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Letter to the Editor

Functional evaluation of isocitrate dehydrogenase 1 and 2 variants of unclear significance in
chronic myeloid neoplasms

Substantial advances have been made regarding the range and
depth of clinical gene sequencing platforms, resulting in easier detec-
tion of known cancer-specific mutations. Additional genetic variants are
also being identified in genes known to be pathogenic in cancer, but not
functionally characterized and not represented in normal populations.
Predicting the potential pathogenicity of these variants with ‘unclear
clinical significance’ (VUS) on protein structure and function is difficult,
and increases the challenge of employing molecular markers to effec-
tively define risk assessment and assign specific therapy regimens.

We have identified several VUS predicted as pathogenic and/or
damaging in isocitrate dehydrogenase 1 and 2 (IDH1/IDH2) using
available in-silico algorithms (SIFT/MutationTaster) in patients with
chronic myeloid malignancies. Key mutations in these genes result in
the known production and accumulation of an aberrant oncometabolite
(2-hydroxyglutarate), which disrupts the epigenetic phenotype of
myeloid cells and results in progression and transformation of disease
[1]. Mutant IDH inhibitors have shown clinical utility both as single
agents and in combination strategies for affected patients, and there-
fore, assessing the functional effect of IDH1/2 VUS is important [2,3].
For this study, we used highly sensitive mass spectrometry approaches
to measure and compare levels of IDH metabolites in IDH VUS to those
with known IDH mutations. We also analyzed the potential protein
structural consequences of IDH variants using protein-based secondary
structure prediction and 3D-modeling of IDH-specific crystal structure.

IDH1 and IDH2 each encode an isoform of a key metabolic enzyme
that participates in a carefully regulated irreversible step in the citric
acid cycle (TCA), producing alpha-ketoglutarate (α-KG). Normal func-
tion of this pathway is essential for the generation of accessible cellular
energy in the form of NAPDH, as well as participation in biosynthesis of
glucose, fatty acids, and amino acids. Mutations affecting IDH1 and
IDH2 prevent the forward conversion of NADP+ to NADPH (a loss-of-
function effect), and this encourages the reverse reaction, resulting in
an acquired (gain-of-function) ability to reduce α-KG to 2-hydro-
xyglutarate (2-HG) -specifically, the D-2-HG isomer structure. The latter
is an oncogenic competitive inhibitor of α-KG-dependent enzymes, in-
cluding histone demethylases and the TET family of 5-methylcytosine
hydroxylases, and leads to altered DNA methylation [1,4]. Current
known IDH mutations are mapped to the active site of the enzyme and
include three specific arginine residues: R132 (IDH1), and R140, R172
(IDH2) [5]. Mutations affecting these residues have been described in
myeloid malignancies, including in up to 20% of acute myeloid leu-
kemia (AML), in up to 5% of myelodysplastic syndromes (MDS) and
myeloproliferative neoplasms (MPN), and around 9% in overlap syn-
dromes (MDS/MPN) [5–12]. Mutations at IDH2 residue R172 are the
least frequent [9,13,14].

Methods: After institutional approval, bone marrow DNA from pa-
tients with MDS, MPN, and MDS/MPN overlap syndromes were sub-
jected to next generation sequencing (29-gene panel, including the

entire coding region of IDH1/2) by previously described methods [15].
From this cohort, we analyzed a sub-set of patients with available
EDTA-preserved plasma [wild-type IDH (n = 20), IDH mutant (n = 43)
and IDH VUS (n = 9; with ≤0.03% normal frequency and predicted
damaging in-silico scores by either/or SIFT and MutationTaster)] and
normal controls (n = 3) for LC/MS based detection of IDH-related
metabolites; D and L isomers of 2-HG, α-KG, and total 2-HG [See
Fig. 1]. The crystal structure and location of each variant was provided
by the RCSB Protein Data Bank. Values for amino acid side chain vo-
lumes were taken from Zamyatnin [16]. The impact of variants on
protein secondary structure elements (beta strand, alpha helix, and
random coil) was assessed using the GorIV secondary structure pre-
diction algorithm, and an assessment of the effects within the context of
the tertiary structure was performed in PyMOL [See Supplemental
Table 3 for details on all programs].

For IDH-metabolite detection, the concentration of α-KG and 2-HG
were measured by gas chromatography-mass spectrometry, (GC/MS) as
previously described [Supplemental Methods] [17,18]. Concentrations
of L and D isomers of 2-HG were separated and quantified by liquid
chromatography coupled with mass spectrometry (LC/MS) as pre-
viously described [Supplemental Methods] [19,20]. The standard t-test
was used to calculate significance between case groups. All statistical
analyses considering clinical parameters was completed using either the
Mann–Whitney or Kruskal–Wallis test, and calculation of overall sur-
vival (OS) -from the date of first referral to the date of death (un-
censored) or last contact (censored)- was performed using Ka-
plan–Meier method with log-rank comparison by Chi-Square.

Results: One hundred and nine cases containing either an IDH mu-
tation or VUS were included in the study, with the median age being 68
years (range, 39–94) and 69% male. Of these, 35% had MDS (n = 38),
36% had MPN (n = 39), and 29% had MDS/MPN overlap syndromes
(n = 32). Eighty percent (n = 87) had a pathogenic IDH mutation, in-
cluding 26% with IDH1R132[C/G/H/S] (n = 28; 11 MDS, 8 MPN, 9
MDS/MPN) and 54% with IDH2R140[G/Q/W/*] (n = 59; 23 MDS, 20
MPN, 16 MDS/MPN). IDH VUS were detected in 20% [n = 22] cases,
involving IDH1 in 5% [n = 5] cases and IDH2 in 15% [n = 17] cases. In
total, there were fourteen unique VUS [see Fig. 1A, Supplemental
Fig. 1]. One patient with MPN had dual presence of an IDH1 mutation
and IDH2 VUS (T435M) and was considered mutant for this study. Four
IDH mutant and two VUS cases (IDH1R119W and IDH2A416S) also had
mutations in TET2. All IDH VUS were missense except for one case with
a 2 amino acid insertion in IDH2 (R149_E150insSR). The most frequent
VUS observed was IDH2T352P (n = 8; 7%). Seventeen of twenty ad-
ditional IDH wild-type cases used in LC–MS testing (10 MDS and 10
PMF each) were included for OS comparison (9 MDS and 8 PMF).

LC–MS analysis was performed on 72 cases with available plasma
(IDH mutant [n = 43], IDH VUS [n = 9], IDH wild-type [n = 20], and
n = 3 normal plasma were used for control). We found no statistical
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difference in the levels of α-KG, the metabolite produced during normal
homeostasis, between any of the groups: IDH mutant (avg: 8.6 μM, SD:
4.53), IDH VUS (avg: 9.3 μM, SD: 4.34), IDH wild-type (avg: 7.0 μM, SD:
3.94), and control (avg: 5.40 μM, SD: 0.36) [Fig. 2C and Supplemental
Table 1]. However, we detected levels of the oncometabolite 2-HG in all
IDH mutant cases (avg: 24.4 μM, SD: 31.7, range: 0.58–182.8 μM)
which was significant over both IDH VUS (avg: 1.2 μM, SD: 0.49,
p = 0.034*) and IDH wild-type (avg: 1.4 μM, SD: 1.1, p = 0.0020**)
cases [Fig. 2D and Supplemental Table 1]. There was no significant
difference in levels between IDH1 vs IDH2 VUS types. The levels of D-2-
HG, the enantiomer associated with aberrant 2-HG production, was
significantly increased in IDH mutant cases (avg: 21.9 μM, SD: 32.92,
range: 0.53–199 μM) over wild-type (avg: 0.6 μM, SD: 0.25,
p = 0.0055**), however, did not quite reach statistical significance
with IDH VUS cases (avg: 0.6 μM, SD: 0.17, p = 0.06), most likely due
to low number, since the largest value for an IDH VUS was still less than
1μM. There was no change seen in L-2-HG [Fig. 2E & F and Supple-
mental Table 1].

On a univariate analysis, there was a trend towards an inferior OS in
cases with mutant IDH (35 months), in comparison to IDH VUS cases

(50 months, p = 0.0553) and those that were IDH wild-type (66
months, p = 0.0543), with no differences in OS between IDH VUS and
IDH wild-type cases [Fig. 2A]. Considering IDH1 VUS and IDH2 VUS
separately, cases with IDH2 VUS (77 months) had superior OS com-
pared to mutant IDH (34.8 months, p = 0.0312*), while IDH1 VUS
cases had an OS similar to mutant (36.5 months) [See Fig. 2B]. In
comparison to mutant IDH, cases with IDH VUS were associated with a
lower frequency of SRSF2 mutations (57.4% vs 23.5%, p = 0.0117*),
however, no other significantly different clinical values were observed
(see Supplemental Table 2).

The mutant-targeted arginine residues (R132, R140, and R172) are
in close proximity to the protein-catalytic center and key interaction
partners: isocitric acid, calcium, and α-KG. Almost all of the IDH VUS in
this study were located away from the active center and were therefore
allosteric in nature [Fig. 1B & C, and Supplemental Fig. 1 and Table 4].
Most of these VUS potentially affect secondary and/or tertiary structure
of the protein probably resulting in a destabilization or (partial) mis-
folding of the protein, thereby potentially impacting function (func-
tional studies to validate these observations are needed -see Supple-
mental Table 4).

Fig. 1. Details and Location of Individual IDH Mutant/VUS. The details for IDH1 & 2 mutations and VUS included in study are listed in panel (A) and include:
nucleotide and amino acid residue change, variant allele frequency (VAF), number of cases tested by LC–MS, in silico protein prediction (both SIFT and
MutationTaster), population frequency (ExAC), and dbSNP ID. Panels (B&C) include RCSB Protein Bank generated image of IDH1 (B) and IDH2 (C) 3D crystal
structure highlighting the proximity of VUS (light blue) to essential biological compounds for IDH activity (yellow, green, red –see key under each panel) and
pathogenic mutations (dark blue and purple) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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Conclusion: The IDH VUS included in our study, which were all
predicted to have a pathogenic/damaging effect by DNA-based in-silico
software, did not have the same ‘canonical’ ability to generate the on-
cometabolite 2-HG as IDH mutants and did not significantly impact
survival outcomes. This is important when considering IDH-targeted
therapies.

Nevertheless, our analysis of the VUS using specific IDH secondary
structure and 3-D crystal structure-based models did corroborate the
pathogenic/damaging effects offered by the original DNA-based in-silico
software (predictive). These variants may still result in other lesser
known effects on some other IDH-specific function. Along with pro-
viding an intermediate for the TCA cycle, IDH also contributes to the
generation of NADPH which is important for lipid, amino acid, glucose
biogenesis, and protection from oxidative and radiation-induced da-
mage. Whether these changes are important or not to other aspects of
cancer survival needs further assessment.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.leukres.2019.106264.
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