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Simple Summary: Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) are essential metabolic
enzymes involved in the tricarboxylic acid (TCA) cycle. Several mutations in IDH genes have recently
been described in many solid tumors, including glioma, cholangiocarcinoma, and chondrosarcoma.
These mutations lead to neomorphic enzymatic activity affecting cancer pathogenesis. This review
aims to summarize the diagnostic and prognostic role of IDH mutations and to provide an overview
of the actual IDH inhibitor-based therapies used in various solid malignancies, outlining the findings
of the most recent clinical trials and searching for future perspectives.

Abstract: The isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) enzymes are involved in key
metabolic processes in human cells, regulating differentiation, proliferation, and oxidative damage
response. IDH mutations have been associated with tumor development and progression in various
solid tumors such as glioma, cholangiocarcinoma, chondrosarcoma, and other tumor types and have
become crucial markers in molecular classification and prognostic assessment. The intratumoral and
serum levels of D-2-hydroxyglutarate (D-2-HG) could serve as diagnostic biomarkers for identifying
IDH mutant (IDHmut) tumors. As a result, an increasing number of clinical trials are evaluating
targeted treatments for IDH1/IDH2 mutations. Recent studies have shown that the focus of these
new therapeutic strategies is not only the neomorphic activity of the IDHmut enzymes but also the
epigenetic shift induced by IDH mutations and the potential role of combination treatments. Here, we
provide an overview of the current knowledge about IDH mutations in solid tumors, with a particular
focus on available IDH-targeted treatments and emerging results from clinical trials aiming to explore
IDHmut tumor-specific features and to identify the clinical benefit of IDH-targeted therapies and
their combination strategies. An insight into future perspectives and the emerging roles of circulating
biomarkers and radiomic features is also included.

Keywords: IDH1; IDH2; biomarker; glioma; cholangiocarcinoma; chondrosarcoma; targeted
treatment; clinical trial
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1. Introduction
1.1. Physiological Role of IDH Enzymes in Cell Metabolism

The IDH family is composed of three different enzymes, IDH1, IDH2, and IDH3, that
are all involved in cell metabolism and catalyze the same reaction, namely the oxidative
decarboxylation of isocitrate (ICT) into α-ketoglutarate (α-KG). Despite this functional
overlap, their role in cellular metabolism is non-redundant. The cytoplasm and peroxisomes
are the most frequent localizations of the IDH1 enzyme, while the IDH2 and IDH3 enzymes
are located in the mitochondrial matrix, where they are responsible for one of the steps in
the tricarboxylic acid (TCA) cycle (Figure 1).
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Figure 1. Physiological and pathological activity of the IDH enzymes in human cells. The IDH2 and 
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Figure 1. Physiological and pathological activity of the IDH enzymes in human cells. The IDH2
and IDH3 enzymes are located in mitochondria, and they are NADP+-dependent and NAD+-
dependent enzymes, respectively. IDH1 is a NADP+-dependent enzyme and is distributed in the
cytosol. Mutations in both the IDH1 and IDH2 enzyme genes are responsible for the conversion of
α-ketoglutarate (α-KG) to 2-hydroxyglutarate (2-HG). Figure created with Biorender.com.

IDH1 and IDH2 activation is mediated by homodimer formation. They share the same
molecular mechanism: the conversion of ICT into α-KG, which involves the reduction of
the cofactor nicotinamide adenine dinucleotide phosphate (NADP) [1–3]. Differently from
IDH1 and IDH2, IDH3 has a heterotetrameric structure in its active form, derived from
the union of two catalytic subunits (encoded by the IDH3A gene) and two regulatory ones,
IDH3B and IDH3C. Specifically, through the reduction of NAD, IDH3 converts isocitrate
into α-KG [4–6]. In contexts such as cell hypoxia, the IDH enzymes are also able to catalyze
the opposite reaction and obtain ICT from α-KG due to glutamate deamination. ICT can
supply the Krebs cycle and fatty acid production [7,8]. The NADH and NADPH generated
in these reactions are used in the electron transport chain to neutralize oxygen-reactive
species or as substrates in cholesterol and fatty acid synthesis [6,9].

http://Biorender.com
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1.2. Tumorigenesis Induced by IDH Mutations

The IDH1 and IDH2 genes are characterized by a high rate of gain-of-function mu-
tations across various tumor types. These genes often present with missense mutations
particularly concentrated in hotspot regions. The most frequent IDH1 mutations occur on
the residue R132, including R132H, R132C, R132S, R132G, and R132L. For IDH2, R140 and
R172 are the most frequent mutation points, which include R140Q, R172G, R172K, R172M,
R172S, and R172T substitutions [10–15]. These amino acid residues are strategically posi-
tioned within the binding site of the natural enzymatic substrate, so their mutation alters
the three-dimensional conformation and binding capability, resulting in a neomorphic gain
of function [16]. The mutations lead to a decreased binding affinity to ICT, while the affinity
to NADPH increases. The different conformation and the altered binding affinity result in
a loss of catalysis of ICT oxidation and a gain in the catalysis of a partial reverse reaction, in
which α-KG is reduced to (R)-2-hydroxyglutarate [(R)-2-HG] and not further carboxylated.
Furthermore, IDH mutations are associated with an altered ratio of the two enantiomers of
2-HG (D-2-HG and L-2-HG), inducing an increase in D-2-HG levels [17–19] (Figure 1).

The altered physiological and correct catalytic reaction of IDH1 and IDH2, which is
caused by a mutation in these genes, leads to the accumulation of 2-HG, which becomes
one of the most concentrated tumoral cell elements [20]. 2-HG has a strong structural
similarity to α-KG, and when it is more abundant in the cellular environment, it can replace
α-KG in binding to its classical substrates [21,22]. This is reflected on the inhibition of α-
KG-dependent dioxygenases [21–23], such as the TET-DNA demethylases, and the Jumonji
family histone demethylases (KDMs) with consequent DNA and histone hypermethylation
and a block in cell differentiation, where high levels of D-2-HG in the interstitial fluid of
tumor cells lead to impairs T cell proliferation and their cytotoxicity mechanisms [21,23–32].
Other demethylases that act in the DNA repair machinery (e.g., ALKBH2/3), the HIF1α
signaling pathway (e.g., asparaginyl hydroxylase and the prolyl hydroxylase domain pro-
teins), and fatty acid production (e.g., RNA N6-methyladenosine (m6A) demethylase) are
targets of 2-HG inhibition [18,33,34]. 2-HG affects the activity of transaminases, including
the branched-chain aminotransferases BCAT1 and BCAT2, which are fundamental for the
degradation of branched amino acids [35].

IDH mutations have been firstly identified in colorectal cancer and glioblastoma [36,37]
and lately associated with the occurrence of acute myeloid leukemia (AML) (~20% of
cases) [38–41]; angioimmunoblastic T lymphoma (32%); and various solid tumors includ-
ing low-grade glioma and secondary glioblastoma (80%) [10,42,43], cholangiocarcinoma
(20%) [44,45], chondrosarcoma (50–80%) [46], and sinonasal undifferentiated carcinoma
(SNUC) (49–82%) [47,48] (Figure 2 and Table 1).

This review aims to illustrate the diagnostic and prognostic role of IDH mutations. We
provide an overview of the actual IDH inhibitors evaluated across various solid malignan-
cies, outlining the results of the most recent clinical trials and looking to future perspectives.

Table 1. IDH mutation prevalence and prognostic implication across various solid malignancies.

Disease Gene Mutation Prevalence Prognostic Implication

LGG/secondary GB IDH1 IDH1 R132 >80% Positive

iCCA IDH1 IDH1 R132 20% Unclear

Chondrosarcoma IDH1, IDH2 IDH1 R132
IDH2 R172 50–60% Positive (both)

Enchondroma IDH1, IDH2 IDH1-R132C/H, IDH2-R172S 50% Unclear

SNUCs IDH1 IDH2-R172S/T 49% Positive

LGG: low-grade glioma; GB: glioblastoma; iCCA: intrahepatic cholangiocarcinoma; SNUCs: sinonasal undifferen-
tiated carcinomas.
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tients) available at https://genie.cbioportal.org/ (accessed on 12 December 2023).

2. IDH Mutation and IDH Targeted Therapies in Various Solid Malignancies
2.1. Glioma

The value of IDH1 and IDH2 gene mutations in glioma was investigated in 2009 by
Yan et al. [10]. The authors discovered that an IDH mutation was the only genetic alteration
found in grade 2 or 3 astrocytomas and oligodendroglioma and could be involved in the
early development of glioma. The main mutations identified were the substitution of
an Arginine with a Histidine at residue 132 of IDH1 (R132H) and the same substitution at
residue 172 of IDH2 (R172H) [10].

Mutated IDH1 has been described as responsible for the remodeling of the methylome
in glioma. Specifically, IDH1 established the CpG island methylator phenotype (CIMP),
characterized by extensive epigenetic aberrations and a powerful determinant of tumor
pathogenicity [29].

Over the years, it has been recognized that mutated forms of IDH1 and IDH2 may
contribute to tumor development and serve as diagnostic markers. Consequently, the
presence of IDH mutations was incorporated into the WHO glioma classification in 2016 [49].
Regardless of grade and treatment, the presence of IDH mutations is associated with a better
prognosis. Indeed, low-grade, IDH wild-type gliomas are potentially as aggressive as
glioblastomas with a similar prognosis [49,50]. Apparently, there is no evidence of survival
outcome differences between IDH1mut and IDH2mut glioma [51]. Given the potential
prognostic role of IDH, in 2021, the WHO classification was further revised to categorize
IDH-mutated tumors as low-grade gliomas (LGGs) [52].

In addition to the diagnostic and prognostic role of IDH mutations in glioma, IDH
was evaluated as a therapeutic target.

An inhibitor, namely AGI-5198, was specifically developed against the mutation
R132H IDH1, and its efficacy was evaluated in 2013. This inhibitor blocks the enzyme’s
ability to produce 2-HG, due to its structural similarity to α-KG and competing with α-KG-
dependent dioxygenases. This inhibitor leads to the demethylation of histone H3K9me3
and consequently induces the expression of genes involved in glioma differentiation.

https://genie.cbioportal.org/
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A pharmacological blockade of mutated IDH1 impaired the growth of IDH1mut but not
IDH1-wild-type, glioma cells [24].

In 2014, Ivosidenib (AG-120) was evaluated in IDHmut tumors, including glioma,
showing better survival for the non-enhancing tumors, namely LGG, compared to the
enhancing gliomas [53,54]. In 2015, Vorasidenib (AG- 881) [55], which is a pan-IDH inhibitor
(IDH1/IDH2 inhibitor), was tested, showing a favorable safety profile, an objective response
rate (ORR) of 18.2%, and a median progression-free survival (PFS) of 36.8 months [56].
In 2017, Ivosidenib and Vorasidenib were evaluated in a phase I randomized trial [57]
in perioperative patients with recurrent low-grade gliomas. The primary endpoint was
the reduction in 2-HG concentration in glioma tissues. The randomized treatments were
Vorasidenib, Ivosidenib, or no treatment before surgery. The 2-HG concentration was
reduced by 92.6% in patients treated with Vorasidenib and by 91.1% in patients treated
with Ivosidenib [58]. Vorasidenib, which showed a more consistent 2-HG suppression and
brain penetrance, advanced to a phase III trial, namely the INDIGO trial [59]. Patients
with residual or recurrent grade 2 glioma characterized by an IDH1 or IDH2 mutation
were randomly assigned to receive Vorasidenib or a placebo. The last update showed
that PFS was significantly improved in patients who received Vorasidenib (27.7 months
for the Vorasidenib group vs. 11.1 months with the placebo group) [60]. The synergic
effect of chemotherapy (azacytidine) and IDH inhibitors (ivosidenib) was evaluated in
IDH1mut AML patients, and this combination is now approved by the FDA for patients
not eligible for intensive induction chemotherapy; a similar therapeutic strategy could be
further evaluated in IDHmut gliomas [61].

Other IDH inhibitors are currently under evaluation. Enasidenib is an IDH2mut
inhibitor evaluated in a basket trial in 2014 [62]; however, the results on the glioma cohort
have not yet been published. Another drug currently being evaluated is Olutasidenib
(FT-2102). In 2018 a basket trial [63], that included gliomas, Olutasidenib 150 mg was
tested twice a day as a single agent or in combination with Azacitidine, a pyrimidine
analogue, in patients with relapsed/refractory IDH1mut R132X gliomas. A disease control
rate (DCR) in 48% of cases with acceptable tolerability was revealed [64,65]. Another
IDH1mut inhibitor is DS-1001b, a selective IDH1 inhibitor, mostly active on IDH1 R132H
and IDH1 R132C mutations. A phase II study assessed the efficacy and safety of DS-1001b
in patients with chemotherapy- and radiotherapy-naive IDH1-mutated WHO grade 2
gliomas [66]. Finally, two phase I studies analyzed two different IDH1 inhibitors, namely
IDH305 and BAY1436032. One of them studied the use of IDH305 in patients with advanced
malignancies that present IDH1R132 mutations [67], while the other trial showed that the
use of BAY1436032 in advanced solid tumors significantly decreases the level of 2-HG in
serum and prolongs the survival of human astrocytomas [68,69].

Table 2 summarizes the features of completed and ongoing clinical trials that evaluate
IDH inhibitors for the treatment of glioma, and Figure 3 shows the chemical structures of
the drug tested.

Table 2. List of completed and ongoing clinical trials that evaluate(d) IDH inhibitors for the treatment
of glioma. The IDH mutation types and their frequency are also reported.

Glioma

IDH Mutation Types IDH1 R132H, IDH2 R172H

Frequency of IDH Mutations
>80% (Grade 2 and Grade 3 Glioma)

73% (Secondary Glioblastoma)
3.7% (Primary Glioblastoma)

Trial Name Phase Year Drug Tested Target Population Outcome
Measure

Clinical trials—Completed

NCT02073994 [54] I 2014–2024 Ivosidenib IDH1mut advanced solid tumors ORR 2.9%, mPFS
13.6 mo
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Table 2. Cont.

Glioma

IDH Mutation Types IDH1 R132H, IDH2 R172H

Frequency of IDH Mutations
>80% (Grade 2 and Grade 3 Glioma)

73% (Secondary Glioblastoma)
3.7% (Primary Glioblastoma)

Trial Name Phase Year Drug Tested Target Population Outcome
Measure

Clinical trials—Completed

NCT02481154 [56] I 2015–2024 Vorasidenib IDH1mut or IDH2mut advanced
solid tumors

ORR 18%, mPFS
36.8 mo

NCT03343197 [58] I 2019 Vorasidenib,
ivosidenib Recurrent low-grade glioma

Reduced
concentration of

2-HG (~92%)

NCT03684811 [70] Ib/II 2018–2022 Olutasidenib Relapsed/refractory IDH1mut
advanced solid tumors DCR 48%

NCT02746081 [68] I 2016 BAY1436032 IDH1mut advanced solid tumors ORR 11%

NCT03030066 [71] I 2017 DS-1001b Recurrent/progressive IDH1mut
glioma mPFS 10.4 mo

NCT02273739 I/II 2014–2021 Enasidenib IDH2mut advanced solid tumors NA

NCT04164901
(INDIGO trial) [59] III 2019–2023 Vorasidenib vs.

placebo
Recurrent/residual grade 2 glioma

with IDH1 or IDH2 mutations

mPFS 27.7 vs.
11.1 mo, TTNT NA

vs. 17.8 mo

Clinical trials—Ongoing

NCT04458272 [66] II 2020 DS-1001b IDH1mut grade 2 glioma (CHT and
RT naive)

NCT04762602 [72] I 2021 HMPL-306 IDHmut solid tumors

NCT04521686 I 2020 LY3410738 IDH1mut or IDH2mut advanced
solid tumors

NCT02381886 I 2015 IDH305 IDH1R132-mut advanced solid
tumors

NCT06161974 II 2024 Olutasidenib IDH1mut high-grade glioma

2-HG: 2-hydroxyglutarate; ORR: objective response rate; DCR: disease control rate; mPFS: median progression-free
survival; TTNT: time to next treatment; NA: not available; mo: months. CHT: chemotherapy; RT: radiotherapy.
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In conclusion, considering that IDH mutations are a foundational event in glioma
progression, targeting IDH mutations at an early stage of the disease is crucial to halt
disease progression and prevent the acquisition of additional genetic alterations that could
reduce the effectiveness of IDH inhibitors [73].

2.2. Cholangiocarcinoma

Biliary tract cancers (BTCs) are a rare oncological entity accounting for less than 1% of
all tumors. Among these cancers, cholangiocarcinoma (CCA) is the second most frequent
hepatic neoplasia. CCAs are classified, based on their origin, into intrahepatic cholangio-
carcinoma (iCCA), perihilar cholangiocarcinoma (pCCA), and distal cholangiocarcinoma
(dCCA) [74].

Surgery, followed by adjuvant chemotherapy or not, is the preferred treatment for
localized disease, but recurrence rates are elevated and CCAs tend to have a poor prog-
nosis [75–77]. In the case of advanced or metastatic disease, recently, molecular analysis
started to become an essential part of the diagnostic work-up, leading to a progressive
change in the therapeutic strategies [74,78].

Targetable mutations are detectable in over 40% of iCCA, with the most frequent
being IDH1/IDH2 mutations (20–30%, mostly involving IDH1), FGFR-2 fusions (10–15%),
HER-2 amplifications (5–15%), BRAF V600E mutations (4–5%), and neurotrophic tyrosine
receptor kinase (NTRK) fusions (about 1%) [79–82]. The most frequent mutation occurs
in residual 132 (R132) for IDH1 and residual 172 (R172) for IDH2. A correlation between
IDH1/IDH2 mutated phenotype and clinical parameters has yet to be established, and the
available data are controversial. The prognostic role of IDH1 or IDH2 mutations in CCA
remains unclear: some studies suggested IDH1 or IDH2 mutations as positive prognostic
factors, showing an improvement in overall survival (OS) and disease-free survival (DFS)
in CCA patients after surgery [83–85], whereas other research has not found a significant
association between IDH mutations and OS or DFS [86–88].

The IDH1 inhibitor Ivosidenib has been shown to increase survival outcomes com-
pared to a placebo in pre-treated IDH1mut iCCA patients in the phase III ClarIDHy
trial. Specifically, PFS in patients who received Ivosidenib was 2.7 months compared to
1.4 months for the placebo groups, and the median OS was 10.8 months vs. 9.7 months in
the Ivosidenib and placebo groups, respectively. These results, in addition to a good safety
profile, have led to the FDA approval of Ivosidenib with this specific indication [89,90].
However, this phase III trial has some important limitations. First of all, the possibility
of crossover for patients in radiological progression in the placebo arm has introduced
a statistical bias. Secondly, the study design is built upon the randomization of patients
to receive a placebo or Ivosidenib, so a comparison between targeted therapy and II-line
FOLFOX chemotherapy is still lacking. Ivosidenib is commercialized as oral capsules, and
the recommended dosage is 500 mg once daily [91]. The most commonly reported adverse
events are nausea, diarrhea, and fatigue, with a low rate of treatment discontinuation.

To discover therapeutic agents capable of providing a prolonged disease response,
scientific efforts led to the identification of the IDH1 inhibitor LY3410738, which has shown
efficacy against the D279N mutation [92]. This inhibitor is currently being evaluated in
clinical trials (NCT04603001 [93], NCT04521686 [94]). To overcome the resistance induced
by an isoform switching mutation, the possibility to use the anti-IDH2 Enasidenib (yet
approved for AML-resistant clones), the association between Enasidenib and Ivosidenib
(anti-IDH1 plus anti-IDH2), and the use of dual inhibitors like Vorasidenib have been
explored as promising strategies in AML and glioma, while in iCCA, the data are still
insufficient [56,95].

Recently, a phase Ib/II (NCT03684811) study evaluated Olutasidenib (FT-2102) as
a monotherapy or in combination with other antitumoral drugs in various tumors. For
BTCs, the study design [63] included two different cohorts, one for hepatobiliary tumors
with the administration of FT-2102 plus nivolumab and the other for iCCA with FT-2102
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plus gemcitabine/cisplatin. Limited activity with ORRs of 12.5% and 0%, respectively,
was demonstrated.

Although not yet recruiting, the NCT05814536 [96] trial will assess the safety and
clinical efficacy of Safusidenib (AB-218), a selective IDH1 inhibitor, with the advantage of
oral administration, in patients with IDH1mut advanced CCA and other solid tumors.

In addition to IDH inhibitors, another research line has focused on the potential role of
the multi-kinase inhibitor Dasatinib, exploiting its capability to block SRC tyrosine kinase
intracellular signaling. SRC kinases have a pro-oncogenic role favoring proliferation, dis-
tant migration, and infiltration of tumoral cells and promoting angiogenesis [97]. Saha et al.
demonstrated that IDHmut cellular lines and xenograft models were hyper-sensitive to
Dasatinib, and they hypothesized that the high response to the drug was linked to a de-
pendence of tumoral cells on the SRC kinase pathway for self-maintenance. Despite these
encouraging premises, a recent phase II trial evaluating Dasatinib in patients with advanced
IDH1 or IDH2mut iCCA who underwent at least one prior chemotherapy platinum-based
regimen [98] showed an ORR of 0%, a PFS of 8.4 weeks, and an OS of 37.9 weeks, with
a negative toxicity profile. These results suggest that the activity of Dasatinib could be
enhanced by the association with another drug, such as Ivosidenib, which synergizes with
Dasatinib. The combination strategy of Dasatinib and Ivosidenib is likely to be evaluated
shortly in the evolving scenario of targeted therapies in iCCA [99].

IDH1/IDH2mut cells require the presence of α-KG to synthesize 2-HG and to sustain
their metabolism. α-KG can be a product of two different metabolic routes, glycolysis
or glutaminolysis. The reduction of IDH function in mutated cells determines a down-
regulation of the glycolytic process; in this case, α-KG concentration depends almost
completely on the glutamate dehydrogenases that convert glutamate to α-KG [100].

This reaction can be inhibited by the common drug chloroquine used in malaria
treatment and by the oral hypoglycemic drug metformin [101–105]. Drugs like metformin
and chloroquine can increase metabolic stress because they interfere with the Krebs cycle
and, in this way, can deplete the tumoral microenvironment of nutrients. The association of
metformin and chloroquine is still under evaluation [106] in patients with IDH1/IDH2mut
iCCA, glioma, or chondrosarcoma identified by NGS or 2-HG dosage in circulation, in the
tumor, or the DNA sequencing of (circulating) tumor material.

High concentrations of 2-HG in IDHmut neoplasia are strongly correlated with altered
DNA repair, homologous recombination (HR) defect, and dissemination of single-strand
breaks (SSBs). In detail, the high levels of 2-HG determine the hypermethylation of histone
3 lysine 9 in DNA break sites, and this pattern represents a confounding element for the
identification of trimethylation sites that acts as a recruitment signal for homologous repair
machinery [107–109], namely poly(adenosine diphosphate ribose) polymerase (PARP).
This suggests the sensibility of IDHmut cells to PARP inhibitors, such as Olaparib. This
vulnerability is the main topic of recruiting trials evaluating the therapeutic potential
of PARP-inhibitors, alone or in combination with other drugs in IDHmut CCA [110],
NCT03991832 [111], NCT03878095 [112], and NCT03212274 [113].

As previously discussed, IDH1 and IDH2 mutations establish an immunologically
cold background with low lymphocyte infiltrates at the tumor site; the treatment with
Ivosidenib has been proved to be able to recruit CD8+ T cells and restore immune system
tumor vulnerability in cholangiocarcinoma [114]. In addition to this, Ivosinedib resistance
has been also linked to the increased expression of immunomodulating receptors on
neoplastic cells, like PD-L1 and CTLA-4 [115,116]. Recently, the TOPAZ-1 trial established
a new standard of care based on chemotherapy and immunotherapy with Durvalumab for
patients with advanced biliary tract cancers [117,118]; mounting evidence is now supporting
the study of IDH inhibitors in association with immunotherapy for cholangiocarcinoma.
On the contrary, in other IDH-mutant tumors such as gliomas, immunotherapy has not met
expectations, despite the demonstrated efficacy in preclinical and clinical studies, probably
due to the immunosuppressive microenvironment, resulting in drug resistance [119].
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Finally, the possibility of exploiting standard chemotherapy in combination with IDH
inhibitors represents an intriguing therapeutic avenue. In particular, an active trial is
focusing on the safety of cisplatin and gemcitabine with Ivosidenib (Arm A) or with Pemi-
gatinib (Arm B) in patients with advanced cholangiocarcinoma [120]. New perspectives
will emerge after the disclosure of definitive results from phase I studies about LY3410738
and HMPL-306, a dual IDH1/IDH2 inhibitor [72,94].

Table 3 summarizes the features of completed and ongoing clinical trials that evalu-
ate(d) IDH inhibitors for the treatment of CCA, and Figure 3 shows the chemical structures
of the drug tested.

Table 3. List of completed and ongoing clinical trials that evaluate(d) IDH inhibitors for the treatment
of CCA. The IDH mutation types and their frequency are also reported.

Cholangiocarcinoma

IDH Mutation Types IDH1 R132X, IDH2 R172X.

Frequency of IDH Mutations 40% (iCCA)

Trial Name Phase Year Drug Tested Target Population Outcome
Measure

Clinical Trials–Completed

NCT02989857
(ClarIDHy trial) [121] III 2017–2021 Ivosidenib vs. placebo Pre-treated advanced

IDH1mut iCCA
mPFS 2.7 vs. 1.4 mo,
mOS 10.8 vs. 9.7 mo

NCT03684811 Ib/II 2018–2022 Olutasidenib
Relapsed/refractory

IDH1mut advanced solid
tumors

ORR 12.5%

NCT04088188 I 2021–2023
Ivosidenib (combined

with cisplatin/
gemcitabine)

IDH1mut unresectable or
metastatic CCA (Arm A)

mOS 22.9 mo,
mPFS 15.4 mo

Clinical Trials—Ongoing

NCT04521686 [122] I 2020 LY3410738 IDH1mut or IDH2mut
advanced solid tumors

NCT04762602 [72] I 2021 HMPL-306 IDHmut solid tumors

NCT05814536 I 2023 Safusidenib IDH1mut advanced CCA
and other solid tumors

iCCA: intrahepatic cholangiocarcinoma; mPFS: median progression-free survival; mo: months; mOS: median
overall survival; ORR: objective response rate; CCA: cholangiocarcinoma.

2.3. Chondrosarcoma

Chondrosarcoma is the second most common bone tumor. The main type is conven-
tional chondrosarcoma, which includes the central, peripheral, and periosteal subtypes
according to the anatomical location of the tumors and originates from the medullary cavity,
involving the bones of the pelvis, femur, humerus, and ribs. An adequate surgical exci-
sion represents the only curative treatment; if not surgically manageable, poorly effective
therapeutic options are currently available [123], especially due to the intrinsic chemo- and
radiotherapy resistance of chondrosarcomas.

IDH mutations have been discovered in 50% of conventional and dedifferentiated
chondrosarcomas, prevailing in the chondrosarcomas of bone extremities and the skull
base (up to 60% of cases). There is not a dominant IDH1 mutation, as observed in other
IDH1mut tumors, but the most frequent is R132C, followed by R132G and R132L; on
the contrary, IDH2 mutation only involves codon 172 [46,124,125]. Interestingly, 40%
of chondrosarcomas that harbor an IDH1 R132C mutation are characterized by a high
production of 2-HG [126]. IDH2 mutations are extremely diffused in dedifferentiated
chondrosarcomas, helping the differential diagnosis from osteosarcoma [127].
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IDH mutations have been also identified in enchondromas, considered as benign
precursor lesions of chondrosarcomas [128]; this finding suggests that IDH mutations are
early genetic events in the process of carcinogenesis in the chondrogenic lineage [129].

Moreover, both IDH-mutated enchondromas and chondrosarcomas are character-
ized by a typical hypermethylated phenotype involving CpG islands, with the number of
methylated genes increasing upon tumor progression. Despite the presence of the altered
methylome, in vitro models testing DNA methyltransferase (DNMT) inhibitors (such as
decitabine and azacitidine) failed. On the contrary, histone deacetylase (HDAC) inhibitors,
especially pan-HDAC inhibitors (Dacinostat, Panobinostat, and more than other 100 com-
pounds) and the class I HDAC inhibitor romidepsin were effective regardless of IDH
mutation status and chondrosarcoma subtype [129]. This evidence suggests that the epige-
netic mechanism underlying the inhibition of tumor suppressor genes may be independent
of the hypermethylated state induced by IDH1/IDH2 mutation. Lately, a combination of
DNMT inhibitors and HDAC inhibitors has been tested in vitro, showing promising results,
but further studies are needed to demonstrate their efficacy in vivo [130].

Ivosidenib was first evaluated in a phase I study [53] including IDH1mut advanced
chondrosarcomas. A significant reduction in tumoral and plasmatic 2-HG levels was
observed. Moreover, 65% of patients reached stable disease versus 35% of patients who pro-
gressed. The median PFS was 5.6 months, with a good safety profile. Notably, the efficacy of
Ivosidenib seemed to be better for patients with conventional chondrosarcomas, who expe-
rienced clinical benefit and prolonged disease control (>2.5 years without progression), also
if pretreated. This efficacy could be biased by the general indolent behavior of IDH1mut
tumors compared to wild-type IDH1 tumors, but retrospective studies had not clearly
defined if the IDH1 mutation could have a prognostic role in chondrosarcomas [131,132].
The phase I study was limited by a small number of patients. At the moment, a phase
II clinical trial [133] is ongoing to evaluate Ivosidenib in locally advanced, metastatic, or
recurrent grade 2 or grade 3 IDH1mut chondrosarcomas; the results of this trial should be
available in March 2026.

A novel IDH1 inhibitor molecule, DS-1001b [134], demonstrated the property of
inhibiting the growth of IDH1mut chondrosarcoma cells in vitro and in vivo and conse-
quently also 2-HG overproduction due to the IDH1 mutation, similar to Ivosidenib, but
with the additional effect of reducing the levels of H3K4me3 and H3K9me3, reversing
the epigenetic process induced by 2-HG [135]. Moreover, recent studies showed that
IDH1/IDH2mut tumors are affected by defective base excision repair and homologous
recombination repair, due to the 2-HG overproduction, which inhibits two dioxygenases,
KDM4A and KDM4B, implied in the DNA damage response, and histone hypermethyla-
tion. Consequently, the phase II OLAPCO clinical trial [136] was designed to verify the
efficacy of PARP inhibition, specifically with Olaparib, in monotherapy or in combination
with other target drugs, as a basket trial conducted in several IDHmut tumors, including
chondrosarcoma. While other tumors did not have a brilliant response to Olaparib, patients
with IDH1mut chondrosarcoma achieved prolonged stable disease or partial response in
nearly half of cases [137].

Recently, case reports proved the efficacy of anti-PD1 antibodies, such as Pembrolizumab
(KEYNOTE-966) [138], in metastatic conventional chondrosarcomas, leading to a near-
complete response and tumor regression [139]. Based on these results, the chondrosarcoma
immune tumor microenvironment was investigated and a peculiar “immune exhausted”
profile was discovered, typically associated with IDH mutations, high grade, and peritu-
moral edema [140].

2.4. Other Solid Tumors

Recent studies have identified IDH mutations in a subset of SNUCs. IDH1–2 mutations
have been detected in nearly 49% of SNUCs and 37.5% of poorly differentiated sinonasal
carcinomas, often coexisting with the p53, KIT, or PI3K pathway mutations [141].
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High-grade carcinomas are more likely to be interested in IDH2 mutations involving
the R172 codon, in particular the R172S and R172T variants in 80% of cases [142,143].
As for chondrosarcomas, the IDH mutation induces a hypermethylation profile. This
group of patients with IDHmut SNUC presents peculiar histopathological (presence of
tumor necrosis and increased mitosis) and clinical (better prognosis and lower propensity
for lung metastasis) features [144,145]. According to this evidence, SNUCs have been
evaluated in separate categories based on the targetable molecular subtypes with clinical
implications [48]. Further studies may be conducted to evaluate IDH2-targeted therapy in
this pathological entity.

The IDH1 and IDH2 mutations are also present in 0.9% of colorectal cancer, associated
with the BRAF V600E mutation [146], in 0.5% of non-small cell lung carcinoma (NSCLC),
co-existing with KRAS mutations [147] and in melanoma, occurring with NRAS muta-
tions [148]. Similarly, IDH2 mutations have been found in solid papillary carcinoma with
reverse polarity, a rare breast cancer subtype with unusual histopathological features [127];
in papillary thyroid carcinoma, associated with the development of lymph node metasta-
sis [149]; and in gastric cancer [150]. In these malignancies, IDH mutations interest older
patients and high-grade tumors. Interestingly, IDH2 is also significantly decreased in
hepatocarcinoma (HCC) tissues, probably promoting the formation of metastasis due to
a negative correlation with matrix metallopeptidase 9 (MMP9) [151], with a prognostic and
predictive role in HCC patients [152,153]. Also in prostate cancers, tumor progression is led
by an integrated signaling between androgen receptors (AR) and the extra-mitochondrial
IDH1 activity, suggesting that targeted IDH1 therapies may be a possible therapeutic
approach [154,155].

3. Future Perspectives
3.1. IDH-Related Tissue and Circulating Biomarkers

Since the relevance of IDH somatic mutations in solid tumors has increased, the
development of a fast and sensitive method to detect IDH mutations is needed, especially
to select patients eligible for anti-IDH1 and anti-IDH2 targeted therapies.

Next-generation sequencing (NGS) is a sensitive and specific method to investigate
the IDH mutational status, but it requires a long running time. Therefore, IDH mutations
could be identified by immunohistochemistry [156], Sanger DNA sequencing [157], or
quantitative PCR. Recently, droplet digital PCR (ddPCR) multiplex assays were tested as
an alternative to NGS, detecting 99.8% and 98.9% of IDH1 and IDH2 mutations, respectively,
according to the COSMIC (Catalogue of Somatic Mutations in Cancer) database [158].
Moreover, the ddPCR data highly correlate with the NGS results and meet the clinical need
for a fast and cost-effective method for the detection of IDH mutations.

In patients affected by AML, treated with conventional chemotherapy, it has been
demonstrated that 2-HG levels progressively decrease concurrently with the reduction in
tumor burden [159,160].

Among solid tumors, the first evidence of a favorable prognostic role of IDH mutations
has been obtained in gliomas, where IDH1 mutations are extremely frequent, accounting
for more than 70% of previous WHO grade II and III astrocytomas and oligodendrogliomas,
and in secondary glioblastomas [43].

In intrahepatic cholangiocarcinoma (iCCA), which is characterized by a high ex-
pression of 2-HG both in the tumor tissue and circulation, mostly related to the tumor
burden, the prognostic data are controversial. Circulating 2-HG levels (with a threshold
>170 ng/mL) could predict the presence of an IDHmut CCA with a sensitivity of 83% and
a specificity of 90%, [161], but it is not predictive of clinical outcomes [162].

IDHmut low-grade or low-volume chondrosarcomas produced high levels of 2-HG
when IDH mutations are present, but there is no correlation with the histopathological
tumor grading. Moreover, IDHmut chondrosarcomas with higher intratumoral 2-HG
levels at diagnosis, even in the absence of metastasis, have a worse OS, implying that
intratumoral 2-HG may have a role as a prognostic biomarker [124]. Similarly, circulating
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2-HG is elevated in IDHmut chondrosarcomas, but its role as a diagnostic biomarker is
still debated because of its lower reliability when compared with the intratumoral value.
This accuracy is reduced by the evidence that serum 2-HG levels seem to be higher in IDH
wild-type chondrosarcoma than in other solid tumors and in healthy control patients, and
there are currently no reports comparing peripheral blood 2-HG between the wild-type
IDH chondrosarcoma and healthy populations [135].

Plasmatic IDH1 levels have also been evaluated as a potential biomarker of NSCLC;
some studies have shown that plasmatic IDH1 levels are statistically significantly higher in
NSCLC patients than in healthy controls [163]. Recently, the presence of the IDH2 protein
in NSCLC patients’ serum has been demonstrated, observing that IDH2 protein levels
were higher in patients compared to healthy controls. Moreover, the serum IDH2 protein
levels decreased in patients with NSCLC at about one week after surgical removal of the
tumor, suggesting a role as a diagnostic and prognostic biomarker; this could support the
evaluation of the surgical outcome of patients with NSCLC [164].

Further studies are required to validate the utility of monitoring 2-HG serum levels
in clinical practice as a surrogate biomarker in correlation with changes in tumor volume
and the presence of metastatic disease but also as a potential pharmacodynamic marker of
treatment response in IDHmut solid tumors.

3.2. IDH-Related Imaging, Spectroscopic, and Radiomics Biomarkers

Recent studies examined the possibility of associating the IDH phenotype in solid
tumors, especially in gliomas, with specific radiological findings. The technological ad-
vancements in imaging, paired with high-performance computing and artificial intelligence,
have revolutionized the role of imaging in early and noninvasive diagnosis, targeted treat-
ment, and follow-up by providing access to vast amounts of data. For the initial diagnosis
and staging of gliomas, the most relevant imaging modality is the traditional Magnetic
Resonance Imaging (MRI). Moreover, the development of advanced MRI techniques such
as diffusion, perfusion, and spectroscopy has led to the acquisition of microinvasive infor-
mation that was previously undetectable by traditional MRI.

Recent studies focused on radiomics, which is defined as a high-throughput feature-
extraction method able to unlock microscale quantitative data hidden within standard-
of-care medical imaging. Another recent field of research is radiogenomics, which is
defined as the linkage between imaging and genomic information. Multiple radiomics and
radiogenomics studies performed on conventional and advanced neuro-oncology images
show that they have the potential to differentiate pseudo-progression from true progression;
classify tumor subgroups and grade; and predict recurrence, survival, and mutation status
with high accuracy [165,166].

IDHmut glioma showed some distinctive features:

• Frontal lobe predominance with a low tendency to occupy high-risk brain regions
such as the brainstem or diencephalon, which are typically related to IDH wild-type
tumors, correlating with prognosis due to a higher chance of tumor resectability [167];

• Less contrast enhancement, suggesting a lower vascular permeability of the blood–
brain barrier, usually disrupted by pathological tumor changes. However, enhanced
regions in IDHmut gliomas are predictive of a worse outcome regarding PFS and
OS, while IDH wild-type gliomas do not demonstrate a correlation between contrast
enhancement (CE) and prognostic stratification [168];

• Well-defined borders, essential for radical tumor resection;
• “T2-FLAIR mismatch signs”, referring to regions on MRI presenting high signal inten-

sity on a T2-weighted image but low intensity on Fluid-Attenuated Inversion Recovery
(FLAIR) except for the hyperintense peripheral rim. However, interobserver variability
is always an issue when applying qualitative image features, which radiomics strives
to solve [169];

• High apparent diffusion coefficient (ADC) values, representing lower cellularity [170];
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• Lower cerebral blood flow (CBV) values because IDHmut gliomas have low levels
of HIF-1A via the 2-HG-mediated inhibition of Egg Laying Defective Nine protein
(EGLN) and consequently show a decrease in proangiogenic signaling that is re-
flected as a lower CBV in perfusion-weighted MRI in comparison with the IDH
wild-type [171].

Early imaging biomarkers such as FLAIR volume normalized relative to CBV (nrCBV),
and ADC measurement can be usefully used for evaluating IDH inhibitor treatment re-
sponse in human IDH1mut gliomas. Specifically, it was observed that the inhibition of IDH
may increase vascularity as early as 3–6 weeks, and it leads to a transient increase in CBV
that seems to stabilize after 2–4 months after the treatment. Moreover, PFS was strongly
affected by changes in perfusion and ADC relative to baseline [172].

Additionally, the hallmark metabolic alterations of IDH-mutated gliomas can be
analyzed by mass spectroscopy:

• Reduced lactate levels and near-normal intracellular pH in patients with IDHmut
gliomas when comparing tumor voxels of patients with IDHmut with those of patients
with IDH wild-type gliomas [173];

• Increased glutamate/glutamine before tumor shrinkage as potential translatable
metabolic biomarkers of response to TMZ treatment in IDH1mut glioma [174];

• Overproduction of oncometabolite 2-HG, which plays a key role in malignant transfor-
mation; a decrease in 2-HG levels can be used to monitor a treatment’s early response
in clinical trials of therapies targeting IDHmut [175].

Other studies focused on the determination of more complex parameters detected
with Diffusion Tensor Imaging (DTI) and Diffusion Kurtosis Imaging (DKI), which are
subsequential extensions of Diffusion Weighted Imaging (DWI) and show significant
correlation with mutational status, high Ki-67 values, and a tendency towards a worse
prognosis in glioma [176].

These findings suggest that the implementation of advanced MRI techniques in
IDHmut gliomas may be performed as a noninvasive method to provide information
about PFS and OS in this setting of patients.

Recent studies have investigated the potential of O-(2-[18F]fluoroethyl)-L-tyrosine
(FET) PET radiomics using textural features combined with static and dynamic parameters
of FET uptake for the noninvasive prediction of IDH genotype. The presence of IDH
mutations is associated with an increased expression of the amino acid transporter LAT1,
which facilitates the accumulation of FET in tumor cells; thus, IDHmut gliomas may exhibit
higher signal intensities on FET PET compared to IDH wild-type tumors. The highest
diagnostic accuracy of 93% for a prediction of IDH genotype was achieved with the hybrid
PET/MR scanner. An issue with this technique is that differences in the tumor volumes
affected feature repeatability, significantly decreasing towards smaller VOIs (volumes of
interest) [177].

Furthermore, patients with pseudo-progression showed a slightly lower and more
homogenous FET uptake, whereas patients with early tumor progression showed a more
heterogeneous FET uptake [178].

In conclusion, although they cannot replace histopathological characterization, pre-
diction models based on radiomic features extracted from conventional MRI have shown
promising results in identifying the characteristics of IDHmut tumors, particularly in
gliomas [179].

4. Discussion

IDH1 and IDH2 are key metabolic enzymes that catalyze the conversion of isocitrate
to α-ketoglutarate (α-KG). In recent years, some mutations in the IDH genes have been
observed in several solid tumors such as glioma, cholangiocarcinoma, and chondrosarcoma.
The inhibition of mutated IDH enzymes represents a promising treatment approach in
solid tumors, with further development ongoing in current clinical trials [20,180–182].
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The possibility of early diagnostics with noninvasive techniques (through advanced
MRI or “liquid biopsy” with serum biomarkers such as 2-HG), which are currently applied
in clinical practice only for gliomas [171,183], may become the standard approach for
frequently IDH mutated tumors, with the use of standard tissue biopsy reserved to selected
uncertain cases. IDH inhibitors may be an effective and manageable treatment for rare
tumors with usually poor prognosis (e.g., SNUCs [141]) but also an alternative treatment
in diseases where standard treatments may have a heavy burden of morbidities (such as
radiotherapy-related cognitive impairment for gliomas).

Apart from solid malignancies which typically harbor IDH1/2 mutations as leading
driver mutations (gliomas, iCCAs, chondrosarcoma, and SNUCs), many other solid tumors
develop IDH mutations as a late event during disease progression [127,146–150]. In these
cases, IDH inhibitors may be evaluated after the use of standard treatments. Considering
that IDH inhibitors have been tested mostly in advanced or metastatic disease settings, it
could be interesting to evaluate their efficacy in the context of early disease in IDH-mutated
solid tumors. Moreover, IDH inhibitors have a clinical utility both as single agents and in
combination with drugs that target different pathways (such as chemotherapy, immunother-
apy, or other targeted therapies) [184]. The coexisting presence of epigenetic and metabolic
alterations associated with IDH mutations has provided the rationale for testing drug com-
binations that target IDH enzymes and DNA repair or methylation/acetylation pathways.
Although the resistance to anti-IDH1/2 drugs was observed in cholangiocarcinoma and
could represent an obstacle to the long-term treatment of patients with IDH inhibitors, this
problem may be overcome by the use of dual inhibitors (targeting both IDH1 and IDH2),
which are currently under evaluation.

5. Conclusions

IDH mutation acquisition is a relevant event in many tumor progressions, and target-
ing IDH mutations at an early stage of the disease can be crucial to halt disease progression
and prevent the acquisition of additional genetic alterations that could reduce the effective-
ness of IDH inhibitors. Great progress in the understanding of the role of IDH mutations
has been observed in several cancers, and we expect an increase in the number of clinical
trials aiming to identify the clinical benefit of IDH-targeted therapies and their combination
strategies in IDHmut tumors.

Author Contributions: Conceptualization, F.C., E.B., D.M.F. and M.F.; investigation, all the authors;
writing—original draft preparation, all the authors; writing—review and editing, all the authors;
visualization, F.C., E.B. and D.M.F.; supervision, M.F. and D.M.F.; project administration, F.C., D.M.F.,
E.B. and M.F.; funding acquisition, E.B., M.F. and D.M.F. All authors have read and agreed to the
published version of the manuscript.

Funding: The research leading to these results has received funding from HEAL ITALIA-Health
Extended ALliance for Innovative Therapies, Advanced Lab-research, and Integrated Approaches of
Precision Medicine-funding from MUR under the National Recovery and Resilience Plan (NRRP),
Mission 4 Component 2 Investment 1.3 funded from the European Union-NextGeneration EU. The
views and opinions expressed are those of the authors only and do not necessarily reflect those of
the European Union or the European Commission. Neither the European Union nor the European
Commission can be held responsible for them. E. Broseghini was supported by a Fondazione Italiana
per la Ricerca sul Cancro (AIRC) fellowship for Italy.

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

References
1. Yasutake, Y.; Watanabe, S.; Yao, M.; Takada, Y.; Fukunaga, N.; Tanaka, I. Structure of the monomeric isocitrate dehydrogenase:

Evidence of a protein monomerization by a domain duplication. Structure 2002, 10, 1637–1648. [CrossRef] [PubMed]
2. Xu, X.; Zhao, J.; Xu, Z.; Peng, B.; Huang, Q.; Arnold, E.; Ding, J. Structures of human cytosolic NADP-dependent isocitrate

dehydrogenase reveal a novel self-regulatory mechanism of activity. J. Biol. Chem. 2004, 279, 33946–33957. [CrossRef] [PubMed]
3. Geisbrecht, B.V.; Gould, S.J. The human PICD gene encodes a cytoplasmic and peroxisomal NADP(+)-dependent isocitrate

dehydrogenase. J. Biol. Chem. 1999, 274, 30527–30533. [CrossRef] [PubMed]

https://doi.org/10.1016/S0969-2126(02)00904-8
https://www.ncbi.nlm.nih.gov/pubmed/12467571
https://doi.org/10.1074/jbc.M404298200
https://www.ncbi.nlm.nih.gov/pubmed/15173171
https://doi.org/10.1074/jbc.274.43.30527
https://www.ncbi.nlm.nih.gov/pubmed/10521434


Cancers 2024, 16, 2752 15 of 22

4. Sun, P.; Ma, T.; Zhang, T.; Zhu, H.; Zhang, J.; Liu, Y.; Ding, J. Molecular basis for the function of the αβ heterodimer of human
NAD-dependent isocitrate dehydrogenase. J. Biol. Chem. 2019, 294, 16214–16227. [CrossRef]

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

6. Ramachandran, N.; Colman, R.F. Chemical characterization of distinct subunits of pig heart DPN-specific isocitrate dehydrogenase.
J. Biol. Chem. 1980, 255, 8859–8864. [CrossRef]

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

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

9. Ju, H.Q.; Lin, J.F.; Tian, T.; Xie, D.; Xu, R.H. NADPH homeostasis in cancer: Functions, mechanisms and therapeutic implications.
Signal Transduct. Target. Ther. 2020, 5, 231. [CrossRef]

10. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al.
IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765–773. [CrossRef]

11. Waitkus, M.S.; Diplas, B.H.; Yan, H. Biological Role and Therapeutic Potential of IDH Mutations in Cancer. Cancer Cell 2018, 34,
186–195. [CrossRef] [PubMed]

12. Kang, M.R.; Kim, M.S.; Oh, J.E.; Kim, Y.R.; Song, S.Y.; Seo, S.I.; Lee, J.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] [PubMed]

13. Bleeker, F.E.; Lamba, S.; Leenstra, S.; Troost, D.; Hulsebos, T.; Vandertop, W.P.; Frattini, M.; Molinari, F.; Knowles, M.; Cerrato, A.;
et al. IDH1 mutations at residue p.R132 (IDH1(R132)) occur frequently in high-grade gliomas but not in other solid tumors. Hum.
Mutat. 2009, 30, 7–11. [CrossRef] [PubMed]

14. Lopez, G.Y.; Reitman, Z.J.; Solomon, D.; Waldman, T.; Bigner, D.D.; McLendon, R.E.; Rosenberg, S.A.; Samuels, Y.; Yan, H.
IDH1(R132) mutation identified in one human melanoma metastasis, but not correlated with metastases to the brain. Biochem.
Biophys. Res. Commun. 2010, 398, 585–587. [CrossRef] [PubMed]

15. Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.P.; Nickerson, E.; Auclair, D.; Li, L.; Place, C.; et al.
A landscape of driver mutations in melanoma. Cell 2012, 150, 251–263. [CrossRef]

16. Losman, J.A.; Kaelin, W.G., Jr. What a difference a hydroxyl makes: Mutant IDH, (R)-2-hydroxyglutarate, and cancer. Genes Dev.
2013, 27, 836–852. [CrossRef] [PubMed]

17. Raimundo, N.; Baysal, B.E.; Shadel, G.S. Revisiting the TCA cycle: Signaling to tumor formation. Trends Mol. Med. 2011, 17,
641–649. [CrossRef] [PubMed]

18. Ward, P.S.; Patel, J.; Wise, D.R.; Abdel-Wahab, O.; Bennett, B.D.; Coller, H.A.; Cross, J.R.; Fantin, V.R.; Hedvat, C.V.; Perl, A.E.;
et al. The common feature of leukemia-associated IDH1 and IDH2 mutations is a neomorphic enzyme activity converting
α-ketoglutarate to 2-hydroxyglutarate. Cancer Cell 2010, 17, 225–234. [CrossRef] [PubMed]

19. Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, V.R.; Jang, H.G.; Jin, S.; Keenan, M.C.; et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739–744. [CrossRef] [PubMed]

20. Dang, L.; Yen, K.; Attar, E.C. IDH mutations in cancer and progress toward development of targeted therapeutics. Ann. Oncol.
2016, 27, 599–608. [CrossRef]

21. Xu, W.; Yang, H.; Liu, Y.; Yang, Y.; Wang, P.; Kim, S.H.; Ito, S.; Yang, C.; Wang, P.; Xiao, M.T.; et al. Oncometabolite 2-
hydroxyglutarate is a competitive inhibitor of α-ketoglutarate-dependent dioxygenases. Cancer Cell 2011, 19, 17–30. [CrossRef]
[PubMed]

22. Losman, J.A.; Koivunen, P.; Kaelin, W.G., Jr. 2-Oxoglutarate-dependent dioxygenases in cancer. Nat. Rev. Cancer 2020, 20, 710–726.
[CrossRef] [PubMed]

23. Chowdhury, R.; Yeoh, K.K.; Tian, Y.M.; Hillringhaus, L.; Bagg, E.A.; Rose, N.R.; Leung, I.K.; Li, X.S.; Woon, E.C.; Yang, M.; et al.
The oncometabolite 2-hydroxyglutarate inhibits histone lysine demethylases. EMBO Rep. 2011, 12, 463–469. [CrossRef] [PubMed]

24. Rohle, D.; Popovici-Muller, J.; Palaskas, N.; Turcan, S.; Grommes, C.; Campos, C.; Tsoi, J.; Clark, O.; Oldrini, B.; Komisopoulou,
E.; et al. An inhibitor of mutant IDH1 delays growth and promotes differentiation of glioma cells. Science 2013, 340, 626–630.
[CrossRef] [PubMed]

25. Janin, M.; Mylonas, E.; Saada, V.; Micol, J.B.; Renneville, A.; Quivoron, C.; Koscielny, S.; Scourzic, L.; Forget, S.; Pautas, C.; et al.
Serum 2-hydroxyglutarate production in IDH1- and IDH2-mutated de novo acute myeloid leukemia: A study by the Acute
Leukemia French Association group. J. Clin. Oncol. 2014, 32, 297–305. [CrossRef] [PubMed]

26. Losman, J.A.; Looper, R.E.; Koivunen, P.; Lee, S.; Schneider, R.K.; McMahon, C.; Cowley, G.S.; Root, D.E.; Ebert, B.L.; Kaelin, W.G.,
Jr. (R)-2-hydroxyglutarate is sufficient to promote leukemogenesis and its effects are reversible. Science 2013, 339, 1621–1625.
[CrossRef] [PubMed]

27. Turcan, S.; Makarov, V.; Taranda, J.; Wang, Y.; Fabius, A.W.M.; Wu, W.; Zheng, Y.; El-Amine, N.; Haddock, S.; Nanjangud, G.; et al.
Mutant-IDH1-dependent chromatin state reprogramming, reversibility, and persistence. Nat. Genet. 2018, 50, 62–72. [CrossRef]
[PubMed]

https://doi.org/10.1074/jbc.RA119.010099
https://doi.org/10.1038/srep41882
https://doi.org/10.1016/S0021-9258(18)43581-8
https://doi.org/10.1038/nature10602
https://doi.org/10.1073/pnas.1117773108
https://www.ncbi.nlm.nih.gov/pubmed/22106302
https://doi.org/10.1038/s41392-020-00326-0
https://doi.org/10.1056/NEJMoa0808710
https://doi.org/10.1016/j.ccell.2018.04.011
https://www.ncbi.nlm.nih.gov/pubmed/29805076
https://doi.org/10.1002/ijc.24379
https://www.ncbi.nlm.nih.gov/pubmed/19378339
https://doi.org/10.1002/humu.20937
https://www.ncbi.nlm.nih.gov/pubmed/19117336
https://doi.org/10.1016/j.bbrc.2010.06.125
https://www.ncbi.nlm.nih.gov/pubmed/20603105
https://doi.org/10.1016/j.cell.2012.06.024
https://doi.org/10.1101/gad.217406.113
https://www.ncbi.nlm.nih.gov/pubmed/23630074
https://doi.org/10.1016/j.molmed.2011.06.001
https://www.ncbi.nlm.nih.gov/pubmed/21764377
https://doi.org/10.1016/j.ccr.2010.01.020
https://www.ncbi.nlm.nih.gov/pubmed/20171147
https://doi.org/10.1038/nature08617
https://www.ncbi.nlm.nih.gov/pubmed/19935646
https://doi.org/10.1093/annonc/mdw013
https://doi.org/10.1016/j.ccr.2010.12.014
https://www.ncbi.nlm.nih.gov/pubmed/21251613
https://doi.org/10.1038/s41568-020-00303-3
https://www.ncbi.nlm.nih.gov/pubmed/33087883
https://doi.org/10.1038/embor.2011.43
https://www.ncbi.nlm.nih.gov/pubmed/21460794
https://doi.org/10.1126/science.1236062
https://www.ncbi.nlm.nih.gov/pubmed/23558169
https://doi.org/10.1200/JCO.2013.50.2047
https://www.ncbi.nlm.nih.gov/pubmed/24344214
https://doi.org/10.1126/science.1231677
https://www.ncbi.nlm.nih.gov/pubmed/23393090
https://doi.org/10.1038/s41588-017-0001-z
https://www.ncbi.nlm.nih.gov/pubmed/29180699


Cancers 2024, 16, 2752 16 of 22

28. Lu, C.; Ward, P.S.; 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]

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

30. Figueroa, M.E.; Abdel-Wahab, O.; Lu, C.; Ward, P.S.; Patel, J.; Shih, A.; Li, Y.; Bhagwat, N.; Vasanthakumar, A.; Fernandez,
H.F.; et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell 2010, 18, 553–567. [CrossRef]

31. Kernytsky, A.; Wang, F.; Hansen, E.; Schalm, S.; Straley, K.; Gliser, C.; Yang, H.; Travins, J.; Murray, S.; Dorsch, M.; et al. IDH2
mutation-induced histone and DNA hypermethylation is progressively reversed by small-molecule inhibition. Blood 2015, 125,
296–303. [CrossRef] [PubMed]

32. Wang, F.; Travins, J.; DeLaBarre, B.; Penard-Lacronique, V.; Schalm, S.; Hansen, E.; Straley, K.; Kernytsky, A.; Liu, W.; Gliser, C.;
et al. Targeted inhibition of mutant IDH2 in leukemia cells induces cellular differentiation. Science 2013, 340, 622–626. [CrossRef]
[PubMed]

33. Jezek, P. 2-Hydroxyglutarate in Cancer Cells. Antioxid. Redox Signal. 2020, 33, 903–926. [CrossRef] [PubMed]
34. Zhao, G.; Winkler, M.E. A novel α-ketoglutarate reductase activity of the serA-encoded 3-phosphoglycerate dehydrogenase

of Escherichia coli K-12 and its possible implications for human 2-hydroxyglutaric aciduria. J. Bacteriol. 1996, 178, 232–239.
[CrossRef] [PubMed]

35. McBrayer, S.K.; Mayers, J.R.; DiNatale, G.J.; Shi, D.D.; Khanal, J.; Chakraborty, A.A.; Sarosiek, K.A.; Briggs, K.J.; Robbins, A.K.;
Sewastianik, T.; et al. Transaminase Inhibition by 2-Hydroxyglutarate Impairs Glutamate Biosynthesis and Redox Homeostasis in
Glioma. Cell 2018, 175, 101–116 e125. [CrossRef]

36. Sjoblom, T.; Jones, S.; Wood, L.D.; Parsons, D.W.; Lin, J.; Barber, T.D.; Mandelker, D.; Leary, R.J.; Ptak, J.; Silliman, N.; et al. The
consensus coding sequences of human breast and colorectal cancers. Science 2006, 314, 268–274. [CrossRef]

37. Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Siu, I.M.; Gallia, G.L.; et al.
An integrated genomic analysis of human glioblastoma multiforme. Science 2008, 321, 1807–1812. [CrossRef] [PubMed]

38. Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P.; Roberts, N.D.; Potter, N.E.; Heuser, M.; Thol, F.; Bolli,
N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N. Engl. J. Med. 2016, 374, 2209–2221. [CrossRef]
[PubMed]

39. Thol, F.; Damm, F.; Wagner, K.; Gohring, G.; Schlegelberger, B.; Hoelzer, D.; Lubbert, M.; Heit, W.; Kanz, L.; Schlimok, G.; et al.
Prognostic impact of IDH2 mutations in cytogenetically normal acute myeloid leukemia. Blood 2010, 116, 614–616. [CrossRef]

40. Wagner, K.; Damm, F.; Gohring, G.; Gorlich, K.; Heuser, M.; Schafer, I.; Ottmann, O.; Lubbert, M.; Heit, W.; Kanz, L.; et al. Impact
of IDH1 R132 mutations and an IDH1 single nucleotide polymorphism in cytogenetically normal acute myeloid leukemia: SNP
rs11554137 is an adverse prognostic factor. J. Clin. Oncol. 2010, 28, 2356–2364. [CrossRef]

41. Becker, J.S.; Fathi, A.T. Targeting IDH Mutations in AML: Wielding the Double-edged Sword of Differentiation. Curr. Cancer Drug
Targets 2020, 20, 490–500. [CrossRef] [PubMed]

42. Hartmann, C.; Meyer, J.; Balss, J.; Capper, D.; Mueller, W.; Christians, A.; Felsberg, J.; Wolter, M.; Mawrin, C.; Wick, W.; et al. Type
and frequency of IDH1 and IDH2 mutations are related to astrocytic and oligodendroglial differentiation and age: A study of
1,010 diffuse gliomas. Acta Neuropathol. 2009, 118, 469–474. [CrossRef]

43. Han, S.; Liu, Y.; Cai, S.J.; Qian, M.; Ding, J.; Larion, M.; Gilbert, M.R.; Yang, C. IDH mutation in glioma: Molecular mechanisms
and potential therapeutic targets. Br. J. Cancer 2020, 122, 1580–1589. [CrossRef]

44. 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. Oncologist 2012, 17, 72–79. [CrossRef] [PubMed]

45. Boscoe, A.N.; Rolland, C.; Kelley, R.K. Frequency and prognostic significance of isocitrate dehydrogenase 1 mutations in
cholangiocarcinoma: A systematic literature review. J. Gastrointest. Oncol. 2019, 10, 751–765. [CrossRef] [PubMed]

46. Amary, M.F.; Bacsi, K.; Maggiani, F.; Damato, S.; Halai, D.; Berisha, F.; Pollock, R.; O’Donnell, P.; Grigoriadis, A.; Diss, T.; et al.
IDH1 and IDH2 mutations are frequent events in central chondrosarcoma and central and periosteal chondromas but not in other
mesenchymal tumours. J. Pathol. 2011, 224, 334–343. [CrossRef] [PubMed]

47. Dogan, S.; Chute, D.J.; Xu, B.; Ptashkin, R.N.; Chandramohan, R.; Casanova-Murphy, J.; Nafa, K.; Bishop, J.A.; Chiosea, S.I.;
Stelow, E.B.; et al. Frequent IDH2 R172 mutations in undifferentiated and poorly-differentiated sinonasal carcinomas. J. Pathol.
2017, 242, 400–408. [CrossRef]

48. Guilmette, J.; Sadow, P.M. High-Grade Sinonasal Carcinoma: Classification Through Molecular Profiling. Arch. Pathol. Lab. Med.
2019, 143, 1416–1419. [CrossRef]

49. Chen, R.; Smith-Cohn, M.; Cohen, A.L.; Colman, H. Glioma Subclassifications and Their Clinical Significance. Neurotherapeutics
2017, 14, 284–297. [CrossRef]

50. Chen, J.R.; Yao, Y.; Xu, H.Z.; Qin, Z.Y. Isocitrate Dehydrogenase (IDH)1/2 Mutations as Prognostic Markers in Patients with
Glioblastomas. Medicine 2016, 95, e2583. [CrossRef]

https://doi.org/10.1038/nature10860
https://doi.org/10.1038/nature10866
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1182/blood-2013-10-533604
https://www.ncbi.nlm.nih.gov/pubmed/25398940
https://doi.org/10.1126/science.1234769
https://www.ncbi.nlm.nih.gov/pubmed/23558173
https://doi.org/10.1089/ars.2019.7902
https://www.ncbi.nlm.nih.gov/pubmed/31847543
https://doi.org/10.1128/jb.178.1.232-239.1996
https://www.ncbi.nlm.nih.gov/pubmed/8550422
https://doi.org/10.1016/j.cell.2018.08.038
https://doi.org/10.1126/science.1133427
https://doi.org/10.1126/science.1164382
https://www.ncbi.nlm.nih.gov/pubmed/18772396
https://doi.org/10.1056/NEJMoa1516192
https://www.ncbi.nlm.nih.gov/pubmed/27276561
https://doi.org/10.1182/blood-2010-03-272146
https://doi.org/10.1200/JCO.2009.27.6899
https://doi.org/10.2174/1568009620666200424145622
https://www.ncbi.nlm.nih.gov/pubmed/32329690
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1038/s41416-020-0814-x
https://doi.org/10.1634/theoncologist.2011-0386
https://www.ncbi.nlm.nih.gov/pubmed/22180306
https://doi.org/10.21037/jgo.2019.03.10
https://www.ncbi.nlm.nih.gov/pubmed/31392056
https://doi.org/10.1002/path.2913
https://www.ncbi.nlm.nih.gov/pubmed/21598255
https://doi.org/10.1002/path.4915
https://doi.org/10.5858/arpa.2018-0224-RS
https://doi.org/10.1007/s13311-017-0519-x
https://doi.org/10.1097/MD.0000000000002583


Cancers 2024, 16, 2752 17 of 22

51. Wang, H.Y.; Tang, K.; Liang, T.Y.; Zhang, W.Z.; Li, J.Y.; Wang, W.; Hu, H.M.; Li, M.Y.; Wang, H.Q.; He, X.Z.; et al. The comparison
of clinical and biological characteristics between IDH1 and IDH2 mutations in gliomas. J. Exp. Clin. Cancer Res. 2016, 35, 86.
[CrossRef] [PubMed]

52. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef] [PubMed]

53. Institut de Recherches Internationales Servier. Study of Orally Administered AG-120 in Subjects with Advanced Solid Tumors,
including Glioma, with an IDH1 Mutation. 2014. Available online: https://clinicaltrials.gov/study/NCT02073994 (accessed on
27 July 2024).

54. Mellinghoff, I.K.; Ellingson, B.M.; Touat, M.; Maher, E.; De La Fuente, M.I.; Holdhoff, M.; Cote, G.M.; Burris, H.; Janku, F.; Young,
R.J.; et al. Ivosidenib in Isocitrate Dehydrogenase 1-Mutated Advanced Glioma. J. Clin. Oncol. 2020, 38, 3398–3406. [CrossRef]
[PubMed] [PubMed Central]

55. Institut de Recherches Internationales Servier. Study of Orally Administered AG-881 in Patients with Advanced Solid Tumors,
Including Gliomas, with an IDH1 and/or IDH2 Mutation. 2015. Available online: https://clinicaltrials.gov/study/NCT02481154
(accessed on 27 July 2024).

56. Mellinghoff, I.K.; Penas-Prado, M.; Peters, K.B.; Burris, H.A., 3rd; Maher, E.A.; Janku, F.; Cote, G.M.; de la Fuente, M.I.; Clarke,
J.L.; Ellingson, B.M.; et al. Vorasidenib, a Dual Inhibitor of Mutant IDH1/2, in Recurrent or Progressive Glioma; Results of
a First-in-Human Phase I Trial. Clin. Cancer Res. 2021, 27, 4491–4499. [CrossRef] [PubMed] [PubMed Central]

57. Institut de Recherches Internationales Servier. Study of AG-120 and AG-881 in Subjects with Low Grade Glioma. 2018. Available
online: https://clinicaltrials.ucsf.edu/trial/NCT03343197 (accessed on 27 July 2024).

58. Mellinghoff, I.K.; Lu, M.; Wen, P.Y.; Taylor, J.W.; Maher, E.A.; Arrillaga-Romany, I.; Peters, K.B.; Ellingson, B.M.; Rosenblum, M.K.;
Chun, S.; et al. Vorasidenib and ivosidenib in IDH1-mutant low-grade glioma: A randomized, perioperative phase 1 trial. Nat.
Med. 2023, 29, 615–622. Erratum in Nat. Med. 2024, 30, 302. https://doi.org/10.1038/s41591-023-02473-7. [CrossRef] [PubMed]
[PubMed Central]

59. Institut de Recherches Internationales Servier. Study of Vorasidenib (AG-881) in Participants with Residual or Recurrent Grade 2
Glioma with an IDH1 or IDH2 Mutation (INDIGO). 2020. Available online: https://trials.braintumor.org/trials/NCT04164901
(accessed on 27 July 2024).

60. Poh, A. Targeted Options for Glioma Looking Good. Cancer Discov. 2023, 13, 1755. [CrossRef]
61. Montesinos, P.; Recher, C.; Vives, S.; Zarzycka, E.; Wang, J.; Bertani, G.; Heuser, M.; Calado, R.T.; Schuh, A.C.; Yeh, S.P.; et al.

Ivosidenib and Azacitidine in IDH1-Mutated Acute Myeloid Leukemia. N. Engl. J. Med. 2022, 386, 1519–1531. [CrossRef]
[PubMed]

62. Celgene Corporation. Study of Orally Administered Enasidenib (AG-221) in Adults with Advanced Solid Tumors, Including
Glioma, or Angioimmunoblastic T-Cell Lymphoma, with an IDH2 Mutation. 2014. Available online: https://clinicaltrials.gov/
study/NCT02273739 (accessed on 27 July 2024).

63. Novo Nordisk A/S (Forma Therapeutics, Inc.). A Study of FT-2102 in Patients with Advanced Solid Tumors and Gliomas with
an IDH1 Mutation. 2018. Available online: https://clinicaltrials.gov/study/NCT03684811 (accessed on 27 July 2024).

64. Govindarajan, V.; Shah, A.H.; Di, L.; Rivas, S.; Suter, R.K.; Eichberg, D.G.; Luther, E.; Lu, V.; Morell, A.A.; Ivan, M.E.; et al.
Systematic Review of Epigenetic Therapies for Treatment of IDH-mutant Glioma. World Neurosurg. 2022, 162, 47–56. [CrossRef]
[PubMed]

65. de la Fuente, M.I.; Colman, H.; Rosenthal, M.; Van Tine, B.A.; Levacic, D.; Walbert, T.; Gan, H.K.; Vieito, M.; Milhem, M.M.;
Lipford, K.; et al. Olutasidenib (FT-2102) in patients with relapsed or refractory IDH1-mutant glioma: A multicenter, open-label,
phase Ib/II trial. Neuro-Oncology 2023, 25, 146–156. [CrossRef]

66. Daiichi Sankyo Co., Ltd. A Study of DS-1001b in Patients with Chemotherapy- and Radiotherapy-Naive IDH1 Mutated WHO
Grade II Glioma. 2020. Available online: https://clinicaltrials.gov/study/NCT04458272 (accessed on 27 July 2024).

67. Novartis Pharmaceuticals. A Study of IDH305 in Patients with Advanced Malignancies That Harbor IDH1R132 Mutations. 2015.
Available online: https://clinicaltrials.gov/study/NCT02381886 (accessed on 27 July 2024).

68. Bayer. Phase I Study of BAY1436032 in IDH1-Mutant Advanced Solid Tumors. 2016. Available online: https://clinicaltrials.gov/
study/NCT02746081 (accessed on 27 July 2024).

69. Pusch, S.; Krausert, S.; Fischer, V.; Balss, J.; Ott, M.; Schrimpf, D.; Capper, D.; Sahm, F.; Eisel, J.; Beck, A.C.; et al. Pan-mutant
IDH1 inhibitor BAY 1436032 for effective treatment of IDH1 mutant astrocytoma in vivo. Acta Neuropathol. 2017, 133, 629–644.
[CrossRef]

70. De La Fuente, M.I.; Colman, H.; Rosenthal, M.; Van Tine, B.A.; Levaci, D.; Walbert, T.; Gan, H.K.; Vieito, M.; Milhem, M.M.;
Lipford, K.; et al. A phase Ib/II study of olutasidenib in patients with relapsed/refractory IDH1 mutant gliomas: Safety and
efficacy as single agent and in combination with azacitidine. J. Clin. Oncol. 2020, 38, 2505. [CrossRef]

71. Daiichi Sankyo Co., Ltd. Study of DS-1001b in Patients with Gene IDH1-Mutated Gliomas. 2017. Available online: https:
//clinicaltrials.gov/study/NCT03030066 (accessed on 27 July 2024).

72. Hutchmed. A Study of HMPL-306 in Advanced Solid Tumors with IDH Mutations. 2021. Available online: https://clinicaltrials.
gov/study/NCT04762602 (accessed on 27 July 2024).

https://doi.org/10.1186/s13046-016-0362-7
https://www.ncbi.nlm.nih.gov/pubmed/27245697
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://clinicaltrials.gov/study/NCT02073994
https://doi.org/10.1200/JCO.19.03327
https://www.ncbi.nlm.nih.gov/pubmed/32530764
https://www.ncbi.nlm.nih.gov/pmc/PMC7527160
https://clinicaltrials.gov/study/NCT02481154
https://doi.org/10.1158/1078-0432.CCR-21-0611
https://www.ncbi.nlm.nih.gov/pubmed/34078652
https://www.ncbi.nlm.nih.gov/pmc/PMC8364866
https://clinicaltrials.ucsf.edu/trial/NCT03343197
https://doi.org/10.1038/s41591-023-02473-7
https://doi.org/10.1038/s41591-022-02141-2
https://www.ncbi.nlm.nih.gov/pubmed/36823302
https://www.ncbi.nlm.nih.gov/pmc/PMC10313524
https://trials.braintumor.org/trials/NCT04164901
https://doi.org/10.1158/2159-8290.CD-ND2023-0004
https://doi.org/10.1056/NEJMoa2117344
https://www.ncbi.nlm.nih.gov/pubmed/35443108
https://clinicaltrials.gov/study/NCT02273739
https://clinicaltrials.gov/study/NCT02273739
https://clinicaltrials.gov/study/NCT03684811
https://doi.org/10.1016/j.wneu.2022.03.051
https://www.ncbi.nlm.nih.gov/pubmed/35314408
https://doi.org/10.1093/neuonc/noac139
https://clinicaltrials.gov/study/NCT04458272
https://clinicaltrials.gov/study/NCT02381886
https://clinicaltrials.gov/study/NCT02746081
https://clinicaltrials.gov/study/NCT02746081
https://doi.org/10.1007/s00401-017-1677-y
https://doi.org/10.1200/JCO.2020.38.15_suppl.2505
https://clinicaltrials.gov/study/NCT03030066
https://clinicaltrials.gov/study/NCT03030066
https://clinicaltrials.gov/study/NCT04762602
https://clinicaltrials.gov/study/NCT04762602


Cancers 2024, 16, 2752 18 of 22

73. Gatto, L.; Franceschi, E.; Tosoni, A.; Di Nunno, V.; Maggio, I.; Lodi, R.; Brandes, A.A. IDH Inhibitors and Beyond: The Cornerstone
of Targeted Glioma Treatment. Mol. Diagn. Ther. 2021, 25, 457–473. [CrossRef] [PubMed]

74. Vogel, A.; Bridgewater, J.; Edeline, J.; Kelley, R.K.; Klumpen, H.J.; Malka, D.; Primrose, J.N.; Rimassa, L.; Stenzinger, A.; Valle, J.W.;
et al. Biliary tract cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann. Oncol. 2023, 34, 127–140.
[CrossRef] [PubMed]

75. Tsilimigras, D.I.; Sahara, K.; Wu, L.; Moris, D.; Bagante, F.; Guglielmi, A.; Aldrighetti, L.; Weiss, M.; Bauer, T.W.; Alexandrescu,
S.; et al. Very Early Recurrence After Liver Resection for Intrahepatic Cholangiocarcinoma: Considering Alternative Treatment
Approaches. JAMA Surg. 2020, 155, 823–831. [CrossRef] [PubMed]

76. Ebata, T.; Hirano, S.; Konishi, M.; Uesaka, K.; Tsuchiya, Y.; Ohtsuka, M.; Kaneoka, Y.; Yamamoto, M.; Ambo, Y.; Shimizu, Y.; et al.
Randomized clinical trial of adjuvant gemcitabine chemotherapy versus observation in resected bile duct cancer. Br. J. Surg. 2018,
105, 192–202. [CrossRef] [PubMed]

77. Nakachi, K.; Konishi, M.; Ikeda, M.; Mizusawa, J.; Eba, J.; Okusaka, T.; Ishii, H.; Fukuda, H.; Furuse, J.; Hepatobiliary and
Pancreatic Oncology Group of the Japan Clinical Oncology Group. A randomized Phase III trial of adjuvant S-1 therapy vs.
observation alone in resected biliary tract cancer: Japan Clinical Oncology Group Study (JCOG1202, ASCOT). Jpn. J. Clin. Oncol.
2018, 48, 392–395. [CrossRef] [PubMed]

78. Lamarca, A.; Barriuso, J.; McNamara, M.G.; Valle, J.W. Molecular targeted therapies: Ready for “prime time” in biliary tract
cancer. J. Hepatol. 2020, 73, 170–185. [CrossRef] [PubMed]

79. Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.B.; Barlesi, F.; Lolkema, M.P.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-
Bernstam, F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers:
A report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [CrossRef] [PubMed]

80. Mertens, J.C.; Rizvi, S.; Gores, G.J. Targeting cholangiocarcinoma. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1454–1460.
[CrossRef]

81. Ye, D.; Guan, K.L.; Xiong, Y. Metabolism, Activity, and Targeting of D- and L-2-Hydroxyglutarates. Trends Cancer 2018, 4, 151–165.
[CrossRef]

82. Moeini, A.; Sia, D.; Bardeesy, N.; Mazzaferro, V.; Llovet, J.M. Molecular Pathogenesis and Targeted Therapies for Intrahepatic
Cholangiocarcinoma. Clin. Cancer Res. 2016, 22, 291–300. [CrossRef] [PubMed]

83. Ma, B.; Meng, H.; Tian, Y.; Wang, Y.; Song, T.; Zhang, T.; Wu, Q.; Cui, Y.; Li, H.; Zhang, W.; et al. Distinct clinical and prognostic
implication of IDH1/2 mutation and other most frequent mutations in large duct and small duct subtypes of intrahepatic
cholangiocarcinoma. BMC Cancer 2020, 20, 318. [CrossRef]

84. Wang, P.; Dong, Q.; Zhang, C.; Kuan, P.F.; Liu, Y.; Jeck, W.R.; Andersen, J.B.; Jiang, W.; Savich, G.L.; Tan, T.X.; et al. Mutations in
isocitrate dehydrogenase 1 and 2 occur frequently in intrahepatic cholangiocarcinomas and share hypermethylation targets with
glioblastomas. Oncogene 2013, 32, 3091–3100. [CrossRef]

85. Boerner, T.; Drill, E.; Pak, L.M.; Nguyen, B.; Sigel, C.S.; Doussot, A.; Shin, P.; Goldman, D.A.; Gonen, M.; Allen, P.J.; et al. Genetic
Determinants of Outcome in Intrahepatic Cholangiocarcinoma. Hepatology 2021, 74, 1429–1444. [CrossRef]

86. Javle, M.; Bekaii-Saab, T.; Jain, A.; Wang, Y.; Kelley, R.K.; Wang, K.; Kang, H.C.; Catenacci, D.; Ali, S.; Krishnan, S.; et al. Biliary
cancer: Utility of next-generation sequencing for clinical management. Cancer 2016, 122, 3838–3847. [CrossRef] [PubMed]

87. Goyal, L.; Govindan, A.; Sheth, R.A.; Nardi, V.; Blaszkowsky, L.S.; Faris, J.E.; Clark, J.W.; Ryan, D.P.; Kwak, E.L.; Allen, J.N.; et al.
Prognosis and Clinicopathologic Features of Patients with Advanced Stage Isocitrate Dehydrogenase (IDH) Mutant and IDH
Wild-Type Intrahepatic Cholangiocarcinoma. Oncologist 2015, 20, 1019–1027. [CrossRef] [PubMed]

88. Churi, C.R.; Shroff, R.; Wang, Y.; Rashid, A.; Kang, H.C.; Weatherly, J.; Zuo, M.; Zinner, R.; Hong, D.; Meric-Bernstam, F.; et al.
Mutation profiling in cholangiocarcinoma: Prognostic and therapeutic implications. PLoS ONE 2014, 9, e115383. [CrossRef]

89. Paschen, W.; Rohn, G.; Hallmayer, J.; Mies, G. Polyamine metabolism in reversible cerebral ischemia of Mongolian gerbils. Metab.
Brain Dis. 1988, 3, 297–302. [CrossRef]

90. Lamarca, A.; Edeline, J.; Goyal, L. How I treat biliary tract cancer. ESMO Open 2022, 7, 100378. [CrossRef]
91. Lowery, M.A.; Burris, H.A., 3rd; Janku, F.; Shroff, R.T.; Cleary, J.M.; Azad, N.S.; Goyal, L.; Maher, E.A.; Gore, L.; Hollebecque, A.;

et al. Safety and activity of ivosidenib in patients with IDH1-mutant advanced cholangiocarcinoma: A phase 1 study. Lancet
Gastroenterol. Hepatol. 2019, 4, 711–720. [CrossRef]

92. Cleary, J.M.; Rouaisnel, B.; Daina, A.; Raghavan, S.; Roller, L.A.; Huffman, B.M.; Singh, H.; Wen, P.Y.; Bardeesy, N.; Zoete,
V.; et al. Secondary IDH1 resistance mutations and oncogenic IDH2 mutations cause acquired resistance to ivosidenib in
cholangiocarcinoma. NPJ Precis. Oncol. 2022, 6, 61. [CrossRef] [PubMed]

93. Eli Lilly and Company; Loxo Oncology Inc. Study of Oral LY3410738 in Patients with Advanced Hematologic Malignancies with
IDH1 or IDH2 Mutations. 2020. Available online: https://clinicaltrials.gov/study/NCT04603001 (accessed on 27 July 2024).

94. Eli Lilly and Company; Loxo Oncology Inc. Study of LY3410738 Administered to Patients with Advanced Solid Tumors with
IDH1 or IDH2 Mutations. 2020. Available online: https://clinicaltrials.gov/study/NCT04521686 (accessed on 27 July 2024).

95. Stein, E.M.; DiNardo, C.D.; Pollyea, D.A.; Fathi, A.T.; Roboz, G.J.; Altman, J.K.; Stone, R.M.; DeAngelo, D.J.; Levine, R.L.; Flinn,
I.W.; et al. Enasidenib in mutant IDH2 relapsed or refractory acute myeloid leukemia. Blood 2017, 130, 722–731. [CrossRef]
[PubMed]

96. AnHeart Therapeutics Inc. IDH1 Inhibitor AB-218 in Patients with Advanced IDH1 Mutant Cholangiocarcinoma and Other Solid
Tumor. 2023. Available online: https://clinicaltrials.gov/study/NCT05814536 (accessed on 27 July 2024).

https://doi.org/10.1007/s40291-021-00537-3
https://www.ncbi.nlm.nih.gov/pubmed/34095989
https://doi.org/10.1016/j.annonc.2022.10.506
https://www.ncbi.nlm.nih.gov/pubmed/36372281
https://doi.org/10.1001/jamasurg.2020.1973
https://www.ncbi.nlm.nih.gov/pubmed/32639548
https://doi.org/10.1002/bjs.10776
https://www.ncbi.nlm.nih.gov/pubmed/29405274
https://doi.org/10.1093/jjco/hyy004
https://www.ncbi.nlm.nih.gov/pubmed/29462482
https://doi.org/10.1016/j.jhep.2020.03.007
https://www.ncbi.nlm.nih.gov/pubmed/32171892
https://doi.org/10.1016/j.annonc.2020.07.014
https://www.ncbi.nlm.nih.gov/pubmed/32853681
https://doi.org/10.1016/j.bbadis.2017.08.027
https://doi.org/10.1016/j.trecan.2017.12.005
https://doi.org/10.1158/1078-0432.CCR-14-3296
https://www.ncbi.nlm.nih.gov/pubmed/26405193
https://doi.org/10.1186/s12885-020-06804-6
https://doi.org/10.1038/onc.2012.315
https://doi.org/10.1002/hep.31829
https://doi.org/10.1002/cncr.30254
https://www.ncbi.nlm.nih.gov/pubmed/27622582
https://doi.org/10.1634/theoncologist.2015-0210
https://www.ncbi.nlm.nih.gov/pubmed/26245674
https://doi.org/10.1371/journal.pone.0115383
https://doi.org/10.1007/BF00999541
https://doi.org/10.1016/j.esmoop.2021.100378
https://doi.org/10.1016/S2468-1253(19)30189-X
https://doi.org/10.1038/s41698-022-00304-5
https://www.ncbi.nlm.nih.gov/pubmed/36056177
https://clinicaltrials.gov/study/NCT04603001
https://clinicaltrials.gov/study/NCT04521686
https://doi.org/10.1182/blood-2017-04-779405
https://www.ncbi.nlm.nih.gov/pubmed/28588020
https://clinicaltrials.gov/study/NCT05814536


Cancers 2024, 16, 2752 19 of 22

97. Gravendeel, L.A.; Kouwenhoven, M.C.; Gevaert, O.; de Rooi, J.J.; Stubbs, A.P.; Duijm, J.E.; Daemen, A.; Bleeker, F.E.; Bralten, L.B.;
Kloosterhof, N.K.; et al. Intrinsic gene expression profiles of gliomas are a better predictor of survival than histology. Cancer Res.
2009, 69, 9065–9072. [CrossRef] [PubMed]

98. Massachusetts General Hospital. Phase II Trial of Dasatinib in Patients with Isocitrate Dehydrogenase (IDH)-Mutant Ad-
vanced Intrahepatic Cholangiocarcinoma. 2015. Available online: https://clinicaltrials.gov/study/NCT02428855 (accessed on
27 July 2024).

99. Saha, S.K.; Gordan, J.D.; Kleinstiver, B.P.; Vu, P.; Najem, M.S.; Yeo, J.C.; Shi, L.; Kato, Y.; Levin, R.S.; Webber, J.T.; et al. Isocitrate
Dehydrogenase Mutations Confer Dasatinib Hypersensitivity and SRC Dependence in Intrahepatic Cholangiocarcinoma. Cancer
Discov. 2016, 6, 727–739. [CrossRef]

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

101. van Lith, S.A.; Navis, A.C.; Verrijp, K.; Niclou, S.P.; Bjerkvig, R.; Wesseling, P.; Tops, B.; Molenaar, R.; van Noorden, C.J.; Leenders,
W.P. Glutamate as chemotactic fuel for diffuse glioma cells: Are they glutamate suckers? Biochim. Biophys. Acta 2014, 1846, 66–74.
[CrossRef] [PubMed]

102. Chen, R.; Nishimura, M.C.; Kharbanda, S.; Peale, F.; Deng, Y.; Daemen, A.; Forrest, W.F.; Kwong, M.; Hedehus, M.; Hatzivassiliou,
G.; et al. Hominoid-specific enzyme GLUD2 promotes growth of IDH1R132H glioma. Proc. Natl. Acad. Sci. USA 2014, 111,
14217–14222. [CrossRef]

103. Choi, M.M.; Kim, E.A.; Choi, S.Y.; Kim, T.U.; Cho, S.W.; Yang, S.J. Inhibitory properties of nerve-specific human glutamate
dehydrogenase isozyme by chloroquine. J. Biochem. Mol. Biol. 2007, 40, 1077–1082. [CrossRef]

104. Jarzyna, R.; Kiersztan, A.; Lisowa, O.; Bryla, J. The inhibition of gluconeogenesis by chloroquine contributes to its hypoglycaemic
action. Eur. J. Pharmacol. 2001, 428, 381–388. [CrossRef]

105. Jarzyna, R.; Lenarcik, E.; Bryla, J. Chloroquine is a potent inhibitor of glutamate dehydrogenase in liver and kidney-cortex of
rabbit. Pharmacol. Res. 1997, 35, 79–84. [CrossRef]

106. Academisch Medisch Centrum-Universiteit van Amsterdam (AMC-UvA). Metformin and Chloroquine in IDH1/2-Mutated Solid
Tumors. 2015. Available online: https://clinicaltrials.gov/study/NCT02496741 (accessed on 27 July 2024).

107. Sulkowski, P.L.; Corso, C.D.; Robinson, N.D.; Scanlon, S.E.; Purshouse, K.R.; Bai, H.; Liu, Y.; Sundaram, R.K.; Hegan, D.C.; Fons,
N.R.; et al. 2-Hydroxyglutarate produced by neomorphic IDH mutations suppresses homologous recombination and induces
PARP inhibitor sensitivity. Sci. Transl. Med. 2017, 9, eaal2463. [CrossRef] [PubMed]

108. Wang, Y.; Wild, A.T.; Turcan, S.; Wu, W.H.; Sigel, C.; Klimstra, D.S.; Ma, X.; Gong, Y.; Holland, E.C.; Huse, J.T.; et al. Targeting
therapeutic vulnerabilities with PARP inhibition and radiation in IDH-mutant gliomas and cholangiocarcinomas. Sci. Adv. 2020,
6, eaaz3221. [CrossRef] [PubMed]

109. Sule, A.; Van Doorn, J.; Sundaram, R.K.; Ganesa, S.; Vasquez, J.C.; Bindra, R.S. Targeting IDH1/2 mutant cancers with combina-
tions of ATR and PARP inhibitors. NAR Cancer 2021, 3, zcab018. [CrossRef] [PubMed]

110. Benjamin, R.C.; Gill, D.M. ADP-ribosylation in mammalian cell ghosts. Dependence of poly(ADP-ribose) synthesis on strand
breakage in DNA. J. Biol. Chem. 1980, 255, 10493–10501. [CrossRef]

111. University Health Network. Study of Olaparib and Durvalumab in IDH-Mutated Solid Tumors. 2019. Available online:
https://clinicaltrials.gov/study/NCT03991832 (accessed on 27 July 2024).

112. National Cancer Institute. Testing Olaparib and AZD6738 in IDH1 and IDH2 Mutant Tumors. 2020. Available online: https:
//clinicaltrials.gov/study/NCT03878095 (accessed on 27 July 2024).

113. National Cancer Institute. Olaparib in Treating Patients with Advanced Glioma, Cholangiocarcinoma, or Solid Tumors with
IDH1 or IDH2 Mutations. 2019. Available online: https://clinicaltrials.gov/study/NCT03212274 (accessed on 27 July 2024).

114. Wu, M.J.; Shi, L.; Dubrot, J.; Merritt, J.; Vijay, V.; Wei, T.Y.; Kessler, E.; Olander, K.E.; Adil, R.; Pankaj, A.; et al. Mutant IDH Inhibits
IFNγ-TET2 Signaling to Promote Immunoevasion and Tumor Maintenance in Cholangiocarcinoma. Cancer Discov. 2022, 12,
812–835. [CrossRef]

115. Kam, A.E.; Masood, A.; Shroff, R.T. Current and emerging therapies for advanced biliary tract cancers. Lancet Gastroenterol.
Hepatol. 2021, 6, 956–969. [CrossRef] [PubMed]

116. Xiang, X.; Liu, Z.; Zhang, C.; Li, Z.; Gao, J.; Zhang, C.; Cao, Q.; Cheng, J.; Liu, H.; Chen, D.; et al. IDH Mutation Subgroup Status
Associates with Intratumor Heterogeneity and the Tumor Microenvironment in Intrahepatic Cholangiocarcinoma. Adv. Sci. 2021,
8, e2101230. [CrossRef]

117. Rimini, M.; Fornaro, L.; Lonardi, S.; Niger, M.; Lavacchi, D.; Pressiani, T.; Lucchetti, J.; Giordano, G.; Pretta, A.; Tamburini, E.;
et al. Durvalumab plus gemcitabine and cisplatin in advanced biliary tract cancer: An early exploratory analysis of real-world
data. Liver Int. 2023, 43, 1803–1812. [CrossRef] [PubMed]

118. Oh, D.Y.; Ruth He, A.; Qin, S.; Chen, L.T.; Okusaka, T.; Vogel, A.; Kim, J.W.; Suksombooncharoen, T.; Ah Lee, M.; Kitano, M.; et al.
Durvalumab plus Gemcitabine and Cisplatin in Advanced Biliary Tract Cancer. NEJM Evid. 2022, 1, EVIDoa2200015. [CrossRef]

119. Yasinjan, F.; Xing, Y.; Geng, H.; Guo, R.; Yang, L.; Liu, Z.; Wang, H. Immunotherapy: A promising approach for glioma treatment.
Front. Immunol. 2023, 14, 1255611. [CrossRef]

120. Academic and Community Cancer Research United; National Cancer Institute. Gemcitabine and Cisplatin with Ivosidenib or
Pemigatinib for the Treatment of Unresectable or Metastatic Cholangiocarcinoma. 2021. Available online: https://clinicaltrials.
gov/study/NCT04088188 (accessed on 27 July 2024).

https://doi.org/10.1158/0008-5472.CAN-09-2307
https://www.ncbi.nlm.nih.gov/pubmed/19920198
https://clinicaltrials.gov/study/NCT02428855
https://doi.org/10.1158/2159-8290.CD-15-1442
https://doi.org/10.1158/1078-0432.CCR-12-1773
https://doi.org/10.1016/j.bbcan.2014.04.004
https://www.ncbi.nlm.nih.gov/pubmed/24747768
https://doi.org/10.1073/pnas.1409653111
https://doi.org/10.5483/BMBRep.2007.40.6.1077
https://doi.org/10.1016/S0014-2999(01)01221-3
https://doi.org/10.1006/phrs.1996.0108
https://clinicaltrials.gov/study/NCT02496741
https://doi.org/10.1126/scitranslmed.aal2463
https://www.ncbi.nlm.nih.gov/pubmed/28148839
https://doi.org/10.1126/sciadv.aaz3221
https://www.ncbi.nlm.nih.gov/pubmed/32494639
https://doi.org/10.1093/narcan/zcab018
https://www.ncbi.nlm.nih.gov/pubmed/34027408
https://doi.org/10.1016/S0021-9258(19)70490-6
https://clinicaltrials.gov/study/NCT03991832
https://clinicaltrials.gov/study/NCT03878095
https://clinicaltrials.gov/study/NCT03878095
https://clinicaltrials.gov/study/NCT03212274
https://doi.org/10.1158/2159-8290.CD-21-1077
https://doi.org/10.1016/S2468-1253(21)00171-0
https://www.ncbi.nlm.nih.gov/pubmed/34626563
https://doi.org/10.1002/advs.202101230
https://doi.org/10.1111/liv.15641
https://www.ncbi.nlm.nih.gov/pubmed/37452505
https://doi.org/10.1056/EVIDoa2200015
https://doi.org/10.3389/fimmu.2023.1255611
https://clinicaltrials.gov/study/NCT04088188
https://clinicaltrials.gov/study/NCT04088188


Cancers 2024, 16, 2752 20 of 22

121. Abou-Alfa, G.K.; Macarulla, T.; Javle, M.M.; Kelley, R.K.; Lubner, S.J.; Adeva, J.; Cleary, J.M.; Catenacci, D.V.; Borad, M.J.;
Bridgewater, J.; et al. Ivosidenib in IDH1-mutant, chemotherapy-refractory cholangiocarcinoma (ClarIDHy): A multicentre,
randomised, double-blind, placebo-controlled, phase 3 study. Lancet Oncol. 2020, 21, 796–807. Erratum in Lancet Oncol. 2020,
21, e462. https://doi.org/10.1016/S1470-2045(20)30547-7. Erratum in Lancet Oncol. 2024, 25, e61. https://doi.org/10.1016/S1470-
2045(24)00013-5. [CrossRef]

122. Pauff, J.M.; Papadopoulos, K.P.; Janku, F.; Turk, A.A.; Goyal, L.; Shroff, R.T.; Shimizu, T.; Ikeda, M.; Azad, N.S.; Cleary, J.M.; et al.
A phase I study of LY3410738, a first-in-class covalent inhibitor of mutant IDH1 in cholangiocarcinoma and other advanced solid
tumors. J. Clin. Oncol. 2021, 39, TPS350. [CrossRef]

123. Azzi, G.; Velez, M.; Mathias-Machado, M.C. Isocitrate dehydrogenase mutations in chondrosarcoma: The crossroads between
cellular metabolism and oncogenesis. Curr. Opin. Oncol. 2014, 26, 403–407. [CrossRef] [PubMed]

124. Vuong, H.G.; Ngo, T.N.M.; Dunn, I.F. Prognostic importance of IDH mutations in chondrosarcoma: An individual patient data
meta-analysis. Cancer Med. 2021, 10, 4415–4423. [CrossRef]

125. Pansuriya, T.C.; van Eijk, R.; d’Adamo, P.; van Ruler, M.A.; Kuijjer, M.L.; Oosting, J.; Cleton-Jansen, A.M.; van Oosterwijk, J.G.;
Verbeke, S.L.; Meijer, D.; et al. Somatic mosaic IDH1 and IDH2 mutations are associated with enchondroma and spindle cell
hemangioma in Ollier disease and Maffucci syndrome. Nat. Genet. 2011, 43, 1256–1261. [CrossRef] [PubMed]

126. Molenaar, R.J.; Radivoyevitch, T.; Maciejewski, J.P.; van Noorden, C.J.; Bleeker, F.E. The driver and passenger effects of isocitrate
dehydrogenase 1 and 2 mutations in oncogenesis and survival prolongation. Biochim. Biophys. Acta 2014, 1846, 326–341. [CrossRef]

127. Guo, J.; Zhang, R.; Yang, Z.; Duan, Z.; Yin, D.; Zhou, Y. Biological Roles and Therapeutic Applications of IDH2 Mutations in
Human Cancer. Front. Oncol. 2021, 11, 644857. [CrossRef] [PubMed]

128. Pathmanapan, S.; Poon, R.; De Renshaw, T.B.; Nadesan, P.; Nakagawa, M.; Seesankar, G.A.; Ho Loe, A.K.; Zhang, H.H.; Guinovart,
J.J.; Duran, J.; et al. Mutant IDH regulates glycogen metabolism from early cartilage development to malignant chondrosarcoma
formation. Cell Rep. 2023, 42, 112578. [CrossRef]

129. Venneker, S.; Kruisselbrink, A.B.; Baranski, Z.; Palubeckaite, I.; Briaire-de Bruijn, I.H.; Oosting, J.; French, P.J.; Danen, E.H.J.;
Bovee, J. Beyond the Influence of IDH Mutations: Exploring Epigenetic Vulnerabilities in Chondrosarcoma. Cancers 2020, 12, 3589.
[CrossRef]

130. Sheikh, T.N.; Chen, X.; Xu, X.; McGuire, J.T.; Ingham, M.; Lu, C.; Schwartz, G.K. Growth Inhibition and Induction of Innate
Immune Signaling of Chondrosarcomas with Epigenetic Inhibitors. Mol. Cancer Ther. 2021, 20, 2362–2371. [CrossRef]

131. Lugowska, I.; Teterycz, P.; Mikula, M.; Kulecka, M.; Kluska, A.; Balabas, A.; Piatkowska, M.; Wagrodzki, M.; Pienkowski, A.;
Rutkowski, P.; et al. IDH1/2 Mutations Predict Shorter Survival in Chondrosarcoma. J. Cancer 2018, 9, 998–1005. [CrossRef]

132. Zhu, G.G.; Nafa, K.; Agaram, N.; Zehir, A.; Benayed, R.; Sadowska, J.; Borsu, L.; Kelly, C.; Tap, W.D.; Fabbri, N.; et al. Genomic
Profiling Identifies Association of IDH1/IDH2 Mutation with Longer Relapse-Free and Metastasis-Free Survival in High-Grade
Chondrosarcoma. Clin. Cancer Res. 2020, 26, 419–427. [CrossRef]

133. Memorial Sloan Kettering Cancer Center; Agios Pharmaceuticals Inc. AG-120 in People with IDH1 Mutant Chondrosarcoma.
2020. Available online: https://clinicaltrials.gov/study/NCT04278781 (accessed on 27 July 2024).

134. Nakagawa, M.; Nakatani, F.; Matsunaga, H.; Seki, T.; Endo, M.; Ogawara, Y.; Machida, Y.; Katsumoto, T.; Yamagata, K.; Hattori,
A.; et al. Selective inhibition of mutant IDH1 by DS-1001b ameliorates aberrant histone modifications and impairs tumor activity
in chondrosarcoma. Oncogene 2019, 38, 6835–6849. [CrossRef] [PubMed]

135. Nakagawa, M.; Yamaguchi, M.; Endo, M.; Machida, Y.; Hattori, A.; Tanzawa, F.; Tsutsumi, S.; Kitabayashi, I.; Kawai, A.; Nakatani,
F. Clinical usefulness of 2-hydroxyglutarate as a biomarker in IDH-mutant chondrosarcoma. J. Bone Oncol. 2022, 34, 100430.
[CrossRef]

136. Eder, J.P. Olaparib Combinations. 2015.
137. Eder, J.P.; Doroshow, D.B.; Do, K.T.; Keedy, V.L.; Sklar, J.S.; Glazer, P.; Bindra, R.; Shapiro, G.I. Clinical Efficacy of Olaparib in

IDH1/IDH2-Mutant Mesenchymal Sarcomas. JCO Precis. Oncol. 2021, 5, 466–472. [CrossRef] [PubMed]
138. Kelley, R.K.; Ueno, M.; Yoo, C.; Finn, R.S.; Furuse, J.; Ren, Z.; Yau, T.; Klumpen, H.J.; Chan, S.L.; Ozaka, M.; et al. Pembrolizumab

in combination with gemcitabine and cisplatin compared with gemcitabine and cisplatin alone for patients with advanced
biliary tract cancer (KEYNOTE-966): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2023, 401, 1853–1865.
[CrossRef]

139. Pollack, S.M.; Redman, M.W.; Baker, K.K.; Wagner, M.J.; Schroeder, B.A.; Loggers, E.T.; Trieselmann, K.; Copeland, V.C.; Zhang,
S.; Black, G.; et al. Assessment of Doxorubicin and Pembrolizumab in Patients with Advanced Anthracycline-Naive Sarcoma:
A Phase 1/2 Nonrandomized Clinical Trial. JAMA Oncol. 2020, 6, 1778–1782. [CrossRef] [PubMed]

140. Li, B.; Li, G.; Yan, X.; Zhu, D.; Lin, P.P.; Wang, Z.; Qu, H.; He, X.; Fu, Y.; Zhu, X.; et al. Fresh Tissue Multi-omics Profiling Reveals
Immune Classification and Suggests Immunotherapy Candidates for Conventional Chondrosarcoma. Clin. Cancer Res. 2021, 27,
6543–6558. [CrossRef]

141. Mito, J.K.; Bishop, J.A.; Sadow, P.M.; Stelow, E.B.; Faquin, W.C.; Mills, S.E.; Krane, J.F.; French, C.A.; Fletcher, C.D.M.; Hornick, J.L.;
et al. Immunohistochemical Detection and Molecular Characterization of IDH-mutant Sinonasal Undifferentiated Carcinomas.
Am. J. Surg. Pathol. 2018, 42, 1067–1075. [CrossRef]

142. Jurmeister, P.; Gloss, S.; Roller, R.; Leitheiser, M.; Schmid, S.; Mochmann, L.H.; Paya Capilla, E.; Fritz, R.; Dittmayer, C.; Friedrich,
C.; et al. DNA methylation-based classification of sinonasal tumors. Nat. Commun. 2022, 13, 7148. [CrossRef]

https://doi.org/10.1016/S1470-2045(20)30547-7
https://doi.org/10.1016/S1470-2045(24)00013-5
https://doi.org/10.1016/S1470-2045(24)00013-5
https://doi.org/10.1016/S1470-2045(20)30157-1
https://doi.org/10.1200/JCO.2021.39.3_suppl.TPS350
https://doi.org/10.1097/CCO.0000000000000092
https://www.ncbi.nlm.nih.gov/pubmed/24867810
https://doi.org/10.1002/cam4.4019
https://doi.org/10.1038/ng.1004
https://www.ncbi.nlm.nih.gov/pubmed/22057234
https://doi.org/10.1016/j.bbcan.2014.05.004
https://doi.org/10.3389/fonc.2021.644857
https://www.ncbi.nlm.nih.gov/pubmed/33981605
https://doi.org/10.1016/j.celrep.2023.112578
https://doi.org/10.3390/cancers12123589
https://doi.org/10.1158/1535-7163.MCT-21-0066
https://doi.org/10.7150/jca.22915
https://doi.org/10.1158/1078-0432.CCR-18-4212
https://clinicaltrials.gov/study/NCT04278781
https://doi.org/10.1038/s41388-019-0929-9
https://www.ncbi.nlm.nih.gov/pubmed/31406254
https://doi.org/10.1016/j.jbo.2022.100430
https://doi.org/10.1200/PO.20.00247
https://www.ncbi.nlm.nih.gov/pubmed/34994649
https://doi.org/10.1016/S0140-6736(23)00727-4
https://doi.org/10.1001/jamaoncol.2020.3689
https://www.ncbi.nlm.nih.gov/pubmed/32910151
https://doi.org/10.1158/1078-0432.CCR-21-1893
https://doi.org/10.1097/PAS.0000000000001064
https://doi.org/10.1038/s41467-022-34815-3


Cancers 2024, 16, 2752 21 of 22

143. Dogan, S.; Frosina, D.; Fayad, M.; de Oliveira, T.B.; Alemar, B.; Rosenblum, M.; Tang, L.H.; Hameed, M.; Xu, B.; Ghossein, R.A.;
et al. The role of a monoclonal antibody 11C8B1 as a diagnostic marker of IDH2-mutated sinonasal undifferentiated carcinoma.
Mod. Pathol. 2019, 32, 205–215. [CrossRef] [PubMed]

144. Alzumaili, B.; Sadow, P.M. IDH2 -Mutated Sinonasal Tumors: A Review. Adv. Anat. Pathol. 2023, 30, 104–111. [CrossRef]
[PubMed]

145. Dogan, S.; Vasudevaraja, V.; Xu, B.; Serrano, J.; Ptashkin, R.N.; Jung, H.J.; Chiang, S.; Jungbluth, A.A.; Cohen, M.A.; Ganly, I.; et al.
DNA methylation-based classification of sinonasal undifferentiated carcinoma. Mod. Pathol. 2019, 32, 1447–1459. [CrossRef]
[PubMed]

146. Huang, J.; Tseng, L.H.; Parini, V.; Lokhandwala, P.M.; Pallavajjala, A.; Rodriguez, E.; Xian, R.; Chen, L.; Gocke, C.D.; Eshleman,
J.R.; et al. IDH1 and IDH2 Mutations in Colorectal Cancers. Am. J. Clin. Pathol. 2021, 156, 777–786. [CrossRef] [PubMed]

147. Rodriguez, E.F.; De Marchi, F.; Lokhandwala, P.M.; Belchis, D.; Xian, R.; Gocke, C.D.; Eshleman, J.R.; Illei, P.; Li, M.T. IDH1 and
IDH2 mutations in lung adenocarcinomas: Evidences of subclonal evolution. Cancer Med. 2020, 9, 4386–4394. [CrossRef]

148. Linos, K.; Tafe, L.J. Isocitrate dehydrogenase 1 mutations in melanoma frequently co-occur with NRAS mutations. Histopathology
2018, 73, 963–968. [CrossRef]

149. Zhang, J.; Hu, L.; Wang, H.; Zhi, J.; Hou, X.; Wu, Y.; Zheng, X.; Gao, M. Functional analysis and clinical significance of the
isocitrate dehydrogenase 2 gene in papillary thyroid carcinoma. Cancer Manag. Res. 2019, 11, 3765–3777. [CrossRef]

150. Chou, N.H.; Tsai, C.Y.; Tu, Y.T.; Wang, K.C.; Kang, C.H.; Chang, P.M.; Li, G.C.; Lam, H.C.; Liu, S.I.; Tsai, K.W. Isocitrate
Dehydrogenase 2 Dysfunction Contributes to 5-hydroxymethylcytosine Depletion in Gastric Cancer Cells. Anticancer Res. 2016,
36, 3983–3990.

151. 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]

152. Zhang, H.; Guo, X.; Dai, J.; Wu, Y.; Ge, N.; Yang, Y.; Ji, J.; Zhang, H. Genetic variations in IDH gene as prognosis predictors in
TACE-treated hepatocellular carcinoma patients. Med. Oncol. 2014, 31, 278. [CrossRef]

153. Du, D.; Liu, C.; Qin, M.; Zhang, X.; Xi, T.; Yuan, S.; Hao, H.; Xiong, J. Metabolic dysregulation and emerging therapeutical targets
for hepatocellular carcinoma. Acta Pharm. Sin. B 2022, 12, 558–580. [CrossRef] [PubMed]

154. Gonthier, K.; Poluri, R.T.K.; Weidmann, C.; Tadros, M.; Audet-Walsh, E. Reprogramming of Isocitrate Dehydrogenases Expression
and Activity by the Androgen Receptor in Prostate Cancer. Mol. Cancer Res. 2019, 17, 1699–1709. [CrossRef] [PubMed]

155. Gonthier, K.; Weidmann, C.; Berthiaume, L.; Jobin, C.; Lacouture, A.; Lafront, C.; Harvey, M.; Neveu, B.; Loehr, J.; Bergeron, A.;
et al. Isocitrate dehydrogenase 1 sustains a hybrid cytoplasmic-mitochondrial tricarboxylic acid cycle that can be targeted for
therapeutic purposes in prostate cancer. Mol. Oncol. 2023, 17, 2109–2125. [CrossRef] [PubMed]

156. Capper, D.; Weissert, S.; Balss, J.; Habel, A.; Meyer, J.; Jager, D.; Ackermann, U.; Tessmer, C.; Korshunov, A.; Zentgraf, H.; et al.
Characterization of R132H mutation-specific IDH1 antibody binding in brain tumors. Brain Pathol. 2010, 20, 245–254. [CrossRef]
[PubMed]

157. Balss, J.; Meyer, J.; Mueller, W.; Korshunov, A.; Hartmann, C.; von Deimling, A. Analysis of the IDH1 codon 132 mutation in brain
tumors. Acta Neuropathol. 2008, 116, 597–602. [CrossRef] [PubMed]

158. Favre, L.; Sako, N.; Tarfi, S.; Quang, V.T.; Joy, C.; Dupuy, A.; Guillerm, E.; Gaulard, P.; Wagner-Ballon, O.; Pujals, A.; et al.
Evaluation of two new highly multiplexed PCR assays as an alternative to next-generation sequencing for IDH1/2 mutation
detection. Mol. Oncol. 2022, 16, 3916–3926. [CrossRef] [PubMed]

159. Yen, K.; Travins, J.; Wang, F.; David, M.D.; Artin, E.; Straley, K.; Padyana, A.; Gross, S.; DeLaBarre, B.; Tobin, E.; et al. AG-221,
a First-in-Class Therapy Targeting Acute Myeloid Leukemia Harboring Oncogenic IDH2 Mutations. Cancer Discov. 2017, 7,
478–493. [CrossRef] [PubMed]

160. Popovici-Muller, J.; Lemieux, R.M.; Artin, E.; Saunders, J.O.; Salituro, F.G.; Travins, J.; Cianchetta, G.; Cai, Z.; Zhou, D.; Cui, D.;
et al. Discovery of AG-120 (Ivosidenib): A First-in-Class Mutant IDH1 Inhibitor for the Treatment of IDH1 Mutant Cancers. ACS
Med. Chem. Lett. 2018, 9, 300–305. [CrossRef] [PubMed]

161. Borger, D.R.; Goyal, L.; Yau, T.; Poon, R.T.; Ancukiewicz, M.; Deshpande, V.; Christiani, D.C.; Liebman, H.M.; Yang, H.;
Kim, H.; et al. Circulating oncometabolite 2-hydroxyglutarate is a potential surrogate biomarker in patients with isocitrate
dehydrogenase-mutant intrahepatic cholangiocarcinoma. Clin. Cancer Res. 2014, 20, 1884–1890. [CrossRef]

162. Wu, M.J.; Shi, L.; Merritt, J.; Zhu, A.X.; Bardeesy, N. Biology of IDH mutant cholangiocarcinoma. Hepatology 2022, 75, 1322–1337.
[CrossRef]

163. Sun, N.; Chen, Z.; Tan, F.; Zhang, B.; Yao, R.; Zhou, C.; Li, J.; Gao, Y.; Liu, Z.; Tan, X.; et al. Isocitrate dehydrogenase 1 is a novel
plasma biomarker for the diagnosis of non-small cell lung cancer. Clin. Cancer Res. 2013, 19, 5136–5145. [CrossRef] [PubMed]

164. Li, J.J.; Li, R.; Wang, W.; Zhang, B.; Song, X.; Zhang, C.; Gao, Y.; Liao, Q.; He, Y.; You, S.; et al. IDH2 is a novel diagnostic and
prognostic serum biomarker for non-small-cell lung cancer. Mol. Oncol. 2018, 12, 602–610. [CrossRef] [PubMed]

165. Ak, M.; Toll, S.A.; Hein, K.Z.; Colen, R.R.; Khatua, S. Evolving Role and Translation of Radiomics and Radiogenomics in Adult
and Pediatric Neuro-Oncology. AJNR Am. J. Neuroradiol. 2022, 43, 792–801. [CrossRef] [PubMed]

166. Gerardi, R.M.; Cannella, R.; Bonosi, L.; Vernuccio, F.; Ferini, G.; Viola, A.; Zagardo, V.; Buscemi, F.; Costanzo, R.; Porzio, M.; et al.
Forecasting Molecular Features in IDH-Wildtype Gliomas: The State of the Art of Radiomics Applied to Neurosurgery. Cancers
2023, 15, 940. [CrossRef] [PubMed]

https://doi.org/10.1038/s41379-018-0126-3
https://www.ncbi.nlm.nih.gov/pubmed/30206411
https://doi.org/10.1097/PAP.0000000000000391
https://www.ncbi.nlm.nih.gov/pubmed/36537260
https://doi.org/10.1038/s41379-019-0285-x
https://www.ncbi.nlm.nih.gov/pubmed/31186531
https://doi.org/10.1093/ajcp/aqab023
https://www.ncbi.nlm.nih.gov/pubmed/33929516
https://doi.org/10.1002/cam4.3058
https://doi.org/10.1111/his.13707
https://doi.org/10.2147/CMAR.S194920
https://doi.org/10.1159/000438593
https://doi.org/10.1007/s12032-014-0278-z
https://doi.org/10.1016/j.apsb.2021.09.019
https://www.ncbi.nlm.nih.gov/pubmed/35256934
https://doi.org/10.1158/1541-7786.MCR-19-0020
https://www.ncbi.nlm.nih.gov/pubmed/31068457
https://doi.org/10.1002/1878-0261.13441
https://www.ncbi.nlm.nih.gov/pubmed/37086156
https://doi.org/10.1111/j.1750-3639.2009.00352.x
https://www.ncbi.nlm.nih.gov/pubmed/19903171
https://doi.org/10.1007/s00401-008-0455-2
https://www.ncbi.nlm.nih.gov/pubmed/18985363
https://doi.org/10.1002/1878-0261.13311
https://www.ncbi.nlm.nih.gov/pubmed/36062346
https://doi.org/10.1158/2159-8290.CD-16-1034
https://www.ncbi.nlm.nih.gov/pubmed/28193778
https://doi.org/10.1021/acsmedchemlett.7b00421
https://www.ncbi.nlm.nih.gov/pubmed/29670690
https://doi.org/10.1158/1078-0432.CCR-13-2649
https://doi.org/10.1002/hep.32424
https://doi.org/10.1158/1078-0432.CCR-13-0046
https://www.ncbi.nlm.nih.gov/pubmed/24046070
https://doi.org/10.1002/1878-0261.12182
https://www.ncbi.nlm.nih.gov/pubmed/29465809
https://doi.org/10.3174/ajnr.A7297
https://www.ncbi.nlm.nih.gov/pubmed/34649914
https://doi.org/10.3390/cancers15030940
https://www.ncbi.nlm.nih.gov/pubmed/36765898


Cancers 2024, 16, 2752 22 of 22

167. Wang, Y.; Zhang, T.; Li, S.; Fan, X.; Ma, J.; Wang, L.; Jiang, T. Anatomical localization of isocitrate dehydrogenase 1 mutation:
A voxel-based radiographic study of 146 low-grade gliomas. Eur. J. Neurol. 2015, 22, 348–354. [CrossRef] [PubMed]

168. Wang, Y.Y.; Wang, K.; Li, S.W.; Wang, J.F.; Ma, J.; Jiang, T.; Dai, J.P. Patterns of Tumor Contrast Enhancement Predict the Prognosis
of Anaplastic Gliomas with IDH1 Mutation. AJNR Am. J. Neuroradiol. 2015, 36, 2023–2029. [CrossRef] [PubMed]

169. Kinoshita, M.; Kanemura, Y.; Narita, Y.; Kishima, H. Reverse Engineering Glioma Radiomics to Conventional Neuroimaging.
Neurol. Med.-Chir. 2021, 61, 505–514. [CrossRef] [PubMed]

170. Leu, K.; Ott, G.A.; Lai, A.; Nghiemphu, P.L.; Pope, W.B.; Yong, W.H.; Liau, L.M.; Cloughesy, T.F.; Ellingson, B.M. Perfusion and
diffusion MRI signatures in histologic and genetic subtypes of WHO grade II-III diffuse gliomas. J. Neurooncol. 2017, 134, 177–188.
[CrossRef] [PubMed]

171. Kim, M.; Jung, S.Y.; Park, J.E.; Jo, Y.; Park, S.Y.; Nam, S.J.; Kim, J.H.; Kim, H.S. Diffusion- and perfusion-weighted MRI radiomics
model may predict isocitrate dehydrogenase (IDH) mutation and tumor aggressiveness in diffuse lower grade glioma. Eur. Radiol.
2020, 30, 2142–2151. [CrossRef]

172. Cho, N.S.; Hagiwara, A.; Eldred, B.S.C.; Raymond, C.; Wang, C.; Sanvito, F.; Lai, A.; Nghiemphu, P.; Salamon, N.; Steelman, L.;
et al. Early volumetric, perfusion, and diffusion MRI changes after mutant isocitrate dehydrogenase (IDH) inhibitor treatment in
IDH1-mutant gliomas. Neurooncol. Adv. 2022, 4, vdac124. [CrossRef]

173. Wenger, K.J.; Steinbach, J.P.; Bahr, O.; Pilatus, U.; Hattingen, E. Lower Lactate Levels and Lower Intracellular pH in Patients with
IDH-Mutant versus Wild-Type Gliomas. AJNR Am. J. Neuroradiol. 2020, 41, 1414–1422. [CrossRef] [PubMed]

174. Subramani, E.; Radoul, M.; Najac, C.; Batsios, G.; Molloy, A.R.; Hong, D.; Gillespie, A.M.; Santos, R.D.; Viswanath, P.; Costello, J.F.;
et al. Glutamate Is a Noninvasive Metabolic Biomarker of IDH1-Mutant Glioma Response to Temozolomide Treatment. Cancer
Res. 2020, 80, 5098–5108. [CrossRef] [PubMed]

175. Andronesi, O.C.; Loebel, F.; Bogner, W.; Marjanska, M.; Vander Heiden, M.G.; Iafrate, A.J.; Dietrich, J.; Batchelor, T.T.; Gerstner,
E.R.; Kaelin, W.G.; et al. Treatment Response Assessment in IDH-Mutant Glioma Patients by Noninvasive 3D Functional
Spectroscopic Mapping of 2-Hydroxyglutarate. Clin. Cancer Res. 2016, 22, 1632–1641. [CrossRef] [PubMed]

176. Li, Y.; Qin, Q.; Zhang, Y.; Cao, Y. Noninvasive Determination of the IDH Status of Gliomas Using MRI and MRI-Based Radiomics:
Impact on Diagnosis and Prognosis. Curr. Oncol. 2022, 29, 6893–6907. [CrossRef] [PubMed]

177. Lohmann, P.; Lerche, C.; Bauer, E.K.; Steger, J.; Stoffels, G.; Blau, T.; Dunkl, V.; Kocher, M.; Viswanathan, S.; Filss, C.P.; et al.
Predicting IDH genotype in gliomas using FET PET radiomics. Sci. Rep. 2018, 8, 13328. [CrossRef] [PubMed]

178. Lohmann, P.; Elahmadawy, M.A.; Gutsche, R.; Werner, J.M.; Bauer, E.K.; Ceccon, G.; Kocher, M.; Lerche, C.W.; Rapp, M.;
Fink, G.R.; et al. FET PET Radiomics for Differentiating Pseudoprogression from Early Tumor Progression in Glioma Patients
Post-Chemoradiation. Cancers 2020, 12, 3835. [CrossRef] [PubMed]

179. Qi, S.; Yu, L.; Li, H.; Ou, Y.; Qiu, X.; Ding, Y.; Han, H.; Zhang, X. Isocitrate dehydrogenase mutation is associated with tumor
location and magnetic resonance imaging characteristics in astrocytic neoplasms. Oncol. Lett. 2014, 7, 1895–1902. [CrossRef]
[PubMed]

180. Tian, W.; Zhang, W.; Wang, Y.; Jin, R.; Wang, Y.; Guo, H.; Tang, Y.; Yao, X. Recent advances of IDH1 mutant inhibitor in cancer
therapy. Front. Pharmacol. 2022, 13, 982424. [CrossRef] [PubMed]

181. Tang, F.; Pan, Z.; Wang, Y.; Lan, T.; Wang, M.; Li, F.; Quan, W.; Liu, Z.; Wang, Z.; Li, Z. Advances in the Immunotherapeutic
Potential of Isocitrate Dehydrogenase Mutations in Glioma. Neurosci. Bull. 2022, 38, 1069–1084. [CrossRef]

182. Alshiekh Nasany, R.; de la Fuente, M.I. Therapies for IDH-Mutant Gliomas. Curr. Neurol. Neurosci. Rep. 2023, 23, 225–233.
[CrossRef]

183. Wu, Y.; Wang, X.; Zhang, M.; Wu, D. Molecular Biomarkers and Recent Liquid Biopsy Testing Progress: A Review of the
Application of Biosensors for the Diagnosis of Gliomas. Molecules 2023, 28, 5660. [CrossRef] [PubMed]

184. Yao, K.; Liu, H.; Yin, J.; Yuan, J.; Tao, H. Synthetic lethality and synergetic effect: The effective strategies for therapy of
IDH-mutated cancers. J. Exp. Clin. Cancer Res. 2021, 40, 263. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/ene.12578
https://www.ncbi.nlm.nih.gov/pubmed/25318355
https://doi.org/10.3174/ajnr.A4407
https://www.ncbi.nlm.nih.gov/pubmed/26316565
https://doi.org/10.2176/nmc.ra.2021-0133
https://www.ncbi.nlm.nih.gov/pubmed/34373429
https://doi.org/10.1007/s11060-017-2506-9
https://www.ncbi.nlm.nih.gov/pubmed/28547590
https://doi.org/10.1007/s00330-019-06548-3
https://doi.org/10.1093/noajnl/vdac124
https://doi.org/10.3174/ajnr.A6633
https://www.ncbi.nlm.nih.gov/pubmed/32646946
https://doi.org/10.1158/0008-5472.CAN-20-1314
https://www.ncbi.nlm.nih.gov/pubmed/32958546
https://doi.org/10.1158/1078-0432.CCR-15-0656
https://www.ncbi.nlm.nih.gov/pubmed/26534967
https://doi.org/10.3390/curroncol29100542
https://www.ncbi.nlm.nih.gov/pubmed/36290819
https://doi.org/10.1038/s41598-018-31806-7
https://www.ncbi.nlm.nih.gov/pubmed/30190592
https://doi.org/10.3390/cancers12123835
https://www.ncbi.nlm.nih.gov/pubmed/33353180
https://doi.org/10.3892/ol.2014.2013
https://www.ncbi.nlm.nih.gov/pubmed/24932255
https://doi.org/10.3389/fphar.2022.982424
https://www.ncbi.nlm.nih.gov/pubmed/36091829
https://doi.org/10.1007/s12264-022-00866-1
https://doi.org/10.1007/s11910-023-01265-3
https://doi.org/10.3390/molecules28155660
https://www.ncbi.nlm.nih.gov/pubmed/37570630
https://doi.org/10.1186/s13046-021-02054-x
https://www.ncbi.nlm.nih.gov/pubmed/34425876

	Introduction 
	Physiological Role of IDH Enzymes in Cell Metabolism 
	Tumorigenesis Induced by IDH Mutations 

	IDH Mutation and IDH Targeted Therapies in Various Solid Malignancies 
	Glioma 
	Cholangiocarcinoma 
	Chondrosarcoma 
	Other Solid Tumors 

	Future Perspectives 
	IDH-Related Tissue and Circulating Biomarkers 
	IDH-Related Imaging, Spectroscopic, and Radiomics Biomarkers 

	Discussion 
	Conclusions 
	References

