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However, isocitrate dehydrogenase 1 (IDH1) gene muta-
tions are still the most usable and reliable molecular marker 
in glioma classification that is used for accurate diagno-
sis, disease prognosis and response to treatment [2]. IDH1 
protein is a metabolic enzyme and catalyzes the oxidative 
decarboxylation of isocitrate to α-KG in the tricarboxylic 
acid cycle (TCA) cycle. α-KG produced by IDH1 has cru-
cial roles in histone modifications, hypoxia-sensing and fatty 
acid metabolism [3, 4]. Gain of function mutations in IDH1 
gene leads to production of oncometabolite 2-hydroxyglu-
tarate (2HG) from α-KG which is the main product of IDH1 
enzyme [5]. Although there are different variants of IDH1 
mutations (R132H/C/G/S/L), the most prevalent mutation 
of IDH1 is R132H [6]. Despite the several studies suggest-
ing that IDH1 mutations associated with increased survival 
in patients with grade II and grade III diffuse glioma includ-
ing both astrocytic and oligodendroglia subtypes [7]. Other 
studies propose the notion that IDH1 mutation alters the cel-
lular NADPH/NADP + balance and stimulates the increase 

Introduction

Glioma is the most prevalent primary tumor of the central 
nervous system (CNS) and various histological forms exist 
with different molecular, cellular and behavioral charac-
teristics. Recent world health organization (WHO) tumor 
classification in 2021, has been recently updated with new 
molecular markers and more detailed classification of brain 
tumors was aimed for better diagnosis and prognosis [1]. 
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Abstract
Background  Glioma is the most common type of brain tumors and isocitrate dehydrogenase (IDH1) gene is the most promi-
nent molecular marker about the disease prognosis, response to therapy and patient survival. There are conflicting data about 
the effect of IDH1 mutation on glial cell proliferation, invasion and migration characteristics. The effect of IDH1 mutation 
on mTOR signaling pathway, which has key roles in tumorigenesis process, is limited and previous data is controversial. We 
aimed to explore the effect of wild type and mutant IDH1 overexpression on glioma cells and investigated the correlation 
with mTOR signaling pathway associated genes.
Methods and Results  U87-MG and A172 cells were transfected with different IDH1 mutant gene overexpressing (R132H, 
R132L, R132S, R132C) viral vectors. Cell proliferation, cell invasion and migration analysis as well as quantitative PCR 
analysis with the mutant glioma cell lines were performed. Forty-two patient derived glioma cells were obtained from 
patients with different glioma subtypes and cancer cells were enriched by culturing cells. Overexpression of both mutant and 
wild type IDH1 gene promoted the cell proliferation, but only IDH1 mutation increased cell invasion and migration. The 
expression of IDH1 mutation activated mTOR signaling via upregulation of WNTA, PRKAA2, GSK3B and MTOR genes 
as well as phosphorylated mTOR protein level.
Conclusions  Our results highlighted IDH1 mutation upregulate mTOR signaling pathway and promote cell proliferation, 
invasion and migration.
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of ROS levels and oxidative stress [8] and inhibits the pro-
liferation of glioma cells in vitro [9]. Current standard of 
care treatment for both IDH mutant and wild type glioma 
is total or if possible gross total removal of tumor tissue by 
surgery. Temozolomide is the first choice of chemotherapy 
with or without anti-angiogenic agents like bevacizumab. 
For inoperable glioma and partially removed glioma tissues 
radiotherapy is also used. IDH1 mutation is good prognostic 
marker for chemo- and radio-sensitivity of tumor as well as 
longer survival [10].

Mammalian target of rapamycin (mTOR) signaling path-
way interconnected with several other pathways in many 
cell types and it has vital roles in several central processes, 
like regulation of cell cycle and proliferation, cell growth, 
intracellular signaling etc. The major effectors of mTOR 
pathway are receptor tyrosine kinases (RTKs), G-protein 
coupled receptors, transmembrane integrins, and growth 
factor receptors [11, 12]. Activation of the mTOR signal-
ing pathway induces cells with malign characteristics, trans-
forms them into a more drug-resistant, proliferative, invasive 
and malignant phenotype. [13]. Activation of mTOR signal-
ing pathway, especially with the phosphoinositide 3-kinase 
(PI3K) and Akt axis (PI3K/AKT/mTOR) has been shown in 
various cancer types [14].

IDH1 mutations alter the activity of various signaling 
pathways in glioma. Interaction of IDH1 gene and PI3K/
AKT/mTOR signaling pathway has been investigated in 
various studies. The molecular link between IDH1 and 
PI3K/AKT/mTOR pathway has previously shown. Genera-
tion of 2HG via mutated IDH1 gene inhibits the KDM4A, 
which is α-KG dependent demethylase enzyme. KDM4A 
associates with DEPTOR, a negative regulatory protein of 
mTOR. When KDM4A is inhibited with increased level 
of 2HG, mTOR pathway is activated [15]. IDH1 mutation 
shown to be enhanced the migration potential of glioma 
cells via activation of mTOR signaling pathway and making 
them vulnerable to chemotherapy [16]. Moreover, inhibition 
of mTOR signaling pathway in IDH mutant glioma cells 
reduced oncometabolite 2HG level and increased glioma 
cell survival [17]. On the other hand, it has also been shown 
that, overexpression of wild type IDH1 protein, promoted 
PI3K/AKT/mTOR pathway and ultimately the migration 
potential of primary glioblastoma cells [18].

Despite the several studies on key molecule IDH1 and 
central pathway mTOR signaling in glioma, we have lim-
ited information on association of IDH1 mutations and indi-
vidual genes in mTOR signaling pathway. Therefore, hereby 
we investigated the effect of IDH1 gene on mTOR signal-
ing pathway associated genes, cell proliferation, invasion 
and migration characteristics of glioma cells. Results were 
correlated with the tumor samples obtained from different 

glioma patients with respect to their grades, histopathologi-
cal subtype and IDH1 status.

Methods

Cell lines and cell culture studies

U87-MG, A172 glioma, HUVEC and HEK 293T cells were 
purchased from ATCC. Gene expression studies were con-
ducted on U87-MG cells and cell proliferation, invasion 
and migration assays were performed on A172 and HUVEC 
cells. Gene expression experiments were conducted on 
U87-MG cells. Gene expression of both glioma cells were 
compatible in terms of target genes.

Cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM)/high glucose (Capricorn, DMEM-HPA) 
supplemented with 10% fetal bovine serum (Capricorn, 
FBS-HI-11B) and 1% antibiotic-antimycotic solution, 100X 
(WISENT, 450-115EL). Cell were maintained at 37 ̊C and 
5% CO2 in a humidified incubator (Panasonic, USA).

Lentiviral transfection of cells

Stably IDH1 overexpressing cells were transducted by, 
lentiviral transfer plasmid vector (pLenti/TO-EYFP-
P2A-IDH1(HA) (Addgene, Cat. No: 122,482) containing 
enhanced yellow fluorescent protein (EYFP), a packaging 
plasmid psPAX2 (Addgene, Cat. No. 12,260) and VSV-G 
envelope expressing plasmid pMD2.G (Addgene, Cat. No. 
12,259). PFU Ultra II Fusion HS DNA Polymerase (Agi-
lent, AGT-600,670) was used to generate six different point 
mutations with suitable site directed mutagenesis primers 
(G395A, G395T, G395C, C394A, C394T and C394G) of 
IDH1, according to the manufacturer’s instructions.

Wild type (WT) and mutant IDH1 gene expressing viruses 
were produced in HEK 293T cell line. 2 × 106 cells per well 
were seeded in each 10  cm culture dish and incubated at 
37 ̊C in a 5% CO2 humidified atmosphere. Following 24 h 
of pre-incubation, cell medium was replaced with fresh 
DMEM complete (10% FBS and 1% Antibiotic-Antimy-
cotic Solution). Transfection of viral DNA was performed 
with polyethyleneimine (PEI) and DNA to PEI mixture was 
as followed: 2 µg of transfer plasmids, 1,5 µg of packaging 
plasmid, 1,5 µg of envelope plasmid and 22,5 µg PEI (1 mg/
ml) in 500µL DMEM medium. The mixture was incubated 
at room temperature for 15 min and added to culture dish. 
Twenty-four hour later, medium was replaced with fresh 
DMEM complete including 2% FBS. Cell medium was col-
lected for three days and centrifuged at 800 g for 10 min 
at the room temperature and the supernatant was obtained. 
Viral particles were concentrated by concentrator buffer. 
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The final mixture was incubated with constant racking at 
60  rpm for overnight at 4  °C. Supernatant was obtained 
carefully and viral pellet was resuspended into 1 mL only 
DMEM by gently pipetting up and down.

U87-MG and A172 glial cells (3 × 105 cells/well) were 
cultured in 6-well plates as control (non-transfected, NT), or 
with IDH1 WT and with G395A (R132H), G395T (R132L), 
C394A (R132S) and C394T (R132C) mutant vectors. After 
24 h, viral supernatant was mixed with polybren (5 µg/mL, 
Santa Cruz, sc-134,220) and infection was performed at 
1000 g for 60 min at 30 °C and 6-well plates were placed 
into incubator at 37 °C with 5% CO2. After 12–16 h, cell 
mediums were changed with fresh complete DMEM. Blas-
ticidine (Invivogen, ant-bl-05) was added as 3 µg/mL in cell 
culture medium for antibiotic selection. Cell mediums were 
replaced with fresh DMEM contained 3 µg/mL blasticidine 
every 2 or 3 days. Cells were controlled and photographed 
under a fluorescence microscope (Leica, DM2500).

Cell proliferation and Migration Assay

xCELLigence RTCA DP system (Agilent, USA) was used 
to measure cell proliferation continuously. E-plate 16 PET 
(Agilent, #300,600,890, USA) was used for proliferation 
assay experiments. For each transfected cell line seeding 
density experiment was performed initially. Cells were tryp-
sinized, counted, and seeded as 5000, 7500, 10,000, 12,500, 
15,000, 20,000 cells per well. Each condition was studied 
as a triplicate. After deciding the appropriate seeding num-
ber, cell proliferation experiments with each condition per-
formed. Briefly, 100 µl medium per well was distributed to 
each well. Plate was placed in the slot of the system and 
background measurement was performed. Later cells were 
seeded accordingly, and plate was let sit in the sterile cell 
culture hood for 30 min for cells to settle. After 30 min of 
incubation, plate was placed back in the slot and cell index 
was measured every 15 min for 96 h.

In order to assess invasion capacity of the cells, RTCA 
CIM plates (Agilent, #5,665,817,001, USA) were used. 
Briefly, 160  µl of medium supplemented with FBS was 
placed in the wells of the lower chamber. Assembled plate 
was put back to the incubator for an hour. Then, 50 µl of 
medium without FBS was distributed to the wells and back-
ground measurement was performed. Cells were seeded in 
100 µl of medium without FBS, and plates were incubated 
in the cell culture hood for 30 min. After 30 min of incuba-
tion, plate was placed back in the slot and cell index was 
measured every 15 min for 96 h.

In vitro scratch repair assay

Scratch repair assay was performed to assess migration 
potential of IDH1 transfected and control glioma cells. 
1 × 104 cells/well in 12-well plate format was cultured. 
Scratch was lined on culture dishes using 100 µL pipette 
tip when cells were confluent on plate surface. Cell media 
was replaced with fresh DMEM complete including 1%FBS 
and 1% antibiotic-antimycotic solution. Cells were photo-
graphed at 0., 8. and 24. hours. Wound Healing Size Tool 
in ImageJ Software was utilized to quantify the changes of 
scratch areas. Images were analyzed and compared with 
respect to number of cells migrating to scratched area on 
dish surface using Image J and GraphPad Prism 9.

Patients and tumor cell preparation

Prospective patient tumor sample collection was approved by 
institutional research ethics committee (2017-14/01). Writ-
ten consents were obtained from patients to participate in 
study. Ethics committee reviewed the patient consent forms. 
The patient selection was only based on diagnosis, and only 
glioma tumors with a variety of grades were selected. Grade 
II and III tumors included diffuse or anaplastic astrocytic 
and oligodendroglia tumors. Glioblastoma samples as grade 
IV tumors were also included in the patient cohort. The cur-
rent 2021 World Health Organization (WHO) classification 
was used for histopathologic diagnosis as IDH wild type 
astrocytoma (Ast-IDH1 WT, n = 10), R132H mutant IDH1 
astrocytoma (Ast R132H, n = 10), oligodendroglioma with 
IDH1 R132H mutation (Olg R132H, n = 11) and IDH wild 
type GBM (GBM WT, n = 11) [1].

Patient derived tumor cells were obtained as previ-
ously described [19]. Forty-two tumor samples from dif-
ferent patients were obtained by surgical operation. Fresh 
tumor tissues were sectioned and washed with 1 mL of 
PBS. Blood vessels were removed off from the tissue. Tis-
sues were crushed with the help of a lancet. Tissues were 
transferred to 50 mL falcon tubes filled with 10 mL DMEM 
complete medium including Accutase (BD Biosciences, 
561,527), Trypsin (Sigma, 59,429  C) and Collagenase I 
(Sigma, 1,148,089) enzyme and incubated for 10  min at 
room temperature. Supernatant was discarded. Following a 
centrifugation at 200 g for 5 min DMEM complete medium 
was added to the tube and the pellet was dissolved by pipet-
ting and then dissolved solution was plated into 60 mm cell 
culture dish and culture dish was placed into the incubator. 
Cells were incubated for 72 h and passaged maximum of 
three times to obtain the glial cells at maximum purity.
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Results

IDH1 mutations promoted cell proliferation and 
invasion but reduced cell migration in glioma cells

Different IDH1 mutations (R132H, R132L, R132S, R132C) 
were compared to investigate the effect of different muta-
tions on cell viability, migration and invasion potential of 
glioma cells. Transfection of glioma cells with either wild 
type or mutant viral vectors caused 50 to 600-fold overex-
pression of IDH1 gene compared to non-transfected control 
cells (Supplementary Fig. 1). Over expression of IDH1 gene 
promoted proliferation of glioma cells compared to non-
transfected controls. All mutations significantly increased 
cell proliferation compared to wild type overexpressed 
form of IDH1 gene (p < 0.001). However, R132H and 
R132L mutations significantly differed from other muta-
tions (p < 0.001), and showed extraordinary proliferation 
compared to control, wild type (R132) and R132C, R132S 
overexpressed groups (Fig. 1a).

Invasion potential of cells were assessed by Boyden 
chamber assay by using xCelligence DP system and RTCA 
CIM plates. Overexpression of WT IDH1 gene significantly 
decreased the number of invaded cells compared to controls 
(p < 0.001). However, all mutant IDH1 forms showed signif-
icant increase in invasion compared to both non-transfected 
controls and overexpressed wild type IDH1 (Fig. 1b).

The effect of IDH1 mutation on cell migration on glioma 
cell was assessed by scratch repair assay or wound heal-
ing assay. First, cell photographs were taken at the begin-
ning of the scratch assay and others were taken at 8th hours 
and 24th hours. Scratch area was calculated depending on 
the initial size and number of cells in the defined area for 
each different cell. Two different photographs were used 
to calculate the differences in scratch area for each differ-
ent cell lines (Fig.  1c). Wounded area of non-transfected 
cells showed similar healing characteristics to that of both 
wild type and mutant IDH1 proteins, except R132C muta-
tion showed comparably faster healing compared to other 
groups (Fig. 1d).

Data suggested that overexpression of mutant IDH1 
increased cell proliferation, invasion but not significantly 
affect cell migration potential of glioma cells. R132H and 
R132L mutations showed more malign cancer characteristics 
compared to other mutations and wild type overexpression 
of IDH1 gene. On the other hand, overexpression of IDH1 
mutations in non-cancerous HUVEC cells did not show the 
same effect on cell phenotype. WT IDH1 overexpressing 
HUVEC cells showed less cell proliferation compared to 
non-transfected control cells, nonetheless overexpression of 
R132H, R132L, R132C and R132S mutations suppressed 
the cell proliferation (Supplementary Fig. 2).

Quantitative real-time PCR analysis

Total RNA was extracted using NucleoSpin RNA (Mach-
erey-Nagel, #740955.50) total RNA isolation kit by follow-
ing the manufacturer’s instructions. cDNA synthesis was 
performed with 2 µg of RNA by using cDNA synthesis kit 
(A.B.T, #601-005) according to the manufacturer’s instruc-
tions. qRT-PCR was done with SsoAdvanced Universal 
SYBR Green Supermix (Bio-Rad, #1,725,271) is 10 µL of 
enzyme mix added to 1 µL of 10µM forward and reverse 
primers, 2µL of cDNA and 6 µL nuclease-free H2O. Rela-
tive gene expressions were calculated by Livak Method 
(2- ∆∆Cq) and GAPDH was used as reference gene. Fold 
change differences of target genes were compared by One-
way ANOVA test, Pearson Correlation Test and Simple 
Linear Regression Analysis was used to compare different 
groups, by GraphPad Prism 9. Primer sequences were pro-
vided in supplementary Table.

Western blotting

Target proteins were evaluated at protein level by using 
western blotting and quantitative comparison of protein 
bands. Total protein was isolated by using RIPA solution. 
Cells expressing WT and mutant IDH1 genes were plated 
onto in 100 mm culture dish and scraped to obtain total pro-
teins before they become confluent. Cells were collected 
and centrifugated at 4000 g for 2 min at 4  °C. After cen-
trifugation, supernatant was removed and 200 µL CLB (Cell 
Lysis Buffer, 10 mM Tris- HCL pH:8, 0,1 M EDTA pH:8 
and 0.5% of SDS) was applied to cell pellet. Protein con-
centrations were determined by Bradford Assay (Bio-Rad, 
#500-0006). Total of 30 µg protein lysates were loaded into 
8–15% of SDS polyacrylamide gel and blotted onto nitrocel-
lulose membrane. Membranes were incubated in %5 BSA 
blocking for 1 h. Specific monoclonal antibodies for IDH1 
(Santa Cruz, sc-515,396), HA-Tag (CST, 3724), p-mTOR 
(Santa Cruz, sc-293,133), mTOR (Santa Cruz, sc-517,464), 
and Beta-actin (CST, 3700) were incubated overnight at 
4  °C with 1:10000 concentrations and finally appropriate 
secondary antibodies were used in 1:7000 concentrations. 
Protein bands were illuminated by using super signal West 
Femto (Thermofischer) and protein bands were visualized 
by ChemiDoc MP System (Bio-Rad). Protein band densities 
were compared by Image J software.
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of PRKAA2 gene expression was significantly increased 
in both wild type and mutant IDH1 overexpressed glioma 
cells, however the R132H mutant IDH1 overexpression 
was significantly more compared wild type IDH1 (Fig. 2b). 
TSC1 and TSC2 genes express Hamartin and Tuberin pro-
teins which forms a tumor suppressive complex and con-
trols cell cycle progression and proliferation by signaling 
the mTOR pathway [22, 23]. The level of TSC1 and TSC2 
gene expression was down regulated in both wild type and 
mutant IDH1 overexpressed glioma cells, moreover TSC1 
level was significantly downregulated in mutant IDH1 cells, 
whereas TSC2 did not significantly differ in between mutant 
and wild type IDH1 expressing U87-MG cells (Fig. 2c and 
d). Glycogen synthase kinase 3 beta protein is coded by 
GSK3B gene and involved in energy metabolism of cells 
and positively interacts with TSC complex by phosphory-
lating it [24]. IDH1 mutation led to significant upregulation 
of GSK3B gene compared to wild type IDH1 over express-
ing and control cells (Fig.  2e). mTOR is kinase enzyme 
that is coded by MTOR gene forms two distinct complexes 
called mTOR complex 1 (mTORC1) and mTOR complex 
2 (mTORC2) and regulates several central processes in 
the cell like promoting cell proliferation, cell motility, cell 
survival and transcription regulation [25]. mRNA level of 
MTOR gene decreased in wild type IDH1 overexpressing 
cells whereas mutant IDH1 overexpressing cells signifi-
cantly upregulated mTOR gene expression (Fig.  2f). The 
level of mTOR and phospo-mTOR (p-mTOR) protein were 
also significantly upregulated in mutant IDH1 overexpress-
ing cells whereas untreated and wild type IDH1 cells did not 
(Fig. 2 g, 2 h). The ratio of p-mTOR to mTOR protein level 
was upregulated in mutant IDH1 overexpressing U87-MG 
cells (Fig. 2i).

Overall, when mutant IDH1 gene is expressed, WNT5A, 
PRKAA2 and GSK3B mRNA levels increased where as 
TSC1 and TSC2 mRNA levels decreased. Taken together, 
upregulation of these gene indicated the activation of mTOR 
signaling pathway.

Mutant IDH1 gene expression positively correlated 
with mTOR signaling pathway genes and disease 
severity

Expression of IDH1 and mTOR pathway associated 
genes were analyzed on tumor samples that were obtained 
from patients and tumor cells were enriched by culturing 
cells and eliminating the nontumoral cells (blood cells, 
endothelial cells etc.). mRNA was obtained from primary 
cell culture of patient tumors. IDH1 gene was significantly 
more expressed in mutant histopathological subtypes of 
glioma Ast(R132H) and Olg(R132H) compared to wild 
type glioma subtypes Ast(WT) and GBM(WT) (Fig.  3a). 

IDH1 mutation hyperactivated mTOR signaling 
pathway

The effect of IDH1 on mTOR signaling pathway, the 
relative mRNA levels of target genes enrolled in pathway, 
were analyzed via quantitative real time PCR (qRT-PCR). 
WNT5A gene express Wnt5a protein which activates 
canonical WNT signaling pathway through binding to dif-
ferent receptors and exerts oncogenic properties in sev-
eral cancers [20]. Wild type IDH1 overexpression led to 
increased level of WNT5A and R132H mutation led to even 
more increased level in glioma cells (Fig. 2a). AMP-acti-
vated protein kinase is an enzyme expressed by PRKAA2 
gene and activated when there is cellular stress. Several 
isoforms exist and have controversial roles in cancer, some 
as tumor suppressor and some as oncogene [21]. The level 

Fig. 1  Mutant IDH1 overexpression enhanced cell proliferation, 
invasion but not migration in U87-MG cells. (a) Cell proliferation, 
(b) cell invasion, (c) cell migration assay microscope photographs 
(d) cell migration assay analysis of IDH1 wild type and mutation 
transfected U87-MG cells. Data were obtained for cell proliferation 
and invasion assays for each 15 min via electrical impedance based 
measurement. Each line represents different mutation transfected 
glial cells. R132H (green), R132L (dark blue), R132S (pink), R132G 
(damson color), G394T (light purple), C394A (light blue), wild type 
(red). IDH1 mutations induce cell proliferation in U87-MG cell line. 
Cells were photographed at the beginning, 8. hour and 24. hour for 
cell migration assay. (*indicate statistical significance: *p < 0.05, 
**p < 0.001, ***p < 0.0001) Cells were photographed under 40X mag-
nification. The size of scale bar is 100 μm
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the grade of tumors, the more MTOR gene expression was 
observed (Fig. 3n).

Correlation matrix of expressed genes showed that IDH1 
gene expression is positively correlated with the genes 
analyzed, except for TSC2 gene. The maximum correla-
tion between IDH1 and MTOR (R2 = 0.94) and WNT5A 
(R2 = 0.92) (Fig.  3o). Taken together, it can be stated that 
IDH1 expression was highly correlated with mTOR path-
way genes in patient derived glioma cells.

Discussion

The mTOR and associated proteins are currently hot 
spots for anti-cancer therapeutics. Since mTOR pathway 
enrolled in several central mechanisms in both normal and 
cancer cells. There are several reports indicating the hyper-
activation of mTOR pathway in several cancer forms. One 
of the primary members of the pathway is Wnt protein that 
indirectly inactivates GSK3β protein through Dishevelled 
(Dvl) protein [26]. GSK3β and AMP-activated protein 
kinase (AMPK protein coded by PRKAA2 gene) upregu-
lates and phosphorylates TSC1/TSC2 complex [27]. Phos-
phorylated TSC1/TSC2 complex suppresses the activity of 
mTORC1 complex via Rheb inhibition [28]. Finally, mTOR 
activity promotes several intracellular signaling cascades 
that are enrolled in microtubule organization, cell death, 
survival and differentiation. Interaction between these key 
players of mTOR pathway can be bypassed by aberrant 

Grade III glioma showed maximum level of IDH1 gene 
mRNA (Fig. 3b). The level of WNT5A gene expression cor-
related with IDH1 gene and showed maximum expression 
in mutant glioma as well as grade III subtypes (Fig. 3c and 
d). The level of TSC1 mRNA was maximum in GBM(WT) 
group and grade IV tumors (Fig. 3e and f). However, TSC2 
gene showed maximum gene expression in Olg(132 H) sub-
type and grade III tumors (Fig. 3 g and 3 h). Interestingly, 
Ast(R132H) subtype showed significantly increased TSC2 
gene expression than Ast(WT) subtype (Fig. 3 g). The level 
of PRKAA2 gene expression correlated with IDH1 gene 
and showed maximum expression in mutant glioma as well 
as grade III subtypes (Fig. 3i and j). GSK3B gene expres-
sion was only significantly increased in Ast(R132H) sub-
type (Fig. 3k) and grade II and grade III tumors (Fig. 3 L). 
Finally, the level of MTOR gene expression was signifi-
cantly increased in Ast(R132H), Olg(132 H) and GBM(WT) 
subtypes compared to Ast(WT) subtype (Fig. 3 m). Higher 

Fig. 3  mTOR signaling pathway associated genes upregulated in 
patient derived glioma cells and correlated with tumor histopa-
thology and grades. Expression of IDH1, WNT5A, TSC1, TSC2, 
PRKAA2, GSK3B, MTOR genes between histological subtypes (a, c, 
e, g, i, k, m) and tumor grades (b, d, f, h, j, l, n). o) Gene expression cor-
relation matrix. Colors indicate degree of correlation. Ast(IDH1 WT): 
IDH1 wild type astrocytoma, Ast(R132H): R132H IDH1 mutant astro-
cytoma, Olg(R132H): IDH mutant oligodendroglioma, GBM (IDH 
WT): IDH1 wild type glioblastoma

 

Fig. 2  Overexpression of IDH1 mutation upregulated mTOR sig-
naling pathway genes in U87-MG cells (a) WNT5A, (b) PRKAA2, 
(c) TSC1, (d) TSC2, (e) GSK3B, (f) MTOR quantitative gene expres-
sion results. (g) Western blot images of mTOR, phosphorylated mTOR 
(p-mTOR) and Actin (Housekeeping protein) proteins. (h) quantita-
tive analysis of mTOR protein, (i) quantitative analysis of p-mTOR 
protein to total mTOR protein. Control refers to non-transfected, 
IDH1 WT refers to IDH1 wild type overexpressing, IDH1 R132H 
refers to R132H mutant IDH1 overexpressing U87-MG cells. (* indi-
cate statistical significance: *p < 0.05, **p < 0.001, ***p < 0.0001, ns: 
non-significant)
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mTOR signaling was shown through Wnt, AMPK, GSK3β 
and mTOR and it supports the idea of IDH1 mutation acti-
vated the mTOR signaling pathway.

Cell proliferation, invasion and migration are important 
phenotypic characteristics of glioma cells as like the most 
cancer cells. However, previous studies reported conflict-
ing results about the effect of IDH1 on glial tumor charac-
teristics. While some studies reported that IDH1 mutation 
reduced cell proliferation, invasion and migration poten-
tial via downregulating Wnt/β catenin pathway [31] or via 
HIF1α [32, 33], many other studies indicated that IDH1 
mutation promoted all these characteristics via epithelial 
mesenchymal transition (EMT) [34], or Akt/mTOR path-
way [16, 35] or methylating various target gene expressions 
[36]. Additionally, it was shown that overexpression of wild 
type IDH1 caused G1 stage cell cycle arrest and transformed 
cells into chemo resistant cell types whereas, overexpres-
sion of R132H mutant IDH1 transformed glioma cells into 
chemo sensitive cell type [37, 38]. Considering the previous 
controversial results about the IDH1 mutation effect on gli-
oma, it can be speculated that, overexpression of IDH1 gene 
either in wild type or mutant form has an impact on tumor 
characteristics. Here, we showed that IDH1 overexpression 
promoted cell proliferation compared to untreated control 
(non-transfected) cells, moreover mutant IDH1 expressing 
cells showed increased cell proliferation compared to both 
wild type overexpressing and control groups. However, cell 
invasion was significantly reduced in wild type group and 
increased in mutant IDH1 overexpressing groups compared 
to controls. Cell migration was significantly reduced in 
IDH1 mutant overexpressing cells compared to controls and 
wild type IDH1 overexpressing cells (Fig. 1). The increased 
proliferation and cell invasion behavior of mutant glioma 
cells may be induced by activated mTOR signaling path-
way. On the other hand, migration characteristics of cells 
may have reduced due to other cellular processes apart from 
the mTOR pathway.

Frequency of IDH1 mutations in glioma subtypes varied 
in different studies in ranging between 70 and 100%. Many 
studies reported that the most frequent mutation is R132H, 
subsequently R132C, R132G, R132L and R132S mutations 
[6, 39]. Previous studies proved that production of 2HG 
was inversely correlated with the frequency of the muta-
tions among all IDH1 mutations with respect to neoplastic 
activity as well as malign properties of glioma cells. R132G 
mutation induced the maximum level of 2HG production, 
R132L and R132C promoted least level of cell survival in 
glioma cells [40]. Here, we showed that R132L mutation 
showed the maximum cell proliferation, R132H, R132S and 
R132C showed somewhat similar cell proliferation poten-
tial (Fig. 1a). Unlike cell proliferation, cell invasion did not 
significantly differ in between different IDH1 mutations 

activity of other molecules having role in the pathway. Here 
it is shown that when R132H mutant IDH1 is overexpressed 
in glioma cells WNT5A gene was downregulated PRKAA2 
was upregulated, TSC1 and TSC2 were downregulated and 
GSK3β was upregulated. Finally, mTOR and its phosphory-
lated form was significantly upregulated. Gene expression 
data obtained from cell line studies and patient tumors, alto-
gether showed that mTOR signaling pathway was activated 
in IDH1 mutant glioma (Fig.  4). Furthermore, the data is 
confirmed in patient derived glioma cells and activation of 
mTOR pathway was relatively more in IDH1 mutant glioma 
patients compared to IDH wild type glioma subtypes.

Previous studies have also reported that IDH mutant 
glioma activates PI3K/mTOR pathway for transformation 
and eventually worse prognosis of the disease by modulat-
ing cell proliferation, cell survival and migration [16, 29]. 
Further, inhibition of PI3K/mTOR signaling reduced 2HG 
production and increased the survival [17]. On the other 
hand, another study with 354 glioma patients reported that 
mutant IDH1 inhibited PI3K/Akt signaling pathway [30]. 
Study by Birner P. et al., indicated that IDH1 mutation and 
active PI3K/Akt signaling reversely correlated and mutant 
IDH1 inhibited the Akt phosphorylation [30]. Despite the 
apparently opposite findings, previous data confirmed that 
mTOR signaling is regulated through several central pro-
teins and obviously Wnt, Akt and PI3K have different roles 
in glioma for mTOR activation. In this study, activation of 

Fig. 4  Interaction of IDH1 mutation and mTOR signaling path-
way. Blue color indicates increased gene expression, red color indi-
cates decreased gene expression
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