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RESEARCH ARTICLE https://doi.org/10.1158/2767-9764.CRC-23-0271 OPEN ACCESS

Check for
updatesD-2-HG Inhibits IDH1mut Glioma Growth via

FTO Inhibition and Resultant m6A
Hypermethylation
Sean T. Pianka1, Tie Li1, Terry J. Prins1, Blaine S.C. Eldred1, Bryan M. Kevan1, Haowen Liang1,
Serendipity Zapanta Rinonos2, Harley I. Kornblum1, David A. Nathanson3,
Matteo Pellegrini4, Linda M. Liau5, Phioanh Leia Nghiemphu1, Timothy F. Cloughesy1, and
Albert Lai1

ABSTRACT

IDHmut gliomas produce high levels of D-2-hydroxyglutarate (D-2-HG),
an oncometabolite capable of inhibiting α-ketoglutarate–dependent dioxy-
genases critical to a range of cellular functions involved in gliomagenesis.
IDHmut gliomas also exhibit slower growth rates and improved treatment
sensitivity compared with their IDHwt counterparts. This study explores
the mechanism driving apparent reduced growth in IDHmut gliomas.
Specifically, we investigated the relationship between IDHmut and the
RNA N6-methyladenosine (m6A) demethylases FTO and ALKBH5, and
their potential for therapeutic targeting. We investigated the role of D-2-
HG and m6A in tumor proliferation/viability using glioma patient tumor
samples, patient-derived gliomaspheres, and U87 cells, as well as with
mouse intracranial IDHwt gliomasphere xenografts.Methylation RNA im-
munoprecipitation sequencing (MeRIP-seq) RNA sequencing was used
to identify m6A-enriched transcripts in IDHmut glioma. We show that
IDH1mut production of D-2-HG is capable of reducing glioma cell growth
via inhibition of the m6A epitranscriptomic regulator, FTO, with resul-

tant m6A hypermethylation of a set of mRNA transcripts. On the basis
of unbiased MeRIP-seq epitranscriptomic profiling, we identify ATF as
a hypermethylated, downregulated transcript that potentially contributes
to increased apoptosis. We further demonstrate how targeting this path-
way genetically and pharmacologically reduces the proliferative potential of
malignant IDHwt gliomas, both in vitro and in vivo. Ourwork provides evi-
dence that selective inhibition of them6A epitranscriptomic regulator FTO
attenuates growth in IDHwt glioma, recapitulating the clinically favorable
growth phenotype seen in the IDHmut subtype.

Significance:We show that IDH1mut-generatedD-2-HG can reduce glioma
growth via inhibition of the m6A demethylase, FTO. FTO inhibition rep-
resents a potential therapeutic target for IDHwt gliomas and possibly in
conjunction with IDH1mut inhibitors for the treatment of IDHmut glioma.
Future studies are necessary to demonstrate the role of ATF5 downregula-
tion in the indolent phenotype of IDHmut gliomas, as well as to identify
other involved gene transcripts deregulated by m6A hypermethylation.

Introduction
Glioma is themost common primary brain cancer in adults with approximately
20,000 patients diagnosed yearly in the United States (1). Extensive genetic and
molecular characterization of patient gliomas have established several glioma
subtypes (2, 3). Onemajor subtype, defined by a heterozygousmutation in isoc-
itrate dehydrogenase (IDH) 1 or 2, comprises 35% of all adult diffuse gliomas
(including ∼80% of World Health Organization grade II–III gliomas and 12%
of all glioblastomas; refs. 4, 5). The IDHmutation represents a driver mutation
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of gliomagenesis but also appears to mediate favorable clinical attributes such
as slower tumor growth and increased overall survival (4–7).

Mechanistically, IDH1 loses the ability to convert isocitrate to α-ketoglutarate
(α-KG) when IDH1mut and IDH1wt proteins heterodimerize, and instead gains
the ability to convert α-KG to D-2-hydroxyglutarate (D-2-HG; ref. 8). This can
lead to a paradoxical change in α-KG levels (9). However, the major influence
of the IDH mutation results from supraphysiologic levels of intracellular and
extracellular D-2-HG that act as a competitive inhibitor of a wide variety of
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Fe(II)-dependent and α-KG–dependent dioxygenases in glioma cells and their
microenvironment (10, 11). How D-2-HG may both initiate gliomas and slow
growth remains to be understood.

Recently, the ability of D-2-HG to inhibit α-KG–dependent dioxygenases has
intersected with the rapidly evolving field of epitranscriptomics, specifically
regarding N6-methyladenosine (m6A), the most common modification in
eukaryotic mRNA. Current evidence indicates that m6A modifications are
dynamically regulated through m6A methyltransferases (“writers”; refs. 12,
13) and demethylases (“erasers”; refs. 14–17) to impact mRNA splicing, sec-
ondary structure, export from the nucleus, intracellular localization, transcript
stability, translation efficiency, miRNA processing, and RNA–protein interac-
tions (18–22). The mammalian m6A erasers identified to date, fat mass and
obesity-associated protein (FTO, also known as ALKBH9) and AlkB homolog
5 (ALKBH5; refs. 16, 17), have been suggested to have oncogenic roles in
different cancer types including leukemia, glioma, breast cancer, and lung can-
cer (23–27). FTO can bind many RNA species and can demethylate various
substrates not limited to m6A (28). Recent studies also posit that D-2-HG
treatment can inhibit glioma cell viability in a dose-dependent fashion (Sup-
plementary Data, Su and colleagues, 2018) and that D-2-HG can inhibit FTO
in IDHmut acute myeloid leukemia cells to increase m6A abundance and slow
cell proliferation (25, 26). However, differential m6A methylation in glioma
is poorly understood and warrants further investigation (29), because many
studies ignore IDH mutation status, yield conflicting results (30, 31), or do
not account for potential upstream pathways that may be influencing m6A
methylation and tumor growth (27, 32, 33).

The focus of this study is to confirm the growth suppressive ability of D-2-
HG in IDHmut gliomas and determine whether this could be mediated by
m6A dysregulation. Combining epitranscriptomic techniques applied to pa-
tient glioma samples and gliomaspheres, we demonstrate the presence of RNA
m6A hypermethylation in IDHmut gliomas that can be directly induced via
D-2-HG–mediated inhibition of FTO demethylase (erasure) activity. We also
show how this IDHmut → D-2-HG � FTO axis may inhibit tumor growth
through downregulation of activating transcription factor 5 (ATF) mRNA,
a transcription factor involved in proliferation and apoptosis in glioma (34,
35). These findings highlight a potential biological mechanism underlying the
favorable prognosis that IDHmut confers upon glioma patients and provide
evidence that FTO is a viable therapeutic target in IDHwt glioblastomas.

Materials and Methods
Refer to Supplementary Materials and Methods for detailed information on
Immunoblotting, Intracellular D-2-HG Quantification, Gene-specific m6A
qRT-PCR, The Cancer Genome Atlas (TCGA) Gene Expression Analyses,
Gliomasphere Microarray Analyses, Animal Procedures, Gaussia Luciferase
Tumor Burden Estimation, and Survival Analysis.

Patient Tissue Sample Acquisition
Clinically annotated IDHmut (n= 44) and IDHwt (n= 36) fresh frozen patient
glioma tumors were acquired through the University of California Los Ange-
les (UCLA) Brain Tumor Translational Resource, and under approval of the
UCLA Institutional Review Board in accordance with the U.S. Common Rule
(Supplementary Table S1). Each sample was subjected to histologic quality con-
trols confirming the presence of ≥70% tumor versus normal brain tissue, and
IDH status was established using IDH1mut IHC and Sanger sequencing.

Cell Culture and Treatments
IDHmut expression was induced in previously established U87 cells using
IDHRH-pLPCX and IDHwt-pLPCX retroviral constructs, with blank-
pLPCX transduced lines acting as vector controls (36–38). IDH1mut expression
was confirmed in all cell lines with immunoblotting. Immortalized normal hu-
man astrocytes (NHA; ref. 39) with stabilized expression of hTERT, E6, and E7
were provided by Dr. Russell Pieper (University of California, San Francisco,
CA; 2016). IDHmut (n= 4) and IDHwt (n= 19) patient-derived gliomaspheres
were provided by Dr. Harley Kornblum (University of California, Los Ange-
les, CA; collected between 2013 and 2023; ref. 40) and Dr. David Nathanson
(University of California, Los Angeles, CA; collected between 2013 and
2023; Supplementary Table S2). BT142 hemizygous IDHmut/− gliomaspheres
were obtained from ATCC (ATCC, catalog no. ATS-1018, RRID:CVCL_X501,
2013). U87 (ATCC, catalog no. HTB-14, RRID:CVCL_0022, 2007), HEK293T
(ATCC, catalog no. CRL-3216, RRID:CVCL_0063, 2007), and NHA cell lines
were maintained in DMEM cell culture medium supplemented with 10%
FBS and penicillin/streptomycin, cultured at 37°C and 5% CO2. Glioma-
spheres were maintained in DMEM/F12 supplemented with B27, heparin,
EGF, and bFGF. Previously expanded cell lines were thawed and passaged
one additional time before being used in the described experiments. Nei-
ther Mycoplasma testing nor authentication was performed. Octyl-D-2-HG
(Cayman Chemical, catalog nos. 16374 and 21123) treatment dosages were
selected on the basis of previous work to achieve intracellular concentra-
tions of D-2-HG levels seen in IDHmut glioma cells (41). Two IDH1mut

inhibitors were utilized in our study: C35 (Xcess Biosciences, Inc. catalog no.
M60068-2s) and AG881 (Selleck Chemicals, catalog no. S8611). In addition,
we tested two FTO inhibitors: FB23-2 (MedChemExpress, catalog no. HY-
127103) and meclofenamic acid (MA; Cayman Chemicals, catalog no. 70550).
All pharmacologic treatment agents were dissolved in DMSO (Sigma-Aldrich,
catalog no. 472301), and cells were treated with indicated concentrations
and time courses. Equivalent quantities of DMSO (or PBS in D-2-HG ex-
periments) were used as treatment control conditions across all described
experiments.

Total RNA and mRNA Isolation
Total RNAwas purified from cellular samples using RNeasyMini Kits (Qiagen,
catalog no. 74104). For methylation RNA immunoprecipitation sequenc-
ing (MeRIP-seq) experiment, total RNA was isolated using TRIzol Reagent
(Ambion, catalog no. 15596018). PolyATtract mRNA Isolation Systems Kit
(Promega, catalog no. Z5300) was used to purify mRNA from total RNA
samples.

m6A RNA Dot Blot
Total RNA and poly A+ purified mRNA from samples were subjected to
m6A dot blots using m6A-specific antibody (Synaptic Systems, catalog no.
202003, RRID:AB_2279214). Briefly, mRNA was isolated from total RNA us-
ing Dynabeads mRNA Purification Kits (Thermo Fisher Scientific, catalog
no. 61006) per the manufacturer’s instructions. At least 20 μg of total RNA
was used for each sample. Purified mRNA was diluted to a concentration of
2 ng/μL, and then heated at 70°C for 10 minutes to disrupt secondary RNA
structures. A total of 2 μL of mRNA was then added directly to Hybond-N+
membrane optimized for nucleic acid transfer, followed by 15 minutes of UV-
light exposure to induce cross-linking. Membranes were washed in TBS with

AACRJournals.org Cancer Res Commun; 4(3) March 2024 877



Pianka et al.

0.05% Tween 20 (TBST) wash buffer for three 10-minute rounds. Membranes
were then incubated in blocking buffer (TBST w/5% milk and 2.0% BSA) for
1 hour at room temperature, followed by incubation with anti-m6A antibody
in a 1:2,000 dilution in fresh blocking buffer overnight at 4°C. Three rounds of
10minutes TBSTwashes were then followed by incubationwith goat anti-rabbit
IgG-HRP (horseradish peroxidase; 1:5,000 dilution; Abcam, catalog no. ab6721,
RRID:AB_955447) in blocking buffer for 1 hour at room temperature. After an
additional three rounds of 10 minutes TBST washes, membranes processed us-
ingPierce ECLWesternBlotting Substrate kit (ThermoFisher Scientific, catalog
no. 32109) was used for HRP signal visualization. ChemiDoc XRS+ Imag-
ing system (RRID: SCR_019690) and image lab software (Bio-Rad, catalog no.
1709690, RRID:SCR_014210) was used to capture chemiluminescent images of
immunoblot membranes.

Quantification of m6A
Quantification of m6A in total RNA was achieved using EpiQuik m6A
RNA Methylation Quantification Kits (Colorimetric; EpiGenTek, catalog no.
P900548) according to themanufacturer’s directions. Briefly, 200 ng of purified
RNA was added to the provided strip-well plate frame, followed by incuba-
tion at 37°C for 90 minutes. Capture antibodies for m6A were then added
to the solution and incubated for 60 minutes at room temperature, followed
by the addition of corresponding detection antibodies and 30 minutes of in-
cubation at room temperature. After the addition of enhancer solution and
several rounds of washing per the manufacturer’s protocol, detection solution
was added followed by 10minutes of incubation at room temperature away from
light. A stop solutionwas utilized to halt the enzymatic reaction and the 450 nm
absorbance immediately read on a Wallac Victor2 microplate reader (Perkin
Elmer, catalog no. 1420-012). Relativem6A content is proportional tomeasured
OD intensities for each sample andwere calculated using the following formula:
m6A = (Sample OD−NCOD)÷ S

(PCOD−NCOD)÷ P ×100% (whereNCOD= 450 nmabsorbance for
negativem6A control RNA, PCOD= 50 nm absorbance for positivem6A con-
trol RNA, S = ng of sample RNA, P = ng of PC RNA). ANOVA or two-tailed
Student t tests were used to compare means between groups, with statistical
significance set at P ≤ 0.05.

IDH1mut Forced Expression into Gliomaspheres
Lentiviruses were produced from pUltra-IDHmut-EGFP or blank pUltra-
EGFP plasmids (Addgene, catalog no. 24129, RRID:Addgene_24129) packaged
with pMD2.G VSV-G envelope plasmid (Addgene, catalog no. 12259,
RRID:Addgene_12259) and pCMVR8.74 packaging plasmid (Addgene, cat-
alog no. 22036, RRID:Addgene_22036) in HEK293T cells cultured in
regular DMEM/10% FBS. Plasmids were transfected into HEK293T using
X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich, catalog no.
XTGHP-RO). HEK293T cells were allowed to incubate for 48 hours, at which
time the lentivirus-containing media was harvested, aliquoted, and stored
at −80°C. Target glioma cells were disassociated to the single-cell level and
seeded in gliomasphere-compatible media (absent penicillin/streptomycin).
Cells were transduced with lentivirus-containing media and regular culture
media in a 1:5 ratio. 1 μg/mL of polybrene was added to facilitate transduc-
tion efficiency. Cells remained in lentivirus-containing media for nomore than
48 hours, at which point media was replaced with standard culture media.
After 12–15 days, all cells exhibited 100% GFP positivity indicating success-
ful transduction. Sequencing and Western blot analyses were performed for
confirmation.

FTO, ALKBH5, and ATF5 Knockdown
and Overexpression
For knockdown experiments, plasmids for piLenti-FTO-shRNA-GFP (5′-
TTTCTCACACTGCACAAGCATGGCTGCTT-3′), piLenti-ALKBH-shRNA-
GFP (5′-CGTGTCCGTGTCCTTCTTTAGCGACTCTG-3′), piLenti-ATF-A-
siRNA-GFP (5′-GGGCTGGGATGGCTCGTAGACTATGGGAA-3′), piLenti-
ATF-B-siRNA-GFP (5′-TTGGATACTCTGGACTTGCTGGCCATCTA-3′),
or piLenti-NSC-shRNA-GFP (5′-AACAGGCACACGTCCCAGCGT-3′) were
constructed on a piLenti-U-shRNA-GFP-Puro vector backbone (GenTarget,
Inc. catalog no. SH-U6-GP). Lentiviruses containing these constructs were
packaged as described above. For overexpression, lentiviruses containing
FTOwt (pMIRNA1-Flag-FTOwt) and FTOmut (pMIRNA1-Flag-FTOmut) were
also produced in this manner. FTOmut contains point mutations (H231A;
D233A) that disrupt enzymatic activity to provide the control. Target sphere
infections for knockdown and overexpression are same as above. Three days
after infection, 1 μg/mL of puromycin was applied for 7 days to select for
successfully transduced cells. GFP imaging was used to validate transduction
efficiency, and Western blot analyses were used to confirm successful target
manipulation.

Quantification of Cell Viability or Proliferation
For adherent cell lines (U87, NHA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays were employed to test cell
viability. Briefly, a uniform number of cells were cultured in 24-well plates
under specified times and treatment durations, and then exposed to premixed
MTT solution (0.5 mg/mL in regular culture media). Cells were incubated at
37°C for 1 hour. The MTT solution was then removed, and the MTT-reduced
formazan product was extracted from the cells following lysing with 300 μL
of DMSO. Formazan concentrations were measured at 560 nm absorbance
using a Wallac Victor2 microplate reader and a background subtraction
of 660 nm absorbance. Three independent experiments were performed
for each experimental condition. Data were analyzed in GraphPad Prism 9
(RRID:SCR_002798) and results presented as a “mean±SEM.” For gliomas-
pheres, growth was determined using sphere volume measurement. Briefly,
live images of gliomaspheres in culture were taken using a Leica DMi8-440
inverted fluorescent microscope. Sphere volumes in live images were then
calculated using ImageJ (RRID:SCR_003070). A minimum of 100 spheres
were imaged for each experimental condition, and volumes were averaged
and analyzed in Prism 9 with results presented as a “mean±SEM” with a
unit of mm3. Gliomaspheres in each experiment were grown for the same
number of days, ranging between 9 and 15 days depending on the cell line.
Unless otherwise stated, two-tailed Student t tests were used to compare means
between groups, with statistical significance set at P ≤ 0.05.

Drug Affinity Responsive Target Stability Assay
Drug affinity responsive target stability (DARTS) assay was performed as de-
scribed previously (42). Briefly, total protein from U87 glioma cell lysate was
used for DARTS assay, which contains FTO and ALKBH5 proteins. A to-
tal of 200 μg protein in 100 μL assay buffer was preincubated with D-2-HG
as pointed concentration for 30 minutes. Then, they were equally divided
into two aliquots: one with added protease (1 μg of protease: 100 μg of pro-
tein) and the other served as control. The protease digestion reaction was
15 minutes at room temperature. Potential D-2-HG interactions with protein
components exert a protective effect against protease digestion. The protec-
tive effects were measured by Western blot analysis using anti-FTO (Novus,
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catalog no. NB110-60935, RRID:AB_925405), anti-ALKBH5 (Novus, catalog
no. NBP1-82188, RRID:AB_11037354), and anti-α-tubulin (Sigma-Aldrich, cat-
alog no. T6199, RRID:AB_477583; negative control) antibodies; quantitation
was performed by densitometry.

MeRIP-seq Differential Expression and m6A
Methylation Analyses
A minimum of 400 μg of total RNA from patient tumor, gliomasphere, or
glioma cell culture was subjected to poly A+ purification to isolate ≥10 μg
of mRNA using the Dynabeads mRNA Purification kit (Thermo Fisher Sci-
entific, catalog no. 61006). Transcripts were fragmented into approximately
100 nt segments as described previously (43). Dynabeads were coupled tom6A-
specific antibodies (Synaptic Systems, catalog no. 202 003, RRID:AB_2279214)
using the Dynabeads Antibody Coupling kit (Thermo Fisher Scientific, cata-
log no. 14311D). Washing, elution, extraction, and cleanup of m6A-enriched
mRNA was performed per the manufacturer’s protocols, described in fur-
ther detail in the abovementioned publication. TruSeq Stranded mRNA
Library Preparation kits (Illumina, catalog no. 20020594) were used for all
sequencing library preparations, with unique adapter indices ligated to each
sample to allow for multiplexing (TruSeq RNA Single Indices Set A, Il-
lumina, catalog no. 20020492). Library quantification and quality control
was performed using KAPA Library Quantification kits (Roche, catalog no.
KK4828). For each sample, we performed high-throughput sequencing on an
m6A-immunoprecipitated fraction (MeRIP-seq) as well as a mRNA-only frac-
tion [RNA sequencing (RNA-seq)]. Sequencing was conducted at the UCLA
Neuroscience Genomics Core on Illumina Hi-Seq4000 system. Each sample
underwent 75 nt paired-end sequencing, giving a read depth of ≥30 million
per multiplexed sample.

We conducted MeRIP-seq analysis using RADAR (44), a differential m6A
analytic method developed in R, and the GRCh38 genome. Briefly, adapter
sequences were trimmed using the FASTX-Toolkit (RRID:SCR_005534)
and reads were filtered for mRNA transcripts using SortMeRNA (RRID:
SCR_014402; ref. 45). Data were kept segregated by IDH status (mu-
tant vs. wildtype) and as m6A-immunoprecipitated mRNA or total mRNA.
Reads were then mapped to the Gencode GRCh38 primary assembly with
STAR (RRID:SCR_004463; ref. 46) using transcriptome mode to gener-
ate aligned BAM files for import into R Project for Statistical Computing
(RRID:SCR_001905) and RADAR. GTF annotation files for this purpose were
obtained through Gencode (RRID:SCR_014966). RADAR differential analy-
sis was then conducted by subjecting our m6A-immunoprecipitated mRNA
and total mRNA fractions to algorithmic m6A peak calling and annotation,
comparing IDHmut and IDHwt cell lines using RADAR (44). Custom R
scripts were written to intersect these results with TCGA (RRID:SCR_003193)
RNA-seq data on the basis of strict criteria: (i) differential m6A expres-
sion detected by RADAR must have had a P < 0.01, (ii) a given transcript
must be differentially expressed in TCGA data between IDHmut and IDHwt

patients (absolute value log2 fold change >1.0; P < 1.0 × 10−6), and (iii)
the differential m6A methylation must conform to m6A conventions (i.e.,
an increase in RADAR m6A inversely correlated with RNA expression in
TCGA data).

Apoptotic Activity Measurements
For quantification of changes in apoptotic activity in octyl-D-2-HG, FB23-2,
and MA-treated cells, the Caspase-Glo 3/7 Assay Kit (Promega, catalog no.
G8090) was used. The assay is a homogenous luminescent assay that captures

Caspase 3 and Caspase 7 activities. This is achieved with a luminogenic sub-
strate containing the tetrapeptide sequence DEVD. The substrate is cleaved by
caspases, thus generating a luminescent luciferase signal proportional to the
amount of caspase activity present in the samples. The manufacturer’s protocol
was followed in the execution of all experiments. Briefly, cells were cultured in
white-walled 96-well plates and treated with the specified compounds in tripli-
cate. A total of 100 μL of Caspase-Glo 3/7 Reagent was added to eachwell. Plates
were placed on a shaker at 300 RPM for 30 seconds and incubated at room tem-
perature for 3 hours. Luminescence for each sample was then measured on a
Wallac Victor2 microplate reader.

For visualization of fluorescently-labeled apoptosis activity in octyl-D-2-HG,
FB23-2, and MA-treated cells, the Apoptosis/Necrosis Assay kit (Abcam, cat-
alog no. ab176749) was used, following the manufacturer’s protocol. The assay
stains phosphatidylserine exposed on the external leaflet of plasmamembranes
with a green fluorescent apopxin indicator (Ex/Em = 490/525 nm), while
necrotic cells are labeled with a red fluorescent and membrane-impermeable
7-AAD (7-Aminoactinomycin D) indicator (Ex/Em = 550/650 nm) and
healthy cells are visualized with a blue CytoCalcein Violet 450 indicator
(Ex/Em= 405/450 nm). Briefly, cell lines were cultured in regular media in 24-
well plates and treated with the specified compounds in triplicate. After 3 days,
the plated cells were washed twice with 100 μL of provided Assay Buffer and
resuspended in 200 μL of Assay Buffer with 2 μL of Apopxin Green Indicator
(100X stock), 1 μL of 7-AADNecrosis Indicator (200X stock), and 1 μL of Cyto-
Calcein 450 Indicator (200X stock). Cells were incubated at room temperature
for 60 minutes, followed by two 100 μL Assay Buffer washes. Cells were then
imaged under a fluorescent microscope. Apoptotic cells were visualized using
the FITC channel (Ex/Em = 490/525 nm). Necrotic cells were visualized using
the Texas Red channel (Ex/Em = 550/650 nm). Healthy cells were visualized
with a violet channel (Ex/Em = 405/450 nm).

MazF-qRT-PCR
To further confirm ATF m6A hypermethylation, we employed another m6A
mRNA identification technique known as MazF-qRT-PCR. MazF is an ACA
sequence–specific mRNA endoribonuclease found in Escherichia coli, and
m6Amodifications serve to protect RNA fromMazF cleavage activity. MeRIP-
seq called three m6A peaks in the final ATF, among which only one motif
(localized within the first m6A peak; 5′-TCAAGAAGGAGCTGGAmACA
GATGGAAGmACTTCTTCCTAGATGCCCCGCCC-3′) was amenable to
MazF-RT-PCR detection. In the 81 bases upstream and 114 bases downstream
of the GAmACAmotif, there are also two other ACA sites (non-m6A RRACA
motifs), providing an approximately 195-base region suitable for qRT-PCR se-
quencing. We designed forward (5′-ACCTGACCTGGAAGCTATGG-3′) and
reverse (5′-CAAAGGAGGGGAGGGACAG-3′) primers for this purpose. The
remainder of the experiment proceeded according to the MazF methodology
described in Imanishi and colleagues, 2017 (47).

Animal Studies
All animal studies (see SupplementaryMaterials andMethods) were conducted
under approval of the UCLA Institutional Animal Care and Use Committee.

Data Availability Statement
All data generated in this study are available upon request from the
corresponding author.
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Results
Patient IDH1mut Gliomas and Gliomaspheres Exhibit
Increased D-2-HG and m6A Content
FTO and ALKBH5 are m6A erasers belonging to the superfamily of α-KG–
dependent dioxygenases susceptible to D-2-HG inhibition (11, 48–50). We
hypothesized that IDHmut gliomas generating D-2-HG should therefore man-
ifest a phenotype of global RNAm6A hypermethylation. We obtained IDHmut

(n = 12) and IDHwt (n = 12) fresh frozen glioma samples from the UCLA
Brain Tumor Translational Resource to examine their total RNA m6A levels.
Details of pathologic diagnoses and patient cohort characteristics are summa-
rized in Supplementary Table S1. As expected, m6A quantification using the
colorimetric EpiQuikm6ARNAMethylationQuantification kit showed signif-
icantly higher m6A levels in IDHmut gliomas versus IDHwt gliomas (P≤ 0.04;
Fig. 1A). Although antibody-based approaches for m6A do have limitations
including cross-reactivity to other RNA modifications, and limited utility for
quantification of m6A stoichiometry, EpiQuik m6A testing has recently been
confirmed to provide comparable results to mass spectrometry (51). Among
IDHmut (n = 4) and IDHwt (n = 7) gliomaspheres assessed, all four IDHmut

gliomaspheres expressing the IDHwt/RH heterozygous genotype manifested
higher levels of intracellular D-2-HG (P ≤ 0.003; Supplementary Fig. S1A) as
expected and m6A content as measured by EpiQuik (P ≤ 0.04; Fig. 1B) and vi-
sualized by dot blot (Supplementary Fig. S1B). Notably, BT142 gliomaspheres
with an uncommon hemizygous IDHmut/− genotype (thus unable to generate
D-2-HG which requires the IDH1mut and IDH1wt protein heterodimer to con-
vert α-KG to D-2-HG), demonstrate lower D-2-HG and m6A levels like that of
IDHwt lines (Supplementary Fig. S1A and S1B).

We next examined whether forcibly expressing IDHmut in NHA, U87, or
gliomasphere cell lines could induce m6A hypermethylation. Upon confir-
mation of increased intracellular D-2-HG in forced expressing IDHmut lines
compared with their respective vector controls (n = 1; Fig. 1C), we found that
IDHmut lines also demonstrated higher m6A levels in total RNA (Fig. 1D)
and poly A+ purified mRNA isolates (Supplementary Fig. S1C). Three IDHwt

gliomasphere lines (HK385, HK217, and HK250) were also transfected with
lentivirus vectors delivering pUltra-IDHRH-EGFP plasmid or an empty vec-
tor pUltra-GFP control. Upon confirmation that the three gliomasphere lines
possessed increased intracellular D-2-HG content (n= 1; Fig. 1C), we observed
m6A enrichment in each line after IDHmut overexpression (Fig. 1D). Mainte-
nance of gliomaspheres in differentiating media conditions (2% FBS) did not
appear to affect m6A enrichment in IDHmut gliomaspheres (Supplementary
Fig. S1D).

As mentioned previously, dynamic regulation of mRNA m6A epitranscrip-
tomic modifications depends on the balance between m6A writer and eraser
activity. To address the possibility that differential expression of m6A writ-
ers and erasers contributes to the increased m6A content we observed in
IDHmut gliomas, we examined mRNA transcript levels of these genes in pa-
tient glioma tissue data in TCGA (RRID:SCR_003193) accessed via the GlioVis
(RRID:SCR_023877) database portal and visualization tool and gliomasphere
transcriptomicmicroarray data previously summarized in Laks and colleagues,
2016 (5, 52, 53). Microarray data showed similar expression of m6A writers and
erasers among IDHwt and IDHmut gliomaspheres (Supplementary Fig. S1E),
and TCGA data showed that METTL, METTL, ALKBH show minimal
magnitude differences between IDHmut and IDHwt patients, whereas WTAP
and FTO (absolute value log2 fold change of >0.9) show larger differences.

However, the direction of these changes, if functionally important, (e.g., in-
creased FTO and decreased WTAP expression in the IDHmut) would result in
decreased m6A content instead of the increased m6A that we observed (Sup-
plementary Fig. S1F). Despite the limitations in this analysis given the differing
baseline genetic backgrounds between IDHwt and IDHmut gliomas, these data
indicate differences in writer and eraser expression is unlikely to explain m6A
increases in IDHmut gliomas. Taken together, these experiments indicate that
IDHmut gliomas are associated with increased levels of m6A hypermethylation
and suggest a key role for D-2-HG.

D-2-HG is Both Necessary and Sufficient to Induce
m6A Hypermethylation
To investigate whether D-2-HG was sufficient to induce m6A hyperme-
thylation, we treated multiple IDHwt cells with cell membrane-permeable
octyl-D-2-HG. Octyl-D-2-HG treatment yielded a noticeable increase in m6A
abundance in gliomaspheres, as quantitated by EpiQuik (Fig. 1E) and visualized
by dot blot in both gliomasphere (Supplementary Fig. S1G) and LN18, U87, and
NHA cells lines (Supplementary Fig. S1H).

We next tested the effect of inhibiting D-2-HG production to determine
whether D-2-HG is necessary to establish m6A hypermethylation in IDHmut

glioma. Employing two pharmacologic inhibitors of IDH1mut, AG881, and C35
(54, 55), we confirmed that 72 hour treatment with either C35 (2 μmol/L) or
AG881 (1 μmol/L) reduced intracellular D-2-HG levels in IDHmut forced ex-
pression lines (NHA, U87 cells, and HK385 gliomaspheres), with no change
in D-2-HG content seen in C35- or AG881-treated IDHwt vector controls
(n = 1; Fig. 1F). As expected, treatment with IDH1mut pharmacologic in-
hibitors reduced the abundance of m6A in these IDHmut cells (Fig. 1G).
Native IDHmut gliomaspheres (HK252 andHK211) also exhibited reductions in
D-2-HG and m6A upon treatment with AG881 (Fig. 1H and I). In the hemizy-
gous IDHmut/− BT142 gliomaspheres with nearly undetectable D-2-HG level
comparable to that of IDHwt glioma cells (Supplementary Fig. S1A), m6A
abundance remained at pretreatment levels following AG881 and C35 expo-
sure (Supplementary Fig. S1I). Western blot analysis confirmed no change in
writer or eraser expression with D-2-HG (Supplementary Fig. S1J). Taken to-
gether, these experiments provide strong evidence that D-2-HG production is
necessary for m6A hypermethylation in IDHmut gliomas.

IDH1mut Gliomas Harbor a Set of m6A Hypermethylated
mRNAs That are Downregulated
We performed an unbiased screen of m6A-enriched transcripts across IDHmut

and IDHwt U87 andNHAcell lines as well as four gliomasphere lines (IDHmut :
HK211, HK252; IDHwt: HK217, HK250), using MeRIP-seq (56). To identify a
set of differentially methylated and expressed transcripts, we then subjected
ourm6A-immunoprecipitatedmRNAand totalmRNA fractions to algorithmic
m6A peak calling, annotation, and IDHmut versus IDHwt differential expres-
sion using RADAR (44). Volcano plots for raw RADAR output data revealed a
higher percentage of significant (P < 0.01) m6A transcript sites with an abso-
lute value log2 fold change >0.5 in IDHmut cells (61%) compared with IDHwt

(39%; Fig. 1J). To avoid false positives due to cell models, sample size, or m6A
hypermethylation lacking functional consequence in patients, we intersected
this RADARm6A list (2,438 genes) to gene found to be differentially expressed
(P < 1.0 × 10−6) with an absolute value log2 fold change greater than 1.0 (3,763
genes; Fig. 1K) in TCGAGBM+LGG IDHmut and IDHwt RNA-seq patient data.
This yielded a list of MeRIP-seq RADAR m6A targets (217 genes) with high
clinical relevance. Genes in this list that also conformed to m6A functional
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FIGURE 1 IDH1mut production of D-2-HG induces RNA m6A hypermethylation in gliomas. A, IDH1mut patient gliomas manifested RNA m6A
hypermethylation, IDH1mut (n = 12) versus IDH1wt (n = 12; P ≤ 0.04). B, IDH1mut gliomaspheres exhibited increased m6A content, IDH1mut (n = 4) versus
IDH1wt (n = 7; P ≤ 0.04). In NHA lines, U87 cells, and IDH1wt gliomaspheres, IDH1mut forced expression elevates intracellular D-2-HG content (n = 1; C)
and induce m6A enrichment [ANOVA, F(1,27) = 115.0, P ≤ 0.0001; asterisks indicate post hoc Newman–Keuls comparison with vector for each cell type]
(D). E, Octyl-D-2-HG treatment (0.5 mmol/L) of IDH1wt gliomaspheres increased m6A content compared with (Continued on the following page.)
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(Continued) PBS treatment controls (n = 6; paired t test; P ≤ 0.01). F, D-2-HG content in HK385, U87, and NHA cells following treatment with IDH1mut

inhibitors (C35 = 2 μmol/L; AG881 = 1 μmol/L), quantified using D-2-HG enzymatic assay. G, Effect of IDH1mut inhibitor on m6A content in HK385, U87,
and NHA cells with IDH1mut forced expression [ANOVA, IDH1mut inhibitor treatment: F(8,32) = 12.9, P ≤ 0.0001; vector vs. IDH1mut: F(1,32) = 79.22, P ≤
0.0001; inhibitor and IDH1 status interaction: F(8,32) = 7.3, P ≤ 0.0001; asterisks indicate post hoc Newman–Keuls comparison with vector or between
the groups as indicated by horizontal bars]. Pooled data from native IDH1mut gliomaspheres (HK252, HK211) demonstrating a reduction in D-2-HG
(one-tailed paired t test; P ≤ 0.04; H) and m6A content (paired t test; P ≤ 0.003; I) following IDH1mut inhibitor AG881 treatment (1.0 μmol/L) in
comparison with DMSO control. J, Volcano plot showing the RADAR log2 fold change in m6A expression against −log10 converted P values between
IDH1mut and IDH1wt U87, NHA, and gliomasphere cells. Transcript sites with an absolute value log2 fold change of less than 0.5 are excluded (void
region in between vertical, dashed red lines). The horizontal, dashed red line indicates the demarcation of RADAR P values <0.01. K, Venn diagram
showing the total number of genes fitting TCGA criteria (TCGA P value <1.0 × 10−6; absolute value log2 fold change in RNA expression of 1.0 or
greater between IDH1mut and IDH1wt patients) and RADAR criteria (P < 0.01) for all transcripts. Note that the total RADAR gene number is slightly
larger here than the totals in J, because this list includes all P < 0.01 transcripts (including those with low magnitude fold changes). L, Supervised
hierarchical clustering heat map of intersectional TCGA and RADAR data between U87, NHA, and gliomasphere cell lines that conformed to m6A and
RNA expression conventions (i.e., an increase in RADAR m6A expression corresponded to a decrease in TCGA RNA expression). Heat map colors
represent sample (columns) natural log converted normalized RADAR m6A values as a difference from the transcript (rows) average across genotype.
A transcript of interest, ATF5, is identified. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001 compared with relevant controls. Unless
otherwise stated, P values indicate unpaired Student t test comparisons with the control, or between two groups as indicated by the horizontal line.

consequences (i.e., RADAR m6A was associated with decreased transcript ex-
pression in TCGA data) were plotted as a supervised heat map (Fig. 1L). One
of the genes from this heatmap wasATF, a critical apoptosis transcription fac-
tor with implications in glioma (34, 35), which we explore below. We looked
for motifs within the MeRIP-seq fragments and found DRACH m6A consen-
sus sites as expected. In addition, we found that 1/3 had SFPQ binding motif
(CUGUG; ref. 57). This unbiased screen of m6A enriched transcripts provides
evidence for an increase in m6A-containing transcripts in IDHmut glioma cell
lines relative to IDHwt and suggests the presence of a m6A hypermethyla-
tion phenotype in IDHmut glioma [which we propose to name as G-RAMP
(IDHmut glioma RNAm6-adenosine hypermethylation phenotype), similar to
G-CIMP].

IDH1mut Gliomas Produce D-2-HG That Attenuates Glioma
Cell Proliferation and Increases Apoptosis
To confirm slower tumor growth in IDHmut glioma and understand the under-
lying mechanism, we measured the effects of IDHmut and D-2-HG on glioma
cell proliferation and quantified related alterations in m6A abundance. Na-
tive heterozygous IDHmut gliomaspheres (HK252 and HK211) treated with
IDH1mut inhibitors demonstrated reductions in intracellular D-2-HG andm6A
modifications (Fig. 1H and I), but gliomasphere growth was markedly en-
hanced as evidenced by increased sphere volumes (Fig. 2A and B). Hemizygous
IDHmut/− BT142 gliomaspheres exhibiting nearly undetectable level of D-2-
HG (Supplementary Fig. S1A), demonstrate unchanged m6A expression upon
treatment with AG881 or C35 via dot blot (Supplementary Fig. S1I); as ex-
pected, we detected no change in sphere growth upon IDH1mut inhibition
(Supplementary Fig. S2A). Furthermore, cell growth in native IDHwt glioma-
spheres (HK385, HK217, and HK250) was rapidly attenuated upon forced
IDHmut expression (Fig. 2C), and octyl-D-2-HG treatment (0.5 mmol/L)
alone acted as a potent inhibitor of growth in native IDHwt gliomaspheres
(Fig. 2D). Reduced viability was octyl-D-2-HG dose dependent in all tested
cell lines, including IDHwt gliomaspheres, NHA cells, and U87 cells (Supple-
mentary Fig. S2B–S2E). Growth attenuation effects also proved to be reversible
when glioma cells were treated with C35 and AG881 to reduce D-2-HG
(Fig. 2E–G, top) causing partial restoration of IDHmut gliomasphere prolif-
eration while having no obvious effect on vector control spheres (Fig. 2E–G,

bottom). Similarly, in IDHmut-expressing U87 cells, we observed that the
decreased cell viability compared with control U87 cells could be partially
reversed by C35 (Supplementary Fig. S2F).

To determine whether increased apoptosis or necrosis contributed to decreased
growth, we also used the Apoptosis/Necrosis Assay kit (Abcam) to differenti-
ate apoptotic cells from those exhibiting slower proliferation rates. As shown
in Fig. 2H, U87 cells treated with 1 mmol/L octyl-D-2-HG for 72 hours qual-
itatively exhibited increased apoptosis compared with DMSO-treated control
cells, suggesting that inhibition of FTO by D-2-HG induces apoptosis without
having a direct cytotoxic effect as no necrotic cells were detected. To confirm
this effect on apoptosis, we employed the Caspase-Glo 3/7 Assay kit (Promega)
to quantify changes in apoptotic mediators in gliomasphere cell lines. Native
IDHwt gliomaspheres (HK217 and HK250) and hemizygous IDHmut/− BT142
gliomaspheres demonstrated consistent Caspase 3/7 activation following octyl-
D-2-HG (0.5 mmol/L) treatment (Fig. 2I–K). Finally, to test whether D-2-HG
can alter cell proliferation through non-apoptotic mechanisms, we also exam-
ined expression levels of the cellular proliferation marker PCNA (proliferating
cell nuclear antigen) via Western blot analysis. Native IDHwt gliomaspheres
(HK217, HK250, XDS4130, and GS187) treated with 0.5 mmol/L octyl-D-2-HG
demonstrated reduced PCNA levels compared with DMSO-treated controls
(Fig. 2L). Ectopic expression of IDHmut in HK217 and HK250 gliomaspheres
induced a similar decrease in PCNA (Fig. 2M). As expected, pharmacologic
inhibition of D-2-HG generation by AG881 (1 μmol/L) not only increased
PCNA expression in native IDHmut gliomaspheres (HK211 and HK252;
Fig. 2N), but also restored PCNA expression levels in IDHmut-expressing
HK217 and HK250 gliomaspheres (Fig. 2M). These results indicate that
IDHmut expression contributes to slower growing phenotype by decreasing
cell proliferation while increasing apoptosis in a subset of cells in a D-2-HG–
dependent fashion.

FTO Inhibition Mediates m6A Hypermethylation and
Growth Inhibition in IDH1wt U87 and Gliomaspheres
Treatment with the FTO-specific inhibitorMA (100 μmol/L) resulted in similar
reductions in IDHwt gliomasphere growth as seen forD-2-HG (Fig. 2D; ref. 14).
We found that FTO-specific pharmacologic inhibitors FB23-2 andMA resulted
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(Continued) indicate post hoc Newman–Keuls comparison of octyl-D-2-HG or MA with PBS treatment]. Top: IDH1mut inhibitor (C35 = 2 μmol/L, or
AG881 = 1 μmol/L) treatment reduces intracellular D-2-HG content (n = 1) in IDH1wt gliomaspheres [HK385 (E), HK217 (F), HK250 (G)] with IDH1mut

forced expression. D-2-HG levels in untreated vector gliomaspheres were below detection threshold and were not visible. Bottom: IDH1wt

gliomaspheres with IDH1mut forced expression exhibited differences in gliomasphere growth [ANOVA, E: F(1,353) = 9.6, P ≤ 0.002, F: F(1,890) = 30.6,
P ≤ 0.0001, G: F(1,833) = 73.0, P ≤ 0.0001], and gliomasphere growth. IDH1mut forced expression spheres could be enhanced with IDH1mut inhibitor
treatment [ANOVA, E: F(2,353) = 1.3, P ≤ 0.3, F: F(1,890) = 13.1, P ≤ 0.0003, G: F(1,833) = 14.8, P ≤ 0.0001]. Asterisks indicate post hoc Newman–Keuls
comparisons between IDH1mut and vector, or between groups indicated by the horizontal bars. H, Treatment with octyl-D-2-HG (1.0 mmol/L) or FTO
inhibitors (FB23–2 = 3 μmol/L; MA = 100 μmol/L) appeared to induce apoptosis (green fluorescence), but not necrosis (red fluorescence), in U87 cells
using an Abcam Apoptosis/Necrosis Assay Kit (10X magnification). Quantification of increased apoptotic Caspase 3/7 activity (detected with Promega
Caspase-Glo 3/7 Assay kit) in IDH1wt (I, J) and hemizygous IDH1mut/− BT142 (K) gliomaspheres following treatment with octyl-D-2-HG (0.5 mmol/L) or
FTO inhibitor (FB23–2 = 3 μmol/L; MA = 100 μmol/L). L, Octyl-D-2-HG (0.5 mmol/L) or FTO inhibitor (FB23–2 = 3 μmol/L) treatment reduced PCNA
expression in Western blots of IDH1wt gliomaspheres. M, IDH1wt gliomaspheres (HK217 and HK250) exhibiting IDH1mut forced expression demonstrated
reduced PCNA expression via Western blot analysis. Treatment with IDH1mut inhibitor (AG881 = 1 μmol/L) was able to restore PCNA expression in
IDH1mut gliomaspheres, but not in vector controls. N, IDH1mut inhibitor (AG881 = 1 μmol/L) treatment enhanced PCNA expression in native IDH1mut

patient-derived gliomaspheres (HK211, HK252). PCNA protein expression was determined relative to GAPDH protein loading controls. *, P ≤ 0.05;
**, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001 compared with relevant controls. Unless otherwise stated, P values indicate unpaired Student t test
comparisons with the control, or between two groups as indicated by the horizontal line.

in a similar of both apoptosis induction and proliferation inhibition in IDHwt

gliomaspheres (Fig. 2H–L), suggesting that FTOmay be a critical target of D-2-
HG whose inhibition can reduce tumor growth (14, 25). We tested the relative
affinity of D-2-HG for FTO versus ALKBH5 using DARTS assays (42).Western
blot analysis (Fig. 3A) and its quantification (Fig. 3B) demonstrate that D-2-HG
interacts with FTO and ALKBH5 in a dose-dependent manner. Importantly,
the D-2-HG concentration necessary to achieve protein stability in the setting
of proteases is at least 10 times higher for ALKBH5 versus FTO, suggesting D-
2-HG exhibits a relative selective binding affinity for FTO. This supports the
conclusion thatD-2HGdirectly inhibits FTOdemethylase activity as previously
shown (26).

We performed selective short hairpin RNA (shRNA) knockdown experi-
ments to further assess the possibility that FTO, rather than ALKBH5, is
the main mediator of D-2-HG effects on m6A in glioma. U87 cells were
transfected with lentivirus harboring piLenti-FTO-shRNA, -ALKBH-shRNA,
-FTO-shRNA+ALKBH-shRNA, or a piLenti-NSC-shRNA scramble control
(NSC). An integrated GFP reporter was used to confirm successful transfec-
tion (Supplementary Fig. S3A–S3C). Interestingly, despite successful FTO and
ALKBH5 knockdown (Fig. 3C), only FTO shRNA resulted in the expected
phenotypes of increased m6A abundance and reduced cell viability. ALKBH
shRNA had no appreciable effect in this regard, and concurrent knockdown of
both FTO and ALKBHmerely recapitulated the effects seen with FTO shRNA
(Fig. 3D and E). Similarly, upon introduction of FTO- and ALKBH-targeting
shRNA in IDHwt gliomaspheres (HK217 and HK250) and confirmation of
reduced FTO and ALKBH5 protein expression (Fig. 3F and G), we found
that ALKBH knockdown had less effect than FTO knockdown in increasing
in m6A abundance (Fig. 3H and I). Accordingly, FTO knockdown more ef-
fectively inhibited gliomasphere growth (Fig. 3J and K). We also performed
FTO and ALKBH5 overexpression experiments using lentiviral vectors carry-
ing pMIRNA1-FTOwt-GFP or -FTOmut-GFP, as well as pCDH-ALKBHwt-GFP
or -ALKBHmut-GFP. FTOmut and ALKBHmut encoding enzymatically inac-
tive FTO and ALKBH5 proteins were employed as controls (15). Western blots
confirmed overexpression of FTOwt and FTOmut in both HK217 and HK250
(Fig. 3L and M). FTOwt overexpression led to enhanced gliomasphere growth
rates in native IDHwt gliomaspheres (HK217, HK250) compared with FTOmut

(Fig. 3N and O). In contrast, FTOwt overexpression did not lead to enhanced
proliferation compared with FTOmut in a native IDHmut gliomaspheres line
(HK252; Supplementary Fig. S3D), likely due to the presence of baseline
inhibition of FTO enzymatic activity by D-2-HG. In contrast to the FTO over-
expression experiments in IDHwt gliomaspheres, the same gliomaspheres did
not show increased growth of ALKBH5wt versus ALKBH5mut overexpression
(Supplementary Fig. S3E and S3F). The knockdown and overexpression results
indicate that FTOmay play amore important role in regulating glioma cell pro-
liferation. Coupled with the higher affinity of D-2-HG for FTO versus ALKBH5
at the molecular level, our experiments indicate that IDH1mut-generated D-2-
HG inhibits FTO to induce m6A hypermethylation that ultimately results in
the slower growth phenotype seen in IDHmut gliomas.

Pharmacologic Inhibition of FTO Reduces Glioma Cell
Growth in IDH1wt Glioma Cells In Vitro and In Vivo
Having established the predominant role of FTO inhibition versus ALKBH5
inhibition in m6A hypermethylation in IDHwt glioma cells, we employed
FTO-specific small-molecule inhibitors, FB23-2 andMA, to test whether phar-
macologic FTO inhibition might provide a tractable treatment strategy. In
U87 cells, FB23-2 and MA induced m6A hypermethylation (Fig. 4A). West-
ern blot analysis confirmed no change in writer or eraser expression with
FB23-2 treatment in HK250 cells (Supplementary Fig. S1J). We observed de-
creased cell viability in a dose-dependent manner achieved with FB23-2 at
lower concentrations (1 μmol/L) compared with MA (40 μmol/L; Fig. 4B and
C). The increased m6A induced by FB23-2 persisted at least 72 hours posttreat-
ment (Fig. 4D). In IDHwt gliomaspheres (HK217 and HK250), sphere growth
was reduced following treatment with FB23-2 (3 μmol/L, refreshed every 72
hours) or MA (100 μmol/L, refreshed every 72 hours; Fig. 4E and F). All other
tested IDHwt gliomaspheres, includingGS025, GS062, GS158, GS187, XDS1152,
and XDS4130 manifested similar growth inhibition by FB23-2 (Supplementary
Fig. S4A–S4F). Native IDHwt U87 cells expressing IDHmut or vector (control)
were treated with pharmacologic doses of MA (Fig. 4G) previously demon-
strated to produce m6A hypermethylation (Fig. 4A) and decrease cell viability
(Fig. 4C). Vector (control) U87 were more sensitive than those expressing
IDHmut, although there appeared to be nonspecific toxicity fromMA (Fig. 4G).
Native IDHwt HK385 gliomaspheres expressing IDHmut or vector (control)
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FIGURE 3 Role of m6A demethylases FTO and ALKBH5 in mediating m6A hypermethylation and growth inhibition. A, Western blot images of FTO,
ALKBH5 and α-tubulin protein content following DARTS assay in U87 cells. B, Normalized densities of Western blots in A, showing increased protected
protein density in FTO lysates treated with D-2-HG over ALKBH5. The effect of FTO versus ALKBH5 lysates on protected protein density was evaluated
via ANOVA [F(1,30) = 27.2, P ≤ 0.0001; asterisks indicate post hoc Newman–Keuls comparison within treatment of D-2HG, or between groups as
indicated by the horizontal bars]. The densities of FTO and ALKBH5 DARTS products were normalized with parallel FTO and ALKBH5 Western blot
densities of mock DARTS products (no protease added). C, Western blot analysis showing downregulation of FTO and ALKBH5 following shRNA
knockdown in U87. D, Greater effect of FTO than ALKBH5 knockdown (shRNA) on increasing m6A content in U87. Treatment with shFTO and
shALKBH5 was similar to shFTO only treatment. E, MTT assays demonstrating that shRNA treatment (shFTO, or shFTO and shALKBH5) reduces the
viability of U87 cell lines [ANOVA, F(3,8) = 39.1, P ≤ 0.0001]. Treatment effect was heterogenous regarding FTO and ALKBH5, with shFTO
demonstrating an effect on cell viability and shALKBH5 having no effect in comparison with a scrambled sequence (NSC; post hoc Newman–Keuls
comparisons, indicated by the asterisks and brackets). Western blots showing downregulation of FTO and ALKBH5 following shRNA knockdown in
HK217 (F) and HK250 (G) gliomaspheres. FTO knockdown (shRNA) has a greater effect on m6A content increases than ALKBH5 in HK217 (H) and
HK250 (I) gliomaspheres. FTO knockdown (shRNA) is more effective at reducing sphere growth than ALKBH5 in HK217 (J) and HK250 (K)
gliomaspheres. Western blots showing successful overexpression of FTOwt and inactivated FTOmut control in HK217 (L) and HK250 (M) gliomaspheres.
FTOwt overexpression increases gliomasphere growth in comparison with inactivated FTOmut control in HK217 (N, P ≤ 0.0006) and HK250
(O, P ≤ 0.002) gliomaspheres. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001 compared with relevant controls. Unless otherwise stated,
P-values indicate unpaired Student t test comparisons with the control, or between two groups as indicated by the horizontal line.
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FIGURE 4 FTO inhibition attenuates gliomasphere growth. A, Increase in U87 RNA m6A content relative to control (0 μmol/L) following the
application of FTO inhibitors FB23-2 (left) or MA (right) at various doses. Dose-dependent inhibition of U87 cell viability by FTO inhibitors FB23-2
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(Continued) below the graph. Growth inhibition following FTO inhibitor treatment (FB23-2 = 3 μmol/L; MA = 100 μmol/L) in IDH1wt HK217 (E) and
HK250 (F) gliomaspheres. G, Treatment of both vector control and IDH1mut forced expressing U87 cells with MA results in decreased viability (ANOVA,
F(3,16) = 271.4, P ≤ 0.0001; asterisks indicate post hoc Newman–Keuls comparisons at each dose between IDH1mut and vector). H, Treatment of HK385
gliomaspheres with the FTO inhibitor FB23-2 (3 μmol/L) attenuates sphere growth in vector gliomaspheres but not those exhibiting IDH1mut forced
expression [ANOVA, treatment: F(1,937) = 51.1, P ≤ 0.0001; vector vs. IDH1mut: F(1,937) = 29.4, P ≤ 0.0001; interaction: F(1,937) = 31.3, P ≤ 0.0001;
asterisks indicate post hoc Newman–Keuls comparison with DMSO or between groups as indicated by horizontal bars]. I, IDH1mut inhibitor (C35 =
2 μmol/L; or AG881 = 1 μmol/L) treatment enhanced growth in IDH1mut forced expression HK252 gliomaspheres, thereby restoring sensitivity to FB23-2
(3 μmol/L) [ANOVA, IDHmut inhibitor treatment: F(2,1133) = 10.9, P ≤ 0.0001; FTO inhibitor treatment: F(1,1133) = 73.7, P ≤ 0.0001; interaction:
F(2,1133) = 9.5, P ≤ 0.0001; asterisks indicate post hoc Newman–Keuls comparison with DMSO or between groups as indicated by the horizontal bars].
*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001 compared with relevant controls. Unless otherwise stated, P values indicate unpaired
Student t test comparisons with the control or between two groups as indicated by the horizontal line.

were treated with FB23-2 (Fig. 4H). Again, the IDHwt HK385 gliomaspheres
showed decreased cell growth following FB23-2 treatment, in contrast to
IDHmut HK385 gliomaspheres, which showed unchanged cell growth.

Similarly, growth inhibition was not seen in native IDHmut HK252 gliomas-
pheres treated with FB23-2, as might be expected in the context of baseline
FTO inhibition by endogenousD-2-HGcausing “resistance” (Fig. 4I). However,
increased growth induced by the IDH1mut inhibitors AG881 and C35 was neu-
tralized by FB23-2 cotreatment (Fig. 4I). As expected, hemizygous IDHmut/−

BT142 spheres (with low baseline D-2-HG) and IDHwt control HK385 glioma-
spheres were sensitive to FB23-2 growth inhibition and remained unaffected by
cotreatmentwith IDH1mut inhibitors (Supplementary Fig. S4G and S4H). These
results indicate that the FTO inhibitor may be more effective in the absence of
D-2-HG, which is found in IDHwt gliomas.

To investigate this therapeutic avenue in vivo, we tested the permeability of
FB23-2 across the blood–brain barrier (BBB) in mice (2 mice/timepoint). In-
traperitoneal injection of FB23-2 at a dose of 20 mg/kg, determined to have
no harmful side effects in mice (25), achieved FB23-2 concentrations in plasma
and brain tissue above 1 μmol/L, with an estimated 75.5% uptake across the BBB
based on AUC0–7hr (Fig. 5A). This dose of FB23-2 (or an equivalent volume of
DMSO)was administrated daily tomice beginning on day 4 following intracra-
nial xenografting of IDHwt gliomaspheres (GS187 and XDS4130), with the
subsequent treatment course lasting for 60 days (Fig. 5B). These gliomaspheres
had been labeled with GLuc, a convenient reporter for noninvasively monitor-
ing in vivo tumor growth using simple blood draws (58). As shown in Fig. 5C
and D, GLuc activity in blood samples (two tail vein collections per mouse per
week) normalized internally to the first sample collected 7 days following in-
tracranial xenografting increased steadily over time. The rate of GLuc increase
was slower in FB23-2–treated mice, achieving separation beginning at week 6
in both GS187 and XDS4130 intracranially xenografted mice. FB23-2 treatment
also led to increased overall survival in both GS187 and XDS4130 mice (Fig. 5E
and F). log-rank (Mantel–Cox) tests were used to compare survival curves be-
tween FB23-2 andDMSO treatment groups. In GS187 xenograftedmice treated
with FB23-2 (n = 10) or DMSO (n = 8), log-rank analysis showed a significant
difference in overall survival (P ≤ 0.001; df = 1; χ2 = 10.67). Median survival
for GS187 mice treated with FB23-2 was 76 days and 58 days for DMSO-treated
mice [ratio= 1.3, 95% confidence interval (CI)= 0.47–3.58; HR 0.26, 95%CI=
0.077–0.86]. XDS4130 xenograftedmice treatedwith FB23–2 (n= 10) orDMSO
(n = 10) also showed minor differences in overall survival following log-rank
analysis (P= 0.01; df= 1;χ2 = 6.35).Median survival for XDS4130mice treated
with FB23-2 was 56 and 52 days for DMSO-treated mice (ratio= 1.1, 95% CI =
0.42–2.79; HR = 0.42, 95% CI = 0.15–1.16).

Activated Caspase-3 (Cas3) immunostaining of XDS4130 xenografts (flash-
frozen post-mortem) showed increased numbers of Cas3-positive cells in
tumors treated with FB23-2 (Fig. 5G andH). This indicates increased apoptotic
activity in FB23-2–treated gliomas in vivo, a finding consistent with our in vitro
experiments (Fig. 2H–K). Notably, FB23-2 treatment did not appear to induce
apoptosis of non-tumor cells in post-mortem immunohistologic assessments.
Taken together, these experiments show that pharmacologic inhibition of FTO
reliably reduces IDHwt glioma cell growth rates both in vitro and in vivo.

The IDH1mut → D-2-HG � FTO Axis Leads to ATF5mRNA
m6A Hypermethylation and Decreased Expression
To understand the relatively slower growth of IDHmut gliomas, we hypoth-
esized that specific m6A hypermethylated candidate targets could lead to
downregulation of growth pathways. To evaluate this, we conducted MeRIP
analysis of differential m6A expression in mRNA between IDHmut and IDHwt

cell lines and gliomaspheres using RADAR, intersecting these results with
TCGA RNA-seq patient data (see Materials and Methods). ATF (activating
transcription factor 5) emerged as a promising target for downstream study
based on our MeRIP profiling cut-off criteria (Fig. 6A). ATF5 belongs to the
CREB (cAMP response element-binding) family of proteins, a subset of the
bZIP (basic zipper) protein family, and is primarily involved in cell prolifera-
tion, apoptosis, neural stem cell differentiation, and cell responses to stress (34,
35). ATF is also highly expressed in a variety of cancer types, such as glioma,
breast cancer, lung cancer, and others. In addition, GlioVis analysis of TCGA
RNA-seq data showed that ATF expression was decreased over 2-fold in the
IDHmut (n = 429) glioma patient cohort when compared with the IDHwt

(n = 233) cohort in a pairwise t test (P < 6.6E-65, with Bonferroni multiple
testing correction; Supplementary Fig. S5A). Median ATF mRNA expression
for the cohorts was log2 8.36 in IDHmut gliomas (SD = 0.66), and log2 9.54 in
IDHwt gliomas (SD = 0.80), and lower ATF expression was correlated with
survival benefits in both IDHmut and IDHwt glioblastomas (log rank P< 0.05;
Supplementary Fig. S5B).

To confirm the differences inATF expression observed in TCGA data and our
MeRIP-seq hypermethylation data, we performed targeted qRT-PCR on RNA
isolated from fresh frozen glioma tumor samples obtained through the UCLA
Brain Tumor Translational Resource. Total RNA was purified from IDHmut

(n = 12) and IDHwt (n = 12) patient tumor samples and subjected to di-
rect ATF qRT-PCR and m6A-RNA immunoprecipitated ATF qRT-PCR. The
levels of ATF mRNA and m6A-enriched ATF transcripts were normalized
respectively to β-actin (ACTB) transcript levels or GLuc m6A-positive control
RNA that was spiked into samples prior to immunoprecipitation. The levels
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(Continued) 7–8 weeks (GS187) and 6–7 weeks (XDS4130; at week 8, only 1 mouse remained in DMSO group), respectively [ANOVA, (C) treatment:
F(1,16) = 4.7, P ≤ 0.05; time: F(7,106) = 79.1, P ≤ 0.0001; interaction: F(7,106) = 4.3, P ≤ 0.0003; (D) treatment: F(1,18) = 16.7, P ≤ 0.0007; time:
F(1.6,23.6) = 41.7, P ≤ 0.0001; interaction: F(7,104) = 5.3, P ≤ 0.0001; asterisks indicate post hoc Newman–Keuls on day 7 and 8]. Kaplan–Meier curves
showing overall survival differences in xenograft mice treated with FB23-2 (3 μmol/L) or DMSO control, evaluated via a log-rank (Mantel–Cox) test for
GS187 (E, P < 0.005) and XDS4130 (F, P ≤ 0.05). G, Activated Cas3 immunostaining (G, 10X magnification) of representative XDS4130 xenografts
(surgically extracted and flash-frozen post-mortem). “MS” refers to the mouse identification number. H, Increase in number of Cas3 positive cells in
tumors from mice treated with FB23-2 relative to DMSO controls (P ≤ 0.005). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001 compared
with relevant controls. Unless otherwise stated, P values indicate unpaired Student t test comparisons with the control, or between two groups as
indicated by the horizontal line.

of m6A-enriched ATF transcripts and total ATF mRNA were determined
via qRT-PCR. Prior to stratifying results based on IDH status, the levels of
m6A-enriched ATF transcripts were first normalized to a known concentra-
tion of GLuc m6A-positive control RNA that was spiked into samples prior
to immunoprecipitation. Total ATFmRNA levels were normalized to β-actin
(ACTB) transcript levels. In m6A-immunoprecipitated RNA fractions, there
was significantly more m6A enrichment in ATF transcripts isolated from
IDHmut versus IDHwt patient tumor samples (P ≤ 0.05; Fig. 6B). Increased
m6A enrichmentwas associatedwith significantly decreased overall abundance
of ATFmRNA in IDHmut glioma samples (P ≤ 0.008; Fig. 6C). Indeed, when
IDHmut was expressed in native IDHwt gliomaspheres (HK217 and HK250),
m6A-enriched ATF transcripts increased while overall ATF transcripts de-
creased (Fig. 6D and E). This change was reversible following treatment with
IDH1mut inhibitor, AG881 (1 μmol/L). We confirmed these results using the
antibody-independent assay, MazF-qRT-PCR (47), showing increased methy-
lation at specific m6A sites in IDHmut patient tissue samples (Supplementary
Fig. S5C) and IDHwt gliomaspheres with FTO shRNA knockdown (Supple-
mentary Fig. S5D) or treated with octyl-D-2-HG or FB23-2 (Supplementary
Fig. S5E).

Finally, we confirmed that ATF5 protein expression by Western blot analy-
sis was congruent with transcript changes. We confirmed that the generated
IDHmut gliomaspheres (HK217, HK250) showed reduced protein expression
compared with vector control that could be restored by treatment with AG881
(Fig. 6F). Octyl-D-2-HG (0.5 mmol/L) and FB23-2 (3 μmol/L) treatments in
IDHwt gliomaspheres were found to reduce ATF5 protein levels (XDS4130,
GS187, and HK217; Fig. 6G). Finally, we found that ATF knockdown can
attenuate sphere growth in the IDHwt gliomasphere line, HK250 (Fig. 6H).

Considered together, our findings in patient-derived gliomaspheres provide ev-
idence in support of our hypothesis that IDHmut →D-2-HG � FTO axis leads
directly to m6A hypermethylation of ATFmRNA. Because of ATF5’s role as a
critical transcription factor involved in cellular growth and apoptosis (34, 35),
this may explain, in part, the slower growth phenotype of IDHmut gliomas.

Discussion
Although IDHmutation appear to provide an oncogenic trigger of gliomagen-
esis, clinical data have shown a strong association between IDHmutations and
less aggressive glioma phenotypes exhibiting slower tumor growth (4–7). This
study confirms that D-2-HG suppresses glioma growth in a variety of model
systems and demonstrates that a contributing mechanism involves D-2-HG–
mediated inhibition of the RNA m6A demethylase FTO. This results in m6A
enrichment in transcripts such as ATF, whose downregulation is associated
with increased apoptosis and/or growth suppression. On the basis of this, we

provide evidence for the use of FB23-2, a specific FTO inhibitor, in the treat-
ment of IDHwt gliomaspheres without inhibition of other α-KG–dependent
dioxygenases. Overall, these findings allow us to propose a model diagrammed
in Fig. 6I.

We utilized patient tumor samples, patient-derived gliomaspheres, and in-
tracranial xenografts to measure the effects of IDHmut on m6A levels and
tumor growth. Our study demonstrated that RNA m6A hypermethylation in
IDHmut gliomas is dependent on D-2-HG generation. We also showed that D-
2-HG exposure alone is sufficient to induce m6A hypermethylation in IDHwt

glioma. Direct inhibition of RNA demethylases using pharmacologic and ge-
netic methods was used to isolate m6A regulatory pathways impacted by
IDHmut and were then applied to IDHwt glioma cells in vitro and in vivo
to observe their effects on tumor growth or viability. We found that alter-
ing D-2-HG levels rapidly changes RNA m6A methylation levels, in contrast
to D-2-HG–mediated DNA CpG hypermethylation which occurs over longer
time courses and is not reversed by the inhibition of D-2-HG generation (59).
Our results suggest that D-2-HG dynamically regulates m6A epitranscriptomic
alterations and can impact the overall transcriptome and subsequent cellu-
lar functions. We also demonstrate that D-2-HG–mediated inhibition of FTO
(rather than ALKBH5) is the primary driver of m6A hypermethylation based
on: (i) DARTS assays which revealed that FTO exhibits higher affinity for D-2-
HG and greater sensitivity to D-2-HG–mediated inhibition than ALKBH5, and
(ii) shRNA knockdown experiments showed greater increases in m6A follow-
ing FTO targeting. The exact mechanisms underlying the dominant influence
of FTO in regulating glioma m6A dynamics and cell proliferation remains un-
clear, but might be explained by differences in catalytic activity, RNA substrate
preferences, and cellular localization (60). For example, the catalytic activity of
FTO is almost eight times higher (kcat/Km = 0.77 minute−1 μmol/L−1) than
ALKBH5 (kcat/Km = 0.098 minute−1 μmol−1) in demethylating kinetic anal-
yses performed in vitro (61). In addition, FTO is found in both the nucleus and
cytoplasm, while ALKBH5 is predominantly found in the nucleus and lacks
nuclear export signals (60).

In exploring downstream effectors of our proposed IDHmut → D-2-HG �
FTO axis using bioinformatic and biologic experiments, we identified ATF5
(an oncogenic protein involved in proliferation and suppression of apoptosis)
as a mediator of glioma growth inhibition. Similar to our data, ATF expres-
sion has been shown to be inversely correlated with patient overall survival in
glioma (62). Interestingly, a dominant-negative ATF5 isoform has also been
shown to induce apoptosis in glioma cells, while having no effect on non-
neoplastic neuronal and glial cells (35, 63). The intriguing evidence that ATF
exerts prosurvival effects in glioma and not in healthy brain tissue led us to con-
sider whether ATF downregulation, mediated by m6A enrichment of ATF
transcripts, might serve as a downstream effector of reduced tumor growth.
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FIGURE 6 ATF5 is a downstream mediator of the IDH1mut → D-2-HG � FTO axis leading to gliomasphere growth reduction. A, m6A called peaks of
ATF5 mRNA from MeRIP-seq RADAR data aligned to the genome (GRCh38). Inset graph shows m6A enrichment in IDH1mut (salmon) versus IDH1wt

(teal) glioma samples for a select coding (exon) region, indicated by the dashed box. IP indicates immunoprecipitated mRNA fraction containing
m6A-enriched RNA. INPUT mRNA fraction indicates total mRNA. B, Increased m6A-enriched ATF5 mRNA content in patient IDH1mut gliomas (n = 13)
detected by m6A immunoprecipitation qRT-PCR, compared with IDH1wt gliomas (n = 10) (P ≤ 0.05). C, Decreased ATF5 mRNA m6A content detected
by ATF5 qRT-PCR in the same IDH1mut gliomas (P ≤ 0.008). D, Pooled data from IDHwt gliomaspheres (HK217 and HK250) showing induction of ATF5
mRNA m6A enrichment following IDH1mut forced expression and its subsequent attenuation following treatment with IDH1mut inhibitor AG881
(1 μmol/L). E, Pooled data from IDHwt gliomaspheres (HK217 and HK250) showing a reduction of ATF5 mRNA expression following IDH1mut forced
expression and ATF5 mRNA expression rescue following AG881 (1 μmol/L) treatment. F, ATF5 protein levels are decreased in gliomaspheres following
IDH1mut forced expression and are rescued following treatment with IDH1mut inhibitor AG881 (1 μmol/L). ATF5 (Continued on the following page.)
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(Continued) protein expression was determined relative to α-tubulin protein loading controls. G, Octyl-D-2-HG (0.5 mmol/L) or FTO inhibitor FB23-2
(3 μmol/L) treatment reduced ATF5 protein expression in IDH1wt gliomaspheres. H, IDH1wt gliomaspheres (HK250) transfected with piLenti-
siRNA-GFP, expressing shRNA for either NSC or two regions (A, B) of ATF5, show reduced ATF5 expression via Western blot analysis (left) and
reduced sphere growth (right). I, Schematic representation of the IDH1mut � FTO axis resulting in m6A enrichment and subsequent degradation of
ATF5 mRNA transcripts leading to increased apoptosis. (P ≤ 0.005). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001 compared with
relevant controls. Unless otherwise stated, P values indicate unpaired Student t test comparisons with the control, or between two groups as indicated
by the horizontal line.

We discovered that FTO inhibition leads directly to m6A hypermethylation of
ATFmRNA, and consequently to reduction in transcript level and protein ex-
pression, suggesting a role of ATF5 as a mediator between FTO inhibition and
increased apoptosis and reduced tumor cell proliferation in IDHmut glioma
cells.

To exploit the growth-attenuating effects of FTO inhibition, we tested the pos-
sibility of targeting FTO and m6A regulation as a novel treatment strategy for
IDHwt gliomas. We found that FTO inhibition produced consistent growth
suppression in vitro and in vivo. In theory, targeting FTO specifically may be
preferable to usingD-2-HGor other nonspecific α-KG–dependent dioxygenase
inhibitors that have undesired pleiotropic effects. The therapeutic implica-
tions of our study for the treatment of IDHmut gliomas appear more complex,
primarily due to the apparent multiplicity of downstream effects of IDH1mut

generated D-2-HG. On one hand, IDH1mut generation of D-2-HG can trigger
gliomagenesis by interfering with DNA/histone methylation, HIF1α, and DNA
damage repair, while on the other acting as a growth suppressor of established
gliomas (4–7), via mechanisms such as FTO inhibition.

The “double-edged sword” of D-2-HG may therefore raise the important
question about the ultimate role and timing of agents that inhibit IDH1mut pro-
duction of D-2-HG, available off-label or in clinical trials reviewed elsewhere
(64). Although a randomized trial of AG881 versus placebo showed early clini-
cal benefit in the treatment of treatment-naïve, nonenhancing IDHmut gliomas
(54), our data raise the possibility that D-2-HG reduction alone could have
deleterious effects suggesting a role for combination treatment of IDH1mut in-
hibitor, AG881, and FTO inhibitor. In addition, a subset of IDHmut gliomas
that recur and subsequently demonstrate rapid growth phenotypes have been
shown to produce far lower levels of D-2-HG even while retaining IDHmuta-
tions (65). One such mechanism involves a LOH at the IDH locus in which
the IDHmut allele exists without a wildtype allele following mutant allele
amplification. This subset of progressed gliomas exhibiting a loss of IDH het-
erozygosity (resulting in reduced D-2-HG generation like that seen in BT142
cells) are thus likely to show sensitivity to FTO inhibitors, similarly to IDHwt

gliomas.

Our experiments do not account for the tumor microenvironment, defining
an important area for further study because D-2-HG secreted from IDHmut

glioma cells may act upon nearby cells, including those mediating immune re-
sponses. While our data indicate that D-2-HG is sufficient to mediate growth
suppression of glioma cells via m6A pathways, we cannot rule out the pos-
sibility that altered tricarboxylic acid cycle metabolism, NADH and α-KG
levels may also have a role in IDHmut-mediated growth suppression (66–68).
We also have not included mechanistic investigations of how m6A modi-
fications affect ATF transcript fate and degradation at the transcript level.
Our data suggest the presence of a glioma RNA m6A hypermethylation phe-
notype (G-RAMP) IDHmut glioma, analogous to the DNA hypermethylated

G-CIMP phenotype that has been described previously (59). However, de-
spite our access to patient glioma samples, definitively establishing G-RAMP
in patient samples is currently hindered by the high concentrations of RNA
input material required for comprehensive m6A profiling. Another limita-
tion seen in our in vivo studies was the ability to translate the robust growth
suppression effects seen in vitro following treatment with small molecule
FTO inhibitors (FB23-2). Studies to engineer FTO-specific small-molecule
inhibitors that are better equipped to cross the BBB and maintain robust
pharmacokinetic stability are needed. Because our in vivo data show only a
modest improvement in survival with addition of FB23-2 started at 3 days af-
ter implantation, combination of FB23-2 with radiation or chemotherapy may
enhance this benefit. Finally, while comparisons between IDHwt and IDHmut

patient tumors and gliomaspheres with disparate genetic backgrounds have
been used to establish differences in m6A levels, our mechanistic experiments
in which we determine effects of IDH mutation expression or treatment with
D-2-HG or IDH inhibitor on glioma cells provide some control for genetic
background.

Overall, our study demonstrates how the IDHmut →D-2-HG� FTOaxis alters
the m6A epitranscriptomic landscape in glioma, affecting downstream factors
involved in apoptotic pathways and cellular proliferation suggesting a proposed
model that includes ATF (Fig. 6I; refs. 35, 69). We show that this axis can be
targeted in aggressive IDHwt glioma tumor models and may represent a novel
avenue for further therapeutic development.

Authors’ Disclosures
S.T. Pianka reports grants from NIH/NCI and NRSA/UCLA during the con-
duct of the study. B.S.C. Eldred reports grants from Government during the
conduct of the study. S. Zapanta Rinonos reports grants from the UCLATumor
Biology Postdoctoral Training Program (USHHS Ruth L. Kirschstein Insti-
tutional National Research Service Award #T32 CA009056) and the UCLA
JCCC Postdoctoral Research Award (2021FP04) outside the submitted work.
D.A. Nathanson reports personal fees and other from Katmai Pharmaceuti-
cals and other from Trethera Pharmaceuticals outside the submitted work.
T.F. Cloughesy reports grants and personal fees from Servier and Roche; per-
sonal fees and other from Katmai, Chimerix, Global Coalition for Adaptive
Research; other from Erasca; personal fees from Cure Brain Cancer Foun-
dation, Blue Rock, Vida Ventures, Lista Therapeutics, Stemline, Novartis,
Sonalasense, Sagimet, Clinical Care Options, Ideology Health, Jubilant, Sym-
bio, Mundipharma, Tango, Immvira, Gan & Lee, BrainStorm, Sapience, Inovio,
DNATrix, Tyme, Kintara, Bayer, Merck, Boehinger Ingelheim, VBL, Amgen,
Kiyatec, Agios, Novocure, Medscape; and grants from VBI outside the sub-
mitted work; in addition, T.F. Cloughesy has a patent to The Regents of the
University of California (T.F. Cloughesy employer) has licensed intellectual
property co-invented by T.F. Cloughesy to Katmai Pharmaceuticals. issued

AACRJournals.org Cancer Res Commun; 4(3) March 2024 891



Pianka et al.

and licensed; and The Regents of the University of California (T.F. Clough-
esy employer) has licensed intellectual property co-invented by TFC to Katmai
Pharmaceuticals. A. Lai reports grants from DOD, NIH, JCCC, and Bradley
Zankel Foundation during the conduct of the study. No disclosures were
reported by the other authors.

Authors’ Contributions
S.T. Pianka: Conceptualization, data curation, formal analysis, supervision,
funding acquisition, validation, investigation, visualization, methodology,
writing-original draft. T. Li: Conceptualization, formal analysis, supervision,
investigation, methodology. T.J. Prins: Data curation, software, formal analy-
sis, validation, investigation, visualization,methodology, writing-original draft,
writing-review and editing. B.S.C. Eldred: Data curation, formal analysis,
validation, investigation, visualization, writing-original draft, project admin-
istration, writing-review and editing. B.M. Kevan: Data curation, software,
formal analysis, methodology. H. Liang: Data curation, visualization. S.
Zapanta Rinonos: Investigation, project administration. H.I. Kornblum: Re-
sources, supervision. D.A. Nathanson: Resources, supervision.M. Pellegrini:
Resources, supervision. L.M. Liau: Resources, supervision. P.L. Nghiemphu:
Resources, supervision. T.F. Cloughesy: Resources, supervision, funding ac-
quisition. A. Lai: Conceptualization, resources, formal analysis, supervision,
funding acquisition, validation, writing-original draft.

Acknowledgments
Wewould like to thank the UCLA Brain Tumor Resource for providing patient
tissue samples, and the UCLA Technology Center for Genomics & Bioin-
formatics for RNA-seq support. We are grateful to Michael Condro, Ph.D.
(KornblumLab) for assistance with cell line acquisition.We thank Jennifer Sali-
nas (Nathanson Lab) and Jonathan Tsang, Ph.D. (Nathanson Lab) for assistance
with cell line acquisition and guidance regardingmurine intracranial xenograft
experiments. We thank Marco Morselli, Ph.D. (Pellegrini Lab) for consulta-
tion regarding m6A MeRIP-seq library construction and validation. Funding
Sources: Bradley Zankel Foundation (A. Lai), DOD W81XWH-20-1-0457
(A. Lai), NIH/NCI R01 CA179071 (A. Lai), NIH/NCI P50 CA211015-01A1
(A. Lai), UCLA/JCCC Seed Grant (A. Lai), NIH/NCI F30 CA247525-01A1
(S.T. Pianka), NIH/NIGMS T32 GM008042 (S.T. Pianka), NIH/NCI T32
CA009056 (S.T. Pianka), NIH/NCI T32 CA009056 (S. Zapanta Rinonos), and
UCLA/JCCC Postdoctoral Research Award (S. Zapanta Rinonos).

Note
Supplementary data for this article are available at Cancer Research Comm-
unications Online (https://aacrjournals.org/cancerrescommun/).

Received July 01, 2023; revised January 05, 2024; accepted February 26, 2024;
published first March 22, 2024.

References
1. Ostrom QT, Gittleman H, Liao P, Vecchione-Koval T, Wolinsky Y, Kruchko C,

et al. CBTRUS statistical report: primary brain and other central nervous sys-
tem tumors diagnosed in the United States in 2010–2014. Neuro Oncol 2017;19:
v1-88.

2. Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, et al. Molec-
ular subclasses of high-grade glioma predict prognosis, delineate a pattern of
disease progression, and resemble stages in neurogenesis. Cancer Cell 2006;9:
157-73.

3. Schmidt MC, Antweiler S, Urban N, Mueller W, Kuklik A, Meyer-Puttlitz B,
et al. Impact of genotype and morphology on the prognosis of glioblastoma.
J Neuropathol Exp Neurol 2002;61: 321-8.

4. Balss J, Meyer J, MuellerW, Korshunov A, Hartmann C, von Deimling A. Analysis
of the IDH1 codon 132 mutation in brain tumors. Acta Neuropathol 2008;116:
597-602.

5. Cancer Genome Atlas Research Network; Brat DJ, Verhaak RGW, Aldape KD,
Yung WKA, Salama SR, et al. Comprehensive, integrative genomic analysis of
diffuse lower-grade gliomas. N Engl J Med 2015;372: 2481-98.

6. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, et al. IDH1 and
IDH2 mutations in gliomas. N Engl J Med 2009;360: 765-73.

7. Lai A, Kharbanda S, Pope WB, Tran A, Solis OE, Peale F, et al. Evidence for
sequenced molecular evolution of IDH1 mutant glioblastoma from a distinct cell
of origin. J Clin Oncol 2011;29: 4482-90.

8. Dang L, White DW, Gross S, Bennett BD, Bittinger MA, Driggers EM,
et al. Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature
2009;462: 739-44.

9. Maus A, Peters GJ. Glutamate and α-ketoglutarate: key players in glioma
metabolism. Amino Acids 2017;49: 21-32.

10. Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-Wahab O, et al. IDH muta-
tion impairs histone demethylation and results in a block to cell differentiation.
Nature 2012;483: 474-8.

11. Xu W, Yang H, Liu Y, Yang Y, Wang P, Kim S-H, et al. Oncometabolite
2-hydroxyglutarate is a competitive inhibitor of α-ketoglutarate-dependent
dioxygenases. Cancer Cell 2011;19: 17-30.

12. Liu J. A METTL3–METTL14 complex mediates mammalian nuclear RNA
N6-adenosine methylation. Nat Chem Biol 2014;10: 93-5.

13. Ping X-L, Sun B-F, Wang L, Xiao W, Yang X, WangW-J, et al. Mammalian WTAP
is a regulatory subunit of the RNA N6-methyladenosine methyltransferase. Cell
Res 2014;24: 177-89.

14. Huang Y, Yan J, Li Q, Li J, Gong S, Zhou H, et al. Meclofenamic acid selectively
inhibits FTO demethylation of m6A over ALKBH5. Nucleic Acids Res 2015;43:
373-84.

15. Jia G, Fu Y, Zhao X, Dai Q, ZhengG, Yang Y, et al. N6-Methyladenosine in nuclear
RNA is a major substrate of the obesity-associated FTO. Nat Chem Biol 2011;7:
885-7.

16. Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang C-M, Li CJ, et al. ALKBH5 is amam-
malian RNAdemethylase that impacts RNAmetabolism andmouse fertility. Mol
Cell 2013;49: 18-29.

17. Fu Y, Jia G, Pang X, Wang RN, Wang X, Li CJ, et al. FTO-mediated formation
of N6-hydroxymethyladenosine and N6-formyladenosine in mammalian RNA.
Nat Commun 2013;4: 1798.

18. Alarcón CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF. N6-methyladenosine
marks primary microRNAs for processing. Nature 2015;519: 482-5.

19. Liu N, Dai Q, Zheng G, He C, Parisien M, Pan T. N6-methyladenosine-dependent
RNA structural switches regulate RNA–protein interactions. Nature 2015;518:
560-4.

20. Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, et al. N6-methyladenosine-
dependent regulation of messenger RNA stability. Nature 2014;505: 117-20.

21. Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, et al. N6-methyladenosine
modulates messenger RNA translation efficiency. Cell 2015;161: 1388-99.

892 Cancer Res Commun; 4(3) March 2024 https://doi.org/10.1158/2767-9764.CRC-23-0271 | CANCER RESEARCH COMMUNICATIONS

https://aacrjournals.org/cancerrescommun/


D-2-HG Inhibits IDH1mut Glioma Growth

22. Zhao X, Yang Y, Sun B-F, Shi Y, Yang X, XiaoW, et al. FTO-dependent demethy-
lation of N6-methyladenosine regulates mRNA splicing and is required for
adipogenesis. Cell Res 2014;24: 1403-19.

23. Cui Q, Shi H, Ye P, Li L, Qu Q, Sun G, et al. m6A RNA Methylation regulates the
self-renewal and tumorigenesis of glioblastoma stem cells. Cell Rep 2017;18:
2622-34.

24. Deng X, Su R, Weng H, Huang H, Li Z, Chen J. RNA N6-methyladenosine
modification in cancers: current status and perspectives. Cell Res 2018;28:
507-17.

25. Huang Y, Su R, Sheng Y, Dong L, Dong Z, Xu H, et al. Small-molecule targeting
of oncogenic FTO demethylase in acute myeloid leukemia. Cancer Cell 2019;35:
677-91.

26. Su R, Dong L, Li C, Nachtergaele S, Wunderlich M, Qing Y, et al. R-2HG exhibits
anti-tumor activity by targeting FTO/m6A/MYC/CEBPA signaling. Cell 2018;172:
90-105.

27. Zhang S, Zhao BS, ZhouA, Lin K, Zheng S, Lu Z, et al. m6Ademethylase ALKBH5
maintains tumorigenicity of glioblastoma stem-like cells by sustaining FOXM1
expression and cell proliferation program. Cancer Cell 2017;31: 591-606.

28. Wei J, Liu F, Lu Z, Fei Q, Ai Y, He PC, et al. Differential m6A, m6Am, and m1A
demethylation mediated by FTO in the cell nucleus and cytoplasm. Mol Cell
2018;71: 973-85.

29. Galardi S, Michienzi A, Ciafrè SA. Insights into the regulatory role of m6A
epitranscriptome in glioblastoma. Int J Mol Sci 2020;21: 2816.

30. Li F, Zhang C, Zhang G. m6A RNA methylation controls proliferation of human
glioma cells by influencing cell apoptosis. Cytogenet Genome Res 2019;159:
119-25.

31. Visvanathan A, Patil V, Arora A, Hegde AS, Arivazhagan A, Santosh V, et al.
Essential role of METTL3-mediated m6A modification in glioma stem-like cells
maintenance and radioresistance. Oncogene 2018;37: 522-33.

32. Malacrida A, Rivara M, Di Domizio A, Cislaghi G, Miloso M, Zuliani V, et al.
3D proteome-wide scale screening and activity evaluation of a new ALKBH5
inhibitor in U87 glioblastoma cell line. Bioorg Med Chem 2020;28: 115300.

33. Chai R-C, Wu F, Wang Q-X, Zhang S, Zhang K-N, Liu Y-Q, et al. m6A RNA
methylation regulators contribute to malignant progression and have clinical
prognostic impact in gliomas. Aging 2019;11: 1204-25.

34. Sears TK, Angelastro JM. The transcription factor ATF5: role in cellular
differentiation, stress responses, and cancer. Oncotarget 2017;8: 84595-609.

35. Angelastro JM, Canoll PD, Kuo J, Weicker M, Costa A, Bruce JN, et al. Selective
destruction of glioblastoma cells by interference with the activity or expression
of ATF5. Oncogene 2006;25: 907-16.

36. Lazovic J, Soto H, Piccioni D, Lo Ru JR, Li S, Mirsadraei L, et al. Detection of 2-
hydroxyglutaric acid in vivo by protonmagnetic resonance spectroscopy in U87
glioma cells overexpressing isocitrate dehydrogenase-1 mutation. Neuro Oncol
2012;14: 1465-72.

37. Li S, Chou AP, Chen W, Chen R, Deng Y, Phillips HS, et al. Overexpression of
isocitrate dehydrogenase mutant proteins renders glioma cells more sensitive
to radiation. Neuro Oncol 2013;15: 57-68.

38. Li S, Chowdhury R, Liu F, Chou AP, Li T, Mody RR, et al. Tumor-suppressive
miR148a is silenced by CpG island hypermethylation in IDH1-mutant gliomas.
Clin Cancer Res 2014;20: 5808-22.

39. Izquierdo-Garcia JL, Cai LM, Chaumeil MM, Eriksson P, Robinson AE, Pieper RO,
et al. Glioma cells with the IDH1 mutation modulate metabolic fractional flux
through pyruvate carboxylase. PLoS One 2014;9: e108289.

40. Garrett M, Sperry J, Braas D, Yan W, Le TM, Mottahedeh J, et al. Metabolic
characterization of isocitrate dehydrogenase (IDH) mutant and IDH wildtype
gliomaspheres uncovers cell type-specific vulnerabilities. Cancer Metab 2018;
6: 4.

41. Li T, Cox CD, Ozer BH, Nguyen NT, Nguyen HN, Lai TJ, et al. D-2-
Hydroxyglutarate is necessary and sufficient for isocitrate dehydrogenase
1 mutant–induced MIR148A promoter methylation. Mol Cancer Res 2018;16:
947-60.

42. Pai MY, Lomenick B, Hwang H, Schiestl R, McBride W, Loo JA, et al. Drug affin-
ity responsive target stability (DARTS) for small-molecule target identification.
Methods Mol Biol 2015;1263: 287-98.

43. Molinie B, Giallourakis CC. Genome-wide location analyses of N6-
methyladenosine modifications (m6A-seq). Methods Mol Biol 2017;1562:
45-53.

44. Zhang Z, Zhan Q, Eckert M, Zhu A, Chryplewicz A, De Jesus DF, et al. RADAR:
differential analysis of MeRIP-seq data with a random effect model. Genome
Biol 2019;20: 294.

45. Kopylova E, Noé L, Touzet H. SortMeRNA: fast and accurate filtering of
ribosomal RNAs in metatranscriptomic data. Bioinformatics 2012;28: 3211-7.

46. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics 2013;29: 15-21.

47. Imanishi M, Tsuji S, Suda A, Futaki S. Detection of N(6)-methyladenosine based
on the methyl-sensitivity of MazF RNA endonuclease. Chem Commun 2017;53:
12930-3.

48. Feng C, Liu Y, Wang G, Deng Z, Zhang Q, Wu W, et al. Crystal structures of the
human RNA demethylase Alkbh5 reveal basis for substrate recognition. J Biol
Chem 2014;289: 11571-83.

49. Gerken T, Girard CA, Tung Y-CL, Webby CJ, Saudek V, Hewitson KS, et al. The
obesity-associated FTO gene encodes a 2-oxoglutarate-dependent nucleic acid
demethylase. Science 2007;318: 1469-72.

50. Hausinger RP. Fe(II)/α-ketoglutarate-dependent hydroxylases and related
enzymes. Crit Rev Biochem Mol Biol 2004;39: 21-68.

51. Ensinck I, Sideri T, Modic M, Capitanchik C, Vivori C, Toolan-Kerr P, et al.
m6A-ELISA, a simple method for quantifying N6-methyladenosine frommRNA
populations. RNA 2023;29: 705-12.

52. Bowman RL, Wang Q, Carro A, Verhaak RGW, Squatrito M. GlioVis data portal
for visualization and analysis of brain tumor expression datasets. Neuro Oncol
2017;19: 139-41.

53. Laks DR, Crisman TJ, Shih MYS, Mottahedeh J, Gao F, Sperry J, et al. Large-scale
assessment of the gliomasphere model system. Neuro Oncol 2016;18: 1367-78.

54. Konteatis Z, Artin E, Nicolay B, Straley K, Padyana AK, Jin L, et al. Vorasidenib
(AG-881): a first-in-class, brain-penetrant dual inhibitor of mutant IDH1 and 2
for treatment of glioma. ACS Med Chem Lett 2020;11: 101-7.

55. Popovici-Muller J, Saunders JO, Salituro FG, Travins JM, Yan S, Zhao F, et al.
Discovery of the first potent inhibitors of mutant IDH1 that lower tumor 2-HG
in vivo. ACS Med Chem Lett 2012;3: 850-5.

56. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L,
Osenberg S, et al. Topology of the human and mouse m6A RNA methylomes
revealed by m6A-seq. Nature 2012;485: 201-6.

57. Song H, Wang Y, Wang R, Zhang X, Liu Y, Jia G, et al. SFPQ is an FTO-binding
protein that facilitates the demethylation substrate preference. Cell Chem Biol
2020;27: 283-91.

58. Tannous BA. Gaussia luciferase reporter assay for monitoring biological
processes in culture and in vivo. Nat Protoc 2009;4: 582-91.

59. Malta TM, de Souza CF, Sabedot TS, Silva TC, Mosella MS, Kalkanis SN, et al.
Glioma CpG island methylator phenotype (G-CIMP): biological and clinical
implications. Neuro Oncol 2018;20: 608-20.

60. Shi H, Wei J, He C.Where, when, and how: context-dependent functions of RNA
methylation writers, readers, and erasers. Mol Cell 2019;74: 640-50.

61. Zou S, Toh JDW, Wong KHQ, Gao Y-G, Hong W, Woon ECY. N 6-
Methyladenosine: a conformational marker that regulates the substrate
specificity of human demethylases FTO and ALKBH5. Sci Rep 2016;6: 25677.

62. Sheng Z, Li L, Zhu LJ, Smith TW, Demers A, Ross AH, et al. A genome-wide RNA
interference screen reveals an essential CREB3L2-ATF5-MCL1 survival pathway
in malignant glioma with therapeutic implications. Nat Med 2010;16: 671-7.

63. Cates CC, Arias AD, NakayamaWong LS, LaméMW, Sidorov M, Cayanan G, et al.
Regression/eradication of gliomas in mice by a systemically-deliverable ATF5
dominant-negative peptide. Oncotarget 2016;7: 12718-30.

64. Persico P, Lorenzi E, Losurdo A, Dipasquale A, Di Muzio A, Navarria P, et al.
Precision oncology in lower-grade gliomas: promises and pitfalls of therapeutic
strategies targeting IDH-mutations. Cancers 2022;14: 1125.

65. Mazor T, Chesnelong C, Pankov A, Jalbert LE, Hong C, Hayes J, et al. Clonal
expansion and epigenetic reprogramming following deletion or amplification
of mutant IDH1. Proc Natl Acad Sci U S A 2017;114: 10743-8.

AACRJournals.org Cancer Res Commun; 4(3) March 2024 893



Pianka et al.

66. Oizel K, Gratas C, Nadaradjane A, Oliver L, Vallette FM, Pecqueur C. D-2-
Hydroxyglutarate does not mimic all the IDH mutation effects, in particular
the reduced etoposide-triggered apoptosis mediated by an alteration in
mitochondrial NADH. Cell Death Dis 2015;6: e1704.

67. Notarangelo G, Spinelli JB, Perez EM, Baker GJ, Kurmi K, Elia I, et al. On-
cometabolite d-2HG alters T cell metabolism to impair CD8+ T cell function.
Science 2022;377: 1519-29.

68. Du X, Hu H. The roles of 2-hydroxyglutarate. Front Cell Dev Biol 2021;9:
651317.

69. Angelastro JM, Ignatova TN, Kukekov VG, Steindler DA, Stengren GB,
Mendelsohn C, et al. Regulated expression of ATF5 is required for the
progression of neural progenitor cells to neurons. J Neurosci 2003;23:
4590-600.

894 Cancer Res Commun; 4(3) March 2024 https://doi.org/10.1158/2767-9764.CRC-23-0271 | CANCER RESEARCH COMMUNICATIONS



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




