
World Journal of
Gastroenterology

ISSN 1007-9327 (print)
ISSN 2219-2840 (online)

World J Gastroenterol  2020 September 14; 26(34): 5060-5222

Published by Baishideng Publishing Group Inc



WJG https://www.wjgnet.com I September 14, 2020 Volume 26 Issue 34

World Journal of 

GastroenterologyW J G
Contents Weekly Volume 26 Number 34 September 14, 2020

REVIEW

Transjugular intrahepatic portosystemic shunt for Budd-Chiari syndrome: A comprehensive review5060

Inchingolo R, Posa A, Mariappan M, Tibana TK, Nunes TF, Spiliopoulos S, Brountzos E

Role of succinate dehydrogenase deficiency and oncometabolites in gastrointestinal stromal tumors5074

Zhao Y, Feng F, Guo QH, Wang YP, Zhao R

MINIREVIEWS

Potential applications of artificial intelligence in colorectal polyps and cancer: Recent advances and 
prospects

5090

Wang KW, Dong M

ORIGINAL ARTICLE

Basic Study

Arachidyl amido cholanoic acid improves liver glucose and lipid homeostasis in nonalcoholic 
steatohepatitis via AMPK and mTOR regulation

5101

Fernández-Ramos D, Lopitz-Otsoa F, Delacruz-Villar L, Bilbao J, Pagano M, Mosca L, Bizkarguenaga M, Serrano-Macia 
M, Azkargorta M, Iruarrizaga-Lejarreta M, Sot J, Tsvirkun D, van Liempd SM, Goni FM, Alonso C, Martínez-Chantar ML, 
Elortza F, Hayardeny L, Lu SC, Mato JM

Acupuncture improved lipid metabolism by regulating intestinal absorption in mice5118

Han J, Guo X, Meng XJ, Zhang J, Yamaguchi R, Motoo Y, Yamada S

Retrospective Study

Golgi protein-73: A biomarker for assessing cirrhosis and prognosis of liver disease patients5130

Gatselis NK, Tornai T, Shums Z, Zachou K, Saitis A, Gabeta S, Albesa R, Norman GL, Papp M, Dalekos GN

Endoscopy-based Kyoto classification score of gastritis related to pathological topography of neutrophil 
activity

5146

Toyoshima O, Nishizawa T, Yoshida S, Sakaguchi Y, Nakai Y, Watanabe H, Suzuki H, Tanikawa C, Matsuda K, Koike K

Construction of a convolutional neural network classifier developed by computed tomography images for 
pancreatic cancer diagnosis

5156

Ma H, Liu ZX, Zhang JJ, Wu FT, Xu CF, Shen Z, Yu CH, Li YM

Observational Study

Experimental model standardizing polyvinyl alcohol hydrogel to simulate endoscopic ultrasound and 
endoscopic ultrasound-elastography

5169

Galvis-García ES, Sobrino-Cossío S, Reding-Bernal A, Contreras-Marín Y, Solórzano-Acevedo K, González-Zavala P, 
Quispe-Siccha RM



WJG https://www.wjgnet.com II September 14, 2020 Volume 26 Issue 34

World Journal of Gastroenterology
Contents

Weekly Volume 26 Number 34 September 14, 2020

SYSTEMATIC REVIEWS

Mixed epithelial endocrine neoplasms of the colon and rectum – An evolution over time: A systematic 
review

5181

Kanthan R, Tharmaradinam S, Asif T, Ahmed S, Kanthan SC

META-ANALYSIS

Efficacy of pancreatoscopy for pancreatic duct stones: A systematic review and meta-analysis5207

Saghir SM, Mashiana HS, Mohan BP, Dhindsa BS, Dhaliwal A, Chandan S, Bhogal N, Bhat I, Singh S, Adler DG

LETTER TO THE EDITOR

Peliosis hepatis complicated by portal hypertension following renal transplantation5220

Demyashkin G, Zatsepina M



WJG https://www.wjgnet.com III September 14, 2020 Volume 26 Issue 34

World Journal of Gastroenterology
Contents

Weekly Volume 26 Number 34 September 14, 2020

ABOUT COVER

Editorial Board of World Journal of Gastroenterology, Dr. Rosa Leonôra Salerno Soares is Full Professor at the Faculty 
of Medicine of Universidade Federal Fluminense (Niterói, Rio de Janeiro). She completed her doctorate in medicine 
at the Federal University of Rio de Janeiro in 1994 and post-doctorate training in 2009 at the University of Porto, 
Portugal. Her career experience in internal medicine and clinical research is founded upon her interests in 
medicine, gastroenterology, intestinal diseases, functional diseases of the gastrointestinal tract, and nutritional 
support. Her academic teaching pursuits encompass curriculums in applying the scientific methodology to the 
health field. Currently, she is Head of the Department of Clinical Medicine (MMC) of the Faculty of Medicine of 
Universidade Federal Fluminense. Her full curriculum vitae can be accessed at: http://lattes.cnpq.br/ 
4236328959320774. (L-Editor: Filipodia)

AIMS AND SCOPE

The primary aim of World Journal of Gastroenterology (WJG, World J Gastroenterol) is to provide scholars and readers 
from various fields of gastroenterology and hepatology with a platform to publish high-quality basic and clinical 
research articles and communicate their research findings online. WJG mainly publishes articles reporting research 
results and findings obtained in the field of gastroenterology and hepatology and covering a wide range of topics 
including gastroenterology, hepatology, gastrointestinal endoscopy, gastrointestinal surgery, gastrointestinal 
oncology, and pediatric gastroenterology.

INDEXING/ABSTRACTING

The WJG is now indexed in Current Contents®/Clinical Medicine, Science Citation Index Expanded (also known as 
SciSearch®), Journal Citation Reports®, Index Medicus, MEDLINE, PubMed, PubMed Central, and Scopus. The 2020 
edition of Journal Citation Report® cites the 2019 impact factor (IF) for WJG as 3.665; IF without journal self cites: 
3.534; 5-year IF: 4.048; Ranking: 35 among 88 journals in gastroenterology and hepatology; and Quartile category: 
Q2. 

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Yan-Liang Zhang; Production Department Director: Yun-Xiaojian Wu; Editorial Office Director: Ze-Mao Gong.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Gastroenterology https://www.wjgnet.com/bpg/gerinfo/204

ISSN GUIDELINES FOR ETHICS DOCUMENTS

ISSN 1007-9327 (print) ISSN 2219-2840 (online) https://www.wjgnet.com/bpg/GerInfo/287

LAUNCH DATE GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH

October 1, 1995 https://www.wjgnet.com/bpg/gerinfo/240

FREQUENCY PUBLICATION ETHICS

Weekly https://www.wjgnet.com/bpg/GerInfo/288

EDITORS-IN-CHIEF PUBLICATION MISCONDUCT

Andrzej S Tarnawski, Subrata Ghosh https://www.wjgnet.com/bpg/gerinfo/208

EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

http://www.wjgnet.com/1007-9327/editorialboard.htm https://www.wjgnet.com/bpg/gerinfo/242

PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS

September 14, 2020 https://www.wjgnet.com/bpg/GerInfo/239

COPYRIGHT ONLINE SUBMISSION

© 2020 Baishideng Publishing Group Inc https://www.f6publishing.com

© 2020 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wjgnet.com  https://www.wjgnet.com

https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
http://www.wjgnet.com/1007-9327/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
mailto:bpgoffice@wjgnet.com
https://www.wjgnet.com


WJG https://www.wjgnet.com 5074 September 14, 2020 Volume 26 Issue 34

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2020 September 14; 26(34): 5074-5089

DOI: 10.3748/wjg.v26.i34.5074 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

REVIEW

Role of succinate dehydrogenase deficiency and oncometabolites in 
gastrointestinal stromal tumors

Yue Zhao, Fei Feng, Qing-Hong Guo, Yu-Ping Wang, Rui Zhao

ORCID number: Yue Zhao 0000-
0002-9610-8344; Fei Feng 0000-0002-
7229-164X; Qing-Hong Guo 0000-
0003-2456-7362; Yu-Ping Wang 
0000-0003-0087-4771; Rui Zhao 
0000-0003-3769-6550.

Author contributions: All authors 
contributed to concept 
development and reference 
collection; Zhao Y and Zhao R 
designed the overall study and 
jointly wrote the manuscript.

Supported by Science and 
Technology Program of Gansu 
Province Grant, No. 18JR3RA339 
and No. 18JR3RA363; Fund of the 
First Hospital of Lanzhou 
University Grant, No. ldyyyn2018-
63; Teaching and Research Project 
of the First Clinical Medical 
College of Lanzhou University in 
2018 Grant, No. 2018007; NIH 
awards, No. R21NS106430 and No. 
R01OD026594; Cystic Fibrosis 
Foundation Research Grant, No. 
ZHAO19G0; an American Cancer 
Society-IRG Junior Faculty 
Development Grant, a UAB CCC 
Neuro-oncology Research 
Acceleration Grant, and a UAB 
Faculty Development Grant 
Program Award.

Conflict-of-interest statement: All 
authors have no any conflict of 
interests.

Open-Access: This article is an 

Yue Zhao, Qing-Hong Guo, Yu-Ping Wang, Department of Gastroenterology, the First Hospital of 
Lanzhou University, Key Laboratory for Gastrointestinal Disease of Gansu Province, Lanzhou 
730000, Gansu Province, China

Fei Feng, Department of Ultrasound, the First Hospital of Lanzhou University, Lanzhou 
730000, Gansu Province, China

Rui Zhao, Department of Biochemistry and Molecular Genetics, School of Medicine, the 
University of Alabama at Birmingham, Birmingham, AL 35294, United States

Corresponding author: Yue Zhao, MD, Doctor, Department of Gastroenterology, The First 
Hospital of Lanzhou University, Key Laboratory for Gastrointestinal Disease of Gansu 
Province, No. 1 Donggaung West Road, Lanzhou 730000, Gansu Province, China. 
ldyy_yzhao@lzu.edu.cn

Abstract
Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal 
tumors of the gastrointestinal tract. At the molecular level, GISTs can be 
categorized into two groups based on the causative oncogenic mutations. 
Approximately 85% of GISTs are caused by gain-of-function mutations in the 
tyrosine kinase receptor KIT or platelet-derived growth factor receptor alpha 
(PDGFRA). The remaining GISTs, referred to as wild-type (WT) GISTs, are often 
deficient in succinate dehydrogenase complex (SDH), a key metabolic enzyme 
complex in the tricarboxylic acid (TCA) cycle and electron transport chain. SDH 
deficiency leads to the accumulation of succinate, a metabolite produced by the 
TCA cycle. Succinate inhibits α-ketoglutarate-dependent dioxygenase family 
enzymes, which comprise approximately 60 members and regulate key aspects of 
tumorigenesis such as DNA and histone demethylation, hypoxia responses, and 
m6A mRNA modification. For this reason, succinate and metabolites with similar 
structures, such as D-2-hydroxyglutarate and fumarate, are considered 
oncometabolites. In this article, we review recent advances in the understanding 
of how metabolic enzyme mutations and oncometabolites drive human cancer 
with an emphasis on SDH mutations and succinate in WT GISTs.

Key Words: Gastrointestinal stromal tumors; Succinate dehydrogenase; Oncometabolite; 
Succinate; α-ketoglutarate-dependent dioxygenase; Epigenetics
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Core Tip: The connection between altered cellular metabolism and tumorigenesis has 
gained increased attention in recent years. Deficiency in succinate dehydrogenase (SDH), 
a key metabolic enzyme, drives tumorigenesis of a subset of gastrointestinal stromal 
tumors (GISTs) by accumulating the oncometabolite succinate. Oncometabolites such as 
succinate, D-2-hydroxyglutarate, and fumarate competitively inhibit the α-ketoglutarate-
dependent dioxygenase family enzymes, which regulate epigenetic status, hypoxia 
responses, RNA metabolism, and DNA damage repair. In this article, we review the recent 
advances in understanding how metabolic enzyme mutations and oncometabolites drive 
human cancer with an emphasis on the SDH deficiency and succinate in GISTs.

Citation: Zhao Y, Feng F, Guo QH, Wang YP, Zhao R. Role of succinate dehydrogenase 
deficiency and oncometabolites in gastrointestinal stromal tumors. World J Gastroenterol 2020; 
26(34): 5074-5089
URL: https://www.wjgnet.com/1007-9327/full/v26/i34/5074.htm
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INTRODUCTION
Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors of 
the gastrointestinal (GI) tract. At the molecular level, GISTs can be categorized into 
two groups based on the causative oncogenic mutations. The major group, which 
accounts for approximately 85% of total GISTs and mainly occurs in adults, is caused 
by gain-of-function mutations in the receptor tyrosine kinase (RTK) KIT or platelet-
derived growth factor receptor alpha (PDGFRA)[1,2]. The remaining 15% of GISTs, 
known as wild-type (WT) GISTs, do not contain mutations in RTKs[1-3]. Consequently, 
tyrosine kinase inhibitors such as imatinib, which have been effective in treating GISTs 
with RTK mutations[4,5], show little benefit in patients with WT GISTs[6-8]. Surgery 
remains the primary and recommended treatment of nonmetastatic WT GISTs[9,10].

In 2011, Janeway et al[11] reported that deficiency of the succinate dehydrogenase 
complex (SDH), either caused by loss-of-function mutations or reduced expression of 
genes encoding SDH, was associated with most WT GISTs. This discovery was soon 
confirmed by multiple independent studies[12-19]. Similar to those of other gastric 
tumors, the clinical manifestations of SDH-deficient GISTs include bleeding and 
discomfort in the GI tract[20]. In a molecular genetic study that analyzed more than 1100 
patient samples, the patients with SDH-deficient GISTs were most frequently children 
and young adults (approximately 85%-90% of patients) and were more frequently in 
female patients with a predilection ratio over 2:1[14]. Furthermore, SDH-deficient GISTs 
occur primarily in the stomach, particularly in the distal stomach and antrum[14].

SDH, also known as succinate-coenzyme Q reductase or mitochondrial complex II, 
is a key metabolic enzyme complex in the tricarboxylic acid (TCA) cycle and electron 
transport chain. SDH oxidizes succinate to fumarate, which is a key step of the TCA 
cycle that regulates carbon metabolism and energy production in the cells (Figure 1). 
SDH deficiency changes cellular metabolism, such as the demand for extracellular 
pyruvate and the biosynthesis of aspartate[21,22]. Metabolic reprogramming in cancer 
cells has long been noticed but is primarily considered the consequence of 
tumorigenesis[23-27]. Emerging evidence, however, has demonstrated that metabolic 
changes caused by mutations in metabolic enzymes, such as SDH mutations in GISTs, 
serve as the driver of human cancer. Additional oncogenic mutations in metabolic 
enzymes include isocitrate dehydrogenase (IDH1 or IDH2) mutations in low-grade 
gliomas (LGGs) and acute myeloid leukemia (AML) and fumarate hydratase (FH) 
mutations in hereditary leiomyomatosis and renal cell cancer[28-35]. How these 
metabolic enzyme mutations drive tumorigenesis is only partially understood. It has 
been proposed that these mutations can distort mitochondria-mediated apoptosis and 
activate the hypoxia response pathway. In recent years, emerging evidence indicates 
that these mutations accumulate metabolites affecting the α-ketoglutarate (α-KG)-
dependent dioxygenase family enzymes, which regulate key aspects of tumorigenesis, 
such as epigenetic modification, hypoxia responses, and RNA methylation (Figure 2). 
In this article, we review recent advances in understanding how metabolic enzyme 
mutations and oncometabolites drive human cancer with an emphasis on SDH 
deficiency and succinate in WT GISTs.

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.wjgnet.com/1007-9327/full/v26/i34/5074.htm
https://dx.doi.org/10.3748/wjg.v26.i34.5074
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Figure 1  Mutations in metabolic enzymes produce oncometabolites. Shown are genetic mutations in tricarboxylic acid (TCA) cycle enzymes 
(underscored) involved in generating oncometabolites (bold). Isocitrate dehydrogenase (IDH) mutations are neomorphic, producing proteins with the modified function 
of producing D-2-hydroxyglutarate (D-2HG), while succinate dehydrogenase (SDH) and fumarate hydrase (FH) mutations are loss-of-function mutations that lead to 
the accumulation of succinate and fumarate, respectively. α-KG: α-ketoglutarate.

Figure 2  Metabolic enzyme mutations lead to the accumulation of oncometabolites, which competitively inhibit α-ketoglutarate-
dependent dioxygenases. α-KG: α-ketoglutarate; AMLs: Acute myeloid leukemias; D-2HG: D-2-hydroxyglutarate; FH: Fumarate hydrase; HLRCC: Hereditary 
leiomyomatosis and renal cell cancer; IDH: Isocitrate dehydrogenase; LGGs: Low-grade gliomas; SDH: Succinate dehydrogenase.

SDH DEFICIENCY, ONCOMETABOLITES, AND GISTS
SDH is a key component of both the TCA cycle and the electron transport chain (ETC). 
Localized in the inner membrane of mitochondria, the SDH holoenzyme consists of 
four subunits, SDHA, SDHB, SDHC, and SDHD, and two assembly factors, SDHF1 
and SDHF2[36]. Among the four subunits, SDHA catalyzes succinate to fumarate in the 
TCA cycle. SDHB is involved in the oxidation of ubiquinone to ubiquinol in the ETC, 
while SDHC and SDHD are mainly responsible for anchoring the SDH protein 
complex to mitochondria. Loss-of-function mutation in any of the four subunits 
destabilizes the SDH protein complex and eliminates the entire SDH enzymatic 
activity. Mutations in all SDH subunits have been identified in GISTs as well as several 
other human cancers such as rental carcinoma, leukemia, and familial paraganglioma 
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and pheochromocytoma[37-42]. Among the SDH subunits, mutations in SDHA are most 
frequent, accounting for approximately 30% of total SDH-deficient GISTs[12-19,43]. 
Notably, approximately 50% of SDH-deficient GISTs are not caused by genetic 
mutations in any of the SDH subunits. Instead, SDH deficiency in these GISTs results 
from a lack of expression of the SDH enzyme complex, presumably by mutations 
elsewhere that affect the expression or turnover of the SDH subunits[15,20].

The loss of SDH enzymatic activity by a loss-of-function mutation or a lack of gene 
expression leads to the accumulation of succinate[44,45], a metabolite produced from the 
TCA cycle (Figure 1). Under normal conditions, SDH rapidly converts succinate into 
fumarate by passing two protons to ubiquinone to initiate the ETC, which is the major 
process to generate the energy-carrying molecule adenosine triphosphate (ATP). This 
process is disrupted in SDH-deficient cells. The blockage of succinate conversion to 
fumarate leads to consequences beyond simply affecting the efficiency of the TCA 
cycle and the ETC. To adapt to the disruption of the TCA cycle, cells must rewire 
cellular metabolism by initiating compensation pathways. For example, SDH-deficient 
cells increase activities in glycolysis, lactate production, and pentose phosphate 
pathways[46]. More importantly, succinate also functions as a competitive inhibitor of 
α-KG, which is not only a metabolite in the TCA cycle for energy metabolism but also 
a co-factor required by the α-KG-dependent dioxygenases. α-KG-dependent 
dioxygenases catalyze hydroxylation reactions on biomolecule substrates, including 
DNA, RNA, protein, and lipids[47,48]. Members of the α-KG-dependent dioxygenase 
family include DNA hydroxylases, histone demethylases, RNA demethylases, and 
prolyl hydroxylases, which regulate cellular processes such as the demethylation of 
DNA, histone and nonhistone proteins, and RNA molecules and the responses to 
hypoxic conditions (Figure 2)[49,50]. Dysregulation of these processes has been 
considered the driving force of human cancers[51,52]. Because of this tumor-promoting 
role, succinate together with D-2-hydroxyglutarate (D-2HG) and fumarate, which are 
produced by IDH and FH mutations, respectively, are dubbed oncometabolites[53].

ONCOMETABOLITES AND EPIGENETICS
Mutations in key metabolic enzymes invariably alter the composition and 
concentration of metabolites in cells. Generally, there are two nonexclusive ways that 
metabolites can epigenetically reprogram the affected cells. First, changes in the 
abundance of metabolites such as acetyl-CoA and S-adenosyl methionine (SAM), 
which are substrates for key biochemical reactions such as acetylation and 
methylation, can affect the epigenetic status of the entire genome. Second, the 
accumulation of oncometabolites can affect the activities of α-KG-dependent 
dioxygenases, which are involved in the regulation of specific epigenetic modifications 
and related biological pathways.

Metabolites as substrates for key epigenetic modification reactions
Acetylation and methylation of histone proteins and methylation of genomic DNA are 
the major modifications that shape the epigenetic landscape of cells. Acetylation 
involves covalently linking an acetyl group to the Nε amino group of lysine residues of 
histone and nonhistone proteins. By adding an acetyl group, acetylation neutralizes 
the positively charged lysine residue, which often causes changes in the enzymatic 
activity, localization, stability, and interaction profiles of the modified proteins[54-56]. 
More than 8000 unique acetylation sites have been identified in histone and 
nonhistone proteins in mammalian cells[57-59]. Histone acetylation, catalyzed by histone 
acetyltransferases, is associated with genomic regions with active transcription[54,60,61]. 
As acetyl-CoA is the sole acetyl group donor for protein acetylation, its abundance is 
one of the key determinants of acetylation reactions. There are three major pathways 
to produce acetyl-CoA: Pyruvate oxidation, β-oxidation of fatty acids, and ATP-citrate 
lyase-mediated production from citrate[62]. As a result, cells with active acetyl-CoA 
production are often associated with increased levels of histone acetylation and gene 
transcription[63].

Methylation can occur on both protein and genomic DNA, and both forms of 
modification utilize SAM as the primary donor of the methyl group[64]. Histone 
methylation involves the covalent addition of one to three methyl groups onto lysine 
or arginine residues of N-terminal tails by protein methyltransferases, while DNA 
methylation involves covalent modification of cytosine (C) residues by DNA 
methyltransferases (DNMTs). In contrast to histone acetylation, which is always 
associated with active transcription, histone methylation could impact transcription 
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positively or negatively, depending on the specific lysine residues that are modified. 
For example, histone H3K9 methylation is associated with heterochromatin structures 
with little transcriptional activity, while histone H3K4 methylation often indicates 
actively transcribed promoters or enhancers[65]. DNA methylation, particularly within 
the promoter regions, is associated with transcriptional silencing. Biosynthesis of SAM 
involves the conjugation of an ATP molecule to homocysteine by methionine 
adenosyltransferases. The cellular abundance of SAM, presumably via modulating 
DNA and histone methylation modifications, has been suggested to regulate the 
proliferation and viability of liver cancer cells[66-68].

Metabolites as regulators of epigenetic modifying enzymes
Metabolites can regulate epigenetic modifying enzymes in two mechanisms. First, 
epigenetic modifying enzymes can be directly methylated or acetylated, which leads to 
changes in protein conformation, localization, and enzymatic activities. For example, 
p300, a histone acetyltransferase implicated in several human cancers, including 
gastric carcinomas[69-72], activates its catalytic activity by autoacetylation[73].

In the second mechanism, metabolites serve as cofactors or antagonists of epigenetic 
modifying enzymes. The best-known example is α-KG and the related oncometabolites 
(i.e., succinate, D-2HG, and fumarate) in the regulation of the α-KG-dependent 
dioxygenase family[74]. Mutations in metabolic enzymes such as SDH, IDH, and FH 
lead to excessive accumulation of succinate, D-2HG, and fumarate, respectively, all of 
which share structural similarity with α-KG and competitively inhibit α-KG-
dependent dioxygenases (Figure 2)[75-79]. Such inhibition affects epigenetic processes, 
including DNA and histone demethylation, responses to hypoxia, and other biological 
processes, such as RNA demethylation and DNA damage repair.

Oncometabolites that regulate DNA methylation and genome topology: D-2HG 
produced by IDH mutations in LGGs and AMLs is the best-studied oncometabolite. 
Long before the discovery of IDH mutations as the genetic drivers of LGGs, the 
genome of a subset of brain tumors was noted to be hypermethylated, referred to as 
the glioma CpG island methylator phenotype[80]. Subsequent genetic studies associated 
this group of gliomas with brain tumors harboring neomorphic mutations in the IDH1 
or IDH2 genes[33,81-83]. Under normal conditions, IDH1 and IDH2 convert isocitrate into 
α-KG (Figure 1). In LGG cells, neomorphic IDH mutations acquire the novel function 
to further oxidize α-KG into D-2HG, which competitively inhibits all α-KG dependent 
dioxygenases including the TET-family DNA methylcytosine hydroxylases (i.e., TET1, 
TET2, and TET3)[75,84]. The methylation status of the genome is determined by the 
dynamic balance between DNA methylation by DNMTs and demethylation by TETs. 
The TET enzymes convert 5-methylcytosine to 5-hydroxymethylcytosine[85], which is 
the first step in the active DNA demethylation pathway[86]. Gain-of-function mutations 
in DNMTs and loss-of-function mutations in the TET family enzymes lead to genome 
hypermethylation and have been identified in malignancies such as leukemia, 
lymphoma, melanoma, and colorectal cancer[87]. Therefore, the hypermethylation 
phenotype likely contributes to the tumorigenicity of LGGs. SDH-deficient GISTs and 
FH-deficient tumors similarly exhibit a genome-wide hypermethylated phenotype 
because of inhibition of the TET family enzymes[11,78,88,89]. Methylation on the promoter 
of the O6-methylguanine DNA methyltransferase (MGMT) gene has been a biomarker 
for the efficacy of alkylating agents in LGGs, colorectal carcinomas, and several other 
cancers[90-92]. Recently, methylation of the MGMT promoter has been detected in 
approximately two-thirds of SDH-deficient GISTs, which is significantly more frequent 
than the SDH-proficient counterparts[93]. However, whether the MGMT promoter 
methylation status can similarly predict the response of SDH-deficient GISTs to 
alkylating agents remains to be investigated.

DNA methylation usually decreases transcription activity by reducing the binding 
of methylation-sensitive transcription factors and/or by recruiting additional 
chromatin modification enzymes to create a nonpermissive chromatin environment[94]. 
The altered transcriptional profile may change cellular physiology that favors 
tumorigenesis. For example, SDH-deficient tumors with DNA hypermethylation are 
more invasive than SDH-WT tumors, which is at least partially due to transcriptional 
dysregulation of genes associated with epithelial-to-mesenchymal transition[88,95].

Very recently, DNA methylation has been demonstrated to regulate transcription by 
altering genomic topology. This primarily works through CTCF, a DNA-binding 
insulator protein that only binds to unmethylated DNA recognition motifs[96,97]. CTCF 
forms protein complexes with cohesins that define chromatin boundaries and establish 
topologically associated domains[98-100]. One of the key functions of insulators is to 
prevent promiscuous interactions between enhancer elements and promoters of 
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oncogenes[101]. In IDH-mutant LGG cells, CTCF fails to bind a fraction of putative 
binding sites, which leads to altered chromatin topology and aberrant expression of 
associated genes[102]. Gain-of-function mutations in PDGFRA are among the most 
common driver mutations of glioblastomas (GBMs) but are rare in LGGs[103-105]. CTCF 
failing to bind to recognition motifs adjacent to the PDGFRA promoter in IDH-mutant 
LGG cells allows interaction between the PDGFRA promoter and a nearby enhancer 
element, which leads to increased expression of PDGFRA in LGG tumor cells[102]. 
Interestingly, treating LGG cells with 5-azacytidine, an FDA-approved DNA-
demethylating agent[106], not only partially restores CTCF binding but also reduces 
PDGFRA expression, suggesting that modulating DNA methylation status and 
PDGFRA expression could be a potential strategy to treat IDH-mutant LGGs[102].

Similarly, DNA hypermethylation in SDH-deficient GIST cells leads to a loss of over 
a thousand potential CTCF binding sites[107]. Importantly, the expression of genes 
adjacent to the affected CTCF binding sites changes significantly, indicating that SDH-
deficient cells similarly acquire promiscuous enhancer-promoter interactions and an 
altered genome topology. Expression of KIT, one the most frequently mutated RTKs in 
most GISTs but not WT-GISTs[1], is significantly upregulated by the altered CTCF 
binding profile[107]. This discovery raised the interesting possibility that activation of 
KIT and downstream signaling pathways are an underlying cause of both RTK-mutant 
and WT GISTs.

In addition to affecting KIT, disruption of CTCF binding increased the expression of 
FGF3 and FGF4, both of which are known to drive human cancer[42]. FGF3 and FGF4 
are ligands activating the tyrosine kinase receptor FGFR, which plays a known role in 
the pathogenesis of GISTs[108,109]. Expression analysis revealed that KIT and FGFR are 
the most abundantly expressed RTKs in SDH-deficient GISTs. CTCF binding to the 
recognition motifs adjacent to FGF3 and FGF4 genes is disrupted in SDH-deficient 
GISTs, which leads to an increase in FGF3 and FGF4 expression by several 
magnitudes[110]. The upregulation of FGF3 and FGF4 likely plays a redundant role with 
the gain-of-function mutation of KIT because both activate the MAPK pathway[108,109]. 
KIT inhibition by imatinib showed no efficacy in treating WT GISTs[6-8]. Interestingly, 
combinatorial treatment with the FDA-approved KIT inhibitor sunitinib and the FGFR 
inhibitor BGJ-398 effectively reduced SDH-deficient GISTs in a patient-derived 
xenograft (PDX) mouse model[107]. More intriguingly, while treatment with sunitinib 
alone had only a marginal effect, which is consistent with the previous observation 
that WT-GISTs are refractory to KIT inhibitors[7], treatment with BGJ-398 could 
completely suppress tumor growth in this model[107].

Oncometabolites regulate histone methylation: Jumonji domain-containing lysine 
demethylases (KDMs) belong to the α-KG-dependent dioxygenase family and can be 
inhibited by succinate, fumarate, and D-2HG[77-79]. Loss-of-function or reduced 
expression of Jumonji domain-containing KDMs has been correlated with several 
human cancers, such as renal cell carcinoma, GBM, and multiple myeloma[111-113]. These 
KDMs remove the methyl group on lysine in histone tails, which can either activate or 
repress transcription depending on the specifically modified lysine residues. For 
example, these oncometabolites inhibit the activities of both KDM4A and KDM7A, 
which remove methylation on histone H3K36 and H3K9, respectively[77,78]. Methylation 
of histone H3K36 often occurs in the gene body region and is known to antagonize 
silencing and safeguard transcription fidelity[114], while methylation of H3K9 has been 
associated with transcriptional silencing and heterochromatin formation[94]. Therefore, 
the impact of oncometabolite accumulation on histone tail modification is complex. 
Nonetheless, dysregulation of histone methylation has been associated with poor 
prognosis of human malignancies such as prostate cancer, lung cancer, breast cancer, 
colon adenocarcinoma, and gastric adenocarcinoma[65,115-117]. Experimental inactivation 
of SDH and FH causes increased H3K9 methylation in paraganglioma, phe-
ochromocytoma and smooth muscle tumors[118]. In LGGs, IDH mutations suppress the 
histone H3K9 demethylase KDM4C[119]. LGG cells exhibit increased H3K9 methylation 
and downregulation of the glial differentiation transcriptional program, suggesting 
that IDH mutation-induced D-2HG accumulation leads to a differentiation blockage of 
LGG cells[119,120]. However, the specific target genes affected by oncometabolites that are 
critical in tumorigenesis remain largely unknown. Recently, inhibition of H3K9 
demethylases in IDH mutation-bearing LGGs and AMLs was found to reduce the 
expression of the ataxia telangiectasia mutated (ATM) gene[121], which encodes a key 
regulator involved in the DNA damage response (DDR) pathway. Consequently, AML 
cells with IDH mutations are defective in DDR responses and accumulate unrepaired 
DNA damage[121]. SDH-deficient hereditary paraganglioma and pheochromocytoma 
are also known to have reduced capacities in the DDR pathway[122]. However, whether 
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SDH deficiency similarly leads to reduced expression of ATM and whether an 
impaired DDR contributes to the tumorigenesis of GISTs are still unknown, and these 
questions represent directions for future investigation.

ONCOMETABOLITES AND THE HYPOXIA RESPONSE PATHWAY
Activation of the hypoxia response pathway by overexpression of hypoxia-inducible 
factor 1α (HIF1α) plays an important role in the progression of SDH-deficient 
tumors[11,45,123,124]. Under normoxic conditions, HIF1α turns over rapidly by proteasomal 
degradation that is dependent on the ubiquitin E3 ligase VHL[125]. The VHL recognition 
of HIF1α requires hydroxylation on proline residues on HIF1α, which is mediated by 
prolyl hydroxylases (PHDs)[125]. Under hypoxic conditions, HIF1α degradation is 
blocked because the enzymatic activities of PHDs are suppressed by low levels of 
oxygen. HIF1α then translocates into the nucleus, forms the HIF1 heterodimer 
complex with HIF1β, and activates the hypoxia response pathway[125]. Transcriptional 
targets of HIF1 control several aspects of tumor biology, including angiogenesis, 
proliferation and survival, glucose metabolism, invasion, and metastasis[124-130]. Because 
PHDs belong to the α-KG-dependent dioxygenase family, oncometabolites can 
effectively activate the hypoxia response pathway by competitively inhibiting PHDs 
under normoxic conditions. Forced expression of LGG-inducing IDH mutations 
elevated levels of HIF1α and its transcriptional targets in cells, which is consistent with 
the observation that the HIF1α pathway is more active in IDH-mutant glioma patient 
samples[131]. Similarly, HIF1α and its transcriptional targets, such as VEGF and IGF, are 
more abundantly expressed in SDH-deficient GISTs than in RTK-mutant GISTs[45,132,133]. 
These observations suggest that the hypoxia response pathway is more active in SDH-
deficient GISTs than in GISTs with normal SDH activity, which is likely caused by 
succinate-mediated PHD inhibition.

OTHER PATHWAYS REGULATED BY ONCOMETABOLITES
Oncometabolites and RNA methylation
RNA methylation, particularly the N6-methyladenine (m6A) modification in mRNA, 
has emerged as an important regulatory mechanism of RNA metabolism in recent 
years[134]. Genome-wide profiling studies have demonstrated that mRNA produced by 
approximately 15000 human genes has m6A modifications, which affect the splicing, 
stability, and translation efficiency of the modified mRNA molecules[135,136]. The m6A 
modification is deposited on mRNA molecules by the RNA methyltransferase writer 
enzyme complex METTL3-METTL14, removed by the eraser enzymes FTO and 
ALKBH5, and decoded by reader proteins such as YTHDF1 and YTHDF2[134]. 
Dysregulation of m6A modification has been suggested to drive human cancers[137]. 
Among the genes involved in m6A modification are the eraser enzymes FTO and 
ALKBH5, which belong to the α-KG-dependent dioxygenase family[138]. It has been 
demonstrated that the enzymatic activity of FTO is inhibited in IDH mutation-bearing 
AML cells, which correlates with a significant increase in m6A levels[139]. The inhibition 
of FTO in AML cells seems to have a positive effect on all-trans retinoic acid (ATRA)-
induced leukemic cell differentiation[139]. Given the similar inhibitory roles of IDH 
mutations and SDH deficiency, it is highly expected that SDH-deficient GISTs will 
have similarly elevated m6A levels. However, how such changes may contribute to 
tumorigenesis and the treatment of GISTs is awaiting future investigation.

Oncometabolites and repair of DNA alkylation damage
The alkB homolog (ALKBH) family enzymes are α-KG-dependent dioxygenases 
involved in repairing DNA damage caused by alkylating agents[140,141]. In IDH-mutant 
LGG cells, the activities of ALKBH enzymes are suppressed, which makes these cells 
sensitive to alkylation damage[142]. Consistently, combinatorial treatment of the DNA 
alkylating agents procarbazine and lomustine with the microtubule polymerization 
inhibitor vincristine is beneficial in some glioma patients[143,144]. In contrast, 
experimental restoration of the enzymatic activities by forced expression of ALKBH 
family members in IDH-mutant cells blunts the responses to alkylating agents[142]. 
However, the activities of ALKBH enzymes in SDH-deficient GISTs and the benefit of 
their inhibition in treating these tumors have not yet been investigated.
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Protein succination
Oncometabolites may also function in mechanisms independent of α-KG-dependent 
dioxygenases. Because of the structural similarity, D-2HG produced by IDH mutations 
competitively inhibits SDH[145]. Inhibition or genetic inactivation of SDH results in the 
accumulation of succinate, which increases levels of succinyl-CoA, a metabolite 
immediately upstream of succinate and fumarate in the TCA cycle (Figure 1)[145]. 
Succinyl-CoA is the substrate for lysine succinylation, a common posttranslational 
modification that affects cellular stress responses[146]. In tumor cells with IDH or SDH 
mutations, proteins are preferentially hypersuccinylated in the mitochondria, which 
induces mitochondrial depolarization and cancerous metabolism [145]. Hyper-
succinylation confers tumor cells with apoptosis resistance via deposition of the 
prosurvival factor BCL-2 onto the mitochondrial membrane[145]. Notably, inhibition of 
hypersuccinylation by overexpression of SIRT5, the enzyme that reverses 
succinylation, slows IDH mutation-bearing tumor growth in a mouse xenograft  
model[145]. The best-understood downstream target regulated by protein succinylation 
is the KEAP1-NRF2 pathway[147,148]. NRF2 regulates the transcription of genes involved 
in the antioxidant response. Binding of KEAP1 leads to degradation of NRF2, while 
the succinylation of KEAP1 prevents KEAP1 binding, therefore activating the NFR2-
mediated transcriptional program[147]. It has been estimated that approximately one-
third of all nucleosomes have succinylated lysine residues in their histone tails. 
Histone succinylation has been correlated with active gene transcription[149]. However, 
despite the broad impact on gene expression, how histone and nonhistone protein 
succinylation affects tumorigenesis remains largely unexplored.

TREATMENT OF SDH-DEFICIENT GISTS
GISTs with RTK mutations are resistant to standard chemotherapy but show 
responsiveness to the first-line KIT inhibitor imatinib[150]. Because of the lack of RTK 
mutations, WT GISTs, including all SDH-deficient GISTs, are resistant to the first-
generation RTK inhibitor imatinib[6-8]. However, second-generation RTK inhibitors, 
such as sunitinib, have shown only moderate effectiveness in SDH-deficient GISTs[151]. 
Patients with SDH-deficient GISTs are recommended to undergo complete tumor 
resection[9,10]. As suggested by studies in preclinical animal models[107], SDH-deficient 
GISTs may be more responsive to combinatorial treatment with the KIT inhibitor 
sunitinib and an FGFR inhibitor than to monotherapy. This serves as a great example 
of how research on the basic biological mechanism may shed light on the potential 
treatment of human diseases.

CONCLUSION
Cancer is a complex disease that involves genetic mutations in multiple genes. The 
connection between altered cellular metabolism and tumorigenesis has gained 
increased attention in recent years. The discovery that mutations in metabolic enzymes 
such as IDH, SDH, or FH mutations drive tumorigenesis indicates that metabolic 
reprogramming likely plays an underappreciated role in human cancer. On-
cometabolites such as D-2HG, succinate, and fumarate competitively inhibit α-KG-
dependent dioxygenases, which has a profound impact on epigenetic status, hypoxia 
response, RNA metabolism, and DNA repair capacity (Figure 2). We are only 
beginning to understand how these metabolic enzyme mutations and oncometabolites 
promote cancerous changes at the molecular and cellular levels. Further elucidation of 
the underlying mechanisms will lead to discoveries of novel approaches to treat SDH-
deficient GISTs and other tumors with similar mutations.
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