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Abstract Gliomas are the most malignant and aggressive pri-
mary brain tumor in adults. Despite concerted efforts to improve
therapies, their prognosis remains very poor. Isocitrate dehydro-
genase 1 (IDH1) mutations have been discovered frequently in
glioma patients and are strongly correlated with improved sur-
vival. However, the effect of IDH1 mutations on the
chemosensitivity of gliomas remains unclear. In this study, we
generated clonal U87 and U251 glioma cell lines overexpress-
ing the R132H mutant protein (IDH1-R132H). Compared with
control cells and cells overexpressing IDH wild type (IDHI-
WT), both types of IDH1-R132H cells were more sensitive to
temozolomide (TMZ) and cis-diamminedichloroplatinum
(CDDP) in a time- and dose-dependent manner. The IDHI-
R132H-induced higher chemosensitivity was associated with
nicotine adenine disphosphonucleotide (NADPH), glutathione
(GSH) depletion, and reactive oxygen species (ROS) genera-
tion. Accordingly, this IDH1-R132H-induced growth inhibition
was effectively abrogated by GSH in vitro and in vivo. Our
study provides direct evidence that the improved survival in
patients with IDH1-R132H tumors may partly result from the
effects of the IDHI-R132H protein on chemosensitivity. The

Jinlong Shi and Baolan Sun contributed equally to the work.

Electronic supplementary material The online version of this article
(doi:10.1007/s13277-014-2644-z) contains supplementary material,
which is available to authorized users.

J. Shi- B. Sun* W. Shi - H. Zuo * L. Ni (2<) + J. Chen (<)
Department of Neurosurgery, Affiliated Hospital of Nantong
University, 20 Xisi Road, Nantong, Jiangsu Province 226001,
People’s Republic of China

e-mail: ntnilanchun@163.com

e-mail: chenjian9079@yeah.net

D. Cui

Department of Neurosurgery, Shanghai Tenth People’s Hospital,
Tongji University School of Medicine, 301 Yanchang Road,
Shanghai 200072, China

primary cellular events associated with improved survival are
the GSH depletion and increased ROS generation.
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Introduction

Gliomas are classified as grades I to IV on the basis of
histopathological and clinical criteria established by the World
Health Organization (WHO) [1]. Their specific histologic
subtypes include astrocytomas, oligodendrogliomas, and
ependymomas. High-grade gliomas are highly invasive tu-
mors with high recurrent rate following treatment. Despite
advances in surgical techniques, radiation therapy, and adju-
vant chemotherapy, the prognosis of high-grade gliomas is
still poor [2—4]. Therefore, in order to improve the efficacy
and prognosis of treatment strategy, it is necessary to probe
into the molecular mechanisms involved in occurrence and
development of gliomas.

Isocitrate dehydrogenase 1 (IDH1) gene is located on chro-
mosome 2 and encodes IDH1, which catalyzes the conversion
of isocitrate to alpha-ketoglutarate («-KG) and generates nic-
otine adenine disphosphonucleotide (NADPH) in the cyto-
plasm and peroxisomes [5]. IDHI gene mutations occur fre-
quently in patients with glioma. The most common mutation
is R132H (>90 %) with R132C and R132S being less com-
mon [6-9]. Patients with IDH mutant tumors have a better
prognosis than IDH wild-type (IDH1-WT) tumors, which has
been confirmed in grades II-1V of gliomas [10—14]. For in-
stance, Kaplan-Meier survival analysis revealed a highly sig-
nificant association between IDH1 mutation and a better clin-
ical outcome [13]. In patients with newly diagnosed glioblas-
toma multiforme (GBM) treated with radiation combined with
temozolomide, Bujko et al. [15] estimated the prognostic
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value of the IDH1 mutations. They found that the 3-year
overall survival was 60 % in the group with IDH1 mutation,
while in the wild-type IDH1 group, it dropped to 29 % [15].
Among a large series of 382 patients, the anaplastic astrocy-
toma patients without IDH1 mutation did significantly worse
than those with IDH1 mutation and even with glioblastoma
patients with IDH1 mutation [16].

Since IDHI mutations have been shown to be related to
prolonged survival, there is an explosion of interest in the
understanding of its contribution to response to chemotherapy
in patients with GBM. Among 271 low-grade gliomas, a
subgroup of 84 patients treated up-front with temozolomide
(TMZ) was individualized [17]. IDH1 mutation was an inde-
pendent predictor of an improved clinical outcome in response
to treatment with TMZ [17]. These data indicate that IDH1
mutations may highlight the sensitivity to chemotherapy.
However, when investigating the chemoresponse of IDH1
mutant glioma to procarbazine (Matulane), lomustine
(CCNU), and vincristine (Oncovin), improved prognosis
was found regardless of adjuvant therapy [18]. These findings
support the hypothesis that IDH1 mutations lead to a better
response to chemotherapy in glioma patients.

The IDH1 protein plays a significant role in cellular control
of oxidative damage through the production of NADPH
[19-21]. Sixty-five percent of the total NADPH production
capacity in a glioblastoma patient is provided for by IDH
activity. This is reduced by 38 % after the occurrence of
R132 IDH1 mutation [10, 22]. Low-level cytoplasmic
NADPH results in an impaired reduction of glutathione
(GSH) and affects the thioredoxin system [23]. GSH is the
most abundant intracellular antioxidant involved in the pro-
tection of cells against oxidative damage and in various de-
toxification mechanisms [24-26]. High-level of GSH in cells
is related to apoptosis resistance [27]. On the contrary, deple-
tion of intracellular GSH results in oxidative stress (generation
of reactive oxygen species (ROS)), which is a known inducer
of the transcription of specific genes involved in cell death
[28]. ROS once generated will cause a massive oxidation of
redox-sensitive proteins and lipids, leading to mitochondrial
damage and inducing cell death through various signaling
pathways [29]. However, the effect of IDH mutations on the
above metabolic mechanism is limited.

In our previous study, we found that growth was signifi-
cantly inhibited in glioma cells overexpressing the mutated
IDHI gene. Furthermore, these cells were characterized by
increased intracellular NADPH levels accompanied by GSH
depletion and ROS generation. Accordingly, the study dem-
onstrated that using GSH-regulated mutant IDH1 glioma cells
could obviously decrease the inhibition of cell growth. This
study provides direct evidence that mutation of IDH1 pro-
foundly inhibits the growth of glioma cells (unpublished). In
the present study, therefore, we generated clonal U87 and
U251 glioma cell lines overexpressing the R132H mutant
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protein (IDH1-R132H) to further evaluate the effect of IDH1
mutations on chemosensitivity of gliomas.

Materials and methods

Cell lines Human glioblastoma cell lines U87 and U251 were
purchased from Academy of Life Science, Shanghai, China,
which were used for mutational analysis of the IDH1 genes.
Cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine se-
rum (FBS; Invitrogen), 2 mm glutamine, and 100 units/ml
penicillin/streptomycin in a 37 °C incubator with a humidi-
fied, 5 % CO, atmosphere.

Site-directed mutagenesis and lentivirus production IDH1
mutation constructs were generated with a site-directed muta-
genesis kit (Stratagene, La Jolla, CA, USA). A wild-type
IDHI1 expression vector PGC-FU-IDH1-WT-FLAG was used
as the mutagenesis template. IDH1 was mutated at Arg 132.
Primer sequences used for mutagenesis are as follows:
IDHImu-Age I-F, GAGGATCCCCGGGTACCGGTCGCC
ACCATG TCCAAAAAAATCAGTGGCGG, and IDH1mu-
Age I-R, TCACCATGGTGGCGACCG GAAGTTTGGCCT
GAGCTAGTTTG. IDHI1-WT and IDH1-R132H were cloned
into PGC-FU-vector, which contains a biotin tag 5’ of the
green fluorescent protein (GFP) tag. We obtained the PGC-
FU-IDH1-WT-GFP and PGC-FU-IDH1-R132H-GFP, respec-
tively. Lentiviral particles were added to U87 and U251 cells,
and 48 h later, the infection efficiency was determined by
analyzing GFP expression using flow cytometry
(GeneChem).

Drug treatment cis-Diamminedichloroplatinum (CDDP, MW
300), etoposide (VP-16, MW 589), and vincristine sulfate salt
(VCR, MW 923) were purchased from Sigma. TMZ (MW
194) was provided by Schering-Plough Corporation, Canada.
CDDP and VCR were dissolved in DW, VP-16, and TMZ in
DMSO. Stock solutions were aliquoted and stored at —70 °C.
Stock solutions were added to culture media to achieve the
desired concentration. The cells were treated for a specified
time without changing the media.

WST-1 cell viability assay Cell lines were seeded in triplicate
at a density of 3,200 cells per well in 96-well culture plates
and incubated for 12 to 16 h at 37 °C and 5 % CO,. Chemo-
therapeutic agents, in various concentrations, were added to
the cells and incubated for 24, 48, 72, 96, and 120 h. Control
treatments consisted of equal volumes of DMEM. Following
each culture time, 10 ul of WST-1 was added to each well, and
the cells were incubated at 37 °C for an additional period of
1.5 h. Optical densities were determined on a SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale, CA, USA)
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at 450 nm. The percentage of cell viability was calculated as
follows: Cell viability (%)=[A4450(sample)—A4s0(blank)]/[4-
aso(control)— Ayso(blank)] x 100.

Cellular NADPH and GSH levels The cells were lysed by
three repetitive freezing/thawing cycles to destroy the mem-
brane of the cells for NADPH or GSH detection. NADPH was
measured with Amplite™ Colorimetric NADP/NADPH Assay
Kit (AAT Bioquest, Inc., USA) in a white/clear bottom 96-well
plate using a NOVOStar microplate reader (BMG Labtech).
The absorbance increase was monitored with an absorbance
plate reader at 575 nm. Intracellular GSH was measured using
the colorimetric microplate assay kits (Beyotime, Inc., Shang-
hai, China), according to the manufacturer’s instructions. Ab-
sorbance was read at 450 nm by the microplate reader.

Measurement of intracellular ROS For analysis of intracellu-
lar ROS, the redox-sensitive fluorescent probe dichloro-
dihydro-fluorescein diacetate (DCFH-DA) was used accord-
ing to reactive oxygen species assay kit (Beyotime, Inc.,
Shanghai, China). Cells were incubated with 5 uM DCFH-
DA for 30 min at 37 °C. The harvested cells were immediately
analyzed at 485 nm excitation and 535 nm emission using a
fluorescence spectrophotometer.

Tumorigenicity assay Animal experiments were performed in
accordance with the institutional animal care guidelines. Sta-
bly transfected U87-IDH1-R132H, U87-IDH1-WT, and con-
trol cells (1x10°) were injected subcutaneously into the right
front near the upper extremity of 16 BALB/C female nude
mice (6 weeks old; the Experimental Animal Laboratories,
Shanghai, China), while intravenous administration of TMZ
or CDDP in the presence or absence of reduced glutathione
sodium for injection (GSH). The resulting tumors were mon-
itored weekly. The tumor volume (in cubic millimeters) was
calculated using the standard formula: Lengthx Width x
Heightx0.5236. All mice were sacrificed at the end of the
8th week after implantation. The tumors were harvested and
individually weighed before fixation.

Statistical analyses The results were expressed as mean +
standard error of the mean (SEM) and statistically compared
with control group or within the groups using one-way
ANOVA followed by Tukey’s multiple comparison test. Stu-
dent’s ¢test was used to determine significance when only two
groups were compared, and P<0.05 was considered statisti-
cally significant.

Results

IDHI-R132H mutation significantly increases chemosensitivity
to TMZ and CDDP To evaluate the survival response

mediated by IDH1-R132H mutation in astrocytoma cells,
the control and the mutated cell lines were treated with che-
motherapeutic agents (CTAs). Several CTAs (e.g., TMZ,
VCR, VP-16, and CDDP) known to have clinical efficacy in
the treatment of brain tumors were tested at clinically attain-
able concentration ranges. The U87-control, U87-IDH1-WT,
and U87-IDH-R132H cells were exposed to varying concen-
trations of TMZ, CDDP, VCR, and VP-16, separately. The
water-soluble tetrazolium salt (WST-1) cell viability test
showed that the viability loss in IDH1-R132H cells increased
dose and time dependently compared with the other two cell
lines (P<0.05, Fig. 1a, b) with the presence of TMZ or CDDP,
but no significant difference was found after exposure to VCR
or VP-16 (P>0.05, Fig. lc, d). To determine whether this
effect could be observed in other isogenic glioma cell lines,
we selected U251 cells, which have the similar sensitivity as
U87 cells either to TMZ and CDDP or to VCR and VP-16 for
the same experiments (Fig. S1).

IDH1 mutations reduce intracellular GSH and NADPH and
increase intracellular ROS production in U87 Cells With the
U87-control, U87-IDH1-WT, and U87-IDH1-R132H cells,
we investigated the metabolic mechanisms mediating the
effect of IDH1-R132H protein overexpression on increasing
sensitivity to TMZ and CDDP. Intracellular GSH plays im-
portant roles in maintaining redox status and defending oxi-
dative stress, while NADPH is an essential cofactor for the
regeneration of GSH by glutathione reductase. To determine
whether the increased sensitivity to TMZ and CDDP was
accompanied by decreased NADPH and GSH generation
and increased ROS production, we investigated the levels of
intracellular NADPH, GSH, and ROS in U87 cells transfected
with PGC-FU-IDH1-R132H-GFP, PGC-FU-IDH1-WT-GFP,
and PGC-FU-vector, separately. After the U87 cell lines were
treated with 10 pg/ml TMZ and 10 pg/ml CDDP for 72 h, the
levels of both NADPH and GSH decreased in IDHI-R132H
cells compared to IDHI-WT and control cells (both P<0.05,
Fig. 2a, b). However, the level of intracellular ROS signifi-
cantly increased in IDH1-R132H cells compared with the
IDHI-WT and control cells (P<0.05, Fig. 2c). The level of
intracellular ROS decreased significantly after treatment with
1 mM GSH (P<0.05, Fig. 2¢).

GSH protects the U87-IDHI-RI32H cells from
chemotherapy To determine whether addition of GSH can
protect the U87-IDH1-R132H cells from chemotherapy, we
incubated the cells with GSH (1 mM) and TMZ (100 pg/ml)
or CDDP (100 pg/ml) for different durations and determined
cell viability by WST-1 assay. The increased sensitivities of
U87-IDH1-R132H to TMZ and CDDP were both abrogated
in the presence of 1 mM GSH, but the chemosensitivity of
U87-IDH1-WT or U87-control cells was not affected by this
dose of GSH (Fig. 3a, b).
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IDHI-R132H mutation shows reduced tumorigenicity in nude
mice following TMZ and CDDP treatment IDH1-R132H
overexpression in vitro shows significant chemosensitivity.
We then asked whether IDH1-R132H overexpression in glio-
ma cell lines following treatment with TMZ or CDDP affected
their ability to initiate tumors in nude mice. The results show
that compared with the U87-IDH1-WT and the control groups
(Fig. 4a(a, b)), tumor size greatly decreases in mice inoculated
with TMZ-treated U87-IDH1-R132H cells (Fig. 4(a—)). As
anticipated, the GSH-treated group develops tumors with a
markedly larger size than the group inoculated with cells
transfected with TMZ-treated U87-IDH1-R132H (Fig. 4(a—
d)). There are significant differences in tumor weight and
volume between them (Fig. 4b, c). Similar results were found
for tumorigenicity following CDDP treatment in nude mice
(data not shown).
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quantitated with WST-1 assay and expressed as the mean percentage of
untreated control cells (mean + SEM, n=3). *P<0.05; **P<0.01, com-
pared with control and IDH1-WT cells

Discussion

IDH1 mutations were first reported in GBM in 2008 and later
identified in a minority of patients with acute myeloid leuke-
mia [30]. Such discovery has profound implications for the
understanding and treatment of cancers. As a prevalent and
specific biomarker, IDH1 mutations correlate with a better
clinical outcome in the whole spectrum of gliomas and serve
as an important diagnostic and prognostic factor. The patients
with mutated IDH1 survived significantly longer [6]. IDH1
mutation may result in better prognosis for both low-grade
gliomas (65 months for IDH1 vs. 38 months for wild type) and
secondary GBMs (31 vs. 15 months) [16]. IDHI mutations
may function by affecting «-KG-dependent enzymes and be
involved in epigenetic events. However, the mechanisms of
mutant IDH1 in glioma genesis remain largely unknown. So
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Fig. 2 A graphical representation of the U87-IDH1-R132H cells and the
control cells. a The intracellular NADPH levels were measured as de-
scribed in “Materials and methods.” *P<0.05, significantly different from
the control groups. b The intracellular GSH contents were determined
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according to the manufacturer’s instructions. The values are expressed in
micromolar. *P<0.05. ¢ For analysis of intracellular ROS, cells were
incubated with DCFH-DA, according to ROS assay kit. *P<0.05
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far, the associations of IDH mutations with response to any
type of treatment have been rarely validated [31].

In this study, we investigated whether IDH1 mutation can
increase the sensitivity to CTAs in vitro and in vivo, as well as
the possible mechanism of oxidative stress damage in glioma
cell lines. The results showed that the IDH1-R132H mutation
enhanced the cytotoxic effect of TMZ and CDDP in a dose-
and time-dependent manner. No similar results were found
after exposure to VP-16 and VCR. The reason may be related
to the mechanism of CTAs. TMZ is a DNA-alkylating agent
used for glioma chemotherapy, which relies on ROS produc-
tion to work. TMZ-dependent ROS generation serves as an
upstream signal and results in DNA damage, mitochondria
damage, autophagy, or apoptosis [32, 33]. Low ROS produc-
tion is related to chemoresistance to TMZ in glioma. Interfer-
ence in the cellular redox balance with H>O, and inhibitor of
GSH can improve TMZ sensitivity and apoptosis [34]. CDDP

Fig. 4 In vivo inhibition of a
IDHI-R132H mutation in nude
mice following TMZ and CDDP
treatment. All mice were
sacrificed at the 8th week after
implantation, and tumors were
harvested and individually
weighed before fixation. a U87-
IDH1-WT cells treated with
TMZ. b U87-IDH 1-control cells
treated with TMZ. ¢ U87-IDH1-
R132H cells treated with TMZ. d
U87-IDH1-R132H cells treated
with TMZ and GSH. There were
significant differences in tumor
weight (b, ¢). Data are presented
as mean £ SD. *P<0.05
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expressed as the mean percentage of untreated U87-control cells (mean
SEM, n=3). *P<0.05; **P<0.01, compared with U87-control and U87-
IDHI-WT cells

is a heavy metal complex. It functions similar to alkylating
agents. It acts on the purine and pyrimidine bases of DNA.
CDDP can accumulate in mitochondria to improve the ROS
production and activate JNK and MARK or ERK signaling
pathway, subsequently resulting in cell death [35, 36]. Addi-
tionally, GSH/glutathione S-transferase (GST) is the main
detoxification system of cells. CDDP is a substrate of GSTs,
which can be pump out of the cell by GSH conjugate export
pump (GS-X pump). GSH inhibitor can reverse CDDP resis-
tance induced by GSH depletion [37]. However, there are no
relevant reports that the mechanism-based chemotherapy for
glioma of VP-16 and VCR is associated with GSH and ROS
to date.

Our current findings are consistent with the report of im-
proved survival in patients with IDH1-R132H mutant tumors,
because TMZ and CDDP are the most common CTAs for
glioma patients. Reportedly, IDH mutations are correlated
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with a higher rate of response to TMZ and predict longer
survival in low-grade glioma patients [17]. However, the
results from retrospective clinical studies regarding
chemoresponse in IDH1 mutant glioma patients are conflict-
ing. An isogenic U87MG model demonstrated that the over-
expression of the IDH1-R132H mutant protein increased sen-
sitivity to radiation, but not to TMZ [38], which is consistent
with the study results of Dubbink et al. [11]. The reason for the
conflicting results may be attributed to race and regional
disparity, but our results may provide an important clue to
further expose the treatment strategy for IDH1 mutant glioma.

To further investigate the metabolic mechanism of enhanced
chemotherapy in the U87-IDH1-R132H cell lines, the levels of
NADPH, GSH, and ROS in U87 cell lines were detected. The
results show that mutant IDH1 may result in lower NADPH
and GSH levels and higher ROS level, which formed a height-
ened oxidative response to TMZ and CDDP treatment in the
US87-IDHI-R132H cells. NADPH, GSH depletion, and ROS
generation may contribute to the intensified growth inhibition
by TMZ and CDDP in the IDH1-R132H cells. Previous studies
show that IDH1 mutations are associated with reduced catalytic
activity of the IDH1 enzyme [39, 40], which hinders NADPH
production. Moreover, mutated IDHI1 consumes rather than
produces NADPH, thus further lowering NADPH levels. The
low NADPH levels could sensitize glioblastoma to irradiation
and chemotherapy, thus explaining the prolonged survival of
patients with mutated glioblastoma [10].

Oxidative stress is caused by an imbalance between the
production of ROS and the ability of antioxidant defense
system (AODS) to readily detoxify the reactive intermediates.
The cells’ endogenous AODS scavenge ROS and thus main-
tain redox balance [26]. Most cancer cells are under oxidative
stress associated with the increased metabolic activity and the
production of high-level ROS. ROS generation may enhance
the neoplastic behavior of a tumor by intensifying genetic
instability and the capacity to invade host tissues [41]. Al-
though increased ROS production plays an important role in
maintaining cancer phenotype through stimulatory effects on
cell growth and proliferation, it can also cause cellular dam-
ages including lipid peroxidation, DNA and protein oxidation,
and enzyme inactivation [42]. The metabolically active cancer
cells can produce high-level ROS and are under intrinsic
oxidative stress, so they are more vulnerable to further oxida-
tive stress caused by exogenous ROS-generating agents
[43—46]. The GSH redox system is one key AODS involved
in the protection of cells against oxidative damage and in
various detoxification systems [47, 48]. Many therapeutic
agents can enhance intracellular ROS generation [49-51],
and the reduction in intracellular GSH is necessary for the
formation of ROS [26, 52]. These results are consistent with
our findings that glioma IDH1-R132H mutation enhances
GSH depletion and ROS production in U87 and U251 cells
in a dose- and time-dependent manner.
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It is well documented that tumor cells have lower-level
GSH [53]. Higher-level GSH has been associated with resis-
tance to CTAs. In this study, we confirmed this finding with
CTAs (e.g., TMZ and CDDP) and additional GSH in vitro and
in vivo. The results showed that high-level GSH increased the
resistance to CTAs. The increased sensitivities of U87-IDH1-
R132H to both TMZ and CDDP were abrogated in the pres-
ence of GSH (Fig. 3). However, our results are based on the
simulation experiments of glioma cells and thus need further
clinical study to substantiate.

In conclusion, TMZ and CDDP showed a strong growth
inhibitory effect toward U87 and U251 mutant cells. This
selective toxicity of TMZ or CDDP between mutant and wild
types may be due to a much higher level of oxidative stress in
IDH1-R132H mutant-type glioma cells than the wild type.
Additionally, targeted IDH1-R132H in glioma may be bene-
ficial clinically and may enhance the efficacy of the currently
used chemotherapeutic agents.
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