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Purpose: MDH2 (malate dehydrogenase 2) has recently been
proposed as a novel potential pheochromocytoma/paraganglioma
(PPGL) susceptibility gene, but its role in the disease has not been
addressed. This study aimed to determine the prevalence of MDH2
pathogenic variants among PPGL patients and determine the
associated phenotype.

Methods: Eight hundred thirty patients with PPGLs, negative for
the main PPGL driver genes, were included in the study.
Interpretation of variants of unknown significance (VUS) was
performed using an algorithm based on 20 computational
predictions, by implementing cell-based enzymatic and immuno-
fluorescence assays, and/or by using a molecular dynamics
simulation approach.

Results: Five variants with potential involvement in pathogenicity
were identified: three missense (p.Arg104Gly, p.Val160Met and
p.Ala256Thr), one in-frame deletion (p.Lys314del), and a splice-site

variant (c.429+1G>T). All were germline and those with available
biochemical data, corresponded to noradrenergic PPGL.

Conclusion: This study suggests that MDH2 pathogenic variants
may play a role in PPGL susceptibility and that they might be
responsible for less than 1% of PPGLs in patients without
pathogenic variants in other major PPGL driver genes, a prevalence
similar to the one recently described for other PPGL genes.
However, more epidemiological data are needed to recommend
MDH2 testing in patients negative for other major PPGL genes.
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INTRODUCTION
Pheochromocytoma (PCCs) and paragangliomas (PGLs),
abbreviated as PPGLs, are very rare neuroendocrine tumors
characterized by a high degree of genetic and clinical
heterogeneity.1,2

Since the description of NF1 in 1990 as the first driver gene
related to PPGL development, 35 additional genes have been
identified to be involved in the disease, establishing PPGLs as
the human neoplasia with the highest degree of heritability.
Among PPGL-associated genes, seven have been found almost
exclusively mutated in the germline (SDHA, SDHB, SDHC,
SDHD, SDHAF2, FH, and TMEM127), four either in the
germline or somatically (RET, VHL, NF1, and MAX), one
postzygotically or somatically (EPAS1), and the last one only
somatically (HRAS).1,3 Furthermore, there are 22 more
susceptibility genes for which the contribution to the disease
remains unclear: IDH1, KIF1B, MEN1, BAP1, EGLN1/PHD2,
EGLN2/PHD1, ATRX, KMT2D/MLL2, MET, TP53, BRAF,
JMJD1C, KDM2B, MERTK, H3F3A, SETD2, EZH2, FGFR1,
MITF, CSDE1, GOT2, and IDH3B.1,4–12 In addition, other
mechanisms such as point variants in the promoter region of

TERT,13,14 SDHC promoter epimutations,15 or rearrange-
ments involving MAML3, BRAF, NGFR, and NF1 have been
also described.11

Recently, our group added malate dehydrogenase 2
(MDH2) to the list of potential PPGL susceptibility genes.
MDH2 encodes the mitochondrial malate dehydrogenase
(MDH), essential for the conversion of malate to oxaloacetate
as part of the proper functioning of the Krebs cycle. A single
MDH2 PV affecting a donor splice-site (c.429+1G>A) was
identified in a 55-year-old man with multiple noradrenergic
PGLs associated with bone metastasis,16 and in one
apparently unaffected relative with a positive biochemical
diagnosis of the disease. Loss of heterozygosity (LOH) and
significant reduction of MDH activity in the tumors suggested
that MDH2 acts as a tumor suppressor gene. As alterations in
Krebs cycle genes have been associated with a higher
metastatic risk of the disease, an early genetic diagnosis of
unaffected carriers in these families seems to be crucial.
However, that study did not address the contribution of
MDH2 to the global PPGL susceptibility or the clinical
features associated with PV in this gene.
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Table 1 Clinical characteristics of the patients included in the study

IQR interquartile range, PCC pheochromocytoma, PGL paraganglioma, HN head and neck, A abdominal, T thoracic, PPGL pheochromocytoma/paraganglioma
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One of the main challenges for genetic screening is the
classification of variants of unknown significance (VUS) to
improve genetic counseling and clinical follow-up of PV
carriers. The pathogenicity assessment of VUS requires taking
into account the frequency reported in several databases, in
silico effect prediction and functional assays.
In this international collaborative study, we determined the

prevalence of germline and/or somatic MDH2 PV, and the
associated phenotype in 830 unrelated PPGL index patients,
negative for at least the main 13 driver PPGL susceptibility
genes. Secondly, we developed a workflow of in silico
predictions and simulations, and functional studies for
assessing the functional impact of MDH2 VUS identified.
All MDH2 genetic changes, except one in-frame deletion

and one variant affecting a donor splice-site, consisted of
single-nucleotide substitutions leading to missense, synon-
ymous, or intronic changes, for which we assessed their
functional impact. Those MDH2 VUS were analyzed with one
of five approaches: (1) applying 20 computational methods to
predict their effect at the level of protein structure and
function, implementing an enzymatic assay to assess : (2)
MDH2 activity and (3) MDH2 affinity; (4) designing an
immunofluorescence assay to evaluate MDH2 localization
changes; and (5) using a molecular dynamics (MD) simula-
tion approach to examine the potential changes in protein
structure and dynamics for the most controversial variants.
This sequential scheme aimed to categorize the vast majority
of MDH2 VUS found in an extensive setting.

MATERIALS AND METHODS
Patients
Diagnosis of PPGL was established following conventional
methods (including clinical, biochemical, imaging, and
pathological data). A new series of 561 PPGL index cases
negative for at least 13 major PPGL genes (RET, VHL, SDH
genes, NF1, HRAS, EPAS1, MAX, TMEM127, and FH) and
not previously tested for MDH2 were screened by Sanger (SS)
or a next-generation (NGS) sequencing panel (PheoSeq17). To
establish the prevalence of MDH2 PV and classify MDH2
VUS, we also considered 269 previously reported patients
with negative genetic screening for the 13 PPGL genes, but
including 4 carriers of MDH2 VUS.17 This outstanding series
of 830 unrelated PPGL index patients was recruited through
a collaborative effort from 11 participating centers: 10 of
the European Network for the Study of Adrenal Tumors
(ENS@T) consortium (Madrid, Paris, Liège, Würzburg,
Munich, Dresden, Florence, Rotterdam, Delft, and Nijmegen),
and one in the United States (Bethesda).
Clinical data were collected as previously described.18

Table 1 summarizes the clinical characteristics of patients,
who provided informed consent to collect clinical and genetic
data, in accordance with institutional ethical–approved
protocols for each center. In addition, tumor tissues from
the Erasmus MC (Rotterdam, The Netherlands) and the
Radboud University Medical Centre (Nijmegen, The Nether-
lands) were used according to the code of conduct: “Proper

Secondary Use of Human Tissue” established by the Dutch
Federation of Medical Scientific Societies.

Samples
A total of 849 DNA samples from the 830 patients were
available for this study. DNA was obtained exclusively from
blood in 641 patients, tumor in 170 patients, and matched
tumor-blood in 19 patients (Table 1). Tumor samples were
formalin-fixed paraffin-embedded (FFPE) tissues in 80
(42.3%) and frozen tissues in 109 (57.7%) of the cases.
Germline DNA was extracted from peripheral blood

samples following a standard method (FlexiGene DNA Kit,
Qiagen). DNeasy Blood & Tissue Kit (Qiagen) and truXTRAC
FFPE DNA microTUBE Kit (Covaris, MA, USA) were
used to extract DNA from frozen tumor tissue and from
FFPE tumor samples, respectively, following the manufac-
turer’s instructions.

Molecular genetic analyses
MDH2 genetic screening was performed in the CNIO
(Madrid) and in the HEGP (Paris), either by NGS panel or
SS. Primers sequences spanning the nine exons and
intron–exon boundaries of MDH2 were those previously
described.16

MDH2 gross deletions were tested in 216 cases with good
germline DNA quality using a semiquantitative multiplex
polymerase chain reaction (PCR) method with labeled
primers, as previously described for other genes.16,19

The variant calling was based on the MDH2 transcript
ENST00000315758.9. The frequency of MDH2 variants was
investigated in public databases: dbSNP (https://www.ncbi.
nlm.nih.gov/SNP), COSMIC (http://cancer.sanger.ac.uk/
cosmic), and gnomAD (http://gnomad.broadinstitute.org/).
MDH2 variants identified in <0.1% of the population and

without homozygotes described were included in the study
and used for further analyses. LOH of the MDH2 variants in
tumor DNA was assessed by direct sequencing (if material
was available).

MDH2 expression by immunohistochemistry
Immunohistochemistry was performed as described in
Supplemental Methods.

Computational prediction of functional impact
Three distinct in silico approaches were used to assess the
functional and three-dimensional (3D) structural effect of
the missense variants: (1) measure of the evolutionary
conservation in the genome of vertebrate and mammalian
species (i.e., phyloP, phastCons, GERP++), (2) prediction of
the impact of amino acid substitutions in protein function
(i.e., SIFT, Polyphen2, LRT, MutationAssessor, fathmm-MKL,
PROVEAN, MetaSVM, MetaLR, MutationTaster), and
(3) prediction of protein 3D destabilization (i.e., PoPMu-
SiCv3.1, CUPSAT, I-Mutant v3.0, MAESTRO, INPS-3D).
A consensus interpretation was established according to the

number of tools predicting a damaging effect versus a benign
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or tolerated one. The consensus was given if at least 70%
(functional impact: 7 of 10; 3D stability: 4 of 5) of the
predictors agreed in the variant classification. Otherwise, the
results were considered as inconclusive.
Moreover, we included functional annotations (e.g., ligand

binding sites, catalytic residues, posttranslational modifica-
tions of proteins, residues in protein–protein interaction
interfaces) retrieved by the Structure-PPi system.20 Structure-
PPi also considers residues in physical proximity (at a
distance of 5 Å) to amino acid changes found in other type
of cancers.
ESEFinder and RESCUE-ESE using Alamut Visual software

version 2.7 (Interactive Biosoftware, Rouen, France) were
used to predict splicing changes in synonymous and intronic
variants.

RBP1 gene expression analysis
The low expression of retinol binding protein 1 (RBP1) is a
marker of Krebs cycle disruption.21 Its assessment is detailed
in Supplemental Methods.

Plasmids and cell culture
QuickChange Lightning Site-Directed Mutagenesis Kit
(Agilent) was used to generate missense variants in
pCMV6-AC-MDH2 (Origene), a plasmid containing the
full complementary DNA (cDNA) sequence (NM_005918)
of the human MDH2 gene. We generated a polymorphism
with a minor allele frequency (MAF)= 0.037 in gnomAD
(rs10256: p.Lys301Arg), to be used as control. Primers
used to generate mutated vectors are described in Table S1.
The introduction of the PV of interest was confirmed by SS
(Fig. S1).
Sh8561 MDH2 knockdown Hela cells16 (MDH2 KD cells)

culture conditions are specified in Supplemental Methods.

Microscopic analysis
For immunofluorescence imaging, 300,000 cells were seeded
24 h before transfection on coverslips in 12-well plates. Cells
were transiently transfected with 2 µg of plasmids mutated
with each variant using Lipofectamine 2000 (Invitrogen)
following the vendor’s manual. Twenty-four hours after
transfection cells were stained as described in Supplemental
Methods and analyzed by confocal microscopy (Leica TCS
SP5 X).

In silico molecular dynamics (MD) simulations
The initial model of the system used the crystal structure of a
tetramer of oxaloacetate and NADH-bound MDH2 (PDBid:
4wlo). The structure contains coordinates for residues 24–337
of each monomer. The dimer formed by monomers A and B
was extracted and ligands and crystal waters were removed.
Missing hydrogen atoms were added using the H++server,22

and in the case of the mutants, the point variants were
introduced using Pymol.23 The systems were placed in
dodecahedral boxes, with the minimal distance between the
protein and the borders of the box being 10 Å. The systems

were solvated with TIP3P waters,24 and Na+/CL− was
added to neutralize them to obtain a physiological salt
concentration of 0.15 mol/l. First, the systems were minimized
during 500 steps, applying the steepest descent algorithm.
Consequently, the solvent was equilibrated for 100 ps in
the NVT ensemble, followed by another 100 ps in the
isobaric–isothermal (NpT) ensemble. The resulting config-
urations were used for MD production runs of 400 ns for
each system. The trajectories were analyzed by principal
component analysis (PCA) (see Supplemental Methods).
Simulations and analyses of the trajectories were performed

as described in Supplemental Methods25–31.

Enzymatic activity assay
MDH2 KD cells were seeded in T150 flasks at 16·106 cells/
flask 24 h before transfection. Each flask was transiently
transfected with 20 μg of each variant plasmid using
Lipofectamine 2000 (Invitrogen), according to the manufac-
turer’s recommendations. MDH2 KD cells transfected either
with wild-type (WT) cDNA (pCMV6-AC-MDH2), MDH2
KD cells with pCMV6-AC empty vector (EV), or MDH2 KD
cells with pCMV6-AC-MDH2-c.902A>G vector were used as
controls. To mimic the heterozygous state of p.Arg104Gly
patient, we cotransfected 10 μg pCMV6-AC-MDH2 and 10 μg
pCMV6-AC-MDH2-c.310A>G plasmids; as control, we
used cells cotransfected with 10 μg pCMV6-AC-MDH2
and 10 μg pCMV6-AC EV, and 20 μg EV alone. Twenty-
four hours after transfection, enzymatic activity assay was
performed as described in Supplemental Methods.

RESULTS
MDH2 variants and computational analyses
Twelve MDH2 heterozygous variants (Fig. 1) were found,
demonstrating a germline origin for 11 of them (only tumor
DNA was available in the remaining case). Clinical data of
the MDH2 carriers are detailed in Table S3. None of the
patients had family history of the disease.
Five of the 12 were missense (41.7%), 1 synonymous (8.3%),

4 were located in the intronic region (33.3%), 1 was an in-
frame deletion (8.3%), and 1 affected a donor splice-site
(8.3%) (Fig. 1). Five of them were unreported variants
(3 missense, 1 intronic, and 1 in-frame deletion), six showed a
low allele frequency (<1·10−3) and no homozygotes in
gnomAD, and the donor splice-site variant had been
previously suggested to be pathogenic16 (Table 2; Table S5).
The two probands with the splice-site MDH2 PV are not
related.
The synonymous variant (p.Phe333Phe), found in a patient

with a nonfunctional T-PGL, had no effect according to in
silico splicing predictors (Table S5). Similarly, the splicing
for three of the four intronic variants (c.320-26A>C, c.733
+47G>A, and c.734- 5C>A) was not predicted affected, while
it was anticipated as altered in the remaining intronic variant
(c.319+37G>A) identified in a 48-year-old patient with a
noradrenergic PCC. RNA of this patient was not available to
confirm this prediction.
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Of the five MDH2 missense variants identified (Table 2),
only one (p.Ser3Phe) was outside the functional domains
in the transit peptide to mitochondria. The variants
p.Arg104Gly, p.Gln130Arg, and p.Val160Met were posi-
tioned in the lactate/malate dehydrogenase, NAD-binding
domain; and p.Ala256Thr in the lactate/malate dehydrogen-
ase, alpha/beta C-terminal domain. Furthermore, they
affected conserved positions in vertebrate and mammalian
species, as indicated by phyloP, phastCons, and GERP++
methods. Indeed, p.Arg104Gly is positioned in the NAD-
binding site.
Three of the missense variants (p.Arg104Gly, p.Val160Met,

and p.Ala256Thr) were predicted to have a damaging
effect (impaired functional predictions and destabilization of
the 3D structure) (Table 2; Table S4). The variant p.Ser3Phe
was classified as inconclusive according to the functional
impact predictions and the corresponding 3D structural
predictions could not be performed (residue not present
in the crystal structure [PDB ID: 2DFD]). The variant
p.Gln130Arg was categorized as neutral and inconclusive
according to the functional and 3D structure predictions,
respectively. Moreover, the COSMIC database reported
MDH2 somatic PV in other cancers in neighbor positions
(d ≤ 5 Å), as indicated by Structure-PPi (Fig. S2), for all the
variants except for p.Ser3Phe.
The variants p.Arg104Gly and p.Ala256Thr were found in

two young patients (25 and 29 years old, respectively) with
norepinephrine-producing PCC both diagnosed during preg-
nancy. One of them developed metachronous bone metas-
tases. The p.Val160Met was identified in a PCC patient
without biochemical data. The remaining two missense
variants (p.Ser3Phe and p.Gln130Arg) were found in patients
older than 45 years, diagnosed with PCC; the former
involving an adrenergic tumor and the latter without evidence
of excess in catecholamine production (Table S3).
A previously unreported in-frame deletion (p.Lys314del)

was found in a 55-year-old patient, with multiple noradre-
nergic PGLs. It affected a conserved residue, for which PV
in neighboring residues have been described in several cancers
(Table 2; Fig. S2); LOH was demonstrated in the tumor.
Furthermore, the c.429+1G>T variant, previously

described,16 was found in a 57-year-old patient diagnosed
with a PCC and liver metastases.

MDH2 immunohistochemistry
MDH2 immunohistochemistry it is not useful to classify VUS
or select patients for MDH2 screening (see Supplemental
Results).

RBP1 expression in MDH2 variants
RBP1 measurement was performed in four available tumors
(p.Ser3Phe, p.Arg104Gly, p.Val160Met, and p.Lys314del–
tumor), observing a reduced RBP1 expression in three
tumors compared with controls: 93.86 ± 1.83% (p= 0.007),
83.18 ± 0.65% (p= 0.007), and 82.44 ± 19.72% (p= 0.030) for
p.Lys314del-, p.Arg104Gly-, and p.Val160Met-tumor, respec-
tively (Fig. S3).

MDH2 localization
None of the variants was associated with an altered MDH2
localization, or mitochondrial quantity and morphology
(see Supplemental Results).

Enzymatic activity characterization
Only variant p.Arg104Gly displayed a significant lower
MDH2 enzymatic activity at saturating concentration of
substrates (p < 0.0001) compared with WT, comparable with
the activity detected in the KD cells not expressing MDH2
(Fig. 2a). On the other hand, citrate synthase activity, present
exclusively in the mitochondria, was similar for all variants
(Table S2), suggesting that none of them produced an
increased mitochondrial biogenesis to compensate the
possible aberrant MDH2 variant. Thus, this functional assay
only supported pathogenicity for p.Arg104Gly, having an
incomplete functional proof of in silico predictions.

Enzymatic activity assay to check a dominant-negative
effect
LOH was not detected in any of the tumors carrying the
missense variants. To evaluate if MDH2 variants could exert a
dominant-negative effect on MDH2 WT, we took as a model
the p.Arg104Gly variant. We cotransfected WT plasmid,
p.Arg104Gly plasmid, and a combination of both to mimic
the heterozygous state of the mutated patient. EV was
used to achieve the same amount of total transfected plasmid
(20 μg in each cotransfection). Cells cotransfected with both
WT and p.Arg104Gly plasmids exhibited lower enzymatic

V-1:c.8C>T; p.Ser3Phe V-2:c.310A>G; p.Arg104Gly

V-3: c.319+37G>A
V-7: c.733+47G>A

V-8: c.734-5C>A

c.429+1G>T

V-4: c.320-26A>C

V-5:c.389A>G; p.Gln130Arg

V-6: c.478G>A; p.Val160Met V-9: c.766G>A; p.Ala256Thr

V-10: c.941_943delAGA; p.Lys314del

V-11: c.999C>T; p.Phe333Phe

1 2 3 4 5 6 7 8 9 3′5′

Fig. 1 Graphical representation of the variants identified in MDH2 and the residues of the protein affected. The PV previously reported16 is
indicated with a star. Missense variants are framed in continuous line; in-frame deletion is framed in discontinuous line; synonymous variant is shown in
the upper part of the figure; intronic variants are shown in the lower part of the figure
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Table 2 Summary of the in silico and in vitro analyses in MDH2 missense and deletion VUS

Results in bold indicate major alterations. V- variant, NA not available, Ldh_1_N domain lactate/malate dehydrogenase, NAD-binding domain (Pfam accession:
PF00056), Ldh_1_C domain lactate/malate dehydrogenase, alpha/beta C-terminal domain (Pfam accession: PF02866), SNP single-nucleotide polymorphism, VUS variant
of unknown significance, M mitochondrial
aSee Table S4 for breakdown of the different computational predictors. The number of tools predicting a damaging effect is in brackets
bSee Fig. S2 for mapping of the pathogenic variant onto the crystal structure
cRBP1 messenger RNA (mRNA) expression relative to tumors with pathogenic variants in non-Krebs cycle genes: +++ corresponds to nonsignificant RBP1 expression
reduction, + corresponds to significant (p < 0.05) RBP1 expression reduction
d M: mitochondrial subcelular localization e From in vitro MDH2 enzymatic activity (Fig. 2a, b): +++ corresponds to MDH2 activity >75% compared with control, ++
25–75%, and + 0–25%
ef From in vitro MDH2 enzymatic affinity assay (Fig. 2c-f)
*http://gnomad.broadinstitute.org/ and http://www.internationalgenome.org/ (Last accessed 7 June 2017)
¤Despite the fact that the variant p.K314del is not annotated in the dbNSFP database, we infer the evolutionary conservation of this position considering the annotated
variants at this position (i.e., p.K314Q, p.K314E, p.K314*, p.K314T, p.K314R, p.K314M and p.K314N). For each method, the lowest and the highest scores are
included
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activity in comparison with those cotransfected with WT and
EV ones (27.8% ± 22.6; p= 0.0002) (Fig. 2b).

MDH2 missense variants affinity characterization
Another assay was designed to evaluate if p.Val160Met
and p.Ala256Thr variants affected the affinity of the enzyme
for the substrates, instead of the maximal activity. We used
the p.Arg104Gly variant as positive control. A tendency
of reduced enzymatic activity when decreasing malate
concentration was observed for p.Val160Met, significant at
5 mM (5-fold reduction to malate saturating concentration,
p= 0.0256) (Fig. 2c) and at 2.5 mM (10-fold reduction
to malate saturating concentration, p= 0.0047) (Fig. 2d).
Furthermore, a subtle decrease in the activity was observed
for p.Ala256Thr when diminishing concentration of NAD+
(Fig. 2f) and malate (Fig. 2d) to 20-fold (p= 0.0464) and
10-fold (p= 0.0366), respectively. No significant changes were
observed at higher NAD+ concentrations (0.5 mM) (Fig. 2e).

Molecular dynamics (MD) simulations
Simulations of the dimers of the WT apoenzyme, and the
p.Ala256Thr and p.Val160Met variants revealed differences
in their principal motions. In the WT, we observed
movements of the two monomers relative to each other,
and large conformational changes in one of the helices of
the substrate-binding site and its adjacent loop (Fig. S5A).
In the p.Ala256Thr mutant, the character of the main motions
was conserved (Fig. S5B), whereas in the p.Val160Met
mutant the relative movement of the monomers was strongly
reduced (Fig. S5C).
Although the dynamics of the p.Ala256Thr variant were

similar to that of the WT, closer inspection revealed
conformational changes. In the WT and p.Val160Met variant,
the side chain of Phe260, neighboring Ala/Thr256, switches
between two orientations, while in the p.Ala256Thr mutant it
remains immobile (Fig. 3a). On a larger scale, the opening
between the two monomers becomes slightly enlarged
(Fig. 3b).
Even on a short time scale, the MD simulations revealed

changes in conformation and dynamics of the variants,
compared with the WT. The results suggest that the
p.Ala256Thr variant affects the conformation of the neigh-
boring residues, which contribute to the dimeric interface.
This implies that the p.Ala256Thr variant may affect
dimerization of MDH2. In the p.Val160Met variant, changes
in the dynamics of the substrate-binding site may affect
substrate affinity.

DISCUSSION
After the identification of major susceptibility PPGL genes,
the list of other genes with modest contributions to the
disease has kept growing and it is likely that this number will
continue to increase over the near future.3 Examples include
SDHA,32 TMEM127,33 MAX,34 or FH.35 Through the use
of NGS panels36 to offer a comprehensive genetic diagnosis,
multiple VUS are identified, for which the functional

interpretation represents a crucial challenge in an accurate
genetic counseling session. Herein, we aimed to determine the
prevalence and the clinical characteristics of MDH2 PV
carriers in 830 patients with PPGL without PV in major
PPGL susceptibility genes and to investigate the potential
pathogenicity of every identified MDH2 variant. We were able
to classify 2 MDH2 variants as pathogenic and provide
evidence that suggests an altered molecular function of
MDH2 in 2 others (which have been designated as likely PV),
following the criteria established by the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology guidelines.37 Furthermore, a new
patient, carrying the already reported c.429+1G>T MDH2
variant, was identified.
RBP1 expression in the tumor, bioinformatics predictions,

and functional assays suggested that p.Arg104Gly is a PV
located in the highly conserved NAD-binding site and
significantly impairing MDH2 activity. This variant was
found in a young patient with a noradrenergic PCC. PV in
neighboring positions are reported in different cancers,
supporting the implication of PV at this residue in the
neoplastic process. However, neither LOH nor any other
somatic PV was found in the corresponding tumor sample.
Enzymatic assays performed by cotransfection of WT and
p.Arg104Gly plasmids resembling the heterozygous character
of this PV suggested a dominant-negative effect of the
p.Arg104Gly-mutant.
The two other missense variants, p.Ala256Thr and

p.Val160Met, reported as rare SNPs and located in conserved
residues, were predicted to produce protein 3D structure
destabilization and impaired the MDH2 molecular function.
The p.Val160Met was detected in a 54-year-old PCC patient,
whose tumor showed low RBP1 expression. The p.Ala256Thr
tumor sample was not available, so the interpretation of
this variant was based exclusively on functional assays. This
latter variant was found in a 29-year-old female with a
noradrenergic metastatic PCC. The substitutions at residues
Val160 and Ala256 could also affect the substrate binding
affinity and protein 3D stability, and therefore, neither the
enzymatic assay nor the immunofluorescence experiments
are able to evaluate the effect. Because of that, we conducted
MD simulations only with these variants, which suggested
that p.Val160Met could be modifying malate binding to the
catalytic site, and consequently affecting MDH2 affinity for
its substrate. This was demonstrated in vitro, as MDH2
activity decreased when we reduced malate concentration,
pointing to a lower affinity of the mutated enzyme for malate.
For variant p.Ala256Thr, MD simulations predicted that
it could be affecting enzyme dimerization. We observed a
slight decrease in MDH2 activity when reducing both malate
and NAD+ down to low concentrations, which could be
related to impaired dimerization. A second somatic hit was
not observed in the tumor of p.Val160Met-related patient and
p.Ala256Thr-related tumor was not available. A dominant-
negative effect for p.Val160Met and p.Ala256Thr variants
might be the underlying mechanism as occurs with the p.
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Arg104Gly variant, although this has not been tested in
this study. Thus, the p.Ala256Thr variant could be classified
as likely pathogenic. Regarding the p.Val160Met variant,
although most of our analyses suggested a potential
pathogenic role as well, it was also classified as likely
pathogenic due to the high number of alleles found (46/
277206) in the general population.
For the two other novel missense variants (p.Ser3Phe

and p.Gln130Arg) identified, computational analyses did not

reach a consensus. In addition, patients carrying these
variants had predominant adrenaline production or nonfunc-
tional tumors, which is in discordance with MDH2-mutated
patient16 and other Krebs cycle genes. The high RBP1
expression in the p.Ser3Phe-tumor supported that this variant
is not pathogenic. Thus, we classified these two variants as
likely neutral.
The four intronic variants and the synonymous one were

not classified, as no RNA was available. The computational
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tools indicated no agreement, highlighting the relevance of
having access to a tissue tumor sample to study at least the
RBP1 and/or MDH2 expression.
The p.Lys314del, identified in a patient with multiple

noradrenergic PGLs, was classified as pathogenic, as it affects
a conserved amino acid, and LOH and low RBP1 expression
in the tumor sample were found.
Finally, a 57-year-old patient with a metastatic pheochro-

mocytoma, clinical phenotype similar to the patient
reported,16 was identified to carry the same variant affecting
a donor splice-site (c.429+1G>A).
In summary, taking into account only those MDH2 variants

identified that display characteristics supportive of a patho-
genicity potential, we provide more evidence that suggests the
potential role of MDH2 in PPGL predisposition, and indicates
that MDH2 germline PV could be responsible for 0.6% of
PPGL cases, prevalence comparable with that reported for
other recently described PPGL genes. The apparent lack of
family history in four pedigrees investigated suggests an

incomplete penetrance of MDH2, similar to the one
observed in other Krebs cycle genes, such as SDHA or FH.
Furthermore, there are other similarities worthy to mention.
In this regard, families affected with encephalopathy due to
recessive MDH2 deficiency have been described.38 One could
expect to find PPGL patients in these families, but as it
happens in pedigrees affected with the Leigh syndrome
(OMIM 256000) associated with autosomal recessive PV in
SDHA,39 their members do not develop either these tumors.
On the other hand, it is worthy to note that MDH2 variants

were found in metastatic cases, as two of five patients (three of
six, if we include the reported MDH2 patient)16 developed
metastases. Taking into account the low prevalence of MDH2
PV, as well as the low penetrance, its genetic testing could be
considered in a research direction manner until providing
further epidemiological and segregation data that would
confirm the implication of MDH2 PV in PPGL susceptibility.
NGS is becoming the rational tool to apply to PPGL genetic

diagnosis, and unavoidably it leads to an increasing number of
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VUS reported. The task of classifying VUS for genetic
counseling is especially complex when considering genes
scarcely analyzed, which exhibit a high ratio of missense
variants, as previously shown for MAX.40 In this study,
we were able to demonstrate a functional impact for two
variants (p.Arg104Gly and p.Lys314del) and suggested an
altered molecular function for other two (p.Val160Met and
p.Ala256Thr), but there was insufficient evidence to consider
them pathogenic even after applying up to five approaches
to classify them. Although, it is likely that this rationale is
unapproachable in the clinical setting when tumor tissue
is unavailable, we demonstrated that MDH2 variants could
be classified by a multidisciplinary approach.
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