
Succinate Mediates Tumorigenic Effects via Succinate Receptor
1: Potential for New Targeted Treatment Strategies in Succinate
Dehydrogenase Deficient Paragangliomas

Author
Matlac, Dieter M, Hadrava Vanova, Katerina, Bechmann, Nicole, Richter, Susan, Folberth, Julica,
Ghayee, Hans K, Ge, Guang-Bo, Abunimer, Luma, Wesley, Robert, Aherrahrou, Redouane, Dona,
Margo, Martinez-Montes, Angel M, Calsina, Bruna, Merino, Maria J, Neuzil, Jiri, et al.

Published
2021

Journal Title
Frontiers in Endocrinology

Version
Version of Record (VoR)

DOI

10.3389/fendo.2021.589451

Rights statement
© 2021 Matlac, Hadrava Vanova, Bechmann, Richter, Folberth, Ghayee, Ge, Abunimer, Wesley,
Aherrahrou, Dona, Martínez-Montes, Calsina, Merino, Schwaninger, Deen, Zhuang, Neuzil,
Pacak, Lehnert and Fliedner. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with these
terms.

Downloaded from
http://hdl.handle.net/10072/415732

Griffith Research Online
https://research-repository.griffith.edu.au

http://dx.doi.org/10.3389/fendo.2021.589451
http://hdl.handle.net/10072/415732
https://research-repository.griffith.edu.au


Frontiers in Endocrinology | www.frontiersi

Edited by:
Suja Pillai,

The University of Queensland,
Australia

Reviewed by:
Nils Lambrecht,

VA Long Beach Healthcare System,
United States
David Taïeb,
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Paragangliomas and pheochromocytomas (PPGLs) are chromaffin tumors associated
with severe catecholamine-induced morbidities. Surgical removal is often curative.
However, complete resection may not be an option for patients with succinate
dehydrogenase subunit A-D (SDHx) mutations. SDHx mutations are associated with a
high risk for multiple recurrent, and metastatic PPGLs. Treatment options in these cases
are limited and prognosis is dismal once metastases are present. Identification of new
therapeutic targets and candidate drugs is thus urgently needed. Previously, we showed
elevated expression of succinate receptor 1 (SUCNR1) in SDHB PPGLs and SDHD head
and neck paragangliomas. Its ligand succinate has been reported to accumulate due to
SDHx mutations. We thus hypothesize that autocrine stimulation of SUCNR1 plays a role
in the pathogenesis of SDHx mutation-derived PPGLs. We confirmed elevated SUCNR1
expression in SDHx PPGLs and after SDHB knockout in progenitor cells derived from a
n.org March 2021 | Volume 12 | Article 5894511
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human pheochromocytoma (hPheo1). Succinate significantly increased viability of
SUCNR1-transfected PC12 and ERK pathway signaling compared to control cells.
Candidate SUCNR1 inhibitors successfully reversed proliferative effects of succinate.
Our data reveal an unrecognized oncometabolic function of succinate in SDHx PPGLs,
providing a growth advantage via SUCNR1.
Keywords: succinate receptor 1, SUCNR1 (GPR91), paraganglioma, succinate, SDHB gene
INTRODUCTION

Paragangliomas (PGLs) are catecholamine-producing chromaffin
tumors of the autonomic nervous system, including adrenal-derived
pheochromocytomas (together PPGLs). While curative in the
majority of cases, resection is not an option for many
paragangliomas with loss-of-function mutations of succinate
dehydrogenase (SDH) subunits A-D (summarized as SDHx).
Particularly mutations in the SDHB gene predispose to metastases
(34–69%) (1–4), usually making complete resection impossible.
Mutations in SDHA, SDHC, and SDHD subunits predominantly
cause head and neck PGLs (HNPs) (5–7), which can be inoperable
due to proximity to vital structures such as vessels or nerves. In
addition, surgical complication rate is high, particularly for carotid
body location, causing nerve damage in 48% of cases, including 17%
with permanent damage (8). Also for SDHA, SDHC, and SDHD
mutations, metastatic disease has been reported (9). Treatment
options for inoperable cases are extremely limited and prognosis is
dismal once metastases are present. Thus, identification of new
therapeutic targets and candidate drugs is urgently needed.

SDHx-PGLs are characterized by dysfunction of the SDH
enzyme. The conversion of succinate to fumarate is impaired,
causing substantial succinate accumulation (10–13). Similarly,
reduced SDH activity and succinate accumulation has been
associated with progressive disease or poor outcome in
endometrial cancer (14) and hepatocellular carcinoma (15).
Accumulated succinate can cross both the inner and outer
mitochondrial membrane via the dicarboxylic acid transporter
and the voltage-dependent anion channel (VDAC) [summarized
in (12, 16)] to reach the cytosol. There, excess succinate mediates
oncogenic effects by inhibition of 2-oxoglutarate-dependent
prolyl hydroxylases and demethylases (17). Obstruction of
prolyl hydroxylation of hypoxia inducible transcription factors
(HIFs) prevents their degradation and induces expression of
tumor promoting HIF-target genes. Moreover, inhibition of
DNA and histone demethylases causes hypermethylation,
which represses transcription of affected genes. Despite
knowledge of the underlying mechanisms, targeted treatment
approaches for mostly inoperable SDHx-PPGL are still lacking.

In addition to its established role as an oncometabolite,
succinate has also been recognized to act as a ligand for the G-
protein-coupled receptor succinate receptor 1 (SUCNR1/
GPR91) (18). Elevations in succinate levels arise during
hypoxia/ischemia, hyperglycemia, due to tissue damage, or at
sites of inflammation [summarized in (19)]. More recently, pH
dependent transport of succinate from intact cells via
monocarboxylate transporter 1 has been shown in an ischemia
n.org 2
reperfusion model of the heart and following exercise under
acidic conditions (20, 21). An apparent function of SUCNR1 is
the activation of coping mechanisms upon adverse conditions,
including stimulation of proliferation of different cell types,
migration, and angiogenesis (22–29).

Cancer promoting effects of succinate-SUCNR1 signaling
have recently been recognized, and include induction of
epithelial to mesenchymal transition, migration, and metastatic
spread of lung cancer cells as well as immunosuppressive effects
(30). Involvement of SUCNR1 in tumor angiogenesis has also
been proposed (31).

Depending on cell type, the effects of SUCNR1 stimulation are
conveyed by different mechanisms, at least in part related to G-
protein coupling. In kidney cells, coupling to Gaq- and/or Gai-
proteins has been proposed, leading to activation of extracellular-
signal-regulated-kinases (ERK), generation of inositol
triphosphate, augmentation of intracellular calcium, and decrease
of cyclic adenosine monophosphate (cAMP) (25). Some authors
suggested that calcium mobilization is rather mediated by the bg
dimers than coupling to Gaq (26). In cardiomyocytes, SUCNR1
stimulation has been shown to increase cAMP concentration, thus
coupling to Gas is also possible (25).

Among a range of different tissues (32) Sucnr1 has also been
observed in the mouse adrenal (33) and chromaffin cells of the
carotid body (34). Its role in chromaffin cells and chromaffin cell-
derived PPGLs however is not yet clear.

Succinate treatment as well as SDHB-silencing has been shown
to induce SUCNR1 mRNA and protein expression in human
hepatoma cells (35), suggesting a positive feedback of
inappropriate succinate accumulation on expression of its
receptor. Consistently, we detected elevated SUCNR1 expression
in SDHB PPGLs and SDHD HNPs (36). We thus hypothesized
that a combination of abundant succinate and its receptor
SUCNR1 is a unique characteristic of SDHx-mutated tumors,
which highly likely contributes to tumor formation, growth, or
spread. Potent and selective small molecule inhibitors for
SUCNR1 have been previously described (37). Targeting
SUCNR1 thus represents a promising new therapeutic strategy
for SDHx PPGLs.
MATERIAL AND METHODS

Human Tissue
Fresh PPGL tissue was collected at the National Institutes of
Health in Bethesda, MD, USA, under a protocol approved by the
March 2021 | Volume 12 | Article 589451
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Eunice Kennedy Shriver National Institute of Child Health and
Human Development’s Institutional Review Board. Previous to
tissue collection, patients gave informed written consent in
accordance with the protocol. Tumor tissue was partially fixed
in 4% formalin for subsequent paraffin embedding.

Immunohistochemistry
Paraffin was removed from the tissues after warming slides to
60°C with xylene. Tissue was rehydrated stepwise in decreasing
ethanol concentrations and epitopes were retrieved in heated
citrate buffer (10 mM sodium citrate, 1 mM citric acid, pH 6).
Tris-buffered saline with 0.1% tween 20 was used for wash steps.
Endogenous peroxidases were inhibited with 3% H2O2 followed
by DAKO protein block serum-free (Dako, Glostrup, Denmark).
Slides were incubated with rabbit anti-SUCNR1 antibody
(ab140795 Abcam, Cambridge, UK) in blocking solution in a
humidified chamber for 1 h at 37°C. Peroxidase-labeled polymer
conjugated with secondary goat anti-rabbit antibody (Dako
EnVision) was applied. Visualization was based on the
peroxidase reaction with 3,3-diaminobenzidine solution
(Dako). Tissue was counterstained with hematoxylin.
Dehydration was performed by stepwise immersion in
increasing ethanol concentrations followed by xylene
before mounting.

SUCNR1 Expression Analysis
mRNA data from 227 tumors was extracted from gene expression
array (38–40) and RNAseq datasets (41) using a data analysis
pipeline as detailed elsewhere (42). One-tailed Mann-Whitney test
was applied to test for differences in SUCNR1 expression between
SDHx and cluster 2 PPGLs (RET,MAX, NF1, TMEM127, FGFR1,
and HRAS) in the different series.

Cell Culture
Rat pheochromocytoma cells (PC12) and mouse tumor
tissue cells silenced for Sdhb (MTTCtr, MTTshSdhb63,
MTTshSdhb64) (43) were cultured at 37°C with 5% CO2 in
DMEM with 4.5 g/L glucose, 4.5 g/L L-glutamine without
pyruvate (Gibco, Grand Island, NY, USA) supplemented with
10% heat-inactivated horse serum (Biowest, Nuaillé, France),
5% fetal bovine serum (BioWhittaker, Lonza, Basel,
Switzerland). For PC12 1% penicillin/streptomycin (Merck,
Darmsadt, Germany) was added to the media, while MTTCtr,
MTTshSdhb63, MTTshSdhb64 were grown in presence of 1 µg/
ml puromycin (InvivoGen Euorpe, Toulouse, France) to
suppress untransfected cells. Oxygen deprivation experiments
and collection of cells were performed in an InvivO2

workstation (Baker, Sanford, ME, USA) at the indicated
oxygen concentrations.

hPheo1 SDHB Knockout
Progenitor cells derived from a human pheochromocytoma
(hPheo1) were used. Genomic deletion of SDHB in hPheo1
cells was performed by the CRISPR/AsCPF1 system (44) using
the pX AsCpf1-Venus-NLS crRNA entry plasmid. Suitable guide
Frontiers in Endocrinology | www.frontiersin.org 3
RNAs were identified using the Crispor software. An oligo was
designed containing an overhang for plasmid insertion, followed
by an array of three guide RNAs targeting before
(TATCCAGCGTTACATCTGTTGTG), inside (CCATCTATC
GATGGGACCCAGAC), and after (GCTTTTCACATCC
TTGGAAGGCT) exon 2 of human SDHB, separated by the
AsCpf1 direct repeat sequences: AGATTATCCAGCG
TTACATCTGTTGTGAATTTCTACTCTTGTAGATCCAT
CTATCGATGGGACCCAGACAATTTCTACTCTTGTAG
ATGCTTTTCACATCCTTGGAAGGCT. The oligo was cloned
into the plasmid cleaved by FastDigest BpiI (Thermo Fisher) and
the correct insertion was confirmed by colony PCR and DNA
sequencing. hPheo1 cells were transfected with the verified
CPF1 construct using Lipfectamine3000 (Thermo Fisher),
followed by single cell sorting for Venus-positive cells into a
96-well culture plate. Clones were collected and deletion of the
targeted locus was confirmed by genomic PCR using primers
ACTTTCCCAACAGTATCGCTCTT and TCAAGGCAA
GTTTCTGGCGGT. SDHB knockout clones were confirmed
by western blotting for SDHB and DNA sequencing. Human
SDHB was re-expressed in SDHB KO cells from the pLYS5-
SDHB-Flag plasmid (Addgene # 50055, a kind gift of Vamsi
Mootha) using lentiviral transduction. Lentivirus particles were
produced in Hek293T cells using second generation psPAX and
pMD.2G plasmids and Lipofectamine3000. Virus-containing
media were collected after 48 h, centrifuged at 3,000 × g for
15 min and stored at −80°C.

hPheo1 parental cells (Ctr) and SDHB KO (SDHBKO23) or
re-expressing cells (SDHBKO23Rec) were kept in RPMI (Life
technologies , Darmstadt , Germany) with 10% FBS
(BioWhittaker), 1% penicil l in/streptomycin (Merck,
Darmsadt, Germany), 4.5 g/L glucose, 2mM sodium
pyruvate, and 50 µg/ml uridine (Sigma-Aldrich, Saint Louis,
MO, USA). SDHBKO23Rec received 50 µg/ml hygromycin B (Th.
Geyer, Hamburg, Germany).
Evaluation of Oxygen Consumption Rate
The Seahorse XF96 Extracellular Flux Analyzer was used for
assessment of cellular oxygen consumption rate (OCR) following
the manufacturer’s instructions. Briefly, all hPheo1 cells were
seeded in poly-L-lysine coated XF96 cell culture microplates at
5 × 103 per well in standard culture media. After 24 h, the
medium was replaced by serum-free DMEM containing 10 mM
glucose, 2mM L-glutamine, 1 mM pyruvate, and 5 mM HEPES,
pH 7.4. After equilibration of temperature and pH for 30 min at
37°C mitochondrial respiration was determined in consecutive
injection steps [1 mM oligomycin (OMY), 1.5 mM CCCP, and a
combination of 0.5 mM rotenone (ROT) and 0.5 mM antimycin A
(AMA)]. OCR measurements were made using the
manufacturer’s setting. As last injection, Hoechst 33432 was
added (2 mg/ml) and the number of cells was evaluated by MD
ImageXpress Micro XLS. Results were analyzed by the XF Stress
Test Report Generators (Agilent Technologies) and normalized
to cell count.
March 2021 | Volume 12 | Article 589451
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Mass Spectrometric Analysis of Krebs
Cycle Metabolites
hPheo1-Ctr, -SDHBKO23 and -SDHBKO23Rec (300,000 cells/well)
or MTTCtr, MTTshSdhb63, MTTshSdhb64 (500,000 cells/well)
were seeded into rat tail collagen-coated six-well plates. MTTCtr,
MTTshSdhb63, MTTshSdhb64 were grown under hypoxic
conditions (1 and 10% O2) and cells from the same passage
were kept at normoxia (N1 and N10). Cells were harvested in ice-
cold methanol. Extracts were centrifuged, dried down using a
SpeedVac concentrator (Thermo Scientific) and MTTCtr,
MTTshSdhb63, MTTshSdhb64 metabolites were resuspended
in mobile phase for subsequent quantification by ultra high-
pressure liquid chromatography tandemmass spectrometry (LC-
MS/MS) as described previously (11).

Conditioned media from hPheo1-Ctr, -SDHBKO23 and
-SDHBKO23Rec were collected previous to cell lysis in methanol.
Extracts and media were dried down using a SpeedVac
concentrator (Thermo Scientific) and metabolites were re-
suspended in methanol at 10-fold concentration, agitated at
600 rpm and 4°C for 10 min, followed by centrifugation at
20,000 × g for 10 min at 4°C. Relative quantification of
metabolites in the supernatant was performed on a LC-MS/MS
system, consisting of a Dionex Ultimate 3000 RS LC-system
coupled to an Orbitrap mass spectrometer (QExactive,
ThermoFisher Scientific, Bremen, Germany) equipped with a
heated-electrospray ionization (HESI-II) probe. A Waters
Acquity UPLC BEH Amide column (2.1 × 100 mm, 2.5 µm),
maintained at 40°C, was used for chromatographic separation.
Mobile phases consisted of (A) 0.1% formic acid in water and (B)
0.1% formic acid in acetonitrile with a flow rate of 0.2 ml/min.
Following gradient was applied: 75% B to 70% B in 0.5 min and
to 65% B in 1.0 min. Final step to 60% B in another 0.5 min, held
for 1.0 min and back to 75% B in 0.1 min. Equilibration time was
1.9 min. A parallel reaction monitoring (PRM) experiment in the
negative ionization mode was used for the targeted analysis of
succinate and fumarate. Mass resolution was 70,000, the isolation
window was set to 1.5 m/z. PRM transitions and scan parameters
are shown in Table S1.

PC12 Cell Transfection
PC12 cells were seeded into collagen-1-coated 96-well plates
(Corning Biocoat, Kaiserslautern, Germany). Lipofectamine3000
was used to transfect PC12 cells with a pmCherry-N1 vector
encoding a fusion protein of mCherry and human SUCNR1 or
enhanced green fluorescent protein (EGFP) following
manufacturer recommendations. Plasmids were generously
provided by Prof. Deen. Geneticin resistance allowed selection
of stable clones in presence of 1 mg/ml geneticin (Roth,
Karlsruhe, Germany). Since propagation of PC12 from single
clones was not possible, multiclonal cultures were used.
Quantitative Real-Time Polymerase Chain
Reaction
Cells were collected in NucleoSpin RNA mini kit lysis buffer and
RNA extraction was performed according to the manufacturer’s
manual (Macherey-Nagel, Düren, Germany). For cDNA
Frontiers in Endocrinology | www.frontiersin.org 4
synthesis the SuperScript™ III First-Strand Synthesis SuperMix
has been used (Thermo Fisher). Quantitative RT-PCR was
performed on a Quant studio 5 instrument (Thermo Fisher)
using SYBR green PCR Master mix (Thermo Fisher), following
the recommended cycling conditions. Used primers are listed in
Table S2.

Western Blot
Stably SUCNR1- and EGFP-expressing cells were seeded into
10 cm collagen-1-coated cell culture dishes at 105 cells/ml in
10 ml DMEM supplemented as described above. Cells were
treated with 0, 2, or 10 mM succinate for 5 min. Cell
collection, protein estimation, separation, and transfer were
done as previously reported (45). Antibodies were rabbit anti-
phospoERK (#4370 Cell Signaling, Danvers, MA, USA), rabbit
anti-ERK antibody (AF1576 R&D Systems, Minneapolis, USA),
goat anti-GFP (AB0020 Sicgen-Research and Development in
Biotechnologa Ltd, Carcavelos, Portugal), goat anti-mCherry
(AB0040 Sicgen), or mouse anti-b-actin (A1978 Sigma-
Aldrich). Appropriate peroxidase-labeled secondary antibodies
(Dako) were used . Visual izat ion was achieved by
chemiluminescence detection using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare, Freiburg,
Germany) in a Fusion SL imaging system (Vilber Lourmat,
Eberhardzell, Germany). Band intensity was determined by
optical density analysis using image J (Rasband, W.S., ImageJ,
U. S. National Institutes of Health, Bethesda, MD, USA, https://
imagej.nih.gov/ij/, 1997-2016).

Proteins of hPheo1-Ctr, -SDHBKO23, and -SDHBKO23Rec were
harvested and blotted as previously described (46). The following
primary antibodies were used: anti-GAPDH (Cell Signaling,
#5174), anti-SDHA (Abcam, ab14715), anti-SDHB (Abcam,
ab14714). HRP-conjugated secondary antibodies were used in
TBS/tween with 5% non-fat dried milk for 1 h at room
temperature. Protein bands were quantified using AzureSpot
2.0 software (Azure Biosystems).

Confocal Microscopy
Cells were grown in Lab-Tek II chamber slides (Thermo Fisher
Scientific, coated with rat tail collagen (Sigma-Aldrich,
Taufkirchen, Germany), as previously described (47) and fixed
in 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) after washing in PBS (Gibco). Cells were
incubated in 300 nM DAPI solution to visualize cell nuclei
(Invitrogen, Thermo Fischer Scientific). After washing cells
were coverslipped in a solution containing 12% mowiol 4-88
(Calbiochem, EMD Chemicals, Inc., Gibbstown, NJ, USA), 30%
glycerol, 2.5% 1,4- diazobicyclo-[2.2.2]-octane (DABCO)
(Sigma- Aldrich), in 0.12 M tris, pH 6.8. A TCS SP5 confocal
microscope (Leica, Wetzlar, Germany) with HCX PL APO CS
63× oil UV corrected objective, aperture 1.4, scanning frequency
100 Hz, average 4× and pinhole 1 AU was used to take
representative images.

Cell Viability
Stably transfected PC12 cells were seeded at 10,000 cells/well into
collagen-1-coated 96-well plates in 100 µl supplemented DMEM
March 2021 | Volume 12 | Article 589451
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media. The following day, cells were treated with sodium
succinate (Sigma-Aldrich) at 0.5, 1, 2, 10, or 20 mM in
supplemented media or supplemented media alone as control.
Media pH was unaffected by succinate at the indicated
concentrations. Cell viability was measured after 24 h and 48 h
using an XTT-based cell proliferation kit (PromoKine,
PromoCell, Heidelberg, Germany). Signal was detected with a
microplate reader (Spectrostar Nano, BMG Labtech, Ortenberg,
Germany) at 450 nm and 630 nm 4 h after addition of 25 µl
reaction solution per well.

Candidate SUCNR1 inhibitors were kindly provided by Prof.
Guang-Bo Ge (Table 1). Cells were treated with the inhibitors for
48 h in the presence or absence of 10 mM succinate, after which
cell viability was determined.

SUCNR1 Inhibitors
SUCNR1 inhibitors have been synthesized following previously
published protocols (37). Compound 1 corresponds to
compound 5 g from the cited reference. Structures and purities
are listed in Table 1.
Frontiers in Endocrinology | www.frontiersin.org 5
Statistics
Statistic evaluation was performed using SPSS, Stata, or Prism.
ANOVA, or multivariate ANOVA was performed with
Dunnett’s or LDS post-hoc analysis, as indicated.
RESULTS

SUCNR1 Expression in Human PPGLs
In a previous microarray study, we detected elevated mRNA
expression of SUCNR1 in SDHB PPGLs and SDHD HNPs
compared to normal adrenal medulla (36). Here we show that
SUCNR1 displays higher expression in SDHx PPGLs compared
to cluster 2 tumors (Figures 1A–C). Cluster 2 PPGLs have a far
lower risk of metastatic disease and are characterized by
activation of kinase-signaling. Immunohistochemical staining
of human PPGL tissues with different hereditary backgrounds
confirmed elevated SUCNR1 protein expression in SDHB PPGLs
and SDHD HNPs, compared to VHL pheochromocytomas.
Normal adrenal medulla barely showed a SUCNR1 signal
(Figure 1D).

SUCNR1 in Chromaffin Cells
Sucnr1 expression was evaluated in established chromaffin cell
models. However, qRT-PCR revealed very low mRNA levels in
MPC, MTT, PC12, and hPheo1 (Ct >30 at 30–50 ng
template load).

In HepG2 cells, SDHB silencing and succinate treatment have
been shown to induce SUCNR1 expression (35). We thus
evaluated succinate levels and Sucnr1 expression in previously
prepared MTT cells silenced for Sdhb (43). The succinate to
fumarate and succinate to citrate levels were increased by 1.6–
2.4-fold in shSdhb cells compared to control cells, while the
fumarate levels were mainly similar in all cell types
(Supplementary Figure S1A). No significant difference was
observed in Sucnr1 expression level (Supplementary Figure
S1B). To better model the situation observed in human PPGL
tissue of 25-fold elevated succinate and 80% decreased fumarate
(11), we exposed the cells to hypoxia for 24 h (1 and 10% O2), as
has been previously effectively performed (48). As hypothesized
(49), hypoxia augmented succinate accumulation and fumarate
depletion particularly in the shSdhb cells, leading to an increase
of the succinate to fumarate ratio (Supplementary Figure S1A).
Nevertheless, the still mild succinate accumulation did not
significantly induce Sucnr1 mRNA expression (Supplementary
Figure S1B).

Interestingly, treatment of hPheo1 with external succinate at
10 mM or exposure to 3% oxygen for 24 h significantly increased
SUCNR1 expression (Figure 2A). A three-way ANOVA revealed
no interaction for succinate and oxygen. Replicate and oxygen
factors were coded as categorical, while the succinate level was
coded with continuous values of 1/2/3, to reflect the expected
ordered impact of increasing succinate dose, showing significant
differences for oxygen (p = 0.033) and treatment (p = 0.014).
Dunnett’s post-hoc test on treatment main effect showed that the
0 and 10 mM succinate levels differed with p = 0.022.
TABLE 1 | Structure and purity of SUCNR1 inhibitors.

No. MW Structure Purity

1 458.40 98.3%

2 440.42 98.4%

3 386.45 98.1%
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To evaluate causality of SDHB dysfunction, SDHB was
knocked out in hPheo1. Successful knockout and re-expression
are shown by qRT-PCR and Western blot (Figure 2B).
Respiration was vastly decreased in hPheo1-SDHBKO23

compared to the parental and -SDHB23Rec cells (Figure 2C).
Succinate to fumarate levels from cell extracts showed a mean
40-fold increase of succinate to fumarate (Figure 2D). Excess
succinate was released to the media, as evident by a doubling of
the succinate to fumarate ratio.

SDHB deficient hPheo1 showed significantly increased
SUCNR1 expression (p = 0.018, Figure 2E). PTGS2/COX2 a
downstream effector of SUCNR1 signaling in inducible
pluripotent neural stem cells (50) and retina in diabetic rats
(29) was also significantly increased in hPheo1-SDHBKO23 and to
a much smaller extent in -SDHBKO23Rec (Figure 2E).

Succinate Promotes Proliferation via
SUCNR1
To explore SUCNR1 related effects in PPGL cells independent of
intracellular succinate accumulation, we stably transfected PC12
cells with human SUCNR1. Confocal microscopy revealed a
punctate staining pattern, which is in line with cell surface
expression of the mCherry-hSUCNR1 fusion protein, while
Frontiers in Endocrinology | www.frontiersin.org 6
EGFP was equally distributed in control transfected cells,
indicating cytosolic localization (Figure 3A). Western blot for
mCherry and EGFP showed strong bands in the transfected cells,
with no signal in the respective counterparts (Figure 3B).

Treatment of SUCNR1-transfected PC12 with 2, 10, or 20
mM succinate significantly increased cell viability compared to
untreated controls after 24 and 48 h of treatment. Cell viability of
EGFP-transfected PC12 did not change in response to succinate
treatment (Figure 3C). Furthermore, SUCNR1-stimulation with
10 mM succinate significantly induced ERK-phosphorylation in
SUCNR1-, but not EGFP-transfected cells (Figure 3D).
Simultaneous treatment of SUCNR1-PC12 cells with 10 mM
succinate and 10 nM of one of three candidate succinate receptor
inhibitors successfully reversed the increase in relative viability of
SUCNR1-PC12 treated with 10 mM succinate alone (Figure 3E).
DISCUSSION

SUCNR1 expression is induced by hypoxia, extracellular
succinate, and loss of SDHB in hPheo1, and SUCNR1 signaling
increases viability in PC12 cells. Taken together, these data
A B

D

C

FIGURE 1 | (A) Box and whisker Tukey plots showing the expression of SUCNR1 in PPGLs of three published series. Data from GSE19422 and GSE51081 (38,
39), showing two different probes for SUCNR1. SDHx (n = 19: 10 SDHB, 3 SDHC, 6 SDHD), cluster 2 (n = 37: 3 FGFR1, 7 HRAS, 3 MAX, 5 NF1, 16 RET, and 3
TMEM127). (B) Data from the TCGA project (41), SDHx (n = 20: 17 SDHB, 3 SDHD) and cluster 2 (n = 61: 2 FGFR1, 17 HRAS, 2 MAX, 22 NF1, 17 RET, and 1
TMEM127); (C) Data from E-MTAB-733 (40), SDHx (n = 23: 1 SDHA, 16 SDHB, 1 SDHB+SDHA, 2 SDHC, 3 SDHD) and cluster 2 (n = 67: 2 FGFR1, 6 HRAS, 2
MAX, 36 NF1, 17 RET, 1 TMEM127, and three tumors with mutations in two different drivers: MAX+HRAS, NF1+FGFR1, and RET+SDHA). One-tailed Mann-Whitney
test was applied to test for significant differences. (D) SUCNR1 protein expression determined by immunohistochemical staining in human PPGL tissue and normal
adrenal medulla. Paraffin embedded PPGL samples from patients with mutations in succinate dehydrogenase B (SDHB, n = 2), succinate dehydrogenase D (SDHD,
n = 4), the von-Hippel-Lindau gene (VHL, n = 2) as well as one sample of normal adrenal medulla (NAM) were used. SDHD PGLs were from the head and neck area
(HNP).
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suggest that accumulating succinate in SDHx PPGLs may have a
previously unrecognized oncometabolic effect by stimulating
SUCNR1 in an autocrine manner.

In several cell types and tissues, SUCNR1 expression has been
induced or correlated with SDHB silencing, succinate treatment,
or hypoxia (35, 51, 52). However, differences in susceptibility or
interfering mechanisms may exist. In MTT shSdhb cells succinate
only slightly accumulated. However, under hypoxia, an up to 30-
fold increase in succinate to fumarate ratio was reached in
shSdhb64. Nevertheless, expression of Sucnr1 was not
significantly induced. At an only slightly higher 40-fold increase
seen in hPheo1 SDHBKO23, SUCNR1 was significantly up-
regulated. Interestingly, in hPheo1 SUCNR1 induction was also
achieved by treatment with 10 mM extracellular succinate or 3%
oxygen. If the discrepancy we observed between MTT and
hPheo1 is due to cell specific reasons or the amount of
succinate accumulation remains unclear. Other cell models
with similarly or even more efficient succinate accumulation
have been reported (48, 53, 54), however SUCNR1 expression
has not been evaluated. Highly likely, extracellular succinate
stimulation of the receptor leads to positive feedback on its
expression, which can only be reached by substantial increase in
Frontiers in Endocrinology | www.frontiersin.org 7
extracellular succinate due to severe SDH inhibition or hypoxia.
Here we show that hPheo1 SDHBKO23 release excess succinate
into the media, which is probably related to the amount of
succinate accumulation. Surprisingly, SUCNR1 was not elevated
in SDHD abdominal and thoracic PGLs in our microarray
study, while expression was increased in SDHD HNPs and
SDHB PPGLs (36). Succinate to fumarate levels have been
shown to be lower in SDHx HNPs compared to adrenal or
extra-adrenal localization (11). Thus, additional factors likely
influence SUCNR1 expression in PPGL tissue. Potentially,
tumor tissue pH and monocarboxylate transporter 1 expression
level play an essential role, as these highly likely determine
succinate release to the extracellular space (20, 21). Of note,
hypoxia or HIF activation positively regulate monocarboxylate
transporter 1 expression [summarized in (55)].

It will be of major interest for future studies to evaluate
discrepancies between the models in more detail, also with
respect to dysfunction of other SDH subunits. However, to
date no comparable models with knockout of the different
subunits is available (56).

Analysis of publically available data from three large mRNA
expression studies showed a significant increase or strong trend
A B

D E

C

FIGURE 2 | (A) Relative SUCNR1 mRNA expression in hPheo1 treated with succinate or oxygen deprivation (n = 3). Three-way ANOVA showed significant
differences for oxygen (p = 0.033) and treatment (p = 0.014), after verifying there was no interaction between oxygen and treatment. Dunnett’s post-hoc test was
performed for the treatment main effect. The * above the 10 mM succinate bars reflects the significant difference from 0 mM, p = 0.022. (B) Relative expression of
SDHB mRNA in hPheo1 parental cells (Ctr), SDHB knockout (SDHBKO23), and SDHB knockout cells re-expressing SDHB (SDHBKO23Rec). Representative Western
blot for SDHB, SDHA, and GAPDH in hPheo1-Ctr, -SDHBKO23, -SDHBKO23Rec (right). SDHB protein expression was diminished in hPheo1-SDHBKO23 and
normalized in -SDHBKO23Rec with re-constitution of human SDHB-FLAG. (C) Basal oxygen consumption rate of hPheo1-Ctr, -SDHBKO23, -SDHBKO23Rec as
determined by Seahorse XF analyzer. Basal respiration measured as oxygen consumption rate was significantly decreased in SDHBKO23 and normalized with SDHB
re-constitution (n = 2). (D) Succinate-to-fumarate ratios in cell extracts (left) of hPheo1-Ctr, -SDHBKO23, -SDHBKO23Rec and conditioned media (right) (n = 3, each).
Data are shown as mean ± SEM. (E) Relative mRNA expression of SUCNR1 and PTSG2 in hPheo1-Ctr, -SDHBKO23, and -SDHBKO23Rec. ANOVA with Dunnet’s
post hoc test for difference from Ctr was performed for delta Cts. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (n = 3).
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towards increased SUCNR1 expression in SDHx compared to
cluster 2 PPGLs (Figures 1A–C). Differences in composition of
the SDHx cohorts with respect to exact mutation, level of
succinate accumulation, and tumor location likely contribute
to the variance between the cohorts.

While the stimulatory concentration of succinate in the
millimolar range may appear high, such high levels can be
expected in SDHx PPGLs (11). The median concentration of
succinate in human SDHx-deficient PPGLs was close to 1 µg/
mg tissue. With the molecular weight of succinate of 118.09 g/
Frontiers in Endocrinology | www.frontiersin.org 8
mol and an estimated density of PPGL tissue at the same level
as normal adrenal [1.03 g/ml (57)], the tissue succinate
content can be estimated at 8.7 mM. This is in the same
range as the pro-proliferative dose of 2–20 mM used in
our experiments.

Previously, ERK1/2 activation as well as induction of PTGS2
expression and/or prostaglandin E2 release have been reported as
downstream effectors of SUCNR1 signaling (25, 29, 31, 50).
Expression of PTGS2/COX2 has been evaluated in PPGLs,
however no clear relation with genetic background was evident
A

B

D

E

C

FIGURE 3 | PC12 cells transfected with a fusion protein of mCherry and SUCNR1 or EGFP. (A) Confocal microscopy confirmed punctate mCherry signal in
accordance with cell surface location typical for G-protein coupled receptors, while EGFP was equally distributed throughout the cells. (B) Western blot for mCherry
and GFP confirmed successful transfection. (C) Cell viability of transfected cells was determined by XTT assay after 24 and 48 h of exposure to the indicated
succinate concentrations. ANOVA with post-hoc Dunnet’s test for difference from 0 mM succinate treatment was performed. *p < 0.05 (n = 4). (D) Representative
Western blot showing increased ERK phosphorylation in SUCNR1 transfected cells after 5 min exposure to 2 mM or 10 mM succinate, while no difference in
phospho-ERK could be determined in EGFP transfected cells (n = 3). Mean optical density ratios of phospho-ERK to ERK ± SEM of three independent experiments
are shown as bar graph. Three-way ANOVA of the log transformed pERK/ERK ratios revealed significant interaction between cell type and succinate concentration
(p = 0.045). ANOVA for the effect of treatment in PC12-SUCNR1 was significant at p = 0.006, with Dunnet’s post-hoc test indicating a significant difference in
phosphorylation at 10 mM succinate compared to control (p = 0.023). In PC12-EGFP cells, succinate had no effect on ERK phosphorylation (p = 0.454). (E) PC12-
SUCNR1 cells were treated with candidate inhibitors (A–C) in presence and absence of succinate. The bars show the relative viability of cells treated with the drug or
vehicle and succinate relative to drug or vehicle alone (n = 2). Data are shown as mean ± SEM.
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(58). As a hypoxia responsive gene, induction of PTGS2 in
hPheo1 SDHBKO23 may not entirely depend on SUCNR1
activation, yet may be worthwhile to further explore. Further
roles of SUCNR1 on metastatic spread, immune-modulation and
chemotaxis, or tumor angiogenesis, as observed in other tissues
(30, 31, 59), remain to be evaluated in SDHx PPGLs.

Our data indicate that SUCNR1 mediated proliferation
enhancement can be disrupted by targeted treatment with
SUCNR1 inhibitors. Three compounds generated to inhibit
SUCNR1 (Drugs 1, 2, 3) were available to us. Drug 1
corresponds to the previously described small molecule
inhibitor 5 g, which shows excellent receptor binding
capabilities and selectivity (37). Drugs 2 and 3 are new
derivatives of Drug 1. Pharmacokinetic parameters of
compounds closely related to drug 1, such as oral
bioavailability and clearance (0.12–0.17 nmol/min/kg) are
favorable. Plasma concentrations of 37–70 µM have been
reached. Selectivity was at least 100-fold increased over binding
to the closely related GPR99 (37). It has been argued that newly
developed SUCNR1 agonists may be superior to investigate the
role of SUCNR1 as these agonists activate the SUCNR1 without
the additional metabolic functions of succinate (60, 61).
Regardless, the confounding effect of succinate on cell viability
in PC12 cells should be negligible, since EGFP-transfected
control cells were not influenced by succinate treatment.
Expression of SUCNR1 was considerably higher in SDHB
PPGL and SDHD HNP tissue than normal adrenal medulla.
Thus, normal adrenal medulla will most likely not be affected
by treatment with SUCNR1 inhibitors. However, vulnerability
of normal adipocytes, hepatocytes, retinoblasts, or other
SUCNR1 expressing cells to systemic application of SUCNR1-
inhibitors remains to be evaluated together with potential
immunomodulatory effects.

SUCNR1 inhibition may provide a promising new treatment
approach for the aggressive and often inoperable SDHx tumors.
Effectiveness of these novel drugs may likely be extended to
unresectable or metastatic SDH-deficient renal cell carcinomas,
gastrointestinal stroma tumors, thyroid, and pancreatic
neuroendocrine tumors, or other conditions exhibiting
disturbed SUCNR1-signaling due to hypoxia or hyperglycemia.
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Figure S1 | (A) Metabolite levels in MTT shSdhb and control cells under normoxia
and at 1% and 10% oxygen. The normoxia control cells that were kept in parallel to
the 1% oxygen condition are labelled N1, the control cells from the 10% oxygen
condition are labelled N10. The succinate to citrate, fumarate to citrate, and
succinate to fumarate levels are shown from top to bottom. The bars showmeans ±
SEM of n=4 (1% oxygen) and n=5 (10% oxygen) independent experiments. 2-way
ANOVA showed significant differences between cell types and oxygen conditions.
P-values for LDS post-hoc statistics of ANOVA for main effects are shown. Lower
case letters indicate significant differences between oxygen concentrations for each
cell type. Replication of x indicate 1: p≤0.05, 2: p≤0.01, 3: p≤0.001. Asterisks
indicate significant difference between cell types within a given oxygen condition.
* indicates p≤0.05, ** indicates p≤0.01, *** indicates p≤0.001. (B) Relative
expression of Sucnr1 to Rplp0 in cells kept at 10% (top) and 1% (bottom) oxygen
with respective normoxia controls. There was no statistic difference (n=3).
March 2021 | Volume 12 | Article 589451

https://www.frontiersin.org/articles/10.3389/fendo.2021.589451/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.589451/full#supplementary-material
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Matlac et al. Tumorigenic Succinate Effects via SUCNR1
REFERENCES

1. Pamporaki C, Hamplova B, Peitzsch M, Prejbisz A, Beuschlein F, Timmers H,
et al. Characteristics of Pediatric vs Adult Pheochromocytomas and
Paragangliomas. J Clin Endocrinol Metab (2017) 102:1122–32. doi: 10.1210/
jc.2016-3829

2. Jochmanova I, Wolf KI, King KS, Nambuba J, Wesley R, Martucci V, et al.
SDHB-related pheochromocytoma and paraganglioma penetrance and
genotype-phenotype correlations. J Cancer Res Clin Oncol (2017) 143:1421–
35. doi: 10.1007/s00432-017-2397-3

3. Castro-Vega LJ, Letouze E, Burnichon N, Buffet A, Disderot PH, Khalifa E,
et al. Multi-omics analysis defines core genomic alterations in
pheochromocytomas and paragangliomas. Nat Commun (2015) 6:6044.
doi: 10.1038/ncomms7044

4. Curras-Freixes M, Inglada-Perez L, Mancikova V, Montero-Conde C, Leton
R, Comino-Mendez I, et al. Recommendations for somatic and germline
genetic testing of single pheochromocytoma and paraganglioma based on
findings from a series of 329 patients. J Med Genet (2015) 52:647–56.
doi: 10.1136/jmedgenet-2015-103218

5. Schulte KM, Talat N, Galata G, Aylwin S, Izatt L, Eisenhofer G, et al. Genetics
and the clinical approach to paragangliomas.HormMetab Res (2014) 46:964–
73. doi: 10.1055/s-0034-1383581

6. Bourdeau I, Grunenwald S, Burnichon N, Khalifa E, Dumas N, Binet MC,
et al. A SDHC Founder Mutation Causes Paragangliomas (PGLs) in the
French Canadians: New Insights on the SDHC-Related PGL. J Clin
Endocrinol Metab (2016) 101:4710–8. doi: 10.1210/jc.2016-1665

7. Bausch B, Schiavi F, Ni Y, Welander J, Patocs A, Ngeow J, et al. Clinical
Characterization of the Pheochromocytoma and Paraganglioma
Susceptibility Genes SDHA, TMEM127, MAX, and SDHAF2 for Gene-
Informed Prevention. JAMA Oncol (2017) 3:1204–12. doi: 10.1001/
jamaoncol.2017.0223

8. Amato B, Serra R, Fappiano F, Rossi R, Danzi M, Milone M, et al. Surgical
complications of carotid body tumors surgery: a review. Int Angiol (2015)
34:15–22.

9. Main AM, Rossing M, Borgwardt L, Gronkaer Toft B, Rasmussen AKFeldt-
Rasmussen U. Genotype-phenotype associations in PPGLs in 59 patients with
variants in SDHX genes. Endocr Connect (2020) 9:793–803. doi: 10.1530/EC-
20-0279

10. Lendvai N, Pawlosky R, Bullova P, Eisenhofer G, Patocs A, Veech RL, et al.
Succinate-to-fumarate ratio as a new metabolic marker to detect the presence
of SDHB/D-related paraganglioma: initial experimental and ex vivo findings.
Endocrinology (2014) 155:27–32. doi: 10.1210/en.2013-1549

11. Richter S, Peitzsch M, Rapizzi E, Lenders JW, Qin N, de Cubas AA, et al. Krebs
cycle metabolite profiling for identification and stratification of
pheochromocytomas/paragangliomas due to succinate dehydrogenase
deficiency. J Clin Endocrinol Metab (2014) 99:3903–11. doi: 10.1210/
jc.2014-2151

12. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield
KD, et al. Succinate links TCA cycle dysfunction to oncogenesis by inhibiting
HIF-a lpha pro ly l hydroxy lase . Cancer Ce l l (2005) 7 :77–85 :
S153561080400368X. doi: 10.1016/j.ccr.2004.11.022

13. Pollard PJ, Briere JJ, Alam NA, Barwell J, Barclay E, Wortham NC, et al.
Accumulation of Krebs cycle intermediates and over-expression of HIF1alpha
in tumours which result from germline FH and SDH mutations. Hum Mol
Genet (2005) 14:2231–9. ddi227. doi: 10.1093/hmg/ddi227

14. Gu C, Yang H, Chang K, Zhang B, Xie F, Ye J, et al. Melatonin alleviates
progression of uterine endometrial cancer by suppressing estrogen/ubiquitin
C/SDHB-mediated succinate accumulation. Cancer Lett (2020) 476:34–47.
doi: 10.1016/j.canlet.2020.02.009

15. Tseng PL, Wu WH, Hu TH, Chen CW, Cheng HC, Li CF, et al. Decreased
succinate dehydrogenase B in human hepatocellular carcinoma accelerates
tumor malignancy by inducing the Warburg effect. Sci Rep (2018) 8:3081.
doi: 10.1038/s41598-018-21361-6

16. Murphy MP, O’Neill LAJ. Krebs Cycle Reimagined: The Emerging Roles of
Succinate and Itaconate as Signal Transducers. Cell (2018) 174:780–4.
doi: 10.1016/j.cell.2018.07.030

17. Zhao T, Mu X, You Q. Succinate: An initiator in tumorigenesis and
progression. Oncotarget (2017) 8:53819–28. doi: 10.18632/oncotarget.17734
Frontiers in Endocrinology | www.frontiersin.org 10
18. He W, Miao FJ, Lin DC, Schwandner RT, Wang Z, Gao J, et al. Citric acid
cycle intermediates as ligands for orphan G-protein-coupled receptors. Nature
(2004) 429:188–93. doi: 10.1038/nature02488

19. Ariza AC, Deen PM, Robben JH. The succinate receptor as a novel therapeutic
target for oxidative and metabolic stress-related conditions. Front Endocrinol
(Lausanne) (2012) 3:22. doi: 10.3389/fendo.2012.00022

20. Prag HA, Gruszczyk AV, Huang MM, Beach TE, Young T, Tronci L, et al.
Mechanism of succinate efflux upon reperfusion of the ischaemic heart.
Cardiovasc Res (2020) 148. doi: 10.1093/cvr/cvaa148

21. Reddy A, Bozi LHM, Yaghi OH, Mills EL, Xiao H, Nicholson HE, et al. pH-
Gated Succinate Secretion Regulates Muscle Remodeling in Response to
Exercise. Cell (2020) 183:62–75. doi: 10.1016/j.cell.2020.08.039

22. Ko SH, Choi GE, Oh JY, Lee HJ, Kim JS, Chae CW, et al. Succinate promotes
stem cell migration through the GPR91-dependent regulation of DRP1-
mediated mitochondrial fission. Sci Rep (2017) 7:12582. doi: 10.1038/
s41598-017-12692-x

23. Lei W, Ren W, Ohmoto M, Urban JF Jr., Matsumoto I, Margolskee RF, et al.
Activation of intestinal tuft cell-expressed Sucnr1 triggers type 2 immunity in
the mouse small intestine. Proc Natl Acad Sci U S A (2018) 115:5552–7.
doi: 10.1073/pnas.1720758115

24. Mao H, Yang A, Zhao Y, Lei L, Li H. Succinate Supplement Elicited
“Pseudohypoxia” Condition to Promote Proliferation, Migration, and
Osteogenesis of Periodontal Ligament Cells. Stem Cells Int (2020)
2020:2016809. doi: 10.1155/2020/2016809

25. de Castro Fonseca M, Aguiar CJ, da Rocha Franco JA, Gingold RN, Leite MF.
GPR91: expanding the frontiers of Krebs cycle intermediates. Cell Commun
Signal (2016) 14:3. doi: 10.1186/s12964-016-0126-1

26. Gilissen J, Jouret F, Pirotte B, Hanson J. Insight into SUCNR1 (GPR91)
structure and function. Pharmacol Ther (2016) 159:56–65. doi: 10.1016/
j.pharmthera.2016.01.008

27. Hamel D, Sanchez M, Duhamel F, Roy O, Honore JC, Noueihed B, et al. G-
protein-coupled receptor 91 and succinate are key contributors in neonatal
postcerebral hypoxia-ischemia recovery. Arterioscler Thromb Vasc Biol (2014)
34:285–93. doi: 10.1161/ATVBAHA.113.302131

28. Sapieha P, Sirinyan M, Hamel D, Zaniolo K, Joyal JS, Cho JH, et al. The
succinate receptor GPR91 in neurons has a major role in retinal angiogenesis.
Nat Med (2008) 14:1067–76. doi: 10.1038/nm.1873

29. Li T, Hu J, Du S, Chen Y, Wang S, Wu Q. ERK1/2/COX-2/PGE2 signaling
pathway mediates GPR91-dependent VEGF release in streptozotocin-induced
diabetes. Mol Vis (2014) 20:1109–21.

30. Wu JY, Huang TW, Hsieh YT, Wang YF, Yen CC, Lee GL, et al. Cancer-
Derived Succinate Promotes Macrophage Polarization and Cancer Metastasis
via Succinate Receptor. Mol Cell (2020) 77:213–27.e5. doi: 10.1016/
j.molcel.2019.10.023

31. Mu X, Zhao T, Xu C, Shi W, Geng B, Shen J, et al. Oncometabolite succinate
promotes angiogenesis by upregulating VEGF expression through GPR91-
mediated STAT3 and ERK activation. Oncotarget (2017) 8:13174–85.
doi: 10.18632/oncotarget.14485

32. McCreath KJ, Espada S, Galvez BG, Benito M, de Molina A, Sepulveda P, et al.
Targeted disruption of the SUCNR1 metabolic receptor leads to dichotomous
effects on obesity. Diabetes (2015) 64:1154–67. doi: 10.2337/db14-0346

33. Diehl J, Gries B, Pfeil U, Goldenberg A, Mermer P, Kummer W, et al.
Expression and localization of GPR91 and GPR99 in murine organs. Cell
Tissue Res (2016) 364:245–62. doi: 10.1007/s00441-015-2318-1

34. Balbir A, Lee H, Okumura M, Biswal S, Fitzgerald RS, Shirahata M. A search
for genes that may confer divergent morphology and function in the carotid
body between two strains of mice. Am J Physiol Lung Cell Mol Physiol (2007)
292:L704–15. doi: 10.1152/ajplung.00383.2006

35. Cervera AM, Apostolova N, Crespo FL, Mata M, McCreath KJ. Cells silenced
for SDHB expression display characteristic features of the tumor phenotype.
Cancer Res (2008) 68:4058–67. doi: 10.1158/0008-5472.CAN-07-5580

36. Shankavaram U, Fliedner SM, Elkahloun AG, Barb JJ, Munson PJ, Huynh TT,
et al. Genotype and tumor locus determine expression profile of
pseudohypoxic pheochromocytomas and paragangliomas. Neoplasia (2013)
15:435–47. doi: 10.1593/neo.122132

37. Bhuniya D, Umrani D, Dave B, Salunke D, Kukreja G, Gundu J, et al.
Discovery of a potent and selective small molecule hGPR91 antagonist. Bioorg
Med Chem Lett (2011) 21:3596–602. doi: 10.1016/j.bmcl.2011.04.091
March 2021 | Volume 12 | Article 589451

https://doi.org/10.1210/jc.2016-3829
https://doi.org/10.1210/jc.2016-3829
https://doi.org/10.1007/s00432-017-2397-3
https://doi.org/10.1038/ncomms7044
https://doi.org/10.1136/jmedgenet-2015-103218
https://doi.org/10.1055/s-0034-1383581
https://doi.org/10.1210/jc.2016-1665
https://doi.org/10.1001/jamaoncol.2017.0223
https://doi.org/10.1001/jamaoncol.2017.0223
https://doi.org/10.1530/EC-20-0279
https://doi.org/10.1530/EC-20-0279
https://doi.org/10.1210/en.2013-1549
https://doi.org/10.1210/jc.2014-2151
https://doi.org/10.1210/jc.2014-2151
https://doi.org/10.1016/j.ccr.2004.11.022
https://doi.org/10.1093/hmg/ddi227
https://doi.org/10.1016/j.canlet.2020.02.009
https://doi.org/10.1038/s41598-018-21361-6
https://doi.org/10.1016/j.cell.2018.07.030
https://doi.org/10.18632/oncotarget.17734
https://doi.org/10.1038/nature02488
https://doi.org/10.3389/fendo.2012.00022
https://doi.org/10.1093/cvr/cvaa148
https://doi.org/10.1016/j.cell.2020.08.039
https://doi.org/10.1038/s41598-017-12692-x
https://doi.org/10.1038/s41598-017-12692-x
https://doi.org/10.1073/pnas.1720758115
https://doi.org/10.1155/2020/2016809
https://doi.org/10.1186/s12964-016-0126-1
https://doi.org/10.1016/j.pharmthera.2016.01.008
https://doi.org/10.1016/j.pharmthera.2016.01.008
https://doi.org/10.1161/ATVBAHA.113.302131
https://doi.org/10.1038/nm.1873
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.18632/oncotarget.14485
https://doi.org/10.2337/db14-0346
https://doi.org/10.1007/s00441-015-2318-1
https://doi.org/10.1152/ajplung.00383.2006
https://doi.org/10.1158/0008-5472.CAN-07-5580
https://doi.org/10.1593/neo.122132
https://doi.org/10.1016/j.bmcl.2011.04.091
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Matlac et al. Tumorigenic Succinate Effects via SUCNR1
38. Lopez-Jimenez E, Gomez-Lopez G, Leandro-Garcia LJ, Munoz I, Schiavi F,
Montero-Conde C, et al. Research resource: Transcriptional profiling reveals
different pseudohypoxic signatures in SDHB and VHL-related
pheochromocytomas. Mol Endocrinol (2010) 24:2382–91. doi: 10.1210/
me.2010-0256

39. Qin N, de Cubas AA, Garcia-Martin R, Richter S, Peitzsch M, Menschikowski
M, et al. Opposing effects of HIF1alpha and HIF2alpha on chromaffin cell
phenotypic features and tumor cell proliferation: Insights from MYC-
associated factor X. Int J Cancer (2014) 135:2054–64. doi: 10.1002/ijc.28868

40. Burnichon N, Vescovo L, Amar L, Libe R, de Reynies A, Venisse A, et al.
Integrative genomic analysis reveals somatic mutations in pheochromocytoma and
paraganglioma. Hum Mol Genet (2011) 20:3974–85. doi: 10.1093/hmg/ddr324

41. Fishbein L, Leshchiner I, Walter V, Danilova L, Robertson AG, Johnson AR,
et al. Comprehensive Molecular Characterization of Pheochromocytoma and
Paraganglioma. Cancer Cell (2017) 31:181–93. doi: 10.1016/j.ccell.2017.01.001

42. Calsina B, Castro-Vega LJ, Torres-Perez R, Inglada-Perez L, Curras-Freixes
M, Roldan-Romero JM, et al. Integrative multi-omics analysis identifies a
prognostic miRNA signature and a targetable miR-21-3p/TSC2/mTOR axis in
metastatic pheochromocytoma/paraganglioma. Theranostics (2019) 9:4946–
58. doi: 10.7150/thno.35458

43. Richter S, D’Antongiovanni V, Martinelli S, Bechmann N, Riverso M, Poitz
DM, et al. Primary fibroblast co-culture stimulates growth and metabolism in
Sdhb-impaired mouse pheochromocytoma MTT cells. Cell Tissue Res (2018)
374:473–85. doi: 10.1007/s00441-018-2907-x

44. Zetsche B, Heidenreich M, Mohanraju P, Fedorova I, Kneppers J, DeGennaro
EM, et al. Multiplex gene editing by CRISPR-Cpf1 using a single crRNA array.
Nat Biotechnol (2017) 35:31–4. doi: 10.1038/nbt.3737

45. Fliedner SM, Engel T, Lendvai NK, Shankavaram U, Nolting S, Wesley R, et al.
Anti-cancer potential of MAPK pathway inhibition in paragangliomas-effect
of different statins on mouse pheochromocytoma cells. PloS One (2014) 9:
e97712. doi: 10.1371/journal.pone.0097712

46. Tan AS, Baty JW, Dong LF, Bezawork-Geleta A, Endaya B, Goodwin J, et al.
Mitochondrial genome acquisition restores respiratory function and
tumorigenic potential of cancer cells without mitochondrial DNA. Cell
Metab (2015) 21:81–94. doi: 10.1016/j.cmet.2014.12.003

47. Fliedner SM, Yang C, Thompson E, Abu-Asab M, Hsu CM, Lampert G, et al.
Potential therapeutic target for malignant paragangliomas: ATP synthase on
the surface of paraganglioma cells. Am J Cancer Res (2015) 5:1558–70.

48. Her YF, Nelson-Holte M, Majer LJ III. Oxygen Concentration Controls
Epigenetic Effects in Models of Familial Paraganglioma. PLoS ONE (2015)
10(5):e0127471. doi: 10.1371/journal.pone.0127471

49. Fliedner SMJ, Brabant G, Lehnert H. Pheochromocytoma and paraganglioma:
genotype versus anatomic location as determinants of tumor phenotype. Cell
Tissue Res (2018) 372:347–65. doi: 10.1007/s00441-017-2760-3

50. Peruzzotti-Jametti L, Bernstock JD, Vicario N, Costa ASH, Kwok CK,
Leonardi T, et al. Macrophage-Derived Extracellular Succinate Licenses
Neural Stem Cells to Suppress Chronic Neuroinflammation. Cell Stem Cell
(2018) 22:355–68.e13. doi: 10.1016/j.stem.2018.01.020

51. Ortiz-Masia D, Gisbert-Ferrandiz L, Bauset C, Coll S, Mamie C, Scharl M,
et al. Succinate Activates EMT in Intestinal Epithelial Cells through SUCNR1:
Frontiers in Endocrinology | www.frontiersin.org 11
A Novel Protagonist in Fistula Development. Cells (2020) 9:1104.
doi: 10.3390/cells9051104

52. Lukyanova LD, Kirova YI, Germanova EL. Specific Features of Immediate
Expression of Succinate-Dependent Receptor GPR91 in Tissues during
Hypoxia. Bull Exp Biol Med (2016) 160:742–7. doi: 10.1007/s10517-016-
3299-0

53. Cardaci S, Zheng L, MacKay G, van den Broek NJ, MacKenzie ED, Nixon C,
et al. Pyruvate carboxylation enables growth of SDH-deficient cells by
supporting aspartate biosynthesis. Nat Cell Biol (2015) 17:1317–26.
doi: 10.1038/ncb3233

54. Letouze E, Martinelli C, Loriot C, Burnichon N, Abermil N, Ottolenghi C,
et al. SDH mutations establish a hypermethylator phenotype in
paraganglioma. Cancer Cell (2013) 23:739–52. doi: 10.1016/j.ccr.2013.04.018

55. Payen VL, Mina E, Van Hée VF, Porporato PE, Sonveaux P. Monocarboxylate
transporters in cancer. Mol Metab (2020) 33:48–66. doi: 10.1016/
j.molmet.2019.07.006

56. Martinelli S, Maggi M, Rapizzi E. Pheochromocytoma/paraganglioma
preclinical models: which to use and why? Endocr Connect (2020) 9:R251.
doi: 10.1530/ec-20-0472

57. Milo R, Jorgensen P, Moran U, Weber G, Springer M. BioNumbers–the
database of key numbers in molecular and cell biology. Nucleic Acids Res
(2010) 38:D750–3. doi: 10.1093/nar/gkp889

58. Ullrich M, Richter S, Seifert V, Hauser S, Calsina B, Martinez-Montes AM, et al.
Targeting Cyclooxygenase-2 in Pheochromocytoma and Paraganglioma: Focus on
Genetic Background. Cancers (Basel) (2019) 11:743. doi: 10.3390/cancers11060743

59. Krzak G, Willis CM, Smith JA, Pluchino S, Peruzzotti-Jametti L. Succinate
Receptor 1: An Emerging Regulator of Myeloid Cell Function in
Inflammation. Trends Immunol (2021) 42:45–58. doi: 10.1016/j.it.2020.11.004

60. Trauelsen M, Rexen Ulven E, Hjorth SA, Brvar M, Monaco C, Frimurer TM,
et al. Receptor structure-based discovery of non-metabolite agonists for the
succinate receptor GPR91. Mol Metab (2017) 6:1585–96. doi: 10.1016/
j.molmet.2017.09.005

61. Rexen Ulven E, Trauelsen M, Brvar M, Luckmann M, Bielefeldt LO, Jensen
LKI, et al. Structure-Activity Investigations and Optimisations of Non-
metabolite Agonists for the Succinate Receptor 1. Sci Rep (2018) 8:10010.
doi: 10.1038/s41598-018-28263-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Matlac, Hadrava Vanova, Bechmann, Richter, Folberth, Ghayee,
Ge, Abunimer, Wesley, Aherrahrou, Dona, Martıńez-Montes, Calsina, Merino,
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