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Abstract

Paragangliomas (PGL) of the adrenal (also known as pheochromocytomas) or extra-adrenal neural
crest-derived cells are highly heritable tumors, usually driven by single pathogenic variants that
occur mutually exclusively in genes involved in multiple cellular processes, including the response
to hypoxia, MAPK/ERK signaling and WNT signaling. Discovery of driver mutations has led to
active clinical surveillance with outcome implications in familial PGL. The spectrum of mutations
continues to grow and reveal unique mechanisms of tumorigenesis that inform tumor biology

and provide the rationale for targeted therapy. Here we review recent progress in the genetics

and molecular pathogenesis of PGLs and discuss new prospects for advancing research with new
disease models and ongoing clinical trials presented at the recent International Symposium of
Pheochromocytomas and Paragangliomas (ISP2022) held in October 2022 in Prague.
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Introduction

The 6th International Symposium on Pheochromocytoma (1SP2022) took place in Prague,
Czech Republic from 19 to 22 October 2022 five (and not the usual three) years after
the previous edition held in Sydney, Australia in 2017 due to delays caused by the
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COVID-19 pandemic. In the intervening years, two international meetings related to
pheochromocytomas (PCC) and paragangliomas (PGL) took place, Multiple Endocrine
Neoplasia Workshop 2019 (in Houston) and 2021 (virtual). In 2019, the session dedicated to
the metastatic forms of PCC and PGL was reported in a special issue of Endocrine-Related
Cancer (Dahia et al., 2020). Here we summarize some key insights on the genetics of these
tumors published or presented over the past years, along with our predictions for future
progress in this active field of research.

New WHO classification.

The WHO/IARC has historically defined pheochromocytomas and paragangliomas

as distinct entities. The 5th series of the WHO classification of endocrine and
neuroendocrine tumors published in 2022 describes clearly pheochromocytomas as part
of the paraganglioma family of tumors by defining pheochromocytoma as neuroendocrine
neoplasm that originates from chromaffin cells of the adrenal medulla and as an intra-
adrenal paraganglioma (PGL) (Mete et al., 2022). A sympathetic PGL is defined as a
neuroendocrine neoplasm that develops from neural crest-derived progenitors in paraganglia
associated with the prevertebral and paravertebral sympathetic chains, sympathetic nerve
plexuses, and sympathetic nerve fibers. Parasympathetic PGLs are well differentiated non-
epithelial neoplasms derived from paraganglion cells of the autonomic nervous system. In
this review, we will adopt this new nomenclature.

In the absence of clear features that can predict metastatic behavior, all patients with PGL
are currently considered to have a lifelong risk of metastases; therefore conceptually all
PGLs of any location are considered as potentially metastatic. On the other hand, it is

worth noting that identification of metastases is especially complex in patients with germline
predisposition syndromes, as multiple lesions may represent multifocal primary tumors
rather than metastatic spread. The review also notes that even the identification of PGL
tissue in unusual locations such as the lung or liver does not necessarily imply the diagnosis
of metastases, as these may be primary paraganglial locations. The value of sustentacular
cells and Ki67 labeling as prognostic features is also discussed in this new classification. A
TNM staging system for PGLs (adrenal and extra-adrenal sympathetic PGLS), introduced in
the 8th edition of the AJCC Cancer Staging Manual, has now been included in the WHO
classification. From a molecular perspective, WHO experts report that germline mutations

in SDHB confer the highest risk of metastasis and that mutations in ATRX, or SETD2,

high total somatic mutation burden, MAML3 fusion genes, altered WNT pathway and TERT
activation have also been associated with increased metastatic risk (Mete et al., 2022).

The PGL genetic testing in routine practice changes the patients’ outcome

In 2020, the working group on endocrine hypertension of the European Society of
Hypertension clearly stated that genetic studies should be considered for any patient
diagnosed with PGL because these tumors carry the highest known heritability rate of
any human neoplasm, and because genetic alterations currently explain almost 80% of all
cases. Regarding the latter, approximately 40-50% of the cases are explained by germline
mutations in one PGL susceptibility gene identified in patients affected by an hereditary
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form of the disease, and 40-60% of them by somatic mutations identified in the tumor(s) of
patients with sporadic disease (Lenders et al., 2020).

The impact of the knowledge of the genetic status at the time of the first PGL diagnosis

was evaluated by Buffet and collaborators in a retrospective multicentric study (Buffet et al.,
2019). The study compared the management and outcome of 221 patients diagnosed with
PGL carrying mutations in SDHx or VHL who were informed of their positive genetic status
either within the first year or more than 7 years after the initial diagnosis of PGL. Fewer
patients were lost to follow-up in the group who received their genetic result in the first

year after diagnosis compared to those who were tested later (9.6% vs 72%, respectively),
and during follow-up, the former group developed smaller new PGLs with lower metastatic
spread. In addition, patients of this group who developed metastases had a better 5-year
survival rate than patients who did not undergo genetic testing at diagnosis (Buffet et al.,
2019). That study showed for the first time the positive impact of early knowledge of
genetic status, especially those with SDHB variants, as this diagnosis triggers a specialized
active surveillance screening program for management of mutation-carriers. This impact

in the prognostic value of SDHB-related PGL was illustrated in the MAPP-Prono study

(169 patients with metastic PGL) whereby the identification of an SDHB mutation lost

its significance as a prognostic factor of worse overall survival in these closely monitored
individuals, supporting the value of active surveillance in these patients (Hescot et al., 2019).

The impact of genetic screening was recognized, among other recommendations, as relevant
for the management of metastatic and unresectable PGLs by a multidisciplinary panel
convened by The North American Neuroendocrine Tumor Society (NANETS) (Fishbein et
al., 2021).

New PPGL susceptibility genes.

Over the years, new genes related to the susceptibility to develop PGL have been identified.
In this regard, it is worth highlighting the power of massive sequencing platforms, which,
together with the genomic characterization of these tumors, have made it possible to
recognize the genetic drivers of an additional percentage of patients, whose families will
now be able to benefit from appropriate genetic counseling and clinical surveillance.

DNA methyltransferase 3 alpha (DNMT3A) gene.

DNMT3A encodes one of the two de novo DNA methyltransferases, DNMT3A and
DNMT3B, and is responsible for establishing DNA methylation patterns during embryonic
development and gametogenesis in mammals (Bestor, 2000). The implication of this
epigenetic modifier in the development of PGL was first demonstrated by Remacha and
colleagues (Remacha et al., 2018), who described a de novo germline mutation in DNMT3A
in a 22-year-old woman diagnosed with 9 head and neck (H&N) PGLs. Functional
characterization of the variant detected in this patient, c.896 A>T, p.Lys299lle, and detailed
analysis of the genomic characteristics of the available PGLs supported an impact of this
mutation in DNMT3A function. Overall, these experiments suggested a gain-of-function
effect, which was consistent with the hypermethylated profile observed in the tumors with
this variant. A second study confirmed the role of DNMT3A in the susceptibility to develop
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H&N PGL (Table 1). The patient presented with multiple clinical features, a finding that
suggested a heterogeneous phenotypic spectrum related to DNMT3A germline variants
(Mellid et al., 2020).

Dihydrolipoamide S-Succinyltransferase (DLST) gene.

DL ST encodes the E2 subunit of the mitochondrial a-ketoglutarate (aKG) dehydrogenase
(OGDH) complex, which catalyzes the overall conversion of aKG to succinyl-CoA and
CO2 in the tricarboxylic acid (TCA) cycle. Mutations in DLST cause the PGL7 tumor
predisposition syndrome (OMIM 618475), and have been found in 0.6-3% of PPGL
patients. All DLST-related patients described so far were diagnosed with multiple tumors
in the thoraco-abdominal region, without mutations in other PPG-related genes (Remacha
etal., 2019) (Buffet et al., 2021) (Table 1). PGLs harboring these DLST mutations display
altered methylation and transcriptional profiles similar to those observed in £PASI-mutated
tumors, suggesting a connection between DLST functional abrogation and pseudohypoxia.

Succinate-CoA Ligase GDP-Forming Subunit Beta (SUCLG2) gene.

Succinyl-CoA ligase is a TCA cycle enzyme which catalyzes reversible conversion

of succinyl-CoA and adenosine diphosphate (ADP). It is composed of a heterodimer
comprising a subunit encoded by SUCL G1 and an ATP-forming encoded by SUCLAZ or

a GTP-forming subunit encoded by SUCLGZ2. Among 352 patients with PGL, 1 frameshift
and 7 missense variants were recently identified in the SUCLGZ gene (Hadrava Vanova et
al., 2022) but this first report suffered of limitations (no familial aggregation, two SUCL G2
variants classified as benign or likely-benign variants due to their frequency in gnomAD,
incomplete functional studies and lack of evidences for loss of heterozygosity, etc), which
were described in the editorial accompanying the paper (Ney and Stewart, 2022). Thus,
additional studies are still needed before considering SUCLGZ2as a hew PGL susceptibility
gene (Table 1).

News from “old” PGL susceptibility genes

Kinesin Family Member 1B (KIF1B) gene.

The KIF1B gene has been suspected to be a PGL susceptibility gene in few reports but its
involvement is still debated. Cardot-Bauters and collaborators published in 2008 a family
carrying a K/F1B missense variant but without a second mutation in the other allele or
loss of heterozygosity at the somatic level (Yeh et al., 2008). They recently extended their
study because one brother of the proband, who did not carry the K/F1B variant, developed
a bilateral PCC at 31 years. A MAX variant was identified in the germline DNA of that
patient but also in all his relatives affected by pheochromocytoma suggesting that the genetic
susceptibility to PCC is linked to the MAX variant rather than to the K/F1B’s one in

this family (Cardot-Bauters et al., 2008). While evidence for the role of K/F1Bin neural
crest-related tumorigenesis and in neuroblastomas seems to be supported in independent
studies (Fell et al., 2017), the Cardot-Bauters et al report further strengthens the view that
KIF1B s probably not a PGL susceptibility gene.
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Endothelial PAS Domain Protein 1 (EPAS1) gene.

Somatic mutations of the £PASI gene, encoding for the hypoxia-inducible factor 2a
(HIF2a) transcription factor, are highly prevalent in PGLs. Notably, these mutations

are detected in patients with congenital cyanotic heart disease at a higher than 10-fold

rate compared with the frequency of £EPASI mutations in sporadic PGL (~90% vs.

~6-7%), suggesting that these mutations are under selective pressure in the specific clinical/
environmental conditions experienced by these patients (Vaidya et al., 2018, Ogasawara et
al., 2022). Of high translational relevance, the first description of a sustained therapeutic
response was recently reported in a patient with polycythemia and multiple inoperable
paragangliomas caused by a mosaic germline £PASI variant who was treated with
belzutifan, a selective small-molecule inhibitor of HIF2a. (Kamihara et al., 2021). This
experience should encourage molecular geneticists to investigate such variants in tumoral
DNA and also in the germline DNA (in search for mosaicism) by deep sequencing or digital
droplet PCR, and should prompt the design of new trials to determine the efficacy of this
drug for EPASI-mutated states (Toledo et al., 2022).

Refined methodology to improve genetic variant identification.

Over the past few years, technical advances in next generation sequencing methods applied
to germline and tumoral DNA associated with the decreased cost of sequencing have
allowed the introduction of whole exome or genome sequencing in research and also in
routine practice. Non classical pathogenic variants and rare genetic variants became more
easily accessible and were reported in patients for whom the causative germline or tumoral
variant was still unknown (Ben Aim et al, 2019). For instance, the diagnosis of germline
mosaicism in PGL susceptibility genes became possible in the same assay, by identification
of a variant in a minority of reads in germline DNA and in the majority of reads in its
matched tumoral DNA. Whereas a minor peak on electropherogram of Sanger sequencing
can be misinterpreted as an artefact, droplet digital PCR allows to precisely quantify a low
level of mosaicism in DNA extracted from leukocytes or other tissues. By this way, the first
case of constitutional mosaicism of SDHB mutation was reported in a young patient with a
norepinephrine producing extra-adrenal PGL (Cardot-Bauters et al., 2019).

Intronic deep mutations were reported in PGL susceptibility genes. An international effort
from the US and Europe brought new evidence for pathogenicity of deep intronic variants

in the VHL gene in a cohort reassembling 1,167 patients with a previous negative genetic
testing. Six different genetic variants were discovered in a cryptic exon of VAL, named

E1’, which was previously identified in deep intronic sequence but not usually included

in the target gene panels (Buffet et al., 2020). A study from Australia demonstrated the
activation of an exonic splicing enhancer by a genetic variant located in +74 position of
SDHC gene (De Sousa et al., 2020). Other deep intronic pathogenic variants would likely

be more detected and involved in PGL pathogenesis in the upcoming years. Synonymous
variants at non canonical splice sites but which may nonetheless impair splice, such as in the
case of the VHL gene were demonstrated as being pathogenic in patients affected by a von
Hippel Lindau disease or familial erythrocytosis (Lenglet et al., 2018, Flores et al., 2019, Liu
et al., 2020, Buffet et al., 2020).
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Incidental genetic findings were also discovered due to these highly sensitive technologies.
This was the case in two recently published case Reports: the first described the
simultaneous identification of germline mutations both in SDHB and in 7P53in a patient
with metastatic pheochromocytoma (Gniado et al., 2020), and the second reported germline
mutations in the FLCNand SDHB genes in a patient with metastatic renal cell carcinoma
(Boland et al., 2020). Noteworthy, these discoveries raise new challenges for the practice of
genetic counseling and recommendations on the surveillance of patients and relatives.

Fusion genes.

Recombinant fusions have only recently begun to be recognized and evaluated in PGL.
Rare fusion genes, involving MAML3, BRAF, NGFR, and NF1, were first discovered by
RNA sequencing in The Cancer Genome Atlas PPGL study (Fishbein et al., 2017). Fusions
recurrently involving the MAML 3 transcription factor, especially the UBTF.:MAML3
fusions, were associated with a novel molecular cluster that had not been previously
recognized in PGL oncogenesis. The UBTF.: MAML3fusion leads to expression of Wnt
targets and appears to be associated with an aggressive phenotype (Alzofon et al., 2021).
UBTF.:: MAML3, but also EWSR1:: CREM fusion gene, which was recently reported in

a patient with a metastatic PGL should be further investigated as prognostic biomarkers
(Javaid et al., 2022).

The RET gene is a well-established PGL susceptibility gene as part of Multiple Endocrine
Neoplasia type 2A and type 2B syndromes, and less commonly as a somatically mutated
oncogene, but only recently was it detected as part of recombinant fusion in PGLs
(Mweempwa et al., 2021, Estrada-Zuniga et al., 2022). These fusions are distinct from
conventional RET rearrangements detected in epithelial cancers such as lung and thyroid
(Grieco et al., 1990, Kohno et al., 2012, Santoro et al., 2020) in the positioning of the

fusion partners. In PGLs, RET is the 5’ partner of the fusion, while in epithelial tumors,

it is invariably positioned as the downstream parter of the fusion. Despite this distinct
recombination architecture, RET fusions in PGLs share other features of the more typical
RET recombinant proteins: they lead to constitutive activation of RE7 and its downstream
effectors, endow target cells with oncogenic phenotypes(Santoro et al., 2020, Ou and Zhu,
2020, Estrada-Zuniga et al., 2022), and are responsive to highly selective, clinical grade RET
inhibitors selpercatinib and pralsetinib (Subbiah et al., 2018, Thein et al., 2021, Wirth et

al., 2020, Estrada-Zuniga et al., 2022, Mweempwa et al., 2021). These findings suggest that
identification of gene fusion involving the RET gene should open the way to a treatment
with RET inhibitors in patients with metastatic or inoperable PGL. Due to its prognostic and
therapeutic value, the search for fusion genes in PGL at the tumor level by transcriptome

or whole genome sequencing should be added to the genetic testing arsenal of PGLs that
remain without a recognizable driver event, especially those belonging to the kinase cluster.

New tools for accurate variant’s classification.

Nowadays, the major challenge for the molecular geneticists in charge of PGL diagnosis
remains to correctly classify molecular variants identified by NGS. In 2017, the

NGS in PPGL (NGSnPPGL) study group (ENS@T/PRESSOR) published standardized
recommendations and initiated an international effort to collect, annotate and classify
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variants in order to develop gene-centric curated database of PGLs (Group et al., 2017).
Following this initiative, 223 SDHB variants from 737 patients were collected worldwide
and manually curated by a panel of experts from the NGSnPPGL study group who
established a consensus classification. This curation reduced by half the variants initially
classified as variants of unknown significance (Ben Aim et al., 2022). The SDHB variants
classified by these experts are now freely available and publicly accessible via the Leiden
Open Variation Database (LOVD) system (https://databases.lovd.nl/shared/genes/SDHB).

There have also been advances in our annotation of 7TMEMI127 variants. Recent structure-
functional studies revealed additional features of TMEM127, including a 4™ transmembrane
domain and an endocytic domain (Flores et al., 2020). These findings provided the basis for
preliminary evaluation of a new classification of variant pathogenicity in 111 carriers, and
supports the location of nonconserved missense mutations in transmembrane domains as a
likely feature of pathogenic variants (Armaiz-Pena et al., 2021) Most of these variants have
been deposited in LOVD (https://databases.lovd.nl/shared/genes/ TMEM127).

New insights for asymptomatic mutation carriers.

An international panel of experts has established a consensus statement in following

the Delphi method focused on the management of SDHx asymptomatic mutation-carriers
detected by familial genetic testing. An algorithm for screening and follow-up was proposed
during adulthood and childhood. The experts proposed first screening at an earlier age (6

to 10 years old) for asymptomatic SODHB mutation carriers than for carriers of mutations

in the other SDHXx genes (10 to 15 years old) and recommended using magnetic resonance
imaging as first-line imaging in children. If an SDHx mutation-carrier never developed any
tumor related to SDH deficiency, screening tests could be delayed to every 5 years after

70 years of age and follow-up could be stopped at 80 years of age (Amar et al., 2021).

A retrospective multicentric study reported 249 asymptomatic SDHx mutation carriers who
benefited from at least one imaging work-up. Imaging screening detected tumors in 20% of
asymptomatic SDHx mutation carriers with a median age of 41 years old [11-86] (Saie et al.,
2021). Similar proportions have been reported in other two independent multicenter studies
(Davidoff et al., 2022, Greenberg et al., 2020), demonstrating that current SDHx screening
protocols are effective at identifying SDHx-related tumors. The benefits of surveillance

of asymptomatic mutation-carriers starting at childhood have been reported by Vibert and
collaborators in the context of the von Hippel-Lindau disease, for which genetic testing

is recommended starting at 5 years of age. In a small series of 16 children diagnosed as
VHL mutation-carriers, follow-up examinations performed in a specialized expert network
detected 11 tumors in 6 children but all had a favorable outcome (Vibert et al., 2022).

ISP2022 highlights in approaches and models for PGL Research.

A recent multi-institutional research effort led by Richard Tothill examined a group of

30 PGLs carrying mutations in various susceptibility genes at single nuclei transcriptome
resolution (Zethoven et al., 2022) . Different expression subgroups were identified
corresponding to former recognized transcriptomic clusters driven by genotype: C1A
(SDHX), C1B1 (VHL), C1B2 (EPASI), C2A (Kinase), C2B1 (MAX), and C2B2 (MAMLS3).
In addition, VHL, SDH and EPASI-mutated groups were enriched in stromal cells and
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tumor nuclei and showed enhanced hypoxia-related signaling. Intriguingly, tumors with
MAML3fusions, often linked to aggressive outcomes, showed a high expression of VEGFA
and £PASI suggesting a HIF-pathway activation by still unknown mechanisms. Metastatic
SDHx-related PGLs displayed an increase in proliferation markers and reduced number of
Schwann-cell-like cells. The orphan receptor GPR139emerged as one of the overexpressed
genes in metastatic tumors and should be further investigated as a potential target for
treatment.

The scarcity of experimental models in PGLs has been an important unmet need in research.
New and promising research models were presented at ISP2022, including two new Sahb-
deficient mouse strains (Gupta et al., 2022, Armstrong et al., 2022). Another emerging
model of patient tumor-derived organoid cultures that may be amenable to drug screens
may provide interesting information on therapeutic profile of PGLs (Dahia, Soragni et al,
unpublished observations). Follow up work in these models is highly anticipated.

Future of clinical trials in PGL

Funding

Lastly, the next big frontier in PGL research will come from new therapies based on
strong biological rationale and which are being tested in new clinical trials. The results

of the first international randomized study in metastatic progressive PGL (FIRSTMAPPP,
NCTO01371201) investigating sunitinib (37.5 mg/d) or placebo were first presented during
European Society of Medical Oncology Congress 2021 and at ISP2022. The median PFS
was 8.9 months in the sunitinib arm versus 3.6 months in the placebo. This academic
double-blind trial, in which 78 patients were enrolled, provided the highest level of evidence
available thus far, and established sunitinib as the first-line option for affected patients
with progressive metastatic PGL (Baudin et al., 2021). On the heels of its approval by

the FDA for the treatment of VHL-related tumors (Jonasch et al., 2021), an international,
multi-institutional phase 2 clinical trial of belzutifan was launched for patients with
locally advanced or metastatic PPGLs (NCT04924075). This trial recently completed its
recruitment, and the PGL field expects with great anticipation the results of this and other
trials grounded by preclinical research to guide the future of PGL treatment.

A P G-R receives funding support from from the European Commission FP7 Research and Innovation Funding
Program for 2007-2013 (n° 259735), the European Union's Horizon 2020 research and innovation program under
grant agreement No 633983, the Institut National du Cancer and Direction Générale de I’Offre de Soins (DGOS),
Programme de Recherche Translationnelle en cancérologie (PRT-K 2014, COMETE-TACTIC, INCa_DGOS_8663)
and the Cancer Research for Personalized Medicine- CARPEM project (Site de Recherche Intégré sur le Cancer-
SIRIC). Her team is supported by the Ligue Nationale contre le Cancer (Equipe Labellisée). M.R is funded

by grants from the Instituto de Salud Carlos 111 (ISCIII), through the “Accion Estratégica en Salud” (AES)

(project P120/01169), Paradifference Foundation, and the Pheipas Association. P.L.M.D is supported by Hayes
Distinguished Endowed Chair in Oncology, NIH-NIGMS (GM114102), NIH-NCI (CA264248), Neuroendocrine
Tumor Research Foundation, VHL Alliance, and the University of Texas System STARS award.

References

ALZOFON N, KOC K, PANWELL K, POZDEYEV N, MARSHALL CB, ALBUJA-CRUZ M,
RAEBURN CD, NATHANSON KL, COHEN DL, WIERMAN ME, KISELJAK-VASSILIADES

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.


https://clinicaltrials.gov/ct2/show/NCT01371201
https://clinicaltrials.gov/ct2/show/NCT04924075

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez-Roqueplo et al. Page 9

K & FISHBEIN L 2021. Mastermind Like Transcriptional Coactivator 3 (MAMLS3) Drives
Neuroendocrine Tumor Progression. Mol Cancer Res, 19, 1476-1485. [PubMed: 33986121]

AMAR L, PACAK K, STEICHEN O, AKKER SA, AYLWIN SJB, BAUDIN E, BUFFET A,
BURNICHON N, CLIFTON-BLIGH RJ, DAHIA PLM, FASSNACHT M, GROSSMAN AB,
HERMAN P, HICKS RJ, JANUSZEWICZ A, JIMENEZ C, KUNST HPM, LEWIS D, MANNELLI
M, NARUSE M, ROBLEDO M, TAIEB D, TAYLOR DR, TIMMERS H, TREGLIA G, TUFTON
N, YOUNG WF, LENDERS JWM, GIMENEZ-ROQUEPLO AP & LUSSEY-LEPOUTRE C 2021.
International consensus on initial screening and follow-up of asymptomatic SDHx mutation carriers.
Nat Rev Endocrinol, 17, 435-444. [PubMed: 34021277]

ARMAIZ-PENA G, FLORES SK, CHENG ZM, ZHANG X, ESQUIVEL E, POULLARD N,
VAIDYANATHAN A, LIU Q, MICHALEK J, SANTILLAN-GOMEZ AA, LISS M, AHMADI
S, KATSELNIK D, MALDONADO E, SALGADO SA, JIMENEZ C, FISHBEIN L, HAMIDI O,
ELSE T, LECHAN R, TISCHLER AS, BENN DE, DWIGHT T, CLIFTON-BLIGH R, SANSO
G, BARONTINI M, VINCENT D, ARONIN N, BIONDI B, KOOPS M, BOWHAY-CARNES E,
GIMENEZ-ROQUEPLO AP, ALVAREZ-ESLAVA A, BRUDER JM, KITANO M, BURNICHON
N, DING Y & DAHIA PLM 2021. Genotype-Phenotype Features of Germline Variants of the
TMEM127 Pheochromocytoma Susceptibility Gene: A 10-Year Update. J Clin Endocrinol Metab,
106, e350-e364. [PubMed: 33051659]

ARMSTRONG N, STOREY CM, NOLL SE, MARGULIS K, SOE MH, XU H, YEH B, FISHBEIN
L, KEBEBEW E, HOWITT BE, ZARE RN, SAGE J & ANNES JP 2022. SDHB knockout and
succinate accumulation are insufficient for tumorigenesis but dual SDHB/NF1 loss yields SDHx-
like pheochromocytomas. Cell Rep, 38, 110453. [PubMed: 35235785]

BAUDIN E, GOICHOT B, BERRUTI A, HADOUX J, MOALLA S, LABOUREAU S, NOELTING
S, DE LA FOUCHARDIERE C, KIENITZ T, DEUTSCHBEIN T, ZOVATO S, AMAR L,
TABARIN A, TIMMERS HJ, NICCOLI P, FAGGIANO A, BEUSCHLEIN F, ATTARD M,
TEXIER M & FASSNACHT M 2021. 5670 First International Randomized Study in Malignant
Progressive Pheochromocytoma and Paragangliomas (FIRSTMAPPP): An academic double-blind
trial investigating sunitinib. Annals of Oncology, 32, S621.
BEN AIM L, MAHER ER, CASCON A, BARLIER A, GIRAUD S, ERCOLINO T, PIGNY
P, CLIFTON-BLIGH RJ, MIREBEAU-PRUNIER D, MOHAMED A, FAVIER J, GIMENEZ-
ROQUEPLO AP, SCHIAVI F, TOLEDO RA, DAHIA PL, ROBLEDO M, BAYLEY JP &
BURNICHON N 2022. International initiative for a curated SDHB variant database improving
the diagnosis of hereditary paraganglioma and pheochromocytoma. J Med Genet, 59, 785-792.
[PubMed: 34452955]
BESTOR TH 2000. The DNA methyltransferases of mammals. Hum Mol Genet, 9, 2395-402.
[PubMed: 11005794]
BOLAND J, SHAHBAZI D, STEVENSON R & SHAHBAZI S 2020. Concurrent Birt-Hogg-Dube
Syndrome and Hereditary Paraganglioma-Pheochromocytoma Syndrome Presenting as Metastatic
Renal Cell Carcinoma in a 25-Year-Old Man: A Case Report. Perm J, 24, 1-6.
BUFFET A, BEN AIM L, LEBOULLEUX S, DRUI D, VEZZOSI D, LIBE R, AJZENBERG C,
BERNARDESCHI D, CARIOU B, CHABOLLE F, CHABRE O, DARROUZET V, DELEMER
B, DESAILLOUD R, GOICHOT B, ESVANT A, OFFREDO L, HERMAN P, LABOUREAU S,
LEFEBVRE H, PIERRE P, RAINGEARD I, REZNIK Y, SADOUL JL, HADOUX J, TABARIN
A, TAUVERON |, ZENATY D, FAVIER J, BERTHERAT J, BAUDIN E, AMAR L, GIMENEZ-
ROQUEPLO AP, FRENCH GROUP OF ENDOCRINE, T. & NETWORK, C. 2019. Positive
Impact of Genetic Test on the Management and Outcome of Patients With Paraganglioma and/or
Pheochromocytoma. J Clin Endocrinol Metab, 104, 1109-1118. [PubMed: 30698717]
BUFFET A, CALSINA B, FLORES S, GIRAUD S, LENGLET M, ROMANET P, DEFLORENNE
E, ALLER J, BOURDEAU |, BRESSAC-DE PAILLERETS B, CALATAYUD M, DEHAIS C,
DE MONES DEL PUJOL E, ELENKOVA A, HERMAN P, KAMENICKY P, LEJEUNE S,
SADOUL JL, BARLIER A, RICHARD S, FAVIER J, BURNICHON N, GARDIE B, DAHIA PL,
ROBLEDO M & GIMENEZ-ROQUEPLO AP 2020. Germline mutations in the new E1' cryptic
exon of the VHL gene in patients with tumours of von Hippel-Lindau disease spectrum or with
paraganglioma. J Med Genet, 57, 752-759. [PubMed: 31996412]

BUFFET A, ZHANG J, REBEL H, CORSSMIT EPM, JANSEN JC, HENSEN EF, BOVEE
J, MORINI A, GIMENEZ-ROQUEPLO AP, HES FJ, DEVILEE P, FAVIER J & BAYLEY

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez-Roqueplo et al. Page 10

JP 2021. Germline DLST Variants Promote Epigenetic Modifications in Pheochromocytoma-
Paraganglioma. J Clin Endocrinol Metab, 106, 459-471. [PubMed: 33180916]

CARDOT-BAUTERS C, CARNAILLE B, AUBERT S, CREPIN M, BOURY S, BURNICHON N
& PIGNY P 2019. A Full Phenotype of Paraganglioma Linked to a Germline SDHB Mosaic
Mutation. J Clin Endocrinol Metab, 104, 3362-3366. [PubMed: 31046099]

CARDOT-BAUTERS C, LETEURTRE E, LECLERC L, VANTYGHEM MC, DO CAO C, WEMEAU
JL, D’HERBOMEZ M, CARNAILLE B, BARBU V, PINSON S & PIGNY P 2008. Does the RET
variant G691S influence the features of sporadic medullary thyroid carcinoma? Clin Endocrinol
(Oxf), 69, 506-10. [PubMed: 18331611]

DAHIA PLM, CLIFTON-BLIGH R, GIMENEZ-ROQUEPLO AP, ROBLEDO M & JIMENEZ
C 2020. HEREDITARY ENDOCRINE TUMOURS: CURRENT STATE-OF-THE-ART
AND RESEARCH OPPORTUNITIES: Metastatic pheochromocytomas and paragangliomas:
proceedings of the MEN2019 workshop. Endocr Relat Cancer, 27, T41-T52. [PubMed: 32069214]

DAVIDOFF DF, BENN DE, FIELD M, CROOK A, ROBINSON BG, TUCKER K, DE ABREU
LOURENCO R, BURGESS JR & CLIFTON-BLIGH RJ 2022. Surveillance Improves Outcomes
for Carriers of SDHB Pathogenic Variants: A Multicenter Study. J Clin Endocrinol Metab, 107,
€1907-e1916. [PubMed: 35037935]

DE SOUSA SMC, TOUBIA J, HARDY TSE, FENG J, WANG P, SCHREIBER AW, GEOGHEGAN
J, HALL R, RAWLINGS L, BUCKLAND M, LUXFORD C, NOVOS T, CLIFTON-BLIGH R},
POPLAWSKI NK, SCOTT HS & TORPY DJ 2020. Aberrant Splicing of SDHC in Families
With Unexplained Succinate Dehydrogenase-Deficient Paragangliomas. J Endocr Soc, 4, bvaa071.
[PubMed: 33195952]

ESTRADA-ZUNIGA CM, CHENG ZM, ETHIRAJ P, GUO Q, GONZALEZ-CANTU H,
ADDERLEY E, LOPEZ H, LANDRY BN, ZAINAL A, ARONIN N, DING Y, WANG X,
AGUIAR RCT & DAHIA PLM 2022. A RET::GRB2 fusion in pheochromocytoma defies the
classic paradigm of RET oncogenic fusions. Cell Rep Med, 3, 100686. [PubMed: 35858593]

FELL SM, LI S, WALLIS K, KOCK A, SUROVA O, RRAKLLI V, HOFIG CS, LI W, MITTAG
J, HENRIKSSON MA, KENCHAPPA RS, HOLMBERG J, KOGNER P & SCHLISIO S 2017.
Neuroblast differentiation during development and in neuroblastoma requires KIF1Bbeta-mediated
transport of TRKA. Genes Dev, 31, 1036-1053. [PubMed: 28637693]

FISHBEIN L, DEL RIVERO J, ELSE T, HOWE JR, ASA SL, COHEN DL, DAHIA PLM,
FRAKER DL, GOODMAN KA, HOPE TA, KUNZ PL, PEREZ K, PERRIER ND, PRYMA
DA, RYDER M, SASSON AR, SOULEN MC & JIMENEZ C 2021. The North American
Neuroendocrine Tumor Society Consensus Guidelines for Surveillance and Management of
Metastatic and/or Unresectable Pheochromocytoma and Paraganglioma. Pancreas, 50, 469-493.
[PubMed: 33939658]

FISHBEIN L, LESHCHINER I, WALTER V, DANILOVA L, ROBERTSON AG, JOHNSON AR,
LICHTENBERG TM, MURRAY BA, GHAYEE HK, ELSE T, LING S, JEFFERYS SR, DE
CUBAS AA, WENZ B, KORPERSHOEK E, AMELIO AL, MAKOWSKI L, RATHMELL
WK, GIMENEZ-ROQUEPLO AP, GIORDANO TJ, ASA SL, TISCHLER AS, CANCER
GENOME ATLAS RESEARCH, N., PACAK K, NATHANSON KL & WILKERSON MD 2017.
Comprehensive Molecular Characterization of Pheochromocytoma and Paraganglioma. Cancer
Cell, 31, 181-193. [PubMed: 28162975]

FLORES SK, CHENG Z, JASPER AM, NATORI K, OKAMOTO T, TANABE A, GOTOH K,
SHIBATA H, SAKURAI A, NAKAI T, WANG X, ZETHOVEN M, BALACHANDER S, AITA
Y, YOUNG W, ZHENG S, TAKEKOSHI K, NAKAMURA E, TOTHILL RW, AGUIAR RCT
& DAHIA PLM 2019. A synonymous VHL variant in exon 2 confers susceptibility to familial
pheochromocytoma and von Hippel-Lindau disease. J Clin Endocrinol Metab, 104, 3826-34.
[PubMed: 30946460]

FLORES SK, DENG Y, CHENG Z, ZHANG X, TAO S, SALIBA A, CHU I, BURNICHON
N, GIMENEZ-ROQUEPLO AP, WANG E, AGUIAR RCT & DAHIA PLM 2020. Functional
Characterization of TMEM127 Variants Reveals Novel Insights into Its Membrane Topology and
Trafficking. J Clin Endocrinol Metab, 105, e3142-56. [PubMed: 32575117]

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez-Roqueplo et al. Page 11

GNIADO E, CARRACHER CP & SHARMA S 2020. Simultaneous Occurrence of Germline
Mutations of SDHB and TP53 in a Patient with Metastatic Pheochromocytoma. J Clin Endocrinol
Metab, 105.

GREENBERG SE, JACOBS MF, WACHTEL H, ANSON A, BUCHMANN L, COHEN DL,
BONANNI M, BENNETT B, NAUMER A, SCHAEFER AM, KOHLMANN W, NATHANSON
KL, ELSE T & FISHBEIN L 2020. Tumor detection rates in screening of individuals with
SDHx-related hereditary paraganglioma-pheochromocytoma syndrome. Genet Med, 22, 2101-
2107. [PubMed: 32741965]

GRIECO M, SANTORO M, BERLINGIERI MT, MELILLO RM, DONGHI R, BONGARZONE I,
PIEROTTI MA, DELLA PORTA G, FUSCO A & VECCHIO G 1990. PTC is a novel rearranged
form of the ret proto-oncogene and is frequently detected in vivo in human thyroid papillary
carcinomas. Cell, 60, 557-63. [PubMed: 2406025]

GROUP,N. G.S.I.P. S.,, TOLEDO RA, BURNICHON N, CASCON A, BENN DE, BAYLEY JP,
WELANDER J, TOPS CM, FIRTH H, DWIGHT T, ERCOLINO T, MANNELLI M, OPOCHER
G, CLIFTON-BLIGH R, GIMM O, MAHER ER, ROBLEDO M, GIMENEZ-ROQUEPLO AP &
DAHIA PL 2017. Consensus Statement on next-generation-sequencing-based diagnostic testing
of hereditary phaeochromocytomas and paragangliomas. Nat Rev Endocrinol, 13, 233-247.
[PubMed: 27857127]

GUPTA P, STRANGE K, TELANGE R, GUO A, HATCH H, SOBH A, ELIE J, CARTER
AM, TOTENHAGEN J, TAN C, SONAWANE YA, NEUZIL J, NATARAJAN A, OVENS AJ,
OAKHILL JS, WIEDERHOLD T, PACAK K, GHAYEE HK, MEIJER L, REDDY S & BIBB
JA 2022. Genetic impairment of succinate metabolism disrupts bioenergetic sensing in adrenal
neuroendocrine cancer. Cell Rep, 40, 111218. [PubMed: 35977518]

HADRAVA VANOVA K, PANG Y, KROBOVA L, KRAUS M, NAHACKA Z, BOUKALOVA S,
PACK SD, ZOBALOVA R, ZHU J, HUYNH TT, JOCHMANOVA |, UHER O, HUBACKOVA S,
DVORAKOVA S, GARRETT TJ, GHAYEE HK, WU X, SCHUSTER B, KNAPP PE, FRYSAK
Z, HARTMANN I, NILUBOL N, CERNY J, TAIEB D, ROHLENA J, NEUZIL J, YANG
C & PACAK K 2022. Germline SUCLG2 Variants in Patients With Pheochromocytoma and
Paraganglioma. J Natl Cancer Inst, 114, 130-138. [PubMed: 34415331]

HESCOT S, CURRAS-FREIXES M, DEUTSCHBEIN T, VAN BERKEL A, VEZZOSI D, AMAR
L, DE LA FOUCHARDIERE C, VALDES N, RICCARDI F, DO CAO C, BERTHERAT
J, GOICHOT B, BEUSCHLEIN F, DRUI D, CANU L, NICCOLI P, LABOUREAU S,
TABARIN A, LEBOULLEUX S, CALSINA B, LIBE R, FAGGIANO A, SCHLUMBERGER M,
BORSON-CHAZOT F, MANNELLI M, GIMENEZ-ROQUEPLO AP, CARON P, TIMMERS H,
FASSNACHT M, ROBLEDO M, BORGET I, BAUDIN E & EUROPEAN NETWORK FOR THE
STUDY OF ADRENAL, T. 2019. Prognosis of Malignant Pheochromocytoma and Paraganglioma
(MAPP-Prono Study): A European Network for the Study of Adrenal Tumors Retrospective Study.
J Clin Endocrinol Metab, 104, 2367-2374. [PubMed: 30715419]

JAVAID S, PATTON A, TINOCO G, OGHUMU S & IWENOFU OH 2022. Metastatic sporadic
paraganglioma with EWSR1::CREM gene fusion: A unique molecular profile that expands the
phenotypic diversity of the molecular landscape of the EWSR1::CREM gene fusion positive
tumors. Genes Chromosomes Cancer.

JONASCH E, DONSKOV F, ILIOPOULOS O, RATHMELL WK, NARAYAN VK, MAUGHAN BL,
OUDARD S, ELSE T, MARANCHIE JK, WELSH SJ, THAMAKE S, PARK EK, PERINI RF,
LINEHAN WM, SRINIVASAN R & INVESTIGATORS, M. K. 2021. Belzutifan for Renal Cell
Carcinoma in von Hippel-Lindau Disease. N Engl J Med, 385, 2036—2046. [PubMed: 34818478]

KAMIHARA J, HAMILTON KV, POLLARD JA, CLINTON CM, MADDEN JA, LIN J, IMAMOVIC
A, WALL CB, WASSNER AJ, WEIL BR, HEENEY MM, VARGAS SO, KAELIN WG JR.,
JANEWAY KA, PERINI RF, ZOJWALLA NJ, VOSS SD & DUBOIS SG 2021. Belzutifan, a
Potent HIF2alpha Inhibitor, in the Pacak-Zhuang Syndrome. N Engl J Med, 385, 2059-2065.
[PubMed: 34818480]

KOHNO T, ICHIKAWA H, TOTOKI Y, YASUDA K, HIRAMOTO M, NAMMO T, SAKAMOTO
H, TSUTA K, FURUTA K, SHIMADA Y, INAKAWA R, OGIWARA H, OIKE T, ENARI M,
SCHETTER AJ, OKAYAMA H, HAUGEN A, SKAUG V, CHIKU S, YAMANAKA |, ARALI Y,
WATANABE S, SEKINE I, OGAWA S, HARRIS CC, TSUDA H, YOSHIDA T, YOKOTA J &

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez-Roqueplo et al. Page 12

SHIBATA T 2012. KIF5B-RET fusions in lung adenocarcinoma. Nat Med, 18, 375-7. [PubMed:
22327624]

LENDERS JWM, KERSTENS MN, AMAR L, PREJBISZ A, ROBLEDO M, TAIEB D, PACAK
K, CRONA J, ZELINKA T, MANNELLI M, DEUTSCHBEIN T, TIMMERS H, CASTINETTI
F, DRALLE H, WIDIMSKY J, GIMENEZ-ROQUEPLO AP & EISENHOFER G 2020.
Genetics, diagnosis, management and future directions of research of phaeochromocytoma
and paraganglioma: a position statement and consensus of the Working Group on Endocrine
Hypertension of the European Society of Hypertension. J Hypertens, 38, 1443-1456. [PubMed:
32412940]

LENGLET M, ROBRIQUET F, SCHWARZ K, CAMPS C, COUTURIER A, HOOGEWWIJS D,
BUFFET A, KNIGHT SJL, GAD S, COUVE S, CHESNEL F, PACAULT M, LINDENBAUM
P, JOB S, DUMONT S, BESNARD T, CORNEC M, DREAU H, PENTONY M, KVIKSTAD
E, DEVEAUX S, BURNICHON N, FERLICOT S, VILAINE M, MAZZELLA JM, AIRAUD
F, GARREC C, HEIDET L, IRTAN S, MANTADAKIS E, BOUCHIREB K, DEBATIN KM,
REDON R, BEZIEAU S, BRESSAC-DE PAILLERETS B, TEH BT, GIRODON F, RANDI ML,
PUTTI MC, BOURS V, VAN WIJK R, GOTHERT JR, KATTAMIS A, JANIN N, BENTO C,
TAYLOR JC, ARLOT-BONNEMAINS Y, RICHARD S, GIMENEZ-ROQUEPLO AP, CARIO H
& GARDIE B 2018. Identification of a new VHL exon and complex splicing alterations in familial
erythrocytosis or von Hippel-Lindau disease. Blood, 132, 469-483. [PubMed: 29891534]

LIU F, CALHOUN B, ALAM MS, SUN M, WANG X, ZHANG C, HALDAR K & LU X 2020.
Case report: a synonymous VHL mutation (c.414A > G, p.Pro138Pro) causes pathogenic familial
hemangioblastoma through dysregulated splicing. BMC Med Genet, 21, 42. [PubMed: 32106822]

MELLID S, COLOMA J, CALSINA B, MONTEAGUDO M, ROLDAN-ROMERO JM, SANTOS M,
LEANDRO-GARCIA LJ, LANILLOS J, MARTINEZ-MONTES AM, RODRIGUEZ-ANTONA
C, MONTERO-CONDE C, MARTINEZ-LOPEZ J, AYALA R, MATIAS-GUIU X, ROBLEDO
M & CASCON A 2020. Novel DNMT3A Germline Variant in a Patient with Multiple
Paragangliomas and Papillary Thyroid Carcinoma. Cancers (Basel), 12.

METE O, ASA SL, GILL AJ, KIMURA N, DE KRIJGER RR & TISCHLER A 2022. Overview
of the 2022 WHO Classification of Paragangliomas and Pheochromocytomas. Endocr Pathol, 33,
90-114. [PubMed: 35285002]

MWEEMPWA A, XU H, VISSERS JHA, TOTHILL RW, PATTISON AD, FELLOWES AP,
THOMAS DM, RICHARDSON G, HICKS RJ, GRIMMOND SM, FOX SB, LUEN SJ, DESAI
J & SOLOMON BJ 2021. Novel RET Fusion RET-SEPTIN9 Predicts Response to Selective RET
Inhibition With Selpercatinib in Malignant Pheochromocytoma. JCO Precis Oncol, 5, 1160-1165.
[PubMed: 34994633]

NEY GM & STEWART DR 2022. Another Weak Link in the Electron Transport Chain: Variants
in SUCLG2 and Risk for Pheochromocytoma and Paraganglioma. J Natl Cancer Inst, 114, 7-8.
[PubMed: 34415349]

OGASAWARA T, FUJIN1'Y, KAKIUCHI N, SHIOZAWA Y, SAKAMOTO R, OGAWA Y, OOTANI
K, ITO E, TANAKA T, WATANABE K, YOSHIDA Y, KIMURA N, SHIRAISHI Y, CHIBA
K, TANAKA H, MIYANO S & OGAWA S 2022. Genetic Analysis of Pheochromocytoma and
Paraganglioma Complicating Cyanotic Congenital Heart Disease. J Clin Endocrinol Metab, 107,
2545-2555. [PubMed: 35730597]

OU SI & ZHU VW 2020. Catalog of 5' fusion partners in RET+ NSCLC Circa 2020. JTO Clin Res
Rep, 1, 100037. [PubMed: 34589933]

REMACHA L, CURRAS-FREIXES M, TORRES-RUIZ R, SCHIAVI F, TORRES-PEREZ R,
CALSINA B, LETON R, COMINO-MENDEZ |, ROLDAN-ROMERO JM, MONTERO-CONDE
C, SANTOS M, PEREZ LI, PITA G, ALONSO MR, HONRADO E, PEDRINACI S, CRESPO-
FACORRO B, PERCESEPE A, FALCIONI M, RODRIGUEZ-PERALES S, KORPERSHOEK E,
RAMON-MAIQUES S, OPOCHER G, RODRIGUEZ-ANTONA C, ROBLEDO M & CASCON
A 2018. Gain-of-function mutations in DNMT3A in patients with paraganglioma. Genet Med, 20,
1644-1651. [PubMed: 29740169]

REMACHA L, PIRMAN D, MAHONEY CE, COLOMA J, CALSINA B, CURRAS-FREIXES
M, LETON R, TORRES-PEREZ R, RICHTER S, PITA G, HERRAEZ B, CIANCHETTA G,
HONRADO E, MAESTRE L, URIOSTE M, ALLER J, GARCIA-URIARTE O, GALVEZ MA,

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gimenez-Roqueplo et al. Page 13

LUQUE RM, LAHERA M, MORENO-RENGEL C, EISENHOFER G, MONTERO-CONDE

C, RODRIGUEZ-ANTONA C, LLORCA O, SMOLEN GA, ROBLEDO M & CASCON A

2019. Recurrent Germline DLST Mutations in Individuals with Multiple Pheochromocytomas and
Paragangliomas. Am J Hum Genet, 104, 1008-1010. [PubMed: 31051110]

SAIE C, BUFFET A, ABEILLON J, DRUI D, LEBOULLEUX S, BERTHERAT J, ZENATY D,
STOREY C, BORSON-CHAZOT F, BURNICHON N, VINCENT M, FAVIER J, BAUDIN E,
GIRAUD S, GIMENEZ-ROQUEPLO AP, AMAR L & LUSSEY-LEPOUTRE C 2021. Screening
of a Large Cohort of Asymptomatic SDHx Mutation Carriers in Routine Practice. J Clin
Endocrinol Metab, 106, e1301-e1315. [PubMed: 33247927]

SANTORO M, MOCCIA M, FEDERICO G & CARLOMAGNO F 2020. RET Gene Fusions in
Malignancies of the Thyroid and Other Tissues. Genes (Basel), 11.

SUBBIAH V, VELCHETI V, TUCH BB, EBATA K, BUSAIDY NL, CABANILLAS ME, WIRTH
LJ, STOCK S, SMITH S, LAURIAULT V, CORSI-TRAVALI S, HENRY D, BURKARD M,
HAMOR R, BOUHANA K, WINSKI S, WALLACE RD, HARTLEY D, RHODES S, REDDY
M, BRANDHUBER BJ, ANDREWS S, ROTHENBERG SM & DRILON A 2018. Selective RET
kinase inhibition for patients with RET-altered cancers. Ann Oncol, 29, 1869-1876. [PubMed:
29912274]

THEIN KZ, VELCHETI V, MOOERS BHM, WU J & SUBBIAH V 2021. Precision therapy for
RET-altered cancers with RET inhibitors. Trends Cancer, 7, 1074-1088. [PubMed: 34391699]

TOLEDO RA, JIMENEZ C, ARMAIZ-PENA G, ARENILLAS C, CAPDEVILA J & DAHIA PLM
2022. Hypoxia Inducible factor 2 alpha (HIF2alpha) inhibitors: targeting genetically driven tumor
hypoxia. Endocr Rev.

VAIDYA A, FLORES SK, CHENG ZM, NICOLAS M, DENG Y, OPOTOWSKY AR, LOURENCO
DM JR., BARLETTA JA, RANA HQ, PEREIRA MA, TOLEDO RA & DAHIA PLM 2018.
EPAS1 Mutations and Paragangliomas in Cyanotic Congenital Heart Disease. N Engl J Med, 378,
1259-1261. [PubMed: 29601261]

VIBERT R, LAHLOU-LAFORET K, SAMADI M, KRIVOSIC V, BLANC T, AMAR L,
BURNICHON N, ABADIE C, RICHARD S & GIMENEZ-ROQUEPLO AP 2022. Minors at
risk of von Hippel-Lindau disease: 10 years' experience of predictive genetic testing and follow-up
adherence. Eur J Hum Genet, 30, 1171-1177. [PubMed: 35918537]

WIRTH LJ, SHERMAN E, ROBINSON B, SOLOMON B, KANG H, LORCH J, WORDEN
F, BROSE M, PATEL J, LEBOULLEUX S, GODBERT Y, BARLESI F, MORRIS JC,
OWONIKOKO TK, TAN DSW, GAUTSCHI O, WEISS J, DE LA FOUCHARDIERE C,
BURKARD ME, LASKIN J, TAYLOR MH, KROISS M, MEDIONI J, GOLDMAN JW, BAUER
TM, LEVY B, ZHU VW, LAKHANI N, MORENO V, EBATA K, NGUYEN M, HEIRICH D,
ZHU EY, HUANG X, YANG L, KHERANI J, ROTHENBERG SM, DRILON A, SUBBIAH
V, SHAH MH & CABANILLAS ME 2020. Efficacy of Selpercatinib in RET-Altered Thyroid
Cancers. N Engl J Med, 383, 825-835. [PubMed: 32846061]

YEH IT, LENCI RE, QIN Y, BUDDAVARAPU K, LIGON AH, LETEURTRE E, DO CAO C,
CARDOT-BAUTERS C, PIGNY P & DAHIA PL 2008. A germline mutation of the KIF1B beta
gene on 1p36 in a family with neural and nonneural tumors. Hum Genet, 124, 279-85. [PubMed:
18726616]

ZETHOVEN M, MARTELOTTO L, PATTISON A, BOWEN B, BALACHANDER S, FLYNN A,
ROSSELLO FJ, HOGG A, MILLER JA, FRYSAK Z, GRIMMOND S, FISHBEIN L, TISCHLER
AS, GILL AJ, HICKS RJ, DAHIA PLM, CLIFTON-BLIGH R, PACAK K & TOTHILL
RW 2022. Single-nuclei and bulk-tissue gene-expression analysis of pheochromocytoma and
paraganglioma links disease subtypes with tumor microenvironment. Nat Commun, 13, 6262.
[PubMed: 36271074]

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.



Page 14

Gimenez-Roqueplo et al.

*auaB A111qndaosns e se 11 BulIapISUOD 810430 PAPaaU e BOUBPIAS BIOA|
¥

20d TZ'TTbOT olpesods suoisny £ 7
20d T'1ebY olpelods suoIsnN} STV
19dd<<<<00d T'y1de an £L970NS
00d << (sjdnnw) 19d €¥ZbyT | weuiwop [ewosony 1570
T9d N'$H :suoleInw uonouny o ures | €'ezdz | IUBUILIOP [eWOSOINY VELWNG
S9.NJeay/s Jown] pareIossSY Sno0 ] Qouelleyu| 3o

“JuaWIdO]aA3P TOd YIIM PaleIdosse sauah umouy 4O suoieIuasaid Mau J0 sauab Mau JO SONSLIBIORIRYD [BIIUI]D PUR J118US9)

Author Manuscript

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Endocr Relat Cancer. Author manuscript; available in PMC 2023 October 01.



	Abstract
	Introduction
	New WHO classification.

	The PGL genetic testing in routine practice changes the patients’ outcome
	New PPGL susceptibility genes.
	DNA methyltransferase 3 alpha (DNMT3A) gene.
	Dihydrolipoamide S-Succinyltransferase (DLST) gene.
	Succinate-CoA Ligase GDP-Forming Subunit Beta (SUCLG2) gene.

	News from “old” PGL susceptibility genes
	Kinesin Family Member 1B (KIF1B) gene.
	Endothelial PAS Domain Protein 1 (EPAS1) gene.
	Refined methodology to improve genetic variant identification.
	Fusion genes.
	New tools for accurate variant’s classification.
	New insights for asymptomatic mutation carriers.
	ISP2022 highlights in approaches and models for PGL Research.

	Future of clinical trials in PGL
	References
	Table 1.

