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Abstract

Disruption of the Krebs cycle is a hallmark of cancer. IDH1 and IDH2 mutations are found in many neoplasms, and 
germline alterations in SDH genes and FH predispose to pheochromocytoma/paraganglioma and other cancers. We 
describe a paraganglioma family carrying a germline mutation in MDH2, which encodes a Krebs cycle enzyme. Whole-
exome sequencing was applied to tumor DNA obtained from a man age 55 years diagnosed with multiple malignant 
paragangliomas. Data were analyzed with the two-sided Student’s t and Mann-Whitney U tests with Bonferroni correction 
for multiple comparisons. Between six- and 14-fold lower levels of MDH2 expression were observed in MDH2-mutated 
tumors compared with control patients. Knockdown (KD) of MDH2 in HeLa cells by shRNA triggered the accumulation of 
both malate (mean ± SD: wild-type [WT] = 1 ± 0.18; KD = 2.24 ± 0.17, P = .043) and fumarate (WT = 1 ± 0.06; KD = 2.6 ± 0.25, 
P = .033), which was reversed by transient introduction of WT MDH2 cDNA. Segregation of the mutation with disease and 
absence of MDH2 in mutated tumors revealed MDH2 as a novel pheochromocytoma/paraganglioma susceptibility gene.

Pheochromocytomas and paragangliomas are tumors that 
mainly arise from the adrenal medulla and the sympathetic 
nervous system paraganglia, respectively. Since 1990, 11 major 

susceptibility genes have been identi�ed: NF1, RET, VHL, 
SDHA, SDHB, SDHC, SDHD, SDHAF2, TMEM127, MAX, and FH (1). 
However, there are still some patients with clinical indicators 
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of hereditary disease (ie, family history, multiple tumors, and/or 
young age) that are not explained by mutations in these genes.

Whole-exome sequencing was applied to tumor DNA 
obtained from a man age 55 years who was diagnosed with multi-
ple malignant paragangliomas. Details about patients, sequenc-
ing methods, reverse transcriptase and quantitative real-time 
polymerase chain reaction, western blot analyses, immuno-
histochemistry, gene expression, and enzymatic activity analy-
ses, and cell culture are available in Supplementary Methods 
(available online). The Kolmogorov-Smirnov test was used to 
assess departure from the normal distribution. When a normal 
distribution could not be assumed, a two-sided exact Mann-
Whitney U test was applied to test for differences. Otherwise a 
t test for independent samples was applied. Nominal two-sided 
P values less than .05 were considered statistically signi�cant. 
Statistical analyses were performed using SPSS version 17 (SPSS 
Inc., Chicago, IL), R version 3.0.1 and Graphpad Instat version 
3.05. The Instituto de Salud Carlos III (ISCIII) ethics committee 
approved the study, and the patients or their relatives provided 
written informed consent.

Five single nucleotide substitutions and 11 insertions or 
deletions (INDELs) passed the �ltering process (Supplementary 
Table 1, available online). These included a heterozygous vari-
ant, c.429+1G>T, affecting a canonical donor splice site on exon 
4 of MDH2, the gene that encodes the mitochondrial malate 
dehydrogenase enzyme involved in the Krebs cycle. After con-
�rming the presence of the variant in the sequenced tumor 
and in peripheral blood lymphocytes from the patient, Sanger 
sequencing of the available primary tumors from the patient 
(n = 4) revealed loss of the MDH2 wild-type allele in two tumors, 
indicating loss of heterozygosity (Figure 1A). Direct sequencing 
of the cDNA regions �anking the mutation demonstrated that 
c.429+1G>T gave rise to an altered transcript that incorporated 
20 additional amino acids into the exon as well as to a premature 
stop codon. Because the stop codon is followed by more than 
50 nucleotides, it was considered potentially involved in non-
sense-mediated decay (Figure 1B) (2). MDH2 mRNA expression 
analysis revealed six- to 14-fold lower levels of MDH2 expres-
sion in the four tumors carrying the c.429+1G>T mutation, com-
pared with control patients (Figure 1C). In addition, substantially 
lower levels of MDH2 protein were detected in the MDH2-related 
tumors compared with control patients (Figure 1D), suggesting 
that nonsense-mediated decay was occurring and con�rming 
loss of expression of the wild-type allele in all mutated tumors. 
The MDH2-mutated tumor displayed statistically signi�cantly 
lower MDH2 activity than that of control tumors (median 
[range]  =  275.78  nmol/min/mg [181.69–882.43] vs 966.64  nmol/
min/mg [221.07 - 3551.0]; P = .006) (Figure 1E), suggesting severe 
malate dehydrogenase de�ciency. Krebs cycle metabolite analy-
sis did not detect accumulation of malate in the MDH2-mutated 
tumor. However, a much higher fumarate:succinate ratio was 
observed in the MDH2-mutated tumor (mean of two measure-
ments  =  0.34) in comparison with succinate dehydrogenase 
(SDH) gene-mutated (mean ± SD = 0.01 ± 0.02; P = .044) and non-
mutated (mean ± SD: 0.06 ± 0.10; P = .006) tumors (Supplementary 
Figure  1, available online), suggesting that fumarate could be 
accumulated in MDH2-mutated cells. Knockdown of MDH2 
expression in HeLa cells by shRNA (Supplementary Figure  2, 
A-C, available online) triggered the accumulation of both malate 
(mean ± SD: wild-type [WT] = 1 ± 0.18 vs KD = 2.24 ± 0.17; P = .043) 
and fumarate (mean ± SD: WT = 1 ± 0.06 vs KD = 2.6 ± 0.25 [WT]; 
P = .033) which was reverted by transient introduction of wild-
type MDH2 cDNA (Figure  1, F-H). Additional malate-utilizing 
enzymes (MDH1 and malic enzymes 1–3) could be responsible for 

the absence of malate accumulation in MDH2-mutated tumors. 
However, neither the observed MDH1 activity (Supplementary 
Table 2, available online) nor the expression of malic enzymes 
1–3 (data not shown) in the MDH2-mutated tumors explain the 
absence of malate accumulation, suggesting that an unknown 
mechanism is accounting for this controversial result.

Several studies have demonstrated that the accumulation of 
succinate and fumarate, caused by SDH gene mutations and FH 
mutations, respectively, and the production of 2-hydroxyglutar-
ate (2HG), associated with IDH1 and IDH2 alterations, lead to the 
enzymatic inhibition of multiple α-KG-dependent dioxygenases 
(3,4). This inhibition causes impaired histone demethylation and 
5-mC hydroxylation (5-hmC) and, consequently, genome-wide 
histone and DNA methylation alterations. This in turn leads to 
a characteristic CpG island methylator phenotype (CIMP) (5) and 
provides a rationale for tumor development caused by Krebs 
cycle disruption. Expression pro�ling analysis based on genes 
that were hypermethylated and downregulated in SDH gene- 
and FH-mutated tumors and associated with the characteris-
tic CIMP (5) revealed that the MDH2-mutated tumor and three 
apparently sporadic cases all clustered with SDH gene-mutated 
tumors, suggesting a similar CIMP (CIMP-like) pro�le (Figure 2A). 
Immunohistochemical evaluation of 5-hmC (Figure 2B) and tri-
methylation of histone H3 lysine 27 (H3K27me3) (Supplementary 
Figure 3A, available online) were also consistent with the MDH2-
mutated tumor having a CIMP-like pro�le. In addition, classi�-
cation by retinol binding protein 1 (RBP1) expression, which is 
an exclusive biomarker for IDH mutations in gliomas (6), seg-
regated the MDH2- with the SDH-mutated tumors (Figure  2C; 
Supplementary Figure  3B, available online), providing further 
evidence that MDH2 mutations are associated with a methyla-
tor phenotype. Finally, methylation analysis based on pyrose-
quencing of CpG sites in seven selected genes (including RBP1) 
(Supplementary Figure 3C, available online) demonstrated that 
the genome-wide downregulation observed for the MDH2-
mutated tumors was because of CpG island methylation.

A genetic study of �ve asymptomatic relatives of the patient 
found that two of them carried the MDH2 c.429+1G>T muta-
tion. MDH2 mRNA and protein expression in blood cells were 
statistically signi�cantly lower in the two carriers compared 
with control patients (median ± SD: 0.33 ± 0.07 [P  =  .0001] and 
0.53 ± 0.05 [P = .0001] vs 1.08 ± 0.08, respectively), con�rming that 
the splicing mutation has a deleterious effect (Supplementary 
Figure 4, available online). Subsequent clinical testing detected 
high levels of normetanephrine for one of the carriers (II-2), thus 
con�rming the presence of the disease. Neither the three appar-
ently sporadic cases with tumors that grouped within the CIMP-
like cluster nor a selected series of cases with clinical features 
of a hereditary disease (Supplementary Table 3, available online) 
had alterations in the MDH2 gene.

During the last 10 years, germline and acquired alterations 
affecting some of the enzymes involved in the Krebs cycle have 
been recognized as one of the hallmarks of cancer, and, more 
speci�cally, of pheochromocytoma/paraganglioma develop-
ment. It is well known that germline mutations in the genes 
encoding the four structural subunits of the Krebs cycle enzyme 
SDH (7–10), or in the regulatory enzyme SDHAF2 (11), predispose 
to hereditary pheochromocytoma/paraganglioma. In addition, 
inactivating mutations in FH predispose to hereditary leiomy-
omatosis and renal cell cancer (HLRCC) (12) and have recently 
been identi�ed in patients with pheochromocytoma/paragan-
glioma (5,13). Finally, IDH1 and IDH2 are frequently mutated in 
multiple types of human cancer, including one paraganglioma 
(14). In the present study, we have demonstrated the deleterious 
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effect of a germline MDH2 mutation identi�ed by whole-exome 
sequencing. We have also con�rmed the absence of MDH2 pro-
tein in tumors carrying the variant, as well as the segregation 
of the c.429+1G>T mutation with the disease, suggesting that 
MDH2 behaves as a classic tumor suppressor gene.

The MDH2-mutated tumor had not only a global tran-
scriptional pro�le similar to SDH gene-mutated tumors, but 
also a CIMP-like signature consistent with Krebs cycle disrup-
tion. Mdh2 function abrogation in Drosophila pupae results in 

a severe energy de�cit and accumulation of late-stage Krebs 
cycle intermediates such as malate, succinate, and fumarate 
(15). A  similar mechanism occurs in Fh1-de�cient cells that 
accumulate fumarate and succinate (16). In the present study 
we have demonstrated that stable silencing of MDH2 expression 
in HeLa cells also leads to malate and fumarate accumulation. 
Like succinate and fumarate, malate inhibits hypoxia induc-
ible factor alpha (HIF-α) prolyl hydroxylation (17,18). Though no 
malate accumulation was found in the MDH2-mutated tumor, 

Figure 1. Characterization of MDH2-mutated tumors. A) MDH2 mutation in germline DNA from the patient and loss of the wild-type (WT) allele in two tumors of the 

patient. B) Sequence of the aberrant transcript caused by the MDH2 mutation. C) MDH2 mRNA expression in the four MDH2-mutated paragangliomas available from 

the index patient and genetically characterized pheochromocytoma/paraganglioma. Expression level was normalized to β-actin (ACTB) and presented as mean and 

standard deviation (n ≥ 3). Error bars represent standard deviation. D) MDH2 western blot of mutated tumors and controls. ACTB was used as a loading control. E) 

Representation of MDH2 activity measured in MDH2-mutated and control tumors. The black line at the middle of the box represents the median. Whiskers represent 

Minimum-Q1, Q3-maximum ranges. MDH2-mutated values from six repeated measurements. P value based on a two-sided Mann-Whitney U test. F) Western blot of 

MDH2 KD HeLa cells transfected with a plasmid containing the full cDNA sequence of the human MDH2 gene (pCMV6-AC-MDH2; Origene), compared with MDH2 KD 

cells transfected with empty vector (EV) and with untransfected WT HeLa cells. ACTB was used as a loading control. G) Metabolite ratios assessed by liquid chromato-

graphic tandem-mass spectrometry in MDH2 KD (blue bars) compared with WT (gray bars) HeLa cells. The ratios were normalized relative to WT control values and 

reported as mean and standard deviation (n = 3). A two-sided t test for independent samples was applied to test for differences. *: P < .05. Error bars represent standard 

deviations. H) Metabolite ratios for MDH2 KD cells transfected with pCMV6-AC-MDH2 (black bars) compared with MDH2 KD cells transfected with EV (blue bars). The 

ratios were normalized relative to control (EV) values and reported as mean + SD (n = 3). A two-sided t test for independent samples was applied to test for differences. 

Error bars represent standard deviations. MDH2 = malate dehydrogenase 2.
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the high fumarate:succinate ratio detected suggests that fuma-
rate accumulation may have been present, which would explain 
the CIMP-like pro�le observed. The �nding of three SDH gene-, 
FH-, and MDH2-negative tumors exhibiting the CIMP-like signa-
ture points to the possibility that other, still hidden, molecular 
alterations in the Krebs cycle account for these cases, and for 
an unknown proportion of additional patients. The absence 
of paraganglioma in one of the three c.429+1G>T carriers sug-
gests that the penetrance of mutations in this gene is incom-
plete, as is the case for SDHB mutations (19). Interestingly, none 
of the seven FH mutation carriers described so far with pheo-
chromocytoma/paraganglioma has a family history of the dis-
ease (20). Moreover, mutations in the more recently discovered 
pheochromocytoma/paraganglioma susceptibility genes (MAX, 
TMEM127, and FH) are present in less than 2% of cases without 
mutations in known genes (1,13), and in fact none of the 239 
Spanish patients screened for mutations was found to be carrier 
of an FH mutation. Finding additional MDH2 mutation carriers 
will presumably require genetic screening of large cohorts of 
patients. Finally, only one truncating mutation (p.E153*) in MDH2 
is recorded in The Catalogue of Somatic Mutations in Cancer 
(COSMIC; http://cancer.sanger.ac.uk/cancergenome/projects/
cosmic/). The mutation was found in a neuroblastoma, a highly 

metastatic malignancy of the sympathetic nervous system that 
is genetically related to pheochromocytoma (21) and that also 
originates primarily in the adrenal gland.

This study is limited by the number of mutation carriers in the 
pedigree and the incomplete penetrance observed for the MDH2 
alteration. The identi�cation of additional disease-causing muta-
tions in MDH2 will provide further information about the clinical 
relevance of this gene. Though we have no explanation for the 
absence of malate accumulation in the MDH2-mutated tumor, we 
have demonstrated using HeLa cells that MDH2 abrogation leads 
to increased levels of malate and the onco-metabolite fumarate.

In summary, whole-exome sequencing has identi�ed a novel 
tumor suppressor gene, MDH2, associated with paraganglioma 
development. This �nding further links the disruption of the 
Krebs cycle to cancer etiology and highlights that alterations 
in this major metabolic pathway may explain additional pheo-
chromocytoma/paraganglioma cases.

Funding
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Investigaciones Sanitarias (grants PI12/00236 and PI11/01359 
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Figure 2. Expression analyses carried out in the MDH2-mutated tumors. A) Hierarchical clustering of 91 genetically characterized pheochromocytomas/paraganglio-

mas based on expression data for genes hypermethylated and downregulated in SDH/FH-mutated pheochromocytomas (5). Three clusters, mimicking those previously 

obtained using methylation data, were observed and named M1 (CIMP-like), enriched with SDH gene-mutated tumors, M2 with VHL-mutated tumors, and M3 with 

RET/NF1/MAX/TMEM127-mutated tumors. Tumors with no color are apparently sporadic cases. Asterisks denote three CIMP-like tumors with no identi�ed mutations 

in the SDH genes, FH or MDH2. B) Immunohistochemical staining of 5-hmC in MDH2-, RET-, and SDHB-mutated tumors. Nuclear 5-hmC was almost undetectable in 

MDH2- and SDHB-mutated tumor cells; it was observed only in sustentacular and some stromal cells. The scale bar represents 50 µm. C) mRNA expression of RBP1 in 

the MDH2-mutated tumor, SDH gene-mutated tumors, the CIMP-like apparently sporadic tumors clustered in M1 (A) and tumors clustered in the M2 and M3 groups (A), 

de�ned based on gene expression. P value based on a two-sided exact Mann-Whitney U test. The horizontal black line represents the median. Filled squares and trian-

gles represent individual datapoints. FH = fumarate hydratase; MAX = MYC-associated factor X; MDH2 = malate dehydrogenase 2; NF1 = neuro�bromin 1; RBP1 = retinol 

binding protein 1; RET = ret proto-oncogene; SDH = succinate dehydrogenase; TMEM127 = transmembrane protein 127.
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