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Simple Summary: While isocitrate dehydrogenases have been known for decades, their mechanisms
in tumors are gradually becoming clearer. The three isocitrate dehydrogenase isoforms in human
cells differ in their subcellular localization, molecular structure, cofactor requirement, and catalytic
mechanism. Here, we review the role of isocitrate dehydrogenases in metabolism, provide a current
overview of cancer-linked isocitrate dehydrogenases and point to future lines of research to better
understand the complex biology in health and disease.
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Research on isocitrate dehydrogenase (IDH) in cancer is divided into wild-type IDH
and mutant IDH [1]. Many previous studies have treated tumors as a single entity without
- distinguishing between mutant and wild-type IDH. However, it is now widely accepted
that wild-type IDH and mutant IDH tumors are fundamentally different [1]. In recent
years, research on IDH in tumors has focused on the mutant types, and many effective
inhibitors of mutant-IDH have been used clinically with promising results [1]. Mutant IDH
decreases «-KG production, reduces NADPH from isocitrate and NADP*, and catalyzes
the conversion of «-KG to D-2-hydroxyglutarate (D-2HG) [2]. Elevated D-2HG is proposed
to promote tumorigenesis [1]. IDH1 and IDH2 mutations result in active site substitutions
that profoundly affect IDH activity, cellular metabolism, and cancer development [1,34].
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Meanwhile, the study of wild-type-IDH in tumors has made significant progress in recent
years. Several studies have shown that increased expression of wild-type-IDH in tumors
has a worse prognosis than increased mutant-IDH [5]. 90% of gliomas have wild-type IDH,
with a worse prognosis than mutant IDH [5]. Wild-type IDH enzymes play a key role in
promoting tumor proliferation and recurrence in therapy. Therefore, it is crucial to elucidate
the mechanism of wild-type IDH in tumors.

Under normal conditions, cells require an adequate oxygen concentration (O,) for
aerobic respiration, producing adenosine triphosphate (ATP), the most direct energy source
for living organisms. Although highly proliferating tumor cells consume much glucose,
their production of ATP is inefficient [6-9]. This is because rapidly proliferating cells do
not need to produce much ATP to carry out their cellular functions but must synthesize
biomolecules such as nucleotides, amino acids, and fatty acids to promote cell division
and growth [6-8]. The reductive carboxylation provides a shortcut for this process of
anabolism [10,11]. IDH1 and IDH2 mediate the direct generation of isocitrate from «-KG in
the reductive carboxylation reaction [3], and some scholars describe this reaction process
as reductive TCA or “counter-clockwise” TCA [12-14]. Interestingly, some studies have
advocated that the reductive carboxylation catalyzed by IDH1 and 2 is inconsequential as
it converts the «-KG back to isocitrate, creating an “ineffective cycle” [9].

Many studies have shown that it is a vital metabolic pathway, especially in rapidly
proliferating tumor cells. For example, it was found that the growth rate of tumor cells
is reduced when they are deficient in glutamine or when they are grown in a medium
without &-KG [15,16]. Increased glutamine consumption by tumor cells leads to an increase
in glutamine-derived isocitrate, which in turn produces more citrate [10,11]. Citrate cannot
cross the inner mitochondrial membrane freely and must enter the cytoplasm via the citrate
malate pyruvate cycle [17]. ATP citrate lyase catalyzes the reversible conversion of citrate
to acetyl-CoA, the raw material for fatty acid synthesis [17]. Fatty acids are key to the
formation of new membranes and essential for the rapid proliferation of cells [10]. IDH-
mediated isocitrate oxidative decarboxylation is also of great significance. On the one hand,
it is an important part of the TCA cycle and provides hydrogen atoms for the respiratory
chain to generate ATP. On the other hand, the NAD(P)* /NAD(P)H redox ratio transition
is altered to adapt to changes in cellular metabolism to perform other functions, which
are discussed below [18]. Therefore, we review the current knowledge of wild-type IDH
enzymes and their potential role in the mechanisms driving tumor progression. We aim to
provide insights for studying reprogramming the metabolism of tumor cells to inhibit their
proliferation and survival.

2. Catalytic Mechanism and Enzyme Structure of IDHs

The expression of the three IDH isoforms in human cells differs in their subcel-
lular localization, molecular structure, cofactor requirement, and catalytic mechanism
(Figure 1) [19]. IDHL1 is localized in the cytoplasm and peroxisomes, whereas IDH2 and
IDH3 are found in the mitochondria [20]. IDH1 and IDH?2 (EC code: 1.1.1.42) share consid-
erable sequence similarity (70% identity in humans) and catalyze the same reaction [20,21].
Reductive carboxylation of aKG to isocitrate by NADPH and CO; can be catalyzed by
IDH1 and IDH?2, which catalyze reversible reactions [19-21]. Reversible CO, fixation was
also observed by isotopic analysis of TCA cycle intermediates in rat liver [22].
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Figure 1. Subcellular localization and chemical reactions catalyzed by wild-type IDH. IDH1 is
localized in the cytosol; IDH2 and IDH3 are localized in the mitochondrial matrix. IDH1/2 reversibly
oxidizes isocitrate to «-KG and CO, with the formation of NADPH. IDHS3 irreversibly oxidizes
isocitrate to x-KG with the formation of NADH as part of the TCA cycle.

IDH1 exists as a homodimer with a clamp structural domain, two large structural
domains, and two small structural domains per IDH1 monomer. The large and small
structural domains are linked by a 3-sheet [23]. IDH2 and IDH1 are isozymes with very
similar structures [20]. In the TCA cycle, IDH3 (EC code: 1.1.1.41) uses NAD* as a cofactor
to catalyze the reaction to form x-KG and NADH. The reaction is irreversible, and IDH3 is
allosterically regulated by citrate, adenosine diphosphate, and adenosine triphosphate [24].
a-KG is further metabolized to succinate, whereas NADH is oxidized by the electron
transport chain [25]. IDH3 heterodimers are composed of «f3- and «y-subunits, which
assemble to form a2y heterotetramers [24]. The IDH3«x-subunit is encoded by the IDH3A
gene (chromosome 15g25.1), the -subunit by the IDH3B gene (chromosome 20p13), and
the y-subunit by the IDH3G gene (chromosome Xq28) [24]. The « subunit is the catalytic
subunit [26], and the 3 and y subunits are the regulatory subunits [27]. «f3 and ovy alone
have basal activity, but the full activity of IDH3 needs the assembly and synergistic function
of these two heterodimers [24].

3. The Role of Wild-Type IDH1 and IDH2 in Cellular Metabolism

An increasing number of studies have shown that although IDH1 and 2 appear to
catalyze the same reaction as IDH3 to form «KG from isocitrate, they have different effects.
The reversible reactions catalyzed by IDH1 and IDH?2 are accompanied by the production
and consumption of the reducing agent NADPH and the binding and release of CO,,
respectively, which in turn has multiple effects on the cell (Figure 2).
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Figure 2. The role of wild-type IDH in human cells. The reaction catalyzed by IDH1 and IDH2
provides NADPH to maintain the pool of reduced glutathione and peroxiredoxin that counteract
reactive oxygen species (ROS). The reaction catalyzed by IDH1 and IDH2 provides x-KG to increase
the activity of the prolyl hydroxylase domain (PHD) and downregulate c-Myc expression. IDH3, the
key enzyme of the TCA cycle, serves as the central regulatory site of the TCA cycle. (By Figdraw).

Oxidative TCA catalyzed by IDH1 and IDH?2 is accompanied by the production of
NADPH to balance the cellular redox equilibrium [28] and maintain the pool of reduced glu-
tathione and peroxiredoxin that counteract reactive oxygen species (ROS) [29], protecting
cells from oxidative damage, lipid peroxidation, and DNA damage [29,30]. Craig B. Thomp-
son’s team found that the primary physiological function of NADPH in mitochondria is to
promote the biosynthesis of the non-essential amino acid proline [12]. They also showed
that mitochondria are the sites of proline biosynthesis. Pyrroline-5-carboxylate synthase
(P5CS) catalyzes the conversion of glutamine-derived glutamate to pyrroline-5-carboxylate
(P5C) [12]. P5C is further reduced to proline by mitochondrial pyrroline-5-carboxylate
reductases (PYCR1 and PYCR?2). P5CS is an NADPH-dependent metabolic enzyme; conse-
quently, decreased NADPH levels inhibit proline biosynthesis derived from glutamine [12].
As NADP* and NADPH cannot cross the intracellular membrane, cytoplasmic and mito-
chondrial NADP(H) cannot circulate freely [31-33]. IDHI1 in the cytoplasm can produce
non-mitochondrial NADPH, which also acts as an antioxidant to protect cells from oxida-
tive stress [34]. IDH1-deficient mice exhibit increased accumulation of ROS in the liver,
leading to DNA damage and subsequent induction of apoptosis [35]. In addition, NADPH
produced in the cytoplasm also acts as a key-reducing equivalent for lipid synthesis. The
reverse/reductive TCA is critical for glucose- and glutamine-stimulated insulin secretion.
The mechanism mainly involves that IDH2 can catalyze the reverse TCA reaction leading
to increased isocitrate and citrate, which then drives their oxidation by IDH1 in the cytosol
to produce NADPH. The cytosolic NADPH activates sentrin/SUMO-specific protease-1
(SENP1), which promotes insulin granule exocytosis [14]. The reductive TCA catalyzed by
IDH2 is found mainly in humans’ retinal pigment epithelium (RPE), which utilizes the cel-
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lular NADPH to protect itself from oxidative stress [18]. Support of reductive carboxylation
by supplementation with NAD* precursor or the substrate x-KG or treatment with poly
(ADP ribose) polymerase (PARP) inhibitors could protect RPE from excessive oxidative
stress, providing an effective therapeutic strategy for the treatment of blinding diseases
caused by RPE dysfunction [18]. They further demonstrated that both NAD* precursor
and PARP inhibitors increase NAD" levels and, in turn, NADH. NADH is then converted
to NADPH, which acts as a coenzyme for IDH2 to catalyze the reductive carboxylation
reaction [18]. The pentose phosphate pathway (PPP) also produces NADPH, which is
repurposed to counteract cytosolic ROS in the absence of IDH1 [16]. Besides, cytosolic and
mitochondrial folate metabolism both contribute to NADPH homeostasis. Consistent with
folate metabolism being a significant NADPH producer, antifolates have been shown to
induce oxidative stress [36].

Carbon (C) is the most basic element that makes up the macromolecules of all organ-
isms. Forward TCA is a catabolic pathway, while IDH1- and IDH2-mediated reverse TCA
is the anabolic process of adding H and C. This process, known as reductive carboxylation,
involves adding C of CO; directly to «-KG to form 6-C isocitrate, which isomerizes to
form citrate. Studies have confirmed that the active IDH2-mediated reductive TCA cycle in
acute myeloid leukemia (AML) cells promotes the conversion of x-KG to isocitrate/citrate,
thereby facilitating the synthesis of lipids from glutamine [13].

4. The Role of Wild-Type IDH3 in Cellular Metabolism

IDHS3, the key enzyme of the TCA cycle, together with citrate synthase and «-ketoglutarate
dehydrogenase, serves as the central regulatory site of the TCA cycle, mainly by feedback
inhibition of the product. The TCA cycle is the cells’ most critical process for energy
production, so the ratio of ATP/ADP to NAD*/NADH is also important to regulate the
enzymes that ultimately sense cellular ATP and NADH concentration to ensure cellular
energy supply. NAD*/NADH balance is fundamental to metabolism [37-39]. Glycolysis,
fatty acid oxidation, amino acid degradation, and citric acid cycle require NAD* as a
coenzyme [37-40]. The generated NADH transfers electrons to oxygen through the electron
transport chain, producing ATP and NAD", a process called NAD* recycling. When mito-
chondrial respiration is impaired, the cytosolic pyruvate reduces to lactate and produces
NAD*. Moreover, when the cytoplasmic NAD"/NADH ratio decreases, pyruvate reduces
to lactate, converting NADH to NAD*, which is the most crucial replenishing pathway for
the cytoplasmic pool of NAD*. The delta-5 and delta-6 desaturases (D5D/D6D) (key en-
zymes responsible for highly unsaturated fatty acid (HUFA) synthesis) can convert NADH
into NAD" to maintain cell proliferation, which is also an NAD" cycling mechanism similar
to the glycolytic flux. Inhibition of HUFA synthesis or lactic acid fermentation increases
the other to compensate for the absence of the NAD* cycle, highlighting their interdepen-
dence [41]. NAD" is also involved in DNA repair as a substrate for PARP; PARP-1, PARP-2,
and PARP-3 of the PARP family are involved in DNA repair [42]. Thus, IDH3 is not only a
key enzyme of the TCA cycle but also plays a role in regulating the ATP and NADH levels,
which in turn regulates cell functions to adapt to environmental changes.

5. Research Progress of Wild-Type IDH1 in Cancers

Molecular genetic markers of tumors are closely related to patient outcome and
prognosis, and there is increasing evidence that IDHs play a key role in cancer metabolism.
In recent years, mutant IDHs have been increasingly studied.

Mutant phenotypes are common in numerous tumors, such as chondrosarcomas,
hepatocellular carcinomas, acute myeloid leukemia, intrahepatic cholangiocarcinomas, and
thyroid cancer [43-46]. Moreover, the vast majority of grade II/III gliomas and secondary
glioblastomas (grade IV) are linked to better survival with mutations in IDH1 and IDH2
than wild type [47]. Mutant IDHs differ from wild-type IDH in that mutant IDH converts
a-KG to d-2-hydroxyglutarate (D-2-HG), impairs «-KG levels, and consumes NADPH.
The expression level of D-2-HG is markedly elevated in malignant tumors, and elevated
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D-2HG levels promote tumorigenesis [48-51]. The structure of D-2HG is similar to «-KG
and can competitively inhibit a-KG-dependent dioxygenase [52], which is essential for
regulating the metabolic and epigenetic state of cells. Inhibitors of mutant IDHs can reduce
D-2HG-induced DNA and histone hypermethylation, thereby reducing tumor growth.
However, the mechanism of mutant IDH in tumorigenesis is still unclear. Although mutant
IDH catalyzes x-KG to D-2-HG, other intermediates in the TCA cycle remain relatively
unchanged except for &-KG [53]. «-KG can be replenished by other pathways such as
glutamine catabolism [54]. The discovery of elevated D-2-HG in gliomas has opened up
new avenues to study the unique metabolites in tumor cells [54]. The effects of the mutant
IDHs on cells are limited to elevated levels of specific metabolites and stable levels of other
metabolites. In contrast, elevated or reduced wild-type IDHs have significant effects on
overall cellular metabolism, which may partly explain the lower malignancy of the mutant
IDHs compared to the wild-type IDHs; however, further studies are required to understand
the mechanism better (Table 1).

Table 1. The expression of wild-type IDHs in cancers. The expression levels of IDHs in tumors not
listed in the table but mentioned in the text have not been clearly studied.

IDH Type Overexpressed Downregulated

Lung adenocarcinoma [55] Kidney cancer [56]

Angioimmunoblastic lymphoma [57]

Peripheral T cell lymphoma [57]

IDH1
Diffuse large B cell lymphoma [57]
Glioblastoma [58]
Pancreatic ductal adenocarcinoma [59]
Lung cancer [60] Kidney cancer [61]
Ovarian cancer [62] Hepatocellular carcinoma [63]
IDH2 Breast cancer [64] Gastric cancer [65]
Endometroid carcinomas [66] Glioblastoma [15,16]
Acute lymphocytic leukemia
[13]
Hepatocellular carcinoma [67]
IDH3

Glioblastoma [68]

The effect of wild-type IDH on tumors has become a research focus in recent years
(Figure 3). Studies in lung adenocarcinoma patients show increased expression levels of
wild-type IDH1, CD44, and reduced glutathione (Figure 3). CD44 is a marker of cancer
stem cells involved in tumorigenesis, progression, and metastasis [55]. Glutathione is
an important antioxidant and a free radical scavenger in the body that converts harmful
intracellular toxins into harmless substances. IDH1 positively correlates with CD44 and
reduced glutathione in lung adenocarcinomas, suggesting a positive effect of IDH1 on
tumor growth [55]. IDH1 expression was upregulated in several hematologic malignancies,
including angioimmunoblastoma, mesenchymal large-cell lymphoma, peripheral T-cell
lymphoma, and diffuse large B-cell lymphoma (DLBCL) [57]. Elimination of IDH1 in human
acute promyelocytic leukemia (APL) resulted in a phenotype similar to that observed with
griseofulvin B (GCN B) treatment, one of the most common active secondary metabolites
with potent antitumor activities. This indicates that IDH1 is one of the antitumor targets of
GCN B and suggests that wild-type IDH1 may be a potential target for future intervention
in hematologic malignancies [69].
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Figure 3. Changes in wild-type IDH expression are associated with human diseases. (By Figdraw).

Inhibition of IDH1 in leukemia using wild-type IDH1 inhibitors causes a shift in
cellular metabolism from oxidative phosphorylation to glycolysis, promoting the Warburg
effect, a well-known feature of rapidly proliferating cells in mammals [70]. Tumors in vivo
are comprised of at least two kinds of metabolic zones, hypoxic and normoxic zones,
defined by the differential uptake of glucose and differential uptake of oxygen [71]. Due to
the differential solubility of oxygen and glucose in the blood, cells far from well-perfused
capillaries become hypoxic but can still receive glucose [72,73]. The expression of IDH1 in
renal cell carcinoma is significantly lower than that in adjacent tissues, and the decreased
expression of IDH1 may affect the development of renal cell carcinoma through hypoxia
signaling in vitro and in vivo; the overexpression of IDH1 can reduce the expression of
HIF-1 and HIF-2«x proteins, subsequently inhibiting cell proliferation [56].

The function of IDH1 in tumors is related to the production of the coenzyme NADPH.
The expression of wild-type IDH1 is upregulated in 65% of primary glioblastomas (GBM).
Silencing of IDH1 slows GBM growth, prolongs the survival of mice carrying patient-
derived xenografts, and promotes tumor cell differentiation and tumor cell apoptosis [58].
Inhibition of IDH1 lowers «KG and NADPH levels, thereby decreasing lipid biosynthesis
and promoting histone methylation and expression of differentiation marker proteins [58].
In the absence of glucose in mouse mammary tumors, malic enzyme 1/IDH1 knockdown
in combination strongly inhibited tumor growth by reducing NADPH production [74].
Decreased IDH1 expression leads to a decrease in NADPH in cells, which promotes con-
sequent exhaustion of glutathione (GSH), as well as the generation of ROS and loss of
mitochondrial membrane potential, leading to apoptosis in leukemic cells. IDH1 also regu-
lates one-carbon metabolism in leukemic cells. Knockdown of IDH1 increases metabolites
involved in one-carbon metabolisms, such as methionine, taurine, SAM, methylcytosine,
and ornithine levels [70].

Pancreatic ductal adenocarcinoma (PDAC) cells can survive under severe conditions,
such as low nutrient conditions and chemotherapy, which can be attributable to the rapid
mobilization of an antioxidant defense program. The NADPH-generating enzyme IDH1 is
a critical regulatory target under the control of HuR [59]. HuR, an RNA-binding protein,
is expressed widely in all proliferating cells upon acute stress and has been reported to
perform regulatory functions under oxidative stress [75,76]. IDH1 was also shown to
be a direct target gene of hepatocyte nuclear factor 4o (HNF4«) [77], which is specifically
overexpressed in gastric cells (GC) and is functionally required for GC development.
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Colorectal cancer (CRC) is one of the most common malignancies and a worldwide cause
of morbidity and mortality [78]. Positive expression of IDH1 significantly correlates with
lymph node metastasis and TNM staging in CRC. Patients with high IDH1 levels are more
likely to be invasive and metastatic, for reasons that need further investigation, possibly
due to alterations in NADPH levels [79].

6. Research Progress of Wild-Type IDH2 in Cancers

Some hypoxic cells can maintain cell proliferation despite a substantial decrease in
glucose-derived citrate, with glutamine becoming the primary source of citrate. Glutamine-
derived o-KG is reduced and carboxylated by NADPH-dependent mitochondrial IDH2 to
form isocitrate, which is then isomerized to citrate. In profound hypoxia (0.5% O;), IDH2
carboxylates o-KG to citrate to support glioblastoma cell growth and viability [15,16]. The
accumulation of citrate or exogenous citrate in the cytoplasm significantly enhances the
migration and invasion of triple-negative breast cancer (TNBC) cells under hypoxia (1%
Oy). The mechanism mainly involves the activation of the AKT/ERK/MMP2/9 signaling
axis stimulated by citrate [64].

It is well known that the expression of genes encoding enzymes, in turn, regulates
metabolic pathways. Hypoxia-inducible factor (HIF-1) promotes ubiquitination of o-
ketoglutarate dehydrogenase (x-KGDH) and protein hydrolysis, resulting in decreased
o-KGDH activity and increased «-KG levels, thereby driving the reverse reaction of IDH
and promoting lipids production for cell growth and proliferation. HIF-1 can also increase
glutamine uptake, glutamate to «-KG flux, and ATP production by upregulating glutamate
dehydrogenase (GDH) expression in lung cancer cells. HIF1x binds to the promoter of
GDH and promotes GDH gene transcription in lung cancer cells [15,60,80]. However, in
recent years, metabolic reprogramming is becoming increasingly popular, a “negative feed-
back loop” that allows rapid adaptation to the organisms” needs without changing the gene
sequence and, thus, better survival in different environments [15,60,80]. IDH2-mediated
conversion of isocitrate and «-KG results in metabolic intermediates that regulate gene
expression and lead to a better adaptation to environmental demands. Inhibition of IDH2
with AGI-6780 in mice carrying AML xenografts demonstrated significant therapeutic
effects and potential clinical applications. The study also suggested that IDH2 inhibition
could transform cancer treatment from cytotoxic to precision therapy and fundamentally
change the cancer treatment landscape [13]. Recent research has found that shRNA inhi-
bition of wild-type IDH2 increased o-KG, decreased c-Myc (an important oncogene), and
suppressed AML viability and proliferation [13]. Prolyl hydroxylase domain enzymes
(PHDs) rely on oxygen (O,), iron (Fe?*), a-KG, and ascorbic acid (vitamin C), to hydroxylate
HIF-1a, promoting the degradation of HIF-1x by proteases. HIF-1« is a transcription factor
whose expression is increased in various cancers and regulates apoptosis, cell survival,
and angiogenesis [81]. The x-KG-dependent oxygenase performs demethylation in cells,
which promotes mRNA stability and stable translation and regulates the pluripotency and
differentiation potential of embryonic stem cells [82,83]. Wild-type IDH2 is upregulated in
lung cancer. Downregulating IDH?2 leads to increased «-KG and consequently decreased
HIF-1x expression, reducing lung cancer cell proliferation and promoting cellular glucose
uptake and lactate production [61].

Various cancers differ in the expression of IDH2, which may be related to the cancer
type and staging [62,66]. IDH2 levels are also upregulated in ovarian cancer and endometri-
oid carcinoma of the endometrium [62,66]. Elevated IDH2 levels are a possible marker of
ovarian endometrioid carcinomas. Arsenic trioxide (As203), a promising chemotherapeutic
agent for cancer treatment, activates long-stranded non-coding RNA in bladder cancer cells.
OTUD6B-AS]1 IncRNA induces oxidative stress to increase cancer cell damage, specifically
by increasing metal-regulated transcription factor 1 (MTF1), which inhibits the expression
of mitochondrial NADP*-dependent IDH?2 [84]. Correlation studies showed that breast
and pancreatic cancer patients with high IDH2 levels exhibit worse Overall Survival (OS)
and Progression-Free Survival (PFS) [61]. Acetylation of proteins is now recognized as
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a major post-translational modification for regulating their function. Proteomic analysis
indicated that IDH2 is one of many proteins in the mitochondria with acetylation at lysine
residues [85], suggesting that the function of IDH2 might be regulated by acetylation. Re-
cent evidence supports that NAD"-dependent protein deacetylase, SIRT3, increases IDH2
activity via deacetylation in cancer cells [86]. Lower SIRT3 protein expression was associ-
ated with poorer OS in mantle cell lymphoma (MCL) patients [87]. A possible explanation
could be that SIRT3 deacetylates IDH2, which stimulates the production of NADPH in
the mitochondria preventing ROS formation. The expression of IDH2 was significantly
downregulated in the early stages but upregulated in advanced stages of colon carcinoma
compared to peritumor tissues. The growth of colon cancer cell lines was inhibited by IDH2-
siRNA and increased after transfection with IDH2 overexpressing plasmids, indicating that
IDH2 might play a role in the development of colon carcinoma [88]. In addition, IDH2
expression was reduced in some cancers, such as renal [61], gastric [65], and hepatocellular
carcinomas [63], and IDH2 inhibited metastatic invasion of gastric and hepatocellular
carcinoma cells via matrix metalloproteinases.

7. Research Progress of Wild-Type IDH3 in Cancers

There are no reported IDH3 mutants in tumor cells, and very few studies have ex-
plored the role of wild-type IDH3 in cancer. A recent study concluded that inhibition of
oxidative phosphorylation (OXPHOS) preferentially kills quiescent melanoma cells through
a mechanism in which c-Myc selectively activates transcription of genes encoding IDH3
and many other OXPHOS enzyme subunits, increasing the occupancy of their promoters
in melanoma cells [89].

IDH3«x could be considered a biomarker for the diagnosis and target of cancer therapy.
IDH3x expression levels positively correlate with poor overall survival in human lung and
breast cancer. In cervical and lung adenocarcinoma cell lines, silencing of IDH3« increased
x-KG levels, which in turn decreased HIF-1 stability, leading to a marked decrease in
microvessel density and tumor growth, suggesting an important role for the IDH3-HIF-1
axis in tumor angiogenesis and growth. Similarly, overexpression of IDH3« significantly
accelerated the growth of HeLa/IDH3x xenograft tumors in immunodeficient mice. Fur-
ther metabolomics revealed no change in glucose-derived x-KG before and after IDH3 o
knockdown, which the authors interpreted as the existence of an IDH3-dependent and
glycolytic-independent metabolic pathway [90]. Interestingly, inhibition of IDH3«x resulted
in an increase rather than a decrease in o« KG expression, which is possibly due to the
compensatory production of «-KG by IDH1 and IDH?2.

IDH3« is highly expressed in hepatocellular carcinoma (HCC) tissue and is closely
associated with tumor size and the clinicopathological stage of HCC. IDH3«x promotes
the upregulation of the expression of Metastasis Associated 1 (MTA1), an oncogene that
stimulates epithelial-mesenchymal transition in HCC, which in turn induces cancer cell
migration and invasion [67].

IDH3« is increased in samples from GBM patients compared to normal brain tissue.
It promotes GBM progression in a mouse model of in situ glioma in which the loss of
function of IDH3« not only reduces TCA activity but also promotes methionine cycle
activity, S-adenosylmethionine production, and DNA methylation [68].

In summary, IDH3 o has been less studied in tumors, and the specific mechanism of
its increased expression in tumors is unknown. Cellular metabolism is lattice-like and
coordinated; the overlapping functions of IDH enzymes can lead to compensatory effects
that must be taken into account.

8. Conclusions (Future Perspectives)

Research on mutant IDH1 and IDH2 has increased in recent decades. Many subtypes
of inhibitors have shown promising clinical outcomes, resulting in significant and rapid
progress from concept to clinic. However, there are no cancer therapy drugs targeting
wild-type IDH1/2/3, as the mechanism of wild-type IDH in tumors is only beginning
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to be understood. Studies have found that changes in the expression level of wild-type
IDH in tumors are closely related to prognosis, metastasis, and invasion of various cancers.
Therefore, understanding the mechanisms of wild-type IDH alterations will be of great
scientific importance and clinical value, both at the therapeutic level and for prognostic
assessment.

There are a few studies on wild-type IDH, which are further limited to metabolic
changes. Although metabolic dysregulations and cellular energy changes are among the
most important biological features of tumor cells, a more detailed study of the relationship
between metabolite changes and epigenetics, especially to metabolites that regulate gene
expressions, can provide new strategies to prevent tumor growth. For example, deacetyla-
tion by SIRT3 increases IDH2 activity, which could protect tumor cells from oxidative stress.
Downregulation of IDH3« decreases the effective level of x-KG by reducing the ratio of
a-KG to fumarate and succinate, resulting in PHD?2 inhibition and HIF-1« protein stabiliza-
tion [91]. Knockdown of succinate receptorl (Sucerl) or blockage of SUCNRT1 in vitro and
in vivo could reverse the effects of succinate by modulating the PI3K-AKT /HIF-1x pathway.
Plasma succinate levels correlate significantly with intestinal ischemia/reperfusion-related
lung injury after cardiopulmonary bypass [92]. The expression level of IDH1, IDH2, and
IDHS3 also differ in various tissues, and whether their altered expression is related to the site
of tumorigenesis is also unclear. As many tumors show increased IDH1 and IDH2 expres-
sion, common pathways and evidence of commonalities in the different tumors might exist,
which can then be studied using multiple tumor lines. Evaluating the mechanisms of IDH
alteration across different tumor subtypes could help clarify their biological characteristics
to improve treatment. Moreover, IDH is closely related to tumor grading and staging, and
this dynamic alteration could be studied in depth to intervene early and predict tumor
development.

Furthermore, conventional cell culture experiments performed at 20-21% O, (nor-
moxia) do not mimic physiological conditions; therefore, conventional culture conditions
are performed in a hyperoxic environment, generating oxidative stress that resembles high
glucose conditions. Therefore, in vitro culture of tumor cells should mimic physiological
conditions as much as possible to have more valuable and meaningful information. The
three IDH subtypes are always in dynamic equilibrium; if one is altered, the others re-
spond in some surrogate fashion to changes in cellular requirements. Although substantial
advances have been made in understanding the molecular pathogenesis and biology of
wild-type IDH in tumors, this has not translated into significant improvements in patient
prognosis. Our increased understanding of IDH enzymes would help to transform the
treatment of patients with oncologic diseases and improve survival.

Author Contributions: Q.H., ].C., ZX. and Z.C. analyzed the literature and wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Grant from the National Natural Science Foundation of China
(No. 31870972) to Z.C.

Conflicts of Interest: The authors declare no conflict of interest.

1. Cadoux-Hudson, T.; Schofield, C.J.; McCullagh, J.5.O. Isocitrate dehydrogenase gene variants in cancer and their clinical
significance. Biochem. Soc. Trans. 2021, 49, 2561-2572. [CrossRef] [PubMed]
2. Dang, L, Jin, S.; Su, S.M. IDH mutations in glioma and acute myeloid leukemia. Trends Mol. Med. 2010, 16, 387-397. [CrossRef]

[PubMed]

3. Liu, S.; Cadoux-Hudson, T.; Schofield, C.J. Isocitrate dehydrogenase variants in cancer—Cellular consequences and therapeutic
opportunities. Curr. Opin. Chem. Biol. 2020, 57, 122-134. [CrossRef] [PubMed]

4.  Dang, L.; Su, S5.-5.M. Isocitrate Dehydrogenase Mutation and (R)-2-Hydroxyglutarate: From Basic Discovery to Therapeutics
Development. Annu. Rev. Biochem. 2017, 86, 305-331. [CrossRef] [PubMed]

5. Wen, PY,; Weller, M; Lee, E.Q.; Alexander, B.M.; Barnholtz-Sloan, ].S.; Barthel, EP.; Batchelor, T.T.; Bindra, R.S.; Chang, S.M.;
Chiocca, E.A ; et al. Glioblastoma in Adults: A Society for Neuro-Oncology (SNO) and European Society of Neuro-Oncology


http://doi.org/10.1042/BST20210277
http://www.ncbi.nlm.nih.gov/pubmed/34854890
http://doi.org/10.1016/j.molmed.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20692206
http://doi.org/10.1016/j.cbpa.2020.06.012
http://www.ncbi.nlm.nih.gov/pubmed/32777735
http://doi.org/10.1146/annurev-biochem-061516-044732
http://www.ncbi.nlm.nih.gov/pubmed/28375741

Cancers 2022, 14, 5779 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(EANO) Consensus Review on Current Management and Future Directions. Neuro-Oncol. 2020, 22, 1073-1113. [CrossRef]
[PubMed]

Koppenol, W.H.; Bounds, P.; Dang, C.V. Otto Warburg’s contributions to current concepts of cancer metabolism. Nat. Rev. Cancer
2011, 11, 325-337. [CrossRef] [PubMed]

Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. Hexokinase-2 bound to mitochondria: Cancer’s stygian link to the “Warburg effect” and
a pivotal target for effective therapy. Semin. Cancer Biol. 2008, 19, 17-24. [CrossRef] [PubMed]

Peter, V.; Heinz, S.; Arnulf, M. The Warburg effect: Essential part of metabolic reprogramming and central contributor to cancer
progression. Int. J. Radiat. Biol. 2019, 95, 912-919.

DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond aerobic glycolysis:
Transformed cells can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. Proc.
Natl. Acad. Sci. USA 2007, 104, 19345-19350. [CrossRef]

Metallo, C.M.; Gameiro, P.A.; Bell, E.L.; Mattaini, K.R; Yang, ].; Hiller, K.; Jewell, C.M.; Johnson, Z.R; Irvine, D.].; Guarente, L.;
et al. Reductive glutamine metabolism by IDH1 mediates lipogenesis under hypoxia. Nature 2011, 481, 380-384. [CrossRef]
[PubMed]

Gaude, E.; Schmidt, C.; Gammage, P.A.; Dugourd, A.; Blacker, T.; Chew, S.P.; Saez-Rodriguez, J.; O’'Neill, ].S.; Szabadkai, G.;
Minczuk, M.; et al. NADH Shuttling Couples Cytosolic Reductive Carboxylation of Glutamine with Glycolysis in Cells with
Mitochondrial Dysfunction. Mol. Cell 2018, 69, 581-593. [CrossRef] [PubMed]

Zhu, ].; Schworer, S.; Berisa, M.; Kyung, Y.J.; Ryu, KW.; Yj, J.; Jiang, X.; Cross, ].R.; Thompson, C.B. Mitochondrial NADP(H)
generation is essential for proline biosynthesis. Science 2021, 372, 968-972. [CrossRef] [PubMed]

Zeng, P.; Lu, W.; Tian, J.; Qiao, S; Li, J.; Glorieux, C.; Wen, S.; Zhang, H.; Li, Y.; Huang, P. Reductive TCA cycle catalyzed by
wild-type IDH2 promotes acute myeloid leukemia and is a metabolic vulnerability for potential targeted therapy. J. Hematol.
Oncol. 2022, 15, 30. [CrossRef] [PubMed]

Zhang, G.-F; Jensen, M.V.; Gray, S.M.; El, K.; Wang, Y.; Lu, D.; Becker, T.C.; Campbell, ].E.; Newgard, C.B. Reductive TCA cycle
metabolism fuels glutamine-and glucose-stimulated insulin secretion. Cell Metab. 2021, 33, 804-817. [CrossRef]

Wise, D.R.; Ward, PSS.; Shay, J.E.S.; Cross, ].R.; Gruber, ].J.; Sachdeva, U.M.; Platt, ].M.; DeMatteo, R.G.; Simon, M.C.; Thompson,
C.B. Hypoxia promotes isocitrate dehydrogenase-dependent carboxylation of a-ketoglutarate to citrate to support cell growth
and viability. Proc. Natl. Acad. Sci. USA 2011, 108, 19611-19616. [CrossRef]

Jiang, L.; Shestov, A.A.; Swain, P; Yang, C.; Parker, S.J.; Wang, Q.A.; Terada, L.S.; Adams, N.D.; McCabe, M.T,; Pietrak, B.;
et al. Reductive carboxylation supports redox homeostasis during anchorage-independent growth. Nature 2016, 532, 255-258.
[CrossRef] [PubMed]

Claudiane, G.; Murthy, M.S.R.; Alexandre, A.; Erik, J.; Marc, P. A role for ATP-citrate lyase, malic enzyme, and pyruvate/citrate
cycling in glucose-induced insulin secretion. J. Biol. Chem. 2007, 282, 35657-35665.

Du, J.; Yanagida, A.; Knight, K.; Engel, A.L.; Vo, A.H.; Jankowski, C.; Sadilek, M.; Tran, V.T.B.; Manson, M.A.; Ramakrishnan, A;
et al. Reductive carboxylation is a major metabolic pathway in the retinal pigment epithelium. Proc. Natl. Acad. Sci. USA 2016,
113, 14710-14715. [CrossRef] [PubMed]

Yang, H.; Ye, D.; Guan, K.-L.; Xiong, Y. IDH1 and IDH2 mutations in tumorigenesis: Mechanistic insights and clinical perspectives.
Clin. Cancer Res. |. Am. Assoc. Cancer Res. 2012, 18, 5562-5571. [CrossRef]

Leonardi, R.; Subramanian, C.; Jackowski, S.; Rock, C.O. Cancer-associated isocitrate dehydrogenase mutations inactivate
NADPH-dependent reductive carboxylation. J. Biol. Chem. 2012, 287, 14615-14620. [CrossRef] [PubMed]

Reitman, Z.J.; Yan, H. Isocitrate dehydrogenase 1 and 2 mutations in cancer: Alterations at a crossroads of cellular metabolism.
J. Natl. Cancer Inst. 2010, 102, 932-941. [CrossRef]

Rosiers, C.D.; Fernandez, C.A.; David, F.; Brunengraber, H. Reversibility of the mitochondrial isocitrate dehydrogenase reaction in
the perfused rat liver. Evidence from isotopomer analysis of citric acid cycle intermediates. J. Biol. Chemn. 1994, 269, 27179-27182.
[CrossRef] [PubMed]

Nekrutenko, A.; Hillis, D.M.; Patton, J.C.; Bradley, R.D.; Baker, R.J. Cytosolic isocitrate dehydrogenase in humans, mice, and voles
and phylogenetic analysis of the enzyme family. Mol. Biol. Evol. 1998, 15, 1674-1684. [CrossRef]

Ma, T,; Peng, Y.; Huang, W.; Liu, Y.; Ding, J. The  and y subunits play distinct functional roles in the x(2)3y heterotetramer of
human NAD-dependent isocitrate dehydrogenase. Sci Rep. 2017, 7, 41882. [CrossRef] [PubMed]

Bergaggio, E.; Piva, R. Wild-Type IDH Enzymes as Actionable Targets for Cancer Therapy. Cancers 2019, 11, 563. [CrossRef]
[PubMed]

Cohen, PF; Colman, R.E. Diphosphopyridine nucleotide dependent isocitrate dehydrogenase from pig heart. Charactgerization
of the active substrate and modes of regulation. Biochemistry 1972, 11, 1501-1508. [CrossRef] [PubMed]

Ehrlich, R.S.; Colman, R.F. Binding of ligands to half of subunits of NAD-dependent isocitrate dehydrogenase from pig heart.
Binding of manganous ion, isocitrate, ADP and NAD. J. Biol. Chem. 1981, 256, 1276-1282. [CrossRef]

Ying, W. NAD+/NADH and NADP+/NADPH in cellular functions and cell death: Regulation and biological consequences.
Antioxid. Redox Signal. 2008, 10, 1672. [CrossRef]

Ogata, ET.; Branco, V.; Vale, FE.; Coppo, L. Glutaredoxin: Discovery, redox defense and much more. Redox Biol. 2021, 43, 101975.
[CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/noaa106
http://www.ncbi.nlm.nih.gov/pubmed/32328653
http://doi.org/10.1038/nrc3038
http://www.ncbi.nlm.nih.gov/pubmed/21508971
http://doi.org/10.1016/j.semcancer.2008.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19101634
http://doi.org/10.1073/pnas.0709747104
http://doi.org/10.1038/nature10602
http://www.ncbi.nlm.nih.gov/pubmed/22101433
http://doi.org/10.1016/j.molcel.2018.01.034
http://www.ncbi.nlm.nih.gov/pubmed/29452638
http://doi.org/10.1126/science.abd5491
http://www.ncbi.nlm.nih.gov/pubmed/33888598
http://doi.org/10.1186/s13045-022-01245-z
http://www.ncbi.nlm.nih.gov/pubmed/35313945
http://doi.org/10.1016/j.cmet.2020.11.020
http://doi.org/10.1073/pnas.1117773108
http://doi.org/10.1038/nature17393
http://www.ncbi.nlm.nih.gov/pubmed/27049945
http://doi.org/10.1073/pnas.1604572113
http://www.ncbi.nlm.nih.gov/pubmed/27911769
http://doi.org/10.1158/1078-0432.CCR-12-1773
http://doi.org/10.1074/jbc.C112.353946
http://www.ncbi.nlm.nih.gov/pubmed/22442146
http://doi.org/10.1093/jnci/djq187
http://doi.org/10.1016/S0021-9258(18)46965-7
http://www.ncbi.nlm.nih.gov/pubmed/7961626
http://doi.org/10.1093/oxfordjournals.molbev.a025894
http://doi.org/10.1038/srep41882
http://www.ncbi.nlm.nih.gov/pubmed/28139779
http://doi.org/10.3390/cancers11040563
http://www.ncbi.nlm.nih.gov/pubmed/31010244
http://doi.org/10.1021/bi00758a027
http://www.ncbi.nlm.nih.gov/pubmed/4336621
http://doi.org/10.1016/S0021-9258(19)69960-6
http://doi.org/10.1089/ars.2007.1672
http://doi.org/10.1016/j.redox.2021.101975
http://www.ncbi.nlm.nih.gov/pubmed/33932870

Cancers 2022, 14, 5779 12 of 14

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lee, S.M.; Koh, H.-J.; Park, D.-C.; Song, B.].; Huh, T.-L.; Park, J.-W. Cytosolic NADP + -dependent isocitrate dehydrogenase status
modulates oxidative damage to cells. Free Radic. Biol. Med. 2002, 32, 1185-1196. [CrossRef] [PubMed]

Lewis, C.A.; Parker, S.J.; Fiske, B.P.; McCloskey, D.; Gui, D.Y.; Green, C.R.; Vokes, N.I; Feist, A.M.; Heiden, M.G.V.; Metallo,
C.M. Tracing Compartmentalized NADPH Metabolism in the Cytosol and Mitochondria of Mammalian Cells. Mol. Cell 2014, 55,
253-263. [CrossRef] [PubMed]

Pollak, N.; Niere, M.; Ziegler, M. NAD Kinase Levels Control the NADPH Concentration in Human Cells. J. Biol. Chem. 2007, 282,
33562-33571. [CrossRef]

Nikiforov, A.; Dolle, C.; Niere, M.; Ziegler, M. Pathways and subcellular compartmentation of NAD biosynthesis in human
cells: From entry of extracellular precursors to mitochondrial NAD generation. . Biol. Chem. 2011, 286, 21767-21778. [CrossRef]

[PubMed]

Minard, K.I.; McAlister-Henn, L. Dependence of peroxisomal beta-oxidation on cytosolic sources of NADPH. J. Biol. Chem. 1999,
274, 3402-3406. [CrossRef] [PubMed]

Itsumi, M.; Inoue, S.; Elia, A.].; Murakami, K.; Sasaki, M.; Lind, E.F.; Brenner, D.; Harris, 1.S.; Chio, L.I.C.; Afzal, S.; et al. Idh1l
protects murine hepatocytes from endotoxin-induced oxidative stress by regulating the intracellular NADP(+)/NADPH ratio.
Cell Death Differ. 2015, 22, 1837-1845. [CrossRef] [PubMed]

Fan, J.; Ye, ].; Kamphorst, ].J.; Shlomi, T.; Thompson, C.B.; Rabinowitz, ].D. Quantitative flux analysis reveals folate-dependent
NADPH production. Nature 2014, 510, 298-302. [CrossRef]

Hosios, A.M.; Heiden, M.G.V. The redox requirements of proliferating mammalian cells. J. Biol. Chem. 2018, 293, 7490-7498.
[CrossRef]

Katsyuba, E.; Romani, M.; Hofer, D.; Auwerx, J]. NAD+ homeostasis in health and disease. Nat. Metab. 2020, 2, 9-31. [CrossRef]

Xiao, W.; Loscalzo, ]. Metabolic Responses to Reductive Stress. Antioxid. Redox Signal. 2020, 32, 1330-1347. [CrossRef]

Ducker, G.S.; Rabinowitz, J.D. One-Carbon Metabolism in Health and Disease. Cell Metab. 2017, 25, 27-42. [CrossRef]

Kim, W.; Deik, A.; Gonzalez, C.; Gonzalez, M.E.; Fu, F,; Ferrari, M.; Churchhouse, C.L.; Florez, J.C.; Jacobs, S.B.; Clish, C.B.;
et al. Polyunsaturated Fatty Acid Desaturation Is a Mechanism for Glycolytic NAD+ Recycling. Cell Metab. 2019, 29, 856-870.
[CrossRef] [PubMed]

Rouleau, M.; Patel, A.; Hendzel, M.].; Kaufmann, S.H.; Poirier, G.G. PARP inhibition: PARP1 and beyond. Nat. Rev. Cancer 2010,
10, 293-301. [CrossRef] [PubMed]

Borger, D.R.; Tanabe, K.K.; Fan, K.C.; Lopez, H.U.; Fantin, V.R.; Straley, K.S.; Schenkein, D.P.; Hezel, A.F.; Ancukiewicz, M.;
Liebman, H.M.; et al. Frequent Mutation of Isocitrate Dehydrogenase (IDH)1 and IDH2 in Cholangiocarcinoma Identified
Through Broad-Based Tumor Genotyping. Oncology 2012, 17, 72-79. [CrossRef] [PubMed]

Kang, M.R.; Kim, M.S.; Oh, ].E.; Kim, Y.R.; Song, S.Y.; Seo, S.I; Lee, ].Y.; Yoo, N.J.; Lee, S.H. Mutational analysis of IDH1 codon
132 in glioblastomas and other common cancers. Int. J. Cancer 2009, 125, 353-355. [CrossRef]

Paschka, P.; Schlenk, R.F,; Gaidzik, V.I.; Habdank, M.; Kronke, ].; Spath, L.B.D.; Kayser, S.; Zucknick, M.; Gotze, K.; Horst, H.-A;
et al. IDH1 and IDH2 mutations are frequent genetic alterations in acute myeloid leukemia and confer adverse prognosis in
cytogenetically normal acute myeloid leukemia with NPM1 mutation without FLT3 internal tandem duplication. J. Clin. Oncol. ].
Am. Soc. Clin. Oncol. 2010, 28, 3636-3643. [CrossRef]

Mardis, E.R.; Ding, L.; Dooling, D.]J.; Larson, D.E.; McLellan, M.D.; Chen, K.; Koboldt, D.C.; Fulton, R.S.; Delehaunty, K.D.;
McGrath, S.D.; et al. Recurring mutations found by sequencing an acute myeloid leukemia genome. N. Engl. ]. Med. 2009, 361,
1058-1066. [CrossRef]

Jonsson, P; Lin, A.L.; Young, R.J.; DiStefano, N.M.; Hyman, D.M.; Li, B.T.; Berger, M.E,; Zehir, A.; Ladanyi, M.; Solit, D.B.; et al.
Genomic Correlates of Disease Progression and Treatment Response in Prospectively Characterized Gliomas. Clin. Cancer Res.
2019, 25, 5537-5547. [CrossRef]

Liu, Y;; Lang, F; Chou, E-J.; Zaghloul, K.A.; Yang, C. Isocitrate Dehydrogenase Mutations in Glioma: Genetics, Biochemistry, and
Clinical Indications. Biomedicines 2020, 8, 294. [CrossRef]

Turcan, S.; Rohle, D.; Goenka, A.; Walsh, L.A_; Fang, F; Yilmaz, E.; Campos, C.; Fabius, AWM.; Lu, C.; Ward, P.S.; et al. IDH1
mutation is sufficient to establish the glioma hypermethylator phenotype. Nature 2012, 483, 479-483. [CrossRef]

Lu, C.; Ward, PS.; Kapoor, G.S.; Rohle, D.; Turcan, S.; Abdel-Wahab, O.; Edwards, C.R.; Khanin, R.; Figueroa, M.E.; Melnick,
A.; et al. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature 2012, 483, 474—478.
[CrossRef]

Waitkus, M.S.; Diplas, B.H.; Yan, H. Isocitrate dehydrogenase mutations in gliomas. Neuro-Oncol. 2016, 18, 16-26. [CrossRef]
[PubMed]

Golub, D.; Iyengar, N.; Dogra, S.; Wong, T.; Bready, D.; Tang, K.; Modrek, A.S.; Placantonakis, D.G. Mutant Isocitrate Dehydroge-
nase Inhibitors as Targeted Cancer Therapeutics. Front. Oncol. 2019, 9, 00417. [CrossRef] [PubMed]

Ohka, F; Ito, M.; Ranjit, M.; Senga, T.; Motomura, A.; Motomura, K.; Saito, K.; Kato, K.; Kato, Y.; Wakabayashi, T.; et al.
Quantitative metabolome analysis profiles activation of glutaminolysis in glioma with IDH1 mutation. Tumor Biol. 2014, 35,
5911-5920. [CrossRef] [PubMed]

Alzial, G.; Renoult, O.; Paris, F; Gratas, C.; Clavreul, A.; Pecqueur, C. Wild-type isocitrate dehydrogenase under the spotlight in
glioblastoma. Oncogene 2021, 41, 613-621. [CrossRef] [PubMed]


http://doi.org/10.1016/S0891-5849(02)00815-8
http://www.ncbi.nlm.nih.gov/pubmed/12031902
http://doi.org/10.1016/j.molcel.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24882210
http://doi.org/10.1074/jbc.M704442200
http://doi.org/10.1074/jbc.M110.213298
http://www.ncbi.nlm.nih.gov/pubmed/21504897
http://doi.org/10.1074/jbc.274.6.3402
http://www.ncbi.nlm.nih.gov/pubmed/9920883
http://doi.org/10.1038/cdd.2015.38
http://www.ncbi.nlm.nih.gov/pubmed/25882048
http://doi.org/10.1038/nature13236
http://doi.org/10.1074/jbc.TM117.000239
http://doi.org/10.1038/s42255-019-0161-5
http://doi.org/10.1089/ars.2019.7803
http://doi.org/10.1016/j.cmet.2016.08.009
http://doi.org/10.1016/j.cmet.2018.12.023
http://www.ncbi.nlm.nih.gov/pubmed/30686744
http://doi.org/10.1038/nrc2812
http://www.ncbi.nlm.nih.gov/pubmed/20200537
http://doi.org/10.1634/theoncologist.2011-0386
http://www.ncbi.nlm.nih.gov/pubmed/22180306
http://doi.org/10.1002/ijc.24379
http://doi.org/10.1200/JCO.2010.28.3762
http://doi.org/10.1056/NEJMoa0903840
http://doi.org/10.1158/1078-0432.CCR-19-0032
http://doi.org/10.3390/biomedicines8090294
http://doi.org/10.1038/nature10866
http://doi.org/10.1038/nature10860
http://doi.org/10.1093/neuonc/nov136
http://www.ncbi.nlm.nih.gov/pubmed/26188014
http://doi.org/10.3389/fonc.2019.00417
http://www.ncbi.nlm.nih.gov/pubmed/31165048
http://doi.org/10.1007/s13277-014-1784-5
http://www.ncbi.nlm.nih.gov/pubmed/24590270
http://doi.org/10.1038/s41388-021-02056-1
http://www.ncbi.nlm.nih.gov/pubmed/34764443

Cancers 2022, 14, 5779 13 of 14

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Al-Amodi, H.S.A.B.; Nabih, E.S.; Kamel, HEM.; El Sayed, M. A.; Dwedar, I. A.M. Wild-Type Isocitrate Dehydrogenase 1 Over-
Expression is Related to Cancer Stem Cells Survival in Lung Adenocarcinoma. Cancer Investig. 2018, 36, 185-189. [CrossRef]
[PubMed]

Chen, S.; Wang, Y.; Xiong, Y.; Peng, T.; Lu, M.; Zhang, L.; Guo, Z. Wild-type IDH1 inhibits the tumor growth through degrading
HIF-« in renal cell carcinoma. Int. J. Biol. Sci. 2021, 17, 1250-1262. [CrossRef] [PubMed]

Hou, J.-Z.; Ye, ].C; Pu, J.J.; Liu, H.; Ding, W.; Zheng, H.; Liu, D. Novel agents and regimens for hematological malignancies:
Recent updates from 2020 ASH annual meeting. |. Hematol. Oncol. 2021, 14, 66. [CrossRef]

Calvert, A.E.; Chalastanis, A.; Wu, Y.; Hurley, L.A.; Kouri, EM.; Bi, Y.; Kachman, M.; May, J.L.; Bartom, E.; Hua, Y.; et al.
Cancer-Associated IDH1 Promotes Growth and Resistance to Targeted Therapies in the Absence of Mutation. Cell Rep. 2017, 19,
1858-1873. [CrossRef]

Zarei, M.; Lal, S.; Parker, S.J.; Nevler, A.; Vaziri-Gohar, A.; Dukleska, K.; Mambelli-Lisboa, N.C.; Moffat, C.; Blanco, F.F.; Chand,
S.N.; et al. Posttranscriptional Upregulation of IDH1 by HuR Establishes a Powerful Survival Phenotype in Pancreatic Cancer
Cells. Cancer Res. 2017, 77, 4460-4471. [CrossRef]

Jiang, Z.-F.; Wang, M.; Xu, J.-L.; Ning, Y.-]. Hypoxia promotes mitochondrial glutamine metabolism through HIF1«-GDH pathway
in human lung cancer cells. Biochem. Biophys. Res. Commun. 2017, 483, 32-38. [CrossRef]

Li,J.; He, Y;; Tan, Z.; Lu, J.; Li, L.; Song, X.; Shi, E; Xie, L.; You, S.; Luo, X; et al. Wild-type IDH2 promotes the Warburg effect and
tumor growth through HIF1e in lung cancer. Theranostics 2018, 8, 4050-4061. [CrossRef]

Wang, L.-N.; Tong, S.-W.; Hu, H.-D,; Ye, F; Li, S.-L.; Ren, H.; Zhang, D.-Z,; Xiang, R.; Yang, Y.-X. Quantitative proteome analysis
of ovarian cancer tissues using a iTRAQ approach. J. Cell Biochem. 2012, 113, 3762-3772. [CrossRef] [PubMed]

Tian, G.-Y;; Zang, S.-F; Wang, L.; Luo, Y.; Shi, J.-P; Lou, G.-Q. Isocitrate Dehydrogenase 2 Suppresses the Invasion of Hepatocellular
Carcinoma Cells via Matrix Metalloproteinase 9. Cell Physiol. Biochem. 2015, 37, 2405-2414. [CrossRef] [PubMed]

Peng, M.; Yang, D.; Hou, Y.; Liu, S.; Zhao, M.; Qin, Y.; Chen, R; Teng, Y.; Liu, M. Intracellular citrate accumulation by oxidized
ATM-mediated metabolism reprogramming via PFKP and CS enhances hypoxic breast cancer cell invasion and metastasis. Cell
Death Dis. 2019, 10, 228. [CrossRef] [PubMed]

Wu, D. Isocitrate dehydrogenase 2 inhibits gastric cancer cell invasion via matrix metalloproteinase 7. Tumor Biol. 2015, 37,
5225-5230. [CrossRef]

Guirguis, A.; Elishaev, E.; Oh, S.-H.; Tseng, G.C.; Zorn, K.; DeLoia, J.A. Use of gene expression profiles to stage concurrent
endometrioid tumors of the endometrium and ovary. Gynecol. Oncol. 2008, 108, 370-376. [CrossRef]

Xujun, L.; Yan, Q.; Xia, T.; Wenzhe, S. Isocitrate dehydrogenase 3A, a rate-limiting enzyme of the TCA cycle, promotes
hepatocellular carcinoma migration and invasion through regulation of MTA1, a core component of the NuRD complex. Am. ].
Cancer Res. 2020, 10, 3212-3229.

May, ].L.; Kouri, EM.; Hurley, L.A; Liu, J.; Tommasini-Ghelfi, S.; Ji, Y.; Gao, P.; Calvert, A.E; Lee, A.; Chandel, N.S.; et al. IDH3
regulates one-carbon metabolism in glioblastoma. Sci. Adv. 2019, 5, 0456. [CrossRef]

Wang, Z.; Li, Z.-X.; Zhao, W.-C.; Huang, H.-B.; Wang, ].-Q.; Zhang, H.; Lu, ].-Y.; Wang, R-N.; Li, W,; Cheng, Z.; et al. Identification
and characterization of isocitrate dehydrogenase 1 (IDH1) as a functional target of marine natural product grincamycin B. Acta
Pharmacol. Sin. 2021, 42, 801-813. [CrossRef]

Mohammed, M.R.S.; Alzahrani, F; Hosawi, S.; Choudhry, H.; Khan, M.I. Profiling the Effect of Targeting Wild Isocitrate
Dehydrogenase 1 (IDH1) on the Cellular Metabolome of Leukemic Cells. Int. J. Mol. Sci. 2022, 23, 6653. [CrossRef]

Al Tameemi, W.; Dale, T.P,; Al-Jumaily, RM.K_; Forsyth, N.R. Hypoxia-Modified Cancer Cell Metabolism. Front. Cell Dev. Biol.
2019, 7, 4. [CrossRef] [PubMed]

Chisari, A.; Golan, I.; Campisano, S.; Gélabert, C.; Moustakas, A.; Sancho, P.; Caja, L. Glucose and Amino Acid Metabolic
Dependencies Linked to Stemness and Metastasis in Different Aggressive Cancer Types. Front. Pharmacol. 2021, 12, 723798.
[CrossRef] [PubMed]

DeBerardinis, R.J.; Chandel, N.S. Fundamentals of cancer metabolism. Sci. Adv. 2016, 2, €1600200. [CrossRef] [PubMed]

Ying, M.; You, D.; Zhu, X,; Cai, L.; Zeng, S.; Hu, X. Lactate and glutamine support NADPH generation in cancer cells under
glucose deprived conditions. Redox Biol. 2021, 46, 102065. [CrossRef] [PubMed]

Mehta, M.; Basalingappa, K.; Griffith, ].N.; Andrade, D.; Babu, A.; Amreddy, N.; Muralidharan, R.; Gorospe, M.; Herman, T.;
Ding, W.-Q.; et al. HuR silencing elicits oxidative stress and DNA damage and sensitizes human triple-negative breast cancer
cells to radiotherapy. Oncotarget 2016, 7, 64820-64835. [CrossRef] [PubMed]

Ma, W.-].; Cheng, S.; Campbell, C.; Wright, A.; Furneaux, H. Cloning and Characterization of HuR, a Ubiquitously Expressed
Elav-like Protein. J. Biol. Chem. 1996, 271, 8144-8151. [CrossRef] [PubMed]

Xu, C.; Ooi, WE,; Qamra, A.; Tan, J.; Chua, B.Y.-].; Ho, SW.T,; Das, K,; Isa, Z.EA; Li, Z.; Yao, X.; et al. HNF4a pathway mapping
identifies wild-type IDH1 as a targetable metabolic node in gastric cancer. Gut 2020, 69, 231-242. [CrossRef]

Nagtegaal, I.D.; Knijn, N.; Hugen, N.; Marshall, H.; Sugihara, K.; Tot, T.; Ueno, H.; Quirke, P. Tumor Deposits in Colorectal Cancer:
Improving the Value of Modern Staging—A Systematic Review and Meta-Analysis. J. Clin. Oncol. 2017, 35, 1119-1127. [CrossRef]
Wu, J; Wang, E; Liu, X,; Zhang, T.; Liu, F; Ge, X.; Mao, Y.; Hua, D. Correlation of IDH1 and B7 H3 expression with prognosis of
CRC patients. Eur. . Surg. Oncol. (EJSO) 2018, 44, 1254-1260. [CrossRef]

Sun, R.C.; Denko, N.C. Hypoxic Regulation of Glutamine Metabolism through HIF1 and SIAH2 Supports Lipid Synthesis that Is
Necessary for Tumor Growth. Cell Metab. 2014, 19, 285-292. [CrossRef]


http://doi.org/10.1080/07357907.2018.1445262
http://www.ncbi.nlm.nih.gov/pubmed/29537891
http://doi.org/10.7150/ijbs.54401
http://www.ncbi.nlm.nih.gov/pubmed/33867843
http://doi.org/10.1186/s13045-021-01077-3
http://doi.org/10.1016/j.celrep.2017.05.014
http://doi.org/10.1158/0008-5472.CAN-17-0015
http://doi.org/10.1016/j.bbrc.2017.01.015
http://doi.org/10.7150/thno.21524
http://doi.org/10.1002/jcb.24250
http://www.ncbi.nlm.nih.gov/pubmed/22807371
http://doi.org/10.1159/000438593
http://www.ncbi.nlm.nih.gov/pubmed/26646705
http://doi.org/10.1038/s41419-019-1475-7
http://www.ncbi.nlm.nih.gov/pubmed/30850587
http://doi.org/10.1007/s13277-015-4358-2
http://doi.org/10.1016/j.ygyno.2007.10.008
http://doi.org/10.1126/sciadv.aat0456
http://doi.org/10.1038/s41401-020-0491-6
http://doi.org/10.3390/ijms23126653
http://doi.org/10.3389/fcell.2019.00004
http://www.ncbi.nlm.nih.gov/pubmed/30761299
http://doi.org/10.3389/fphar.2021.723798
http://www.ncbi.nlm.nih.gov/pubmed/34588983
http://doi.org/10.1126/sciadv.1600200
http://www.ncbi.nlm.nih.gov/pubmed/27386546
http://doi.org/10.1016/j.redox.2021.102065
http://www.ncbi.nlm.nih.gov/pubmed/34293554
http://doi.org/10.18632/oncotarget.11706
http://www.ncbi.nlm.nih.gov/pubmed/27588488
http://doi.org/10.1074/jbc.271.14.8144
http://www.ncbi.nlm.nih.gov/pubmed/8626503
http://doi.org/10.1136/gutjnl-2018-318025
http://doi.org/10.1200/JCO.2016.68.9091
http://doi.org/10.1016/j.ejso.2018.05.005
http://doi.org/10.1016/j.cmet.2013.11.022

Cancers 2022, 14, 5779 14 of 14

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Herr, C.Q.; Hausinger, R.P. Amazing Diversity in Biochemical Roles of Fe(II)/2-Oxoglutarate Oxygenases. Trends Biochem. Sci.
2018, 43, 517-532. [CrossRef]

Islam, S.; Leissing, T.M.; Chowdhury, R.; Hopkinson, R.J.; Schofield, C.J. 2-Oxoglutarate-Dependent Oxygenases. Annu. Rev.
Biochem. 2018, 87, 585-620. [CrossRef] [PubMed]

Wu, X.; Zhang, Y. TET-mediated active DNA demethylation: Mechanism, function and beyond. Nat. Rev. Genet. 2017, 18, 517-534.
[CrossRef] [PubMed]

Wang, Y,; Yang, T.; Han, Y.; Ren, Z.; Zou, ].; Liu, J.; Xi, S. IncRNA OTUD6B-AS1 Exacerbates As,O3-Induced Oxidative Damage
in Bladder Cancer via miR-6734-5p-Mediated Functional Inhibition of IDH2. Oxidative Med. Cell Longev. 2020, 2020, 3035624.
[CrossRef] [PubMed]

Zhao, S.; Xu, W,; Jiang, W.; Yu, W,; Lin, Y; Zhang, T.; Yao, J.; Zhou, L.; Zeng, Y.; Li, H.; et al. Regulation of Cellular Metabolism by
Protein Lysine Acetylation. Science 2010, 327, 1000-1004. [CrossRef] [PubMed]

Yu, W.; Dittenhafer-Reed, K.E.; Denu, J.M. SIRT3 Protein Deacetylates Isocitrate Dehydrogenase 2 (IDH2) and Regulates
Mitochondrial Redox Status. J. Biol. Chem. 2012, 287, 14078-14086. [CrossRef]

Yu, W,; Denu, R.A.; Krautkramer, K.A.; Grindle, K.M.; Yang, D.T.; Asimakopoulos, F.; Hematti, P.; Denu, ].M. Loss of SIRT3
Provides Growth Advantage for B Cell Malignancies. J. Biol. Chem. 2016, 291, 3268-3279. [CrossRef]

Lv, Q.; Xing, S.; Li, Z.; Li, J.; Gong, P.; Xu, X,; Chang, L.; Jin, X.; Gao, F; Li, W.; et al. Altered expression levels of IDH2 are involved
in the development of colon cancer. Exp. Ther. Med. 2012, 4, 801-806. [CrossRef]

Ting, L.; Song, C.; Tao, G.; Hong, Z.X,; Liu, T.; Dandan, L.; Michael, C.; Yuan, Z.Y.; Chen, EY.; Nicole, C.; et al. Visualization of
endogenous p27 and Ki67 reveals the importance of a c-Myc-driven metabolic switch in promoting survival of quiescent cancer
cells. Theranostics 2021, 11, 9605-9622.

Zeng, L.; Morinibu, A.; Kobayashi, M.; Zhu, Y.; Wang, X.; Goto, Y.; Yeom, C.J.; Zhao, T.; Hirota, K.; Shinomiya, K,; et al. Aberrant
IDH3 o expression promotes malignant tumor growth by inducing HIF-1-mediated metabolic reprogramming and angiogenesis.
Oncogene 2015, 34, 4758-4766. [CrossRef] [PubMed]

Zhang, D.; Wang, Y.; Shi, Z,; Liu, J.; Sun, P; Hou, X,; Zhang, J.; Zhao, S.; Zhou, B.P;; Mi, J. Metabolic Reprogramming of
Cancer-Associated Fibroblasts by IDH3x Downregulation. Cell Rep. 2015, 10, 1335-1348. [CrossRef] [PubMed]

Wang, Y.-H.; Yan, Z.-Z.; Luo, S.-D.; Hu, J.-J.; Wu, M.; Zhao, J.; Liu, W.-F; Li, C.; Liu, K.-X. Gut microbiota-derived succinate
aggravates acute lung injury after intestinal ischemia/reperfusion in mice. Eur. Respir. J. 2022, 60, 00840. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tibs.2018.04.002
http://doi.org/10.1146/annurev-biochem-061516-044724
http://www.ncbi.nlm.nih.gov/pubmed/29494239
http://doi.org/10.1038/nrg.2017.33
http://www.ncbi.nlm.nih.gov/pubmed/28555658
http://doi.org/10.1155/2020/3035624
http://www.ncbi.nlm.nih.gov/pubmed/32952848
http://doi.org/10.1126/science.1179689
http://www.ncbi.nlm.nih.gov/pubmed/20167786
http://doi.org/10.1074/jbc.M112.355206
http://doi.org/10.1074/jbc.M115.702076
http://doi.org/10.3892/etm.2012.676
http://doi.org/10.1038/onc.2014.411
http://www.ncbi.nlm.nih.gov/pubmed/25531325
http://doi.org/10.1016/j.celrep.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25732824
http://doi.org/10.1183/13993003.00840-2022
http://www.ncbi.nlm.nih.gov/pubmed/36229053

	Introduction 
	Catalytic Mechanism and Enzyme Structure of IDHs 
	The Role of Wild-Type IDH1 and IDH2 in Cellular Metabolism 
	The Role of Wild-Type IDH3 in Cellular Metabolism 
	Research Progress of Wild-Type IDH1 in Cancers 
	Research Progress of Wild-Type IDH2 in Cancers 
	Research Progress of Wild-Type IDH3 in Cancers 
	Conclusions (Future Perspectives) 
	References

