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Over the past two decades, research into the genetic susceptibility behind pheochromocytoma and para-
ganglioma (PPGL) has surged, ranking them among the most heritable tumors. Massive sequencing combined
with careful patient selection has so far identified more than twenty susceptibility genes, leading to an over-
detection of variants of unknown significance (VUS) that require precise molecular markers to determine their
pathogenic role. Moreover, some PPGL patients remain undiagnosed, possibly due to mutations in regulatory

regions of already known genes or mutations in undiscovered genes. Accurate classification of VUS and iden-
tification of new genes require well-defined clinical and molecular markers that allow effective genetic diagnosis

of most PPGLs.

There are very few, if any, tumors with an inherited susceptibility
similar to paragangliomas (PGL) and pheochromocytomas (PCC) (alto-
gether PPGLs). Forty percent of patients with PPGLs carry a germline
mutation that increases their risk of cancer and can be passed on from
parent to child. Apart from the “classical” genes involved in the devel-
opment of the disease discovered in the 1990s (i.e., RET, VHL, and NF1),
many other genes have been identified in the last 25 years, taking
advantage of the next-generation sequencing (NGS) technologies [1].
The heterogeneous prevalence of mutations in these “new genes” and
their gene-specific genetic features (e.g., incomplete penetrance of
mutations and sex-related transmission) are responsible for a substantial
molecular complexity that makes genetic diagnosis of PPGL very
challenging.

Genetic testing algorithms in which relevant clinical features of the
patient are considered, such as family history of the disease, age of onset,
and presence of multiple or bilateral tumors, are no longer used to
decide whether to perform genetic testing to PPGL patients. Nowadays,
all patients with PPGL are referred for clinical genetic testing due to the
relevant implications that detection of a mutation (either germline or
somatic) has for surveillance and monitoring of the patients and their
families [2,3]. It is worthy to note that the study of tumor instead of
germline DNA ensures the identification of both somatic and germinal
mutations, as well as allows for detecting somatic mosaicisms in patients

suspected of suffering from a hereditary condition because of the pres-
ence of multiple tumors.

NGS techniques now enable the simultaneous analysis of all sus-
ceptibility genes, avoiding undesirable delays caused by the sequential
study of the genes. However, the use of NGS in genetic diagnostics has
led to a significant increase in the discovery of variants of unknown
significance (VUS) [3], which complicates the interpretation of results
and requires the use of well-established strategies to definitively link a
variant to disease, either in an already known or in a potential new
susceptibility gene. The use of computational algorithms and functional
prediction tools to assess the potential impact of genetic variants on
protein structure and function do not always permit a suitable inter-
pretation. Moreover, co-segregation analysis of the variant with the
disease phenotype across affected individuals in the same family is not
always possible, even less in rare diseases. Therefore, there is an urgent
need of genotype-specific molecular markers for enhancing genetic
diagnostic accuracy, especially for hereditary diseases, to gain enough
evidence to classify a genetic variant according to the recommendations
of the American College of Genetics and Genomics [4].

Though almost 80% of PPGLs are found to carry a germline or a
somatic mutation in one of the known genes, there is still a significant
percentage of patients with an undetermined genetic etiology. Some of
these cases may be linked to already-known driver genes, but the variant

* Corresponding author at: Hereditary Endocrine Cancer Group, Human Cancer Genetics Program, Spanish National Cancer Research Centre (CNIO), Melchor

Fernandez Almagro 3, 28029 Madrid, Spain.
E-mail address: acascon@cnio.es (A. Cascon).

https://doi.org/10.1016/j.bbcan.2024.189141

Received 7 May 2024; Received in revised form 13 June 2024; Accepted 19 June 2024

Available online 21 June 2024

0304-419X/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:acascon@cnio.es
www.sciencedirect.com/science/journal/0304419X
https://www.elsevier.com/locate/bbacan
https://doi.org/10.1016/j.bbcan.2024.189141
https://doi.org/10.1016/j.bbcan.2024.189141
https://doi.org/10.1016/j.bbcan.2024.189141
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbcan.2024.189141&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

A. Cascén and M. Robledo

may be ‘invisible’ to current diagnostic methods. Again, the existence of
a known molecular marker can guide research on a particular gene by
extending its analysis to alternative methods looking for less common
pathogenic alterations. On the other hand, new susceptibility genes may
be altered in still-undiagnosed patients. Identification of these genes
requires an adequate recruitment of patients without known mutations
by using discriminatory clinical and/or molecular markers to increase
the number of candidates with mutations affecting the same gene.

In this review, we will describe the clinical and molecular features
associated with genetic alterations in known PPGL susceptibility genes
that can be applied in the interpretation of VUSs identified by NGS
(Table 1), and we will discuss current approaches to find new drivers
involved in the development of this multigenetic disease.

1. Markers commonly used in clinical practice to classify PPGL-
related VUS

1.1. Clinical markers

The presence of clinical features of any of the syndromes associated
with PPGL in a patient is an obvious marker that can be used for the
classification of VUSs. Thus, the development of clear cell renal cell
carcinoma may support the pathological role of variants in VHL or
SDHB, and the presence of medullary thyroid carcinoma or NF1 features
is routinely used for the classification of variants in RET and NF1,
respectively. Similarly, the presence of gastrointestinal stromal tumors
or uterine leiomyomas concomitant with PPGL supports the pathoge-
nicity of SDH-complex genes or FH germline variants, and polycythemia

Table 1
PPGL driver genes and markers useful for VUS interpretation.

Cluster Pathway Complex Gene
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TCAc: tricarboxylic acid cycle; SDH: succinate dehydrogenase
complex; c: clinical marker; m: morphological marker; i: immuno-
histochemical marker; b: biochemical marker; me: metabolite
marker; e: gene expression marker; mt: methylation marker; mt*:
DLST-mutated tumors do not show hypermethylation.
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and giant cell tumors of bone appear in some patients carrying somatic
postzygotic EPAS1 or H3F3A mutations. Recently, we described that
idiopathic intellectual disability in a patient with H&N PGL may be a
clinical marker for DNMT3A germline mutations [5] and can be there-
fore used to classify variants in this new gene. Clinical features useful for
accurate classification of VUS found in PPGL patients are summarised in
[11.

Other clinical features, such as multiplicity or metastatic dissemi-
nation, can be used for variant interpretation. Bilateral PCC is a common
clinical feature found in patients carrying germline mutations in VHL,
RET, MAX, and TEM127 [6-8]. Furthermore, mutations in SDHB and
somatic MAML3 fusions are associated with the presence of distant
metastasis [9,10], and therefore finding a VUS in these genes in a met-
astatic PPGL may support its pathogenicity.

1.2. Morphological markers associated with specific genotypes

There are some morphological clues that may be helpful in classi-
fying the VUSs found in PPGL patients. For example, VHL syndrome-
associated PPGLs have a thick vascular tumor capsule and a degenera-
tive and edematous stroma. On the other hand, hyaline globules are
often abundant in RET-mutated PPGLs, and SDH mutant cells display
granular and eosinophilic cytoplasm [11,12]. In addition, PPGLs car-
rying germline mutations in RET may show spindle cell changes and
diffuse enlargement of the adrenal medulla (i.e. adrenal medullary hy-
perplasia). This has also been reported in some tumors from patients
carrying mutations in NF1, SDHB, MAX, or TMEM127 [13]. Finally, the
identification of composite elements, including ganglioneuroma, gan-
glioneuroblastoma, neuroblastoma, and peripheral nerve sheath tumors,
may indicate the presence of mutations in NF1, MAX, or RET [12].

1.3. Immunohistochemical molecular markers applied to the PPGL genetic
diagnosis

Since 2009, SDHB immunohistochemistry (IHC) has been widely and
routinely used to guide and prioritize the genetic analysis of PPGLs to-
wards the SDH genes [14]. Today, most genetic testing labs use NGS to
analyse all susceptibility genes simultaneously, and SDHB IHC is used to
interpret VUSs involving any of the SDH genes (Fig. 1). The absence of
SDHB staining in SDH-mutated tumor cells is found regardless of the
type of mutation, and therefore this technique is especially helpful for
missense VUS classification. As a result, a large multinational study
found that only 6% of SDH-mutated PPGLs showed SDHB immunopo-
sitivity [15], highlighting the usefulness of SDHB IHC in the assessment
of SDH VUSs. Conversely, positive SDHD immunostaining has been
observed in SDH-mutated PPGLs and has been proposed as a very useful
tool to interpret SDH gene variants [16], while a negative SDHA IHC can
only be used in the interpretation of VUSs affecting the SDHA gene [17]
(Fig. 1). It is noteworthy that head and neck (HN) PPGLs are frequently
embolised prior to surgery, and this procedure may result in false-
positive THC results (PPGL Working Group, ENS@T meeting 2023).
This is particularly relevant when using IHC techniques, as the most
common mutations found in parasympathetic PPGLs affect the SDH
genes.

DLST antibody can be used to interpret tricarboxylic acid cycle
(TCAc)-mutations since PPGLs carrying such mutations show a strongly
positive IHC [18]. In the same way, to identify tumors carrying somatic
or germline mutations in any of the PPGL susceptibility genes related to
the TCAc, the levels of 5ShmC can also be assessed by IHC in FFPE tissue
samples [19]. Mutations in these genes (i.e., SDH genes, MDH2, IDH1/2,
or FH) cause accumulation of oncometabolites, such as succinate,
fumarate or D-2-hydroxyglutarate (D-2HG), which competitively inhibit
the activity of a-ketoglutarate-dependent dioxygenases, including both
histone demethylases and DNA hydroxylases, leading to a DNA hyper-
methylation that can be assessed by 5ShmC IHC [20] (Fig. 2). Moreover,
the accumulation of fumarate caused by FH loss-of-function mutations
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Fig. 1. Molecular markers used in the interpretation of variants of unknown significance (VUS) detected in PPGL susceptibility genes by targeted sequencing. SDH:
succinate dehydrogenase genes; TCA: tricarboxylic acid cycle-related genes; — and + in the immunohistochemistry (IHC) panel indicate negative or positive IHC; P/
LP: pathogenic/likely pathogenic variant; NMN: normetanephrine; MT: methoxytyramine; DP: dopamine.

produces a succination of proteins by covalent modification of cysteine
residues to S-(2-succinyl) cysteine (2SC) that can be tested by an anti-
body against these modified residues [21]. Carbonic anhydrase 9 im-
munostaining at the plasma membrane of PPGL cells can be used to
validate both germline and somatic VHL mutations [22]. Finally, MAX,
FH or SLC25A11 IHC can be used for the interpretation of VUSs affecting
these genes [23-25]. Obviously, the extent to which these latter
immunohistochemical techniques are used depends on the prevalence of
variants in the respective genes (e.g. the overall prevalence of MAX
mutations in PPGL patients is less than 2%, as is the case for FH and
SLC25A11).

1.4. Genotype-biochemical phenotype associations

PNMT is an enzyme preferentially localized in adrenal medulla that
converts norepinephrine to epinephrine. The differences in PNMT
expression between the two main PPGL transcriptional clusters (clusters
1 and 2), described in more detail subsequently, allow them to be
distinguished by biochemical testing (Table 1), as they show different
patterns of increase in plasma free metanephrine and normetanephrine
[26]. In cluster 1 noradrenergic PPGLs, there is a significant increase in
normetanephrine with little or no increase in metanephrine, whereas
cluster 2 adrenergic PPGLs have elevated tumor-derived plasma meta-
nephrine levels. MAX-mutated tumors, belonging to cluster 2, have an
intermediate catecholamine biochemical profile, with detectable PNMT

expression and some epinephrine production, resulting in a modest in-
crease in tumor-derived metanephrine [6].

SDH-mutant PPGLs not only lack epinephrine production, but also
show reduced norepinephrine production, often accompanied by
elevated dopamine levels. In such cases, biochemical assays show ele-
vations in both plasma normetanephrine and methoxytyramine, with
certain tumors showing significantly higher increases in dopamine
compared to norepinephrine metabolites (Fig. 1) [27].

2. Research-based strategies useful for variant interpretation
2.1. Metabolite-based genetic variant interpretation

As previously mentioned, mutations in several TCA-cycle related
genes lead to the accumulation of oncometabolites than can be assessed
by nuclear magnetic resonance spectroscopy and mass spectrometry
coupled either to gas chromatography or to liquid chromatography [28].
Thus, the detection of high succinate to fumarate, or fumarate to malate
ratios, can be used to support a pathogenic classification of SDH genes
and FH VUSs, respectively [28,29] (Fig. 1). Similarly, higher levels of
malate and D-2HG have been observed in PPGLs carrying MDH2 and
IDH1/2 pathogenic mutations, respectively, and a specific L-2HG accu-
mulation has been reported in tumors carrying DLST mutation [18],
which can be used to interpret DLST VUSs. Surprisingly, a high succinate
to fumarate ratio can be used to uncover SUCLG2 mutations since it has
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Fig. 2. Schematic representation of molecular markers (right part of the figure) associated with TCAc disruption (left part of the figure). Coloured stars represent
mutations affecting the different genes involved in the TCAc. A blue star indicates a mutation in one of the five SDH genes and the blue star with a black outline
indicates a specific SDHA mutation. D-2HG: D-2-hydroxyglutarate; L-2HG: L-2-hydroxyglutarate; CIMP: CpG island methylator phenotype. Figure created using BioR
ender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

been observed that PPGLs carrying SUCLG2 mutations also exhibit a
downregulation of SDHB expression [30]. Altered aspartate and keto-
glutarate levels are also observed in SLC25A11 and GOT2 mutated
PPGLs since these mutations affect genes involved in the malate-
aspartate shuttle, which rewires metabolites to the TCAc [23,31]. In
addition, a high succinate to fumarate ratio, as well as occurred with a
negative SDHB IHC, can identify PPGLs candidate to harbor somatic
methylation of the SDHC promotor, an uncommon and difficult to
identify tumorigenic mechanism. One of the main weaknesses of these
metabolite-based methods is the percentage of sustentacular cells within
the tumor, since the presence of these cells in the measured sample may
lower oncometabolite levels. This is something often observed in
HNPPGLs, making the metabolome-guided classification of SDH vari-
ants in these particular tumors more challenging.

Interestingly, another application of metabolite’s detection in the
genetic diagnosis of SDH-mutated PPGLs is the measurement of succi-
nate by in vivo magnetic resonance spectroscopy [32]. Considering the
innocuousness of this non-invasive method, it can be included in the
clinical guidelines for PPGL management, and also in other SDH-
mutated tumors such as gastrointestinal stromal tumors and pituitary
adenomas [33].

2.2. Gene expression and methylation signatures

Different studies have demonstrated that whole-genome gene
expression profiling can be used to identify to which genetic cluster a
given tumor belongs and ultimately which mutation could harbor it
[9,34,35]. Three main transcriptional PPGL clusters are currently
recognized: cluster 1 splits into subcluster 1 A, which includes PPGLs
with loss-of-function mutations in TCAc-related genes (SDH genes, FH,
IDH1/2, MDH2, GOT2, SCL25A11, and SUCLG2), and subcluster 1B,
which encompasses tumors with pathogenic variants in VHL, EPASI,
and EGLN1/2, involved in the oxygen-sensing pathway; cluster 2 PPGLs
show mutations in kinase signaling-related genes such as NFI, RET,
HRAS, MAX, FGFR1, and TMEM127; cluster 3 encompasses tumors
carrying alterations in CSDE1 and MAML3 involved in the Wnt pathway.

Thus, genome-wide transcriptional data or cluster-specific transcrip-
tional signatures may be used to interpret the pathological role of a VUS
in one of the PPGL susceptibility genes. Besides expression profiling,
RNA-sequencing (RNA-seq) can also be used to guide the reclassification
of VUSs and detect previously unknown causative variants by revealing
aberrant splicing at the RNA level.

Sometimes, the expression of a particular gene is itself a molecular
marker to genetically classify a PPGL. Most of these expression markers
have to do with genes belonging to the oxygen-sensing pathway. For
instance, EGLN3 mRNA overexpression is a hallmark of VHL-mutated
tumors, including PPGLs [34,36], and HIF3A overexpression is an
exclusive molecular feature observed in DLST-mutated PPGLs [18]
(Fig. 1). However, EPASI mRNA expression can only be used to distin-
guish between cluster 1 (high expression) and cluster 2 (low expression)
PPGLs. On the other hand, a high expression of MAML3 has been
observed and is a molecular marker for MAML3-related PPGLs [9].

As the accumulation of oncometabolites cause a global hyper-
methylation or CIMP (CpG island methylator phenotype) [20], this
feature can be used to classify variants or to select PPGLs for the study of
additional mechanisms affecting TCAc-related genes. An exception to
this molecular characteristic can be found in DLST-mutated tumors,
which behave as cluster 2 PPGLs regarding methylation profiling. A
schematic representation of how TCA dysfunction can be detected using
multiple molecular markers is shown in Fig. 2. Similarly, DNMT3A-
mutated HNPPGLs show a specific methylation signature enriched with
homeobox-containing genes involved in neural crest differentiation and
pattern specification and embryonic morphogenesis processes [37]. As
occurs with the expression data, the methylation of a specific gene (i.e.,
RBP1) can be used as a marker of a hypermethylation phenotype and be
helpful in the interpretation of VUSs [31].

2.3. Loss of heterozygosity (LOH) mechanisms

Following Knudson’s two-hit model, mutations in TSGs should be
coupled with inactivation of the remaining allele usually by mutation,
methylation or loss of the wild-type allele (i.e., LOH). As a result, finding
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LOH in a region where a potential pathogenic germ line mutation of a
TSG is identified supports and enhances the likelihood of pathogenicity
and may be therefore a molecular marker useful for variant interpreta-
tion (Fig. 1). That was the case of the study that first revealed the high
frequency of somatic mutations in NF1 in PPGLs. Welander et al. found
that copy number losses in chromosome 17 were molecular markers of
the presence of NF1 mutations in PPGLs [38], and therefore this marker
can also be used to interpret somatic NF1 VUSs. Another example is the
uniparental disomy of chromosome 14q, which is the most frequent
second hit observed in tumors carrying mutations in MAX and DLST and
that could support a pathogenic role of variants under study in these
TSGs [18,24]. However, other chromosomal losses (e.g. affecting chro-
mosomes 1, 3 and 11) are too frequent in PPGLs, regardless of the mu-
tation, to be used as markers of specific gene mutations.

Reversely, many oncogenic activating mutations are followed by the
gain or amplification of the specific locus. This is the case of the chro-
mosomal gain of 2q observed in EPASI-mutated PPGLs that may guide
the genetic diagnosis of VUSs in the gene [39].

2.4. Invitro functional assays and in silico tools

Computational predictions combined with functional models can be
used to correctly classify VUS involving a susceptibility gene, in the
absence of informative pedigrees for assessing the cosegregation of a
novel variant with a hereditary condition, clinical information or mo-
lecular data. A decade ago, we proposed a combination of a consensus
computational prediction, clinical and molecular data, and a functional
assay designed to assess the effect that a MAX VUS may have on MYC’s
E-box transcriptional activation to classify MAX variants [40]. More
recently, Flores et al. [41] functionally classified 15 TMEM127 variants
as pathogenic or likely pathogenic mutations by evaluating their effect
on loss of membrane-binding ability, stability, or internalization capa-
bility. Another example of this kind of approaches is the interpretation
of MDH2 VUSs, which was carried out using an algorithm based on 20
computational predictions, by implementing cell-based enzymatic and
immunofluorescence assays, and/or by using a molecular dynamics
simulation approach [42]. After the finding of the first DLST variants in
patients with PPGL, we conducted '3Cs-glutamate labelling studies to
trace the carbon flow in the TCAc in a heterologous cell-based assay
designed to assess the impact of several missense VUSs on DLST function
[18]. There are other examples that use knockout cell lines to study the
impact of VUSs found in several susceptibility genes by assessing the
impact of the variants in some of the previously mentioned molecular
markers related to the presence of pathogenic mutations [23,30].

Functional assays are challenging as they require experience in
designing appropriate experiments to assess the effect of the variant,
which will vary depending on the function of the gene and location of
the substitution in the protein. Disease diagnostic labs should be pre-
pared to classify variants using functional assays, but it should be noted
that these assays are time-consuming and require significant resources.

2.5. Additional analysis of mutation mechanisms related to known
susceptibility PPGL genes

Whole-genome sequencing (WGS) is now a further tool in the iden-
tification of pathogenic alterations associated with inherited diseases.
The main application of WGS in clinical genetics is the detection of non-
coding alterations in susceptibility genes, such as mutations in regula-
tory regions like introns and promotor regions. In addition, due to
technical reasons, WGS can detect alterations that amplicon
amplification-based methods such as targeted-sequencing cannot, like
deletions encompassing primers recognition sites. Finally, WGS, as oc-
curs with RNA-seq, may be used to identify fusion genes and trans-
locations. Until the publication in 2017 of the first fusions affecting
MAML3 as a new genetic driver in PPGL [9], it was thought that this kind
of rearrangement was a rare event in these tumors. However, as it is now
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clear that many sporadic PPGLs may harbor fusions affecting MAML3,
there is an urgent need for easy-to-apply methods to identify such al-
terations. PD-L1 (CD274) has been reported as a proliferation biomarker
for PPGL, and more recently, it has been reported that PPGLs carrying
oncogenic fusions involving MAML3, which are more prone to metas-
tasis, are highly positive for PD-L1 IHC [43]. Moreover, two RET rear-
rangements have been recently reported in PPGLs with RET as the
upstream partner of the fusion instead of the conventional 3’ position,
suggesting that this oncogenic mechanism could be more frequent than
previously expected [44]. Due to technical and cost-effective reasons,
the detection of these chromosomal rearrangements is not widespread
and, therefore, is not routinely carried out. Hence, the selection by PD-
L1 IHC of cases to be screened for prognostically relevant translocations,
such as those affecting MAML3, would reduce costs and increase the
likelihood of finding a fusion-positive tumor, improving the clinical
management of mutation carriers.

Epimutation of SDHC could explain a subset of SDHB IHC negative
PPGLs without gross deletions and point mutations in the SDH genes.
Detection of this alteration requires either whole methylation analysis of
tumor DNA or a more gene-specific method such as pyrosequencing. It is
worthy to note that this somatic mechanism may be postzygotic,
occurring during embryogenesis and leading to mosaic individuals who
develop multiple tumors. This latter has been described in individuals
with Carney triad (co-occurrence of PGLs, gastric stromal tumors, and
pulmonary chondromas) [45], in a patient with Carney-Stratakis syn-
drome (co-occurrence of PGLs and gastric stromal tumors) [31], and in
PPGL patients with multiple tumors [46].

RNA-seq, apart for the identification of rearrangements, plays a
crucial role as “functional assay” for reclassifying previously identified
VUSs. This RNA-based approach complements inconclusive results ob-
tained by current NGS methods and allows unveiling aberrant splicing as
a disease-causing mechanism.

2.6. Molecular markers in the identification of new susceptibility genes

Currently, the main approach for the identification of a new sus-
ceptibility gene associated with a hereditary condition involves the
application of NGS to DNA samples obtained from genetically unsolved
patients. In such analyses, the first and key step is an adequate selection
of candidates to share an alteration affecting the same gene, and this
may be possible if we identify a common and distinctive molecular
feature for all samples (Fig. 3), as mentioned above. For instance, the
application of different omics approaches may facilitate the detection of
a molecular marker that not only homogenizes the set of candidate
samples but could also be used later to validate VUSs identified in the
new gene. Of course, the presence of a family history of PPGL or multiple
tumors in unsolved patients is also a clinically distinctive feature useful
for the identification of a new susceptibility gene. However, the number
of families without a genetic explanation is currently scarce, and they
are probably candidates to carry an alteration in one of the already-
known genes. Therefore, the collection of enough patients with a fam-
ily history of PPGL and without known mutations will require the
cooperation of reference research groups. Collaborative consortia are
now more necessary than ever to accomplish the goal of genetically
diagnosing most patients with PPGL.

Regarding the material to work with, as occurs with genetic diag-
nosis, the best option is to use tumor DNA for the analyses to simulta-
neously consider the possibility of germline and somatic mutations, even
in the case of patients with family history of the disease. As previously
demonstrated, the presence of multiple PPGLs in a patient does not
preclude the presence of a somatic postzygotic mutation that would only
be detected in tumor DNA [47,48]. Similarly, although extremely rare,
there are also examples of phenocopies in PPGL families [49].

The use of WGS instead of exome sequencing enables almost all
possible mutational mechanisms to be covered, identifying regulatory
mutations (e.g., deep intronic splice variants) and fusions in addition to
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coding mutations. While the current reduced cost of WGS does not
appear to be an obstacle for this type of research, it is important to
remember that this technology involves a massive amount of data and
variants, with an average number of variants detected per whole
genome of ~5,000,000 compared to 18,400 variants per exome [50].
Finally, somatic epimutations and rearrangements of still unknown
susceptibility genes can be detected using alternative methods such as
methylation arrays and RNAseq ((Fig. 3) focused on tumor DNA to cover
more mutational mechanisms.

3. Conclusions

VUSs represent the vast majority of variants identified by NGS
technologies. Assessing the pathogenicity of VUS is a long-term, intri-
cate, and expensive procedure that requires the collaboration of several
experts, including bioinformaticians, biologists, and clinicians [51]. As
scientific knowledge evolves and additional data becomes available, the
interpretation of VUS may change over time. Periodic re-evaluation of
VUS, considering new evidence, is necessary to ensure accurate and up-
to-date clinical management. The use of well-established molecular
markers can enhance genetic diagnostic accuracy by allowing the clas-
sification of VUSs and enabling timely follow-up with patients and their
relatives. This is particularly relevant for mutations that contribute to
the genetic background of rare diseases, where some genes are mutated
in only 1 or 2 families in the world. It is therefore very difficult to es-
timate their pathogenicity and exact impact on patients, which also
makes genetic counselling very challenging. Finally, the application of
high-throughput NGS technologies to DNA tumor samples from well-
selected candidates that share a distinctive molecular signature may
allow the identification of novel PPGL susceptibility genes.

Funding

A.C. is funded by the Instituto de Salud Carlos III (ISCIII), through the
“Accion Estratégica en Salud” (AES) (project PI122/01490). M.R is fun-
ded by grants from the Instituto de Salud Carlos III (ISCIII), through the
“Accion Estratégica en Salud” (AES) (project PI120/01169), Paradiffer-
ence Foundation, and the Pheipas Association.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Alberto Cascon reports financial support was provided by Instituto
de Salud Carlos III (ISCIII, project PI22/01490). Mercedes Robledo re-
ports financial support was provided by Paradifference Foundation.
Mercedes Robledo reports financial support was provided by Pheipas
Association. Mercedes Robledo reports financial support was provided
by Instituto de Salud Carlos III (ISCIII, project P120/01169). If there are
other authors, they declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

[1] A. Cascon, B. Calsina, M. Monteagudo, S. Mellid, A. Diaz-Talavera, M. Curras-
Freixes, et al., Genetic bases of pheochromocytoma and paraganglioma, J. Mol.
Endocrinol. 70 (3) (2023).


http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0005
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0005
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0005

A. Cascon and M. Robledo

[2]

[3]

[4]

[5

—

(6]

[71

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

L. Fishbein, S. Merrill, D.L. Fraker, D.L. Cohen, K.L. Nathanson, Inherited
mutations in pheochromocytoma and paraganglioma: why all patients should be
offered genetic testing, Ann. Surg. Oncol. 20 (5) (2013) 1444-1450.

Group NGSiPS, R.A. Toledo, N. Burnichon, A. Cascon, D.E. Benn, J.P. Bayley, et al.,
Consensus statement on next-generation-sequencing-based diagnostic testing of
hereditary phaeochromocytomas and paragangliomas, Nat. Rev. Endocrinol. 13 (4)
(2017) 233-247.

S. Richards, N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster, et al., Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology, Genet. Med. 17 (5) (2015) 405-424.

S. Mellid, J. Coloma, B. Calsina, M. Monteagudo, J.M. Roldan-Romero, M. Santos,
et al., Novel DNMT3A germline variant in a patient with multiple Paragangliomas
and papillary thyroid carcinoma, Cancers (Basel) 12 (11) (2020).

N. Burnichon, A. Cascon, F. Schiavi, N.P. Morales, I. Comino-Mendez, N. Abermil,
et al., MAX mutations cause hereditary and sporadic pheochromocytoma and
paraganglioma, Clin. Cancer Res. 18 (10) (2012) 2828-2837.

N.E. Kittah, L.M. Gruber, I. Bancos, O. Hamidi, S. Tamhane, N. Iniguez-Ariza, et al.,
Bilateral pheochromocytoma: clinical characteristics, treatment and longitudinal
follow-up, Clin. Endocrinol. 93 (3) (2020) 288-295.

G. Armaiz-Pena, S.K. Flores, Z.M. Cheng, X. Zhang, E. Esquivel, N. Poullard, et al.,
Genotype-phenotype features of germline variants of the TMEM127
Pheochromocytoma susceptibility gene: a 10-year update, J. Clin. Endocrinol.
Metab. 106 (1) (2021) e64-e350.

L. Fishbein, I. Leshchiner, V. Walter, L. Danilova, A.G. Robertson, A.R. Johnson, et
al., Comprehensive molecular characterization of Pheochromocytoma and
Paraganglioma, Cancer Cell 31 (2) (2017) 181-193.

A.P. Gimenez-Roqueplo, J. Favier, P. Rustin, C. Rieubland, M. Crespin, V. Nau, et
al., Mutations in the SDHB gene are associated with extra-adrenal and/or
malignant phaeochromocytomas, Cancer Res 63 (17) (2003) 5615-5621.

A.J. Gill, Succinate dehydrogenase (SDH)-deficient neoplasia, Histopathology 72
(1) (2018) 106-116.

O. Mete, S.L. Asa, A.J. Gill, N. Kimura, R.R. de Krijger, A. Tischler, Overview of the
2022 WHO classification of Paragangliomas and Pheochromocytomas, Endocr.
Pathol. 33 (1) (2022) 90-114.

C.C. Juhlin, O. Mete, Advances in adrenal and extra-adrenal Paraganglioma:
practical synopsis for pathologists, Adv. Anat. Pathol. 30 (1) (2023) 47-57.

F.H. van Nederveen, J. Gaal, J. Favier, E. Korpershoek, R.A. Oldenburg, E.M. de
Bruyn, et al., An immunohistochemical procedure to detect patients with
paraganglioma and phaeochromocytoma with germline SDHB, SDHC, or SDHD
gene mutations: a retrospective and prospective analysis, Lancet Oncol. 10 (8)
(2009) 764-771.

T.G. Papathomas, L. Oudijk, A. Persu, A.J. Gill, F. van Nederveen, A.S. Tischler, et
al., SDHB/SDHA immunohistochemistry in pheochromocytomas and
paragangliomas: a multicenter interobserver variation analysis using virtual
microscopy: a multinational study of the European network for the study of adrenal
tumors (ENS@T), Mod. Pathol. 28 (6) (2015) 807-821.

M. Menara, L. Oudijk, C. Badoual, J. Bertherat, C. Lepoutre-Lussey, L. Amar, et al.,
SDHD immunohistochemistry: a new tool to validate SDHx mutations in
pheochromocytoma/paraganglioma, J. Clin. Endocrinol. Metab. 100 (2) (2015)
E287-E291.

E. Korpershoek, J. Favier, J. Gaal, N. Burnichon, B. van Gessel, L. Oudijk, et al.,
SDHA immunohistochemistry detects germline SDHA gene mutations in apparently
sporadic paragangliomas and pheochromocytomas, J. Clin. Endocrinol. Metab. 96
(9) (2011) E1472-E1476.

L. Remacha, D. Pirman, C.E. Mahoney, J. Coloma, B. Calsina, M. Curras-Freixes, et
al., Recurrent germline DLST mutations in individuals with multiple
Pheochromocytomas and Paragangliomas, Am. J. Hum. Genet. 104 (4) (2019)
651-664.

L.J. Castro-Vega, A. Buffet, A.A. De Cubas, A. Cascon, M. Menara, E. Khalifa, et al.,
Germline mutations in FH confer predisposition to malignant pheochromocytomas
and paragangliomas, Hum. Mol. Genet. 23 (9) (2014) 2440-2446.

E. Letouze, C. Martinelli, C. Loriot, N. Burnichon, N. Abermil, C. Ottolenghi, et al.,
SDH mutations establish a hypermethylator phenotype in paraganglioma, Cancer
Cell 23 (6) (2013) 739-752.

C. Bardella, M. El-Bahrawy, N. Frizzell, J. Adam, N. Ternette, E. Hatipoglu, et al.,
Aberrant succination of proteins in fumarate hydratase-deficient mice and HLRCC
patients is a robust biomarker of mutation status, J. Pathol. 225 (1) (2011) 4-11.
J. Favier, T. Meatchi, E. Robidel, C. Badoual, M. Sibony, A.T. Nguyen, et al.,
Carbonic anhydrase 9 immunohistochemistry as a tool to predict or validate
germline and somatic VHL mutations in pheochromocytoma and paraganglioma-a
retrospective and prospective study, Mod. Pathol. 33 (1) (2020) 57-64.

A. Buffet, A. Morin, L.J. Castro-Vega, F. Habarou, C. Lussey-Lepoutre, E. Letouze, et
al., Germline mutations in the mitochondrial 2-Oxoglutarate/malate carrier
SLC25A11 gene confer a predisposition to metastatic Paragangliomas, Cancer Res.
78 (8) (2018) 1914-1922.

1. Comino-Méndez, F.J. Gracia-Aznarez, F. Schiavi, I. Landa, L.J. Leandro-Garcia,
R. Leton, et al., Exome sequencing identifies MAX mutations as a cause of
hereditary pheochromocytoma, Nat. Genet. 43 (7) (2011) 663-667.

T.L. Fuchs, C. Luxford, A. Clarkson, A. Sheen, L. Sioson, M. Elston, et al.,

A Clinicopathologic and molecular analysis of fumarate hydratase-deficient
Pheochromocytoma and Paraganglioma, Am. J. Surg. Pathol. 47 (1) (2023) 25-36.
G. Eisenhofer, K. Pacak, T.T. Huynh, N. Qin, G. Bratslavsky, W.M. Linehan, et al.,
Catecholamine metabolomic and secretory phenotypes in phaeochromocytoma,
Endocr. Relat. Cancer 18 (1) (2011) 97-111.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

BBA - Reviews on Cancer 1879 (2024) 189141

G. Eisenhofer, B. Klink, S. Richter, J.W. Lenders, M. Robledo, Metabologenomics of
Phaeochromocytoma and Paraganglioma: an integrated approach for personalised
biochemical and genetic testing, Clin. Biochem. Rev. 38 (2) (2017) 69-100.

S. Richter, L. Gieldon, Y. Pang, M. Peitzsch, T. Huynh, R. Leton, et al., Metabolome-
guided genomics to identify pathogenic variants in isocitrate dehydrogenase,
fumarate hydratase, and succinate dehydrogenase genes in pheochromocytoma
and paraganglioma, Genet. Med. 21 (3) (2019) 705-717.

S. Richter, M. Peitzsch, E. Rapizzi, J.W. Lenders, N. Qin, A.A. de Cubas, et al., Krebs
cycle metabolite profiling for identification and stratification of
pheochromocytomas/paragangliomas due to succinate dehydrogenase deficiency,
J. Clin. Endocrinol. Metab. 99 (10) (2014) 3903-3911.

K. Hadrava Vanova, Y. Pang, L. Krobova, M. Kraus, Z. Nahacka, S. Boukalova, et
al., Germline SUCLG2 variants in patients with Pheochromocytoma and
Paraganglioma, J. Natl. Cancer Inst. 114 (1) (2022) 130-138.

L. Remacha, I. Comino-Mendez, S. Richter, L. Contreras, M. Curras-Freixes, G. Pita,
et al., Targeted exome sequencing of Krebs cycle genes reveals candidate
cancer-predisposing mutations in pheochromocytomas and paragangliomas, Clin.
Cancer Res. 23 (20) (2017) 6315-6325.

C. Lussey-Lepoutre, A. Bellucci, A. Morin, A. Buffet, L. Amar, M. Janin, et al., In
vivo detection of succinate by magnetic resonance spectroscopy as a Hallmark of
SDHx mutations in Paraganglioma, Clin. Cancer Res. 22 (5) (2016) 1120-1129.
R.T. Casey, M.A. McLean, B. Madhu, B.G. Challis, R. Ten Hoopen, T. Roberts, et al.,
Translating in vivo metabolomic analysis of succinate dehydrogenase deficient
tumours into clinical utility, JCO Precis. Oncol. 2 (2018) 1-12.

E. Lopez-Jimenez, G. Gomez-Lopez, L.J. Leandro-Garcia, I. Munoz, F. Schiavi,

C. Montero-Conde, et al., Research resource: transcriptional profiling reveals
different pseudohypoxic signatures in SDHB and VHL-related pheochromocytomas,
Mol. Endocrinol. 24 (12) (2010) 2382-2391.

P.L. Dahia, K.N. Ross, M.E. Wright, C.Y. Hayashida, S. Santagata, M. Barontini, et
al., A HIFlalpha regulatory loop links hypoxia and mitochondrial signals in
pheochromocytomas, PLoS Genet. 1 (1) (2005) 72-80.

L. del Peso, M.C. Castellanos, E. Temes, S. Martin-Puig, Y. Cuevas, G. Olmos, et al.,
The von Hippel Lindau/hypoxia-inducible factor (HIF) pathway regulates the
transcription of the HIF-proline hydroxylase genes in response to low oxygen,

J. Biol. Chem. 278 (49) (2003) 48690-48695.

L. Remacha, M. Curras-Freixes, R. Torres-Ruiz, F. Schiavi, R. Torres-Perez,

B. Calsina, et al., Gain-of-function mutations in DNMT3A in patients with
paraganglioma, Genet. Med. 20 (12) (2018) 1644-1651.

J. Welander, C. Larsson, M. Backdahl, N. Hareni, T. Sivler, M. Brauckhoff, et al.,
Integrative genomics reveals frequent somatic NF1 mutations in sporadic
pheochromocytomas, Hum. Mol. Genet. 21 (26) (2012) 5406-5416.

1. Comino-Mendez, A.A. de Cubas, C. Bernal, C. Alvarez-Escola, C. Sanchez-Malo,
C.L. Ramirez-Tortosa, et al., Tumoral EPAS1 (HIF2A) mutations explain sporadic
pheochromocytoma and paraganglioma in the absence of erythrocytosis, Hum.
Mol. Genet. 22 (11) (2013) 2169-2176.

1. Comino-Mendez, L.J. Leandro-Garcia, G. Montoya, L. Inglada-Perez, A.A. de
Cubas, M. Curras-Freixes, et al., Functional and in silico assessment of MAX
variants of unknown significance, J. Mol. Med. (Berl) 93 (11) (2015) 1247-1255.
S.K. Flores, Y. Deng, Z. Cheng, X. Zhang, S. Tao, A. Saliba, et al., Functional
characterization of TMEM127 variants reveals novel insights into its membrane
topology and trafficking, J. Clin. Endocrinol. Metab. 105 (9) (2020).

B. Calsina, M. Curras-Freixes, A. Buffet, T. Pons, L. Contreras, R. Leton, et al., Role
of MDH2 pathogenic variant in pheochromocytoma and paraganglioma patients,
Genet. Med. 20 (12) (2018) 1652-1662.

B. Calsina, E. Pineiro-Yanez, A.M. Martinez-Montes, E. Caleiras, A. Fernandez-
Sanroman, M. Monteagudo, et al., Genomic and immune landscape of metastatic
pheochromocytoma and paraganglioma, Nat. Commun. 14 (1) (2023) 1122.

A. Mweempwa, H. Xu, J.H.A. Vissers, R.W. Tothill, A.D. Pattison, A.P. Fellowes, et
al., Novel RET fusion RET-SEPTIN9 predicts response to selective RET inhibition
with Selpercatinib in malignant Pheochromocytoma, JCO Precis. Oncol. 5 (2021)
1160-1165.

F. Haller, E.A. Moskalev, F.R. Faucz, S. Barthelmess, S. Wiemann, M. Bieg, et al.,
Aberrant DNA hypermethylation of SDHC: a novel mechanism of tumor
development in carney triad, Endocr. Relat. Cancer 21 (4) (2014) 567-577.

S. Richter, B. Klink, B. Nacke, A.A. deCubas, A. Mangelis, E. Rapizzi, et al.,
Epigenetic mutation of the succinate dehydrogenase C promoter in a patient with
two paragangliomas, J. Clin. Endocrinol. Metab. (2015) jc20153856.

Z. Zhuang, C. Yang, F. Lorenzo, M. Merino, T. Fojo, E. Kebebew, et al., Somatic
HIF2A gain-of-function mutations in paraganglioma with polycythemia, N. Engl. J.
Med. 367 (10) (2012) 922-930.

R.A. Toledo, Y. Qin, Z.M. Cheng, Q. Gao, S. Iwata, G.M. Silva, et al., Recurrent
mutations of chromatin-remodeling genes and kinase receptors in
Pheochromocytomas and Paragangliomas, Clin. Cancer Res. 22 (9) (2016)
2301-2310.

J.P. Bayley, R.A. Oldenburg, J. Nuk, A.S. Hoekstra, C.A. van der Meer,

E. Korpershoek, et al., Paraganglioma and pheochromocytoma upon maternal
transmission of SDHD mutations, BMC Med. Genet. 15 (2014) 111.

C.V. Van Hout, I. Tachmazidou, J.D. Backman, J.D. Hoffman, D. Liu, A.K. Pandey,
et al., Exome sequencing and characterization of 49,960 individuals in the UK
biobank, Nature 586 (7831) (2020) 749-756.

G. Bertier, M. Hetu, Y. Joly, Unsolved challenges of clinical whole-exome
sequencing: a systematic literature review of end-users’ views, BMC Med. Genet. 9
(1) (2016) 52.


http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0010
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0010
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0010
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0015
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0015
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0015
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0015
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0020
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0020
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0020
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0020
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0025
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0025
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0025
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0030
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0030
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0030
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0035
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0035
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0035
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0040
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0040
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0040
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0040
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0045
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0045
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0045
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0050
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0050
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0050
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0055
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0055
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0060
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0060
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0060
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0065
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0065
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0070
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0070
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0070
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0070
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0070
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0075
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0075
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0075
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0075
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0075
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0080
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0080
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0080
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0080
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0085
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0085
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0085
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0085
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0090
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0090
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0090
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0090
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0095
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0095
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0095
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0100
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0100
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0100
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0105
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0105
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0105
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0110
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0110
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0110
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0110
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0115
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0115
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0115
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0115
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0120
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0120
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0120
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0125
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0125
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0125
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0130
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0130
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0130
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0135
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0135
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0135
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0140
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0140
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0140
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0140
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0145
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0145
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0145
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0145
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0150
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0150
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0150
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0155
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0155
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0155
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0155
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0160
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0160
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0160
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0165
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0165
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0165
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0170
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0170
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0170
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0170
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0175
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0175
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0175
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0180
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0180
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0180
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0180
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0185
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0185
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0185
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0190
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0190
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0190
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0195
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0195
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0195
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0195
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0200
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0200
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0200
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0205
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0205
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0205
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0210
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0210
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0210
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0215
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0215
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0215
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0220
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0220
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0220
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0220
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0225
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0225
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0225
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0230
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0230
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0230
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0235
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0235
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0235
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0240
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0240
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0240
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0240
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0245
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0245
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0245
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0250
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0250
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0250
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0255
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0255
http://refhub.elsevier.com/S0304-419X(24)00072-6/rf0255

	Clinical and molecular markers guide the genetics of pheochromocytoma and paraganglioma
	1 Markers commonly used in clinical practice to classify PPGL-related VUS
	1.1 Clinical markers
	1.2 Morphological markers associated with specific genotypes
	1.3 Immunohistochemical molecular markers applied to the PPGL genetic diagnosis
	1.4 Genotype-biochemical phenotype associations

	2 Research-based strategies useful for variant interpretation
	2.1 Metabolite-based genetic variant interpretation
	2.2 Gene expression and methylation signatures
	2.3 Loss of heterozygosity (LOH) mechanisms
	2.4 In vitro functional assays and in silico tools
	2.5 Additional analysis of mutation mechanisms related to known susceptibility PPGL genes
	2.6 Molecular markers in the identification of new susceptibility genes

	3 Conclusions
	Funding
	Declaration of Competing Interest
	Data availability
	References


