guidelines37. Furthermore, a new patient, carrying the already reported c.429+1G>T MDH2 variant, 

was identified. 

RBP1 expression in the tumor, bioinformatics predictions and functional assays, suggested that 

p.Arg104Gly is a pathogenic mutation located in the highly conserved NAD-binding site and 

significantly impairing MDH2 activity. This variant was found in a young patient with a noradrenergic 

PCC. Mutations in neighboring positions are reported in different cancers, supporting the implication 

of mutations at this residue in the neoplastic process. However, neither LOH, nor any other somatic 

mutation was found in the corresponding tumor sample. Enzymatic assays performed by co-

transfection of WT and p.Arg104Gly plasmids resembling the heterozygous character of this mutation, 

suggested a dominant-negative effect of the p.Arg104Gly-mutant.   

The two other missense variants, p.Ala256Thr and p.Val160Met, reported as rare SNPs and located in 

conserved residues, were predicted to produce protein 3D structure destabilization and impaired the 

MDH2 molecular function. The p.Val160Met was detected in a 54-year-old PCC patient, whose tumor 



18 
 

showed low RBP1 expression. The p.Ala256Thr tumor sample was not available, so the interpretation 

of this variant was based exclusively on functional assays. This latter variant was found in a 29-year-

old female with a noradrenergic metastatic PCC. The substitutions at residues Val160 and Ala256 could 

also affect the substrate binding affinity and protein 3D stability, and therefore, neither the enzymatic 

assay nor the immunofluorescence experiments are able to evaluate the effect. Because of that, we 

conducted MD simulations only with these variants, which suggested that p.Val160Met could be 

modifying malate binding to the catalytic site, and consequently affecting MDH2 affinity for its 

substrate. This was demonstrated in vitro, as MDH2 activity decreased when we reduced malate 

concentration, pointing to a lower affinity of the mutated enzyme for malate. For variant p.Ala256Thr, 

MD simulations predicted that it could be affecting enzyme dimerization.  We observed a slight 

decrease in MDH2 activity when reducing both malate and NAD+ down to low concentrations, which 

could be related to impaired dimerization. A second somatic hit was not observed in the tumor of 

p.Val160Met-related patient and p.Ala256Thr-related tumor was not available. A dominant-negative 

effect for p.Val160Met and p.Ala256Thr variants might be the underlying mechanism as occurs with 

the p.Arg104Gly variant, although this has not been tested in this study. Thus, the p.Ala256Thr variant 

could be classified as likely pathogenic. Regarding the p.Val160Met variant, although most of our 

analyses suggested a potential pathogenic role as well, it was also classified as likely pathogenic due 

to the high number of alleles found (46/277206) in general population.  

For the two other novel missense variants (p.Ser3Phe and p.Gln130Arg) identified, computational 

analyses did not reach a consensus. In addition, patients carrying these variants had predominant 

adrenaline production or non-functional tumors, which is in discordance with MDH2-mutated 

patient16 and other Krebs cycle genes. The high RBP1 expression in the p.Ser3Phe-tumor supported 

that this variant is not pathogenic. Thus, we classified these two variants as likely neutral.  
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The four intronic variants and the synonymous one were not classified, as no RNA was available. The 

computational tools indicated no agreement, highlighting the relevance of having access to tissue 

tumor sample to study at least the RBP1 and/or MDH2 expression. 

The p.Lys314del, identified in a patient with multiple noradrenergic PGLs, was classified as pathogenic, 

as it affects a conserved amino acid, and LOH and low RBP1 expression in the tumor sample were 

found.  

Finally, a 57-year-old patient with a metastatic pheochromocytoma, clinical phenotype similar to the 

patient reported16, was identified to carry the same variant affecting a donor splice-site (c.429+1G>A). 

In summary, taking into account only those MDH2 variants identified which display characteristics 

supportive of a pathogenicity potential, we provide more evidences that suggest the potential role of 

MDH2 in PPGL predisposition, and indicate that MDH2 germline mutations could be responsible for 

0.6% of PPGL cases, prevalence comparable to that reported for other recently described PPGL genes. 

The apparent lack of family history in four pedigrees investigated suggests an incomplete penetrance 

of MDH2, similar to the one observed in other Krebs cycle genes, such as SDHA or FH. Furthermore, 

there are other similarities worthy to mention. In this regard, families affected with encephalopathy 

due to recessive MDH2 deficiency have been described38. One could expect to find PPGL patients in 

these families, but as it happens in pedigrees affected with the Leigh syndrome (OMIM 256000) 

associated with autosomal-recessive pathogenic mutations in SDHA39, their members do not develop 

either these tumors.  

On the other hand, it is worthy to note that MDH2 variants were found in metastatic cases, as two out 

of five patients (three out of six, if we include the reported MDH2 patient16) developed metastases. 

Taking into account the low prevalence of MDH2 mutations, as well as the low penetrance, its genetic 

testing could be considered in a research direction manner until providing further epidemiological and 

segregation data that would confirm the implication of MDH2 mutations in PPGL susceptibility.  
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NGS is becoming the rational tool to apply to PPGL genetic diagnosis, and unavoidably it leads to an 

increasing number of VUS reported. The task of classifying VUS for genetic counseling is especially 

complex when considering genes scarcely analyzed, which exhibit a high ratio of missense variants, as 

previously shown for MAX40. In this study, we were able to demonstrate a functional impact for two 

variants (p.Arg104Gly  and p.Lys314del) and suggested an altered molecular function for other two 

(p.Val160Met and p.Ala256Thr), but there were insufficient evidences to consider them pathogenic 

even after applying up to five approaches to classify them. Although, it is likely that this rational is 

unapproachable in the clinical setting when tumor tissue is unavailable, we demonstrated that MDH2 

variants could be classified by a multidisciplinary approach. 
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TABLES 

Table 1. Clinical characteristics of the patients included in the study. 

 NUMBER (percentage) 

PATIENTS 830 

 DNA germline 641 (77.2%) 

 DNA tumor 170 (20.5%)          Total DNA samples: 849 

 DNA matched tumor-germline  19 (2.3%) 

SEX  

 Female 449 (57.8%) 

 Male  328 (42.2%) 

 No data  53 

AGE AT PRESENTATION  

 Median (IQR) 39 (29-56) years 

 Younger than 35 334 (40.2 %) 

FAMILIAL PPGL  13 (1.7%) 

LOCATION 

SINGLE 678 (85.2%) MULTIPLE 118 (14.8%) No data 34 

 
PCC 427 

 
PCC 32 

  
HN-PGL 146 HN-PGL 27 

 
A-PGL 83 

 
A-PGL 18 

  
T-PGL 12 T-PGL 1 

 
No data  10 

 
A- and T-PGL 4 

  

 

A- and HN-PGL 6 

  
HN- and T-PGL   1 

  
PCC and A-PGL 22 

 
 

PCC and T-PGL 4   

PCC and HN-PGL 1   

 No data  2   

METASTASIS 

 No 756 (91.1%) 

 Yes 74 (8.9%) 

PREDOMINANTLY BIOCHEMICAL SECRETION  

 Adrenergic 60 No secretion 176 

 Noradrenergic 237 High, but unspecified 132 

 Dopaminergic 4 No data  221 
 

IQR: interquartile range. PCC: pheochromocytoma. PGL: paraganglioma. HN: head and neck. A: 

Abdominal. T: thoracic.  
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Table 2. Summary of the in silico and in vitro analyses in MDH2 missense and deletion VUS 

VUS 
V-1 

p.Ser3Phe 

V-2 

p.Arg104Gly 

V-5 

p.Gln130Arg 

V-6 

p.Val160Met 

V-9 

p.Ala256Thr 

V-10 

p.Lys314del 
 

SNP ID ExAC                                        

allele freq. gnomAD* 

allele freq. 1000 Genomes* 
 

not  
described 

not  
described 

 not 
described 

rs138541865 
1,66·10-4; 0 hom 

- 

rs147655350 
4,69·10-5; 0 hom 

- 

not  
described 

 

Evolutionary conservation  

Interpretation (a) 
 

Conserved 
position 

Conserved  
position 

Conserved 
position 

Conserved 
position 

Conserved 
position 

Conserved  
position ¤ 

Functional domain 

 

NA 
(Low 

complexity 
region) 

 

Ldh_1_N  
domain 

(PF00056) 

Ldh_1_N 
domain 

(PF00056) 

Ldh_1_N 
domain 

(PF00056) 

Ldh_1_C  
domain 

(PF02866) 

Ldh_1_C  
domain 

(PF02866) 

 

Protein function prediction  

Interpretation (a) 
 

Inconclusive 
(5/9) 

Impaired  

(10/10) 

Neutral  
(3/10) 

Impaired  

(8/10) 

Impaired  

(9/10) 
NA 

3D structural annotations 

(Structure-PPi) 

Transit 
peptide to 

Mitochondria 
(aa 1-24) 

NAD-binding 
site 

-helix NA α-helix 
 

α-helix 

 

3D structural prediction  

Interpretation (a) 
 

No effect 
Destabilize  

(4/5) 

Inconclusive  
(3/5) 

Destabilize 

 (5/5) 

Destabilize 

(5/5) 
NA 

Neighbor positions mutated in 

other cancers (b) 
(Structure-PPi) 

NA 

 

Malignant 
melanoma, 

Ovary 
carcinoma, 

Colon 
carcinoma, 

Endometrium 
carcinoma  

 

Breast 
carcinoma  

Stomach 
carcinoma  

Endometrium 
carcinoma, Head 

and neck 
squamous cell 

carcinoma  

Endometrioid 
Carcinoma 

(p.Ser310Ser), 
Prostate 

carcinoma 
(p.Ser317Leu), 
Oral carcinoma 
(p.Ala319Ser) 

 

RBP1 expression (c) 
 

+++ + NA + NA + 
 

LOH 
 

no no NA no NA Yes 
 

MDH2 subcelular localization 

(d)  
 

M M M M M NA 

Enzymatic 

activity 

 

with saturating 

[NAD+] and 

[malate] (e) 
 

+++ + +++ +++ +++ NA 

co-transfection 

experiment (e) NA ++ NA NA NA NA 

 

Affinity assay: 

with lower 

[NAD+] and 

[malate] (f) 
 

NA 
Impaired for 

malate and 

NAD+ 

NA 
Likely impaired 

for malate 

Likely impaired 

for malate and 

NAD+ 

NA 

Molecular dynamics 

simulations 
NA NA NA 

 

Substrate 

binding site 

likely affected 
 

Dimerization 

likely affected 
NA 

 

Classification of VUS 
 

LIKELY 

BENIGN 
PATHOGENIC 

LIKELY 

BENIGN 

LIKELY 

PATHOGENIC 

LIKELY 

PATHOGENIC 
PATHOGENIC 

 

Results in dark gray highlight and bold indicate major alterations. V-: variant; NA: not available. Ldh_1_N 

domain: lactate/malate dehydrogenase, NAD binding domain (Pfam accession: PF00056); Ldh_1_C domain: 

lactate/malate dehydrogenase, alpha/beta C-terminal domain (Pfam accession: PF02866). 

(a) See Table S4 for breakdown of the different computational predictors. In brackets, it is shown the number 

of tools predicting a damaging effect. 

(b) See Figure S2 for mapping of the mutations onto the crystal structure. 
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(c) RBP1 mRNA expression relative to tumors with mutations in non-Krebs cycle genes: +++ corresponds non-

significant RBP1 expression reduction, + corresponds to significant (p<0.05) RBP1 expression reduction 

(d) M: mitochondrial 

(e) from in vitro MDH2 enzymatic activity (Fig 2A, 2B): +++ corresponds to MDH2 activity >75% compared to 

control, ++ 25-75% and + 0-25%. 

(f) from in vitro MDH2 enzymatic affinity assay (Fig 2C-F) 

* http://gnomad.broadinstitute.org/ and http://www.internationalgenome.org/ (Last accessed: Jun 07, 2017) 

¤Despite the variant p.K314del is not annotated in the dbNSFP database, we infers the evolutionary 

conservation of this position considering the annotated variants at this position (i.e., p.K314Q, p.K314E, 

p.K314*, p.K314T, p.K314R, p.K314M and p.K314N). For each method, the lowest and the highest scores are 

included 
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FIGURE LEGENDS  

Figure 1. Graphical representation of the variants identified in MDH2 and the residues of the protein 

affected. The mutation previously reported16 is indicated with    . Missense variants are framed in 

continuous line; in-frame deletion is framed in discontinuous line; synonymous variant is shown in the 

upper part of the figure; intronic variants are shown in the lower part of the figure.  

 

Figure 2.  MDH2 activity measured in MDH2 KD cells transfected with different vectors containing 

the VUS in MDH2. A: Enzymatic activities at saturating concentrations of malate (25mM) and NAD+ 

(2mM) in p.R104G (p.Arg104Gly), p.Q130R (p.Gln130Arg), p.V160M (p.Val160Met) and p.S3F 

(p.Ser3Phe) variants, plus C (p.K301R-p.Lys301Arg) which is a polymorphism with minor allele 

frequency of 0.037), KD and WT as controls, are expressed as mean (nmol/min/mg) ± SD of 3 paired 

independent experiments in quadruplicate. Different shadings indicate the only variants tested in 

experiments from fig C-F. B: Enzymatic activities at saturating concentrations of cells co-transfected 

with WT, EV and/or p.R104G plasmids expressed as mean of fold-change over activity in cells co-

transfected with WT and EV (control) ± SD of 2 paired independent experiments at least in 

quadruplicate; µg of plasmid DNA transfected for each condition are showed in the figure. C-F: 

Enzymatic activities in p.A256T, p.V160M, p.R104G and control (p.K301R) expressed as mean of fold-

change over control ± SD of at least 2-paired independent experiments in triplicate. Assays performed 

with reduced concentrations of malate or NAD+: C) 5-fold reduction malate (5mM), D) 10-fold 

reduction malate (2.5mM), E) 4-fold reduction of NAD+ (0.5mM) and F) 20-fold reduction of NAD+ 

(0.1mM). *****: p-value<0.0001; ****: p-value<0.001; ***: p-value<0.01; **: p-value<0.03 and *: p-

value<0.05 based on a two-sided Mann-Whitney U test. 
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Figure 3. Molecular dynamics simulations in MDH2 p.Ala256Thr and p.Val160Met VUS versus wt. A: 

Distance between the Cζ ato  of F  a d the Cβ ato  of A/T  for oth o o ers of t MDH  

(magenta, upper pannels), Ala256Thr (blue, middle pannels) and V160M (green, lower pannels) during 

the simulations. A short distance corresponds to the F260 down conformation, and a long distance to 

the F260 up conformation (inset). B and C: Distri utio  of the dista e et ee  the Cα atoms of K269 

of the two monomers of the Ala256Thr (A) and Val160Met (B) variants from snapshots from the 

simulation trajectories, compared to wt. 
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Génétique des phéochromocytomes
et paragangliomes

A. Buffet, A.-P.  Gimenez-Roqueplo

Les  paragangliomes  (PGL)  sont  des tumeurs  neuroendocrines  rares  caractérisées  par  un fort détermi-
nisme génétique.  En  effet,  la  génétique  des PGL  a  évolué  de  façon majeure  ces 15 dernières  années.
Il est actuellement  considéré  qu’environ  40 %  des PGL  sont  génétiquement  déterminés,  secondaires  à
des mutations  constitutionnelles  de transmission  autosomique  dominante  dans la quinzaine  de  gènes  de
prédisposition connus  à  ce  jour.  Plus de la moitié des  mutations  siègent sur  un des gènes  SDHx (SDHA,
SDHB, SDHC,  SDHD, SDHAF2)  qui  codent  pour  les différentes  sous-unités  de la  succinate  déshydrogé-
nase, une  enzyme  mitochondriale.  Ces  différents  gènes  prédisposent  à des formes  précoces (VHL,  RET,
SDHD, EPAS1),  syndromiques  (RET, VHL,  EPAS1,  NF1,  FH), multiples  (SDHD,  TMEM127,  MAX)  ou
malignes (SDHB,  FH) de  PGL.  Ces  différents  gènes  activent  des voies de  tumorigenèse/cancérogenèse
différentes. La mise  en  évidence  d’une mutation  dans  un de  ces  gènes  de  prédisposition  va  changer  la prise
en charge  du  patient  et sa surveillance  et  aussi  permettre  le dépistage  génétique familial  et d’organiser
une surveillance  présymptomatique  de  la maladie  chez les  apparentés  porteurs  de la mutation.

© 2018 Elsevier Masson SAS.  Tous droits réservés.

Mots-clés  :  Phéochromocytome  ; Paragangliome  ;  Mutation  constitutionnelle  ; Gènes  SDHx  ;  Enquête  familiale
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�  Introduction

Les  paragangliomes  (PGL)  sont  des  tumeurs  endocrines  rares
qui  se  développent  aux  dépens  des  systèmes  ortho-  et parasympa-
thiques,  et  se  répartissent  le  plus  souvent  le  long  des  grands  axes
vasculaires.  Ils  peuvent  s’étendre  des ganglions  parasympathiques
(au  niveau  cervical)  à la  chaîne  ganglionnaire  sympathique  (au

niveau  thoraco-abdomino-pelvien).  Les PGL  localisés  dans  la  

médullo-surrénale  sont  appelés  phéochromocytomes  (PH).  

Ces  tumeurs  peuvent  se révéler  par  un  syndrome  de  compres-  

sion (atteintes  des  nerfs  crâniens  pour  les  PGL  cervicaux),  ou par  

un  syndrome  sécrétant.  En effet,  les  PGL  et  PH  peuvent  sécréter  

des  catécholamines  (dopamine,  noradrénaline,  adrénaline)  et être  

alors  révélées  par  des  signes  ou  complications  cardio-  ou  cérébro-  

vasculaires.  

Dix  à 15  %  des PGL  sont  d’évolution  maligne.  Le  diagnostic  de 

malignité  est  porté  sur  la  présence  d’une  métastase  ou d’une  dis-  

sémination  métastatique  à distance  d’un  site  paraganglionnaire  

(classification  WHO  2004  révisée  en  2017).  

Une  des  grandes  spécificités  de  cette  tumeur  est  son  fort  déter-
minisme  génétique  puisqu’il  est  considéré  aujourd’hui  que  le
PGL  est  la  tumeur  neuroendocrine  la  plus  impactée  par  la  géné-  

tique.  Environ  40  %  des PGL  sont  génétiquement  déterminés,  

secondaires  à  des  mutations  constitutionnelles  de  transmission  

autosomique  dominante  dans  une  quinzaine  de  gènes  de  prédis-  

position  connus  en  2017.  De  plus,  une  méta-analyse  réalisée  par  la  

Mayo  Clinic  a démontré  qu’environ  12  % des  patients  ayant  une  

présentation  apparemment  sporadique  de  la  maladie  (PGL  ou  PH  

unique,  survenu  à  un  âge  tardif,  et sans  contexte  familial)  sont  por-  

teurs  d’une  mutation  dans  un  de  ces  gènes  de  prédispositions [1].  

Mis  à part les  gènes  RET  et  HIF2A  qui  sont  des  oncogènes,  tous  les  

autres  gènes  sont  des  gènes  suppresseurs  de  tumeurs  (GST),  c’est-  

à-dire  que  le  mécanisme  de  tumorigenèse  nécessite  l’association  

d’une  mutation  constitutionnelle  et d’une  perte  d’hétérozygotie  

somatique  ou d’une  seconde  mutation  sur  l’autre  allèle,  confor-  

mément  au modèle  des  «  two  hits  » de  Knudson [2]. 
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Tableau 1.
Critères de diagnostic d’une neurofibromatose de type 1  (NF1) selon le
consensus du National Institutes of Health (NIH).

Deux critères ou plus, parmi la liste  ci-dessous, sont  suffisants
pour  poser le diagnostic de NF1

≥ 6 tâches café au lait (> 0,5 cm avant la puberté, > 1,5 cm après la
puberté)
Éphélides axillaires ou inguinales
≥ 2 neurofibromes quel que soit le type ou  1  neurofibrome
plexiforme
≥  2 nodules de Lisch
Une lésion osseuse évocatrice (dysplasie des ailes du sphénoïde, etc.)
Un  gliome des voies optiques
Un apparenté au premier degré avec une NF1

Tableau 2.
Phénotype (hors paragangliome) de la  maladie de von Hippel-Lindau et
des néoplasies endocriniennes multiples de type 2  (NEM2).

Maladie de von Hippel-Lindau NEM2

Hémangioblastome rétinien NEM2A

Hémangioblastome du SNC CMT, hyperparathyroïdie

Carcinome rénal à cellules claires NEM2B

Tumeur endocrine pancréatique CMT

Kystes pancréatiques
Tumeur du sac endolymphatique
Cystadénome épididymaire ou du
ligament large

Habitus marfanoïde
Gangliomatose digestive
Neurome muqueux

SNC : système nerveux central ; CMT :  carcinome médullaire de la thyroïde.

�  Génétique  constitutionnelle
des  paragangliomes

Formes syndromiques

Neurofibromatose  de  type  1  (gène  NF1)

Les  mutations  constitutionnelles  du  gène  NF1  sont  responsables
de  la  neurofibromatose  de  type  1  (NF1),  appelée  aussi  maladie
de  von  Recklinghausen,  pathologie  à  forte  pénétrance  de trans-
mission  autosomique  dominante  dont  la  prévalence  est  estimée  à
1/3000.  Le  diagnostic  est  clinique  et repose  sur  les  sept  critères  du
consensus  du  National  Institutes  of  Health  (NIH)  (Tableau  1) [3].  Le
diagnostic  de  NF1  peut  être posé  dans  95 % des  cas  sur  l’association
d’au  moins  deux  de  ces  critères  cliniques  dès  l’âge  de  11  ans [4].

Les  patients  avec  une  NF1  développent  des  PGL  dans  0,1  à 5,7  %
des  cas,  le  plus  souvent  à l’âge  adulte  dans  la  quatrième  décade [5, 6].
Les  patients  présentent  dans  la  grande  majorité  des cas des  PH,
de  découverte  incidente  dans  30  % des  cas [5]. Chez  un patient
avec  un  PH,  le diagnostic  de  NF1  est  souvent  simple  cliniquement.
Toutefois,  deux  études  ont  mis  en  évidence  une  mutation  consti-
tutionnelle  de  NF1  chez  quatre  patients  ayant  un PH  d’apparence
sporadique  au diagnostic.  Ces  patients  avaient  cependant  des  cri-
tères  phénotypiques  frustres  de  la  maladie  lors  de  la  réévaluation
clinique  spécialisée [7,  8].

Maladie  de von Hippel-Lindau  (gène  VHL)

Les  mutations  constitutionnelles  du  gène  VHL  mènent  à la
maladie  de  von  Hippel-Lindau  (VHL),  maladie  de  transmission
autosomique  dominante  dont  l’incidence  est  de  1/36  000.  Cette
pathologie  est  caractérisée  par  le  développement,  avec  une  péné-
trance  variable,  de  différentes  tumeurs  (Tableau  2).

Deux  grands  cadres  phénotypiques  ont  été  décrits  chez  les
patients  avec  un VHL,  fondés  sur  le  risque  de  développer  un  PH  :
le  VHL  de  type  1, où  le  risque  de  développer  un  PH  est  bas,  et
où  les  mutations  mises  en  évidence  sont  plus  fréquemment  des
mutations  tronquantes  du  gène  VHL, et le  VHL  de  type  2,  où  le
risque  de  développer  un PH  est  important.  Ce  VHL  de  type  2  est
subdivisé  en  trois  sous-groupes  : le  type  2A  où le  risque  de  cancer
du  rein  est  important,  le  type  2B  où le  risque  de  cancer  du  rein

est  faible  et,  enfin,  le  type  2C  où  les  patients  ne  développeront  

a priori  que  des  PH  ou  des  PGL [9, 10]. Dans  le  VHL  de  type  2,  les  

mutations  causales  sont plutôt  des  mutations  faux-sens  menant  à  

une  altération  forte  (2A  et 2B)  ou faible  (2C)  de  la  fonction  de  la 

protéine  VHL [11,  12]. 

Les  patients  porteurs  d’une  mutation  dans  le  gène VHL  ont  des  

PGL  volontiers  précoces  (avant  20 ans),  de  localisations  surréna-  

liennes  ou abdominales  et fréquemment  bilatéraux  (40  à 60  %  

des  cas).  On  retrouve  des  antécédents  familiaux  de  VHL  et/ou  des  

lésions  syndromiques  chez  deux  tiers  des  patients  (Tableau  3) [6, 13].  

Néoplasies  endocriniennes  multiples  de type 2 

(gène  RET)  

Les  mutations  gain  de  fonction  du  gène  RET  sont  respon-
sables  des  néoplasies  endocriniennes  multiples  de  type  2  (NEM2),  

touchant  1/30  000  individus.  Ces mutations  de  transmission  auto-  

somique  dominante  sont  des  mutations  récurrentes  survenant  

dans  les  exons  8, 10,  11,  13,  14,  15,  16,  qui  entraînent  une  

auto-activation  du  récepteur  tyrosine  kinase  RET.  Trois  tableaux  

cliniques  différents  sont  possibles  selon  le  siège  de  la  mutation.  Les  

corrélations  génotype-phénotype  sont  décrites  dans  le  Tableau  2  : 

les  NEM2A  ou  syndrome  de  Sipple  (70  à  80  % des cas),  les  NEM2B  

ou  syndrome  de  Gorlin  (5 %  des  cas),  et les  carcinomes  médullaires  

de  la  thyroïde  familiaux  ou syndrome  de  Farndon  (10  à  12  %  des  

cas) [14].  

Les  carcinomes  médullaires  de  la  thyroïde  (CMT)  font  la  gravité  

de  la  NEM2.  L’agressivité  du  CMT  est  corrélée  au  génotype  et  les  

mutations  RET  sont  classées  selon  l’agressivité  du  CMT  en  trois  

niveaux  (moderate,  high,  highest) par  l’American  Thyroid  Associa-  

tion [15]. 

Les  PH  sont  présents  dans  environ  50  %  des  patients  avec  une  

NEM2 [14] et peuvent  être  révélateurs  d’une  NEM2  dans  6  à 13  %  

des  cas [16].  

Syndromes  paragangliomes-polyglobulie  (gènes
EPAS1  et EGLN1)  

Des  mutations  constitutionnelles  gain  de  fonction  de  EPAS1  

(codant  pour  la protéine  hypoxia  inducible  factor  2A  [HIF2A])  

et perte  de  fonction  de  EGLN1  (codant  pour  la protéine  prolyl
hydroxylase  domain  2  [PHD2])  ont  été  décrites  dans  des  polyglobu-
lies  congénitales  de  transmission  autosomique  dominante [17,  18]. 

Depuis  2008,  deux  patients  ont  été  décrits  avec  des PGL  abdo-
minaux  associés  à une  polyglobulie  et  une  mutation  EGLN1 [19,  20]. 

L’équipe  de  Karel  Pacak  a décrit  en  2012  les  premières  mutations
de  EPAS1.  Ces  mutations  sont  des  mutations  gain  de  fonction  et 

ont  été  retrouvées  chez  des patients  avec polyglobulie  congéni-  

tale,  somatostatinome  et PGL [21].  Depuis,  d’autres  équipes  ont  

confirmé  ces  données.  Les  patients  avec  mutations  EPAS1  ont  

des  PGL  ou des  PH  multiples  dans  la moitié  des cas  et volon-  

tiers précoces [22].  Une  polyglobulie  est  retrouvée  dans  moins  de  la  

moitié  des cas et des somatostatinomes  uniques  ou multiples  sont  

présents  dans  un  quart  des  cas.  Ces  différentes  mutations  sont  pré-  

sentes  soit au  niveau  tumoral,  soit  à  l’état  de  mosaïque  somatique,  

et sont  donc  potentiellement  transmissibles  à la  descendance  que  

si  la  mutation  est  présente  dans  les  cellules  germinales [22].  

Paragangliomes héréditaires 

Gènes SDHx  

Les  gènes  SDHx  (SDHA,  SDHB,  SDHC,  SDHD  et SDHAF2) repré-  

sentent  presque  la moitié  des  gènes  porteurs  d’une  mutation  au  

niveau  constitutionnel  dans  les  PGL [6,  13, 23]. Ces  gènes  codent  

pour  la  succinate  déshydrogénase  (SDH)  ou  complexe  2  mito-  

chondrial,  qui  intervient  dans  deux  voies  métaboliques,  le  cycle  

de  Krebs  et la chaîne  respiratoire  mitochondriale.  La SDH  permet  

d’oxyder  le  succinate  en  fumarate  dans  le  cycle  de  Krebs,  et  le  

complexe  2  mitochondrial  intervient  dans  le  transfert  d’électrons  

dans  la  chaîne  respiratoire.  La  SDH  contient  deux  sous-unités  

d’ancrage  SDHC,  SDHD,  et deux  sous-unités  catalytiques,  SDHA  

et SDHB.  SDHAF2  est  responsable  de  la  flavination  de  SDHA,  qui  

est  essentielle  à  l’assemblage  du  complexe.  

2 EMC  - Endocrinologie-Nutrition
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Une  mutation  constitutionnelle  dans  l’un  des  gènes  SDHx  asso-
ciée  à  une  perte  d’hétérozygotie  au  niveau  somatique  mène  à une
perte  de  l’activité  enzymatique  de  la  SDH  et à  une  accumulation
de  succinate  dans  le  cytoplasme,  qui  va se  comporter  comme
un  oncométabolite [24].  Ces mutations  se  transmettent  de  façon
autosomique  dominante  pour  les  gènes  SDHA,  SDHB et SDHC, et
de  façon  autosomique  dominante  soumis  à empreinte  maternelle
pour  SDHD  et  SDHAF2. La majorité  des  PGL  secondaires  aux  muta-
tions  SDHx  sont  secondaires  à des  mutations  dans  les  gènes  SDHD
et  SDHB [23].  Des  différences  de  phénotype  peuvent  être observées
selon  le  gène  SDHx  muté  et  l’origine  parentale  de  la  mutation
(Tableau  3).

Les  mutations  dans  le  gène  SDHD,  quand  elles  sont  héritées  de  la
branche  paternelle,  favorisent  le  développement  de  PGL  cervicaux
(chez  plus  de  97 %  des  patients)  multiples,  dont  la pénétrance  est
de  86  %  à  l’âge  de  50  ans [25,  26], alors  que  les  sujets  ayant  reçu une
mutation  SDHD  transmise  par  la  branche  maternelle  développent
exceptionnellement  la  maladie [27].

Les  mutations  dans  le  gène  SDHB  ont  une  pénétrance  de  50  % à
l’âge  de  50  ans [28] et prédisposent  à  la malignité.  En  effet,  environ
la  moitié  des patients  porteurs  d’un  PGL  SDHB-dépendant  ont  une
forme  métastatique,  et une  mutation  constitutionnelle  du  gène
SDHB  est  retrouvée  chez  36  % des  patients  avec  un PGL  malin,
alors  qu’une  forme  maligne  n’est  retrouvée  que  chez  moins  de
5  %  des  patients  porteurs  d’une  mutation  dans  les  gènes  SDHD
et  SDHC [25, 26]. De  plus,  les  patients  ayant  un PGL  malin  SDHB-
dépendant  ont  un  plus  mauvais  pronostic  que  les  patients  ayant
un  PGL  malin  non  SDHB-dépendant [29].

Les  mutations  dans  les  gènes  SDHC,  SDHA,  SDHAF2  sont  rares  et
prédisposent  au développement  de  PGL  cervicaux  ou  abdominaux
selon  le  génotype  (Tableau  3) [30,  31].

Ces  mutations  SDHx  prédisposent  à  d’autres  types  de  cancers
rares.  Elles  sont  impliquées  dans  0,05  à  0,2  % des  cancers  du
rein,  principalement  à  cellules  claires [32].  Elles  sont  également
impliquées  dans  les  tumeurs  gastro-intestinales  stromales  (GIST)
sans  mutation  dans  PDGFRA  et KIT, où  elles  prédisposent  prin-
cipalement  à des formes  pédiatriques,  gastriques,  multiples  et
malignes [33]. Ces  GIST  secondaires  aux  mutations  SDHx  ou  à  une
épimutation  du  promoteur  de  SDHC  (hyperméthylation  du  pro-
moteur  de  SDHC)  peuvent  être  isolées  ou  s’intégrer  dans  la  triade
de  Carney  (association  GIST,  PGL  et chondrome  pulmonaire)  ou
du  syndrome  de  Carney-Stratakis  associant  GIST  et PGL [33, 34].

Enfin,  les  mutations  des gènes  SDHx  pourraient  être  impliquées
dans  la  prédisposition  aux  adénomes  hypophysaires,  mais  cette
implication  est  controversée,  notamment  car  l’activité  de  la SDH
dans  les  tumeurs  est  conservée  et  les immunohistochimies  anti-
SDHB  et  anti-SDHD  sont contradictoires  par  rapport  à  ce  qui  est
décrit  dans  les  PGL  et  PH [35, 36].

Gène  FH

Le  gène  FH  code  pour  la  fumarate  hydratase,  une  enzyme  qui
catalyse  l’étape  qui  suit  celle  de  la  SDH  dans  le  cycle  de  Krebs.

Les  mutations  constitutionnelles  de  ce  gène étaient  connues
pour  être  responsables  du  syndrome  hereditary  leiomyomatosis  and
renal  cell  cancer  (HRLCC) [37].  Les  patients  ayant  ce  syndrome  déve-
loppent,  dans  deux  tiers  des  cas,  des  léiomyomes  cutanés  et les
femmes  présentent  dans  plus  de  80  % des  cas  des  léiomyomes
utérins  dès  l’âge  de  30  ans.  Enfin,  dans  environ  20  %  des cas,  il
est  retrouvé  un  carcinome  papillaire  de  type  2,  qui  est  de  mauvais
pronostic [38].

L’équipe  des  auteurs  a récemment  montré  que  le  gène FH  était
également  impliqué  dans  les  PGL.  Des  mutations  constitution-
nelles  de  ce  gène  ont  été  identifiées  chez  des  patients  avec  un
phénotype  SDHB-like [24, 39] et peu  ou  pas  de  léiomyomes  ou  de
carcinome  rénal  associés.

Phéochromocytomes familiaux : les gènes
TMEM127 et MAX

Les  mutations  du  gène  TMEM127  prédisposent  quasi  exclusi-
vement  aux  PH,  souvent  bilatéraux,  parfois  familiaux  et  qui  se
développent  généralement  après  35  ans [40].

Ce  gène  est  également  impliqué  dans  la  prédisposition  aux  car-  

cinomes  rénaux  à  cellules  claires [41]. 

Les  mutations  du  gène  MAX, quant  à  elles,  prédisposent  aux  PH  

ou  aux  PGL  abdominaux  se  développant  souvent  avant  35  ans.  

La moitié  des  patients  ont  une  forme  bilatérale,  et une  histoire  

familiale  est  retrouvée  dans  40  % des  cas [42].  

Gènes rares 

Certains  gènes  n’ont  été  impliqués  que  pour  un  nombre  très
limité  de  patients,  comme  par  exemple  MDH2,  MET,  H3F3A,  

MERTK, KMT2D  et  KIF1B,  et la  réalité  de  leur  implication  reste  

encore  à démontrer  dans  des  études  plus  larges [43–46].  

�  Génétique  tumorale  

À  côté  des  mutations  constitutionnelles,  il  a  été  décrit  des  muta-  

tions  dans  l’acide  désoxyribonucléique  (ADN)  extrait  du  tissu
tumoral  dans  différents  gènes  de  prédisposition  aux  PGL  (VHL,
RET,  EPAS1  et,  surtout,  NF1) ou dans  d’autres  gènes  impliqués  

dans  l’oncogenèse  (HRAS,  TP53,  CDKN2A,  FGFR1,  etc.),  expli-  

quant  jusqu’à  30  %  des  PGL  sans  mutation  constitutionnelle,  ce  

qui  porte  à 60–70  %  le  nombre  de  PGL  génétiquement  déter-  

minés,  ce  qui  en  fait la  tumeur  avec  le  plus  fort déterminisme  

génétique [7, 47, 48]. Bien  qu’il  n’y  ait  pas  de  risque  de  transmission  

de  ces  mutations  somatiques  à la descendance,  la  connaissance  

de  ces  mutations  est  importante  pour  connaître  la  biologie  de  

la  tumeur  du  patient  et expliquer,  entre  autres,  le  phénotype
sécrétoire  de  ces  PGL/PH.  En  effet,  un  PGL  avec  une  mutation  

somatique  dans  le  gène  VHL  sécrète  préférentiellement  de  la nora-  

drénaline,  alors  qu’un  PGL  avec  une  mutation  somatique  NF1  ou  

RET  sécrète  préférentiellement  de l’adrénaline [7, 47].  De  surcroît,  

certaines  données  récentes  suggèrent  que  l’identification  d’une  

mutation  somatique  dans  les  gènes  ATRX,  ou KMT2D  pourrait  

être un  prédicteur  de  l’agressivité  de  la  tumeur [49,  50].  

�  Génétique  et  tumorigenèse  (Fig.  1)

Les  données  récentes  issues  des  études  de  génomique  ont  per-
mis  de  mieux  comprendre  les  mécanismes  de  tumorigenèse  des
PGL.  En effet,  il a  été  démontré,  grâce  aux  études  de  transcrip-
tomique,  que  les  PGL  se  répartissent  en  trois  différents  clusters,  

reflétant  des  mécanismes  de  tumorigenèse  différents [47, 51] : 

le  cluster  pseudo-hypoxique,  le  cluster  mitogen-activated  protein  

kinase  (MAPK)  et le  cluster  Wnt/�-caténine.  Le  premier  cluster  

regroupe  les  tumeurs  secondaires  aux  mutations  SDHx,  FH, VHL  

et HIF2A.  Ce  groupe  est  caractérisé  par  une  activation  de  la  voie  

de  l’angiogenèse  et de  l’hypoxie  du  fait  d’une  stabilisation  anor-  

male  des  facteurs  de  transcription  de  réponse  à l’hypoxie  HIF-1  

et HIF-2  et  mène  à  une  pseudo-hypoxie.  Les  protéines  HIF asso-  

cient  une  sous-unité  exprimée  de  façon  constitutionnelle  (HIF�)  

à une  des  sous-unités  induite  par  l’hypoxie  (HIF1�  ou  HIF2�).  

En situation  physiologique  et normoxique,  les  HIF�  sont  dégra-  

dées  rapidement  grâce  à l’hydroxylation  de  deux  prolines  par
les  PHD,  permettant  la  fixation  de  VHL  et  ainsi  leur  polyubi-
quitination  et leur  dégradation  dans  le  protéasome.  En  absence  

d’oxygène,  les  PHD  ne  peuvent  plus  assurer  l’hydroxylation  des  

HIF�, qui  sont donc  stabilisés  et  transloqués  dans  le  noyau.  Les 

mutations  des  gènes  SDHx  et FH  mènent  à l’accumulation  de  suc-  

cinate  et de  fumarate  dans  les  PGL  respectivement,  qui  jouent  

un  rôle  d’inhibiteur  compétitif  des dioxygénases  dépendantes  du  

2-oxyglutarate  (dont  les  PHD),  et  conduit  donc  à une  stabilisa-  

tion  anormale  des  HIF [52, 53]. L’activation  de  la  pseudo-hypoxie  

induit  l’activation  de  gènes  cibles,  impliqués  entre  autres  dans  

la  prolifération  cellulaire,  l’angiogenèse,  la  survie  et la  transition  

épithélio-mésenchymateuse [54].  Par  ailleurs,  l’équipe  des auteurs  

a démontré  que  des  modifications  épigénétiques  intervenaient  

également  dans  les  PGL  SDHx  et  FH. En  effet,  l’accumulation  

de  succinate  et de  fumarate  dans  ces  PGL  est  responsable  

de  l’inhibition  de  l’activité  d’autres  dioxygénases  dépendantes  

du  2-oxoglutarate,  les  enzymes  ten-eleven  translocation  (TET),  
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Figure 1. Voie de tumorigenèse des paragangliomes selon le  génotype. Les protéines entourées en vert sont codées par des gènes suppresseurs de tumeur
et celles entourées en rouge par  des oncogènes. ADN : acide désoxyribonucléique ;  TCA : cycle des acides tricarboxyliques ;  NF1 : neurofibromatose de
type 1 ; HIF2� : hypoxia inducible factor 2�.

impliquées  dans  la déméthylation  de  l’ADN,  et  les  déméthylases
des  histones,  conduisant  ainsi  à  une  hyperméthylation  globale  de
l’ADN  et  à  des  modifications  structurelles  de  la  chromatine.  Ces
modifications  mènent  à  la sous-expression  de  différents  gènes,
notamment  de  GST,  et de  gènes  répresseurs  des  processus  méta-
statiques,  ainsi  que  la  sous-expression  des  gènes  impliqués  dans
la  différenciation  chromaffine [24].

Le  deuxième  grand  mécanisme  de  tumorigenèse  des PGL
implique  la  voie  des MAPK  et la  voie  mechanistic  target  of  rapa-
mycin  (mTOR),  retrouvées  activées  dans  les  PGL  secondaires  aux
mutations  des  gènes  RET,  NF1, TMEM127,  et MAX.  Le  gène  RET
code  pour  un  récepteur  à activité  tyrosine  kinase  activant  la  voie
des  MAPK.  La  guanosine  triphosphate  (GTP)ase  NF1  est impli-
quée  dans  la  régulation  de  la  voie  de  l’oncogène  Ras,  première
étape  de  la  voie  des  MAPK  et qui  régule  la  voie  protéine  kinase  B
(AKT)/mTOR.  Les  mécanismes  exacts  de  l’activation  de  ces  voies
dans  les  PGL  secondaires  aux  mutations  MAX  et  TMEM127  ne
sont  pas  encore  bien  connus  mais  font  également  intervenir  la
signalisation  mTOR [42,  47].

Enfin,  il  a  été  récemment  mis  en  évidence  un  troisième  clus-
ter  sur  le  transcriptome  marqué  par  une  activation  de  la  voie
Wnt/�-caténine,  une  voie  impliquée  dans  la  genèse  de  nom-
breuses  tumeurs [51].

�  Implications  des avancées
de  la  génétique  pour  les patients
ayant  un  paragangliome

Test génétique

Devant  cette  forte  composante  génétique  dans  la  genèse  des
PGL,  il  doit  être systématiquement  proposé  à  chaque  patient

atteint  de  bénéficier  de  l’analyse  de  ces  différents  gènes  au  niveau  

constitutionnel.  Les  tests étaient  antérieurement  faits  de  façon  

séquentielle,  et  orientés  selon  le  phénotype  du  patient  ainsi  

que,  dans  certains  cas,  sur  les  résultats  d’immunohistochimies  

anti-SDHB,  SDHA,  MAX [42,  55, 56].  En  effet,  un  immunomar-  

quage  anti-SDHB  négatif  est  en  faveur  d’une  mutation  dans  

un  des gènes  SDHx,  alors  qu’un  immunomarquage  anti-SDHA  

ou  anti-MAX  négatif  oriente  respectivement  vers  une  muta-  

tion  du  gène  SDHA,  ou une  mutation  tronquante  du  gène  

MAX. 

Cette  approche  est  de  moins  en  moins  utilisée  avec  la géné-
ralisation  des  panels  de  séquençage  haut  débit,  permettant  de  

séquencer  en  une  fois  l’intégralité  des  gènes  du  PGL [57].  Tou-  

tefois,  la  description  détaillée  du  phénotype  du  patient  et les  

analyses  immunohistochimiques  peuvent  permettre  de  valider  

les  variations  génétiques  de  signification  inconnue  identifiées  

qui  sont  beaucoup  plus  fréquentes  avec  les  nouvelles  techniques  

de  séquençage  haut  débit  (next  generation  sequencing  [NGS]).  Des  

recommandations  internationales  ont  été  récemment  publiées  

pour  la réalisation  du  test  génétique  du  PGL  par  NGS [57]. 

Intérêt du statut génétique pour le suivi
du patient et de ses apparentés 

Les  recommandations  américaines  et européennes  sur  la  prise  

en  charge  du  PGL  ont  mis l’accent  sur  le  fait que  les  patients  avec  

une  forme  génétique  de  PGL  devaient  être suivis  de  façon  adaptée  

à leur  génotype [58,  59]. 

La  mise  en  évidence  d’une  mutation  constitutionnelle  va  

permettre  de  surveiller  l’occurrence  des différentes  lésions  syn-  

dromiques,  de  proposer  une  surveillance  à vie  du  fait  des risques  

de  récurrences  et de  malignité [59],  et d’orienter  sur  le  type  

d’examens  qui  composent  le  suivi  chez  ces  patients  (par  exemple,  

les  patients  ayant  un  PGL  métastatique  SDHB-dépendant  peuvent  

EMC - Endocrinologie-Nutrition 5



10-015-B-55 � Génétique des phéochromocytomes et paragangliomes

Tableau 4.
Proposition de suivi des patients asymptomatiques porteurs d’une
mutation dans un des principaux gènes de prédisposition aux
paragangliome/phéochromocytome.

Gène Surveillance des adultes asymptomatiques

SDHB Pression artérielle annuelle
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel
IRM corps entier tous les deux à trois ans
TEP 18FDG-TEP si anomalie à  l’IRM

SDHD Pression artérielle annuelle
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel
IRM corps entier tous les deux à trois ans
TEP fluoro-DOPA si anomalie à l’IRM

SDHC  ou SDHA Pression artérielle annuelle
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel
IRM corps entier tous les deux à trois ans

VHL Pression artérielle annuelle
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel
Examen du fond de l’œil annuel
IRM du SNC tous les deux ans
IRM abdominale ou  échographie abdominale en
alternance annuelle

FH  Pression artérielle annuelle
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel
Examen gynécologique et dermatologique annuel
IRM abdominale annuelle

RET Pression artérielle annuelle
Dosage de  la calcémie annuel
Dosage de  la thyrocalcitonine annuel (en l’absence
de thyroïdectomie)
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel

NF1 Pression artérielle annuelle
Si  HTA : dosage des dérivés méthoxylés
plasmatiques ou  urinaires et imagerie abdominale

TMEM127

ou MAX

Pression artérielle annuelle
Dosage des dérivés méthoxylés plasmatiques ou
urinaires annuel
IRM abdominale tous les deux à trois ans

SNC : système nerveux central ;  IRM : imagerie par résonance magnétique ; HTA  :
hypertension artérielle ; TEP 18FDG : tomographie à  émission de positrons au
18-fluorodésoxyglucose.

bénéficier  d’un  suivi  régulier,  entre  autres  composé  d’une  tomo-
graphie  à  émission  de  positrons  au  18-fluorodésoxyglucose  [TEP
18FDG] [58, 60,  61],  voire  d’orienter  le  traitement  en  cas de  forme
métastatique [62]).

Finalement,  la  mise  en  évidence  d’une  mutation  dans  un  de  ces
gènes  de  prédisposition  permet  de  proposer,  comme  il  s’agit  d’une
maladie  de  transmission  autosomique  dominante,  un  dépistage
présymptomatique  aux  apparentés  dans  le  cadre  prévu  par  la  loi
(article  R.1131-5  du  Code  la  santé  publique)  et,  s’ils  sont  por-
teurs  de  la  mutation,  les  faire  entrer  dans  un protocole  de  suivi
adapté  dans  un  centre  expert.  Des  recommandations  de  suivis
selon  le  génotype  ont  été  proposées [23,  59] mais  malheureusement
ne  reposent  uniquement  que  sur  des  avis  d’experts.  Une  proposi-
tion  de  suivi  de  ces  patients  est  reportée  dans  le  Tableau  4.

�  Conclusion

L’évolution  de  la  connaissance  de  la  génétique  du  PGL  ces  15
dernières  années  a permis  de  mieux  comprendre  la  tumorigenèse
de  ces  tumeurs  et surtout  de  mieux  surveiller  et prendre  en  charge
les  patients  porteurs  d’une  forme  génétique  ainsi  que  leurs  appa-
rentés.

“ Points  essentiels

• Les  paragangliomes  ont  une  forte  prédisposition  géné-
tique  nécessitant  de proposer  à tous  les  patients  une
consultation  de génétique.
• La  grande  majorité  des  mutations  surviennent  dans  les
gènes  SDHD  et  SDHB.
• Les  mutations  constitutionnelles  du  gène  SDHD  prédis-
posent  aux  paragangliomes  cervicaux  multiples.
• Les  mutations  constitutionnelles  du  gène  SDHB prédis-
posent  aux  paragangliomes  malins.
• L’identification  d’une  mutation  sur  un  gène de  prédis-
position  doit permettre  au patient  d’avoir  un  suivi  adapté
à  son risque  génétique.

Déclaration de liens d’intérêts : les auteurs déclarent ne pas avoir de  liens 

d’intérêts en relation avec cet article. 
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