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Abstract
Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) are key metabolic enzymes that convert isocitrate to α-ketoglutarate. 
Somatic point mutations in IDH1/2 confer a gain-of-function in cancer cells, resulting in overproduction of an oncometabo-
lite, 2-hydroxyglutarate (2HG). 2HG interferes with cellular metabolism and epigenetic regulation, contributing to oncogen-
esis. Given that IDH1 and IDH2 are attracting attention as promising therapeutic targets, better evaluation of the incidence 
of IDH1 and IDH2 mutations and 2HG level in human cancers is clinically important. This is the first study to assess their 
incidence in esophageal squamous cell carcinomas (ESCCs). First, we established pyrosequencing assays for IDH1 and 
IDH2 mutations and revealed that these mutations were absent in 10 ESCC cell lines and 96 ESCC tissues. Second, utilizing 
IDH1 and IDH2 overexpression vectors, we demonstrated that LC-MS/MS assays can accurately evaluate 2HG level and 
found that some ESCC cases presented a high level of 2HG. In conclusion, IDH1 or IDH2 mutations play a limited role in 
the development of ESCC. 2HG is potentially synthesized to high levels in the absence of IDH1 and IDH2 mutations, and 
this may correlate with progression of ESCCs.
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2HG	� 2-Hydroxyglutarate
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Introduction

Esophageal squamous cell carcinoma (ESCC) is the major 
histological type of esophageal cancer in Eastern Asian 
countries. Although multimodal techniques, such as com-
bined surgery, chemotherapy and radiotherapy, have devel-
oped during the last several decades, the prognosis of 
advanced ESCC patients remains poor [1, 2].

Recently, 18F-fluorodeoxyglucose positron emission 
tomography (FDG-PET) has become available for assess-
ing the range of ESCC progression and predicting prognoses 
[3–5]. As FDG-PET can detect the glucose uptake of cancer 
cells, it may reveal a crucial link between cancer metabo-
lism and malignancy in ESCC. Therefore, identifying criti-
cal factors implicated in cancer progression and metabolism 
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is important for the development of innovative therapeu-
tic strategies for treating ESCC, especially those that are 
molecularly targeted.

Renewed interest in cellular metabolism in cancer has 
more recently followed the discovery of germline or somatic 
mutations in specific genes coding for metabolic enzymes. 
Isocitrate dehydrogenase 1 and 2 (IDH1/2) are key metabolic 
enzymes that convert isocitrate to α-ketoglutarate (α-KG). 
Somatic point mutations in IDH1/2 confer a gain-of-function 
on cancer cells, resulting in the accumulation and secretion 
in vast excess of an oncometabolite, d-2-hydroxyglutarate 
(D-2HG) [6–8]. IDH1/2 mutations have been observed in 
several types of human tumors including low-grade glioma 
[9], glioblastoma [10], chondrosarcoma [11], intrahepatic 
cholangiocarcinomas [12], hematologic malignancies [8, 13, 
14] and other solid tumors [15–17]. D-2HG modulates the 
activity of α-KG-dependent dioxygenases, which are a fam-
ily of enzymes requiring oxygen and iron that are involved 
in proline hydroxylation [18], histone demethylation [19] 
and epigenetic DNA modifications [20] and that contrib-
ute to oncogenesis. D-2HG is a potential biomarker for the 
detection of IDH1/2 mutations. Importantly, inhibitors of 
IDH1 and IDH2 are in early phase clinical trials, and early 
results from these trials involving hematologic malignancies 
or solid cancers have yielded promising results. However, 
there is no published evaluation of the prevalence of IDH1/2 
gene mutations and 2HG accumulation in ESCCs.

In this study, we assessed the precision of a polymerase 
chain reaction (PCR) pyrosequencing assay for identifying 
IDH1/2 mutations and of a liquid chromatography-tandem 
mass spectrometry (LC–MS/MS) assay for measuring 2HG 
level. Second, we determined IDH1/2 mutations and 2HG 
levels in ESCC cell lines and ESCC tissues. We show that 
IDH1 and IDH2 mutations were absent in the dataset of 96 
ESCCs, but some cases demonstrated a high level of 2HG 
independent of IDH1 and IDH2 mutations.

Materials and methods

Study subjects

A total of 96 patients with ESCCs who underwent curative 
resection at Kumamoto University Hospital between April 
2005 and December 2015 were enrolled onto this study. 
We used formalin-fixed paraffin-embedded (FFPE) tissues 
of ESCCs (n = 96) for IDH1 and IDH2 mutation analysis, 
and frozen tissues of ESCCs and matched normal mucosa 
(n = 30) for 2HG analysis. Informed consent for this retro-
spective analysis was obtained by the opt-out method, and 
this study was approved by the institutional review board at 
Kumamoto University (approved number #812). Informed 
consent was obtained from all individual participants 

included in the study. All experiments were performed in 
accordance with the Declaration of Helsinki.

DNA extraction

Genomic DNA extraction from normal and tumor FFPE tis-
sues was performed as previously described [21, 22]. DNA 
was also extracted from cell lines using a QIAamp DNA 
FFPE Mini Kit (QIAGEN).

Cell lines and plasmid transfections

Human cell lines were obtained from RIKEN BioResource 
Center (Japan), Japanese Collection of Research Biore-
sources Cell Bank (Japan), American Type Culture Collec-
tion (USA). GSC03U#5, GSC07U#7 and GSC03A#40 were 
a gift from the Department of Tumor Genetics and Biology, 
Graduate School of Medical Sciences, Kumamoto Univer-
sity, Kumamoto [23].

Cell lines were cultured in medium supplemented with 
10% FBS in a 5% CO2 atmosphere at 37 °C. For expres-
sion of wild-type and mutant IDH1/2 in TE-1 and TE8 
cells, transfection was performed with Lipofectamine 3000 
(Invitrogen) according to the manufacturer’s instructions. 
The cells were collected 48 h after plasmid transfection and 
analyzed as described below.

Vectors

Primers for gene-specific reverse transcription, amplifica-
tion of wild-type IDH1/2 and site-directed mutagenesis 
are listed in Table S1. Human IDH1 cDNA (CCDS2381.1, 
wild type) and IDH2 cDNA (CCDS10359.1, wild type) were 
obtained using gene-specific RT primers and PCR primers 
from the RNA of MCF7 cells. IDH1 and IDH2 cDNAs were 
subcloned into the modified pIRESpuro3 using NheI and 
XhoI. Arginine residues IDH1 R132, IDH2 R140 and IDH2 
R172 were mutated to histidine (c.395G>A), glutamine 
(c.G419G>A) and lysine (c.515G>A) by site-directed 
mutagenesis using the appropriate primers and confirmed 
by sequencing.

Immunoblot analysis

Cells were rinsed with ice-cold PBS and lysed in RIPA buffer 
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with Halt Phosphatase Inhibitor Cocktail (Thermo 
Fisher Scientific). Proteins were separated by SDS-PAGE 
and transferred to a PVDF membrane, blocked in 5% nonfat 
milk in TBS containing 0.1% Tween-20, probed with pri-
mary antibodies and detected with horseradish peroxidase-
conjugated secondary antibody (Santa Cruz, USA, anti-rab-
bit: sc-2004; anti-mouse: sc-2005), and chemiluminescence 
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was detected using Amersham ECL Western Blotting Detec-
tion Reagent (GE Healthcare, GBR). Primary antibodies 
used were IDH1 antibody (Proteintech, USA, 23309-1-AP), 
IDH2 antibody (Abcam, GBR, ab55271), GFP tag antibody 
(Thermo Fisher Scientific, A-11122) and β-actin antibody 
(Cell Signaling Technologies, USA, #4967).

PCR and pyrosequencing for IDH1 and IDH2 
mutation analysis

The PCR amplification primers for pyrosequencing are listed 
in Table S2. Each PCR mix contained 1 X AmpliTaq Gold 
360 Buffer, 2 mM MgCl2, 0.2 mM of each dNTP with dUTP, 
forward and reverse primers (0.2 µM each), 0.625 U of 
AmpliTaq Gold 360 DNA polymerase, 0.25 U of AmpErase 
UNG and 10 ng of template DNA in a total volume of 25 µL. 
The PCR conditions consisted of activation AmpErase UNG 
at 50 °C (10 min), activation AmpliTaq Gold 360 at 95 °C 
(10 min); 35 cycles of 95 °C (15 s), annealing (30 s; 60 °C 
for IDH1 R132 and IDH2 R172, 55 °C for IDH2 R140), and 
72 °C (30 s); and a final extension at 72 °C (7 min). The PCR 
products were electrophoresed through an agarose gel to 
confirm successful amplification of the 74 bp (IDH1 R132), 
104 bp (IDH2 R140) and 77 bp (IDH2 R172) products.

These PCR products were integrated into a TOPO TA 
Cloning Kit with PCR2.1 TOPO (Thermo Fisher Scientific) 
for positive control as IDH1/2 wild type. The mutations of 
IDH1 c.395G>A, IDH2 c.419G>A and IDH2 c.515G>A 
were introduced by site-directed mutagenesis using the 
appropriate primers and confirmed by sequencing for posi-
tive control as mutant IDH1/2.

The primers and the dispensation orders for IDH1 R132, 
IDH2 R140 and IDH2 R172 pyrosequencing are shown in 
Table S2, and sequencing was performed using the Pyro-
Mark Q24 System (Qiagen, Germany) according to the man-
ufacturer’s instructions. A part of pyrosequencing results 
was confirmed by dideoxy sequencing.

LC‑MS/MS analysis of 2HG

We used d-α-hydroxyglutaric acid disodium salt (Sigma, 
USA, H8378) and l-α-hydroxyglutaric acid disodium salt 
(Sigma, 90790) for making a standard curve and recovery 
test.

Cells were collected by centrifugation of 2 × 106 cells and 
suspended in 40 µL of ice-cold PBS. The cells were lysed 
by adding 160 µL of chilled methanol and placed at − 80 °C 
for 30 min, and 120 µL of ice-cold water was then added.

Frozen tissue (approximately 2 mm3) was placed in a 
microfuge tube, and 100 µL/5 mg chilled 80% methanol/
water was added. The frozen tissues were homogenized 
using a tissue grinder with pestle for a test tube (AS ONE, 
JPN) at 3000 rpm for 30 s, on ice. Lysates were incubated for 

30 min at − 80 °C and then centrifuged at 20,600×g at 4 °C 
for 5 min. The 100 µL supernatant was mixed with 60 µL 
of ice-cold water.

Subsequently, these cell (320 µL) or tissue (160 µL) 
lysates were applied to an OASIS MAX µElution Column 
(waters) that had been preconditioned with 200 µL of metha-
nol and 200 µL of water. The column was then washed with 
400 µL of 50% methanol/water, and the analytes were eluted 
with 100 µL of 2% formic acid in methanol. The eluent was 
mixed with an equal amount of water, and 10 µL of the mix-
ture was injected into an LC–MS/MS system consisting of 
1290 Infinity (Agilent Technologies) and 6460 Triple Quad 
LC/MS (Agilent Technologies). The analytes were sepa-
rated from foreign substances using a Hypercarb column 
(outer diameter 2.1 mm × length 150 mm, particle size 5 µm, 
Thermo Fisher Scientific) in a column oven set at 40 °C. 
Isocratic methanol/water/formic acid (497.5/497.5/5, v/v/v) 
at a flow rate of 200 µL/min was used as the mobile phase. 
The analytes were ionized by ESI negative mode, and mul-
tiple reaction monitoring (MRM) data were acquired using 
the following MRM transitions: 147.0 > 57.3, 147.0 > 85.2, 
147.0 > 101.1, 147.0 > 129.1 [24].

Results

Validation of the pyrosequencing analysis 
for IDH1/2 mutation detection

Pyrosequencing is a useful methodology in molecular 
diagnostics and large-scale epidemiological studies. We 
first examined the validity of the pyrosequencing method 
using five positive control vectors, into which PCR prod-
ucts of IDH1 wild type, IDH2 wild type, IDH1 c.395G>A 
(IDH1 R132H), IDH2 c.419G>A (IDH2 R140Q) and IDH2 
c.515G>A (IDH2 R172K) were inserted. These positive 
control vectors were also validated by the dideoxy sequenc-
ing (Fig. 1), and the results were consistent. These findings 
demonstrated that the pyrosequencing method was reliable 
for the detection of IDH1 and IDH2 mutations.

IDH1/2 mutational status in different types 
of cancer cell lines

Next, utilizing this pyrosequencing method, we analyzed 
the mutational status of IDH1 c.395G, IDH2 c.419G and 
IDH2 c.515G in several types of cancer cell lines: esopha-
geal cancer [TE-1, TE-4, TE-6, TE-8, TE-9, TE-10, TE-11, 
TE-14 TE-15 and KYSE30], gastric cancer [AGS, Kato 
III, MKN1, MKN7, MKN45, NCI-N87, NUGC-3 and 
NUGC-4], cervical cancer [HeLa], a breast cancer cell line 
[MCF7], cholangiocarcinoma [K100, M055, M213, M213 
L5, M214 and M214 L5], glioma [A172, U87MG, U251 and 
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U373] and glioma stem cells [GSC03U#5, GSC07U#7 and 
GSC03A#40]. Furthermore, glioma and glioma stem cell 
lines were analyzed by dideoxy sequencing. Data for these 
mutations in 21 cell lines [TE-1, TE-4, TE-6, TE-9, TE-10, 
TE-11, TE-14 TE-15, KYSE30, AGS, Kato III, MKN1, 
MKN7, MKN45, NCI-N87, NUGC-3, NUGC-4, HeLa, 
MCF7, A172, U87MG] were also acquired on the COSMIC 
Cell Lines Project (http://cance​r.sange​r.ac.uk/cosmi​c). These 
results were consistent, revealing that all cancer cell lines 
were wild type in IDH1 c.395G, IDH2 c.419G and IDH2 
c.515G (Table 1).

IDH1/2 mutational status in ESCC tissues

Pyrosequencing analysis of IDH1 R132H, IDH2 R140Q 
and IDH2 R172K was successful for all 96 ESCC paraffin-
embedded tissues. We found that these specimens were all 
wild type in IDH1 c.395G, IDH2 c.419G and IDH2 c.515G 
(Table 2).

Standard curve and recovery test

Two distinct forms of 2HG have been reported: l-2-hydrox-
yglutarate (L-2HG) and d-2-hydroxyglutarate (D-2HG). 
These metabolites are normal endogenous metabolites found 
throughout the human body. Although these metabolites are 
identical in their physical properties, they are different enti-
ties in biochemical properties [25, 26]. Our LC–MS/MS 
detected D-2HG and L-2HG near a retention time of 3 min. 
D-2HG and L-2HG were not detected separately; thus, we 
detected D-2HG and L-2HG as total 2HG (Fig. 2a).

We performed a product ion scan and obtained four MRM 
transitions: m/z 147.0 > 57.3, 147.0 > 85.2, 147.0 > 101.1 
and 147.0 > 129.1. We measured each MRM transition using 
diluted 2HG standard and obtained four standard curves. The 
results are displayed in Fig. 2b. At a collision energy of 5 V, 
MRM transitions of m/z 147.0 > 129.1 were more efficient 
than the others. The standard curve of m/z 147.0 > 129.1 
was y = 530.65x − 259.86, and the correlation coefficient was 

Fig. 1   Detection of IDH mutations by dideoxy sequencing and 
pyrosequencing. IDH1 wild type, IDH1 R132H, IDH2 wild type, 
IDH2 R140H and IDH2 R172K were analyzed by pyrosequencing 
(left panels) and dideoxy sequencing (right panels). The pyrosequenc-

ing nucleotide dispensation order is shown below each pyrogram, and 
the numerical position for each nucleotide is indicated at the bottom. 
Arrows indicate the presence of mutant alleles

http://cancer.sanger.ac.uk/cosmic
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R2 = 1 in the range of 0–250 pmol. We used MRM transi-
tions of m/z 147.0 > 129.1 to measure the level of 2HG.

We added 2HG standard (0, 0.5, 5, 50, 500 pmol in 
105 cells) to TE-1 and extracted 2HG from the cell line. 

The extracted 2HG level was then measured by LC–MS/MS. 
The area value for cells with no added 2HG was subtracted 
from the area values for cells with added 2HG. A standard 
curve of 2HG recovery using the subtractions was calculated 
y = − 0.2117x2 + 925.77x, and the correlation coefficient was 
R2 = 0.9999. The amount of recovered 2HG was the same as 
the amount of added 2HG standard (Fig. 2c).

Level of 2HG in cell lines of ESCCs and expression 
of IDH1 and IDH2 in cell lines

To confirm the reliability of LC–MS/MS for 2HG detection, 
we performed an in vitro assessment. First, we evaluated 

Table 1   Comparative analysis 
of database search on COSMIC 
Cell Lines Project (http://
cance​r.sange​r.ac.uk/cosmi​c), 
pyrosequencing and dideoxy 
sequencing

For detection of IDH1 and IDH 2 mutations in 30 cell lines

Cell line name Type IDH1 IDH2

R132 R140 R172

TE-1 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-4 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-6 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-8 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-9 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-10 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-11 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
TE-14 Esophageal cancer –/WT/– –/WT/– –/WT/–
TE-15 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
KYSE30 Esophageal cancer WT/WT/– WT/WT/– WT/WT/–
AGS Gastric cancer WT/WT/– WT/WT/– WT/WT/–
Kato III Gastric cancer WT/WT/– WT/WT/– WT/WT/–
MKN1 Gastric cancer WT/WT/– WT/WT/– WT/WT/–
MKN7 Gastric cancer WT/WT/– WT/WT/– WT/WT/–
MKN45 Gastric cancer WT/WT/– WT/WT/– WT/WT/–
NCI-N87 Gastric cancer WT/WT/– WT/WT/– WT/WT/–
NUGC-3 Gastric cancer WT/WT/– WT/WT/– WT/WT/–
NUGC-4 Gastric cancer WT/WT/– WT/WT/– WT/WT/–
HeLa Cervical cancer WT/WT/– WT/WT/– WT/WT/–
MCF7 Breast cancer WT/WT/– WT/WT/– WT/WT/–
K100 Cholangiocarcinoma –/WT/– –/WT/– –/WT/–
M055 Cholangiocarcinoma –/WT/– –/WT/– –/WT/–
M213 Cholangiocarcinoma –/WT/– –/WT/– –/WT/–
M213 L5 Cholangiocarcinoma –/WT/– –/WT/– –/WT/–
M214 Cholangiocarcinoma –/WT/– –/WT/– –/WT/–
M214 L5 Cholangiocarcinoma –/WT/– –/WT/– –/WT/–
A172 Glioma WT/WT/WT WT/WT/WT WT/WT/WT
U87MG Glioma WT/WT/WT WT/WT/WT WT/WT/WT
U251 Glioma –/WT/WT –/WT/WT –/WT/WT
U373 Glioma –/WT/WT –/WT/WT –/WT/WT
GSC03U#5 Glioma stem cell –/WT/WT –/WT/WT –/WT/WT
GSC07U#7 Glioma stem cell –/WT/WT –/WT/WT –/WT/WT
GSC03A#40 Glioma stem cell –/WT/WT –/WT/WT –/WT/WT

(COSMIC/pyrosequencing/dideoxy sequencing)

Table 2   IDH1 and IDH 2 mutation status of clinical specimens of 
ESCCs by pyrosequencing

Gene Codon Wild type Mutation

IDH1 R132 96 (100%) 0 (0%)
IDH2 R140 96 (100%) 0 (0%)

R172 96 (100%) 0 (0%)

http://cancer.sanger.ac.uk/cosmic
http://cancer.sanger.ac.uk/cosmic
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the level of 2HG in ten cancer cell lines using LC-MS/MS 
(Fig. 3a). We then transfected vectors encoding AcGFP1 
(Aequorea coerulescens GFP)-tagged IDH1 wild type, IDH2 
wild type, IDH1 R132H, IDH2 R140Q or IDH2 R172K into 
TE-1 and TE-8 cells which the 2HG expression level is very 
low. The transfected cell lines were evaluated by western 
blotting using specific antibodies (Fig. 3b). We could con-
firm that the levels of 2HG in IDH1 R132H-, IDH2 R140Q- 
and IDH2 R172K-expressing cells were higher than those in 
wild-type IDH1/2-expressing cells (Fig. 3c), consistent with 
previous human genetics studies [10–12].

Level of 2HG in ESCCs and matched normal mucosa

Finally, we examined the level of 2HG in 30 ESCC speci-
mens and matched normal esophageal mucosa utilizing our 
reliable LC–MS/MS assay. The levels of 2HG in ESCCs 
(median: 1435.7; mean: 1953.5; SD: 1978.0) were higher 
than those in matched normal mucosa (median: 1328.0; 
mean: 1518.9; SD: 693.8) (Fig. 4), although this difference 
was not statistically significant. None of these cancer tissues 
had IDH1 or IDH2 mutations. Notably, some ESCC tissues 
(e.g., cases 029, 011, 009 and 007) presented are higher than 
in the matched normal tissue sample, thereby supporting the 

importance of 2HG in the development and progression of 
ESCC.

Discussion

Mutations in IDH1 or IDH2, whose gene products are essen-
tial for cellular respiration in the tricarboxylic acid cycle, are 
prevalent in several types of human cancers. These muta-
tions confer a gain-of-function on cancer cells and result in 
overproduction of the oncometabolite 2HG, leading to onco-
genesis [6, 7, 27]. Importantly, IDH1 and IDH2 are attract-
ing attention as a promising therapeutic target: inhibitors of 
IDH1 and IDH2 are in early phase clinical trials involving 
hematologic malignancies or solid cancers. The early results 
from these trials have yielded promising results [28]. There-
fore, a better understanding of IDH1/2 mutation status and 
2HG level in cancer tissues is increasingly important. To 
our knowledge, this is the first study evaluating IDH1 and 
IDH2 mutations and 2HG level in ESCCs. We developed our 
own PCR pyrosequencing assay and LC-MS/MS assay and 
found that IDH1 and IDH2 mutations were absent in ESCC 
cell lines and tissues, but that some cases displayed a high 
level of 2HG.

Fig. 2   Measuring the level of 2HG by LC-MS/MS. a Mass frag-
mentograms of D- and L-2-HG. Shown are D-2HG standard, 
L-2HG standard and a mixture of D- and L-2HG standards (total 
2HG). D-2HG, L-2HG and total 2HG displayed a peak at 3.0  min. 

b Standard curves of D-2HG. Total ion chromatogram (TIC) and 
multiple reaction monitoring (MRM) of 147.0 > 57.3, 147.0 > 85.2, 
147.0 > 101.1 and 147.0 > 129.1. c Recovery of exogenous D-2HG in 
the esophageal cell line TE-1
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Accumulating evidence supports the possibility of 
exploiting IDH1/2 mutations as a prognostic biomarker in 
human neoplasms. In addition, 2HG is a biomarker that is 
suitable for the detection of IDH1/2 mutations at diagnosis 

and is predictive of the clinical response. We analyzed the 
IDH1 and IDH2 mutations in various types of cancer cell 
lines (ESCC, gastric cancer, cervical cancer, breast can-
cer, cholangiocarcinoma, glioma and glioma stem cells) 
and in ESCC tissue samples (n = 96) by pyrosequencing. 
However, there were no mutations in IDH1 or IDH2. Our 
data matched with those in the COSMIC Cell Lines Pro-
ject database. In agreement with a previous report [6–8], 
IDH1 and IDH2 mutations correlated with an increased 
level of 2HG in esophageal cell lines.

2HG is a competitive inhibitor of multiple α-KG-
dependent dioxygenases, including histone demethylases 
[19] and the TET family of 5mC hydroxylases [20], and is 
associated with poor prognosis in various cancers. 2HG anal-
ysis using LC-MS/MS showed variable levels of total 2HG 
in esophageal cell lines, without IDH1 or IDH2 mutation. In 
clinical ESCC samples (n = 30), although some specimens 
had no IDH mutation, the level of total 2HG was higher 
than in matched normal tissue. 2HG comprises two types 
[25], D-2HG and L-2HG, which are synthesized by different 
metabolism. D-2HG is formed by mutant IDH [6, 7], 3-phos-
phoglycerate dehydrogenase [29] and hydroxyacid-oxoacid 
transhydrogenase [30], while L-2HG is formed by malate 
dehydrogenase [31] or hypoxia [32]. D-2-hydroxyglutarate 
dehydrogenase [30] and L-2-hydroxyglutarate dehydroge-
nase [33, 34], respectively, reduce D-2HG and L-2HG level 
[26]. Our results raise the possibility that mutant forms of 
these enzymes cause abnormal 2HG metabolism in esopha-
geal cancer.

In summary, we established pyrosequencing assays for 
IDH1 and IDH2 mutations and revealed that these mutations 
were absent in 10 ESCC cell lines and 96 ESCC tissues. Sec-
ond, utilizing IDH1 and IDH2 overexpression vectors, we 
demonstrated that 2HG assays with LC-MS/MS can accu-
rately assess 2HG level and found that some proportion of 
ESCC tissues displayed high levels of 2HG. In conclusion, 
IDH1 or IDH2 mutations play a limited role in the develop-
ment of ESCC. 2HG may be synthesized independent of 
IDH1 and IDH2 mutations and may be related to progression 
of ESCCs. We currently plan a further study focusing on the 
relationship between IDH1/2 mutations, 2HG status, envi-
ronmental risk factors (e.g., smoking, alcohol) and patient 
survival in ESCC.

Fig. 3   a Levels of total 2HG in ten esophageal cancer cell lines. 
Mutant IDH1 or IDH2 expression increases the level of 2HG. TE-1 
and TE-8 cells were mock-transfected or transfected with wild-type or 
mutant IDH vectors at day 1. b Cells were lysed at day 2, and the cell 
lysates were analyzed by immunoblotting with anti-IDH1, anti-IDH2, 
anti-GFP and anti-β-actin antibodies. c Cells were collected at day 
2, and 2HG levels were measured. The data represent means ± S.D. 
Average amounts of 2HG are shown above each bar
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