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Abstract

Background: Pheochromocytoma and paraganglioma (PPGL) are neuroendocrine tumors with frequent mutations in genes
linked to the tricarboxylic acid cycle. However, no pathogenic variant has been found to date in succinyl-CoA ligase (SUCL),
an enzyme that provides substrate for succinate dehydrogenase (SDH; mitochondrial complex II [CII]), a known tumor sup-
pressor in PPGL. Methods: A cohort of 352 patients with apparently sporadic PPGL underwent genetic testing using a panel of
54 genes developed at the National Institutes of Health, including the SUCLG2 subunit of SUCL. Gene deletion, succinate
levels, and protein levels were assessed in tumors where possible. To confirm the possible mechanism, we used a progenitor
cell line, hPheo1, derived from a human pheochromocytoma, and ablated and re-expressed SUCLG2. Results: We describe

8 germline variants in the guanosine triphosphate-binding domain of SUCLG2 in 15 patients (15 of 352, 4.3%) with apparently
sporadic PPGL. Analysis of SUCLG2-mutated tumors and SUCLG2-deficient hPheo1 cells revealed absence of SUCLG2 protein,
decrease in the level of the SDHB subunit of SDH, and faulty assembly of the complex II, resulting in aberrant respiration and
elevated succinate accumulation. Conclusions: Our study suggests SUCLG2 as a novel candidate gene in the genetic
landscape of PPGL. Large-scale sequencing may uncover additional cases harboring SUCLG2 variants and provide more de-
tailed information about their prevalence and penetrance.
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Pheochromocytoma and paraganglioma (PPGL) are rare
neuroendocrine tumors derived from neural crest cells (1). A
pioneering study of Neumann and colleagues and recent com-
prehensive molecular analysis of these tumors identified, to
this date, germline variants in more than 20 PPGL-susceptibility
genes present in up to 40% of cases (2-6). Moreover, an addi-
tional 25%-30% of PPGL patients carry a somatic mutation (3),
with up to 39% in 13 genes in some cohorts (5). These and other
genetic, epigenetic, and relevant mechanistic studies on PPGL
have increased our understanding of their pathogenesis and
clinical behavior and uncovered potential new therapeutic tar-
gets in these hard-to-treat tumors (3,7,8).

Succinyl-CoA ligase (SUCL), a tricarboxylic acid (TCA) cycle
enzyme, catalyzes reversible conversion of succinyl-CoA and
adenosine diphosphate (ADP) or guanosine diphosphate (GDP)
to succinate and ATP or guanosine triphosphate (GTP), respec-
tively (9). SUCL is a heterodimer comprising o subunit encoded
by SUCLGI and a f subunit encoded by either the ATP-forming
SUCLA2 or the GTP-forming SUCLG2. SUCL is the only TCA cycle
enzyme that can produce ATP- or GTP-linking the enzyme to
mitochondrial DNA synthesis (10,11). Besides its important
function in the TCA cycle, SUCL also plays a role in a number of
anabolic processes, such as heme or lipid synthesis. Alterations
in SUCLG1 and SUCLA2 activity because of their mutations
cause encephalomyopathy presenting as hypotonia, dystonia
and Leigh-like syndrome, seizure, psychomotor retardation,
deafness, methylmalonic aciduria, and lactic acidosis (12-14).
Kacso et al. (11) noted that the Suclg2 gene could be essential
for embryogenesis in mice as Suclg2”" mice were embryonically
lethal. Yet, the role of SUCLG2 mutations in pathogenesis of
human diseases has not been established.

Methods

Adrenomedullary tissue separation, isolation of mitochondria,
Western blot analysis, in-gel succinate dehydrogenase (SDH) ac-
tivity, succinate quinone reductase (SQR) activity, native blue
gel electrophoresis, mitochondrial DNA (mtDNA) assay, respira-
tion assay, prediction of functional impact, and a detailed de-
scription of listed methods are included in the Supplementary
Methods (available online).

Patient Characteristics and Genetic Analysis

Patients were evaluated using a protocol approved by the
Eunice Kennedy Shriver National Institute of Child Health and
Human Development Institutional Review Board. All patients
provided written informed consent approved by the National
Institutes of Health ethics committee. In total, 352 patients with
apparently sporadic PPGL underwent genetic testing of blood
leukocyte DNA using a panel of 54 genes developed at the
National Institutes of Health. Germline SUCLG2 variants were
validated by Sanger sequencing. Additional data for SUCLG2 var-
iant descriptions come from public databases including www.
cbioportal.org, www.varsome.com, cancer.sanger.ac.uk/cosmic
databases, and gnomad.broadinstitute.org from November 25,
2020. Seven family members of 4 patients were recruited and
gave consent to analyze their saliva sample for presence of
SUCLG2 variants. Personal and family history were obtained by
clinicians, and the available data were evaluated by clinical staff
to record each patient’s description, including evaluation of
family incidence of PPGL.
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Immunohistochemistry

Immunohistochemistry of SUCLG2 was performed as described
in the Supplementary Methods (available online).

FISH Analysis

For interphase fluorescence in situ hybridization (FISH) analy-
sis, bacterial artificial chromosome DNA probes RP11-146E16
and RP11-927D18 labeled with orange fluorescence were pur-
chased from Empire Genomics (Buffalo, NY). For chromosome
quantification, we used Vysis CEP 3 (alpha satellite) Spectrum
Green-labeled probes (Abbott Molecular, Abbott Park, IL). FISH
assays were performed on 5 pm formalin-fixed-paraffin-embed-
ded tumor sections using standardized protocol with slight
modifications (15), provided in the Supplementary Methods
(available online).

Cell Lines and In Vitro Gene Manipulation

For in vitro experiments, a progenitor cell line derived from a hu-
man pheochromocytoma (hPheol) (16) was maintained in the
RPMI medium (Sigma-Aldrich) supplemented with 10% fetal bo-
vine serum, antibiotics, and 1 mM pyruvate at 37°C under 5% CO,.
Genomic deletion of SUCLG2 in hPheo1 cells was performed using
the CRISPR/AsCas12a (also known as AsCpfl) system (17), as well
as the chimeric Cas12a and the guide RNA-expression plasmid
pX AsCpfl-Venus-NLS. crRNA sequences were selected using the
Crispor software (http:/crispor.tefor.net/). Oligonucleotide design,
transfection, and primers design for genomic DNA polymerase
chain reaction are detailed in the Supplementary Methods (avail-
able online).

For SUCLG2 re-expression, SUCLG2 DNA constructs were
subcloned into the pCDH-CMV-MCS-EF1-Puro vector (CD510B-1;
System Biosciences, Palo Alto, CA). Recombinant lentiviral par-
ticles were obtained from calcium phosphate-transfected HEK
293T cells using the packaging plasmid psPAX2 (12260; Addgene,
Watertown, MA) and pMD2.G (12259; Addgene) and the SUCLG2
pCDH construct. Target cells were transduced at the multiplicity
of infection of 5 to 10 and selected by puromycin (2 ug/mL;
InvivoGen, San Diego, CA). Detailed protocol and information
can be found in the Supplementary Methods (available online).

Succinate-to-Fumarate Ratio Evaluation

Cell extracts were prepared and processed as detailed in the
Supplementary Methods (available online). Silylated extracts
were analyzed using 2-dimensional gas chromatography with
mass spectrometric detection (GC x GC-MS; Pegasus 4D; LECO
Corp, St Joseph, MO) with more specific details in Supplementary
Methods (available online). We used ChromaTOF software
(v.4.51; LECO Corporation) for instrument control, data acquisi-
tion, and data processing. Succinic and fumaric acids were
detected as tert-butyl silyl derivatives, with their identities con-
firmed by co-elution with standards. Analytes were quantified
using masses of m/z 289 (succinic acid) and m/z 287 (fumaric
acid).

Metabolomics of Patient Tissues

Quantification of organic acids was performed by liquid
chromatography tandem mass spectrometry on a Thermo
Quantiva instrument with Dionex 3000 high-performance liquid
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chromatography system (Thermo Fisher Scientific, Waltham,
MA) using isotope dilution. Briefly, 40l of the tissue homoge-
nate (100mg/mL) was transferred to a microcentrifuge tube
to which 10ul of internal standard mixture was added.
Derivatization was performed by adding 50 pl of 0.4 M o-benzyl-
hydroxylamine (methanol/200 nM ammonium formate; 1:1) and
10pl of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hy-
drochloride in water to each tube. The samples were incubated
for 10 minutes, followed by the addition of 100 pl water to each
tube and 600 ul of ethyl acetate. The tubes were mixed and cen-
trifuged at 18 000 g for 5 minutes, after which 100 pl of the ethyl
acetate layer was transferred and dried under nitrogen. Each
sample was reconstituted in 1 mL of a 1:1 methanol: water mix-
ture for analysis. The standard operating procedure is available
from the metabolomics workbench (www.metabolomicswork-
bench.org).

Statistical Analysis

Data are expressed as the mean (SD) of at least 3 independent
experiments. Data were evaluated by 1-way analysis of variance
with multiple comparison post hoc Tukey correction in
GraphPad Prism (v.7.03; GraphPad Software, La Jolla, CA) and a
Mann-Whitney nonparametric test for patient metabolomic
data. All statistical tests were 2-sided. Data were considered sta-
tistically significant at a P value less than .05.

Results

We identified 15 individuals with germline SUCLG2 variants in
our cohort of 352 patients (15 of 352, 4.3%) with apparently spo-
radic PPGL (Figure 1, A and B; Table 1). Seven men and 8 women
were found to carry 7 missense SUCLG2 variants (c.704T>A in 1
patient; ¢.302A>G in 3 patients; c.349G>A in 6 patients;
€.296G>T in 1 patient; c.608A>C in 1 patient; c.158G>A in 1 pa-
tient; c.601G>C in 1 patient) and 1 deletion (c.539_540delTG)
within the GTP-binding pocket of the protein (Figure 1, A;
Supplementary Figure 1, available online). Nine patients pre-
sented with pheochromocytoma (PHEO), 5 with paraganglioma
(PGL), and 1 with primary tumor of unknown origin. Seven
patients developed metastatic disease. Most patients presented
with the noradrenergic biochemical phenotype. However, 4
patients with PHEO presented with both elevated plasma meta-
nephrine and normetanephrine levels (Table 1).

In PPGL-related gene panel testing, we did not identify any
known pathogenic variants in SUCLG2-mutated patients
(Supplementary Table 1, available online). No patient reported
any family history of PPGL. We collected saliva samples from 7
first-degree relatives of 4 patients (Table 2). For 3 patients—
patients 2 (c.302A>G), 10 (c.302A>G), and 12 (c.158G>A)—1 of
the parents was a carrier of a particular variant. In one case, a
sample from a sibling was collected and presented with the
same variant. For patient 11 (c.539_540delTG), only 1 parental
DNA sample was available and was negative for the variant
(Table 2).

SUCLG2 variant sites were located within highly evolution-
arily conserved positions (Figure 1, E). Consistently, GERP-++
(Genomic Evolutionary Rate Profiling) returned scores above
5 (Table 3). Five missense variants (c.704T>A, c.295G>T,
c.608A>C, c.158G>A, c.601G>C) were not listed in ClinVar and
occurred at a very low frequency (<10%) with no homozygotes
in the general population (Genome Aggregation Database). The
combination of protein function prediction tools led to

inconclusive results for functional outcomes of variant
€.704T>A and c.601G>C and damaging functional outcomes for
variants ¢.295G>T, c.608A>C, and c.158G>A (Table 3). The dele-
tion variant ¢.539_540delTG could not be classified by the used
prediction tools. Variants c.302A>G and ¢.349G>A were listed in
ClinVar database for germline variants, both with benign and
likely benign prediction, with frequency in the general popula-
tion of 0.0047 and 0.0076, respectively. Evaluation from protein
function prediction tools led to inconclusive outcomes (Table 3).
The variant ¢.349G>A was recorded in the Catalogue Of Somatic
Mutations In Cancer database in 3 cases of lung cancer and 2
cases of upper aerodigestive tract cancer. Overall, prediction of
functional impact was rather inconclusive (Table 3). Thus, we
performed functional studies in the available material (Table 3;
Figures 1, C and D, and 2, A and B; Supplementary Table 2, avail-
able online).

FISH detected gene deletion in available tumor tissues
(Figure 1, C), that is, archival material from 3 patients: patients 2
(c.302A>G), 4 (c.349G>A), and 11 (c.539_540delTG). All 3 patients
demonstrated loss of 1 copy of the SUCLG2 gene. The SUCLG2
gene deletion was detected in 77.2%, 47.8%, and 44.2% of cells in
¢.302A>G (patient 2), c.349G>A (patient 4), and ¢.539_540delTG
(patient 11) tumors, respectively. Loss of the entire chromosome
3 copy was the most common pattern in the tumor cell popula-
tion, although a hemizygous deletion of the SUCLG2 gene with
the retention of 2 chromosome 3 centromeres was observed in a
subpopulation of the tumor cells as well. Furthermore, immu-
nohistochemistry revealed a substantial decrease in the
SUCLG2 protein level in tumor tissue from patients 1-6 and 11
listed in Table 1 (Figure 1, D).

Metabolomic analysis of tumor biopsies from 6 patients with
SUCLG2 variants (patients 1-6 in Table 1) showed increased
succinate-to-fumarate ratio relative to normal adrenal medulla
(mean [SD] = 12.25 [5.46] vs 2.07 [1.89]; P=.02), a shift to glyco-
lytic metabolism, and dysregulation of the TCA cycle
(Supplementary Table 2, available online), pointing to dysfunc-
tion of succinate dehydrogenase (SDH). Western blot analysis of
tumor but not normal adrenal medulla mitochondria showed a
substantially decreased level of the SDH subunit B (SDHB) pro-
tein and no effect on the SDH subunit A (SDHA) protein
(Figure 2, A). Consistently , decreased SDH in-gel activity and
mitochondrial complex II (CII)-dependent respiration were
detected in tumor mitochondria (Figure 2, B and C), suggesting
that SUCLG2 defects may compromise SDH.

To investigate the impact of SUCLG2 variants in more detail,
we established SUCLG2-knockout (SUCLG2X°) hPheol cells in
which we subsequently re-expressed the protein to prepare
SUCLG2™¢ cells. Western blot revealed that absence of the
SUCLG2 protein had little effect on SUCLG1 and no effect on
SUCLAZ2 levels (Figure 2, D). Assessment of CII subunits indi-
cated unchanged SDHA but reduced SDHB protein levels in
SUCLG2X® cells relative to parental cells, which was recovered
by SUCLG2 re-expression (Figure 2, E). Although there was some
variability in the extent of SDHB downregulation in individual
SUCLG2® clones (data not shown), reversal of the phenotype by
cDNA confirmed the specificity. Native blue gel electrophoresis
revealed impaired CII assembly in SUCLG2X® cells, which was
present as the Clljy, subassembly, consistent with decreased
SDHB (18), and fully assembled CII was observed in parental and
SUCLG2"™ cells (Figure 2, F).

These data indicate a disruption of CII in SUCLG2-deficient
cells, possibly affecting mitochondrial function. Therefore, we
assessed CII activity in SUCLG2® and SUCLG2"™ cells, compris-
ing SDH-dependent conversion of succinate to fumarate in the


http://www.metabolomicsworkbench.org
http://www.metabolomicsworkbench.org
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab158#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab158#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab158#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab158#supplementary-data

K. Hadrava Vanovaetal. | 133

A, ANTT
S = Missense mutation
£ * Frameshift mutation
E
o~
g G53E Go9cC V180GfsTer10 D201H Q203FP 1235N
2 . . . . N
@ GTP-binding domain CoA ligase domain
0 100 ' 200 ' 300 ' 400 432aa
B C
o)
GGTTTGARAGGAGGTG ACAGCTGRCTAAACAG GGACAGCCRAGCTCAG 8 :1")
| : o Of
n|'|'.|"|.-.|"|w I f'vl,“ N OO
Wi n | | =
I”"I | I'JI I\'I \ | I 5'”'.“ IIJ\.lll‘lllJl llﬁ.\l I'/\.Ilnllnll IJ I Iu‘r\ D ‘E
c.A302G; p.K101R c.G349A; p ATITT c.ABDEC; p.Q203P %] 8
D
E G99 K101

Ll
Homo Sapiens

Gallus Gallus

Bos Taurus

Sus Scrofa
Rattus Norvegicus
Mus Musculus
Macaca Mulatta

Consensus

Al117 D201 Q203 I235
1 L l

VFNSGLKGGVHLT. . . VVGQLAKQMIGY. . . EGIKDSQAQRMA. . . YNLFLKIDATQV
TFNSGLKGGVHLT. . . TVAQLAKQMIGY. . . EGVQDHQALQMA. . . YNLFLKIDATQV
VFSSGLKGGVHLT. . . VVGQLAKQMIGY. . .EGIKDSQAQRMA. . . YNLFLKIDATQV
VFSSGLKGGVHLT. . . VVGQLAKQMIGY. . . EGIKDSQAQRMA. . . YNLFLKIDATQV
VFDSGLKGGVHLT. . . VVGQLAKQMIGY. . . EGIKDSQAQRMA. . . YHLFLKIDATQV
VFNSGLKGGVHLT. . . VVGELAKQMIGY. . . EGIKDSQAQRMA. . . YHLFLKIDATQV
VFNSGLKGGVHLT. . . VVGQLAKQMIGY. . . EGIKDSQAQRMA. . . YNLFLKIDATQV

VFNSGLEKGGVHLT. ..VVGQLAKQMIGY. . .EGIKDSQAQRMA. . . YNLFLKIDATQV

Figure 1. Detection of SUCLG2 variants in PPGL patients. A) Schematic illustration of SUCLG2 germline variants in the GTP-binding site. B) Sanger sequencing showing
SUCLG2 germline variants in patient leukocyte DNA. C) FISH assay showing apparent heterozygous deletion of SUCLG2 in tumor specimens. D) Immunohistochemistry
analysis revealing a substantial decrease in SUCLG2 level in PPGL with SUCLG2 germline variants (patient number refers to Table 1) relative to that in normal adrenal
medulla (NAM) and sporadic PPGL (SP). E) Sequence alignment of SUCLG2 residues 85 to 240 (human SUCLG2 nomenclature) showing conservation of the mutated resi-
dues. FISH = fluorescence in situ hybridization; GTP = guanosine triphosphate; PPGL = pheochromocytoma and paraganglioma;.

TCA cycle and SQR-mediated transfer of electrons from succi-
nate to ubiquinone as part of OXPHOS. We found that both SDH
and SQR activities were suppressed in SUCLG2X® cells to 40.3%
(SD=16.1, P<.001) and 25.3% (SD=7.8, P<.001), respectively,
and recovered in SUCLG2™ cells to parental cell values (Figure 2,
G and H). Consistently, CII-dependent respiration was de-
pressed in SUCLG2X® cells compared with parental cells (mean
[SD] = 20.1 [3.5] pmol/(s*10° cells) vs 53.7 [10.2] pmol/(s*10° cells);
P <.001) and restored in SUCLG2™ cells (Figure 2, I). Moreover,
the succinate-to-fumarate ratio was increased by up to 10-fold
in SUCLG2X® cells relative to that in control (mean [SD] = 9.3
[0.2] vs 1.1 [0.2]; P<.001) and SUCLG2™ cells (mean [SD] = 0.95
[0.04]; P<.001) (Figure 2, J), recapitulating the increase
succinate-to-fumarate ratio in patient tumors (Supplementary
Table 2, available online).

Because SUCLG1 and SUCLA2 germline variants are linked to
the mtDNA-depletion syndrome (19), we evaluated mtDNA lev-
els in patients with SUCLG2 germline variants and in SUCLG2X°
cells. mtDNA was significantly reduced in tumor tissues
(Table 1) and cells where it recovered on re-expression of
SUCLG2 (Figure 2, K), suggesting that the integrity of SUCL pro-
tein plays a role in mtDNA maintenance. However, no patient
from our cohort had distinctive symptoms of mitochondrial dis-
orders seen in SUCLG1 and SUCLA2 variants.

Discussion

With respect to metabolic diseases, SUCL has a unique position
in the TCA cycle for 2 major reasons. First, its products ATP or
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Table 1. Clinical characteristics of patients

Primary
Age at Biochemistry at tumor
initial Mutation in Protein mtDNA initial Initial size,
ID Sex diagnosis, y SUCLG2 change depletion diagnosis?® tumor type cm Metastatic Recurrent
1P Male 22 c.704T>A 1235N Yes NE, NMN, CgA sPGL 3.5 No No
2 Male 43 c.302A>G K101R Yes NE, NMN, MN, PHEO 3.8 No No
CgA
3 Female 45 c.302A>G K101R Yes NE, NMN PHEO 43 No No
4° Male 25 c.349G>A A117T Yes NE€, NMN* PHEO 7.5 No Yes
5 Male 51 c.295G>T G99C Yes NE€, NMN* PHEO 6.0 Yes Yes
6 Female 41 c.349G>A Al117T Yes NE, NMN, EPI, PHEO 5.8 No No
MN
7 Female 10 c.349G>A A117T NA NMN PHEO 4.1 No No
8v Female 29 c.349G>A Al117T NA CgA® pPGL NA Yes No
9 Male 32 c.608A>C Q203P NA EPI, NE PHEO NA No No
10  Female 39 c.302A>G K101R NA NE, DA PGL 4.6 Yes No
11 Female 38 c.539_540delTG Val180fs Yes NMN, MN PHEO 6.5 Yes Yes
12 Male 32 c.158G>A G53E NA NE, NMN, CgA PGL 7.0 Yes No
13 Female 70 c.349G>A Al117T NA NE, NMN PGL 4.5 No No
14>  Male 56 c.349G>A Al117T NA MTX, CgA UNP NA Yes No
15>  Female 25 €.601G>C D201H NA NE€, NMN€, EPI, PHEO 12.4 Yes No
MNE€, DAC

AIncreased analytes displayed. For primary tumor size, only the largest tumor diameter is shown. CgA = chromogranin A; DA: dopamine; EPI = epinephrine; MN =
metanephrine measured either in plasma or urine; MTX = methoxytyramine; NA = not available; NE = norepinephrine; NMN = normetanephrine; PHEO = pheochro-
mocytoma; PGL = paraganglioma; pPGL = parasympathetic PGL; sPGL = sympathetic paraganglioma; UNP = unknown primary.

YIndicates death of the patient.

“Biochemistry done at the National Institutes of Health, at the time of initial diagnosis not done or no data available.

Table 2. Detection of SUCLG2 variants in patients’ relatives®

ID sample SUCLG2 variant Sample
2 c.302A>G Paternal
Maternal
Sibling
10 c.302A>G Paternal
Maternal
11 €.539_540delTG Paternal
Maternal
12 c.158G>A Paternal
Maternal

Variant status Cancer history

Present NR

ND NR

Present Pancreatic neuroendocrine tumor
ND Lung

Present Breast

NA Prostate, colon, lung

Not detected NR

NA Suspected liver

Present NR

#Available saliva samples from first-degree relatives were tested for presence of particular SUCLG2 variants by Sanger Sequencing. NA = sample not available; ND =

not detected; NR = not reported.

GTP connect the enzyme to mtDNA synthesis and maintenance
via mitochondrial nucleoside diphosphate kinase (10,11), which
links SUCL to inborn mitochondrial pathologies. Second, the
other product of the enzyme, succinate, is an oncometabolite
(20) and a substrate for CII that is linked to PPGL. Despite such
close proximity, mutations in SUCL subunits have not been
reported in cancer until now.

We evaluated 352 apparently sporadic PPGL patients and
found 15 (4.3%) patients with 8 germline variants located within
the GTP-binding domain of SUCLG2 (Table 1). Because GTP ac-
tivity was proposed to be important for phosphorylation of
active-site histidine residues to trigger the movement of the
carboxylate of succinate into position to be phosphorylated in
porcine SUCLG2 (21), we further analyzed these variants. Albeit,
functional impact prediction for variant c¢.704T>A was inconclu-
sive, and the tumor was negative for SUCLG2, showed decreased
protein level in the mitochondrial extract, functional changes in

SDH activity, and succinate accumulation, suggesting a damag-
ing effect of the variant. Two most represented variants
¢.302A>G and ¢.349G>A in our cohort were evaluated in ClinVar
as benign or likely benign; however, detailed information on the
cohort and its specificity was not available to us, and the func-
tional impact on protein function was inconclusive. Yet, tumors
with these variants presented with negative immunohisto-
chemistry staining for SUCLG2, protein level decrease in mito-
chondrial extract, gene deletion, altered SDH function, and TCA
cycle metabolite disbalance, suggesting a damaging effect of the
variants. Damaging functional impact from predictions was
suggested for the variant c.295G>T that was reflected by nega-
tive SUCLG2 staining and succinate accumulation in available
tumor sample. The deletion variant c.539_540delTG could not
be classified by the used prediction tools, but we reported the
gene deletion by the FISH assay and negative immunohisto-
chemistry staining suggesting damaging impact of the variant.
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Figure 2. Mitochondrial complex II functions in SUCLG2-mutated tumors and SUCLG2-silented hPheo1 cell line. A) Western blot analysis of SDHB, SDHA, and SUCLG2;
B) SDH in-gel activity; and C) CII-dependent respiration in mitochondrial lysate of normal adrenal medulla (NAM) and PPGL patients with mutant SUCLG2. Pt 1, 2, and 4
refers to patients 1, 2, and 4 in Table 1. Data are presented as mean [SD] and evaluated by a 2-sided Student t test. D) SUCLG2 mRNA (left) and SUCLG2, SUCLA2, and
SUCLG1 protein levels (right) in parental (PAR), SUCLG2X°, and SUCLG2™ cells. E) SDHA and SDHB protein levels in PAR, SUCLG2X?, and SUCLG2™ cells. F) Native blue
gels showing the assembly of mitochondrial CII in PAR, SUCLG2X?, and SUCLG2™ cells using antibodies against SDHA and SDHB. G) In-gel SDH activity in PAR,
SUCLG2%, and SUCLG2™ cells. H) SQR activity in PAR, SUCLG2X°, and SUCLG2"™ cells. I) Routine (left) and ClI-dependent (right) respiration in PAR, SUCLG2X°, and
SUCLG2™ cells. J) Succinate-to-fumarate ratio in PAR, SUCLG2X?, and SUCLG2™ cells. K) Levels of mtDNA in PAR, SUCLG2*?, and SUCLG2™ cells. All in vitro experiments
were performed at least 3 times independently. Data are presented as mean (SD) and evaluated by 1-way analysis of variance with post hoc Tukey test. All statistical
tests were 2-sided. PAR = parental hPheo1 cells; NAM = normal adrenal medulla; CII = mitochondrial complex II.

Variants ¢.608A>C, c.158G>A, and ¢.601G>C were predicted to
have damaging impact on protein function, but no tissues for
analysis were available to confirm this notion.

Our study revealed that SUCLG2 germline variants impacted
TCA cycle function, resulting in increased succinate levels asso-
ciated with decreased SDH activity in PPGL, suggesting a possi-
ble mechanism for tumor development. SDH links the TCA
cycle directly to OXPHOS (22), and genes encoding SDH subunits
are frequently mutated in PPGL (23). SDHx mutations result in
accumulation of succinate, which acts as an oncometabolite
that contributes to prolyl hydroxylases suppression associated
with stabilization of hypoxia-inducible factors, DNA hyperme-
thylation, and histone modifications, all presumably favoring
tumorigenicity (7,20,24,25). Interestingly, in our cohort, the ma-
lignancy rate for SUCLG2-mutated PPGL (7 of 15 patients, 46.7%,

in time of analysis) was similar to SDHx-mutated PPGLs (26-28),
and the patients presented mostly with the noradrenergic bio-
chemical phenotype that is generally connected to pseudohy-
poxia in PPGLs (TCA cycle enzymes and pseudohypoxia
signaling mutations) (29,30). Importantly, SUCLG2 manipulation
in hPheo1 cells confirmed a link between the SUCLG2 mutations
and SDH function. Ablation of SUCLG2 affected the level of the
SDHB protein and CII assembly, and consequently SDH func-
tions, resulting in succinate accumulation. These changes
mostly recovered by re-expression of SUCLG2 in the knock-out
cells, pointing to specific effects of SUCLG2 deletion. We did not
observe mtDNA-related disease symptoms often reported in
patients with SUCLG1 and SUCLA2 variants in our cohort of
SUCLG2 mutant patients even though mtDNA levels were de-
creased in the experimental cell model and patient tumor



tissue, consistent with previous research on the link between
SUCL and mtDNA maintenance (11).

Patients described here presented without any family his-
tory of PPGL, which is supportive of the low disease penetrance
that was previously reported for another TCA cycle gene SDHA
(31,32). We were able to recruit family members of 4 patients;
however, for 2 of these patients, we had only 1 parental sample.
We found parental carriers of variants ¢.302A>G and c.158G>A,
and although various cancers were reported in these families,
none of them were of PPGL etiology. Interestingly, we found
that the sibling of patient 2, who is also a carrier of c.302A>G
variant presented with pancreatic neuroendocrine tumor. Even
though only a limited number of relatives were available,
SUCLG2 variants seem to have incomplete penetrance that was
repeatedly recorded for novel PPGL-related TCA genes like fu-
marate hydratase (33) or malate dehydrogenase (34).

From a pathophysiological viewpoint, it is possible that patients
with SUCLG2 germline variants consequently develop CII dysfunc-
tion leading to PPGL formation. Previously, Rapizzi et al. (35) de-
scribed impairment of SDH activity in non-SDHx-mutated PPGLs,
possibly because of germline variants in other known (ie, MAX) or
unknown susceptibility genes. It remains to be shown whether
SUCLG2 mutations consistently lead to CII dysfunction and what
determines the severity of the effect. Therefore, further studies to
reveal the molecular mechanism associated with the link between
SUCLG2 germline variants and CII function are needed and are sub-
jects of our ongoing research.

There are several limitations of our study. First, we did not
have a chance to collect and sequence DNA of all first-degree
family members to fully confirm the prevalence and penetrance
of the reported SUCLG2 germline variants. Second, we did not
have access to or availability of all patient tumor samples to val-
idate all parameters in each sample. We believe that informa-
tion from future PPGL validation cohorts will help complete the
picture and establish the clinical significance of SUCLG2 var-
iants in PPGLs.

In summary, our analysis of SUCLG2-mutated tumors and
in vitro experiments in SUCLG2-deficient cells identified associ-
ation and mechanism between SUCLG2 variants and PPGL, and
we propose SUCLG2 as a PPGL-associated candidate gene, which
should be further evaluated to establish clinical significance in
the genetic landscape of apparently sporadic PPGL cases. Future
studies involving large-scale sequencing may discover addi-
tional cases harboring SUCLG2 variants and provide more de-
tailed information about their prevalence and penetrance.
These findings will further clarify the relationship between
SUCLG2 and SDHx proteins, particularly SDHB, as well as their
role in the disease etiology.
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