UCSF

UC San Francisco Previously Published Works

Title
Glioblastoma Therapy Can Be Augmented by Targeting IDH1-Mediated NADPH Biosynthesis

Permalink
https://escholarship.org/uc/item/7bg5h2qg4

Journal
Cancer Research, 77(4)

ISSN
0008-5472

Authors

Wahl, Daniel R
Dresser, Joseph
Wilder-Romans, Kari

Publication Date
2017-02-15

DOI
10.1158/0008-5472.can-16-2008

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7bg5h2gz
https://escholarship.org/uc/item/7bg5h2gz#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Res. Author manuscript; available in PMC 2018 February 15.

-, HHS Public Access
«

Published in final edited form as:
Cancer Res. 2017 February 15; 77(4): 960-970. doi:10.1158/0008-5472.CAN-16-2008.

Glioblastoma Therapy Can be Augmented by Targeting IDH1-
mediated NADPH Biosynthesis
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1Department of Radiation Oncology, University of Michigan, Ann Arbor, Ml USA

2Department of Biostatistics, University of Michigan, Ann Arbor, Ml USA
SDepartment of Internal Medicine, University of Michigan, Ann Arbor, MI USA

“Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, MI USA

Abstract

NADPH is a critical reductant needed in cancer cells to fuel the biosynthesis of deoxynucleotides
and antioxidants and to sustain stress-survival responses after radiation-induced DNA damage.
Thus, one rational strategy to attack cancer cells is to target their heavy reliance on NADPH. Here
we report that the isocitrate dehydrogenase IDH1 is the most strongly upregulated NADPH-
producing enzyme in glioblastoma (GBM). IDH1 silencing in GBM cells reduced levels of
NADPH, deoxynucleotides and glutathione and increased their sensitivity to radiation-induced
senescence. Rescuing these metabolic restrictions was sufficient to reverse IDH1-mediated
radiosensitization. In a murine xenograft model of human GBM, we found that IDH1 silencing
significantly improved therapeutic responses to fractionated radiotherapy, when compared to either
treatment alone. In summary, our work offers a mechanistic rationale for IDH1 inhibition as a
metabolic strategy to improve the response of GBM to radiotherapy.

Introduction

Glioblastoma (GBM) is the most common primary intracranial malignancy in adults and is
treated with a combination of surgery, radiation and temozolomide(1). Despite intensive

treatment, nearly all patients with GBM ultimately succumb to their disease. Temozolomide,

which is administered both during and following radiation, is a modest radiosensitizer but
may only benefit a small fraction of patients with GBM (2,3). Because most patients with
GBM die due to recurrences within the high dose radiation field(4), it is imperative to find
strategies to augment or replace temozolomide as the primary radiosensitizer for GBM.
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Aberrant metabolism is a hallmark of cancer and could be a promising target for the
selective radiosensitization of GBM (5-7). One of the primary functions of altered
metabolism in cancer is to generate NADPH, which carries the reducing potential used to
maintain antioxidants and fuel reductive biosynthesis (8). Several NADPH-requiring
biomolecules are involved in the radiation response, including glutathione and thioredoxin,
which help mitigate the oxidative stress induced by ionizing radiation; and
deoxynucleotides, which are needed to repair radiation-induced DNA damage (9). Because
altered NADPH metabolism distinguishes GBM from surrounding non-cancerous tissue, and
NADPH-requiring biomolecules mitigate radiation-induced cell death, we hypothesized that
the inhibition of key NADPH producing enzymes would selectively potentiate the efficacy
of radiation therapy for GBM and therefore could improve outcomes for patients with this
disease. Herein, we show that isocitrate dehydrogenase 1 (IDH1) is the most upregulated
NADPH-producing enzyme in GBM and that its inhibition sensitizes GBM to radiation /n
vitro and in vivo by inducing NADPH-dependent cellular senescence.

Materials and Methods

Patient Cohorts

Cell Culture

Four independent patient cohorts were utilized to analyze the expression of NADPH-
producing enzymes in GBM and normal brain tissue(10-13). Oncomine (oncomine.org) was
used to calculate the over-expression gene rank of each NADPH-producing enzyme using
the log2 median-centered intensity of mMRNA transcript levels. Fold changes in transcript
levels were calculated with respect to normal brain tissue in each individual patient cohort
and analyzed using t tests.

U87, A172 and U138 GBM cell lines were obtained directly from and authenticated using
short tandem repeat profiling by the American Type Culture Collection in 2015 and used
immediately upon receipt. All GBM lines were cultured in Dulbecco’s modified Eagle’s
Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (Life Technologies), 2
mM L-Glutamine, penicillin and streptomycin (Sigma).

qPCR—RNA was isolated from cells using the miRNeasy Mini Kit (QIAGEN) according
to the manufacturer’s protocol and converted into cDNA using the High-Capacity cDNA
Reverse Transcription Kit (ThermoFisher). Real time quantitative PCR was performed using
Fast SYBR Green Master Mix on a Quant Studio 6 Flex PCR system (Applied Biosystems).
PCR Primers were obtained from Integrated DNA Technologies with the following
sequences: IDH1 (CTATGATGGTGACGTGCAGTCG,
CCTCTGCTTCTACTGTCTTGCC), IDH2 (AGATGGCAGTGGTGTCAAGGAG,
CTGGATGGCATACTGGAAGCAG), IDH3a (TCGGTGTGACACCAAGTGGCAA,
TTCGCCATGTCCTTGCCTGCAA), H6PD (GGTGGACCATTACTTAGGCAAGC,
CTTCAGCATCCACGGTCTCTTTC), PGD (GTTCCAAGACACCGATGGCAAAC,
CACCGAGCAAAGACAGCTTCTC), MEL1 (GGAGTTGCTCTTGGTGTTGTGG,
GGATAAAGCCGACCCTCTTCCA), ME2 (ATCCTACAGCACAGGCAGAGTG,
TGACCTGGTGTAAAGACTCGCC), MTHFD1 (TTGGACAGGCTCCAACGGAGAA,
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AGAAGTGGTGAGAGCCAGGACA), NNT (GTTGGCACTGATGGGAGGACAT,
GTCCAGCATTCTCTGAGTCACC), GAPDH (GTCTCCTCTGACTTCAACAGCG,
ACCACCCTGTTGCTGTAGCCAA).

Immunoblotting

Whole cell lysates were prepared in SDS lysis buffer (10 mM Tris pH 7.4, 2% SDS)
supplemented with PhosSTOP phosphatase inhibitor and cOmplete protease inhibitor tablets
(Roche) as previously described(14). Antibodies recognizing the following proteins were
used: IDH1 (rabbit, D2H1, catalog # 8137, Cell Signaling), GAPDH (rabbit, 14C10, catalog
#2118, Cell Signaling), HRP-linked anti-rabbit (goat, catalog #7074, Cell Signaling).

SiRNA and shRNA Studies

Small interfering RNAs (siRNAs) were obtained from Dharmacon and transfected into cells
according to the manufacturer’s protocol. Briefly, 1-2*10° cells were plated per well in a 6
well dish and transfected with 5-10 nM siRNA and 5 uL Dharmafect 1 transfection reagent.
IDH1 knockdown was maximal 3—4 days following transfection, at which point cells were
used for additional experiments. SiRNAs used were a 1:1:1:1 pool of the following
sequences: IDH1 (UGUCAUAGAUAUCCCGUUU, GCAUAAUGUUGGCGUCAAA,
GCUUGUGAGUGGAUGGGUA, CCGCAGGAGAGUUUGGAAU), non-targeting(NT)
(UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA,
UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA). Short hairpin RNAs
(shRNAs) in the pTRIPZ vector under the control of a tetracycline-inducible promoter were
obtained from Dharmacon. Clone #V2THS_217815 was used for IDH1 (mature antisense
sequence TTTCGTATGGTGCCATTTG) while control hairpin # RHS4743 (mature
antisense sequence CTTACTCTCGCCCAAGCGAGAG) was used as a non-targeting
control. Lentiviral production was performed by the University of Michigan Vector Core
Facility. Transduced cells were selected with puromycin (1 pg/ml) for one week before
further use. Stably transduced cells were treated with doxycycline (1 mg/ml) for 3—4 days to
induce knockdown prior to use.

Mass Spectrometry Sample Preparation

Approximately 2-3*108 cells per 6 cm plate were washed with distilled H,O and flash
frozen using liquid N5 and stored at =80 °C until analyzed. To each 6 cm plate, 0.5 mL of a
mixture of methanol, chloroform and water (8:1:1) containing isotope labeled internal
standards was added at 4 °C. Plates were gently agitated to release cells, scraped to
homogenize cells, and the resultant mixture quantitatively transferred to a microtube.
Microtubes were vortexed, and allowed to incubate at 4 °C for 10 minutes to complete
metabolite extraction. Samples were vortexed a second time, and then centrifuged at 14,000
RPM for 10 min in 4 °C. Extraction solvent (100 pL) was transferred to an autosampler vial
for LC-MS analysis. A 10 uL aliquot of each sample was analyzed in a separate autosampler
vial for quality control.
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LC-MS Analysis

GSH/NADP/NADPH analysis was performed on an Agilent system consisting of a 1260
UPLC coupled with a 6520 Quadrupole-Time-of-flight (QTOF) mass spectrometer (Agilent
Technologies, Santa Clara, CA). Metabolites were separated on a 150x1mm Luna NH2 Hilic
column (Phenomenex, Torrance, CA) using 10 mM ammonium acetate in water, adjusted to
pH 9.9 with ammonium hydroxide, as mobile phase A, and acetonitrile as mobile phase B.
The flow rate was 0.075 mL/min and the gradient was linear from 20% to 100% A over 15
mins, followed by isocratic elution at 100% A for 5 minutes. The system was returned to
starting conditions (20% A) and held there for 10 minutes to allow for column re-
equilibration before injecting another sample. The mass spectrometer was operated in ESI-
mode according to previously published conditions(15). Nucleotide/Deoxynucleotide
analysis was performed on an Agilent system consisting of a 1290 UPLC coupled with a
6490 Triple Quad (QgQ) mass spectrometer (Agilent Technologies, Santa Clara, CA.)
Metabolites were separated on a 150x2.1mm Sequant ZIC-cHilic column (EMD Millipore,
Billerica, MA ) using 50 mM ammonium acetate in water, adjusted to pH 9.9 with
ammonium hydroxide, as mobile phase A, and acetonitrile as mobile phase B. The flow rate
was 0.3mL/min and the gradient was linear from 25% to 50% A over 10 mins. The system
was returned to starting conditions (25% A) and held there for 10 minutes to allow for
column re-equilibration before injecting another sample. The mass spectrometer was
operated in negative ion Dynamic MRM mode, with a fragmentor voltage of 380, and cell
acceleration voltage of 4. Transitions were determined using the Agilent Optimizer software,
and unique mass/retention time/MRM combinations were selected for each metabolite being
analyzed. MRM transitions are included in supplemental table 1. Data were processed using
MassHunter Quantitative analysis version B.07.00. Metabolites were normalized to the
nearest internal standard, and the peak areas were used for differential analysis between
groups.

Clonogenic Survival and Senescence Analysis

Clonogenic assays were performed as described previously(14,16). Briefly, 3—4 days
following siRNA transfection or doxycycline-induced shRNA expression, proliferating cells
were irradiated with 0-8 Gy and replated at clonal density. After 10-14 days of growth,
colonies of 50 or more cells were enumerated and corrected for plating efficiency using
unirradiated samples. Cell survival curves were fitted using the linear-quadratic equation.
Enhancement ratios were calculated as the ratio of the mean inactivation dose under control
conditions divided by the mean inactivation dose under IDH1 knockdown conditions.
Cellular senescence was assayed by staining for senescence-associated p-galactosidase
according to published methods(17). Following staining, approximately 100 cells per sample
were scored by a blinded observer to quantify senescence.

Xenograft Studies

All procedures involving mice were approved by the University Committee on Use and Care
of Animals (UCUCA) at the University of Michigan. C.B-17 SCID mice (male, 4-7 weeks
old) were obtained from Envigo and maintained in specific pathogen free conditions. U87
cells (2*10%) carrying a doxycycline-inducible sShRNA against IDH1 or control (NT) were
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resuspended in 1:1 PBS:Matrigel (BD Biosciences) and injected into the bilateral dorsal
flanks. Once tumor volumes reached 60-80 mm?3, mice were randomized to receive no
treatment, doxycycline alone, radiation alone or combined doxycycline and radiation.
Doxycyline (2mg/ml) was administered via drinking water and changed daily. Radiation (2
Gy/fraction) was administered over 7 daily fractions on weekdays using a Philips RT250
(Kimtron Medical) unit at a dose rate of ~2 Gy/minute. Dosimetry was performed using an
ionization chamber directly traceable to a National Institute of Standards and Technology
calibration. Animals were anesthetized with isoflurane and positioned such that the apex of
each flank tumor was at the center of a 2.4-cm aperture in the secondary collimator, with the
rest of the mouse shielded from radiation(18). Tumor volumes were determined thrice
weekly using digital calipers and the formula (r/6) (Length x Width?).

Statistical Methods

Results

Clonogenic survival, senescence, gPCR and metabolomic data were analyzed by t tests using
GraphPad Prism Version 6 with the Holm-Sidak method employed to account for multiple
comparisons when appropriate. Growth rates of GBM xenografts were analyzed using a
linear mixed effects model on log-transformed tumor volumes. The model included a
random intercept and slope to allow each tumor to have its own growth profile. Differences
in growth rates between treatment groups were tested through the group-time interaction
term in the linear mixed effects model. Additionally, time to tumor tripling was determined
for each xenograft by identifying the earliest day on which it was at least three times as large
as on the first day of radiation treatment and then estimated by the Kaplan-Meier method
and compared using the Log-rank test.

Significance threshold was set at p<0.05. These analyses were conducted using SAS
(version 9.4, SAS Institute, Cary, NC).

Nomination and phenotypic investigation of IDH1 as a target for radiosensitization

To determine whether the enzymes that produce NADPH are differentially expressed in
GBM and normal brain, we interrogated four independent clinical data sets that
comprehensively analyzed transcript levels of both GBM tissue and normal brain(10-13).
IDH1 was the most upregulated NADPH-producing enzyme in three out of the four data sets
and was the only enzyme among the top 5% of upregulated genes in each data set (Table 1).
Transcript levels of IDH1 were increased up to 4.5-fold compared to normal brain (Figure
1A). We next asked whether radiation further increased the expression of NADPH-
producing enzymes in a cell line model of GBM and found that only IDH1 was significantly
upregulated following radiation (Figure 1B). This upregulation of IDH1 was confirmed at
the protein level (Supplemental Figure 1B-1C), but was less pronounced when a low dose of
radiation were used (Supplemental Figure 1D). We also noted increased expression of IDH1
protein following radiation in siRNA-treated cells (Supplemental Figure 1B-1C), possibly
due to the outgrowth of cells in which IDH1 was not silenced.
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Because IDH1 was both the most upregulated NADPH-producing enzyme in GBM and was
further upregulated by radiation, we next assessed whether its inhibition could improve the
response of GBM to radiation. We chose to investigate this question in three IDH1/2 wild
type cell lines with differing P53 mutational status (U87 P53, A172 P53Mut (J138 P53mut)
that were resistant to radiation in preliminary experiments (SF,gy 0.5-0.7). Knockdown of
IDH1 significantly sensitized each of these cell lines to radiation with enhancement ratios
between 1.3 and 1.6 (Figure 2A-C, F), which compares favorably to the radiosensitization
typically induced by temozolomide(19,20). An independent knockdown strategy using a
doxycycline-induced shRNA against IDH1 encoding an antisense sequence distinct from
those used in siRNA experiments revealed similar radiosensitization (Figure 2D-F).

Mechanistic investigation of IDH1-mediated radiosensitization

To determine how IDH1 knockdown radiosensitized GBM, we next analyzed the modes of
abrogated replicative capacity encompassed by the clonogenic survival assay. We found only
small differences in the induction of apoptosis, necrosis, autophagy and unrepaired DNA
double-strand breaks when radiation was combined with IDH1 knockdown (Supplemental
Figure 1 and 2A). Similarly, IDH1 knockdown did not affect homologous recombination
repair (Supplemental Figure 2B). By contrast, the combination of radiation and IDH1
knockdown induced cellular senescence in more than 60% of cells across multiple GBM
lines, which was nearly two-fold higher than radiation treatment alone (Figure 3). The
magnitude of senescence increase was similar to the magnitude of radiosensitization induced
by IDH1 knockdown, suggesting that increased senescence may be the dominant mechanism
of radiosensitization caused by IDH1 knockdown.

Numerous metabolites downstream of IDH1 are related to both the radiation response and
the induction of senescence and could therefore be responsible for the IDH1 knockdown-
mediated radiosensitization of GBM. We therefore analyzed intracellular metabolite pools
following IDH1 knockdown and found up to a 60% depletion of deoxynucleotides and
reduced glutathione (GSH), all of which could require IDH1-generated NADPH for their
synthesis (Figure 4A-B). In support of this hypothesis, IDH1 knockdown decreased
NADPH levels by 50% while simultaneously increasing NADP levels by a similar
magnitude (Figures 4C and 4D). Numerous ribonucleotides, which do not require NADPH
to be synthesized, were not affected by IDH1 knockdown (Figure 4E), suggesting that these
changes were not due to non-specific depletion of metabolite pools. Both control and IDH1
knockdown cells had identical cell cycle profiles, suggesting that observed changes in
metabolites are due to restricted NADPH production by IDH1 rather than cell cycle effects
(Supplemental Figure 3).

We next asked whether these observed metabolite changes were directly responsible for the
IDH1 knockdown-mediated radiosensitization of GBM. Incubation with deoxynucleotide
precursors (Nuc) had no effect on the radiosensitivity of control GBM cells but significantly
reduced the radiosensitivity of cells in which IDH1 had been knocked down (Figure 5A-B).
Similarly, incubation with the antioxidant precursor N-acetyl cysteine (NAC) significantly
reduced the radiosensitivity of GBM cells in which IDH1 had been knocked down, but did
not significantly affect control cells (Figure 5C-D). Nuc and NAC each rescued
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approximately 80-90% of the radiosensitization induced by IDH1 knockdown (Figure 5B
and 5D), which suggests that these agents may be acting through overlapping mechanisms,
presumably the repletion of NADPH-dependent metabolites. Similarly, Nuc or NAC
incubation significantly reversed the accelerated induction of senescence that occurs when
radiation is combined with knockdown of IDH1 (Figure 5E). Indeed, Nuc or NAC rescued
nearly 90% of increased senescence, consistent with the magnitude of rescue seen in
clonogenic survival assays.

In vivo studies of IDH1 knockdown and radiation

To determine whether combining radiation and IDH1 knockdown had similar beneficial anti-
GBM effects in vivo, we established flank xenografts using a U87 cell line carrying a
doxycycline-inducible shRNA directed against IDH1 (i-shIDH1, Figure 6). An inducible
knockdown model was chosen rather than a stable shRNA knockdown or CRISPR/Cas9
knockout because it allowed for initial tumor growth to occur with intact IDH1 thereby
better modeling a therapeutic intervention. A flank model was used due to the variable CNS
penetrance of doxycycline(21,22). Once tumors were 60-80 mm3 in size, animals were
randomized into four treatment groups: (1) radiation alone, (2) doxycycline alone, (3)
combined radiation and doxycycline and (4) untreated (Figure 6A). Both radiation alone and
doxycycline alone significantly slowed tumor growth compared to untreated tumors as
analyzed using a linear mixed effects model (p<0.005, Figure 6B). Combined doxycycline
and radiation significantly slowed tumor growth compared to either treatment alone
(p<0.005, Figure 6B). Furthermore, combined radiation and doxycycline treatment
significantly and supradditively increased the time to tumor tripling (median 21 days)
compared to radiation alone (14 days), doxycycline alone (12 days) or no treatment (9 days,
Figure 6C). As a control for off target doxycycline effects, we also investigated U87
xenografts carrying an inducible non-targeting shRNA (i-shNT). While radiation maintained
its ability to slow tumor growth in this model, doxycycline did not noticeably slow tumor
growth on its own or in combination with radiation (Supplemental Figure 4A).
Immunoblotting confirmed that administration of doxycycline had the intended effects on
IDH1 expression in both i-shIDH1 and i-shNT xenografts (Figure 6D and Supplemental
Figure 4B). While average knockdown efficiency was approximately 60%, there was some
heterogeneity between tumors as expected for polyclonal cellular populations.

Discussion

In this study, we have shown that wild type IDH1 is a promising new target for the
radiosensitization of GBM. IDH1 is the most upregulated NADPH-producing enzyme in
GBM compared to normal brain tissue and is further upregulated following radiation.
Knockdown of IDH1 using two independent genetic approaches sensitizes multiple GBM
cell lines to radiation by potentiating radiation-induced senescence. IDH1 knockdown
depletes NADPH and NADPH-dependent metabolites including deoxynucleotides and
glutathione and their supplementation rescues the radiosensitization and accelerated
radiation-induced senescence that accompanies IDH1 knockdown. These results are
recapitulated /n vivo where the combination of IDH1 knockdown and radiation significantly
slows GBM xenograft growth compared to either intervention in isolation. Together, these

Cancer Res. Author manuscript; available in PMC 2018 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wahl et al.

Page 8

findings indicate that GBMs meet their NADPH demands by upregulating IDH1 and that
inhibition of this cancer-specific metabolic adaptation can form the basis of effective
combination therapies for GBM.

The strategy of combining radiation and IDH1 inhibition utilizes knowledge from the
growing field of cancer metabolism to build upon the long and successful history of
combining antimetabolites with radiation(23). Older combinations using classical
antimetabolites remain the standard-of-care treatment for many locally advanced
malignancies(24) and have recently shown clinical promise in the context of GBM(25). The
antimetabolites currently used with radiation inhibit either the folate cycle or ribonucleotide
reductase, which causes impaired deoxynucleotide synthesis, aberrant repair of radiation-
induced double stranded DNA breaks and enhanced cytotoxicity(24). While targeting either
deoxynucleotide synthesis or antioxidant regeneration in combination with radiation can be
effective, both strategies can be associated with dose-limiting toxicity due to normal tissue
effects, presumably because both cancers and normal tissues require these enzymes to
mitigate radiation-induced ROS and double strand DNA breaks(26,27). This lack of
selectivity is a major limitation of current antimetabolite therapy but may not apply to the
inhibition of IDH1.

While the outputs of the pathways generating deoxynucleotides and antioxidants are
similarly required across cell types, there is increasing evidence that the /nputsto these
pathways may differ between cell types, which could allow for therapeutic selectivity.
NADPH is required for both antioxidant regeneration and the generation of
deoxynucleotides and can be generated from several metabolic pathways. The oxidative
pentose phosphate cycle (PPC) is considered the main source of NADPH in mammalian
cells, but recent studies suggest that other sources of NADPH may predominate in certain
contexts(28). Methylene tetrahydrofolate dehydrogenase enzymes in the folate cycle appear
to be major producers of NADPH in some cell types, while malic enzyme 1 (ME1) plays an
important role in differentiated adipocytes and pancreatic cancer(29-31). There is increasing
evidence that IDH1 may be a dominant producer of NADPH in high grade gliomas. Indeed,
IDH1 has a higher maximal enzymatic activity than other NADPH-producing enzymes in
patient-derived GBM tissue(32). Furthermore, our data indicate that IDH1 is the most
differentially expressed NADPH producing enzyme in GBM compared to normal brain
tissue. Thus, our proposed strategy of treating GBM with combined IDH1 inhibition and
radiation may achieve a selectivity not seen with the inhibition of ribonucleotide reductase
or the folate cycle due to the preferential use of IDH1 as an NADPH source in GBM.

Our study fits well in the context of prior work that has investigated the relationship between
NADPH production and radiation, which has focused on the pentose phosphate cycle (PPC).
Indeed, Chinese Hamster Ovary cells lacking glucose 6 phosphate dehydrogenase, the rate
limiting step of the oxidative PPC, are approximately 50% more sensitive to radiation
compared to controls due to an inability to maintain reduced glutathione levels(33,34).
Consistent with these findings, flux through the oxidative PPC increases 3-5 fold after
radiation in CHO and A549 lung cancer cells, although these changes were only seen after
administration of extremely high doses of approximately 50 Gy(34,35). Conventional doses
of radiation (5-8 Gy) produced minimal changes in PPC activity in normal human
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lymphocytes unless they were also subjected to hypoxia(36), which suggests that other
NADPH-producing pathways could be important in the context of radiation. IDH1 and IDH2
have also been implicated in the cellular redox response and their deletion can increase ROS
levels and radiation sensitivity in several /in vitro cell line models of cancer (37-39). Our
results are consistent with these findings and extend them to show selectivity for GBM, in
vivo efficacy and that IDH1 supplies reducing potential for the generation of
deoxynucleotides in addition to antioxidants, both of which protect GBM against the
radiation response.

Our conclusion that the radiosensitization of GBMs by IDH1 knockdown is primarily due to
the induction of accelerated cellular senescence also fits well within the current literature.
Both deoxynucleotide and antioxidant depletion induce accelerated senescence in the
absence of radiation (40,41). Similarly, radiation often causes GBMs to lose replicative
capacity by inducing senescence rather than inducing apoptosis or other mechanisms of cell
death (42). Given that metabolic rescue with deoxynucleotide and antioxidant precursors
reverses both IDH1-mediated radiosensitization and accelerated senescence, our working
model is that IDH1 knockdown depletes deoxynucleotides and antioxidants, which causes
accelerated senescence when combined with radiation and leads to radiosensitization (Figure
6E).

Our study focuses on the interaction of radiation with wild type IDH1 in GBM. A small
subset of GBMs exhibit a monoallelic point mutation in the active site of IDH1 that confers
a neomorphic enzymatic activity in which mutant IDH1 catalyzes the conversion of a-
ketoglutarate to (D)-2-hydroxyglutarate(43—45). Patients with this mutation exhibit DNA
and histone hypermethylation and have an improved prognosis, while preclinical models of
IDH1 mutant tumors suggest that they have depleted NADPH-dependent antioxidants and an
increased sensitivity to radiation(46-50). Tumor tissue from patients with IDH1 mutated
gliomas exhibit approximately one-half of the maximal IDH1-catalyzed NADPH production
as IDH wild type GBMs, consistent with a monoallelic mutation(32). Thus, the inhibition of
wild type IDHL1 in patients with IDH1 wild type GBMs could improve their treatment
responsiveness and lead to improved survival more on par with patients with IDH1 mutant
tumors. Even when the IDH1 mutation is present, the single remaining allele of non-mutated
IDH1 encodes a wild type enzyme whose maximal capacity has the potential to be a major
producer of NADPH(32). Therefore, we anticipate that the strategy of wild type IDH1
inhibition could be efficacious both for patients with wild type or mutant IDH1 GBMs.

Together, our results show that targeting IDH1 could be an efficacious and selective
metabolic strategy to abrogate radiation resistance in GBM by affecting numerous nodes of
reductive biosynthesis. This strategy marries the successful paradigm of combining classical
antimetabolites and radiation with emerging knowledge from the field of cancer metabolism
and provides a strong rationale to develop IDH1-targeted therapeutics and study other
potential combinations of metabolic pathway inhibition with radiation. We are now taking
several steps to move these studies towards clinical translation including; the investigation of
IDHL1 inhibition in patient-derived xenografts that encompass the known molecular subtypes
of GBM, the integration of IDH1 inhibition with temozolomide and radiation, and the
development of novel pharmacologic inhibitors of IDH1. We anticipate that the results of
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these studies will lead to therapeutic advances that will improve the dismal outcomes
currently seen for patients with GBM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
IDHL1 is upregulated in GBM and is further upregulated following radiation. (A) IDH1

transcript levels in GBM compared to normal brain tissue in datasets used in Table 1.
Median-centered Intensity (MCI), Fold Change (FC). (B) Quantitative real-time PCR of
NADPH-producing enzyme transcript levels in U87 GBM cells 24 h following 0 (black) or 6
Gy (white). Error bars represent the standard error of the mean (SEM) from n=6 biologic
replicates. * p<0.0001.
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Figure 2.

Knockdown of IDH1 sensitizes GBM cell lines to radiation. (A—C) Three to four days
following transfection with non-targeting (black circle) or IDH1 (open circle) siRNA,
indicated GBM cell lines were irradiated and plated at clonal density and colonies were
counted 10-14 days later. (D and E) U87 GBM cells carrying a doxycycline-inducible
shRNA against IDH1 (E) or control (D) were treated with control media (black circle) or
doxycycline-containing media (open circle) for 3—4 days, then irradiated and analyzed for
colony formation as above. Curves depicted in (A-E) are representative of n=5 (U87), n=3
(U-138), n=3 (A172), n=3 (U87 i-shNT) or n=5 (U87 i-shIDH1) independent experiments.
(F) Enhancement ratios were calculated for each condition based on the mean inactivating
dose of radiation. * indicates p <0.05 compared to control and error bars represent the SEM
from 3-5 biologic replicates.
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Figure 3.

IDH1 knockdown potentiates radiation-induced senescence in GBM. (A) U87 cells were
irradiated with 6 Gy 3—4 days following transfection with NT or IDH1 siRNA. At 1, 3 or 6
days following RT, cells were stained and analyzed for senescence-associated -
galactosidase. Error bars represent the SEM from 4 independent biologic experimental
replicates. * indicates p<0.05 compared to NT 0 Gy and ** indicates p<0.05 compared to
IDH1 0 Gy and compared to NT 6 Gy. (B) Representative microscopy images of
senescence-associated p-galactosidase staining of U87 cells treated with the indicated
conditions 3 days following radiation. Scale bars are 100 pm. (C) A172 cells were irradiated
with 6 Gy 3-4 days following transfection with NT or IDH1 siRNA. At 1, 3 or 6 days
following RT, cells were stained and analyzed for senescence-associated B-galactosidase.
Error bars represent the SEM from 3 independent biologic experimental replicates. *
indicates p<0.05 compared to NT 0 Gy and ** indicates p<0.05 compared to IDH1 0 Gy and
compared to NT 6 Gy. # indicates p<0.1 compared to NT 0 Gy and ## indicates
p<0.1compared to IDH1 0 Gy and compared to NT 6 Gy (D) Representative microscopy
images of senescence-associated p-galactosidase staining of A172 cells treated with the
indicated conditions 3 days following radiation. Scale bars are 100 um.
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Figure 4.
IDH1 knockdown depletes antioxidant and deoxynucleotide pools in GBM. U87 cells were

transfected with non-targeting (Black, NT) or IDH1 (White, IDH1) siRNA. After 34 days,
cells were flash frozen and analyzed by mass spectrometry for (A) deoxynucleotides, (B)
reduced glutathione, (C) NADPH, (D) NADP and (E) ribonucleotides. Error bars represent
the SEM from between 3-7 independent determinations. * indicates p<0.05 and # indicates
p=0.15.
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Figure 5.
Supplementation of NADPH-dependent metabolites rescues IDH1-mediated

radiosensitization. (A and B) U87 cells were transfected with NT or IDH1 siRNA. After 3-4
days, cells were irradiated, plated at clonal density and analyzed for colony formation. Cells
were incubated with control media or media containing 4x concentrated nucleosides (Nuc,
EMD Millipore; 120 uM cytidine, guanosine, uridine, adenosine and 40 uM thymidine) for
the 24 hours prior to and following radiation. (A) Single representative clonogenic survival
assay of n=3 independent experiments performed. (B) Average enhancement ratios
calculated from the mean inactivating dose of n=3 independent clonogenic survival assays.
Error bars represent the SEM. * p=0.02 vs. NT. ** p=0.01 vs. IDH1. (C and D) U87 cells
were transfected and treated as in (A and B) but incubated with control media or media
containing 2 mM N-acetyl cysteine (NAC) for the 24 hours prior to and following radiation.
(C) Representative clonogenic survival assay of n=3 independent experiments performed.
(D) Average enhancement ratios calculated from the mean inactivating dose of n=3
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independent clonogenic survival assays. Error bars represent the SEM. # p=0.06 vs. NT. *
p=0.01 vs. IDH1. (E and F) U87 cells were irradiated with 6 Gy 3—4 days following
transfection with NT or IDH1 siRNA and treated with the indicated rescue agent for the 24
hours before and after radiation as in (A and C). Three days following radiation, cells were
stained and analyzed for senescence-associated p-galactosidase. Error bars represent the
SEM from n=4 independent biologic replicates. (E) * p=0.02 vs. NT 0 Gy. ** p=0.03 vs. NT
6 Gy. *** p<0.05 vs. IDH1 Gy. (F) For each of the four experiments represented in (E), the
% senescent cells was normalized to NT 6 Gy and plotted. # p=.054 vs. IDH1 6 Gy, **
p=0.01 vs. IDH1 6 Gy.
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Figure 6.

IDH1 knockdown complements radiation to treat GBM xenografts. (A) U87 cells carrying a
doxycycline-inducible sShRNA against IDH1 were injected into flanks and tumors were
allowed to form. Once tumors reached 60-70 mm3, doxycycline water was initiated in
appropriate groups. Two days following doxycycline initiation, radiation treatments began in
appropriate groups with a total of 14 Gy administered in 7 fractions of 2 Gy each.
Doxycycline was discontinued the day following radiation completion and tumor volumes
were measured 3 times weekly. (B) Tumor volumes for the indicated treatment groups are
normalized to the individual tumor sizes defined on day 1. Error bars show the SEM from 16
tumors from eight mice per group. (C) Kaplan Meier estimates of time to tumor tripling.
Median times to tripling are 9 (control), 12 (doxycycline alone), 14 (radiation alone) and 21
(doxycycline+radiation) days. Tumor sizes are normalized to the size on the day of radiation
initiation. * p<0.005 vs. control. **p<0.001 vs. control, RT alone, and doxy alone. (D) Nine
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days following doxycycline initiation, xenografts were harvested, flash frozen and analyzed
for IDH1 expression by immunoblot. Each band is from an individual tumor. (E) Metabolic
model of IDH1-mediated radioresistance. In IDH1 wild type GBM, the enzymatic activity of
IDH1 catalyzes the production of NADPH, which facilitates the maintenance of antioxidants
and synthesis of deoxynucleotides, both of which abrogate the effects of radiation. When
IDH1 is inhibited, antioxidant regeneration and deoxynucleotide synthesis are compromised
increasing radiation sensitivity.
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Table 1

IDH1 is the most upregulated NADPH-producing enzyme in GBM. Transcript levels of NADPH-producing
enzymes were examined in 4 independent clinical datasets containing both GBM and normal brain. Within
each clinical data set, individual NADPH-producing enzymes were ranked from most upregulated (#1) to least
upregulated (#8).

Overexpression rank of NADPH-producing enzymes Sun TCGA Murat Shai
1 IDH1* IDH1* 6PGD* IDH1*
2 G6PDH* 6PGD IDH1* MTHFD1
3 6PGD G6PDH MTHFD1 ME2
4 IDH2 MTHFD1 G6PDH 6PGD
5 ME2 IDH2 ME2 IDH2
6 NNT ME2 IDH2 NNT
7 ME1 NNT NNT ME1
8 MTHFD1 ME1 ME1 G6PDH

Enzymes denoted with * are among the top 5% of all upregulated genes associated with GBM in a given data set.
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