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Abstract

Mutation in isocitrate dehydrogenase 1 (IDH1R132H) occurs in various types of cancer,

including low and high grade gliomas. Despite high incidence indicating its central role in

tumor initiation and progression there are no targeted therapies directed against this onco-

gene available in the clinic. This is due to the limited understanding of the role of IDH1R132H

in carcinogenesis, which is further propagated by the lack of appropriate experimental mod-

els. Moreover, proper in vitro models for analysis of gliomagenesis are required. In this

study, we employed a Tet On system to generate human induced neural stem cells with

doxycycline-inducible IDH1R132H. Equivalent expression of both forms of IDH1 in the pre-

sented model remains similar to that described in tumor cells. Additional biochemical analy-

ses further confirmed tightly controlled gene regulation at protein level. Formation of a

functional mutant IDH1 enzyme was supported by the production of D-2-hydroxyglutarate

(D2HG). All samples tested for MGMT promoter methylation status, including parental cells,

proved to be partially methylated. Analysis of biological effect of IDH1R132H revealed that

cells positive for oncogene showed reduced differentation efficiency and viability. Inhibition

of mutant IDH1 with selective inhibitor efficiently suppressed D2HG production as well as

reversed the effect of mutant IDH1 protein on cell viability. In summary, our model consti-

tutes a valuable platform for studies on the molecular basis and the cell of origin of IDH-

mutant glioma (e.g. by editing P53 in these cells and their derivatives), as well as a reliable

experimental model for drug testing.

Introduction

The discovery of heterozygous mutations in genes encoding isocitrate dehydrogenase had a

significant impact on our understanding of pathogenesis of gliomas and several other types of

cancer, including hematologic malignancies, chondrosarcomas and cholangiocarcinomas [1].

The vast majority of mutations detected in gliomas are present in the cytosolic isoform IDH1,

with substitution of arginine for histidine at codon 132 (IDH1R132H) accounting for 90% of all

mutations in IDH genes [2]. In addition to the loss of normal function, the mutant protein

acquires a neomorphic enzymatic activity resulting in NADPH-dependent reduction of α-
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ketoglutarate (αKG) to the oncometabolite D-2-hydroxyglutarate (D2HG) [3]. Accumulation

of the latter may lead to various cellular dysfunctions and ultimately, to tumorigenesis. Numer-

ous studies have confirmed several molecular mechanisms through which D2HG might exert

its oncogenic effects, including competitive inhibition of enzymes that use αKG as a cofactor,

such as chromatin modifying dioxygenases (Jmj family of histone demethylases and TET fam-

ily of DNA demethylases) leading to altered histone and DNA methylation, inhibition of cell

differentiation and malignant cell transformation [4–6]

Despite potential role of IDH1R132H in tumor initiation and progression, its presence is

linked to improved overall survival among glioma patients [7]. Nevertheless, due to high recur-

rence and progression rates of gliomas resulting in high mortality, targeted therapies against

this oncogene are required. At present, no such therapies are available in the clinic. The most

advanced drug candidates, including AG-120, AG-221 and AG-881 are in phase 1 clinical trials

(NCT02073994; NCT02273739; NCT02481154) [8]. Those compounds were developed with

intention of inhibiting the acquired catalytic activity of the mutant protein. However, alterna-

tive therapeutic strategies might be required to complement or substitute currently explored

avenues of intervention. In addition to restoration of cell differentiation capabilities, attractive

approaches involve targeting proteins acting as effectors of IDH1R132H mutation or exploiting

sensitivities ensuing from the aforementioned mutation [9–12].

To successfully employ such strategies, better understanding of the molecular mechanisms

relevant to gliomagenesis is crucial. The challenge is further propagated by the scarcity of appro-

priate experimental models, since the culture of primary GB cells proved challenging to establish

and maintain over an extended period of time [13–15]. Primary GB cells with IDH1 mutation

have been reported to be even more susceptible to senescence, considered as one of the predom-

inant causes of stabilization failure, compared to other primary GB cells [24, 25]. Only a few

models with endogenous IDH1 mutation have been established, mainly orthotopic xenografts

that constituted accompanying mutations [16]. On the other hand, expression of mutant IDH1

in mouse conditional knock-in models was reported to be lethal at an early stage of development

or soon after transgene expression [17, 18]. Nevertheless, mouse models are not suitable for all

studies, due to their limited throughput, bioethical issues, high costs, and variable time and rate

of tumor formation, which may affect reproducibility of results. As a result, majority of studies

on mutant IDH1 function have been performed on cell lines ectopically expressing this onco-

gene. These overexpression systems do not reflect the oncogenic properties of the heterozygous

IDH1 mutation present in patient tumor cells [19] and do not offer the opportunity to analyze

cellular origin of gliomas. Furthermore, distinct observations from experiments performed

using these models have been reported (i.e. effect of mutant IDH1 protein on proliferation of

U87 cell line [20–22]), possibly due to variations in cell lines between laboratories [23].

In this study we made an attempt to generate human induced neural stem cells with doxy-

cycline-inducible IDH1R132H. Presented model captures all the aforementioned aspects, i.a.

tightly regulated expression of the mutated gene, adequate ratio of wild type to mutant IDH1

protein, ability to differentiate into any neural lineage in vitro, and limited running costs. Fur-

ther, we showed that expression of mutant IDH1 protein resulted in impaired differentiation

and increased apoptosis.

Materials and methods

Cell culture

Induced Pluripotent Stem cells (iPSc) derived from human fibroblasts, obtained and charac-

terized previously [24], were cultured on Geltrex coated dishes in Essential 8 medium (both

from Life Technologies) at low oxygen conditions (5% O2/5% CO2).

PLOS ONE iNSc with inducible IDH1R132H

PLOS ONE | https://doi.org/10.1371/journal.pone.0239325 September 18, 2020 2 / 17

https://doi.org/10.1371/journal.pone.0239325


Induced Neural Stem cells (iNSc) were generated from iPSc using PSC Neural Induction

Medium (Gibco) according to the manufacturer’s protocol and propagated as an adherent cul-

ture on Geltrex coated dishes in Neural Expansion Medium (Neurobasal Medium: Advanced

DMEM/F12 (1:1), supplemented with Neural Induction Supplement (1:50; all from Life Tech-

nologies). Cells were maintained at 37˚C in humidified 5% CO2 incubator.

IDH-mutant glioma neurospheres generated from xenograft-forming tumor (MGG152)

were a kind gift from Dr. Daniel P. Cahill, Massachusetts General Hospital [12, 16]. Neuro-

spheres were cultured in DMEM/F12 medium supplemented with B27 (1:50; Life Technolo-

gies), human recombinant EGF (20 ng/mL; ABM), human recombinant basic FGF2 (10 ng/

mL; ABM) and heparin (2 μg/mL; Sigma Aldrich). Cells were maintained at 37˚C in humidi-

fied 5% CO2 incubator.

Reagents

AGI-5198 was purchased from MedChemExpress. DMSO (solvent control) and doxycycline

were purchased from Sigma-Aldrich.

Genetic constructs and lentiviral vectors

The pLVX-EF1α-Tet3G transfer plasmid was purchased from Clontech. The

pLVX-TRE3G-DEST was obtained as described previously [25]. The pLVX-TRE3G-GFP con-

struct was obtained from the Department of Tumor Biology. The pLVX-TRE3G-IDH1R132H

construct was created by shuttling of IDH1R132H sequence from the pENTR/Zeo-IDH1R132H

vector into pLVX-TRE3G-DEST with Gateway LR Clonase II (Life Technologies). To generate

pENTR/Zeo-IDH1R132H, pENTR/Zeo-IDH1WT vector (described previously [26]) was used

for site-directed mutagenesis using Herculase II Fusion DNA Polymerase (Agilent). Primers

containing the IDH1-G395A mutation were: CTATCATCATAGGTCATCATGCTTATGGGGA
TC (forward) and GATCCCCATAAGCATGATGACCTATGATGATAG (reverse). Following suc-

cessful construction, confirmed by restriction enzyme digestion and direct sequencing, lenti-

viral vectors were prepared using LENTI-Smart (InvivoGen) according to the manufacturer’s

protocol.

Lentiviral transduction of induced neural stem cells

To establish induced neural stem cells expressing Tet-On transactivator gene, iNS cells were

transduced with lentiviral particles prepared from pLVx-EF1α-Tet3G transfer plasmid (Clon-

tech). After 48 hours, the cell culture medium was changed and the cells were selected by

growth in G148 (200 μg/mL; Life Technologies). The selection medium was renewed every

2–3 days until no live cells in non-transduced control were observed. Subsequently, iNS cells

with stably integrated Tet-On 3G regulatory gene were transduced with lentiviral vector carry-

ing GFP or IDH1R132H under the control of doxycycline-regulated TRE3GV promoter. After

48 hours, the cell culture medium was changed and the cells were selected with puromycin

(0.5 μg/mL; InvivoGen). Pooled populations of puromycin resistant cells were obtained.

Western blotting analysis

Cells were lysed in RIPA buffer supplemented with Protease Inhibitor Cocktail (both from

Sigma Aldrich). Proteins were separated on 10% SDS–PAGE and transferred to the PVDF

membrane (Immobilon—P, Merck Millipore) by electroblotting. Subsequently, membrane

was blocked with 5% Skim Milk (Sigma Aldrich) and incubated at 4˚C overnight with primary

antibodies: anti-IDH1wt (1:1000, D2H1, Cell Signaling), anti-IDH1R132H (1:100, H09,
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Dianova), anti-Actin (1:4000, MAB1501, Millipore). After washing, membrane was probed

with appropriate HRP-conjugated secondary antibodies: anti-rabbit (1:4000, sc-2004, Santa

Cruz Biotechnology), anti-mouse (1:4000, sc-2005, Santa Cruz Biotechnology). Bands were

visualized with enhanced chemiluminescence (Amersham ECL Prime Western Blotting Detec-

tion Reagent, GE Healthcare) on ChemiDoc XRS (Bio-Rad). Densitometric analysis was per-

formed using Image J software.

Immunofluorescence analysis

For the immunocytochemical analyses induced pluripotent stem cells, induced neural stem

cells and MGG152 neuropheres were seeded on Geltrex or poly-l-ornithine/laminin (both

from Sigma Aldrich) coated 4-well plates, respectively. Cells were fixed in 4% paraformalde-

hyde in PBS for 15 min and permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at

room temperature. Non-specific binding sites were blocked with 2% donkey serum (Sigma

Aldrich). Cells were subsequently incubated overnight with appropriate primary antibodies:

anti-IDH1wt (1:800, D2H1, Cell Signaling), anti-IDH1R132H (1:20, H09, Dianova), anti-Map2

(1:100, sc-7442, SantaCruz Biotechnology; 1:500, ab32454, Abcam), anti-GFAP (1:1000,

ab7260, Abcam). After washing, cells were incubated with appropriate secondary antibodies

for 1 hour at room temperature: anti-rabbit Alexa Fluor 488, anti-mouse Alexa Fluor 594

(1:500, both Life Technologies). The slides were mounted with ProLong Gold Antifade

Reagent with DAPI (Molecular Probes), coverslipped, and imaged on fluorescent microscope

(MN-800 FL, OPTA-TECH, Poland).

To quantify the GFP expression per cell following treatment with doxycycline, average GFP

intensity was measured for five separate fields of view. Background was manually determined

as no-cell-area and fluorescent was measured for it using ImageJ. Following subtraction of

background, GFP intensity was divided by the number of cells (at least 200 per FOV) deter-

mined by DAPI counterstain, to determine intensity per cell.

RNA isolation and quantitative Real-time PCR

Total RNA was isolated using AllPrep DNA/RNA Mini Kit (Qiagen). 250 ng of total RNA was

used for reverse transcription using a QuantiTect Reverse Transcription Kit (Qiagen) accord-

ing to the manufacturer’s protocol. Quantitative Real-time PCR was performed using StepO-

nePlus Real-Time PCR System (Applied Biosystems), as described previously [26]. Specific

primers were used for amplification of the tested genes (Table 1). Normalized relative expres-

sion level was calculated using the method described previously by Pfaffl et al. [27].

Sanger sequencing

Products of reverse transcription reaction were used as a template for PCR amplification using

primers nested in the exon 4 of IDH1 gene using primers TCAGTGGCGGTTCTGTGGTA (for-

ward), CCATGTCGTCGATGAGCCTA (reverse). RNA extracted from surgical tumor sample

positive for IDH1mutation was obtained from the Department of Tumor Biology and used as

a positive control. BigDye Seq kit v3.1 (Applied Biosystems) was used for labelling with follow-

ing primers CATAGAGAATCGTGATGCCACC (forward), TTGGTGCTCAGA TACAAAGGC
(reverse). The PCR-sequencing products were separated and analyzed using the ABI 3130xl

Genetic Analyzer (Applied Biosystems). The studies were carried out in the Central Scientific

Laboratory of the Medical University of Lodz.
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D-2HG content

The D-2HG level was measured by using a D2-HG assay kit (Abcam) according to the manu-

facturer’s protocol. The absorbance was recorded using microplate reader (Synergy 2, Biotek).

Results were expressed as fold changes over the values for the controls.

Cell viability

Cell viability was assessed using a CellTiter-Glo 2.0 kit (Promega) according to the manufac-

turer’s protocol. The luminescence was recorded using microplate reader (Synergy 2, Biotek).

Results were expressed as fold changes over the values for the controls.

Cell apoptosis

The activity of caspase-3/7 was determined using synthetic Caspase 3/7 activity reporter (Cel-

lEvent™ Caspase 3/7 Green; Life Technologies). After 72 hours of incubation with or without

doxycycline, cells were co-incubated with the reporter for additional 24 hours, according to

manufacturer’s instruction. Images were acquired using JuLI FL analyzer.

MGMT gene promoter methylation

TheMGMT promoter methylation status was analysed using Methylation-Specific PCR (MSP)

and quantitative real-time Methylation-Specific PCR (qMSP). Genomic DNA was isolated

using AllPrep DNA/RNA Mini Kit (Qiagen) and modified by sodium bisulfite treatment using

the CiTi Converter DNA Methylation Kit (A&A Biotechnology) according to the manufactur-

ers’ protocols. This DNA was afterwards used as template for MSP and qMSP. For each PCR

reaction methylated DNA (Methylated Human Control, Promega) was used as positive con-

trol, and DNA from blood of healthy individual was used as negative control. Sample without

DNA (water) was used as no template control.

MSP was carried out as described elsewhere [28, 29]. Two microliters of bisulfite-treated

DNA was used for PCR with primers specific to either modified or unmodified DNA. The

primer sequences were as follows: TTTCGACGTTCGTAGGTTTTCGC (methylated forward),

GCACTCTTCCGAAAACGAAACG (methylated reverse), TTTGTGTTTTGATG TTTGTAGGTT
TTTGT (unmethylated forward), AACTCCACACTCTTCCAAAAACAAA ACA (unmethylated

reverse). The annealing temperature was 59˚C. The 81 bp and 93 bp PCR products were sepa-

rated by electrophoresis on 2% agarose gels and visualized. A sample was considered methyl-

ated when a band was observed in PCR with methylated primers.

Quantitative MSP was carried out as described by Pinson et al. [30]. Forward and reverse

primers forMGMT were the same ones as used for MSP. The β-actin was used as a control for

normalization. The primers used for ACTB were TAGGGAGTATATAGGTTGGGAAGTT

Table 1. Primers used for quantitative Real-time PCR.

Gene Forward primer (5’! 3’) Reverse primer (5’! 3’)

IDH1 ACATGGTGGCCCAAGCTA AGCAATGGGATTGGTGGA

MGMT GCTGAATGCCTATTTCCACCA CACAACCTTCAGCAGCTTCCA

MEGF10 TGACTGCTTGCCTGGCTTCACA GTTACAGGTTCCGTTGTTGGTGC

RASSF1A TGGGAGACACCTGACCTTTC TGGGCAGGTAAAAGGAAGTG

HEYL GAGAAACAGGGCTCTTCCAA CTTCAAGGACCCCCAGGTA

TNC TCACCAACTGTGCTCTGTCC GCCTGCCTTCAAGATTTCTG

TBP GAGCTGTGATGTGAAGTTTCC TCTGGGTTTGATCATTCTGTAG

https://doi.org/10.1371/journal.pone.0239325.t001
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(forward) and AACACACAATAACAAACACAAATTCAC (reverse). The relative level of methyl-

ated DNA was determined as a ratio ofMGMT to ACTBmultiplied by 1000.

Statistical analysis

All experiments were performed three times, unless indicated otherwise. Statistical analysis

was performed with GraphPad Prism 5 (Graphpad Software). The tests performed for each

experiment are named in the figure legends for each experiment individually. The results were

presented as the mean ± SEM. p values of 0.05 or less was considered statistically significant.

Results

Generation and characterization of inducible iNS cell line

Despite the cell origin of gliomas remains controversial, it is suggested that gliomas can origi-

nate from the neural stem cells [31, 32]. At the same time, establishing patient-derived cell cul-

tures harboring IDH1mutation proved extremely challenging, as we reported previously [13].

Therefore, we have created induced neural stem cell line with doxycycline-regulated expres-

sion of IDH1R132H (Fig 1A). By using serum-free neural induction medium, we first generated

iPSc-derived induced neural stem cells (iNSc). To confirm that obtained cells differentiated

successfully, we examined the expression of pluripotent marker, Oct4, and common NSC

markers, SOX2 and Nestin. In contrast to iPSc, no Oct4-positive cells were observed in the

iNSc culture (Fig 1B). Furthermore, all iNS cells were positive for SOX2 and Nestin, presenting

the characteristic bipolar NSC morphology (Fig 1C).

To generate inducible cell line, iNS cells were transduced with lentiviral vector carrying

Tet-On 3G transactivation gene and were selected with G418 (Fig 1A). Transduced cells did

not differ from the non-transduced ones and showed protein expression of NSC markers,

SOX2 and Nestin, as confirmed immunocytochemically (Fig 2A). Obtained iNS tet cells were

evaluated for their potential to differentiate into astrocytes and neurons. After culturing iNSc

tet for three weeks in differentiation medium (Neurobasal Medium supplemented with B-27),

the majority of cells developed into Map2-positive neurons with extensive neurites (Fig 2B). In

contrast, only a small fraction of iNSc tet expressed the astrocyte marker, GFAP. To measure

the response and activity of the inducible system, we stabilized cells engineered to express

green fluorescent protein (GFP) upon doxycycline (Dox) treatment (Fig 2C). Induction time

and doxycycline concentration were optimized using the aforementioned cells, with no GFP

detected intrinsically (Fig 2C–2E). As expected, fluorescent signal was observed already after

24 hours of treatment and increased with time. Doxycycline concentration was tested in the

range 0.1 to 10 μg/mL for all time points, with fluorescence reaching plateau at 1 μg/mL (Fig

2D and 2E). Taken together, those results support tightly controlled gene regulation with no

‘leakiness’ commonly associated with inducible systems. For the rest of the study, we chose the

doxycycline dose 1 μg/mL and incubation time of 96 hours.

Stabilization of induced neural stem cells inducibly expressing IDH1R132H

To generate cells in which IDH1R132H is expressed from a doxycycline-inducible cassette, we

transduced iNS tet cells with lentiviral vector containing the cDNA sequence of IDH1R132H

under the control of a TRE3G promoter in a manner reminiscent of previously described GFP

control. The presence of IDH1mutation was verified by amplifying cDNAs obtained by

reverse transcription from isolated mRNAs, followed by Sanger sequencing (Fig 3A). Only

engineered IDH1R132H cells stimulated with doxycycline showed nucleotide alteration at posi-

tion 395 (CGT to CAT) in codon 132. Peak height was reminiscent of that observed in the
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surgical tumor samples positive for IDH1mutation, suggesting expression to be at relevant

physiological levels (S1 Fig). Of note, no mutant sequencing read was found in iNSc tet-

IDH1R132H in the absence of doxycycline. The RT-PCR analysis using primers that do not dis-

criminate wild type from mutant IDH1 confirmed approximately two-fold increase in trans-

gene expression in iNS tet-IDH1R132H cells stimulated with doxycycline (Fig 3B). Both results,

two-fold increase in the mRNA expression and similar peak heights in sequencing electrophe-

rograms suggest equivalent expression of both forms of IDH1. We further examined transgene

protein expression by immunostaining with an antibody specific to IDH1R132H (Fig 3C). As

expected, untreated iNS tet-IDH1R132H cells lacked the mutant IDH1. In contrast, cells treated

with doxycycline exhibited strong expression of IDH1R132H comparable to expression of

mutant IDH1 found in MGG152 neurospheres at endogenous level. Furthermore, expression

of wild type IDH1 was comparable in all analyzed cell lines (Fig 3C and 3D). Additional bio-

chemical analyses further confirmed the expression of mutant protein in doxycycline-treated

iNS IDH1R132H cells, but not in control cells (Fig 3D). Incubation of iNSc tet-IDH1R132H with

doxycycline for indicated periods of time showed that the effect of doxycycline on protein

expression was time-dependent (Fig 3D, quantified in 3E).

Fig 1. Generation of induced neural stem cells. (A) Schematic overview of the establishment of induced neural stem cells

with doxycycline-inducible IDH1R132H. E8 –Essential 8 medium, NIM—neural induction medium, NEM—neural expansion
medium. (B) Representative images showing iPSc and iPSc-derived iNSc immunostained with pluripotency markers SOX2

(green) and Oct4 (red), and morphology of the cell cultures under self-renewal conditions. Scale bars represent 50 and

500 μm (immunofluorescence and bright field images, respectively). (C) Staining of iNSc with neural stem cell markers

SOX2 (green) and nestin (red). Cell nuclei were counterstained with the nuclear DNA marker DAPI (blue). Scale bars

represent 50 μm.

https://doi.org/10.1371/journal.pone.0239325.g001
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iNSc tet-IDH1R132H as experimental model
Mutant IDH1 protein acquires new enzymatic activity leading to the production of D-

2-hydroxyglutarate, which is considered a major driver of tumorigenesis [3, 4]. To test func-

tionally the established iNSc tet-IDH1R132H, we measured the D2HG concentrations in cells

treated for 96 hours with doxycycline at various concentrations (0.1–1 μg/mL) or in control

cells. D2HG levels were elevated by 2–7 fold upon doxycycline administration and correlated

with doxycycline concentration (Fig 4A). Since D2HG has been reported as a major intracellu-

lar effector of mutant IDH1 phenotype, inducing DNA hypermethylation and G-CIMP [33],

we further assessed the methylation status of theMGMT gene promoter (S2 Fig). Engineered

iNS tet-IDH1R132H cells were treated with doxycycline (1 μg/mL) for 4 or 14 days followed by

genomic DNA isolation and sodium bisulfite modification. Non-quantitative MSP showed

that theMGMT promoter proved to be partially methylated in all samples tested, including

parental cells (S2A Fig), suggesting that promoter methylation might originate in cell culture

as an adaptation mechanism or as an effect of cellular stemness manipulation. Further analysis

performed with quantitative MSP indicated that the methylation level ofMGMT remains

unchanged over time (S2B Fig). Finally, since it is suggested that hypermethylation caused by

mutant IDH1 results in altered gene expression, usually their downregulation, we examined

expression of additional genes described to be methylated in IDH1-mutant gliomas or in

Fig 2. Stabilization of induced neural stem cells with tet-On transactivator gene. Representative images of (A)

undifferentiated iNSc tet expressing neural precursor markers SOX2 (green) and nestin (red), and (B) differentiated

iNSc tet expressing astroglia marker GFAP (green) and neuronal-specific marker Map2 (red). Cell nuclei were

counterstained with the nuclear DNA marker DAPI (blue). Scale bars represent 50 μm (A-B). (C) Induction of green

fluorescent protein (GFP, green) expression in iNSc tet-GFP treated with doxycycline (1 μg/mL,Dox) for 96 hours. Cell

nuclei were counterstained with the nuclear DNA marker DAPI (blue). Scale bars represent 100 μm. (D, E)

Quantification of GFP fluorescence intensity in iNSc tet-GFP after 48 and 72 hours of incubation with doxycycline at

different concentrations. Statistical significance calculated by One-way ANOVA with Dunnett’s multiple comparison

test. Error bars indicate SEM. ��, p<0.01; ���, p<0.005; ns, not significant.

https://doi.org/10.1371/journal.pone.0239325.g002

PLOS ONE iNSc with inducible IDH1R132H

PLOS ONE | https://doi.org/10.1371/journal.pone.0239325 September 18, 2020 8 / 17

https://doi.org/10.1371/journal.pone.0239325.g002
https://doi.org/10.1371/journal.pone.0239325


engineered IDH1-mutant cells [34–36]. Expression ofMEGF10 indicated a downward trend

(p = 0.0525), however all genes tested did not display statistically significant difference in

expression (S2C Fig).

We have previously reported increased IDH1R132H-dependent apoptosis in iNSc with con-

stitutive expression of the oncogene of interest [26]. To determine the effects of regulated levels

of IDH1 expression on cell viability, we treated iNS tet-IDH1R132H cells with doxycycline con-

centrations ranging from 0.1 to 10.0 μg/mL for 6 days (Fig 4B). Although doxycycline itself sig-

nificantly contributed to cell death at high concentration, cells with induced expression of

IDH1R132H demonstrated further reduction in cell viability at all concentrations tested. To elu-

cidate the mechanisms causing decreased cell viability, we assessed caspase-3/7 activation as

an indicator of apoptosis induction. After 96 hours of treatment with doxycycline (1 μg/mL),

iNS tet-IDH1R132H cells were incubated with a synthetic reporter of caspase 3/7 activity.

Microscopic observations revealed more prominent caspase-3/7 activity in cells with

Fig 3. Characterization of induced neural stem cells with doxycycline-inducible IDH1R132H. Induced expression of IDH1R132H upon doxycycline

treatment. (A) Sanger sequencing electropherograms of the mutated nucleotide in codon 132 (R132H) in iNSc tet and iNSc tet-IDH1R132H in the presence

or absence of doxycycline (1 μg/mL, 96 h,Dox). (B) IDH1 (non-mutation-specific) mRNA expression in iNSc tet and iNSc tet-IDH1R132H stimulated or not

with doxycycline (1 μg/mL, 96 h). Asterisks over bars indicate statistical significance towards untreated iNSc tet (not shown). Statistical significance

calculated by One-way ANOVA with Dunnett’s multiple comparison test. Error bars indicate SEM, n = 3. ��, p<0.01; ns, not significant. (C) Representative

images of IDH1R132H (red, IDH1m) and IDH1WT (green) expression in iNSc tet-IDH1R132H treated with doxycycline (1 μg/mL, 96 h) and MGG152

neurospheres with endogenous IDH1R132H. Cell nuclei were counterstained with the nuclear DNA marker DAPI (blue). Inset boxes show lower

magnifications of MGG152 neurospheres. Scale bars represent 50 μm. (D) Western blot analysis of IDH1R132H and IDH1WT expression in iNSc tet, iNSc

tet-IDH1R132H untreated or treated with doxycycline (1 μg/mL) for indicated periods of time, and MGG152 neurospheres. Equal loading was verified by

Ponceau S staining of the membrane. (E) Quantification of blot in D displaying ratio of band density of IDH1R132H over Actin. Statistical significance

calculated by One-way ANOVA with Dunnett’s multiple comparison test. Error bars indicate SEM, n = 3. �, p<0.05; ns, not significant.

https://doi.org/10.1371/journal.pone.0239325.g003
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Fig 4. Evaluation of iNSc tet-IDH1R132H as experimental model for drug testing. (A) Relative D2HG content in

iNSc tet-IDH1R132H treated with indicated concentrations of doxycycline for 96 hours. Statistical significance

calculated by One-way ANOVA with Dunnett’s multiple comparison test. (B) Cell viability at day 6 in iNSc tet and

iNSc tet- IDH1R132H untreated or treated with doxycycline at the indicated concentrations. Statistical significance

calculated by Two-way ANOVA with Bonferroni’s post-comparison test. (C) Representative images showing activity

of the synthetic Caspase 3/7 reporter in iNSc tet-IDH1R132H untreated or treated with doxycycline (1 μg/mL) for 96

hours. For better readability, the light microscopy images were contrast-enhanced. Scale bars represent 250 μm (D)

Representative images of immunocytochemical characterization of Map2 (green) and IDH1R132H (red, IDH1m)

expression after 14 days of differentiation in iNSc tet-IDH1R132H untreated or treated with doxycycline (1 μg/mL). Cell

nuclei were counterstained with the nuclear DNA marker DAPI (blue). Scale bars represent 50 μm. (E) Relative D2HG

content in iNSc tet-IDH1R132H treated with doxycycline (1 μg/mL) and IDH1R132H-specific inhibitor AGI-5198 at the

indicated doses for 96 hours. Statistical significance calculated by One sample t test, n = 2. (F) Cell viability at day 4 in

iNSc tet- IDH1R132H treated or not with doxycycline (1 μg/mL) and IDH1R132H-specific inhibitor AGI-5198 at the

indicated doses (normalized to DMSO control). Statistical significance calculated by One-way ANOVA with Dunnett’s

multiple comparison test. Error bars indicate SEM, n = 3. �, p<0.05; ��, p<0.01; ���, p<0.005; ns, not significant.

https://doi.org/10.1371/journal.pone.0239325.g004
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IDH1R132H expression (Fig 4C). This result indicates that mutant IDH1 protein induced apo-

ptotic cell death.

Furthermore, it has been reported by us and other groups that the mutant IDH1 protein

can lead to inhibition of differentiation. To assess the effect of IDH1R132H expression on the

differentiation efficiency of iNSc tet-IDH1R132H, cells were cultured in differentiation medium

in the presence or absence of doxycycline (Fig 4D; with quantification of differentation pheno-

type in S3 Fig). Staining with antibody recognizing Map2, a neuronal lineage marker, revealed

no Map2-positive cells with characteristic extensive neurites in cultures with induced expres-

sion of IDH1R132H after two weeks of differentiation. This is in contrast to unstimulated iNSc

tet-IDH1R132H. Additionally, doxycycline itself had no effect on differentiation of iNS tet cells

(S4A Fig; with quantification of differentation phenotype in S4B Fig).

Finally, we used our functionally validated iNS tet-IDH1R132H cell line to assess the activity

of AGI-5198, enzymatic inhibitor selective for mutant IDH1. AGI-5198 efficiently suppressed

D2HG production in a dose-dependent manner upon 96 hours of co-treatment with doxycy-

cline (Fig 4E). Additionally, AGI-5198 treatment reversed very modest effect of mutant IDH1

protein on cell viability (Fig 4F). This effect can be attributed to the intended inhibitory func-

tion and not an off-target, as AGI-5198 treatment at the highest tested concentration had no

impact on iNS tet cell lines viability (S5 Fig).

Discussion

Glioblastoma (GB) is the most common and aggressive primary malignant brain tumor in

adults. Genetic evidence supports the notion that IDH1 mutation plays a causal role in glioma-

genesis. Further research aimed at elucidation of the molecular mechanisms underlying this

process, thereby contributing to development of effective therapies against this modality are

needed.

Considering the significant amount of evidence present in the literature indicating NSC as

a candidate cell of origin of gliomas [31, 32, 37–39], we employed a Tet On system to generate

human induced neural stem cells with doxycycline-inducible IDH1R132H. Established cell line

retained its stem cell characteristics in the form of Sox2 and Nestin expression. Expression

level of endogenous IDH1 protein was not altered as compared to control non-transduced iNS

tet cells and was reminiscent of that in IDH1-mutant neurospheres generated from xenograft-

forming tumor. Engineered IDH1R132H cells showed dose- and time-dependent activation of

mutant IDH1 expression after doxycycline treatment, with no ‘leakiness’ in the absence of

doxycycline. This aspect is essential feature of the proposed model, as it allows for differentia-

tion of engineered NSCs into any neural lineage including astrocytes and oligodendrocyte pro-

genitor cells, prior to induction of IDH1R132H expression. This approach allows further

investigations on effects of mutant IDH1 on distinct candidate cells of origin and their role in

gliomagenesis.

While on genetic level the number of IDH1 wild-type and mutant copies is higher in our

model than what is observed in clinical settings, the stoichiometry of transcripts as well as pro-

teins remains similar to that described in patients. Considering the importance of stoichiome-

try and functional character of proteins, we propose that in this sense, our model reflects the

molecular aspect of IDH1-mutant gliomas. Furthermore, using quantitative and non-quanti-

tatve methods we have observed methylation of theMGMT gene promoter, a hallmark of

IDH1 mutant gliomas [40]. However, we were unable to detect changes in promoter methyla-

tion within 14 days of mutant IDH1 induction, which might be caused by insufficient time-

frame. It is important to point out that DNA methylation was detected in parental cells,

PLOS ONE iNSc with inducible IDH1R132H

PLOS ONE | https://doi.org/10.1371/journal.pone.0239325 September 18, 2020 11 / 17

https://doi.org/10.1371/journal.pone.0239325


making it challenging to draw direct correlation between the mutant IDH1 expression and

promoter methylation.

Our findings on the effect of mutant IDH1 on cell differentiation corroborate previous

reports [5, 26, 33, 41, 42]. We have observed reduced relative number of differentiated cells

after induction of mutant IDH1 expression compared to the unstimulated or non-transduced

cells. Negative effect of mutant IDH1 on differentiation has been reported and correlated with

methylation changes induced by D2HG [5, 33]. In our model, we confirmed regulated forma-

tion of D2HG in cells expressing mutant IDH1. It is worth mentioning that impaired differen-

tiation is a hallmark of cancer cells and restoration of cell differentiation capabilities holds

great promise for cancer treatment [43–45]. In this study, we showed that AGI-5198, selective

inhibitor of IDH1R132H, blocked the ability of the mutant enzyme to produce D2HG and

reversed its negative effect on cell viability.

The pro-apoptotic effect of mutant IDH1 has been previously reported by us and others,

underscoring the limited understanding of the tumorigenesis and the role played by IDH1

mutations therein [17, 26, 46–50]. Despite central character of mutant IDH1 protein in glio-

magenesis, reports in the literature showed that mutant IDH1 promotes apoptosis by sensitiz-

ing glioma cells to ER stress through upregulation of miR-183 and suppression of its target

Semaphorin E3, or by negatively regulating Wnt/β-catenin signaling [46, 47]. Our finding that

mutant IDH1 triggered a mild increase in apoptosis of neural stem cells was corroborated by

us here. Li and colleagues demonstrated that despite mutant IDH1 slightly increased apoptosis

in U87MG cells it also triggered hypersuccinylation that imposes stresses to mitochondria and

confers resistance to stress-induced apoptosis [48]. Studies by Modrek et al. showed that

increased cell death induced by mutant IDH1 was rescued by P53 knockdown, postulating

that only the combination of the 3 oncogenic hits, IDH1 mutation, followed by loss of P53 and

loss of ATRX, promotes gliomagenesis [49]. Also Philip et al. reported that mutant IDH1 is

not sufficient on its own to promote gliomagenesis in vivo in a mouse model and requires

cooperation with other genetic alterations [51]. Taking into account the aforementioned find-

ings, we propose that our model is a suitable tool that can be further altered to investigate

interactions and interdependencies in a controlled and reproducible fashion with added bene-

fit of choice of neural cell lineage, as discussed before. At the same time, it is important to note

scarcity and limited availability of models for research focused on mutant IDH1 protein’s role

in gliomagenesis. One potential avenue of future research utilizing the presented model is

analysis of P53 editing in these cells or their derivatives.

Although no targeted small molecules that can inhibit mutant IDH1 protein have been

approved for glioma therapy, a number of inhibitors are still in early clinical phases. It has

been reported that these inhibitors are able to reduce 2-hydroxyglutarate level, enhance differ-

entiation and inhibit tumor growth in patient-derived xenograft mouse models [44, 52–54].

However, since IDH1 mutation correlates with better prognosis and longer overall survival

[7], administration of IDH1R132H inhibitors with conjunction of temozolomide or radiother-

apy remains a subject of debate. It is suggested that mutant IDH1 protein increases sensitivity

for radiation and temozolomide through substantial NADPH depletion [6, 55, 56]. Molenaar

et al. showed that coadministration of AGI-5198 inhibitor with radiotherapy resulted in limit-

ing the effectiveness of irradiation [56]. In contrast, Nicolay et al. reported that coadministra-

tion of AG-881 with radiotherapy significantly reduced tumor growth than irradiation alone.

Moreover, treatment with inhibitor did not affect temozolomide efficacy [53]. Those contra-

dicting reports warrant necessity for in depth investigation of molecular mechanisms govern-

ing gliomagenesis and disease progression. One of the alternative approaches to treating

mutant IDH1 gliomas involves targeting effectors of IDH1R132H mutation or exploiting
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sensitivities ensuing from the aforementioned mutation [9–12]. Our model offers a viable plat-

form for such studies as well as for subsequent drug-development campaigns.

In summary, this study provides a novel approach to model IDH1 mutant glioma that com-

plements existing models. Generation of cells in which mutant IDH1 is expressed from a doxy-

cycline-inducible cassette enables tight regulation of the oncogene’s expression in terms of its

induction at adequate protein level and desired time point. Furthermore, mutant IDH1

expression can be induced following NSCs differentiation into alternative putative cells of ori-

gin of glioma. Additional modification can be introduced into the model to investigate selected

aspects of genetic interactions. Finally, besides plasticity, this model is accessible and suitable

for large scale studies, including applications in drug-development efforts.

Supporting information

S1 File.

(PDF)

S1 Fig. Detection of IDH1 mutation by Sanger sequencing. Representative electrophero-

grams of the IDH1mutation in codon R132 in tumor specimens obtained from 3 patients

diagnosed with IDH-mutant glioblastoma.

(TIF)

S2 Fig. Methylation changes in iNSc expressing IDH1R132H. (A) Representative results of

methylation specific PCR analysis of MGMT in parental cells and iNSc tet-IDH1R132H treated

with doxycycline (1 μg/mL) for 4 or 14 days. Bisulphite-modified DNA was amplified with

primers specific for unmethylated (U) and methylated (M) DNA. PC: positive control, Methyl-

ated Human Control; NC: negative control, DNA obtained from blood sample; NTC: no tem-

plated control, water. Lane L: 50 bp DNA Ladder. (B)MGMT promoter methylation level in

iNSc tet-IDH1R132H stimulated with doxycycline (1 μg/mL) for 14 days. Statistical significance

calculated by two-tailed Student’s t test. Error bars indicate SEM, n = 3. All changes are not sig-

nificant. (C) Relative mRNA expression of indicated genes in iNSc tet-IDH1R132H stimulated

with doxycycline (1 μg/mL) for 14 days. Statistical significance calculated towards untreated

iNSc tet-IDH1R132H (not shown) by One sample t test. Error bars indicate SEM, n = 3. All

changes are not significant.

(TIF)

S3 Fig. Impaired neuronal differentiation of iNSc expressing IDH1R132H. Quantification of

the differentiation phenotype, expressed as the ratio of Map2-positive cells with the elongated

morphology in the population, after 14 days of differentiation in iNSc tet-IDH1R132H untreated

or treated with doxycycline (1 μg/mL). The proportion of positive cells was obtained by analyz-

ing at least 200 cells per random field, with at least three fields taken per condition. Statistical

significance calculated by two-tailed Student’s t test. Error bars indicate SEM. ���, p<0.005.

(TIF)

S4 Fig. Effect of doxycycline treatment on iNSc tet differentiation. (A) Representative

images of immunocytochemical staining of Map2 (green) expression after 14 days of

differentiation in iNSc tet untreated or treated with doxycycline (1 μg/mL). Cell nuclei were

counterstained with the nuclear DNA marker DAPI (blue). Scale bars represent 50 μm. (B)

Quantification of the differentiation phenotype, expressed as the ratio of Map2-positive cells

with the elongated morphology in the population, after 14 days of differentiation in iNSc tet

untreated or treated with doxycycline (1 μg/mL). The proportion of positive cells was obtained

by analyzing at least 200 cells per random field, with at least three fields taken per condition.
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Statistical significance calculated by two-tailed Student’s t test. Error bars indicate SEM. ns,

not significant.

(TIF)

S5 Fig. Effect of AGI-5198 treatment on iNSc tet viability. Cell viability at day 4 in iNSc tet

treated with IDH1R132H-specific inhibitor AGI-5198 at the indicated doses (normalized to

DMSO control). Statistical significance calculated by One-way ANOVA with Dunnett’s multi-

ple comparison test. Error bars indicate SEM, n = 3. ns, not significant.

(TIF)

Acknowledgments

We would like to thank Wojciech J. Stec, Maciej Smolarz, Joanna Peciak, Dawid Grzela, Maciej

Walczak and Ewelina Stoczynska-Fidelus for technical assistance and Celther Polska Ltd. for

technical support.

Author Contributions

Conceptualization: Kamila Rosiak-Stec, Piotr Rieske.

Formal analysis: Kamila Rosiak-Stec, Piotr Rieske.

Funding acquisition: Kamila Rosiak-Stec, Piotr Rieske.

Investigation: Kamila Rosiak-Stec, Dagmara Grot.

Methodology: Kamila Rosiak-Stec, Dagmara Grot, Piotr Rieske.

Project administration: Kamila Rosiak-Stec, Piotr Rieske.

Resources: Kamila Rosiak-Stec, Piotr Rieske.

Supervision: Kamila Rosiak-Stec, Piotr Rieske.

Validation: Kamila Rosiak-Stec, Piotr Rieske.

Visualization: Kamila Rosiak-Stec, Dagmara Grot, Piotr Rieske.

Writing – original draft: Kamila Rosiak-Stec, Piotr Rieske.

Writing – review & editing: Kamila Rosiak-Stec, Dagmara Grot, Piotr Rieske.

References
1. Mondesir J, Willekens C, Touat M, de Botton S. IDH1 and IDH2 mutations as novel therapeutic targets:

Current perspectives. Journal of Blood Medicine. Dove Medical Press Ltd; 2016. pp. 171–180. https://

doi.org/10.2147/JBM.S70716 PMID: 27621679

2. Miller JJ, Shih HA, Andronesi OC, Cahill DP. Isocitrate dehydrogenase-mutant glioma: Evolving clinical

and therapeutic implications. Cancer. John Wiley and Sons Inc.; 2017. pp. 4535–4546. https://doi.org/

10.1002/cncr.31039 PMID: 28980701

3. Dang L, White DW, Gross S, Bennett BD, Bittinger MA, Driggers EM, et al. Cancer-associated IDH1

mutations produce 2-hydroxyglutarate. Nature. 2009; 462: 739–744. https://doi.org/10.1038/

nature08617 PMID: 19935646

4. Xu W, Yang H, Liu Y, Yang Y, Wang P, Kim S-H, et al. Oncometabolite 2-Hydroxyglutarate Is a Compet-

itive Inhibitor of α-Ketoglutarate-Dependent Dioxygenases. Cancer Cell. 2011; 19: 17–30. https://doi.

org/10.1016/j.ccr.2010.12.014 PMID: 21251613

5. Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-Wahab O, et al. IDH mutation impairs histone

demethylation and results in a block to cell differentiation. Nature. 2012; 483: 474–478. https://doi.org/

10.1038/nature10860 PMID: 22343901

PLOS ONE iNSc with inducible IDH1R132H

PLOS ONE | https://doi.org/10.1371/journal.pone.0239325 September 18, 2020 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239325.s006
https://doi.org/10.2147/JBM.S70716
https://doi.org/10.2147/JBM.S70716
http://www.ncbi.nlm.nih.gov/pubmed/27621679
https://doi.org/10.1002/cncr.31039
https://doi.org/10.1002/cncr.31039
http://www.ncbi.nlm.nih.gov/pubmed/28980701
https://doi.org/10.1038/nature08617
https://doi.org/10.1038/nature08617
http://www.ncbi.nlm.nih.gov/pubmed/19935646
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1016/j.ccr.2010.12.014
http://www.ncbi.nlm.nih.gov/pubmed/21251613
https://doi.org/10.1038/nature10860
https://doi.org/10.1038/nature10860
http://www.ncbi.nlm.nih.gov/pubmed/22343901
https://doi.org/10.1371/journal.pone.0239325


6. Molenaar RJ, Maciejewski JP, Wilmink JW, Van Noorden CJF. Wild-type and mutated IDH1/2 enzymes

and therapy responses. Oncogene. Nature Publishing Group; 2018. pp. 1949–1960. https://doi.org/10.

1038/s41388-017-0077-z PMID: 29367755

7. Xia L, Wu B, Fu Z, Feng F, Qiao E, Li Q, et al. Prognostic role of IDH mutations in gliomas: A meta-anal-

ysis of 55 observational studies. Oncotarget. 2015; 6: 17354–17365. https://doi.org/10.18632/

oncotarget.4008 PMID: 26220714

8. Karpel-Massler G, Nguyen TTT, Shang E, Siegelin MD. Novel IDH1-Targeted Glioma Therapies. CNS

Drugs. 2019; 33: 1155–1166. https://doi.org/10.1007/s40263-019-00684-6 PMID: 31768950

9. McBrayer SK, Mayers JR, DiNatale GJ, Shi DD, Khanal J, Chakraborty AA, et al. Transaminase Inhibi-

tion by 2-Hydroxyglutarate Impairs Glutamate Biosynthesis and Redox Homeostasis in Glioma. Cell.

2018; 175: 101–116.e25. https://doi.org/10.1016/j.cell.2018.08.038 PMID: 30220459

10. Sulkowski PL, Corso CD, Robinson ND, Scanlon SE, Purshouse KR, Bai H, et al. 2-Hydroxyglutarate

produced by neomorphic IDH mutations suppresses homologous recombination and induces PARP

inhibitor sensitivity. Science translational medicine. 2017; 9: eaal2463. https://doi.org/10.1126/

scitranslmed.aal2463 PMID: 28148839

11. Karpel-Massler G, Ishida CT, Bianchetti E, Zhang Y, Shu C, Tsujiuchi T, et al. Induction of synthetic

lethality in IDH1-mutated gliomas through inhibition of Bcl-xL. Nature communications. 2017; 8: 1067.

https://doi.org/10.1038/s41467-017-00984-9 PMID: 29057925

12. Tateishi K, Wakimoto H, Iafrate AJ, Tanaka S, Loebel F, Lelic N, et al. Extreme Vulnerability of IDH1

Mutant Cancers to NAD+ Depletion. Cancer Cell. 2015; 28: 773–784. https://doi.org/10.1016/j.ccell.

2015.11.006 PMID: 26678339

13. Piaskowski S, Bienkowski M, Stoczynska-Fidelus E, Stawski R, Sieruta M, Szybka M, et al. Glioma

cells showing IDH1 mutation cannot be propagated in standard cell culture conditions. British journal of

cancer. 2011; 104: 968–70. https://doi.org/10.1038/bjc.2011.27 PMID: 21326241

14. Chesnelong C, Chaumeil MM, Blough MD, Al-Najjar M, Stechishin OD, Chan JA, et al. Lactate dehydro-

genase A silencing in IDH mutant gliomas. Neuro-oncology. 2014; 16: 686–95. https://doi.org/10.1093/

neuonc/not243 PMID: 24366912

15. Luchman HA, Chesnelong C, Cairncross JG, Weiss S. Spontaneous loss of heterozygosity leading to

homozygous R132H in a patient-derived IDH1 mutant cell line. Neuro-oncology. 2013; 15: 979–80.

https://doi.org/10.1093/neuonc/not064 PMID: 23757293

16. Wakimoto H, Tanaka S, Curry WT, Loebel F, Zhao D, Tateishi K, et al. Targetable signaling pathway

mutations are associated with malignant phenotype in IDH-mutant gliomas. Clinical cancer research:

an official journal of the American Association for Cancer Research. 2014; 20: 2898–909. https://doi.

org/10.1158/1078-0432.CCR-13-3052 PMID: 24714777

17. Sasaki M, Knobbe CB, Itsumi M, Elia AJ, Harris IS, Chio IIC, et al. D-2-hydroxyglutarate produced by

mutant Idh1 perturbs collagen maturation and basement membrane function. Genes and Development.

2012; 26: 2038–2049. https://doi.org/10.1101/gad.198200.112 PMID: 22925884

18. Bardella C, Al-Dalahmah O, Krell D, Brazauskas P, Al-Qahtani K, Tomkova M, et al. Expression of

Idh1R132H in the Murine Subventricular Zone Stem Cell Niche Recapitulates Features of Early Glioma-

genesis. Cancer Cell. 2016; 30: 578–594. https://doi.org/10.1016/j.ccell.2016.08.017 PMID: 27693047

19. Watanabe T, Nobusawa S, Kleihues P, Ohgaki H. IDH1 mutations are early events in the development

of astrocytomas and oligodendrogliomas. American Journal of Pathology. 2009; 174: 1149–1153.

https://doi.org/10.2353/ajpath.2009.080958 PMID: 19246647

20. Nie QM, Lin YY, Yang X, Shen L, Guo LM, Que SL, et al. IDH1R132H decreases the proliferation of

U87 glioma cells through upregulation of microRNA-128a. Molecular Medicine Reports. 2015; 12:

6695–6701. https://doi.org/10.3892/mmr.2015.4241 PMID: 26324126

21. Bralten LBC, 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. Annals of Neurology. 2011; 69: 455–463. https://doi.

org/10.1002/ana.22390 PMID: 21446021

22. Zhu J, Cui G, Chen M, Xu Q, Wang X, Zhou D, et al. Expression of R132H mutational IDH1 in human

U87 glioblastoma cells affects the SREBP1a pathway and induces cellular proliferation. Journal of

Molecular Neuroscience. 2013; 50: 165–171. https://doi.org/10.1007/s12031-012-9890-6 PMID:

23011765

23. Allen M, Bjerke M, Edlund H, Nelander S, Westermark B. Origin of the U87MG glioma cell line: Good

news and bad news. Science Translational Medicine. 2016; 8: 354re3–354re3. https://doi.org/10.1126/

scitranslmed.aaf6853 PMID: 27582061

24. Drozd AM, Walczak MP, Piaskowski S, Stoczynska-Fidelus E, Rieske P, Grzela DP. Generation of

human iPSCs from cells of fibroblastic and epithelial origin by means of the oriP/EBNA-1 episomal

reprogramming system. Stem cell research & therapy. 2015; 6: 122. https://doi.org/10.1186/s13287-

015-0112-3 PMID: 26088261

PLOS ONE iNSc with inducible IDH1R132H

PLOS ONE | https://doi.org/10.1371/journal.pone.0239325 September 18, 2020 15 / 17

https://doi.org/10.1038/s41388-017-0077-z
https://doi.org/10.1038/s41388-017-0077-z
http://www.ncbi.nlm.nih.gov/pubmed/29367755
https://doi.org/10.18632/oncotarget.4008
https://doi.org/10.18632/oncotarget.4008
http://www.ncbi.nlm.nih.gov/pubmed/26220714
https://doi.org/10.1007/s40263-019-00684-6
http://www.ncbi.nlm.nih.gov/pubmed/31768950
https://doi.org/10.1016/j.cell.2018.08.038
http://www.ncbi.nlm.nih.gov/pubmed/30220459
https://doi.org/10.1126/scitranslmed.aal2463
https://doi.org/10.1126/scitranslmed.aal2463
http://www.ncbi.nlm.nih.gov/pubmed/28148839
https://doi.org/10.1038/s41467-017-00984-9
http://www.ncbi.nlm.nih.gov/pubmed/29057925
https://doi.org/10.1016/j.ccell.2015.11.006
https://doi.org/10.1016/j.ccell.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26678339
https://doi.org/10.1038/bjc.2011.27
http://www.ncbi.nlm.nih.gov/pubmed/21326241
https://doi.org/10.1093/neuonc/not243
https://doi.org/10.1093/neuonc/not243
http://www.ncbi.nlm.nih.gov/pubmed/24366912
https://doi.org/10.1093/neuonc/not064
http://www.ncbi.nlm.nih.gov/pubmed/23757293
https://doi.org/10.1158/1078-0432.CCR-13-3052
https://doi.org/10.1158/1078-0432.CCR-13-3052
http://www.ncbi.nlm.nih.gov/pubmed/24714777
https://doi.org/10.1101/gad.198200.112
http://www.ncbi.nlm.nih.gov/pubmed/22925884
https://doi.org/10.1016/j.ccell.2016.08.017
http://www.ncbi.nlm.nih.gov/pubmed/27693047
https://doi.org/10.2353/ajpath.2009.080958
http://www.ncbi.nlm.nih.gov/pubmed/19246647
https://doi.org/10.3892/mmr.2015.4241
http://www.ncbi.nlm.nih.gov/pubmed/26324126
https://doi.org/10.1002/ana.22390
https://doi.org/10.1002/ana.22390
http://www.ncbi.nlm.nih.gov/pubmed/21446021
https://doi.org/10.1007/s12031-012-9890-6
http://www.ncbi.nlm.nih.gov/pubmed/23011765
https://doi.org/10.1126/scitranslmed.aaf6853
https://doi.org/10.1126/scitranslmed.aaf6853
http://www.ncbi.nlm.nih.gov/pubmed/27582061
https://doi.org/10.1186/s13287-015-0112-3
https://doi.org/10.1186/s13287-015-0112-3
http://www.ncbi.nlm.nih.gov/pubmed/26088261
https://doi.org/10.1371/journal.pone.0239325


25. Walczak MP, Drozd AM, Stoczynska-Fidelus E, Rieske P, Grzela DP. Directed differentiation of human

iPSC into insulin producing cells is improved by induced expression of PDX1 and NKX6.1 factors in IPC

progenitors. Journal of Translational Medicine. 2016; 14: 341. https://doi.org/10.1186/s12967-016-

1097-0 PMID: 27998294

26. Rosiak K, Smolarz M, Stec WJ, Peciak J, Grzela D, Winiecka-Klimek M, et al. IDH1R132H in Neural

Stem Cells: Differentiation Impaired by Increased Apoptosis. Klymkowsky M, editor. PLOS ONE. 2016;

11: e0154726. https://doi.org/10.1371/journal.pone.0154726 PMID: 27145078

27. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids

Research. 2001; 29: 45e–45. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886

28. Esteller M, Garcia-Foncillas J, Andion E, Goodman SN, Hidalgo OF, Vanaclocha V, et al. Inactivation of

the DNA-Repair Gene MGMT and the Clinical Response of Gliomas to Alkylating Agents. New England

Journal of Medicine. 2000; 343: 1350–1354. https://doi.org/10.1056/NEJM200011093431901 PMID:

11070098

29. Christians A, Hartmann C, Benner A, Meyer J, von Deimling A, Weller M, et al. Prognostic Value of

Three Different Methods of MGMT Promoter Methylation Analysis in a Prospective Trial on Newly Diag-

nosed Glioblastoma. Castresana JS, editor. PLoS ONE. 2012; 7: e33449. https://doi.org/10.1371/

journal.pone.0033449 PMID: 22428052

30. Pinson H, Hallaert G, Van der Meulen J, Dedeurwaerdere F, Vanhauwaert D, Van den Broecke C, et al.

Weak MGMT gene promoter methylation confers a clinically significant survival benefit in patients with

newly diagnosed glioblastoma: a retrospective cohort study. Journal of Neuro-Oncology. 2020; 146:

55–62. https://doi.org/10.1007/s11060-019-03334-5 PMID: 31701343

31. Shao F, Liu C. Revisit the candidacy of brain cell types as the cell(s) of origin for human high-grade gli-

oma. Frontiers in Molecular Neuroscience. 2018; 11: 48. https://doi.org/10.3389/fnmol.2018.00048

PMID: 29515370

32. Fan X, Xiong Y, Wang Y. A reignited debate over the cell(s) of origin for glioblastoma and its clinical

implications. Frontiers of Medicine. Higher Education Press; 2019. pp. 531–539. https://doi.org/10.

1007/s11684-019-0700-1 PMID: 31313083

33. Turcan S, Rohle D, Goenka A, Walsh LA, Fang F, Yilmaz E, et al. IDH1 mutation is sufficient to establish

the glioma hypermethylator phenotype. Nature. 2012; 483: 479–483. https://doi.org/10.1038/

nature10866 PMID: 22343889
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