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The potent cytotoxicity of reactive oxygen species (ROS) can cause various diseases but may also serve as
a powerful weapon capable of destroying cancer cells. Although the balance between generation and
elimination of ROS is maintained by the proper function of antioxidative systems, the severe disturbance
of cellular redox status may cause various damages, leading to cell death. Mitochondrial NADP+-depen-
dent isocitrate dehydrogenase (IDH2), an NADPH-generating enzyme, is one of the major antioxidant and
redox regulators in mitochondria. To assess the effect of IDH2 knockdown in the malignancy process, we
generated B16F10 melanoma cells stably transfected either with the cDNA for mouse IDH2 cloned in
antisense orientation or with a control vector. Mice injected with B16F10 cells harboring IDH2 downreg-
ulation showed a dramatic reduction in tumor progression in comparison to mice administered control
cells. This effect might be secondary to a shift from a reducing to an oxidative state in tumor cells. The
tumor tissue of mice administered B16F10 cells transfected with the IDH2 cDNA exhibited induction
of apoptosis and downregulation of angiogenesis markers. These observations demonstrate that reduc-
tion of IDH2 levels in malignant cells has anti-tumorigenic effects and suggest that IDH2 is a potential
target for cancer therapy.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The balance of reactive oxygen species (ROS) formation and
levels of antioxidative defenses is crucial for cell survival and
growth, and it is critical for cells to remove ROS in order to
remain viable and maintain their functions [1]. Therefore, a
severe disruption of cellular redox status induces elevation of
ROS levels, leading to cytotoxicity, inhibition of cell proliferation,
and cell death. Not surprisingly, ROS production to trigger tumor
cell death is a mechanism shared by all non-surgical cancer
therapies, such as chemotherapy, radiotherapy, and photody-
namic therapy [2].

A complex network of enzymatic and non-enzymatic antioxi-
dant systems eliminates ROS and maintains cellular redox
homeostasis. In addition to enzymes that directly remove ROS,
enzymes providing essential reducing equivalents play a major
role in maintaining cellular redox balance [3,4]. Reduced glutathi-
one (GSH) protects from oxidative stress owing to its potent
antioxidant functions and by providing a substrate for the mito-
chondrial glutathione peroxidase and glutathione-dependent
phospholipid hydroperoxidase [5]. GSH levels in mitochondria
are maintained by glutathione reductase, and NADPH is an essen-
tial reducing equivalent for enzyme-linked GSH recycling [6]. Fur-
thermore, NADPH is required for the regeneration of the
thioredoxin system, which is required to preserve cellular thiol
homeostasis [7]. In this regard, mitochondrial NADPH acts as an
essential component in the mitochondrial antioxidant system.
Mitochondrial NAD+-dependent isocitrate dehydrogenase (IDH2)
catalyzes oxidative decarboxylation of isocitrate into a-ketoglu-
tarate and the reduction of NADP+ to NADPH. Recently, we
reported that IDH2 is one of the major antioxidant and redox reg-
ulators, and prevents oxidative stress by producing NADPH in the
mitochondria, since these organelles do not express glucose
6-phosphate dehydrogenase (G6PD) [8,9].

To assess the role of IDH2 in tumor progression, we stably
transfected B16F10 mouse melanoma cells with the cDNA for
mouse IDH2 cloned in an antisense orientation. We explored the
tumorigenicity of B16F10 cells harboring IDH2 downregulation in
mice, and we determined the molecular mechanism by which
IDH2 downregulation suppresses tumor growth.
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2. Materials and methods

2.1. Materials

b-NADP+, isocitrate, xylenol orange, 2,4-dinitophenylhydrazine
(DNPH), and 5,50-dithiobis-(2-nitrobenzoic acid) (DTNB) were
obtained from Sigma Chemical Co. (St. Louis, MO). Antibodies
against cleaved lamin B, phospho-p53, Bcl-2, Bax, and VEGF were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA);
Cleaved PARP, cleaved caspase-3, PUMA, phospho-Akt were pur-
chased from Cell Signaling (Beverly, MA); p21, cytochrome c, and
HIF-1a were purchased from Biosciences (San Diego, CA);
Prx-SO3 was purchased from AB Frontier (Seoul, Korea). A peptide
containing the 16 N-terminal amino acids of mouse IDH2
(ADKRIKVAKPVVEMPG) was used to prepare polyclonal anti-
IDH2 antibodies [8].

2.2. Establishment of stably transfected cell lines

B16F10 mouse melanoma cells stably transfected with the
cDNA for mouse IDH2 cloned in an antisense orientation were pre-
pared as previously described [8]. B16F10 cells transfected with
the LNCX vector backbone were used as a controls. B16F10 cells
were cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum, 100 U/mL penicillin, and 100 lg/mL strep-
tomycin at 37 �C in a 5% CO2 atmosphere.

2.3. Enzyme assays

IDH2 activity was determined by measuring NADPH levels at
340 nm at 25 �C, as previously described [8]. To assess caspase-3
activity, tumor lysates (100 lg of protein) were added to the
reaction buffer (100 mM HEPES, pH 7.4; 0.5 mM PMSF; 10 mM
dithiothreitol; 1 mM EDTA; and 10% glycerol) containing the chro-
mogenic peptide substrate Ac-DEVD-pNA (Calbiochem, San Diego,
CA). Subsequently, reactions were incubated for 2 h at 37 �C, and
absorbance was monitored at 405 nm to measure caspase activity.

2.4. Soft agar assay

In total, 1000 control or antisense IDH2-transfected B16F10
cells, suspended in 3 ml of 0.35% noble agar (growth medium with
10% fetal bovine serum), were spread evenly onto 60-mm plates
covered with a 4-ml basal layer of 0.7% noble agar in Dulbecco’s
modified Eagle’s medium. Subsequently, the plates were incubated
in a humidified 37 �C incubator for 14 days, and growth medium
was added onto the agar plate every 5 days. Colonies were visual-
ized by staining with q-iodonitrotetrazolium violet overnight and
counted.

2.5. Tumor formation assay

All experiments were carried out in 6-week-old male C57BL6 J
mice obtained from Hyochang Science (Taegu, Korea). Animal stud-
ies were conducted in accordance with institutional guidelines for
the care and use of laboratory animals. Control and antisense
IDH2-transfected B16F10 cells (1 � 105/0.1 mL PBS) in the growth
phase were subcutaneously injected into the right thigh of
C57BL/6 mice. Four to six mice were used for each group. Tumor
formation was monitored every two days and calculated (in
mm3) using width (x) and length (y) (x2y/2, where x < y). Twenty-
one days after the initial tumor inoculation, mice were euthanized
and tumors were dissected and analyzed. Histological sections
from one paraffin block per tumor were stained with hematoxylin
and eosin (H & E) to assess tissue morphology.
2.6. Preparation of tissue extracts

Tumor tissue was homogenized at maximum speed for 15 s in a
solution containing 0.3 M sucrose, 25 mM imidazole, 1 mM EDTA
(pH 7.2), 8.5 lM leupeptin, and 100 lg/mL aprotinin. Subse-
quently, homogenates were centrifuged at 4000�g for 15 min at
4 �C, and the resulting supernatants were stored at �20 �C before
use. Protein concentration was measured by the Bradford method
using reagents purchased from Bio-Rad (Hercules, CA).

2.7. RNA isolation and reverse transcription (RT)-PCR

RNA was isolated using an RNeasy kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instruction. Total RNA
(1 lg) was reverse-transcribed using a first-strand cDNA synthesis
kit (Invitrogen, Carlsbad, CA), according to the manufacturer’s pro-
tocol. The cDNA template was amplified by RT-PCR by using a
Perkin–Elmer GeneAmp PCR System 2400 (Perkin–Elmer Cetus,
Waltham, MA), according to the manufacturer’s protocol.
Sequences of the primers used were as follows: b-actin, forward
50-TCTACAATGAGCTGCGTGTG-30, reverse 50-ATCTCCTTCTGCAT
CCT-GTC-30; IDH2, forward 50-ATCAAGGAGAAGC-TCATCCTGC-30,
reverse 50-TCTGTGGCCTTGTACTGGTCG-30. b-actin expression was
used as an internal control. The amplified DNA products were
resolved on a 1% agarose gel and stained with ethidium bromide.

2.8. Immunoblot analysis

Proteins were separated on 10–12.5% SDS–polyacrylamide gel,
transferred to nitrocellulose membranes, and subsequently sub-
jected to immunoblot analysis using appropriate antibodies.
Immunoreactive antigens were then detected with an enhanced
chemiluminescence detection kit (Amersham Pharmacia Biotech,
Buckinghamshire, UK).

2.9. Measurement of cellular redox status and oxidative damage

NADPH was measured using the enzymatic cycling method as
described by Zerez et al. [10] and expressed as the ratio of NADPH
to the total NADP pool. Intracellular H2O2 concentration was mea-
sured using the ferric sensitive dye xylenol orange, as previously
described [11]. Thiobarbituric acid-reactive substances (TBARS)
were determined as an independent measure of lipid peroxidation.
Malondialdehyde (MDA) production was assessed with a TBARS
spectrophotometric assay [12]. The protein carbonyl content was
determined immunochemically using the OxyBlot Protein Oxida-
tion Detection Kit (Millipore, Billerica, MA). The concentration of
total glutathione was determined by the rate of formation of
5-thio-2-nitrobenzoic acid at 412 nm (e = 1.36 � 104 M�1 cm�1),
and oxidized glutathione (GSSG) was measured by the DTNB–GSSG
reductase recycling assay after treating GSH with 2-vinylpyridine
[12].

2.10. Statistical analysis

The difference between two mean values was analyzed by Stu-
dent’s t-test and was considered to be statistically significant when
p < 0.05.

3. Results and discussion

Mitochondrial NADPH is an essential reducing equivalent for
the regeneration of antioxidant GSH and for the activity of
NADPH-dependent thioredoxin system [6,7]. The latter is required
for the activity of members of the mitochondrial thioredoxin
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peroxidase family/peroxiredoxin family, such as peroxiredoxin III/
protein SP-22 [13–15] and peroxiredoxin V/AOEB166 [16]. In this
regard, the mitochondrial NADPH-generating enzyme IDH2 is crit-
ical for cellular defense against ROS-mediated damage and
apoptosis.

To investigate the potential role of IDH2 in malignancies, we
downregulated IDH2 expression in mouse melanoma B16F10 cells
by stable transfection with an LNCX vector containing the mouse
IDH2 cDNA in an antisense orientation. Cells stably transfected
with the LNCX vector backbone were used as controls. IDH2 activ-
ity was �50% lower in the antisense IDH2-transfected B16F10 cells
than in control cells (Fig. 1A). Immunoblot analysis with an anti-
IDH2 antibody and RT-PCR further confirmed the correlation
between the levels of protein and mRNA, respectively, and the cor-
responding levels of enzyme activity (Fig. 1B and C). Another attri-
bute of cancer cells that is not shared by normal cells is the ability
to grow unanchored in soft agar [17]. After 2 weeks of culture in
soft agar, antisense IDH2-transfected B16F10 cells formed fewer
and smaller colonies than control cells (Fig. 1D and E). The level
of peroxiredoxin (Prx)-SO3, a marker for oxidative damage, were
increased in B16F10 cells transfected with antisense IDH2 cDNA,
indicating a shift to pro-oxidant cellular state in the context of
IDH2 knockdown (Fig. 1F).
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Fig. 1. Downregulation of IDH2 in B16F10 cells. (A) IDH2 activity of B16F10 cells tran
orientation or with LNCX vector backbone (control). Each value represents the mean ± S
expressed in B16F10 transfected cells. b-Actin was used as a loading control. (C) RT-PCR a
(D) Representative dishes by soft agar assay. (E) Stained colonies counted and recorde
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levels of the cell extracts were determined by anti-Prx-SO3 antibody after SDS–PAGE.
The effects of IDH2 downregulation on tumorigenicity were
assessed in age-matched male mice subcutaneously injected with
BF16F10 melanoma cells transfected with either the antisense
IDH2 cDNA or control vector. Melanoma tumor growth was abro-
gated in mice harboring B16F10 cells transfected with the anti-
sense IDH2 cDNA [IDH2(-)] compared to mice injected with
control cells [control] (Fig. 2A and B). In addition, tumor weight
was lower in IDH2(-) mice than in control mice (Fig. 2C). These
in vivo results are consistent with our in vitro data, demonstrating
that the IDH2 knockdown exerts anti-tumorigenic effects both
in vitro and in vivo. Accordingly, histological analysis of tumor
tissue harvested 3 weeks after injections showed extensive malig-
nancy in control mice (Fig. 2D).

The activity of IDH2 was 40% lower in IDH2(-) tumor tissue
than in control tumor tissue (Fig. 3A). In agreement with IDH2
downregulation, the ratio for mitochondrial [NADPH]/[NADP+/
NADPH] was lower in IDH2(-) tumor tissue than in control tumor
tissue (Fig. 3B). Although moderate levels of ROS may function as
signals to promote cell proliferation and survival, severe increase
of ROS can induce cell death [18]. To determine whether differ-
ences in tumorigenicity observed in IDH2(-) and control tumor
tissues were associated with ROS formation, the levels of intracel-
lular H2O2 in tumor tissues were measured. IDH2(-) tumor tissue
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exhibited higher level of intracellular H2O2 than in control tumor
tissue (Fig. 3C). Prx-SO3 levels were higher in IDH2(-) tumor
tissue than in control tumor tissue (Fig. 3D), confirming that
the cellular redox balance is severely disturbed by IDH2
downregulation.

Under oxidative stress, excessive ROS are detrimental to lipid,
protein, and DNA integrity, leading to severe and irreversible oxi-
dative damage. Oxidation of protein side chains results in forma-
tion of carbonyl derivatives, a quantitative marker of protein
oxidation and oxidative stress [19]. We tested whether oxidative
protein damage increased in IDH2(-) tumor tissue. Levels of oxida-
tive protein damage in tumor lysates were determined by measur-
ing the amount of derivatized carbonyl groups on oxidized proteins
by western blotting for oxidized protein carbonyl groups. Oxida-
tive protein damage was higher in IDH2(-) tumor tissue than in
control tumor tissue. TBARS spectrometric assay revealed that lev-
els of lipid peroxidation were higher in IDH2(-) tumor tissue than
in control tumor tissue (Fig. 3F).

The redox status and GSH/GSSG ratio are perturbed under mul-
tiple oxidative stress-induced conditions [20]. The ratio of GSSG/
total GSH (GSHt), which may reflect the efficiency of GSH turnover,
was significantly higher in IDH2(-) tumor tissue than in control
tumor tissue (Fig. 3G). This data indicate that GSSG was reduced
less efficiently in IDH2(-) tumor tissue than in control tumor tissue.
Protein S-glutathionylation is a post-translational modification of
protein sulfhydryl groups that occurs under oxidative stress [21].
Western blot analysis of tumor lysates with an anti-GSH IgG
revealed an increase of glutathionylated proteins in IDH2(-) tumor
tissue (Fig. 3H). Taken together, these results indicate that elevated
steady-state level of ROS in tumor cells may lead to oxidative
damage.
To determine whether the inhibition of tumorigenesis by down-
regulation of IDH2 is associated with induction of apoptosis, we
assayed apoptosis-related factors in IDH2(-) and control tumor tis-
sues. Caspase-3 activation in the IDH2(-) and control tumor tissues
was assessed by caspase colorimetric assay. Caspase-3 activity was
significantly increased by knockdown of IDH2 (Fig. 4A). Western
blot analysis revealed that apoptotic marker protein expression
was higher in IDH2(-) tumor tissue than in control tumor tissue
(Fig. 4B). At higher ROS levels, cell division is arrested, and this
effect is prolonged, cells undergo apoptosis [22]. Oxidative stress
activated p53, which binds to DNA and induces the expression of
multiple genes such as p21, a protein that arrests cancer cells in
the G1 phase and modulates the kinase activities of various
cyclin-dependent kinases [23,24]. Western blot analysis revealed
that p21 and phosphorylated p53 levels were increased in IDH2(-)
tumor tissue compared to those in control tumor tissue (Fig. 4C).

The heterodimeric transcription factor HIF-1 (hypoxia-induc-
ible factor 1) mediates the response to hypoxia. HIF-1 controls
expression of multiple genes of pivotal importance for cellular
metabolism, angiogenesis, cell cycle regulation, and inhibition of
apoptosis [25]. Protein levels of HIF-1a in IDH2(-) and control
tumor tissues were examined by immunoblotting. HIF-1a accumu-
lation was reduced in IDH2(-) tumor tissue compared to that in
control tumor tissue. Accordingly, expression of VEGF, a known
target of HIF-1a was suppressed in IDH2(-) tumor tissue
(Fig. 4D). Regulation of HIF-1 stability and function under hypoxic
conditions, as well as under stimulation by growth factors, is mod-
ulated by the phosphatidylinositol 3-kinase (PI3K)-protein kinase
B (PKB/Akt) signaling pathway [26]. Akt, a serine-threonine kinase
and downstream target of PI3K, is regulated by phosphoinositide-
dependent protein kinases (PDKs) [27]. Akt phosphorylation was
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lower in IDH2(-) tumor tissue was than in control tumor tissue
(Fig. 4D).

In the present study, we demonstrated that downregulation of
the mitochondrial NADPH-generating enzyme IDH2 inhibits tumor
growth both in vitro and in vivo, presumably through the induction
of apoptosis and downregulation of angiogenesis-related factors.
These observations provide direct evidence that the reduction of
IDH2 levels in malignant cells has anti-tumorigenic effects and
suggest that IDH2 is a potential target for cancer therapy.
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