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Recurrent Germline DLST Mutations in Individuals
with Multiple Pheochromocytomas and Paragangliomas

Laura Remacha,1 David Pirman,2 Christopher E. Mahoney,2 Javier Coloma,3 Bruna Calsina,1

Maria Currás-Freixes,1 Rocı́o Letón,1 Rafael Torres-Pérez,1 Susan Richter,4 Guillermo Pita,5

Belén Herráez,5 Giovanni Cianchetta,2 Emiliano Honrado,6 Lorena Maestre,7 Miguel Urioste,8

Javier Aller,9 Óscar Garcı́a-Uriarte,10 Marı́a Ángeles Gálvez,11,12 Raúl M. Luque,13 Marcos Lahera,14

Cristina Moreno-Rengel,15 Graeme Eisenhofer,4 Cristina Montero-Conde,1

Cristina Rodrı́guez-Antona,1,16 Óscar Llorca,3 Gromoslaw A. Smolen,2 Mercedes Robledo,1,16

and Alberto Cascón1,16,*

Pheochromocytomas and paragangliomas (PPGLs) provide some of the clearest genetic evidence for the critical role of metabolism in the

tumorigenesis process. Approximately 40% of PPGLs are caused by driver germline mutations in 16 known susceptibility genes, and

approximately half of these genes encode members of the tricarboxylic acid (TCA) cycle. Taking as a starting point the involvement

of the TCA cycle in PPGL development, we aimed to identify unreportedmutations that occurred in genes involved in this keymetabolic

pathway and that could explain the phenotypes of additional individuals who lack mutations in known susceptibility genes. To accom-

plish this, we applied a targeted sequencing of 37 TCA-cycle-related genes to DNA from 104 PPGL-affected individuals with no muta-

tions in the major known predisposing genes. We also performed omics-based analyses, TCA-related metabolite determination,

and 13C5-glutamate labeling assays. We identified five germline variants affecting DLST in eight unrelated individuals (�7%); all except

one were diagnosedwithmultiple PPGLs. A recurrent variant, c.1121G>A (p.Gly374Glu), found in four of the eight individuals triggered

accumulation of 2-hydroxyglutarate, both in tumors and in a heterologous cell-based assay designed to functionally evaluate DLST var-

iants. p.Gly374Glu-DLST tumors exhibited loss of heterozygosity, and their methylation and expression profiles are similar to those of

EPAS1-mutated PPGLs; this similarity suggests a link between DLST disruption and pseudohypoxia. Moreover, we found positive DLST

immunostaining exclusively in tumors carrying TCA-cycle or EPAS1 mutations. In summary, this study reveals DLST as a PPGL-suscep-

tibility gene and further strengthens the relevance of the TCA cycle in PPGL development.
Introduction

Pheochromocytomas and paragangliomas, together called

PPGLs (MIM: 171300), are rare neuroendocrine tumors

derived from chromaffin cells of the adrenal medulla and

extra-adrenal paraganglia, respectively. PPGLs have one

of the highest heritability rates of all neoplasms in hu-

mans. Approximately 40% of individuals with this geneti-

cally heterogeneous disease carry a germline mutation

in one of 16 different susceptibility genes (FH [MIM:

136850], KIF1B [MIM: 605995], MAX [MIM: 154950],

MDH2 [MIM: 154100], NF1 [MIM: 613113], EGLN2

[MIM: 606424], EGLN1 [MIM: 606425], RET [MIM:

164761], SDHA [MIM: 600857], SDHAF2 [MIM: 613019],

SDHB [MIM: 185470], SDHC [MIM: 602413], SDHD

[MIM: 602690], SLC25A11 [MIM: 604165], TMEM127

[MIM: 613403], and VHL [MIM: 608537]).1,2 However, an
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important fraction of individuals with clinical features

(such as a family history of PPGL, multifocal tumors, or

an early age of onset) indicative of a hereditary condition

lack mutations in any of the known PPGL susceptibility

genes.

On the basis of many expression and methylation

profiling studies (for a review, see Dahia, 20143), PPGLs

can be classified into two main clusters; one of them (clus-

ter 1) is enriched in tumors that carry mutations in genes,

such as the succinate dehydrogenase (SDH) genes FH,

MDH2, and IDH1 [MIM: 147700], encoding tricarboxylic

acid (TCA) cycle enzymes. These alterations lead to disrup-

tion of the TCA cycle, and that disruption results in the

accumulation of ‘‘oncometabolites’’ like succinate, fuma-

rate, and 2-hydroxyglutarate (2HG). These oncometabo-

lites contribute to PPGL tumorigenesis through abro-

gating the function of a-ketoglutarate (aKG)-dependent
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dioxygenases such as Tet methylcytosine dioxygenase 2 or

histone N-methyl-lysine demethylases. This leads to a hy-

permethylation signature, also known as the CpG-island-

methylator-phenotype (CIMP) profile, similar to the ones

observed in glioblastomas4 and renal cell carcinomas5

(Ricketts et al., 2016, Cancer Res., abstract) that carry meta-

bolic alterations such as gain-of-function IDH1 or IDH2

and loss-of-function (LoF) FH or SDHB mutations, respec-

tively. Interestingly, there are still PPGLs that exhibit a

CIMP-like profile but have no alteration in any of the

known TCA-cycle-related susceptibility genes.6

Most PPGLs are benign, but 10%–20% of PPGL-affected

individuals develop metastases in distant, non-chromaffin

tissues such as in the liver, bones, lymph nodes, and

lungs.7,8 Despite limited knowledge of the markers of ma-

lignancy, it is known that PPGLs carrying mutations in

TCA-cycle-related genes, such as SDHB or FH, show partic-

ularly high rates of malignancy and lower survival rates.9

Therefore, a better understanding of the molecular patho-

genesis of this disease might determine the appropriate

health management or treatment strategy for affected

individuals.

Considering the relevance of the TCA cycle in PPGL

development, we hypothesized that other genes involved

in this metabolic pathway could be responsible for the dis-

ease in genetically as-yet-uncharacterized cases. In the

present study, we identified a PPGL susceptibility gene by

sequencing 37 TCA-cycle-related genes in a series of

affected individuals without known mutations. We found

four different missense mutations and one splice-site

variant in the dihydrolipoamide S-succinyltransferase

(DLST [MIM: 126063]) gene in eight unrelated individuals,

suggesting a pathogenic role for the disruption of the

activity of the aKG dehydrogenase (OGDH) complex.

The characteristic methylation profile and the accumula-

tion of 2HG found in tumors and cells carrying the

recurrent variant c.1121G>A (p.Gly374Glu) (dbSNP:

rs1270341616) suggest that DLSTmight be a PPGL suscep-

tibility gene and further supports the importance of TCA-

cycle alterations in PPGL development.
Material and Methods

Research Subjects
104 affected index individuals without mutations in known PPGL

susceptibility genes (RET, VHL, NF1, MAX, TMEM127, SDHA,

SDHB, SDHC, SDHD, SDHAF2, MDH2, FH, EPAS1 [MIM: 603349],

and HRAS [MIM: 190020]) were included in the study. A summary

of the clinical data of the affected individuals is shown in Table S1.

In order to rule out hidden mutations affecting the SDH genes,

we performed immunostaining of SDHB when formalin-

fixed, paraffin-embedded (FFPE) tumor tissues were available.10

Genomic DNA was extracted from peripheral-blood leukocytes

with the Maxwell 16 Blood DNA-purification system (Promega).

Tumor DNA was obtained with the DNeasy Blood and Tissue kit

(QIAGEN) for frozen tissues and the Covaris S2 System (Covaris)

for FFPE tissues according to the manufacturers’ instructions.
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The Instituto de Salud Carlos III (ISCIII) ethics committee (Spain)

approved the study, and all individuals provided written informed

consent to participate in this study.

Targeted Next-Generation Sequencing
We extracted DNA from the selected samples and sequenced it for

a set of 37 genes involved in the TCA cycle (Table S2) with TruSight

sequencing technology and using a previously reported NGS

panel.6 In brief, the NGS panel was designed in DesignStudio soft-

ware (Illumina), and the DNA samples were sequenced with a

MiSeq desktop sequencer as previously described.6 Identified cod-

ing and splice-site variants were filtered by considering mapping

quality, variant score, depth, strand bias, annotation quality, and

predicted effect. The cutoff applied for considering a nucleotide

substitution as a candidate pathogenic variant was 1.805 3 10�5,

which is the highest frequency of a known pathogenic SDHB mu-

tation in the Genome Aggregation Consortium (gnomAD) data-

base. We used the PredictSNP consensus classifier11 to predict

the effects of the substitutions that passed all filtering steps, and

we used MultAlin software to study and visualize the conservation

of specific residues in multiple aligned sequences from different

species.

Structural Modeling of the DLST Catalytic Domain and

Predictions on Variants
The full-length amino acid sequence of hDLST was submitted to

the Phyre2 server for structure prediction.12 14 templates were

selected for protein modeling on the basis of heuristics designed

to maximize confidence, percentage identity, and alignment

coverage. Of these, we used 13 templates to model the biotin-

lipoyl attachment domain. We used the E. coli dihydrolipoamide

succinyltransferase structure (PDB: 1SCZ, 60% identity, 74% simi-

larity) to model the catalytic domain. Nine residues were modeled

ab initio. The final model of the protein had 98% of its sequence

modeled at >90% confidence. hDLST has been shown to be active

as a trimer in vivo.13 We generated the trimeric structure by using

the E. coli dihydrolipoamide succinyltransferase structure crystal-

lized in a trigonal space group (PDB: 1C4T) as a template. The ste-

ric clashes that were generated during modeling and trimerization

were removed with the program Chiron.14 The active site of the

catalytic domain was localized with the known catalytic residues

His424 and Ser372. We predicted the binding site of the substrate

by using the dihydrolipoyl transacetylase structure of A. vinelandii

crystallized in the presence of 6,8-dimercapto-octanoid acid

amide and coenzyme A (PDB: 1EAB). Images were generated

with PyMOL.15

Loss of Heterozygosity and SNP-Array Analyses
Loss-of-heterozygosity (LOH) analysis of the DLST locus was per-

formed on samples for which tumor DNA was available. Sanger

sequencing of tumor DNA with specific primers that amplified

DLST regions containing the mutations identified was performed

in eight tumor samples from five individuals. To characterize the

mechanism of LOH, high-density SNP-array analysis was per-

formed on DNA of sufficient quality from two tumors (#4 and

#5A). A genome-wide scan was conducted on 250 ng of tumor

DNA with the Illumina Human610-Quad BeadChip (Illumina) ac-

cording to the manufacturer’s specifications. Image data was

analyzed with the Chromosome Viewer tool contained in

GenomeStudio 2010.2 (Illumina). The metric we used was the

log-R ratio, which is the binary logarithm of the ratio of the
2019



observed to expected normalized R values for a given SNP.16 In

addition, we estimated the allele frequency for all SNPs. Microsat-

ellite analysis was carried out on DNA from an additional individ-

ual (#3). Primers for three polymorphic markers located in

chromosome 14 and chromosome 2 (which we used as a control)

were designed and labeled (50 6-FAM). We amplified genomic and

tumor DNA samples separately by means of a multiplex PCR kit

(QIAGEN), and we used PCR amplification products for fragment

analysis on an ABI PRISMTM 310 capillary sequencer (Applied

Biosystems) and analyzed them with Peak Scanner Software v1.0

(Applied Biosystems) as previously described.17

Lentiviral Constructs and Techniques
We overexpressed cDNA constructs by using the pLVX-EF1a-IRES-

neovector,whichwederived fromthepLVX-EF1a-IRES-purovector

(631988,Clontech) by exchanging the selection cassettes. AllDLST

cDNA constructs were untagged. All constructs were confirmed by

sequencing. A catalytically dead DLSTmutant was designed on the

basis of the crystal structure of the E.coli DLST ortholog (PDB:

1SCZ), and His375 was selected as critical for the deprotonation

of the thiol group of coenzyme A. The corresponding human resi-

due, His424, was selected for mutagenesis. Lentivirus-based con-

structs were made according to the standard protocol of the RNAi

Consortium from the Broad Institute. In order to evaluate the role

ofDLSTvariants,weusedH838DLST-KOcells previouslygenerated

by CRISPR-Cas9 technology.18 For infection, H838 DLST-KO cells

were centrifuged for 1 h in the presence of the viruses and8 mgg/mL

Polybrene (H9268, Sigma). Themediumwas replacedafter the spin,

and drug selection was started 24 h later. Selection was carried out

until all uninfected control cells were dead.

13C5-glutamate Labeling Studies in DLST-KO Cancer

Cells
We conducted labeling studies and liquid chromatography-mass

spectrometry (LC-MS) methods as previously described.18 In brief,

cells were plated at 60%–70% confluency in triplicate in fresh Ros-

well Park Memorial Institute 1640 (RPMI-1640) medium and incu-

bated overnight. The next day, the medium was replaced with

medium containing 2 mM 13C5-glutamate. Labeling was done

for 3 h, after which we washed the cells three times with PBS

(pH 7.4), and we extracted metabolites via the addition of ice-

cold 80% methanol. Cell debris was removed by centrifugation,

and samples were dried under a stream of nitrogen. Internal

standard (L-Glutamic acid-13C5,
15N,2,3,3,4,4-d5, 749850, Sigma-

Aldrich) was added at 1 mg/mL during the extraction step. In all

labeling studies, the reported amounts of labeled species were

corrected for natural isotope abundance.

Immunoblotting
Immunoblotting was conducted as previously described.18 In

brief, cells were harvested in 13 RIPA buffer (BP-115, Boston

BioProducts) containing a phosphatase and protease inhibitor

cocktail (5872S, Cell Signaling Technology). We scraped adherent

cells into lysis buffer and then sonicated the mixture for a brief

time to solubilize the cells. Cell lysates were cleared by centrifuga-

tion for 10 min at 4�C. Protein quantification was done with the

Pierce BCA Assay Kit (23225, Life Technologies). The primary an-

tibodies we used were anti-DLST (HPA003010; rabbit polyclonal

1:1000, Sigma) and anti-GAPDH (97166, 1:10,000, Cell Signaling

Technology). The results were visualized with the Odyssey imag-

ing system (LI-COR) and the following secondary antibodies:
The Ame
IRDye 680RD donkey anti-rabbit (926-68073, LI-COR) and IRDye

800CW donkey anti-mouse (926-32212, LI-COR).

Liquid Chromatographic-Tandem Mass Spectrometric

Determination of TCA-Related Metabolites
Fresh-frozenor FFPE tumor tissues (5–10mg) fromfour available in-

dividuals (tumors #1; #3A,B, and C; #4; and #5A and B) (Table 1)

and from 51 controls (DLST-WT PPGLs) were immersed in 500 mL

LC-MS/MS-grade methanol containing isotope-labeled internal

standards and processed as previously described.19 An analysis of

metabolites was carried out with an AB Sciex 5500 QTRAP mass

spectrometer coupled to an Acquity ultra-high-performance liquid

chromatographic system (Waters) as previously described.19

DNA Methylation Array
Bisulfite conversion of DNA was performed with the EZ DNA

Methylation Kit (Zymo Research), and genome-wide DNAmethyl-

ation was assayed with the Infinium MethylationEPIC BeadChip

Kit (Illumina) at the Centro Nacional de Genotipado (CEGEN-

ISCIII) as previously described.20 This BeadChip interrogates

over 850,000methylation sites per sample at single-nucleotide res-

olution. Beta values for interrogated CpGs were assigned with the

Genome Studio Methylation module and transformed into M

values by applying the formula log2[beta value/(1-beta value)].

Negative M values indicate less than 50% methylation, and posi-

tive M values indicate more than 50% methylation.21 We used

the M values for statistical analyses. Hierarchical clustering of

methylation data from three unrelated DLST-mutated tumors

and 13 PPGLs carrying known mutations in major susceptibility

genes (four SDHB-, two DNMT3A-, two HRAS-, one NF1-, two

MAX-, one EPAS1-, and one RET-mutated tumor) was performed

with GeneCluster 2.0.22 A second, unsupervised analysis was per-

formed with a list of 125,112 probes corresponding to 4,662 genes

with CpG sites reported as significantly hypermethylated in

SDHx-mutated (M1) PPGLs.23 We used the complete linkage as a

clustering method and the city-block metric as the distance mea-

sure in the unsupervised comparisons. The methylomes we used

in the analysis have been deposited in the National Center

for Biotechnology Information GEO database, under accession

numbers GEO: GSE111336 and GSE123185.

Gene Expression Array
We used the AgilentWhole HumanGenome platform (4344K) for

the competitive hybridization of labeled and amplified cDNAs ob-

tained from Universal Human Reference RNA (Stratagene) and

from RNAs extracted from PPGL tumor samples as previously

described.24 To identify a transcriptional profile related to DLST

alteration, we used gene expression data from two available

DLST-mutated tumors and from 67 controls harboring mutations

in other PPGL susceptibility genes (GEO: GSE19422). We grouped

tumor samples according to their expression profiles by unsuper-

vised clustering, and we used a supervised analysis to identify spe-

cific transcripts related to the presence of DLSTmutations. For the

hierarchical clustering, we used expression data from a previously

reported list of 451 genes (572 probes) differentially expressed in

SDHx-, VHL-, and RET-, NF1-, or TMEM127-mutated PPGLs.25

Differentially expressed genes were identified by a t test (limma)

carried outwith POMELO II software.26 To account formultiple hy-

pothesis testing, the estimated significance level (P) was adjusted

with the Benjamini false discovery rate (FDR) correction.27 Genes

with an FDR <0.05 were considered to be differentially expressed
rican Journal of Human Genetics 104, 651–664, April 4, 2019 653
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between tumor classes. The transcriptome from tumor #5A (data

from tumor #4 are already included in GEO: GSE19422) has been

deposited in GEO, under accession number GEO: GSE123344.

Quantitative Real-Time PCR
We obtained total RNA from FFPE or frozen material by using the

RNeasyFFPE (QIAGEN)orTriReagent (MRC)kit, respectively, accord-

ing to themanufacturers’ instructions.Weprepared cDNA from1 mg

of total RNA by using amix of oligo-dTand randomprimers and the

qScript cDNA Synthesis Kit (#95047-100, Quanta Biosciences).

mRNA concentrations from genes of interest were determined by

quantitative PCR on a 7500 fast real-time PCR system (Applied Bio-

systems) that used the Universal ProbeLibrary set; each sample was

analyzed in triplicate. RelativemRNAconcentrationswere estimated

by the DDCt method28 and normalized using b-actin (ACTB) as a

housekeeping gene. The results are shown as the mean 5 SD, and

mRNAs obtained from frozen or FFPE tumors carrying mutations

in other known PPGL susceptibility genes were used as controls.

Immunohistochemistry
Immunohistochemical (IHC) staining of DLST (11954; rabbit

monoclonal 1:150, Cell Signaling Technology) was performed

with 3 mm FFPE sections from six DLST-mutated tumor samples

available, according to standard procedures. 82 tumors carrying

mutations in other PPGL susceptibility geneswere used as controls.
Results

TCA-Targeted NGS Findings

In order to identify additional genes mutated in PPGL-

affected individuals, we applied targeted sequencing of 37

TCA-cycle-related genes to individuals with PPGLs and

withoutmutations in themajor knownpredisposing genes.

TargetedNGS identified nine germline LoF andnon-synon-

ymous coding variants affecting five different genes in 13

unrelated, affected individuals from the 104 cases analyzed

(Table S3). All substitutions were validated by Sanger

sequencing. One of the variants was found in a recently re-

ported PPGL susceptibility gene (SLC25A11; GenBank:

NM_003562 [MIM: 604165]),2 and the remaining changes

affected genes that encode different subunits of TCA-cycle

enzymes (DLST and SUCLG1; GenBank: NM_001933

[MIM: 126063] and NM_003849 [MIM: 611224], respec-

tively), a cytosolic TCA-cycle-related protein (IDH1;

GenBank: NM_001282387 [MIM: 147700]), and a mito-

chondrial carrier (SLC25A10; GenBank: NM_012140

[MIM: 606794]). The only recurrently mutated gene was

DLST, inwhichwe foundfive different variants in sevenun-

related individuals (Table 1). In addition, upon revisiting 14

whole exomes from PPGL-affected individuals, we found

another person carrying a germline DLST mutation (indi-

vidual 6). We therefore focused our further research on

the role of this gene in PPGL development.

DLST Is Recurrently Mutated in Individuals with Multiple

PPGLs

The five different DLST variants consisted of four missense

mutations (c.1121G>A [p.Gly374Glu] [in four individuals];
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Figure 1. DLST Protein Structure
(A) A schematic representation of DLST (15 exons) indicating themain active sites and all variants found in this study. Vertical bars repre-
sent the number of individuals carrying each variant.
(B) A multiple-sequence alignment and DLST residue conservation across different species determined with MultAlin software; high
consensus is marked in red, neutral in black, and low consensus in blue. The blue arrows ¼ predicted active sites in E. coli DLST. The
black arrows indicate the different amino acids found mutated in our affected individuals.
(C) A predicted structural model of the DLST catalytic domain. The catalytic residues are colored blue and indicated by blue arrows. The
variants found in this study have been modeled, colored black, and are indicated by black arrows. The position of the putative substrate
binding site is indicated with gray spheres for clarity.
c.692G>A [p.Arg231Gln] [dbSNP: rs771616810];

c.910G>A [p.Asp304Asn] [COSMIC: COSM957880]; and

c.1265A>G [p.Tyr422Cys] [dbSNP: rs778239022]) and

one intronic splice site variant (c.1060–3T>A) (dbSNP:

rs769909757) (Figure 1A and Table 1). None of the individ-

uals with a DLST mutation had a family history of the dis-

ease, and two of them also had non-PPGL tumors. Seven

of the eight individuals carryingDLSTmutations presented

with tumors in multiple locations (significantly higher

than 21/97 non-DLST-mutated cases; p< 0.001), especially

in the thoracic-abdominal region (p < 0.001). One of the

affected individuals developed distant metastasis, and all

functional (i.e., catecholamine-producing) tumors pro-

duced normetanephrine (Table 1). Three of the four DLST

missense substitutions were predicted to be deleterious by

PredictSNP (Figure S1A) and affected highly-conserved pro-

tein residues located close to amino acids predicted to

be critical for protein functions (Figure 1B); Gly374 and

Tyr422 are part of a pocket where the succinyl group fits

in E. coli, and Tyr422 is close to the active site of the protein

(Figure 1C).29 All DLST variants were absent or found in

at most three controls in gnomAD (out of more than

122,000 individuals) (Table S3), and two of them

(p.Asp304Asn and p.Gly374Glu) were found as somatic
The Ame
variants in other cancers (Figure S1B). The number of het-

erozygous LoF mutations per coding nucleotide found in

gnomAD for DLST (n ¼ 12) was significantly lower (p <

0.05) than that observed for SDHB (n ¼ 25), and it was

similar to that observed for FH (n¼ 18). Assuming that dis-

ease-causing genes are more intolerant of rare LoF vari-

ants,30 this suggests that the presence of heterozygous

DLST LoF variants could have phenotypic consequences.

The DLST Variants Locate in a Region Critical for

Functional Activity

Structural analysis revealed that all detected missense var-

iants map in regions of DLST that are involved in its cata-

lytic activity. A structural model of humanDLSTwas gener-

ated on the basis of a comparison with available crystal

structures from prokaryotic orthologs. The structures of

the N- and C-terminal domains were predicted with signif-

icant confidence because of their high conservation, but

the spatial relationship between the two domains cannot

be predicted accurately because there seems to be a poorly

structured region connecting both domains. The structures

of related complexes provide evidence of flexibility in

DLST as well;13 such flexibility could be conferred by

the linker connecting the catalytic and biotin-lipoyl
rican Journal of Human Genetics 104, 651–664, April 4, 2019 655



Figure 2. LOH Analysis of p.Gly374Glu-DLST Tumors
A schematic representation of chromosome 14 showing the uniparental disomy (UPD) identified by SNP array analysis in three PPGLs
(#3C, #4, and #5A) that carry the p.Gly374Glu-DLST variant (indicated by a red asterisk) compared to a control tumor. Yellow bars repre-
sent the alleles with the lowest copy number (n ¼ 0), and blue bars represent the alleles with the highest copy number (n ¼ 2).MEG3, a
maternally expressed imprinted gene, was used to determine the origin of the observed UPD. The presence in the three tumors of only
the methylated allele of MEG3 (indicated by a red arrowhead) indicates that the UPD has a paternal origin.
attachment domains. The dehydrogenase multienzyme

complexes in the family that includes DLST function as

trimeric complexes that have a catalytic domain formed

by residues from two adjacent subunits.31 Gly374 locates

within the pocket where the succinyl group fits, but it

also locates in the region of interaction between two

monomers. In contrast to the makeup of the normal Gly-

containing structure, the recurrent p. Gly374Glu substitu-

tion introduces a large and negatively charged side chain,

which could interfere with the binding to the succinyl

group and/or oligomerization (Figure 1C).

p.Gly374Glu-DLST Tumors Show LOH Due to

Uniparental Disomy

Sanger sequencing revealed LOH of the wild-type (WT)

DLST allele in six tumors from three independent individ-

uals, all of whom carried the p.Gly374Glu variant (Table 1

and Figure S2A). A genome-wide SNP array and a microsat-

ellite analysis revealed that uniparental disomy (UPD) of

chromosomal region 14q, on which DLST is located,

caused LOH in tumors from three available individuals car-

rying the p.Gly374Glu variant (Figure 2). One of the tu-

mors also showed loss of chromosome 11 and the long

arm of chromosome 3. The other two showed clonal gains

in chromosomal regions 6p and 7p and in chromosome

22, and no chromosomal alterations in PPGL-predisposing

loci (i.e., loss of chromosomal region 1p and chromosomes

11 and 3 and gain of chromosomal region 2p). In addition,

a paternal origin of the UPD was determined in the three

individuals carrying the p.Gly374Glu variant on the basis
656 The American Journal of Human Genetics 104, 651–664, April 4,
of the methylation status (data obtained from the methyl-

ation arrays) of a maternally expressed imprinted gene,

MEG3, which is located at the distal part of chromosomal

region 14q (Figure 2). Collectively, the observed pattern

of genetic changes at this locus suggests a tumor sup-

pressor role for DLST. Two additional DLST-mutated tu-

mors, carrying substitutions different from the recurrent

p.Gly374Glu variant, showed no LOH (Table 1).

Functional Evaluation of DLST Variants

To assess the impact of the missense variants on DLST

function, we conducted 13C5-glutamate labeling studies

to trace the carbon flow in the TCA cycle (Figure 3A).

The individual DLST mutants (see Table 1), along with

the corresponding WT DLST control, were introduced in

H838 DLST-KO cells. These cells do not demonstrate dra-

matic DLST-associated growth defects, probably because

of the significant activity of compensatory metabolic path-

ways.18 The complete inhibition of oxidative TCA in these

cells, demonstrated by the loss of 13C4-succinate,
13C4-

fumarate, and 13C4-malate fractions, provides a robust

assay for the evaluation of DLST variants. We also included

a predicted catalytically-dead DLST mutant, p.His424Ala.

The prediction was made on the basis of homology

modeling of the E.coli DLST ortholog (PDB: 1SCZ) and

the critical role this histidine plays in deprotonation of

the coenzyme A thiol group. An equivalent protein

amount was achieved for all DLST constructs (Figure 3B).

As expected, DLST-KO cells displayed a significant block

in carbon flow in the TCA cycle as evidenced by negligible
2019



Figure 3. Functional Analysis of DLST Variants
(A) A schematic illustration of the tricarboxylic acid (TCA) cycle. Carbon-13 is denoted by green dots in the context of a 13C5 –glutamate
labeling experiment. The red arrow pointing at 2-hydroxyglutarate (2HG) represents the collective action of malate and lactate
dehydrogenases.
(B) An immunoblot analysis showing equivalent protein levels of wild-type (WT) and mutant DLST in DLST-KO cells.
(C) Labeling patterns of TCA intermediates after 13C5-glutamate labeling.
(D) A pattern of 13C5-2HG labeling after 13C5-glutamate labeling.
(C and D) Error bars represent the SD from a representative experiment. * p < 0.05 (Student’s t test; n ¼ 3).
amounts of labeled downstream metabolites, such as 13C4-

succinate, 13C4-fumarate, 13C4-malate, and 13C4-aspartate

(Figure 3C). Reintroduction of WT DLST was able to effec-

tively rescue this metabolic phenotype, and the predicted

catalytically-dead mutant, p.His424Ala, had dramatically

diminished activity. Of the four variants identified in our

PPGLs, only p.Gly374Glu showed partially compromised

activity when compared to WT DLST. Importantly, all cells

displayed an equivalent amount of precursor labeling,

as evidenced by 13C5-glutamate and 13C5-aKG rates. We

obtained confirmatory results by using the 13C5-2HG

readout, where DLST-KO cells displayed a significant

amount of 2HG accumulation (L-2HG/D-2HG >25) that

was decreased by the reintroduction of WT DLST. Only

two mutants, p.His424Ala and p.Gly374Glu, showed a
The Ame
behavior consistent with diminished enzymatic activity

(Figure 3D). Collectively, these results indicate that the

p.Gly374Glu variant results in functionally compromised

DLST. Considering this result, and because of tissue

limitations, we focused our further research on the

p.Gly374Glu-DLST tumors.

p.Gly374Glu-DLST Tumors Accumulate aKG and 2HG

Liquid chromatography tandem-mass spectrometry

revealed a significantly higher aKG/fumarate ratio

(21.48 5 23.65; n ¼ 5) in p.Gly374Glu-DLST tumors as

compared to WT-DLST tumors (2.27 5 4.99; n ¼ 51, p <

0.001) (Figure 4A). Additionally, p.Gly374Glu-DLST tu-

mors presented with a significantly higher 2HG/fumarate

ratio (24.645 21.40; n ¼ 5) than PPGLs arising from other
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Figure 4. Metabolite Assessment and
Gene Expression Profiling of p.Gly374-
Glu-DLST Tumors
(A) a-ketoglutarate/fumarate ratios as-
sessed by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) in
p.Gly374Glu-DLST tumors (n ¼ 5)
compared with wild-type (WT)-DLST con-
trol PPGLs (n ¼ 51). Black lines represent
medians. A t test identified differences be-
tween means; *** p < 0.001.
(B) 2-Hydroxyglutarate/fumarate ratios as-
sessed by LC-MS/MS in p.Gly374Glu-
DLST tumors (n ¼ 5) compared to WT-
DLST control PPGLs (n ¼ 6). The ratio of
these metabolites in an IDH1-mutated tu-
mor was included as a positive control of
2HG accumulation. Black lines represent
medians. A t test identified differences be-
tween means; * p < 0.05.
(C) A hierarchical clustering of 69 mutated
tumors made on the basis of expression
data for 451 genes reported as differen-
tially expressed in PPGL-mutated sam-
ples.25 Control tumors (denoted with
different colors depending on the gene
mutated) were split up between the
two main transcriptional clusters of
PPGLs: cluster 1 (denoted in gray), which
included VHL- (n ¼ 12), SDHx- (n ¼ 15),
and EPAS1- (n ¼ 8) mutated tumors, and
cluster 2 (denoted in black), which
included RET- (n ¼ 14), HRAS- (n ¼ 6),
NF1- (n ¼ 4), TMEM127- (n ¼ 3), and
MAX- (n ¼ 3) mutated PPGLs. Two tumors
carrying the p.Gly374Glu-DLST variant
(#4 and #5A) were clustered within clus-
ter 1 and grouped with EPAS1-mutated
cases. City Block-uncentered and com-
plete linkage characteristics were used for
the analyses.

(D) HIF3A mRNA expression in p.Gly374Glu-DLST PPGLs (n ¼ 4) versus WT-DLST control PPGLs (n ¼ 18) by RT-qPCR. The expression
level was normalized to b-actin (ACTB) and presented as a mean (n ¼ 3). Significance was determined by a Mann-Whitney U non-para-
metric test; ** p < 0.01.
mutations (1.97 5 0.87; n ¼ 6) (p < 0.05) (Figure 4B). The

amount of L-2HG, the 2HG enantiomer generated from

aKG by promiscuous activity of lactate and malate dehy-

drogenases, was >2.3 times higher than the amount of

D-2HG in three p.Gly374Glu-DLST tumors available for

the measurement (data not shown). Because this ratio re-

flects normally found proportions of L-2HG to D-2HG,

and because IDH1 and IDH2 mutations are associated

with a complete reversal to many-fold higher D-2HG to

L-2HG concentrations,32 the data suggest that the increase

in 2HG was not related to IDH1 or IDH2 neomorphic mu-

tations. All these data suggest that disruption of the TCA

cycle in p.Gly374Glu-DLST tumors leads to aberrantly

elevated aKG/fumarate and 2HG/fumarate ratios.

p.Gly374Glu-DLST Tumors Show a Characteristic

Methylation Profile

To understand the impact of DLST mutations on the

global methylation patterns in PPGLs tumors, we profiled

three tumors from unrelated individuals carrying the
658 The American Journal of Human Genetics 104, 651–664, April 4,
p.Gly374Glu-DLST variant and 14 tumors harboring

known mutations in other PPGL susceptibility genes. The

three DLST-mutated cases consistently clustered together

within the non-CIMP methylation cluster, together with

tumors that carried EPAS1 andMAXmutations, close to tu-

mors carrying RET, NF1, or HRASmutations, and separated

from tumors carrying SDHx and DNMT3A mutations

(Figure S2B). This relatively uniform methylation profile

further supports the relevance of the p.Gly374Glu DLST

variant, and it is in agreement with previous studies that

showed the importance of the driver mutation in PPGL

methylation profiles. Hierarchical clustering that used

methylation data from 125,112 probes corresponding to

4,662 genes reported as significantly hypermethylated in

SDHx-mutated tumors grouped the four SDHB- and the

two DNMT3A-mutated tumors together in a CIMP cluster,

whereas HRAS-, NF1-, RET-, and MAX-mutated cases and

the only EPAS1-mutated tumor clustered in the non-

CIMP cluster (Figure S2C). This unsupervised analysis clus-

tered the three p.Gly374Glu-DLST tumors together within
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the non-CIMP cluster. Thus, despite a very homogeneous

methylation profile, p.Gly374Glu-DLST tumors do not

show the CIMP profile associated with other TCA-cycle-

related mutations. Rather, DLST-mutated tumors clustered

with the only M2 tumor (i.e., PPGLs showing an interme-

diate methylation phenotype) included in the analysis;

this clustering leads to questions about the role of the

observed accumulation of metabolites as the mediators of

tumorigenesis in DSLT-mutated PPGLs.

HIF3A Is Overexpressed in DLST-Mutated Tumors

Hierarchical clustering of whole-gene expression data

from 69 frozen tumors grouped the two (#4 and #5A)

p.Gly374Glu-DLST tumors together, suggesting a common

transcriptional profile. A second unsupervised clustering

that used a list of 451 genes differentially expressed in

PPGLs with different genetic backgrounds grouped all

VHL- and SDHx-mutated tumors in cluster 1 and all tu-

mors carrying mutations in TMEM127, MAX, NF1, or

HRAS in cluster 2. Interestingly, the two p.Gly374Glu-

DLST cases (#4 and #5A) were grouped in cluster 1 together

with all, except one, tumors carrying mutations in EPAS1

(Figure 4C). This result suggests a consistent impact of

the potential driver mutation on gene expression and a

link between the p.Gly374Glu-DLST variant and pseudo-

hypoxia. The supervised analysis revealed 132 probes

that are significantly differentially expressed in DLST-

mutated tumors compared to in tumors carrying known

mutations in other PPGL susceptibility genes (Table S4).

The most representative probes targeted signal transduc-

tion and hematopoiesis genes such as JAK3 (MIM:

600173), ERBB4 (MIM: 600543), or LEPR (MIM: 601007);

neural proteins such as MAP7D1, SPTBN5 (MIM:

605916), GABRA4 (MIM: 137141), ZIC4 (MIM: 608948),

and FRMD7 (MIM: 300628); and seven nucleosome genes.

Moreover, four different probes targeting HIF3A (MIM:

609976) were found differentially overexpressed and

were ranked among the five most significant probes.

mRNA expression of HIF3A, measured by RT-qPCR,

showed an overexpression of HIF3A in p.Gly374Glu-

DLST tumors (#3A and C, #4, and #5A) when compared

to in controls (n ¼ 18) (Figure 4D); this difference

further suggests a link between DLST disruption and

pseudohypoxia.

DLST- and TCA-Cycle-Mutated PPGLs Show Positive

DLST Immunostaining

Immunohistochemical (IHC) staining of DLST in all avail-

able DLST-mutated tumors revealed that this enzyme was

more abundant in these samples than in DLST-WT PPGLs

(Figure 5A). A strong staining was also observed in all tu-

mors carrying mutations in genes encoding TCA cycle en-

zymes (n ¼ 33) compared with in control PPGLs carrying

mutations in other PPGL susceptibility genes (p < 0.001)

(Figure 5B). Four of the control tumors without TCA-

cycle mutations showed an intense IHC staining (IHC

score ¼ 3), and two of them carried a mutation in EPAS1.
The Ame
Therefore, we extended the IHC study to six additional

EPAS1-mutated tumors and found a positive staining in

all of them (Figure 5B). These data suggest that DLST

immunohistochemistry as a useful tool for identifying tu-

mors that carry alterations either in TCA-cycle-related

genes or in EPAS1 and are located in the pseudohypoxic

cluster 1.
Discussion

The identification of heterozygous germline mutations in

more than ten genes that are directly or indirectly involved

in the TCA cycle point to this metabolic pathway as one of

the main drivers for the development of PPGLs. Thus, the

assessment of TCA-cycle status has become a routine part

of the genetic diagnosis of PPGL and has fueled intense in-

terest in this pathway for the purpose of identifying thera-

peutic targets. In the present study, we have found variants

affecting DLST in more than 6% of affected individuals

(most of whom had multiple tumors) without mutations

in other PPGL-related genes. Moreover, we have demon-

strated the deleterious effect for DLST function of one

recurrently mutated residue (found in �3% of the whole

series of affected individuals) and therefore propose DLST

as a PPGL susceptibility gene.

DLST encodes the E2 subunit of the mitochondrial aKG

dehydrogenase (OGDH) complex, which has two addi-

tional subunits: E1 (encoded by OGDH [MIM: 613022])

and E3 (encoded by DLD [MIM: 238331]). The OGDH

complex catalyzes the overall conversion of aKG to succi-

nyl-CoA and CO2. Depletion of any of the OGDH complex

subunits leads to impaired enzymatic activity and aKG

accumulation, and it has been demonstrated that DLST is

a non-redundant member of the OGDH complex.33 Dlst

KO mice are embryonically lethal, and although some

DLST-KO cells can grow, they exhibit a complete disrup-

tion of the oxidative TCA cycle.18,34 Any condition causing

even a modest variation in the cytosolic levels of aKG

might affect different pathways, promoting either onco-

genic or tumor suppressive responses: an increase of

fatty acid biosynthesis or promotion of aberrant

mammalian target of rapamycin 1 (mTORC1) activation

(Figure S3).35–37 In addition, DLST mutation causing

the loss of OGDH-complex nuclear-translocation capacity

might lead to altered overall gene expression (Figure S3).38

The increased aKG to fumarate ratio in p.Gly374Glu-

mutated tumors suggests that this variant leads to a

disruption of OGDH complex activity. Moreover, the accu-

mulation of significant levels of L-2HG in DLST-KO cells

reconstituted with p.Gly374Glu-DLST mutant protein

further suggests a functional impairment of this mutant

DLST because an increase in L-2HG has been previously

noted in other experimental models upon OGDH complex

disruption.33

In contrast to D-2HG, which can be generated by neo-

morphic mutations in IDH1 or IDH2 [MIM: 147650],39
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Figure 5. Immunohistochemistry of DLST in Different Tumors
(A) Positive immunostaining (320) with cytoplasmic aggregates was assessed in DLST- and TCA-cycle-mutated tumors (left and right
columns, respectively) and compared to control tumors (middle column).
(B) Representation of DLST immunohistochemistry (IHC) score (ranging from 0 to 3) for the 88 analyzed tumors, including tumors car-
rying mutations in TCA-cycle-related genes (n ¼ 33; SDHA [1], SDHB [11], SDHC [1], SDHD [6], SDHAF2 [1], GOT2 [2], MDH2 [3], IDH1
[1], IDH3B [1], and DLST [6]), tumors carrying EPAS1 mutations (n ¼ 9), and tumors carrying other mutations as controls (n ¼ 46; RET
[24], VHL [11], HRAS [1], NF1 [7], MAX [2], and TMEM127 [1]). Significance was determined by a Fisher’s exact test; *** p < 0.001.
the stereospecific production of L-2HG is driven by the

reduction of mitochondrial aKG by both malate dehydro-

genases (MDH1 and MDH2) and mainly by lactate dehy-

drogenase A (LDHA),41 the specific inhibition of which

prevents the accumulation of L-2HG in OGDH-null

cells.33 This promiscuous substrate usage of aKG occurs

specifically under conditions of increased aKG as a result

of TCA-cycle dysfunction, increased mitochondrial-

reducing potential, or oxygen limitation.33,40,41 The label-

ing studies that used 13C5-glutamate revealed that the

p.Gly374Glu-DLST variant is functionally compromised

because it was not able to reconstitute WT-DLST function

in the context of DLST-KO cells. The location of Gly374

close to Ser372, an amino acid described to be essential

for catalysis,31 reinforces the hypothesis that distortion

introduced by the Gly to Glu substitution could interfere

with the catalytic activity of DLST. The remaining substitu-

tions, although two of them affect residues that are highly

conserved and were predicted to be deleterious, displayed

similar behavior to WT-DLST in our cellular model. More-

over, Tyr422 is very close to the critical residue of the active

site (His424) of the protein. It is important to note that we
660 The American Journal of Human Genetics 104, 651–664, April 4,
cannot exclude the possibility that these variants affect

other, less-explored DLST functions, such as the biogenesis

of the respiratory chain,42 or that theymanifest defects in a

more physiologically relevant context that is not recapitu-

lated by our heterologous system.

As in other hereditary cancer syndromes, the presence of

multiple tumors in most of the individuals with DLST mu-

tations supports the pathological role of DLST germline

variants. On the other hand, the lack of family history of

the disease in these particular individuals (Figure S4)

points to a de novo or low penetrance inheritance; this

latter mechanism is frequently observed in PPGL.19,43 It

is interesting to note that one of the individuals also

harbored a pituitary adenoma, a pathology that has been

described to co-occur in some persons with PPGLs.44 How-

ever, given the singularity of this observation, further

studies in a larger number of affected individuals will be

needed to elucidate the functional contribution of DLST.

To the best of our knowledge, there are no DLST or

OGDH complex germline mutations reported in individ-

uals with cancer. However, mutations in DLD result in an

atypical form of aKG dehydrogenase deficiency,45 recessive
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DHTKD1 (MIM: 614984) and OGDHL (MIM: 617513) var-

iants that encode proteins similar to subunits of the OGDH

complex have been found in individuals with neurodegen-

erative phenotypes,37,46 and a decline in OGDH complex

activity has also been associated with neurodegenera-

tion.47 Moreover, it is well known that homozygous or

compound heterozygous mutations in TCA-cycle-related

genes (e.g., SDH genes, FH, MDH2, ACO2 [MIM: 100850],

IDH3A [MIM: 601149], or SLC25A10), lead to encephalop-

athy and neurodegeneration.48–52 Thus, if one takes into

account the evidences linking intermediary metabolism,

tumorigenesis, and neurodegeneration, it is not surprising

to find that mutations in DLST lead to cancer.

The LOH of chromosomal regions is crucial in tumor

progression and has been successfully used for mapping

the locations of tumor suppressor genes. Because disease-

causing genes appear to be more intolerant of rare LoF var-

iants,30 the presence of heterozygous DLST LoF variants

could have phenotypic consequences. On the other

hand, six tumors carrying the recurrent p.Gly374Glu

variant showed LOH, suggesting a tumor suppressor

role for DLST. Moreover, in all individuals carrying the

p.Gly374Glu-DLST variant we were able to demonstrate

that the chromosomal loss observed in their tumors was

due to a UPD in paternal chromosomal-region-14q UPD,

a second-hit mechanism previously reported in PPGLs car-

rying mutations in the susceptibility geneMAX.17 Interest-

ingly, hierarchical genome-wide expression analysis of two

DLST-mutated tumors showed that they had similar

expression patterns that were also alike to those in MAX-

mutated PPGLs. We studied these tumors in more detail

and were able to rule out the presence of rare promoter

or deep intronicMAXmutations (data not shown). The ex-

istence of a particular MAX-like expression profile has been

previously reported in PPGL,53 and it was suggested that

certain unknown genes could phenocopyMAXmutant tu-

mors. Our findings suggest that DLST might be one of

these genes and that the gene-expression alterations

caused by UPD in paternal chromosomal region 14q are

the cause of this characteristic expression profile, under-

scoring the relevance of this mechanism for PPGL patho-

genesis. Finally, the absence of somatic rearrangements

in other PPGL-susceptibility loci and the finding of 14q

UPD as the only common chromosomal alteration in

p.Gly374Glu-DLST mutated tumors further support the

role of DLST in tumor development.

Previous methylome analyses on PPGLs identified stable

clusters associated with distinct clinical features and muta-

tional status.21,23,54 The homogeneous methylation profile

exhibited by the PPGLs carrying the p.Gly374Glu-DLST

variant rules out a CIMP profile, and it further points to a

driver role of this DLST mutation in these tumors. More-

over, the expression profile shared by DLST-mutated

tumors further suggests that they carry a similar driver

genetic alteration. Depletion of DLST leads to the accumu-

lation of endogenous HIF1A through L-2HG-mediated

inhibition of enzymatic prolyl hydroxylase activities.33
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The expression profile similar to that of EPAS1-mutated tu-

mors and the consistent upregulation of HIF3A mRNA

observed in p.Gly374Glu-DLST tumors further strengthen

the connection of tumors harboring TCA mutations to the

induction of a pseudo-hypoxic state.24,55 Moreover, it is

known that HIF3A overexpression in pancreatic cancer tis-

sues is correlated with a shorter survival time and increased

local invasion and distant metastasis.56 Further studies of

HIF3A in this context are warranted.

Finally, the strong DLST immunostaining observed in

DLST-mutated tumors might suggest that, as occurs with

SDHD and the SDH complex,57 the presence of mutations

in DLST disrupts OGDH complex assembly and make the

DLST epitope more accessible. This could also explain the

high intensity of DLST immunostaining found in PPGLs

carrying other mutations in TCA-cycle-related genes

because these mutations also lead to disruption of the cy-

cle. The positive DLST staining observed in EPAS1-mutated

tumors suggests that the activation of this pseudohypoxic

pathway could also provoke changes in the assembly of

TCA-cycle enzymes. This is in agreement with the pro-

posed regulatory network between the TCA cycle and the

hypoxia response, in which each of the pathways recipro-

cally affects the other.55 Although the mechanism remains

unexplained, our data suggest that DLST immunohis-

tochemistry might be useful in the classification of vari-

ants of unknown significance in genes related to the TCA

cycle.

In summary, we have identified a recurrent germline

variant (p.Gly374Glu) that functionally compromises

DLST function. Tumors harboring this alteration display

altered methylation and transcriptional profiles similar to

those observed in EPAS1-mutated tumors, suggesting a

connection between DLST functional abrogation and

pseudohypoxia. Therefore, we proposeDLSTas a PPGL sus-

ceptibility gene.
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