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Abstract

Mutations of isocitrate dehydrogenase 1 (IDHI) gene are most common in glioma, arguably preceding all known genetic
alterations during tumor development. /DHI mutations nearly invariably target the enzymatic active site Argl132, giving
rise to the predominant IDH1R!32H_ Cells harboring IDHI®'3?H_heterozygous mutation produce 2-hydroxyglutarate (2-HG),
which results in histone and DNA hypermethylation. Although exogenous IDH1%/3?! transduction has been shown to promote
anchorage-independent growth, the biological role of IDH1R!**! in glioma remains debatable. In this study, we demonstrate
that heterozygous IDHI®3?H suppresses but hemizygous IDHI1%3?H promotes anchorage-independent growth. Whereas
genetic deletion of the wild-type allele in IDH%3?H_heterozygous cells resulted in a pronounced increase in neurosphere gen-
esis, restoration of IDH1 expression in IDHI®!3?H_hemizygous cells led to the contrary. Conversely, anchorage-independent
growth was antagonistic to the mutant IDH1 function by inhibiting gene expression and 2-HG production. Furthermore,
we identified that in contrast to IDHI®*?H_hemizygous neurosphere, IDHI®!3?H_heterozygous cells maintained a low level
of reducing power to suppress neurosphere genesis, which could be bypassed, however, by the addition of reducing agent.
Taken together, these results underscore the functional importance of IDHI mutation heterozygosity in glioma biology and
indicate functional loss of mutant IDH1 as an escape mechanism underlying glioma progression and the pathway of redox
homeostasis as potential therapeutic targets.
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to be oncogenic and drive glioma development and progres-
sion [5]. Mutant IDH is best characterized by the gain of a
neomorphic activity to produce 2-hydroxyglutarate (2-HG)
from NADPH-dependent reduction of 2-OG [12, 19, 55].
2-HG inhibits multiple 2-OG-dependent dioxygenases, includ-
ing histone demethylases and 5-methylcytosine hydroxylases
[11, 58]. Likewise, IDHI®!3?H transduction inhibits histone
demethylation and induces DNA hypermethylation in cell
culture and animal models, and, furthermore, blocks cell dif-
ferentiation [32, 44, 51]. In addition, small-molecule targeting
of mutant IDH induces tumor cell differentiation by blocking
2-HG production [41, 53], even though the effect on glioma
growth remains controversial [41, 50].

Interestingly, IDH-mutant glioma patients are known to
have a favorable outcome as compared with IDH-wildtype
glioma patients [6, 36, 59]. In keeping with this, IDH1R!32H
expression in transduced astrocytes and glioblastoma cells
inhibited rather than stimulated tumor growth [4, 8]. Com-
parative analyses of glioma samples also revealed attenuated
oncogenic signaling, such as the phosphatidylinositol-3-ki-
nase/protein kinase B (PI3K/AKT) pathway, glycolysis, and
hypoxia, in IDH-mutant glioma compared with IDH-wildtype
glioma [2, 4, 7, 9, 22]. We have, therefore, hypothesized that
the biological consequence of IDH mutations in glioma is to
ameliorate patient survival, at least in part, by inhibiting onco-
genic signaling [22].

Apparently, this hypothesis is at odds with the key observa-
tions that suggest an oncogenic role of mutant IDH in glioma
genesis. Specifically, immortalized human astrocytes, when
transduced with IDHIR3?H in comparison with wild-type
IDH1, developed increased anchorage-independent growth
in soft agar and neurosphere [1, 29, 51]; however, whether
anchorage-independent growth maintains IDHI%3?! transgene
expression is not clear. It is noteworthy that /DH] mutations
are heterozygous in glioma [36, 59] and that wild-type IDH1
is obligatory for 2-HG production [27, 54]. Interestingly, loss
of either mutant or wild-type IDH] allele occurs in glioma
patients, patient-derived xenograft growth, and ex vivo neu-
rosphere culture [3, 9, 27], suggesting functional selection
against mutant IDH1. In this study, we tested this possibility
by investigating the role of wild-type IDHI in neurosphere
genesis using both loss-of-function and gain-of-function
approaches in IDHI®3?"_heterozygous and IDHIR3?H.
hemizygous glioma cells, respectively. We uncovered an
unexpected relationship between IDHI%3?H expression and
anchorage-independent growth and, furthermore, provided a
link between /DH 1 mutation and redox homeostasis that dic-
tates neurosphere growth.
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Materials and methods
Plasmid construction and viral production

IDH]I and platelet-derived growth factor subunit B
(PDGFB) cDNA were amplified from reverse-transcribed
total RNA of normal human brain (BioChain). IDH1R!3?H
was created using PCR-mediated site-directed mutagen-
esis. To coexpress the gene of interest with a fluorescent
protein or firefly luciferase, we employed Gibson assem-
bly (New England Biolabs) and engineered in pDONR221
(ThermoFisher Scientific) a marker gene and the gene
of interest linked by P2A (Suppl. Figs. Sla, S2a). P2A
allows stoichiometric expression after self-cleavage [28].
Through Gateway LR Clonase reactions, genes of interest
were shuttled into the destination vector pLenti6.3/TO/
V5-DEST [10] or RCASBP(A) [20, 31]. The inserts of
these constructs were sequenced at the DNA Sequencing
Core of University of Utah. Yellow fluorescent protein
(YFP)* was a byproduct of YFP-IDH1R!32" harboring a
nonsense mutation at IDH1 Gly15.

Lentiviruses were produced in 293FT cells with the
Viral Power HiPerform T-REx Vector kit (Invitrogen)
according to the manufacturer’s protocol [10]. Retrovi-
ruses were generated according to the standard protocol
[57]. Briefly, retroviral vectors were transfected into the
DF-1 chicken embryonic fibroblasts using SuperFect
transfection reagent (Qiagen) as per the manufacturer’s
protocol. Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 39 °C and in 5% CO,. Recombinant
retroviruses were collected from condensed culture media
10 days after transfection. The recombinant viruses were
purified through a 0.42-pm polyethersulfone syringe fil-
ter. Viral infection was performed in the presence of hex-
adimethrine bromide at a final concentration of 6 pg/mL.

Cell culture

IMA mut/IDHI and IMA mut/— cells were cultured as
described previously [27]. Briefly, adherent IMA cells were
maintained in a complete growth medium consisting of 45%
stem cell medium (knockout minimum essential medium
with 20 ng/mL epidermal growth factor (EGF), 50 ng/mL
basic fibroblast factor (bFGF), 1 x B-27 (Life Technolo-
gies), 1 X GlutaMAX (Life Technologies), 1 X non-essential
amino acids solution (Life Technologies), 10 ng/mL leuko-
cyte inhibitory factor, 2 pg/mL heparin), 45% DMEM, and
10% FBS. The IDH1%3?H heterozygous and hemizygous sta-
tus in IMA mut/IDH1 and IMA mut/— cells, respectively,
was verified by DNA sequencing.
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BT142 mut/— cells were purchased from American
Type Culture Collection and maintained initially as neu-
rosphere in culture medium as described [33]. Briefly,
BT142 mut/— cells were cultured in DMEM/F12 (1:1)
with 0.9% glucose, 4 mM L-glutamine, 25 pug/mL insulin,
100 pg/mL transferrin, 20 nM progesterone, 15 uM putres-
cine, 30 nM selenite, 20 ng/mL EGF, 100 ng/mL PDGF-
AA, 20 ng/mL FGF, and 2 pg/mL heparan sulfate. BT 142
mut/— cells were subsequently grown under adherent con-
ditions in the IMA complete growth medium described
above for lentiviral transduction at 2 multiplicities of
infection to generate BT142 mut/YFP* and BT142 mut/
YFP-IDH1. These resultant YFP-expressing cells were
enriched by flow cytometry, and their IDH %32 statuses
were verified by DNA sequencing.

Astrocytes were extracted from brains of less than 2-day-
old Nes-tva;Cdkn2d"" pups [40]. Brains were minced on
ice and dissociated with 0.25% trypsin—-EDTA for 15 min at
37 °C with agitation. The reaction was stopped by the addi-
tion of a growth medium (Roswell Park Memorial Institute
medium supplemented with 10% FBS and 1 X L-glutamine/
penicillin/streptomycin) and centrifuged to remove tissue
debris. After overnight culture, cells were immortalized
with Cre recombinase-mediated deletion of Cdkn2a. The
resultant NA1 line was transduced first with a retrovirus
expressing luc-PDGFB or mCherry-PDGFB and then with
one expressing YFP-IDH1, YFP*, or YFP-IDH1R3? nfec-
tion was conducted 3 times a day for a total of 3 consecu-
tive days. The resultant cells with fluorescent signals were
enriched by flow cytometry, and the IDHIR"*?H status was
verified by DNA sequencing.

Gene expression and DNA copy number

Total RNA was extracted with the E.Z.N.A. total RNA kit I
(Omega Biotek) or in tandem with genomic DNA extraction
with ZR-Duet DNA/RNA Miniprep Kit (ZymoResearch) and
converted with GoScript reverse transcriptase (Promega)
according to the manufacturer’s protocol. Gene expression
was determined by PCR with PDGFB primer set (forward
5" TTGGCTCGTGGAAGAAGG-3' and reverse 5'-GAG
TTTGGGGCGTTTTGG-3') at 55 °C for 30 cycles, with
IDH]1 primer set (forward 5'-GAGAAGAGGGTTGAGGAG
-3"and reverse 5'-CTTTTGGGTTCCGTCACT-3') at 56 °C
for 30 cycles, with YFP-IDH]I primer set (forward 5'-GGC
CGACAAGCAGAAGAA-3’ and reverse 5'-GGCCCA
GGAACAACAAAA-3") at 57 °C for 30 cycles, with ACTB
primer set (forward 5'-GCGAGAAGATGACCCAGA-3' and
reverse 5'-GGAAGGAAGGCTGGA AGA-3’) at 56 °C for
28 cycles, and with Actb primer set (forward 5-TGCTAT
GTTGCTCTAGACTT-3" and reverse 5-CTCATCGTACTC
CTGCTT-3’) at 55 °C for 28 cycles.

Genomic DNA from transduced NA1 cells was extracted
as described above. PCR amplification was conducted for
quantification of PDGFB and IDHI®3?H transgenes with
primer sets and conditions described above and mouse
endogenous /12 with the primer set (5'-CTAGGCCACAGA
ATTGAAAGATCT-3' and reverse 5'-GTAGGTGGAAAT
TCTAGCATCATCC-3") at 52 °C for 30 cycles.

Whole-cell extracts were prepared essentially as
described previously [21] in a lysis buffer containing 20 mM
HEPES pH 7.9, 420 mM NacCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 20% glycerol freshly supplemented with 0.5 mM
dithiothreitol and protease inhibitor cocktail (Roche) [10].
Western blot analysis was performed as described previ-
ously [10]. Primary antibodies and corresponding dilutions
were as follows: 1:5000 anti-p-actin (Sigma A5441), 10 pg/
mL anti-FLAG (Sigma F3165), 1:500 anti-HA (Abcam
ab13834), and 0.5 pg/mL anti-V5 (Sigma V8012). Second-
ary antibodies were 1:10,000 anti-mouse HRP (JIR 115-035-
146) and 1:10,000 anti-rabbit HRP (JIR 711-035-152).

2-HG analysis

Approximately 3 X 10’ BT142 and 1 x 108 NAL1 cells were
washed with phosphate-buffered saline, pelleted, flash frozen
in liquid nitrogen, and stored at 80 °C prior to gas chroma-
tography—mass spectrometry analysis at the Metabolomics
Core of University of Utah using an Agilent 5977B GC-MS
with HES source and an Agilent 7693A automatic liquid
sampler. Collected data in triplicate were normalized by
mean centering to the internal standard d4-succinate.

2-HG concentrations in adherent and neurosphere cul-
tures were determined using D-2-Hydroxyglutarate (D2HG)
Colorimetric Assay Kit (BioVision), as per manufacturer
recommendations. For each replicate approximately 1 x 10°
cells were split into three wells designated as sample, 5 nmol
D2HG spiked sample, and sample background. D2HG in
each cell type was determined in triplicate, calculated
according to the manufacturer’s protocol, and expressed as
nmol/mg protein.

Neurosphere growth and quantitative assay

Neurosphere growth was observed by seeding 10,000 cells
per well in a 24-well plate with neural stem-cell media con-
sisting of Neurobasal media (Invitrogen) supplemented with
B-27, 10 ng/mL bFGF, and 20 ng/mL EGF (Invitrogen) for
all cell types analyzed. Bright-field microscopy images were
acquired on day 7 for comparison. For quantitative assays,
each cell type was seeded in a 96-well plate at 5 cells per
well for 48 wells in triplicate in the same medium. The
media was replenished with the addition of 20 pL of neural
stem-cell medium at day 4, 7, and 10. Neurosphere genesis
was determined by counting spheres of > 50 um on day 14.
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Each replicate was converted to percentage in reference to
the total number of cells seeded, and unpaired ¢ tests were
performed to determine two-tailed p values.

Flow cytometry of fluorescent cells

Neurosphere cultures were collected and sifted with a 40-pm
cell strainer and a 100-pm cell strainer to remove single cells
and cell aggregates. Adherent and neurosphere cells were
then dissociated enzymatically and analyzed in triplicate
by flow cytometry (BD FACSCanto, BD Biosciences) with
BD FACSDiva Software (BD Biosciences) and FlowJo
(FlowJo). Populations of YFP* and/or mCherry™ cells were
obtained and the mean fluorescent intensities were analyzed.

Fluorescent microscopy

Adherent and neurosphere cultures were stained with 10 pg/
mL 4',6-diamidino-2-phenylindole (DAPI) for 30 min and
1 h, respectively, prior to fluorescent microscopy using an
Axiovert 200 inverted microscope with Axiovision micros-
copy software (Carl Zeiss, Germany) or a Nikon A1R confo-
cal microscope with NIS-Elements confocal software (Nikon
Instruments). The images of mCherry, YFP, CellROX Deep
Red, and DAPI were converted with an open-source image
analysis platform (Fiji) [46] and presented in single colors
and merged.

Redox study

Oxidative stress was measured using CellROX Deep Red
Reagent (Invitrogen) as per manufacturer protocol. Adher-
ent cells were plated at 20% confluence in a 4-well culture
chamber slide and cultured for 3 days prior to the assay.
Neurosphere culture was done for 7 days prior to the assay.
After staining with the CellROX reagent, cells were fixed
with 3.7% paraformaldehyde and stained with 10 pg/mL
DAPI. Fluorescent microscopy images were obtained using
a Nikon A 1R confocal microscope with NIS-Elements con-
focal software (Nikon Instruments).

GSH/GSSG-Glo Assay (Promega) was used according to
the manufacturer’s recommendations to assess GSH/GSSG
ratio in adherent and neurosphere samples. For each rep-
licate, 2 x 10* cells were used to assess in triplicate total
GSH and GSSG. GSH/GSSG ratios and the GSH and GSSG
concentrations were calculated from GSH standard curves.
Total NAD(P)H levels were analyzed using NAD(P)H-Glo
Detection System (Promega) according to the manufactur-
er’s recommendations. Briefly, 1 X 10° cells were lysed with
0.2 N NaOH prior to the addition of the detection reagent.

Intracellular redox state was altered by the continuous
treatment with 30 uM hydrogen peroxide or 1 mM NAC at
cell seeding, day 3, and day 6 before microscopy and flow
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cytometry analyses. For quantitative neurosphere assays,
cells were incubated with NAC at a final concentration of
1 mM at seeding (day 0). The media was replenished by the
addition of 20 pL of neural stem-cell medium containing
1 mM NAC at days 4, 7, and 10.

Statistical analysis

Students ¢ tests and one-way ANOVA were performed
using the GraphPad Prism 7 to determine means and stand-
ard deviations along with statistical significance of experi-
mental data in replicates of three or as indicated. Signifi-
cance was defined as *p < 0.05; **p < 0.01; ***p < 0.001;
*EExp < 0.0001.

Results

Mutant IDH1 markedly suppresses neurosphere
genesis in a wild-type IDH1-dependent fashion

The anaplastic astrocytoma cell line IMA mut/IDHI1 is
IDH I®132H heterozygous [27], whereas the anaplastic oli-
goastrocytoma cell line BT 142 mut/— is IDHI¥*?H hemizy-
gous, derived from the heterozygous BT142 [33]. Interest-
ingly, when cultured under neurosphere conditions, BT142
mut/— cells developed robust and much larger neurosphere
than IMA mut/IDHI cells (Fig. 1a, left). To quantify neu-
rosphere genesis, we seeded cells in 96-well plates at 5
cells per well, which had been determined empirically for
neurosphere formation at < 1 per well. The quantitative
assay revealed a greater than sevenfold difference between
BT142 mut/— and IMA mut/IDH]1 cells (5.83 versus 0.83%)
(Fig. 1a, right), which apparently suggested an inhibitory
effect of wild-type IDH1 on neurosphere genesis.

To test this notion in the same genetic background, we
introduced wild-type IDHI into BT142 mut/— cells using
a lentivirus that expressed nuclear YFP, P2A, and IDH1 in
tandem to establish the BT142 mut/YFP-IDHI1 line (Suppl.
Fig. Sla). A control line BT142 mut/YFP* was created
with another lentivirus expressing the same YFP-IDH1
transcript but with a nonsense mutation at IDH1 Gly15.
After fluorescent enrichment by flow cytometry, the BT 142
mut/YFP-IDH1 line was authenticated by the expression of
YFP-IDHI mRNA and hemagglutinin (HA)-tagged IDH1
protein, the presence of both wild-type and mutant /DH
sequences at Argl32, and a greater than sixfold increase
in 2-HG (Suppl. Fig. S1b—e). Importantly, restoration of
IDH1 expression in BT142 mut/— resulted in significant
reduction of neurosphere growth compared with BT 142
mut/YFP* (Suppl. Fig. S1f). Further quantitative analysis
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Fig.1 Mutant IDHI1 suppresses neurosphere genesis in a wild-type
allele-dependent fashion. a Comparison of BT142 mut/— and IMA
mut/IDH1 neurosphere growth in micrographs (leff) and quantitative
assays (right). Scale bars: 100 pm. b Significant reduction of neu-
rosphere genesis in BT142 mut/— with exogenous wild-type IDH1

showed a 55% reduction in neurosphere genesis with the
introduction of wild-type IDH1 (2.78% in BT142 mut/
YFP-IDHI versus 6.11% in BT142 mut/YFP*, Fig. 1b).
Conversely, deletion of wild-type IDH]I allele from IMA
mut/IDH]1, which resulted in an 87-fold decrease in 2-HG
levels [27], increased neurosphere genesis by more than
threefold (3.05% in IMA mut/— versus 0.83 in IMA mut/
IDH1) (Fig. 1c). Taken together, these results support
the involvement of wild-type IDHI1 in suppressing neu-
rosphere genesis but also imply the role of mutant IDH1
in promoting neurosphere growth, as reported previously
[1, 24, 51].

An alternative interpretation of the above results,
however, is that mutant IDH1 requires a wild-type allele
for the inhibition of neurosphere genesis because of its
functional dependence on wild-type IDH1 to produce
2-HG [27, 54]. To distinguish these two possibilities, we
investigated whether expression of wild-type or mutant
IDHI1 suppressed neurosphere growth in a wild-type IDH1
background. To that end, we employed a mouse astrocyte
line NA1 that had been transformed with an avian ret-
rovirus, RCAS/luc-PDGFB, expressing firefly luciferase
(luc) and PDGFB (Fig. S2a), and was further transduced
with RCAS/YFP-mIDH1 (expressing YFP-IDH1R!32H) or
RCAS/YFP-IDHI. After validation of transgene expres-
sion, sequencing confirmation, and 2-HG production in
YFP-mIDHI1 cells (Fig. S2b—e), quantitative analysis con-
firmed an approximately two-thirds reduction of neuro-
sphere genesis by YFP-mIDH1 in comparison with YFP-
IDH1 (0.88 versus 2.4%) (Fig. 1d). Thus, these results
support the alternative hypothesis that mutant IDH1 mark-
edly suppresses neurosphere genesis in a wild-type allele-
dependent fashion, whereas loss of the wild-type allele
promotes neurosphere growth.

in reference to YFP*. ¢ Significant increase of neurosphere genesis
in IMA mut/IDH1 (n = 4) after deletion of endogenous wild-type
IDHI (n = 3). d Suppression of neurosphere genesis by expression
of mutant IDHI (mIDH1) but not wild-type IDH1 (IDH1) in luc-
PDGFB transduced mouse astrocytes. ***p < 0.001; ****p < 0.0001

Selection against IDH1R'3?" transgene
during neurosphere but not adherent culture

Previous studies showed that mutant IDH1 promoted anchor-
age-independent growth of immortalized human astrocytes
after IDHI®'3?H transduction [1, 24, 29, 51]; however,
whether the expression of mutant IDH1 was maintained in
those conditions was unclear. To visualize transgene expres-
sion within neurosphere, we employed fluorescent markers
by replacing luc-PDGFB with mCherry-PDGFB (Suppl.
Fig. S2a) and compared YFP-mIDH1 expression levels in
reference to YFP*. After confirmation of transgene expres-
sion in NA1 astrocytes (Suppl. Fig. S3a), we observed an
approximately sevenfold decrease in neurosphere growth of
YFP-mIDHI1 cells in reference to YFP* cells (Fig. S3b).
Importantly, quantification of fluorescent microscopy images
revealed only 35% of YFP* cells within YFP-mIDH1 neu-
rosphere in contrast to 80% of YFP* within YFP" neuro-
sphere (Fig. 2a, b), despite equivalent population of YFP*
cells in adherent culture between the two cell types (Fig. 2¢).
These data suggested specific selection against IDH %321
transgene in neurosphere culture.

To corroborate this finding, we determined the distribu-
tions of mCherry*YFP* and mCherry"YFP~ cells within
the neurosphere with flow cytometry. Whereas ~ 90%
of adherent YFP* and YFP-mIDHI1 cells were
mCherry*YFP*, in neurosphere culture only 28% of
YFP-mIDH1 versus 83% of YFP* cells were double
positive (Fig. 3a). Statistical analysis confirmed that in
YFP-mIDHI neurosphere less than one-third of cells
were mCherryYFP* versus > 82% in YFP* neurosphere;
however, in adherent culture almost 90% adherent YFP-
mIDHI1 cells were mCherry*YFP* (Fig. 3b), consistent
with the notion that mutant IDH1 transgene is selected
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a mCherry

Fig.2 Suppression of YFP signal in PDGFB-transformed NA1 neu-
rosphere expressing YFP-mIDHI. a Fluorescent microscopy of
mCherry-PDGFB transformed neurosphere expressing YFP* (i, ii)
and YFP-mIDHI1 (iii, iv) demonstrating a marked suppression of YFP
signal in YFP-mIDH1 neurosphere in comparison with YFP* neuro-
sphere. b The YFP" cell percentages were quantified in reference to
DAPI-stained nuclei in YFP* neurosphere (n = 5) and YFP-mIDH1

against in neurosphere. Further analysis showed a marked
reduction of log2 ratio of YFP*/YFP~ population to
— 1.20 in YFP-mIDH1 neurosphere compared with 2.37
in YFP* neurosphere and > 40% loss of YFP fluorescent
intensity in YFP-IDH1 neurosphere (Fig. 3c, d).

To obtain direct evidence for the suppression of
IDHI®32H transgene in neurosphere, we detected signifi-
cant reduction of IDHI®3?" but not PDGFB expression
by RT-PCR (Fig. 4a), which was further confirmed by
using YFP-IDHI®13?H a5 the amplicon for the elimination
of cross-amplification of endogenous /dhl (Suppl. Fig.
S3c). The suppression of IDHI®*?H expression was not
a result of loss of DNA copy number (Fig. 4b). We con-
clude, therefore, that IDH1R!132H transgene is incompatible
with anchorage-independent growth.
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neurosphere (n = 8). The analysis revealed significant reduction of
YFP* cell percentage in YFP-mIDH1 neurosphere. Unpaired ¢ test
was performed with two-tailed p value. ***p < 0.001. ¢ Fluores-
cent microscopy of adherent NA1 expressing mCherry-PDGFB and
YFP" (top) and mCherry-PDGFB and YFP-mIDH1 (bottom) showing
equivalent population of YFP* cells. Scale bar, 50 pm

Selection against IDH1?'32H function
in IDH1R"32H.heterozygous neurosphere
but not adherent cells

In light of the requirement of wild-type IDH1 for the sup-
pression of neurosphere growth, we speculated that wild-
type IDH] transgene is likely selected against in BT142
mut/YFP-IDH1 neurosphere owing to its obligatory role
for mutant IDH1 function [27, 54]. Indeed, fluorescent
microscopy revealed a marked reduction of fluorescent
signal and YFP* cells in YFP-IDH1 neurosphere com-
pared with YFP* cells (Fig. 5a). Flow cytometry analysis
revealed that less than one-third of the cells in YFP-IDH1
neurosphere were YFP* in contrast to almost three-quar-
ters in YFP* neurosphere, whereas equivalent percentages
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Fig.3 Quantitative measurement of YFP™ cell population in PDGFB-
transformed NA1 neurosphere expressing YFP-mIDHI1. a Repre-
sentative images of flow cytometry of the NA1 cells as described
above cultured under adherent (fop) and neurosphere (bottom) con-
ditions. YFP and mCherry signals were plotted along x and y axes,
respectively. The percentage of cells in each quadrant is indicated.
b Statistical comparison of mean percentages of mCherry"YFP~
and mCherry"YFP* between YFP* and YFP-mIDHI1 cells cultured

of YFP™ cells were observed under adherent growth condi-
tions between the two cell types (Figs. 5b, c, 6a). Further
analyses of log2 ratio of YFP*/YFP~ population and YFP
fluorescent intensity corroborated the extremely significant
suppression of YFP signal specific to YFP-IDHI neuro-
sphere but not adherent culture (Fig. 5d, e). Furthermore, a
marked reduction of YFP-IDHI transcripts in neurosphere
was observed (Fig. 6¢).

To provide evidence for functional inhibition of
IDHI1R3? in BT142 mut/YFP-IDH1 neurosphere, we
compared the 2-HG concentration in adherent culture
with that in neurosphere. In keeping with IDH transgene
inhibition, the 2-HG concentration in BT142 mut/YFP-
IDH1 neurosphere was reduced approximately by two-
thirds in comparison with adherent culture; however,
no such change was observed in BT142 mut/— cells
(Fig. 5f). Moreover, we confirmed this finding in the native
IDHI®32H heterozygous IMA mut/IDH1 cells, where the
2-HG concentration in neurosphere was reduced by more
than 53% (Fig. 5g). Taken together, these results indicate
that anchorage-independent growth selects against mutant
IDH1 function by targeting either wild-type or mutant
IDHI] transgene, which is in accordance with the eventual
loss of wild-type IDH]I allele in BT142 and secondary
glioblastomas and of mutant /DH1 allele in brain tumor
stem-cell cultures [9, 27].
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under adherent (fop) and neurosphere (bottom) conditions. ¢ Com-
parison of YFP* and YFP-mIDHI cells in neurosphere showing
extremely significant reduction in YFP*/YFP~ log2 ratio. d Com-
parison of YFP-mIDH]1 neurosphere with YFP* neurosphere showing
a significant decrease of YFP fluorescent intensity. Unpaired ¢ tests
were performed with two-tailed p values. **p < 0.01; ***p < 0.001;
*Hx%p < 0.0001

Increased reactive oxygen species
in IDH1R"32H_hemizygous cells

Anchorage-independent growth is associated with elevated
levels of reactive oxygen species (ROS) when malignant
cells detach from an extracellular matrix for deregulated
proliferation [26, 45]. Accordingly, we utilized the CellROX
Deep Red reagent to assess ROS levels in neurosphere com-
pared with adherent culture. Fluorescent microscopy showed
increased ROS levels, as indicated by Deep Red fluores-
cent signal, in the neurosphere of both BT142 mut/YFP*
and BT142 mut/YFP-IDH1 cells in comparison with their
respective adherent counterparts (Fig. 6a). This finding was
confirmed by a more than fourfold increase of fluorescent
signal in neurosphere by flow cytometry (Fig. 6b).
Interestingly, we observed an approximately twofold
increase of ROS in BT142 mut/YFP* cells compared with
BT142 mut/YFP-IDH1 cells, which suggested that loss
of the wild-type allele in IDHI®32H heterozygous cells
increases ROS levels, as shown similarly in /dhl-deficient
hepatocytes [23]. In keeping with this, the IDHIR®32H.
hemizygous BT142 mut/— cells showed much higher lev-
els of ROS than the IDHI®3?H_heterozygous IMA mut/
IDHI cells (Fig. 6d). Furthermore, deletion of IDH] allele
from IMA mut/IDHI cells markedly increased ROS levels
(Fig. 8e). To provide evidence that IDH 1?3 requires a
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Fig.4 Reduction of YFP-mIDHI transcript levels in PDGFB-trans-
formed NA1 neurosphere. a RT-PCR (leff) and statistical analysis
(right) showing differential expression of IDHI®!3?H between YFP*
neurosphere and YFP-mIDH1 neurosphere. b Genomic DNA ampli-
fication (left) and statistical analysis (right) showed no statistical dif-
ferences in genomic copy number between YFP* neurosphere and
YFP-mIDH1 neurosphere. Endogenous f-actin (Actb) and interleukin
2 (112) were used as controls. Unpaired ¢ tests were performed and are
presented with two-tailed p values. ***p < 0.001

wild-type allele to keep ROS levels low, we observed that
IDHI®32H expression decreased ROS levels in PDGFB-
transduced NA1 (Fig. 6d). Taken together, these results not
only confirmed the increased ROS levels in anchorage-inde-
pendent growth, but, more importantly, indicated the loss of
wild-type allele as a means of elevating ROS levels and pro-
moting neurosphere genesis in IDH1-mutant glioma cells.

IDH1R132H_heterozygous cells maintain low levels
of reducing power to suppress neurosphere growth

To explore the possibility that redox homeostasis differs
between IDHI®!3?H_hemizygous and IDH %3 heterozy-
gous cells, we determined their reduced glutathione-to-
oxidized glutathione (GSH/GSSG) ratio and the GSH and
GSSG concentrations. BT142 mut/YFP* neurosphere had a
GSH/GSSG ratio of 19 compared with a ratio of 4 in BT142
mut/YFP-IDH]1 neurosphere, in contrast to their respective
ratios of 7.6 and 6.4 in adherent culture (Fig. 7a). The low
GSH/GSSG ratio in BT142 mut/YFP-IDH1 neurosphere was
attributable to the modest increase of GSH concentration
despite 88% increase of GSSG concentration compared with

@ Springer

adherent conditions (Fig. 7b, c). By contrast, BT142 mut/
YFP* neurosphere gained a high ratio owing to 54% increase
of GSH concentration and 40% decrease of GSSG concen-
tration. Similar results were obtained in IMA mut/— and
IMA mut/IDH1 cells (Fig. 7e-g). In addition to the lack
of GSH increase in IDH1®3?H_heterozygous neurosphere,
no NAD(P)H increase was observed in reference to adher-
ent culture, whereas IDHI®*?H_hemizygous neurosphere
increased NAD(P)H levels by an average of twofold (Fig. 7d,
h). We speculated, therefore, that it is the reducing power
rather than ROS alone that determines neurosphere genesis,
i.e., cells capable of producing sufficient reducing power
can meet the demand of increased ROS for anchorage-inde-
pendent growth.

In support of this theory, continuous treatment of BT 142
mut/YFP* with hydrogen peroxide (H,0,) at 30 pM resulted
in a pronounced reduction of neurosphere growth, whereas
treatment of BT142 mut/YFP-IDH1 cells with 1 mM reduc-
ing N-acetyl cysteine (NAC) markedly increased neuro-
sphere genesis (Fig. 8a). Similar results were obtained with
H,0, treatment of IMA mut/— and NA1/YFP* cells and
NAC treatment of IMA mut/IDH1 and NA1/YFP-mIDH-
Icells (Suppl. Fig. S4a, b). Furthermore, quantitative analy-
sis of NAC treatment revealed a nearly twofold increase of
neurosphere genesis for BT 142 mut/YFP-IDH1 cells (from
2.78 10 5.28%) and a > 3.5-fold increase for IMA mut/IDH]1
cells (from 0.83 to 3.06%) (Fig. 8b). Likewise, NAC treat-
ment also enhanced BT142 mut/YFP* neurosphere growth,
whereas H,0, treatment had no significant effect on BT142
mut/YFP-IDH1 neurosphere growth (Fig. 8c). These results
suggest that NAC promotes neurosphere genesis by provid-
ing reducing power to meet the requirement of increased
ROS. Therefore, we expected that treated IDHI%?H_hete-
rozygous neurosphere would contain increased, rather than
decreased, ROS. Indeed, a striking increase of Deep Red
signal was observed in NAC-treated neurosphere in both
BT142 mut/YFP-IDH1 and IMA mut/IDHI1 cells (Fig. 8d,
e; Suppl. Fig. S4c). By contrast, H,O, treatment failed to
elevate ROS further. Taken together, these results not only
indicate the importance of reducing power in controlling
neurosphere genesis but also suggest “shedding” of the
wild-type allele as a means of gaining reducing power for
IDHI®3?H glioma progression.

Discussion

This study provides cogent evidence for the absolute require-
ment of a wild-type allele for mutant IDH1 to suppress
anchorage-independent growth through the maintenance of
redox homeostasis. In response to a need for increased intra-
cellular ROS for anchorage-independent growth, IDH®!32H.
heterozygous cells inhibit growth by limiting the production
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Fig.6 Lower levels of ROS in IDHI®'3?H_heterozygous cells. a
Fluorescent microscopy of BT142 mut/YFP* (i, ii) and BT142 mut/
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sphere (ii, iv) conditions showing marked reduction of YFP signal in
BT142 mut/YFP-IDHI1 neurosphere in comparison with BT142 mut/
YFP*. ROS levels are indicated by the intensity of Deep Red, as also
shown in merged images with DAPI. b Flow cytometry analysis of

ROS in adherent (red) and neurosphere (blue) culture of BT142 mut/
YFP* (top) and BT142 mut/YFP-IDH1 (bottom). ¢ RT-PCR showing
pronounced reduction of YFP-IDH]I transcripts in BT142 mut/YFP-
IDH1 neurosphere compared with BT142 mut/YFP* neurosphere. d
Comparison of ROS levels between BT142 mut/— (i) and IMA mut/
IDHI1 (ii) and between luc-PDGFB transduced NA1/YFP* (iii) and
NA1/YFP-mIDH1 (iv) cultured under adherent conditions
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to their heterozygous controls. The increased ratio was attributable
to the increase of GSH concentration and the concomitant decrease
of GSSG concentration in IDHI®3?H_hemizygous BT142 mut/YFP*

of reducing power, whereas IDHI®/3?H_hemizygous cells
bypass the redox checkpoint to generate more reducing
power. In particular, we demonstrated that restoration of
wild-type IDH1 expression in IDHI®3?H_hemizygous
cells suppressed reducing power generation and neuro-
sphere genesis; conversely, deletion of the wild-type allele
in IDHIR3?H_heterozygous cells gave rise to the contrary.
Our results are consistent with the genetic and functional
characteristics of IDHI mutations being heterozygous and
dependent on a wild-type allele for 2-HG production [27,
36, 54, 59].

It should be noted that previous studies reported increased
neurosphere growth or colony formation using IDHI%3?H
transgene in comparison with wild-type IDHI [1, 24,
29, 51]; however, whether these conditions maintained
IDHIR3?H expression was not examined. We found selec-
tion against either wild-type or mutant /DH1 transgene in
neurosphere, but not adherent, culture and marked reduc-
tion of 2-HG concentrations in neurosphere, which indi-
cate the functional incompatibility between heterozygous
IDHI®32H mutation and anchorage-independent growth.
Pusch et al. reported that human gliomas select against
rare IDH1 mutations such as R132G, R132C, and R132S
because of their higher 2-HG levels in comparison with the
prevalent R132H [39]. The ‘toxic” effect of high levels of
2-HG on glioma biology seems to be in agreement with the

@ Springer

d Il BT142mut/YFP*
Hl BT142mut/YFP-IDH1

Cm BT142mut/YFP*
B BT142mut/YFP-IDH1

*kkk

6 ————— 12000

* *kkk

*kkk

*kkk

% T

=4 78000

o =3

3 2 £ 4000
zZ

O]

0

0
adherent sphere adherent sphere

g B IMAmut/- h B IMAmut/-
B IMAmuYIDH1 B IMAmut/IDH1
o ****** 12000 *kkk *kkk
I
g:,8000
[m)]
< 4000

0]

adherent sphere adherent sphere

(b, ¢) and IMA mut/— (f, g) neurosphere. The decreased GSH/GSSG
ratios in BT142 mut/YFP-IDH1 and IMA mut/IDH]1 resulted primar-
ily from increased GSSG concentrations (¢, g). NAD(P)H levels were
increased only in IDHI®3?H_hemizygous neurosphere (d, h). One-
way ANOVA was performed. *p < 0.05; **p < 0.01; ***p < 0.001;
kD < 0.0001

growth-suppressive function of 2-HG achieved by extend-
ing the lifespan of Caenorhabditis elegans [15]. Although
the heterozygous state of rare IDH1 mutations in glioma
remain to be determined, our results shed light on the per-
plexing loss of either wild-type or mutant IDH] allele dur-
ing neurosphere culture and tumor progression [3, 9, 27]
and may also account for the lack of neurosphere growth of
murine Idh1%3?H neural progenitor cells [1]. It remains to be
seen, however, whether our finding is relevant to other IDH-
mutant cancer types such as acute myeloid leukemia and
intrahepatic cholangiocarcinoma [14, 34, 42, 55] because,
unlike IDH-mutant glioma, no IDH mutation-associated sur-
vival benefits have been identified in these cancers [17, 37].
Additionally, it seems unlikely that our study is relevant to
cancers harboring IDH?2 mutations because mutant IDH2
produces 2-HG independent of wild-type allele [54].

Our results provide a mechanistic understanding of how
redox homeostasis plays an important role in mediating
the suppression of neurosphere growth in heterozygous
IDHI®132H cells. Although adherent IDHIR3?H_hemizy-
gous and IDHI®3?H heterozygous cells shared similar
profiles of redox homeostasis, under neurosphere condi-
tions the two cell types manifested remarkable differences
in GSH/GSSG ratio and NAD(P)H level (Fig. 7), which
were also observed between IDH1-wildtype and IDH1-
mutant cells upon ionizing radiation or endotoxin exposure
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Fig.8 Redox reagents alter neurosphere genesis. a Comparison of
BT142 mut/YFP* neurosphere growth with and without H,O, treat-
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out NAC treatment as specified. Scale bar 100 pm. b Quantitative
analysis of neurosphere genesis of BT142 mut/YFP-IDH1 and IMA
mut/IDH]1 in response to NAC treatment. Unpaired 7 tests were per-
formed with two-tailed p values. **p < 0.01; ***p < 0.001. ¢ Com-

[23, 35]. Although loss of wild-type IDH1 allele resulted
in marked reduction of 2-HG levels (Fig. 5f, g) [27, 54],
whether IDHI®3?H_hemizygous cells have decreased
2-0G levels is unclear; however, metabolic reprogram-
ming for maintaining 2-OG levels through mitochondrial
IDH2 and conversion from glutamine would be expected

..

parison of BT142 mut/YFP* neurosphere growth with and without
NAC treatment and BT142 mut/YFP-IDH1 neurosphere growth with
and without H,O, treatment as specified. Scale bar 100 pm. Increased
ROS levels, as indicated by Deep Red signal, after NAC treatment of
BT142 mut/YFP-IDH1 (d) and IMA mut/IDHI1 (e) cells in compari-
son with untreated. No obvious increase of ROS after H,0, treatment
of IDHI®3?H_hemizygous cells

[38]. Therefore, loss of IDHI®!3?H heterozygosity enables
IDHI®132H _hemizygous cells to produce reducing power
for anchorage-independent growth. Likewise, the reducing
agent NAC promotes such growth by allowing IDHR/32H.
heterozygous cells to circumvent the redox checkpoint.
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The importance of reducing power in coping with ROS
increases in anchorage-independent growth [26, 45] is
consistent with NADPH production as one of the emerg-
ing hallmarks of cancer metabolism [38]. Reductive car-
boxylation supports redox homeostasis during anchorage-
independent growth [26], but IDH1-mutant cells exhibit
decreased reductive glutamine metabolism concomitant
with increased oxidative metabolism of the citric acid cycle
[18]. The divergence between oxidative metabolism in het-
erozygous IDHI-mutant cells and reductive metabolism in
anchorage-independent growth may pose a metabolic con-
flict, which is consistent with the suppression of neurosphere
genesis and conversely the selection against mutant IDH1
function. Gaining an understanding of how heterozygous
IDH1-mutant glioma cells maintain a low level of redox
homeostasis should help elucidate the mechanism by which
hemizygous IDH1-mutant cells elevate the level of redox
homeostasis to promote anchorage-independent growth.
Owing to its dependence on wild-type IDH1 [26], reduc-
tive glutamine metabolism seems a less likely mechanism
because hemizygous IDH1-mutant cells showed increased
NAD(P)H levels. Generation of reducing power involves
several major metabolic pathways, including the 5’ adeno-
sine monophosphate-activated protein kinase (AMPK)—fatty
acid oxidation pathway, the pentose phosphate pathway, the
serine—glycine one-carbon pathway, and the malic enzyme-
mediated conversion of malate to pyruvate [13, 25, 38, 47].
Investigation of these pathways is warranted to identify the
one that is regulated by mutant IDH1.

Results from this study corroborate the theory that IDHI
mutations in glioma are anti-oncogenic [22], which may
account for the lack of glioma development in Idh1R3?H
knock-in mice despite robust production of 2-HG [1, 43] and
conversely the shortened survival of xenografted animals
treated with an IDH1-mutant inhibitor [49]. Of note, despite
the observation of cellular and molecular features associated
with glioma genesis surrounding the subventricular zone of
the Idh1%"?H knock-in mice, no tumor was detected [1]. The
anti-oncogenic theory is also consistent with the observa-
tions that I[DH] mutations are an early, rather than late, event
of glioma development [6, 56] and glioma progression is
consistently associated with functional loss, but not gain, of
IDH] mutations [3, 9, 27].

Together with previous studies, this study not only under-
scores the functional importance of the heterozygosity of
IDH1 mutations but also suggests inactivation/attenuation of
mutant IDH1 function as an escape mechanism underlying
glioma progression through genetic changes of IDHI locus
and/or downstream epigenetic changes, including global
DNA demethylation [7] and resultant IGFBP2 expression
[16, 22, 60]. A greater understanding of the escape mecha-
nisms may provide novel therapeutic targets for the preven-
tion of glioma progression.
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