@° PLOS | ONE

Check for
updates

G OPENACCESS

Citation: Zhu H, Zhang Y, Chen J, Qiu J, Huang K,
Wu M, etal. (2017) IDH1 R132H Mutation
Enhances Cell Migration by Activating AKT-mTOR
Signaling Pathway, but Sensitizes Cells to 5-FU
Treatment as NADPH and GSH Are Reduced. PLoS
ONE 12(1): e0169038. doi:10.1371/journal.
pone.0169038

Editor: Tao Lu, State University of New York,
UNITED STATES

Received: September 14,2016
Accepted: December 10, 2016
Published: January 4, 2017

Copyright: © 2017 Zhu et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: HZ was supported by Nantong University
Natural Science Fund. The funder had important
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

IDH1 R132H Mutation Enhances Cell
Migration by Activating AKT-mTOR Signaling
Pathway, but Sensitizes Cells to 5-FU
Treatment as NADPH and GSH Are Reduced

Huixia Zhu'?*, Ye Zhang'®, Jianfeng Chen®*, Jiangdong Qiu?, Keting Huang?,
Mindan Wu?, Chunlin Xia'*

1 Soochow University, Soochow, Jiangsu, China, 2 Medical College, Nantong University, Nantong, Jiangsu,
China, 3 Chinese medicine hospital, Wuxi, Jiangsu, China

® These authors contributed equally to this work.
* xiachunlin080 @ 163.com

Abstract

Aim of study

Mutations of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) gene were recently discov-
ered in vast majority of World Health Organization (WHO) grade II/1ll gliomas. This study is
to understand the effects of IDH1 R132H mutation in gliomagenesis and to develop new
strategies to treat glioma with IDH1 R132H mutation.

Materials and methods

Over expression of IDH1 R132H in U87MG cells was done by transfecting cells with IDH1
R132H plasmid. MTT assay, scratch repair assay and western blot were performed to study
effects of IDH1 R132H mutation on cell proliferation, migration, regulating AKT-mTOR sig-
naling pathway and cell death respectively. NADP+/NADPH and GSH quantification assays
were performed to evaluate effects of IDH1 R132H mutation on the production of antioxidant
NADPH and GSH.

Results

We found that over expression of IDH1 R132H mutation decreased cell proliferation consis-
tent with previous reports; however, it increased cell migration and enhanced AKT-mTOR
signaling pathway activation. Mutations in isocitrate dehydrogenase (IDH) 1 also change
the function of the enzymes and cause them to produce 2-hydroxyglutarate and not produce
NADPH. We tested the level of NADPH and GSH and demonstrated that IDH1 R132H
mutant stable cells had significantly low NADPH and GSH level compared to control or IDH1
wild type stable cells. The reduced antioxidants (NADPH and GSH) sensitized U87MG cells
with IDH R132H mutant to 5-FU treatment.
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Conclusion

Our study highlights the important role of IHD1 R132H mutant in up- regulating AKT-mTOR
signaling pathway and enhancing cell migration. Furthermore, we demonstrate that IDH1
R132H mutation affects cellular redox status and sensitizes gliomas cells with IDH1 R132H
mutation to 5FU treatment.

Introduction

Gliomas make up about 80% of all malignant brain tumors.[1] The exact causes of gliomas are
not well known and it is believed that several oncogenes cooperate and contribute to the devel-
opment of gliomas. [2] It was found that either isocitrate dehydrogenase (IDH) 1 or 2 genes
mutations frequently occur in gliomas. [3] Isocitrate dehydrogenase (IDH) enzyme catalyzes
the oxidative decarboxylation of isocitrate to produce o-ketoglutartate and at the same time
use NADP+ as a cofactor to generate NADPH and maintain cellular redox status.[4] IDH1
mutations occurred in vast majority of World Health Organization (WHO) grade II/1II glio-
mas and secondary glioblastomas. [5] Mutations in IDH1 occur only at specific arginine resi-
dues in the active sites of the enzymes and the most common mutation is R132H, which
composes more than 80% of all IDH mutations. [5-7] The R132H mutation confers a gain-of-
function activity that reduces o-ketoglutarate (-o- KG) to produce D-2-hydroxyglutarate
(D2HG) and at the same time consumes NADPH. [8] The effects of IDH1 R132H mutation
causes widespread metabolic changes including decreased levels of glutathione metabolite and
increased glutaminolysis in order to maintain normal levels of key TCA cycle metabolites. [9-
11] The depletion of a- KG caused by IDH mutations in human tumor causes deregulation of
multiple o-KG-dependent dioxygenases, which are involved in the hydroxylation of various
protein, histones, transcription factors and alkylated DNA and RNA. [12-16] Due to such a
broad spectrum of substrates of a-KG-dependent dioxyneases, IDH1 mutation is expected to
potentially affect multiple cellular pathways.

Bralten, L. B. et al. found that IDH1 R132H mutation in U87 cell line significantly decreased
cell proliferation, accompanying changes in cell morphology and cell migration patterns. [17]
In addition, Sabit, H. reported that the levels of mutation of IDH1 R132H occurring increased
with higher grade of glioma in clinical specimens of glioma. [18] Malignant tumor cells are
known to have high proliferating rate, and has anti-apoptotic and immortalized malignant
phenotype which results in rapid progression. Malignant glioma cells are particularly well
known by their aggressively invasive ability. Glioma tumor cells without capsule can invade
the surrounding normal tissue and lead to difficulties in completely resecting gliomas by sur-
gery. We are still at the infancy stage of understanding the role of IDH1 and IDH1 R132H
mutation in gliomagenesis and further in-depth understanding of its molecular mechanisms
in regulating cell proliferation and migration will be critical to develop future targeted therapy.
Therefore, we used multiple approaches to investigate the role of IDHI and IDH1 R132H
mutant in affecting cell proliferation, migration and major cell signaling pathway AKT-mTOR
by stably overexpressing IDH]1 either wild type or R132H mutant in U87MG cells or knocking
down IDH1 by siRNA.

We further extend our study to explore future treatment options for IDH1 mutated tumor.
Fonnet et al found that in glioblastoma tumor samples occurrence of IDH1 R132H mutation
reduced this capacity to produce NADPH by 38% and furthermore mutated IDH1 consumes
rather than produces NADPH. [19] Therefore, NADPH production is hampered in glioblas-
toma with IDH1 R132H mutation. This provides therapeutic opportunities to exploit the
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metabolic vulnerabilities specific to IDH1 mutated tumor. Concurrently it was reported that
patients with IDH mutated glioblastoma has prolonged survival. [20, 21] It is highly possible
that the low NADPH levels may sensitize glioblastoma to irradiation and chemotherapy.
Therefore, we tested the level of NADPH and reduced glutathione (GSH) in U87MG cells
overexpressing IDH1 R132H mutation and its sensitivity to chemotherapy drug 5-FU com-
pared to its wild type or vector control.

Methods and Materials
Cell lines

U87MG cells were purchased from ATCC. Cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (HyClone, Logan, UT) containing 10% fetal bovine serum (FBS) sup-
plemented with penicillin (100 U/mL) and streptomycin (100 mg/mL). These cells were cul-
tured in accordance with the suppliers’ instructions.

Transfection and stable clone selection

The IDH1-Flag and IDH1 R132H-Flag plasmids constructed into pCMV-Tag2B vector were
purchased from Addgene (Addgene Company, Cambridge, MA). The transfection was done
using LipofectamineTM 2000 from Invitrogen and stably transfected cells were selected using
G418 and tested using anti-Flag antibody by western blotting.

SiRNA knocking down of IDH1

Control SiRNA (sc-37007), siRNA targeting IDH1 (sc-60829), siRNA transfection reagent (sc-
29528) and siRNA transfection medium (sc-36868) were purchased from Santa Cruz (USA).
Briefly, U87 cells were plated and transfected with either SIRNA control or siRNA targeting
IDH]1 using siRNA transfection reagent (sc-29528) following the protocol from the manufac-
ture. After 2 days, cells were harvested and protein levels of IDH1 were detected using western
blots.

3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
cytotoxicity assay

The U87MG cells and its stable cells over expression of IDH1 or IDH1 R132H mutant were
plated at same cell number and cultured in 96-well flat-bottomed microtiter plates supple-
mented with DMEM containing 10% fetal bovine serum and kept in a humidified incubator
containing 95% air and 5% CO2 at 37°C. After 24 hours, viable cell number was determined
by MTT assay at 570nm.

Western blotting

Cells were rinsed once with PBS and lysed by using sodium dodecylsulfate (SDS) sample
buffer. Equal amounts of protein from each group were separated on 10% SDS-polyacrylamide
gels. Proteins were transferred to Immobilon P membranes (Millipore). The membranes were
blocked with 5% non-fat dry milk in Tris-buffered saline for one hour at room temperature
and incubated with the appropriate antibody in TBS-T containing 5% non-fat dry milk over-
night at 4°C. After washing in TBS-T the membrane was incubated with the appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibody. Proteins were detected using the
chemiluminescent substrate. Anti-Flag antibody (cat #LT0420, Life Tein), p-mTOR site of
phosphorylation (cat# ab109268, Abcam), mTOR (cat# ab32028, Abcam), p-AKT site of
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phosphorylation (cat# 4061, CST), AKT (cat# 4691, CST), GAPDH (cat# ab181602, Abcam),
caspase-3 (cat# AC030, Beyotime), cleaved caspase 3 (cat#AC033, Beyotime).

Scratch repair assay

The cells were plated at 1.5x105 cells per well in a 12-well plate and grown overnight in incuba-
tor at 37°C with 5% CO?2. After one day, a straight line scratch was made on a confluent mono-
layer of cells using a sterile 1 ml disposable serological pipette. Then the cells were washed with
1 ml DMEM to remove debris. Photos were taken at 0, 24, and 48 h after adding drug. The dis-
tance of migration and migration index were calculated by Image-Pro Plus 6.0 software
(Media Cybernetics Inc., Rockville, MD, USA) and the following formula: inhibition of cell
migration (%) = (1 -migration distance of the experimental group/migration distance of the
control group) x 100%.

Quantification of GSH

GSH and GSSG were quantified using a GSH-Glo™ Glutathione Assay Kit (V6912, Promega)
according to the manufacturers’ instructions, following incubation of 1x10* cells/well in
96-well plates incubated for one hour at 37°C with 5% CO?2 in serum-free HBSS with added
Ca2+ and Mg2+.

Quantification of NADP+/NADPH

Cells (4x10° per well) were incubated for one hour at 37°C with 5% CO2 in HBSS. Wash cells

with cold PBS. Pellet cells in a tube by spinning at low speed for 5 minutes, and discard super-
natant. NADPH was quantified using a NADP+/NADPH assay kit (ab65349, Abcam), accord-
ing to the manufacturers’ instructions.

Statistical analysis

Error bars shown are standard deviations from the mean of at least three replicates. Two-tailed
pairwise Student’s t tests were used to compare two groups. P values less than or equal to 0.05
were considered to have significance.

Results

Establishment of stable cells overexpressing IDH1 and IDH1 R132H
mutant

In order to understand the effects of IDH1 wild type and IDH1 R132H mutant on cell prolifer-
ation and migration, U87MG stable cells over-expressing either empty vector or pCMVtag-2B
containing IDH1 wild type or IDH1 R132H mutant were established. Fig 1 demonstrated that
the over expression of IDH1 wild type and IDH1 R132 mutant in selected stable cells com-
pared to vector control U87MG cells.

Over expression of IDH1 R132H mutant but not IDH1 wild type
decreases cell proliferation

Rate of proliferation of stable cells overexpressing empty vector, IDH1 wild type or IDH1
R132H mutant was performed using MTT assay. Over expression of IDH1 wild type did not
affect cell proliferation compared with parental control cells and empty vector control stable
cells. However, IDH1 R132H mutant stable cells significant decreased cell proliferation
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Fig 1. Establishment of stable cells overexpressing IDH1 wild type and IDH1 R132H mutant. Expression of
IDH1 in U87MG vector control stable cells, IDH1 wild type stable cells and IDH1 R132H stable cells were test by
western blotting with anti-Flag antibody.

doi:10.1371/journal.pone.0169038.9001

compared to the parental control and empty vector stable cells (Fig 2). This suggested that
over expression of IDH1 R132H mutant but not IDH1 wild type decreased cell proliferation.

Over expression of IDH1 R132H mutant but not IDH1 wild type increases
cell migration

Scratch repair assay was performed to evaluate the effects of IDH1 wild type and IDH1 R132H
mutant on cell migration Images were taken at 0 and 48 hours after scratch was performed
(Fig 3A). Migration index was used to quantify the cell migration as shown in Fig 3B. Over
expression of IDH1 wild type did not affect cell migration compared with parental control
cells and empty vector control stable cells. However, IDH1 R132H mutant stable cells signifi-
cant increased cell migration compared to the parental control and empty vector stable cells
(Fig 3A and 3B). This suggested that over expression of IDH1 R132H mutant but not IDH1
wild type increased cell migration.

Zhao. S et al found that IDH1 mutants can form dimers with the wild type IDH1and further
inhibits IDH1 enzyme activity. [22] In order to understand whether over expression of IDH1
R132H mutant confer similar effects as inhibiting IDH1 activity on cell proliferation and cell
migration, we used SiRNA to knock down IDH1 and examine its effects on cell proliferation
and migration. We found that knocking down of IDH1 using SiRNA decreased cell prolifera-
tion and migration as shown in Fig 4. The inhibiting of IDH1 enzyme activity by IDH1 R132H
mutants or knocking down its protein by siRNA had similar inhibitory effects on cell prolifera-
tion but different effects on cell migration. This raises the question that IDH1 R132H mutant
has unique character on cell migration different from its effects on wild type IDH1 enzyme
activity. AKT-mTOR signaling pathway is the major signaling pathway regulating cell prolifer-
ation and migration. Therefore, we decided to examine the effects of over expressing IDH1
and IDH1 R132H or knocking down IDH1 on AKT-mTOR signaling pathway in an effort to
understand their different role in regulating cell migration.
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Fig 2. Over expression of IDH1 R132H mutant but not IDH1 wild type decreased cell proliferation. The rate of
proliferation of parental U87MG, vector control stable cells, IDH1 wild type and IDH1 R132H stable cells were
examined using MTT assay. IDH1 R132H mutant stable cells vs. parental control, vs. empty vector stable cells.
(p<0.05).

doi:10.1371/journal.pone.0169038.g002
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Fig 3. Over expression of IDH1 R132H mutant but not IDH1 wild type increase cell migration. A. Images of
parental U87MG, vector control cells and stably transfected U87MG cells overexpressing IDH 1 wild type or IDH1
R132H mutant were taken at 0 and 48 hours after scratch assay. B. Migration index was used to quantify the cell
migration. IDH1 R132H mutant stable cells vs. parental and vector control. (p<0.05).

doi:10.1371/journal.pone.0169038.g003
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Fig 4. siRNA IDH1 decreased cell proliferation and migration. A. Western blotting performed to detect levels of IDH1 in control and SiRNA-IDH1 cells. B.
The rate of proliferation of parental UB7MG, siRNA-IDH1 cells. (p<0.05). C. Images of parental U87MG, siRNA-IDH1 cells taken at 0 and 48 hours after
scratch assay. D. Migration index was used to quantify the cell migration. Control cells vs.siRNA-IDH1 cells. (p<0.05).

doi:10.1371/journal.pone.0169038.9004

IDH1 R132H mutant stable cells have increased activation of AKT-
mTOR signaling pathway while knocking down of IDH1 inhibited
activation of AKT-mTOR activation

Western blotting was performed to detect activated p-AKT and p-mTOR. IDH1 R132H
mutant stable cells had higher level of p-AKT and p-mTOR compared to control and IDH1
wild type stable cells as shown in Fig 5A and 5B was the quantification of p-AKT/total AKT, p-
mTOR/total mTOR. There was significant increase of p-AKT/total AKT and p-mTOR/total
mTOR in R132H mutant stable cells compared with control or IDH1 wild type stable cells.
This suggests that overexpressing IDH1 R132H mutant activated AKT-mTOR signaling
pathway.

Knocking down of IDH1 by siRNA demonstrated that there was decreased AKT-mTOR
signaling pathway (Fig 5C and 5D), which was completely different from IDHI over expres-
sion of R132H mutant. It provides evidence that even though IDH1 R132H has similar effects
on decrease IDH1 enzyme activity and inhibiting cell proliferation similar to siRNA knocking
down of IDH1. However, it has total different effects on AKT-mTOR signaling pathway regu-
lation. IDH1 knocking down inhibits ATK-mTOR while IDH1 R132H enhances AKT-mTOR
signaling pathway. AKT-mTOR signaling pathway activation played an important role in
migration and invasion [23-26] by targeting eNOS and up-regulating ICAM, promoting
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Fig 5. IDH1 R132H mutant stable cells have increased activation of AKT-mTOR signaling pathway, while knocking down IDH1 inhibited AKT-
mTOR activation. A. Western blotting was performed to detect activated P-AKT and p-mTOR, total AKT and mTOR in stable cells overexpressing vector,
IDH1 R132H mutant or IDH1 wild type. B. Quantification of p-AKT/total AKT, p-mTOR/total mTOR. p-AKT/total AKT and p-mTOR/total mMTOR in R132H
mutant stable cells vs. control or IDH1 wild type stable cells (p<0.05). C. P-AKT and p-mTOR, total AKT and mTOR were detected in control cells and cells
transfected with siRNA targeting IDH1. D. Quantification of p-AKT/total AKT, p-mTOR/total mTOR. p-AKT/total AKT and p-mTOR/total mTOR in Control vs.

SIRNA-IDH1 (p<0.05).

doi:10.1371/journal.pone.0169038.9005

migration via activation of p70S6K, increased matrix metalloproteinases, MMP and increased

B-Catenin and decrease E-cadherin. The altered effects on AKT-mTOR signaling activation by
siRNA-IDH1 and over expression of IDH1 R132H could be one of the mechanisms contribut-
ing to their different effects on cell migration as shown in Figs 3 and 4.

IDH1 R132H mutant overexpressing sensitized cells to 5-FU treatment
by enhancing apoptosis

IDH1 R132H mutation increased AKT-mTOR signaling pathway, which could contribute to its
oncogenic property. However, it is interesting that gliomas with mutated IDH1 have improved
prognosis compared to gliomas with wild-type IDH. We decide to test their sensitivity to 5-FU
treatment. Cleaved caspase 3 was used to detect level of apoptosis. IDH1 R132H mutant stable
cells had the highest amount of cleaved caspase 3 detected after 5-FU treatment as shown in Fig
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day. Cleaved caspase 3 was used to detect level of apoptosis. B. Ratio of cleaved caspase 3 to caspase 3 was
quantified. (Control + 5FU) vs. (IDH1 R132H ox + 5FU) (p<0.05).

doi:10.1371/journal.pone.0169038.g006

6A and 6B. This suggested that IDH1 R132H mutation is more vulnerable to 5-FU treatment
even though they have increased cell migration and increased activation of AKT-mTOR.

IDH1 R132H mutant stable cells have decreased NADPH and GSH

To further understand the mechanism of increased vulnerability to 5-FU treatment in IDH1
R132H mutant stable cells, we examined the level of NADPH and GSH which are the antioxi-
dant to protect cells from damages caused by reactive oxygen species. Fig 7A demonstrated
that overexpress wild type IDH1 increased NADPH level but overexpression of IDH1 R132H
mutant decreased NADPH level. IDH1 R132H mutant stable cells also had significant
decreased GSH level compared to control and wild type cells as shown in Fig 7B.

Discussion

We established the stable cell lines over-expressing IDH1 wild type and IDH1 R132H mutant
in U87 cells. Over expression of IDH1 did not have significant effects on cell proliferation and

NAPDH GSH

E 0.81 120-
c -o— Control c
(=) ] 100
3 oed -+ |IDH1 ox. s
2o S0 1
g - IDH1 R132H ox. g5 % -
b= 3]
g 0.4 g 8 604 —
g g%
£ o2 2= 4
T LS
o [9) . o
[=] 14 =
< | i S
Z 0.0 T T T T T T T T T T 0 1

0 05115 2 25 3 35 4 45 5 Control IDH1 ox. IDH1 R132H ox.

Time(min)

Fig 7. IDH1 R132H mutant stable cells have decreased NADPH and GSH. A. NDAPH level detected in control cells, IDH1 wild type stable cells and IDH1
R132H mutant stable cells. IDH1 R132H mutant vs. control (P<0.05). B. GSH level detected in control cells, IDH1 wild type stable cells and IDH1 R132H
mutant stable cells. IDH1 R132H mutant vs. control vs. IDH1 wild type (p<0.05).

doi:10.1371/journal.pone.0169038.g007
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migration while IDH1 R132H mutation significantly decreased cell proliferation and increased
cell migration. Our data are consistent with previous founding by Linda. B et al who have
shown that IDH1 R132H overexpression in established glioma cell lines in vitro resulted in a
marked decrease in proliferation. [17] Nie. Q et al also demonstrated that IDH1 R132H
decreased the proliferation of U87 glioma cells through upregulation of microRNA-128a. [27]

Jin. G et al found that knocking down of IDH1 wild type or overexpressing IDH1 R132H
mutant in HT'1080 cells inhibited cell proliferation.[28] Zhao. S et al found that IDH1 mutants
can form dimers with the wild type IDH1and inhibits IDH1 enzyme activity. [27] It is possible
that over expression of IDH1 R132H inhibited IDH1 enzyme activity in U87 cells and lead to cell
proliferation inhibition. In order to confirm the role of IDH1 in cell proliferation, even though
over expression of IDH1 wild type did not have significant effects on cell proliferation, we decided
to use siRNA to knock down of IDH1 and found that knocking down of IDH1 in U87 cells inhib-
ited cell proliferation and migration. These provided evidence that down regulating IDH1 activity
either by siRNA or overexpressing IDH1 R132H mutant would inhibit cell proliferation.

However, the inhibition of IDH1 using siRNA knocking down and over expressing IDH1
R132H have same effects on cell proliferation but total opposite effects on cell migration. It is
highly possible that besides its effects on inhibiting IDHI1 enzyme activity by over expression
of IDH1 R132H, IDH1 R132H has other major different effects on factors involved in cell
migration. Sabit, H. reported that in clinical specimens of glioma by the levels of mutation of
IDH1 R132H occurring increased with higher grade of invasion of glioma. [23] It is consistent
with our finding that IDH1 R132H promoted cell migration. Therefore, we looked at the sig-
naling pathway involved in cell proliferation and migration by comparing vector control with
either IDH1 wild type, IDH1 R132H mutant and siRNA IDHI cells.

We found that IDH1-SiRNA decreased AKT-mTOR while IDH1 R132H significantly
increased AKT-mTOR signaling activation. The different effects on AKT-mTOR may contrib-
ute to its different effects on cell migration. AKT as an oncogene has been shown to be acti-
vated in prostate, glioma and melanoma together with the loss of PTEN. The activated AKT
further activates the downstream mTOR signaling pathway, which are involved in gene tran-
scription, protein translation involved in cell survival and antiapopotosis. [29, 30] AKT-
mTOR signaling pathway activation also played an important role in migration and invasion
[23-26] by targeting eNOS and up-regulating ICAM, promoting migration via activation of
p70S6K, increased matrix metalloproteinases, MMP and increased B-Catenin and decrease E-
cadherin. Therefore, activation of AKT-mTOR signaling pathway played an important role in
the enhanced migration by IDH1 over expression of R132H.IDH1-siRNA inhibited AKT-
mTOR signaling pathway, therefore, prevented cell migration.

Our finding of the activation of AKT-mTOR signaling pathway by IDH1 R132H mutation
could contribute to further understanding its effects on cell migration. It also explained why
the IDH1-SiRNA decreased migration by inhibiting ATK-mTOR signaling pathway.

These provided important insight of the function of IDH1 and IDH1 R132H in regulation
of cell proliferation and migration. It also provided targeted treatment options for IDH1 wild
type and IDH1 R132H mutant tumor respectively. For glioma without IDH1 mutation, IDH1
can be targeted using siRNA or antagonist to inhibit enzyme activity and further down-regu-
lating ATK-mTOR signaling and cell proliferation and migration. For glioma with IDH1
R132H mutant, which caused the activation of AKT-mTOR signaling pathway, targeting
AKT-mTOR could be adopted to abolish its effects on migration and invasion. Future experi-
ments will need to be done to explore the treatment options targeting AKT-mTOR in IDH1
R132H mutant glioma both in vitro and in animal glioma tumor models.

At the same time, we explore the application of 5-FU in treatment of IDH1 R132H mutant
glioma stable cells. IDH1 R132H mutation confers a gain-of-function activity that reduces o.-

PLOS ONE | DOI:10.1371/journal.pone.0169038 January 4, 2017 10/13



@° PLOS | ONE

IDH1 R132H and Cell Migration

KG to produce D-2-hydroxyglutarate (D2HG) and consumes NADPH [12] at the same time.
Several studies have demonstrated that IDH1 R132H mutation causes widespread metabolic
changes including affecting DNA methylation and DNA repair. [31, 32] Fonnet et al found
that in glioblastoma tumor samples occurrence of IDH1 R132 mutation reduced this capacity
to produce NADPH by 38% and furthermore mutated IDH1 consumes rather than produces
NADPH. [22] NADPH plays an important role in regulating redox status of cells, and prevents
oxidative damages. Our data showed that IDH1 R132H mutation significantly decreased
NADPH and GSH levels compared to vector control and IDH1 wild type stable cells, and this
is associated with increased sensitivity to chemotherapy drug 5-FU. This further emphasized
the important role of NADPH as antioxidant. When NADPH production is compromised by
IDHI1 R132H mutation, it actually conferred metabolic vulnerability for those IDH1 R132H
mutated cells to chemotherapy drug. Further experiments will be done to explore choices of
chemotherapy drugs or radiation therapy in this specific IDH1 R132H mutated cells. It is also
possible to extend this study to other IDH mutations in the future to examine whether they
have similar response as IDH1 R132H mutants.

In conclusion, our study demonstrates the role of IDH1 R132H mutation in gliomagenesis
by activating AKT-mTOR signaling pathway and its pivotal role in promoting cell migration
and invasion. The AKT-mTOR signaling pathway activation by IDH1 R132H will provide
new evidence on future application of other combined targeted therapy for glioma with IDH1
R132H mutations. Furthermore, we confirmed the role of IDH1 R132H mutations in affecting
cellular redox status using glioma cell lines, and provided evidence to further explore the appli-
cation of chemotherapy such as 5-FU in the treatment of gliomas with IDH1 R132H mutation.

Author Contributions
Conceptualization: CX.

Data curation: HZ JC KH MW.
Formal analysis: HZ.

Funding acquisition: HZ JC.
Investigation: HZ.
Methodology: HZ.

Project administration: HZ.
Resources: JC.

Software: YZ.

Supervision: CX.

Validation: YZ.

Visualization: YZ.

Writing - original draft: HZ JQ.

Writing - review & editing: CX.

References

1. Goodenberger ML, Jenkins RB. Genetics of adult glioma. Cancer Genet. 2012; 205(12):613—-21. doi:
10.1016/j.cancergen.2012.10.009 PMID: 23238284

PLOS ONE | DOI:10.1371/journal.pone.0169038 January 4, 2017 11/13


http://dx.doi.org/10.1016/j.cancergen.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23238284

@° PLOS | ONE

IDH1 R132H and Cell Migration

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Radner H, el-Shabrawi Y, Eibl RH, Brustle O, Kenner L, Kleihues P, et al. Tumor induction by ras and
myc oncogenes in fetal and neonatal brain: modulating effects of developmental stage and retroviral
dose. Acta Neuropathol. 1993; 86(5):456—65. PMID: 8310796

Molenaar RJ, Radivoyevitch T, Maciejewski JP, van Noorden CJ, Bleeker FE. The driver and passenger
effects of isocitrate dehydrogenase 1 and 2 mutations in oncogenesis and survival prolongation. Bio-
chim Biophys Acta. 2014; 1846(2):326—41. doi: 10.1016/j.bbcan.2014.05.004 PMID: 24880135

Hofmann KH, Babel W. Regulation of NAD+- and NADP+-linked isocitrate dehydrogenase in the obli-
gate methylotrophic bacterium Pseudomonas W6. Z Allg Mikrobiol. 1980; 20(6):399—404. PMID:
7424052

Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, et al. IDH1 and IDH2 mutations in glio-
mas. N Engl J Med. 2009; 360(8):765-73. PubMed Central PMCID: PMCPMC2820383. doi: 10.1056/
NEJMoa0808710 PMID: 19228619

Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ, Angenendt P, et al. An integrated genomic analysis
of human glioblastoma multiforme. Science. 2008; 321(5897):1807—12. PubMed Central PMCID:
PMCPMC2820389. doi: 10.1126/science.1164382 PMID: 18772396

Hartmann C, Meyer J, Balss J, Capper D, Mueller W, Christians A, et al. Type and frequency of IDH1
and IDH2 mutations are related to astrocytic and oligodendroglial differentiation and age: a study of
1,010 diffuse gliomas. Acta Neuropathol. 2009; 118(4):469—74. doi: 10.1007/s00401-009-0561-9
PMID: 19554337

Dang L, White DW, Gross S, Bennett BD, Bittinger MA, Driggers EM, et al. Cancer-associated IDH1
mutations produce 2-hydroxyglutarate. Nature. 2009; 462(7274):739—-44 PubMed Central PMCID:
PMCPMC2818760. doi: 10.1038/nature08617 PMID: 19935646

Ohka F, Ito M, Ranijit M, Senga T, Motomura A, Motomura K, et al. Quantitative metabolome analysis
profiles activation of glutaminolysis in glioma with IDH1 mutation. Tumour Biol. 2014; 35(6):5911-20.
doi: 10.1007/s13277-014-1784-5 PMID: 24590270

ShiJ, Sun B, ShiW, Zuo H, Cui D, Ni L, et al. Decreasing GSH and increasing ROS in chemosensitivity
gliomas with IDH1 mutation. Tumour Biol. 2015; 36(2):655—62. doi: 10.1007/s13277-014-2644-z PMID:
25283382

Reitman ZJ, Jin G, Karoly ED, Spasojevic |, Yang J, Kinzler KW, et al. Profiling the effects of isocitrate
dehydrogenase 1 and 2 mutations on the cellular metabolome. Proc Natl Acad Sci U S A. 2011; 108
(8):3270-5. PubMed Central PMCID: PMCPMC3044380. doi: 10.1073/pnas.1019393108 PMID:
21289278

LiuQ, LiuY, Li W, Wang X, Sawaya R, Lang FF, et al. Genetic, epigenetic, and molecular landscapes
of multifocal and multicentric glioblastoma. Acta Neuropathol. 2015; 130(4):587-97. PubMed Central
PMCID: PMCPMC4776337. doi: 10.1007/s00401-015-1470-8 PMID: 26323991

Tarpey PS, Behjati S, Cooke SL, Van Loo P, Wedge DC, Pillay N, et al. Frequent mutation of the major
cartilage collagen gene COL2A1 in chondrosarcoma. Nat Genet. 2013; 45(8):923-6. PubMed Central
PMCID: PMCPMC3743157. doi: 10.1038/ng.2668 PMID: 23770606

Sasaki M, Knobbe CB, Itsumi M, Elia AJ, Harris IS, Chio Il, et al. D-2-hydroxyglutarate produced by
mutant IDH1 perturbs collagen maturation and basement membrane function. Genes Dev. 2012; 26
(18):2038—49. PubMed Central PMCID: PMCPMC3444730. doi: 10.1101/gad.198200.112 PMID:
22925884

Liu 'Y, Jiang W, Liu J, Zhao S, Xiong J, Mao Y, et al. IDH1 mutations inhibit multiple alpha-ketoglutarate-
dependent dioxygenase activities in astroglioma. J Neurooncol. 2012; 109(2):253-60. doi: 10.1007/
511060-012-0914-4 PMID: 22772731

Figueroa ME, Abdel-Wahab O, Lu C, Ward PS, Patel J, Shih A, et al. Leukemic IDH1 and IDH2 muta-
tions result in a hypermethylation phenotype, disrupt TET2 function, and impair hematopoietic differenti-
ation. Cancer Cell. 2010; 18(6):553—67. PubMed Central PMCID: PMCPMC4105845. doi: 10.1016/j.
ccr.2010.11.015 PMID: 21130701

Bralten LB, Kloosterhof NK, Balvers R, Sacchetti A, Lapre L, Lamfers M, et al. IDH1 R132H decreases
proliferation of glioma cell lines in vitro and in vivo. Ann Neurol. 2011; 69(3):455-63. doi: 10.1002/ana.
22390 PMID: 21446021

Sabit H, Nakada M, Furuta T, Watanabe T, Hayashi Y, Sato H, et al. Characterizing invading glioma
cells based on IDH1-R132H and Ki-67 immunofluorescence. Brain Tumor Pathol. 2014; 31(4):242-6.
doi: 10.1007/s10014-013-0172-y PMID: 24384677

Bleeker FE, Atai NA, Lamba S, Jonker A, Rijkeboer D, Bosch KS, et al. The prognostic IDH1 (R132)
mutation is associated with reduced NADP+-dependent IDH activity in glioblastoma. Acta Neuropathol.
2010; 119(4):487-94. PubMed Central PMCID: PMCPMC2841753. doi: 10.1007/s00401-010-0645-6
PMID: 20127344

PLOS ONE | DOI:10.1371/journal.pone.0169038 January 4, 2017 12/13


http://www.ncbi.nlm.nih.gov/pubmed/8310796
http://dx.doi.org/10.1016/j.bbcan.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24880135
http://www.ncbi.nlm.nih.gov/pubmed/7424052
http://dx.doi.org/10.1056/NEJMoa0808710
http://dx.doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
http://dx.doi.org/10.1126/science.1164382
http://www.ncbi.nlm.nih.gov/pubmed/18772396
http://dx.doi.org/10.1007/s00401-009-0561-9
http://www.ncbi.nlm.nih.gov/pubmed/19554337
http://dx.doi.org/10.1038/nature08617
http://www.ncbi.nlm.nih.gov/pubmed/19935646
http://dx.doi.org/10.1007/s13277-014-1784-5
http://www.ncbi.nlm.nih.gov/pubmed/24590270
http://dx.doi.org/10.1007/s13277-014-2644-z
http://www.ncbi.nlm.nih.gov/pubmed/25283382
http://dx.doi.org/10.1073/pnas.1019393108
http://www.ncbi.nlm.nih.gov/pubmed/21289278
http://dx.doi.org/10.1007/s00401-015-1470-8
http://www.ncbi.nlm.nih.gov/pubmed/26323991
http://dx.doi.org/10.1038/ng.2668
http://www.ncbi.nlm.nih.gov/pubmed/23770606
http://dx.doi.org/10.1101/gad.198200.112
http://www.ncbi.nlm.nih.gov/pubmed/22925884
http://dx.doi.org/10.1007/s11060-012-0914-4
http://dx.doi.org/10.1007/s11060-012-0914-4
http://www.ncbi.nlm.nih.gov/pubmed/22772731
http://dx.doi.org/10.1016/j.ccr.2010.11.015
http://dx.doi.org/10.1016/j.ccr.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21130701
http://dx.doi.org/10.1002/ana.22390
http://dx.doi.org/10.1002/ana.22390
http://www.ncbi.nlm.nih.gov/pubmed/21446021
http://dx.doi.org/10.1007/s10014-013-0172-y
http://www.ncbi.nlm.nih.gov/pubmed/24384677
http://dx.doi.org/10.1007/s00401-010-0645-6
http://www.ncbi.nlm.nih.gov/pubmed/20127344

@° PLOS | ONE

IDH1 R132H and Cell Migration

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Amelot A, De Cremoux P, Quillien V, Polivka M, Adle-Biassette H, Lehmann-Che J, et al. IDH-Mutation
Is a Weak Predictor of Long-Term Survival in Glioblastoma Patients. PLoS One. 2015; 10(7):e0130596.
PubMed Central PMCID: PMCPMC4497660. doi: 10.1371/journal.pone.0130596 PMID: 26158269

Olar A, Wani KM, Alfaro-Munoz KD, Heathcock LE, van Thuijl HF, Gilbert MR, et al. IDH mutation status
and role of WHO grade and mitotic index in overall survival in grade II-11l diffuse gliomas. Acta Neuro-
pathol. 2015; 129(4):585-96. PubMed Central PMCID: PMCPMC4369189. doi: 10.1007/s00401-015-
1398-z PMID: 25701198

Zhao S, LinY, Xu W, Jiang W, Zha Z, Wang P, et al. Glioma-derived mutations in IDH1 dominantly
inhibit IDH1 catalytic activity and induce HIF-1alpha. Science. 2009; 324(5924):261-5. PubMed Central
PMCID: PMCPMC3251015. doi: 10.1126/science.1170944 PMID: 19359588

West KA, Brognard J, Clark AS, Linnoila IR, Yang X, Swain SM, et al. Rapid Akt activation by nicotine
and a tobacco carcinogen modulates the phenotype of normal human airway epithelial cells. J Clin
Invest. 2003; 111(1):81-90. PubMed Central PMCID: PMCPMC151834. doi: 10.1172/JCI16147 PMID:
12511591

Qian'Y, Corum L, Meng Q, Blenis J, Zheng JZ, Shi X, et al. PI3K induced actin filament remodeling
through Akt and p70S6K1: implication of essential role in cell migration. Am J Physiol Cell Physiol.
2004; 286(1):C153-63. doi: 10.1152/ajpcell.00142.2003 PMID: 12967912

Kim D, Kim S, Koh H, Yoon SO, Chung AS, Cho KS, et al. Akt/PKB promotes cancer cell invasion via
increased motility and metalloproteinase production. FASEB J. 2001; 15(11):1953-62. doi: 10.1096/fj.
01-0198com PMID: 11532975

Grille SJ, Bellacosa A, Upson J, Klein-Szanto AJ, van Roy F, Lee-Kwon W, et al. The protein kinase Akt
induces epithelial mesenchymal transition and promotes enhanced motility and invasiveness of squa-
mous cell carcinoma lines. Cancer Res. 2003; 63(9):2172-8. PMID: 12727836

Nie QM, Lin YY, Yang X, Shen L, Guo LM, Que SL, et al. IDH1R(1)(3)(2)H decreases the proliferation
of U87 glioma cells through upregulation of microRNA-128a. Mol Med Rep. 2015; 12(5):6695-701.
PubMed Central PMCID: PMCPMC4626131. doi: 10.3892/mmr.2015.4241 PMID: 26324126

Jin G, Pirozzi CJ, Chen LH, Lopez GY, Duncan CG, Feng J, et al. Mutant IDH1 is required for IDH1
mutated tumor cell growth. Oncotarget. 2012; 3(8):774-82. PubMed Central PMCID:
PMCPMC3478455. doi: 10.18632/oncotarget.577 PMID: 22885298

Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ, Kim DH. Insulin signalling to mTOR mediated by the
Akt/PKB substrate PRAS40. Nat Cell Biol. 2007; 9(3):316—23. doi: 10.1038/ncb1547 PMID: 17277771

Yu BH, Zhou XY. [Advances on PI3K/Akt/mTOR signalling pathway in malignancies]. Zhonghua Bing Li
Xue Za Zhi. 2005; 34(10):674—6. PMID: 16536284

Leibetseder A, Ackerl M, Flechl B, Wohrer A, Widhalm G, Dieckmann K, et al. Outcome and molecular
characteristics of adolescent and young adult patients with newly diagnosed primary glioblastoma: a
study of the Society of Austrian Neurooncology (SANO). Neuro Oncol. 2013; 15(1):112-21. PubMed
Central PMCID: PMCPMC3534426. doi: 10.1093/neuonc/nos283 PMID: 23223340

Reyes-Botero G, Giry M, Mokhtari K, Labussiere M, Idbaih A, Delattre JY, et al. Molecular analysis of
diffuse intrinsic brainstem gliomas in adults. J Neurooncol. 2014; 116(2):405—11. doi: 10.1007/s11060-
013-1312-2 PMID: 24242757

PLOS ONE | DOI:10.1371/journal.pone.0169038 January 4, 2017 13/13


http://dx.doi.org/10.1371/journal.pone.0130596
http://www.ncbi.nlm.nih.gov/pubmed/26158269
http://dx.doi.org/10.1007/s00401-015-1398-z
http://dx.doi.org/10.1007/s00401-015-1398-z
http://www.ncbi.nlm.nih.gov/pubmed/25701198
http://dx.doi.org/10.1126/science.1170944
http://www.ncbi.nlm.nih.gov/pubmed/19359588
http://dx.doi.org/10.1172/JCI16147
http://www.ncbi.nlm.nih.gov/pubmed/12511591
http://dx.doi.org/10.1152/ajpcell.00142.2003
http://www.ncbi.nlm.nih.gov/pubmed/12967912
http://dx.doi.org/10.1096/fj.01-0198com
http://dx.doi.org/10.1096/fj.01-0198com
http://www.ncbi.nlm.nih.gov/pubmed/11532975
http://www.ncbi.nlm.nih.gov/pubmed/12727836
http://dx.doi.org/10.3892/mmr.2015.4241
http://www.ncbi.nlm.nih.gov/pubmed/26324126
http://dx.doi.org/10.18632/oncotarget.577
http://www.ncbi.nlm.nih.gov/pubmed/22885298
http://dx.doi.org/10.1038/ncb1547
http://www.ncbi.nlm.nih.gov/pubmed/17277771
http://www.ncbi.nlm.nih.gov/pubmed/16536284
http://dx.doi.org/10.1093/neuonc/nos283
http://www.ncbi.nlm.nih.gov/pubmed/23223340
http://dx.doi.org/10.1007/s11060-013-1312-2
http://dx.doi.org/10.1007/s11060-013-1312-2
http://www.ncbi.nlm.nih.gov/pubmed/24242757

