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a b s t r a c t

Isocitrate dehydrogenase 2 (IDH2) mutations have been detected in gliomas, cartilagino us tumors, and 
acute myeloid leukemias. IDH2 mutations are specific to a single codon in the conserv ed and functionally 
important Arginine 172 (R172) or Arginine 140 (R140). To date, we have established specific monoclonal 
antibodies (mAbs) against IDH2-R172K and IDH2-R172M. However, specific mAbs against IDH2-R 172W 
have not been reported. To establish IDH2-R172W-specific mAbs, we immunized rats with IDH2-R 172W 
peptides . Western-blot analysis showed that WMab-1 reacted with the IDH2-R172W recombinant 
protein, not with IDH2-wild type (WT) or other IDH2 mutants, indicating that WMab-1 is IDH2- 
R172W-specific. Furthermore, WMab-1 specifically stained the IDH2-R172W-expressing cells in immu- 
nocytoche mistry, but did not stain IDH2-WT and IDH2-R172M-containing cells. WMab-1 also specifically
stained the IDH2-R172W-expressing glioma cells in immunohistochemistry. This is the first report to 
establish an anti-IDH2-R172W-specific mAb, which could be useful in the diagnosis of IDH2-R172W- 
bearing tumors. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction Here, we report a novel anti-IDH2-R17 2W-specific monoclonal 
Isocitrate dehydrogenase 2 (IDH2) mutations have been de- 
tected in some gliomas [1–3], cartilaginou s tumors [4–6], and 
acute myeloid leukemias (AML) [7,8]. IDH2 mutations have been 
identified as early genetic alterations, and might be the initiating 
event in these tumors [1–3]. The IDH2 mutations are remarkably 
specific to a single codon in the conserved and functionally impor- 
tant Arginine 172 residue (R172) in gliomas. Of interest, IDH2 
mutations of AML were discovered subsequent ly in Arginine 140 
residue (R140), which are more frequent than R172 [7,8]. IDH2 
mutations were found to possess the ability to change a-ketoglu-
tarate to onco-metabolite R(�)-2-hydroxyglutarate (2-HG) [9].

To date, several monoclonal antibodies (mAbs) against IDH1/2 
mutations have been reported [10–15]. Of those antibodies, we 
established HMab-1: an anti-IDH1-R13 2H-specific mAb [10],
SMab-1: an anti-IDH1-R13 2S-specific mAb [11], GMab-m1: an 
anti-IDH1-R13 2G-specific mAb [15], KMab-1: an anti-IDH2- 
R172K-spec ific mAb [14], and MMab-1: an anti-IDH2-R17 2M-spe- 
cific mAb [14]. In our previous study, IDH1 mutation as evaluated 
using immunohistoc hemistry might be of greater prognostic sig- 
nificance than histological grading alone in gliomas [10,16–19].
ll rights reserved. 
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antibody WMab-1 , which is expected to be extremely useful for 
diagnosis of mutation-beari ng gliomas. 

2. Materials and methods 

2.1. Cell lines and tissues 

Sp2/0 and Chinese hamster ovary (CHO) cells were obtained 
from the American Type Culture Collection (ATCC, Manassas, VA).
These cell lines were cultured at 37 �C in a humidified atmosph ere 
of 5% CO 2 and 95% air in RPMI 1640 medium (Wako Pure Chemical 
Industries Ltd., Osaka, Japan), including 2 mM L-glutamine (Wako
Pure Chemical Industries Ltd.) supplemented with 10% heat-inacti -
vated fetal bovine serum (FBS; Life Technologies Corp., Carlsbad, 
CA). One glioma patient (oligodendroglioma, WHO grade II–III),
who underwent primary surgery at Nagoya University Hospital 
and one glioma patient (glioblastoma, WHO grade IV), who under- 
went primary surgery at Tsukuba University Hospital, were in- 
cluded in this study. Informed consent was obtained from each 
patient or the patient’s guardian for obtaining samples and for sub- 
sequent data analysis. 

2.2. Hybridom a productio n

WMab-1 against IDH2-R172W was produced using rat medial 
iliac lymph node methods [14,15]. Briefly, WKY/Izm rats (Japan
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Fig. 1. Western-blot analyses by anti-IDH2 mAbs against MBP-fusion proteins. 
Purified proteins (0.05 lg/lane) of E. coli -expressing IDH2 wild type (lane 1) and 
IDH2 mutants (lane 2, IDH2-R172K; lane 3, IDH2-R172M; lane 4, IDH2-R172W)
were electrophoresed under reducing conditions using 5–20% gels, and were 
Western-blotted with WMab-1, 5F11, and anti-MBP tag. 
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SLC Inc., Shizuoka, Japan) were immunized by injecting 170 lg of 
synthetic peptides of CGG TKPITIGWHAHGDQYKA, conjugated with 
KLH together with Freund’s complete adjuvant (FCA; Sigma–Al-
drich, St. Louis, MO) into footpad. The lymphocy tes were fused 
with mouse myeloma Sp2/0 cells using polyethylene glycol (PEG)
methods. The culture supernatants were screened using ELISA for 
binding to IDH2-R172W and IDH2-WT peptides, conjugated with 
BSA.

2.3. Enzyme-link ed immunos orbent assay (ELISA)

Synthetic peptides were immobilized, respectively , on Nunc 
Maxisorp 96-well immunopl ates (Thermo Fisher Scientific Inc., 
Waltham, MA) at 1 lg/ml for 30 min, respectivel y. After blocking 
with SuperBlock T20 (PBS) Blocking Buffer in PBS (Thermo Fisher 
Scientific Inc.), the plates were incubated with culture supernat ant, 
followed by 1:1000 diluted peroxidase-con jugated anti-rat IgG 
(Dako, Glostrup, Denmark). The enzymatic reaction was conducted 
with 1-Step Ultra TMB-ELISA (Thermo Fisher Scientific Inc.). The 
optical density was measured at 655 nm with an iMark micropla te 
reader (Bio-Rad Laboratories Inc., Philadelp hia, PA). These reac- 
tions were performed with a volume of 50 ll at 37 �C.

2.4. Plasmid preparati on 

Human IDH2 cDNA (Accession No. NM_002168) encoding a full- 
length open reading frame (ORF) was obtained by PCR using a cDNA 
derived from the U373 glioblastoma cell line [20] as a template. The 
primer set for IDH2 was as follows: EcoRI-IDH2. F1, 50-ccGAATTCgg-
gATGGCCGGCT ACCTGCGGG- 30 and SalI-IDH2 wterR1359, 50-
gccgtcgacCT ACTGCCTGCCC AGGGCTCT-3 0. The amplified cDNA was 
subcloned into a pcDNA3.1/V5-Hi s-TOPO vector (Life Technolo gies 
Corp.). Substitution of the Arginine 172 (R172) to appropriate ami- 
no acid codons (Lysine, Methionine , or Tryptophan ) in IDH2 cDNAs 
was accomplis hed using the QuikChange Lightning site-directed 
mutagenesis kit (Agilent Technolo gies, Santa Clara, CA). The full- 
length IDH2-WT, IDH2-R1 72K, IDH2-R172M, and IDH2-R172W 
were subcloned into an expression vector, pMAL-c2 (New England 
Biolabs Inc., Beverly, MA), via EcoRI and SalI restriction sites. The 
full-length IDH2 and each mutated ORF were amplified using the 
primer set: EcoRI-ID H2.F1 and IDH2wot erR1356-XhoI, 50-taaCTC-
GAGcgCTGCCTG CCCAGGGCTCT G-3 0. These PCR products were di- 
gested with EcoRI and XhoI restriction enzymes , and subcloned 
into pcDNA3 vector (Life Technologie s Corp.) together with the 
nucleotide sequence (ctcgagTGGCGTTGCCATGC CAGGTGCCGA A- 
GATGATGTG GTGTAAtctaga), which encodes 12 amino acids, 
GVAMPGAE DDVV (PA tag) [14].

2.5. Protein expression using bacteria cells and mammalian cells 

Competent Escherichi a coli TOP-10 cells (Life Technologies 
Corp.) were transformed with the plasmid, pMAL-IDH2 -wild type 
(WT), pMAL-IDH2 -R172K, pMAL-IDH2 -R172M, and pMAL-IDH2- 
R172W. Then, they were cultured overnight at 37 �C in LB medium 
(Life Technologies Corp.) containing 100 lg/ml ampicilli n (Sigma–
Aldrich). Cell pellets were resuspended in phosphate buffered 
saline (PBS) with 1% Triton X-100 with 50 lg/ml aprotinin (Sig-
ma–Aldrich). After sonicatio n, the crude extracts were collected 
by centrifugati on (9000�g 30 min, 4 �C). The supernatants were 
loaded onto Amylose resin (New England Biolabs Inc.). The loaded 
resins were washed extensively with column buffer (20 mM Tris–
HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA), and the fusion proteins 
were eluted by column buffer with 10 mM maltose. CHO cells were 
transfected with appropriate amounts of plasmids, pcDNA3/IDH2- 
WT, pcDNA3/IDH2-R 172K, pcDNA3/IDH2-R 172M, or pcDNA3/ 
IDH2-R172W using Lipofectami ne LTX (Life Technologie s Corp.)
accordin g to the manufac turer’s instructions. Stable transfectant s
were selected by cultivating the transfectant s in medium contain- 
ing 1 mg/ml of G418 (Wako Pure Chemical Industries Ltd.). The 
expression level of IDH2 was confirmed using Western- blot 
analysis.

2.6. Western- blot analyses 

Cultured cell pellets were lysed with PBS with 1% TritonX-100 
for 30 min on ice. The lysate supernat ants were centrifuged for 
15 min at 15,000 rpm to remove cellular debris. Cell lysates con- 
taining 10 lg of total protein were prepared for Western-blo t anal- 
ysis by boiling in SDS sample buffer (Nakalai Tesque, Inc., Kyoto, 
Japan). They were electrophor esed on 5–20% polyacrylamid e gels 
(Wako Pure Chemical Industries Ltd.). The separated proteins were 
transferred to a PVDF membrane (Bio-Rad Laboratories Inc.). After 
blocking with 4% skim milk in PBS for 15 min, the membrane was 
incubate d with WMab-1 (1 lg/ml), 5F11 (anti-IDH2; 1 lg/ml;
Sigma–Aldrich), TMab-2 (anti-MBP tag [14]; 1 lg/ml), or NZ-1 
(anti-PA tag [14]; 1 lg/ml) for 15 min; then with peroxidase-con -
jugated secondary antibodies (Dako, 1/1000 diluted) for 15 min, 
and developed with ECL-plus reagents (GE Healthcare, Bucking- 
hamshire, UK) using SAYACA-IMAGER (DRC Co., Ltd., Tokyo, Japan).

2.7. Immunoc ytochemical (ICC) analyses 

Cultured cells were fixed with 4% paraformald ehyde in 0.1 M
phosphat e buffer (pH 7.4) for 20 min at room temperature, and 
permeab ilized with 0.1% Triton X-100 in PBS for 15 min. Cells were 
then treated with 10% normal goat serum in PBS (NGS/PBS) to 
block nonspecific binding sites, and were incubated with 5 lg/ml
of WMab-1 containing 0.1% Triton X-100 overnight at 4 �C in a
moist chamber. They were incubated with goat anti-rat IgG-Alexa 
488 (dilution 1:400; Molecular Probes Inc., Eugene, OR) in PBS 
containing 0.1% Triton X-100 for 1 h at room temperat ure. Cells 
were also treated with TO-PRO-3 (Molecular Probes) to stain the 
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cell nuclei. They were examined using confocal laser-sca nning 
microscopy (LSM5 PASCAL; Carl Zeiss Inc., Jena, Germany). Then 
fluorescent images were processed using image-pr ocessing 
software (Adobe Photoshop; Adobe Systems Inc.).
2.8. Immunohist ochemical (IHC) analysis 

IDH2-R172W protein expression was determined immunohis- 
tochemicall y in paraffin-embedded tumor specimens [14]. Briefly,
4-lm-thick histologic sections were deparaffinized in xylene and 
rehydrated. Then, they were autoclave d in citrate buffer (pH 6.0; 
Dako) for 20 min. Sections were incubated with 5 lg/ml of 
WMab-1 overnight at 4 �C. Biotin-conjugated secondary anti-rat 
IgG (Dako) was incubated for 30 min at room temperature fol- 
lowed by the peroxida se-conjugated biotin-strep tavidin complex 
(Vectastain ABC Kit; Vector Laborato ries Inc., Burlingame, CA) for 
30 min at room temperature . Color was developed using 3, 3-diam- 
inobenzidin e tetrahyd rochloride (DAB; Dako) for 10 min, and 
counterstained with hematoxy lin. 
3. Results and discussion 

3.1. Production of an IDH2-R172W-sp ecific antibody 

The IDH2 gene at 15q26.1 encodes isocitrate dehydrogen ase 2
(IDH2), which catalyzes the oxidative carboxylation of isocitrate 
Fig. 2. The specificity of an anti-mutated IDH2 mAb, WMab-1. (A) Western-blot analyse
from CHO cells expressing IDH2 wild type (lane 1) and IDH2 mutants (lane 2, IDH2-R172
conditions using 5–20% gels, and were Western-blotted with WMab-1, 5F11, and an
transfected CHO cells. CHO cells were transfected by mutated IDH2. Each cell was staine
treated with TO-PRO-3 to stain the cell nuclei (blue). (For interpretation of the references 
to a-ketoglut arate in mitochond ria [21]. To date, almost all IDH2 
mutations have been identified at the critical isocitrate binding site 
R172 codon or R140 codon in some malignan t gliomas [1], cartilag- 
inous tumors [4,5], and in acute myeloid leukemias [7]. The vast 
majority of changes of IDH2 are heterozygous in the same way of 
IDH1 mutation [1,2,22,23]. IDH1 mutations include R132H (664/
716: 92.7%), R132C (29/716: 4.2%), R132S (11/716: 1.5%), R132G 
(10/716: 1.4%), and R132L (2/716: 0.2%); therefore, combination 
of our established mAbs: an anti-R13 2H mAb (HMab-1) [10], an 
anti-R13 2S mAb (SMab-1) [11], and an anti-R13 2G mAb (GMab-
m1) [15] covers 95.6% of IDH1 mutations. It was also reported that 
IDH2 mutations include R172K (20/31: 64.5%), R172M (6/31:
19.3%), and R172W (5/31: 16.2%) in gliomas [3]. Recently, we have 
established KMab-1: anti-IDH2-R17 2K-specific mAb and MMab-1: 
anti-IDH 2-R172M-spec ific mAb [14]. Combination of our estab- 
lished anti-IDH2 mAbs could cover 83.8% of IDH2 mutations. 
However , anti-IDH2-R17 2W mAbs have not been established. For 
this study, we immunized rats with synthetic peptides of IDH2- 
R172W. After cell fusion, the wells of hybridomas , which produced 
IDH2-R1 72W-reactive/ IDH2-wild type (WT)-nonreactive antibod- 
ies, were screened in ELISA. After limiting dilution, clone WMab- 
1 (rat IgG 2b, kappa) against IDH2-R172W was established. 

3.2. Specificity of an anti-IDH2-R1 72W mAb against IDH2 Mutants 

To determine the specificity of WMab-1, the reactivity against 
IDH2-WT and IDH2 mutants (MBP-IDH2-R172K, MBP-IDH2- 
s by anti-IDH2 mAbs against mutated IDH2-expressing CHO cells. Total cell lysate 
K; lane 3, IDH2-R172M; lane 4, IDH2-R172W) were electrophoresed under reducing 
ti-PA tag. (B) Immunocytochemical analysis by WMab-1 against mutated IDH2- 
d by WMab-1, followed by anti-rat IgG-Alexa 488 antibody (green). Cells were also 
to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Immunohistochemical analyses by WMab-1 against glioma tissues. Glioma 
tissues possessing IDH2-R172W (A) or IDH2-WT (B) were stained with WMab-1. 
Magnification: �400.
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R172M, MBP-IDH2- R172W) was investigated using Western-blo t
analyses. As shown in Fig. 1, WMab-1 recognized only MBP- 
IDH2-R172W protein, not with the other proteins (MBP-IDH2-
WT, MBP-IDH2- R172K, MBP-IDH2-R 172M), indicating that 
WMab-1 specifically recognizes MBP-IDH2-R172W protein. In con- 
trast, clone 5F11 recognized MBP-IDH2-WT and all MBP-IDH2- 
mutant proteins. These results indicate that WMab-1 is useful in 
detecting IDH2-R172W specifically. To exclude the possibility that 
the specificity of WMab-1 was affected by MBP-tag , which was 
used for the expression of IDH2 mutants in E. coli , another GST- 
tag was also used in the expression of IDH2 mutants: GST-IDH2-WT,
GST-IDH2-R 172K, GST-IDH2-R 172M, and GST-IDH2- R172W. Re- 
sults show that WMab-1 recognized only GST-IDH2-R 172W (data
not shown), suggesting that the reactivity of WMab-1 is observed 
independen tly of those tag proteins. 

We next performed Western-blo t analyses against mutated 
IDH2-expres sing CHO cells. As shown in Fig. 2A, WMab-1 reacted 
with only IDH2-R172W protein expressed in CHO cells, not with 
the other proteins (IDH2-WT, IDH2-R172K, IDH2-R172M). In con- 
trast, anti-IDH2 mAb (clone 5F11) strongly recognized only 
IDH2-WT; weakly recognized mutated IDH2 proteins. 5F11 also 
detected endogenous IDH2 expressed in CHO cells. These results 
indicate that WMab-1 is useful in detecting IDH2-R172W ex- 
pressed in mammalian cells. 
3.3. Immunoc ytochemical (ICC) analyses by WMab-1 against IDH2- 
R172W-ex pressing cell lines 

Newly established WMab-1 was confirmed to be an IDH2- 
R172W-s pecific antibody in Western-blo t analyses; therefore, we 
performed immunoc ytochemical (ICC) analyses using IDH2-WT-, 
IDH2-R1 72M-, or IDH2-R1 72W-transfect ed CHO cells. As depicted 
in Fig. 2B, WMab-1 reacted with only CHO/IDH2- R172W, not with 
CHO/IDH2-wi ld type (WT) and CHO/IDH2-R 172M. Immunostai n- 
ing of WMab-1 for CHO/IDH2-R172W demonstrat ed cytosolic pat- 
terns. These results indicate that WMab-1 is useful for detecting 
IDH2-R1 72W in ICC, suggesting that WMab-1 could be also useful 
in immunohistoc hemical analyses for detection of IDH2-R172W. 

3.4. Immunohi stochemical (IHC) analysis by WMab-1 against IDH2- 
R172W-beari ng gliomas 

We next performed immunohistoc hemistry (IHC) of WMab-1 
against IDH2-R172W- positive gliomas. Typical results are shown 
in Fig. 3. WMab-1 stained almost all tumor cells of IDH2-R1 72W- 
positive gliomas (Fig. 3A), although no staining was observed in 
IDH1-WT gliomas (Fig. 3B). These results indicate that WMab-1 
is useful in IHC analyses for detection of IDH2-R1 72W mutation. 
In near future, combinati on of WMab-1 with previously estab- 
lished anti-mutated IDH1 mAbs (HMab-1 [10], SMab-1 [11],
GMab-m1 [15], GMab-r1 [24], LMab-1 [24]) and anti-mut ated 
IDH2 mAbs (KMab-1 [14], MMab-1 [14]) should increase the diag- 
nostic rate using IHC against glioma patients. 

In conclusion, an established anti-IDH2-R17 2W-specific mAb 
WMab-1 is expected to be extremely useful for diagnosis and bio- 
logical evaluation of mutation-bear ing gliomas in combination 
with anti-mutated IDH1/2-s pecific monoclonal antibodies. 
Addition al IDH1/2 mutation-spec ific antibodies must be developed 
for pathological diagnosis of gliomas, cartilaginous tumors, and 
AML.
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