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SUMMARY

R-2-hydroxyglutarate (R-2HG), produced at high
levels by mutant isocitrate dehydrogenase 1/2
(IDH1/2) enzymes, was reported as an oncometabo-
lite. We show here that R-2HG also exerts a broad
anti-leukemic activity in vitro and in vivo by inhibit-
ing leukemia cell proliferation/viability and by
promoting cell-cycle arrest and apoptosis. Mecha-
nistically, R-2HG inhibits fat mass and obesity-
associated protein (FTO) activity, thereby increasing
global N6-methyladenosine (m6A) RNA modification
in R-2HG-sensitive leukemia cells, which in turn
decreases the stability of MYC/CEBPA transcripts,
leading to the suppression of relevant pathways.
Ectopically expressed mutant IDH1 and S-2HG
recapitulate the effects of R-2HG. High levels of
FTO sensitize leukemic cells to R-2HG, whereas
hyperactivation of MYC signaling confers resistance
that can be reversed by the inhibition of MYC
signaling. R-2HG also displays anti-tumor activity
in glioma. Collectively, while R-2HG accumulated
in IDH1/2 mutant cancers contributes to cancer
initiation, our work demonstrates anti-tumor
effects of 2HG in inhibiting proliferation/survival of
FTO-high cancer cells via targeting FTO/m6A/MYC/
CEBPA signaling.

INTRODUCTION

IDH 1 and 2 catalyze the oxidative decarboxylation of isocitrate
to a-ketoglutarate (a-KG) in an NADP+-dependent manner.
Recurrent somatic mutations in IDH1 and IDH2 occur in !80%
of grade II-III gliomas and secondary glioblastoma (GBM),
10%–20% of acute myeloid leukemia (AML) patients, and at a
lower rate in other cancers; most of these lesions involve muta-
tions of arginine (R) residues in codon 132 for IDH1 (IDH1R132)
and residues 140 and 172 for IDH2 (IDH2R140 and IDH2R172)
(Brat et al., 2015; Mardis et al., 2009; Papaemmanuil et al.,
2016). IDH mutants induce a neomorphic enzymatic function
that catalyzes the conversion of a-KG to the R enantiomer of
2-hydroxyglutarate (R-2HG) (Dang et al., 2009; Ward et al.,
2010). R-2HG is structurally close to a-KG and competitively
inhibits a series of Fe(II)/a-KG-dependent dioxygenases
(Xu et al., 2011). Because IDH mutants block cell differentiation
and promote tumor transformation, and inhibition of mutant
IDH (IDHi) can reverse this effect, R-2HG (as the major metabolic
product of IDH mutants) has been regarded as an oncometabo-
lite (Figueroa et al., 2010; Lu et al., 2012; Rohle et al., 2013;Wang
et al., 2013; Xu et al., 2011).
Interestingly, glioma patients with IDH lesions tend to have a

better overall survival than those without (Brat et al., 2015;
Eckel-Passow et al., 2015), and a similar trend, although still
debatable (Marcucci et al., 2010), was reported in AML
patients (Chou et al., 2011; Patel et al., 2012). Recent studies
further showed that IDH mutations and R-2HG exhibit
growth-suppressive activity and glycolysis-inhibitory function
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in gliomas (Bralten et al., 2011; Fu et al., 2015). Thus, R-2HG
appears to exhibit complex effects during initiation, progres-
sion, and drug response of different cancers, perhaps through
inhibiting different dioxygenases.

Here, we show that R-2HG also displays a broad and intrinsic
anti-tumor activity in leukemia and glioma, by targeting the fat
mass and obesity-associated protein (FTO), a RNA N6-methyla-
denosine (m6A) demethylase (Jia et al., 2011), and by inducing
suppression of MYC/CEBPA-associated pathways through
affecting mRNA m6A modification and the fates of target
RNAs. Thus, our studies reveal a previously unrecognized link
between FTO/m6A-modification/MYC/CEBPA signaling and
the function of R-2HG in cancers.

RESULTS

R-2HG Shows Growth-Suppressive Activity in Leukemia
To broadly define the pathological effect of R-2HG in leukemia,
we exposed 27 human leukemia cell lines (Table S1), none of
which carries common IDH1/2 mutations (Table S2), to a series
of concentrations of R-2HG; similar or even higher concentrations
of R-2HGhave been used in previous studies (Fu et al., 2015; Los-
man et al., 2013; Lu et al., 2012). Such concentrations should be
physiologically relevant as IDH1/2 mutations in AML and glioma
patients can result in accumulation of R-2HG up to the millimolar
(mM) level. Unexpectedly, R-2HG inhibited cell proliferation and
viability in a time- and dose-dependent manner in the majority
of these leukemia cell lines (Figures 1A and 1B; Table S3). The
inhibition of cell proliferation and viability likely stems from
R-2HG-induced cell-cycle arrest and apoptosis (Figures S1A–
S1F). The accumulation of intracellular R-2HG is comparable
between the sensitive and resistant cells (Figure S1G).

It was reported previously that R-2HG promotes cell prolifera-
tion and induces leukemic transformation in TF-1 cells under
GM-CSF poor conditions (Losman et al., 2013). We repeated
the same experiments and found that R-2HG indeed increased
cell proliferation under cytokine-poor conditions, but decreased
cell growth and viability under standard culture conditions
(Figures S1H and S1I). Interestingly, in SKNO-1, another GM-
CSF-dependent leukemia cell line, R-2HG notably inhibited cell
proliferation and viability under both standard culture conditions

and cytokine-poor conditions (Figures S1J and S1K). Moreover,
R-2HG also decreased colony-forming activity (Figure S1L) and
cell viability (Figure S1M) of human primary AML cells (without
IDH1/2 mutations) and showed neither obvious inhibitory nor
promoting effects on the viability of human primary AML cells
with IDH1/2 mutations (Figure S1N; Table S4). Thus, contrast
to the proliferation-promoting effect of R-2HG observed in
TF-1 cells under cytokine-poor conditions, R-2HG exhibits a
broad growth-suppressive activity in leukemia in general,
whereas IDH1/2 mutant leukemia cells can tolerate such an
inhibitory activity.

R-2HG Significantly Inhibits Progression of Sensitive
AMLs In Vivo
We next used ‘‘human-in-mouse’’ xeno-transplantation
leukemic models to evaluate the effect of R-2HG on leukemia
progression in vivo. Two strategies of R-2HG treatment,
including direct R-2HG injection and IDH1R132H-mediated gener-
ation of R-2HG, were conducted with immunodeficient NSGS
(Wunderlich et al., 2010) and NRGS (Wunderlich et al., 2014)
mice. As expected, the in vivo treatment with R-2HG significantly
inhibited AML progression and prolonged survival in mice xeno-
transplanted with sensitive cells, but not in those with resistant
cells (Figures 1C and 1D). Further, we transduced doxycycline-
inducible IDH1R132H lentiviruses into sensitive (NOMO-1 and
MA9.3ITD) or resistant (NB4) AML cells and xeno-transplanted
the cells into immunodeficient mice; the mice were then fed a
doxycycline (dox) diet or a regular diet (Figure 1F). Similarly,
endogenous R-2HG produced by IDH1R132H also significantly
delayed AML progression and extended survival in mice with
sensitive AML (Figure 1G). Consistently, both exogenous (in vivo
injected) and endogenous (IDH1R132H-generated) R-2HG
resulted in less aggressive leukemic symptoms in mice with
2HG-sensitive AML cells, including reduced splenomegaly and
inhibited engraftments in peripheral blood (PB), bone marrow
(BM) and spleen (Figures 1E and 1H–1K; Table S5). R-2HG treat-
ment led to a substantial decrease of leukemic blasts in PB from
both NSGS and NRGS mice with these sensitive cells, but not
with the 2HG-resistant AML cells (Figure 1L). Thus, our in vivo
results indicate that R-2HG may hold therapeutic potential to
treat R-2HG-sensitive AMLs.

Figure 1. R-2HG Displays Anti-leukemic Activity In Vitro and In Vivo
(A) Relative cell viabilities of leukemia cell lines treated with 300 mM cell-permeable R-2HG for the indicated times. The colors represent different time points; the

diameter indicates the relative cell viability. h, hour.

(B) Relative cell viabilities of the cell lines at 96 hr post-treatment with different concentrations of R-2HG. The colors represent different R-2HG concentrations; the

diameter represents relative cell viability.

(C) Schematic illustration of leukemic mouse models with R-2HG (or PBS) in vivo injection.

(D) Kaplan-Meier curves of leukemic mouse models xeno-transplanted with sensitive (NOMO-1 and MA9.3ITD) or resistant (MA9.3RAS) cells followed by PBS or

R-2HG injection. NRGS mice were used for the NOMO-1 and MA9.3RAS models, while NSGS mice were used for the MA9.3ITD model.

(E) Spleen weight of MA9.3ITD- or MA9.3RAS-xenotransplanted mice with PBS or R-2HG injection.

(F) Schematic illustration of leukemic mouse models with IDH1R132H-mediated generation of R-2HG.

(G) Kaplan-Meier curves of NOMO-1_IDH1R132H, MA9.3ITD_IDH1R132H, and NB4_IDH1R132H mouse models with or without doxycycline (Dox) induction. NRGS

mice were used for the NOMO-1_IDH1R132H and MA9.3ITD_IDH1R132H models, while NSGS mice were used for the NB4_IDH1R132H model.

(H) Spleen weight of MA9.3ITD_IDH1R132H and NB4_IDH1R132H leukemic mice with or without Dox induction.

(I and J) Engraftment of MA9.3ITD (I) and MA9.3RAS (J) AML cells into PB, BM and spleen upon R-2HG or PBS injection.

(K) Engraftment of MA9.3ITD_IDH1R132H cells into recipient mice with or without Dox induction.

(L) Wright-Giemsa staining of PB from leukemia mouse models. Arrows indicate the immature leukemic cells. Black bar represents 50 mm.

NS, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; t test. Error bars, mean ± SEM (nR 3). For Kaplan-Meier curve, p values were calculated by log-rank test.

See also Figure S1 and Tables S1, S2, S3, S4, and S5.
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Figure 2. Identification of Genes and Pathways Related to R-2HG Response
(A) Identification of potential a-KG-dependent dioxygenases and signaling pathways responsible for the varying sensitivities to R-2HG treatment. Top: the top 10

a-KG-dependent dioxygenases showing a positive correlation with R-2HG sensitivity. Bottom: the top 3 signaling pathways distinguishing sensitive and resistant

leukemia cells.

(B) Expression of FTO in leukemic samples and healthy controls (mononuclear cells (MNCs), CD34+ cells and CD34" cells), and its positive correlationwith R-2HG

sensitivity. **p < 0.01; unpaired Student’s t test.

(legend continued on next page)
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Factors Related to R-2HG Sensitivity in Leukemic Cells
To determine the potential factors related to R-2HG sensitivity in
leukemic cells, we performed RNA sequencing (RNA-seq) with
four (R-2HG-) sensitive and five resistant leukemia cell lines,
along with four healthy control samples (Figure 2A). A set of
Fe(II)/a-KG-dependent dioxygenases were found to be ex-
pressed at significantly higher levels in sensitive AML cells than
in resistant AML cells or normal controls (Figure 2A). Our qPCR
analysis with an expanded cohort of leukemic and normal control
samples confirmed the positive correlation between expression
levels of these dioxygenase genes and R-2HG sensitivity across
leukemic samples for 7 out of the top 10 dioxygenase genes (Fig-
ures 2A, 2B, and S2A). However, only FTO was expressed at a
significantly higher level in leukemic samples compared to all
three types of normal control cells (Figure 2B).

We next conducted RNA-seq assays with NOMO-1 and
MA9.3ITD cells upon R-2HG treatment (Figure 2C). Expression
levels of a number of dioxygenase genes were also changed
upon R-2HG treatment (Figure S2B; Table S6). Through gene
set enrichment analysis (GSEA), we identified 7 gene sets that
are strongly correlated with R-2HG sensitivity through the two
cohorts of RNA-seq datasets (Figures 2A, 2C, 2D, and S2C).
Among these pathways, MYC, G2M, and E2F signaling path-
ways are hyper-activated in R-2HG-resistant leukemic samples,
while being only moderately activated in R-2HG-sensitive
samples, relative to normal controls (Figures 2E, 2F, and S2C–
S2E), suggesting their hyper-activation might be responsible
for the resistance to R-2HG in resistant leukemic cells. Impor-
tantly, the presence of R-2HG suppressed the activities of
MYC, G2M, and E2F signaling pathways in R-2HG-sensitive
AML cells (Figures 2C–2E and S2C–S2G). Our qPCR data further
confirmed that R-2HG inhibits the expression of the main
component genes of MYC signaling in sensitive cells, but not in
resistant cells (Figure S2H). The fact that MYC, G2M, and E2F
signaling act concordantly to regulate G0/G1, G1/S, and G2/M
cell-cycle transitions might be a primary mechanism by which
R-2HG causes cell-cycle arrest and apoptosis in sensitive cells.

R-2HG Targets FTO in Sensitive Leukemic Cells
FTO, the first identified RNA demethylase, is a Fe(II)/a-KG-
dependent dioxygenase that catalyzes demethylation of m6A
methylation in RNA and plays an oncogenic role in AML
(Jia et al., 2011; Li et al., 2017). Based on our previous study
on FTO in AML, a recent study suggested that R-2HGmay target
FTO (Elkashef et al., 2017). Due to the overexpression of FTO and
the positive correlation between its expression level and R-2HG
sensitivity in leukemia cells (Figure 2B), we sought to determine
whether FTO is a critical bona fide target of R-2HG that mediates
the effects of R-2HG in sensitive leukemic cells. We found that
R-2HG treatment notably increased global m6A abundance in
sensitive cells, but not in resistant cells, as detected by both
m6A dot blot assay and liquid chromatography-tandem mass

spectrometry (LC-MS/MS) assay with poly(A)+ RNA (Figures 3A
and 3B). Besides m6A, FTO also displays demethylation activity
toward RNA with N6,20-O-dimethyladenosine (m6Am) in the 50

cap (Mauer et al., 2017). Our LC-MS/MS assays showed that
R-2HG also slightly increases cap m6Am levels in sensitive
leukemia cells, but its overall abundance is only !1/30 of that
of m6A in leukemia cells (Figures 3B–3D). Thus, our data suggest
that R-2HG likely suppresses FTO activity and thereby elevates
m6A RNA modification in the sensitive AML cells.
R-2HG has also been shown to competitively inhibit the

functions of DNA and histone demethylases, such as TET2,
JMJD, and KDM, leading to hypermethylated DNA and histones
(Chowdhury et al., 2011; Sasaki et al., 2012). Nonetheless, we
analyzed the expression levels of genes encoding DNA deme-
thylases (TET1/2/3), m6ARNA demethylases (FTO andALKBH5),
and histone demethylases (including KDM2A, KDM4A, and
JMJD6) in leukemic and healthy control samples by qPCR. We
found that FTO is the only gene that exhibits a significantly
positive correlation with R-2HG sensitivity across the leukemia
samples; that is also overexpressed in leukemia samples
relative to normal controls (Figures S3A–S3D). Further functional
studies showed that R-2HG caused a noticeable decrease in
5-hydroxymethylcytosine (5hmC) modification in resistant cells,
but not in sensitive cells (Figures S3E and S3G), suggesting
that R-2HG inhibits the activity of TETs in the resistant cells.
No consistent, significant increase in histone methylation was
observed in either sensitive or resistant leukemic cells upon
R-2HG treatment (Figures S3F and S3H). Collectively, our data
suggest that FTO might be a main mediator of the effect of
R-2HG in 2HG-sensitive AML cells.
To determine if FTO is a direct target of R-2HG, we conducted

three types of biochemical experiments. Drug affinity responsive
targets stability (DARTS) assays and cellular thermal shift assays
(CETSAs) were performed to demonstrate the direct binding
between FTO protein and R-2HG in cellulo, while in vitro FTO
demethylation activity assays were conducted to verify that
R-2HG competitively suppresses FTO enzymatic activity in a
cell-free system. Our DARTS data suggest that R-2HG binds to
FTO, protecting it from degradation by proteinase in a dose-
dependent manner (Figure 3E). The CETSAs detected obvious
shifts of the FTO melting curve in the presence of R-2HG,
indicatingdirectbindingbetweenFTOandR-2HG insidecells (Fig-
ures3FandS3I). In vitroFTOactivity assaysconfirmed thatR-2HG
can inhibit FTO demethylase activity (Figures 3G–3I and S3J).
Finally, we also showed that knockdown of endogenous

FTO by small hairpin RNAs (shRNAs) in sensitive cells recapit-
ulates the effects of R-2HG on inhibiting cell viability and
increasing global m6A levels of cellular poly(A)+ RNA (Figures
3J, 3K, and S3K–S3M). Conversely, forced expression of
wild-type FTO, but not mutant FTO (carrying two point muta-
tions, H231A and D233A, which disrupt enzymatic activity)
(Jia et al., 2011), significantly promotes cell proliferation and

(C) The top 3 signaling pathways suppressed by R-2HG in sensitive (NOMO-1) leukemia cells.

(D) Gene set enrichment analysis (GSEA) of differentially expressed genes in four groups of comparisons.

(E) The normalized enrichment scores of MYC, G2M, and E2F signaling pathways in the four groups of comparisons.

(F) Violin plots summarize the gradient levels of MYC, G2M, and E2F signaling cascades in R-2HG-resistant, R-2HG-sensitive, and healthy control samples.

See also Figure S2 and Table S6.
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decreases total m6A levels (Figures 3J, 3K, and S3K–S3M).
Moreover, knockdown of FTO in R-2HG-sensitive leukemic
cells significantly reduced their sensitivity to R-2HG (Fig-
ure 3L). Collectively, our data demonstrate that FTO is a direct
target of R-2HG and a main mediator of R-2HG-induced
growth-suppressive effects in leukemic cells.

The R-2HGxFTOxm6A Axis Regulates MYC Expression
To identifycriticaldownstreamtarget(s) of theR-2HGxFTOxm6A
axis responsible for growth inhibition, we conducted transcrip-
tome-wide m6A-sequencing (m6A-seq) and RNA-seq with
R-2HG- and PBS-treated NOMO-1 cells. The genomic distribu-
tions of the m6A peaks and the m6A motifs identified from the
two groups (Figures S4A–S4E) are consistent with those reported
previously (Wang et al., 2014b). Notably, among the 6,024 m6A
peaks with significant changes upon R-2HG treatment, the vast
majority (5,281; 87.7%) exhibited a notable (p < 0.01) increase in
m6A abundance (Figures 4A and 4B). The transcripts with
increasedm6A levels (m6A-hyper) were also significantly enriched
for target genes of MYC, E2F, and G2M signaling pathways (Fig-
ure 4C). The m6A-hyper peaks were preferentially located in the
CDS at a greater proportion than expected by chance (63.6%
versus 52.8%) (Figures S4C, S4F, and S4G). Approximately 5%
of the fold-change-adjusted m6A-hyper peaks are located within
the50 endof the50UTR (150nt ascut-off) (FigureS4H),whichcould
be attributed to capm6Am and 50 UTRm6A peaks, consistent with
low cap m6Am in these leukemia cells (Figures 3B–3D). Indeed,
only 4.7% of m6A-hyper peaks are located within the first 150 nt
of 50UTR (Figure S4I); the average fold change of these 50 end
m6A-hyper peaks is comparable to that of the other m6A-hyper
peaks (Figure S4J). Moreover, although cap m6Am was reported
to stabilize target transcripts (Mauer et al., 2017), the 50 end
m6A-hyper peaks identified herein are not preferentially associ-
ated with increased mRNA levels upon R-2HG treatment (Fig-
ure S4K). In analysis of mRNAs with m6Am, Am, Cm, Gm, and Um

adjacent to the cap in leukemic cells, we did not observe a bigger
fold change in expression of m6Am-initiated mRNAs compared
with those of the other mRNA groups upon FTO inhibition or
overexpression (Figure S4L), suggesting that cap m6Am has little
effects in leukemia cells. Therefore, our data suggest that
internal m6A, not cap m6Am, is the relevant substrate of FTO in
these 2HG-sensitive leukemic cells.

MYC targets and E2F targets are the top gene sets repressed
by R-2HG in sensitive cells (see Figure 2), and they are believed

to be regulated directly or indirectly by MYC (Lin et al., 2012).
Notably, our m6A-seq data show that MYC transcripts are
enriched with m6A peaks, which are substantially increased by
R-2HG treatment, especially in the 50UTR and CDS regions (Fig-
ure 4D); this was confirmed by gene-specific m6A qPCR assays
(Figure 4E). To determine whetherMYC is a direct target of FTO,
we performed luciferase reporter assays as well as m6A-IP with
MYC 50UTR or CDS containing wild-type or mutant m6A sites
(m6A was replaced with T). Forced expression of wild-type
FTO, but not mutant FTO, significantly increased luciferase ac-
tivity of the reporter construct carrying wild-type MYC 50UTR or
CDS, relative to the control; this increase was abrogated
when the putative m6A sites were mutated (Figure 4F). Our
gene-specific m6A qPCR results showed that the constructs
with wild-type m6A motifs contain much higher levels of m6A
compared to those with mutant m6A sites and forced
expression of wild-type FTO noticeably reduced m6A abun-
dance (Figure 4G). Moreover, RNAs transcribed from the
reporter constructs bearing the (m6)A-T mutant 50UTR or CDS
were more abundant than those from wild-type constructs in
cells (Figure 4H), likely because the former were more
stable due to the lack of m6A modifications. Overall, our data
indicate that FTO can increase the transcript level of MYC
through an m6A-dependent mechanism.
In contrast to the effect of FTO, R-2HG notably suppresses

MYC expression in sensitive cells, but not in resistant cells (Fig-
ure S4M). Furthermore, R-2HGmarkedly decreasedMYCmRNA
stability in sensitive cells, but not in resistant cells (Figure 4I),
indicating that R-2HG-induced downregulation of MYC in
sensitive cells is likely related to the reduced stability of MYC
transcripts. Knockdown of YTHDF2, a major m6A reader that is
responsible for the decay of m6A-modified mRNA transcripts
(Wang et al., 2014b) and that is known to bind MYC mRNA (Fig-
ure S4N), noticeably increased the stability and expression of
MYC transcripts in leukemia cells (Figures 4J and S4O). Consis-
tent with R-2HG’s effects, knockdown of FTO also inhibitedMYC
expression; conversely, ectopically expressed wild-type FTO
promotedMYC expression (Figure S4P). Together, our data sug-
gest that the m6A changes caused by FTO or R-2HG affectMYC
expression by influencing the stability of MYC transcripts, likely
through a YTHDF2-associated mechanism.
We also performed m6A-seq of R-2HG- and PBS-treated

sensitive cells (MA9.3ITD) with or without FTO knockdown and
resistant cells (MA9.3RAS) with or without FTO overexpression

Figure 3. R-2HG Induces m6A Modification via Direct Inhibiting m6A Demethylation Activity of FTO
(A) R-2HG treatment (300 mM, 96 hr) increases global m6A levels in sensitive leukemia cells (left), but not in resistant cells (right). MB, methyl blue.

(B and C) Verification of the m6A abundance (B) and determination of m6Am abundance (C) in poly(A)+ RNA by LC-MS/MS.

(D) Relative m6A and m6Am abundance in leukemia cells.

(E) Identification of the direct binding between R-2HG and FTO via DARTS assays.

(F) CETSAs exhibit the binding affinity of R-2HG to FTO in AML cells.

(G) Proposed oxidative demethylation of m6A to A in RNA by FTO in the presence of Fe(II), a-KG, and R-2HG.

(H) Determination of m6A abundance by dot blot in the presence of various R-2HG concentrations and FTO protein in a cell-free system.

(I) Verification of the remaining m6A levels in the presence of FTO and varying R-2HG concentrations by LC-MS/MS. w/o, without; w/, with.

(J) Effects of FTO on cell proliferation/viability in NOMO-1 cells.

(K) Effects of FTO on global m6A modification in NOMO-1 cells. Dot blot assays were conducted with poly(A)+ RNA.

(L) Knockdown of FTO abolishes R-2HG-induced cell proliferation-suppressive effects in NOMO-1 cells.

*p < 0.05; **p < 0.01; ***p < 0.001; t test. Error bars, mean ± SD (n = 3).

See also Figure S3.
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to further analyze the effects of R-2HG and FTO on m6A modifi-
cation ofMYC transcripts (Figures 4K and 4L). In MA9.3ITD cells,
R-2HG increased the abundance of m6A in the 50UTR and CDS
regions of MYC transcripts and this increase was abrogated
by FTO knockdown (Figures 4M and 4N). In contrast, R-2HG
showed no obvious effect on m6A abundance on MYC tran-
scripts in parental MA9.3RAS cells, but substantially increased
m6A abundance in the 50UTR and CDS regions of MYC tran-
scripts in FTO-overexpressing MA9.3RAS cells (Figures 4M
and 4N). Importantly, knockdown ofMYC reduced the response
to R-2HG in sensitive cells (Figure 4O), suggesting MYC is an
important target of the R-2HGxFTOxm6A axis. R-2HG treat-
ment also significantly increased expression of RARA and
ASB2, two direct targets of FTO (Li et al., 2017), in sensitive cells,
but not in the resistant cells (Figures S4Q and S4R). Thus, our
data further demonstrate that FTO and its downstream targets
(e.g., MYC, ASB2, and RARA) are the major effectors of
R-2HG in sensitive leukemia cells.

CEBPA Suppression by the R-2HGxFTOxm6A Axis
Inhibits FTO Transcription
Interestingly, besides inhibition of FTO catalytic activity by
R-2HG through direct interaction (see Figures 3E–3I), we also
found that extended R-2HG treatment (e.g., 96 hr) can substan-
tially decrease FTO protein levels in sensitive leukemic cells, but
not in resistant cells (Figure 5A). Notably, R-2HG treatment for
48 hr shows a minor effect on FTO protein level, but an obvious
increase in global m6A abundance in poly(A)+ RNA (Figure 5B),
implying that inhibition of FTO expression after extended
R-2HG treatment might be a consequence of the increased
m6A abundance. As indicated by data shown in Figures S5A–
S5H, R-2HG-mediated FTO expression suppression is not
related to altered m6A, DNA, or histone modifications. Instead,
our nuclear run-on assays suggest that extended R-2HG treat-
ment-mediated downregulation of FTO is likely due to transcrip-
tional inhibition (Figure 5C). To identify transcription factors (TFs)
that may regulate transcription of FTO, we analyzed the correla-
tions in expression between FTO and 92 TF genes which have
putative binding sites in the ‘‘core promoter’’ of the FTO gene

in four AML datasets (Figure 5D). Among them, CEBPA, MZF1,
NFATC3, andRFX3 display a positive correlation (p < 0.05), while
NFKB2 and TFEB exhibit a negative correlation (p < 0.05) in all
four datasets (Figures 5E and S5I). Among the 4 positively
correlated TFs, only CEBPA demonstrates both increased m6A
modification and decreased expression after R-2HG treatment
in sensitive cells (Figures 5F and 5G).
Consistent with the effects mediated by R-2HG, expression

of CEBPA could also be enhanced by forced expression of
FTO and inhibited by FTO knockdown (Figures 5H and 5I).
The increased m6A modification on CEBPA mRNA upon
R-2HG treatment could be recognized by YTHDF2, leading to
reduced stability of CEBPA transcripts and reduced expression
(Figures 5J and 5K). Moreover, CEBPA was abnormally
upregulated in AML patients (Figure 5L) and its forced
expression promoted transcriptional activity of the FTO
promoter (Figure 5M). Knockdown of CEBPA decreased cell
growth, reduced FTO abundance, and largely abolished
R-2HG-induced growth-suppressive effects (Figures 5N–5P)
in R-2HG-sensitive leukemic cells. Consistent with this, low
abundance of endogenous CEBPA in R-2HG-resistant
leukemic cells (Figure S5J) likely also contributes to the resis-
tance of the cells to R-2HG. Collectively, suppression of
CEBPA by the R-2HGxFTOxm6A axis could further inhibit
FTO transcription as a feedback mechanism (Figure 5Q).

Both Ectopic IDH1 Mutant and S-2HG Exert Similar
Effects to R-2HG
To determine whether mutant IDH can recapitulate the pheno-
types we observed in R-2HG-treated cells, we created leukemic
cell lines with inducible expression of mutant IDH. As expected,
doxycycline-induced IDH1R132H expression mimicked the phe-
notypes caused by exogenous R-2HG, such as suppressed
FTO and MYC expression, enhanced m6Amodification, induced
cell-cycle arrest, decreased cell proliferation, and increased cell
apoptosis in sensitive, but not in resistant cells (Figures 6A–6C
and S6A–S6D). Measurement of intracellular R-2HG confirmed
the generation of R-2HG by IDH1R132H, to the level that results
from 300 mM R-2HG treatment (Figures 6B versus S1G).

Figure 4. R-2HG and FTO Regulate MYC Expression via Manipulation of m6A Modification
(A) The density (line) and frequency (histogram) distributions of m6A peaks in NOMO-1 cells with R-2HG versus PBS-treatment.

(B) The significantly increased (red) or decreased (blue) m6A peaks (p < 0.05) upon R-2HG treatment in NOMO-1 cells.

(C) GSEA analysis of genes with a significant increase in m6A modification on transcripts after R-2HG treatment.

(D) The m6A abundance in MYC mRNA in R-2HG- or PBS-treated NOMO-1 cells.

(E) Gene-specific m6A qPCR validation of m6A level changes of MYC mRNA in NOMO-1 cells.

(F) Luciferase reporter andmutagenesis assays. HEK293T cells were co-transfected withMYC-50UTRorMYC-CDSbearing wild-type ormutant (m6A replaced by

T) m6A motifs, together with wild-type FTO, mutant FTO, or control vector.

(G) Luciferase reporter assay-related gene-specific m6A qPCR analysis of the m6A levels in the exogenous mRNA transcripts of MYC 50UTR and CDS.

(H) Relative abundance of MYC 50UTR (top) and CDS (bottom) exogenous transcripts with wild-type or mutant m6A site in HEK293T cells.

(I) Effects of R-2HG on MYC mRNA stability in sensitive or resistant leukemia cells.

(J) Effect of YTHDF2 knockdown on MYC mRNA stability in NOMO-1 and K562 cells.

(K) Schematic illustration of m6A-seq in sensitive cells (MA9.3ITD) with FTO knockdown and in resistant cells (MA9.3RAS) with FTO overexpression.

(L) Verification of the R-2HG levels in each group being subjected to m6A-seq.

(M) Changes of m6A peaks on MYC transcripts in PBS- or R-2HG-treated sensitive cells (MA9.3ITD) upon FTO knockdown, or resistant cells (MA9.3RAS) upon

FTO overexpression.

(N) Quantitation of the m6A peaks in (M).

(O) Response to R-2HG in NOMO-1 cells with MYC knockdown background.

ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; t test. Error bars, mean ± SD (n = 3).

See also Figure S4.

98 Cell 172, 90–105, January 11, 2018



(legend on next page)

Cell 172, 90–105, January 11, 2018 99



Moreover, doxycycline-induced IDH1R132H expression also
mimicked the in vivo anti-tumor effects of exogenous R-2HG in
mice with sensitive AML (see Figure 1).

S-2HG, the enantiomer of R-2HG, is also structurally and
chemically related to a-KG and R-2HG (Figure 6D). We found
that S-2HG displayed a growth-suppressive effect in R-2HG-
sensitive cells, but not in R-2HG-resistant cells (Figures 6E,
S6E, and S6F). S-2HG also directly inhibited the demethylation
activity of FTO (Figures 6F, 6G, and S6G). Together, IDH muta-
tion and S-2HG could largely recapitulate effects of R-2HG,
including direct inhibition of FTO, increased global m6A modifi-
cation, and decreased leukemic cell proliferation/viability.

FTO/MYC Homeostasis Controls R-2HG Sensitivity
Because ectopically expressed IDH mutants (e.g., IDH1R132H)
display anti-tumor effects, why do they still exist in 10%–20%
of AML cases? To address this question, we conducted integra-
tive analysis of the TCGA AML microarray dataset (Ley et al.,
2013) with our RNA-seq data shown in Figure 2A. We identified
5 core signaling pathways enriched in the IDHmutant AML sam-
ples (relative to IDH-wild-type AML samples, in the whole set or
in the normal-karyotype subset), as well as in R-2HG-resistant
leukemic cells (relative to R-2HG-sensitive cells) and R-2HG-
sensitive cells (compared with healthy controls) (Figures 7A
and S7A). Primary AML cells with IDH mutations are also sensi-
tive to JQ1, an inhibitor of MYC signaling (Delmore et al., 2011),
often with an IC50 lower than 1 mM, thoughwith a higher IC50 than
AML cells with wild-type IDH (Figure 7B; Table S4), likely due to
the hyper-activation of MYC signaling in the former. We also
confirmed that IDH mutant AML samples have a higher expres-
sion level of MYC and its critical targets (e.g., CDK4 and CDK6)
and a lower level of FTO (but not ALKBH5) expression than IDH
wild-type AML samples (Figure 7C; Table S4). Our western blot
assays showed that R-2HG-resistant leukemic cell lines have a
much higher level of MYC and a lower level of FTO than the sen-
sitive cell lines; R-2HG treatment caused a substantial decrease
in FTO and MYC expression in sensitive cells, but had minimal
effects in resistant cells (Figure 7D).

Thus, we propose that highly activated MYC signaling dimin-
ishes the anti-leukemic effect of R-2HG in most IDH mutant
AML cells. To test this hypothesis, we manipulated MYC levels
both in resistant and sensitive cells and tested their response
to R-2HG or IDH mutation. In the resistant cells, both shRNA-
inducedMYC knockdown and JQ1-mediated MYC suppression
could increase their sensitivity to exogenous R-2HG and
IDH1R132H (Figures 7E and S7B). In the sensitive cells, forced
expression of MYC did render leukemic cells resistant to
R-2HG or IDH1R132H and rescue R-2HG or IDH1R132H-induced
proliferation inhibition (Figure 7F).
Furthermore, besides JQ1, we found that R-2HG also exhibits

a synergistic effect with a series of first-line chemotherapy drugs
such as all-trans retinoic acid (ATRA), azacitidine (AZA), decita-
bine, and daunorubicin (Figure S7C). This synergistic effect is
likely, at least in part, due to their combinational inhibition of
MYC expression (Figure S7D). Importantly, the synergistic effect
between R-2HG and chemotherapy drugs was also validated
in vivo. The combinatorial treatment of R-2HG plus daunorubicin
or decitabine displayed much better therapeutic effects in
the leukemia mouse models xeno-transplanted with R-2HG-
sensitive leukemic cells (Figures 7G and S7E).
Together, our data suggest that high abundance of FTO

confers R-2HG sensitivity in leukemic cells, whereas hyper-
activation of MYC-associated pathways renders leukemic cells
(including those with endogenous IDH mutations) resistant to
R-2HG (Figure 7H). Moreover, R-2HG shows synergistic
anti-tumor effects with first-line chemotherapy drugs and their
combinations hold great therapeutic potential to treat leukemia
in the clinic.
As IDH mutations frequently occur in human brain tumors as

well, we also investigated the pathological effects of R-2HG in
8 human GBM cell lines (all with wild-type IDH1/2). R-2HG also
inhibits cell proliferation and viability of all 8 cell lines (Figures
S7F and S7G) and displays synergistic action with a common
chemotherapy agent, temozolomide (TMZ) (data not shown).
Thus, our data indicate that R-2HG also exhibits anti-tumor
activity in brain tumors.

Figure 5. R-2HG also Indirectly Modulates FTO Expression at Transcriptional Level
(A) Extended R-2HG treatment (300 mM, 96 hr) suppresses FTO expression in sensitive, but not in resistant cells.

(B) FTO levels and m6A abundance in NOMO-1 cells treated with PBS or 300 mM R-2HG.

(C) Determination of FTO transcription initiation rate via nuclear run-on assay in sensitive NOMO-1 cells upon R-2HG or PBS treatment for 96 hr.

(D) Pearson correlation analysis between expression of predicted TFs and FTO in four AML datasets.

(E) TFs whose expression shows a positive or negative correlation with FTO across AML datasets.

(F and G) m6A modification and quantitation of m6A abundance on mRNA transcripts (F) and relative expression levels (G) of CEBPA andMZF1 in NOMO-1 cells

with R-2HG or PBS treatment for 48 hr.

(H and I) Effects of FTO on regulating CEBPA expression at the protein (H) and RNA (I) levels in NOMO-1 cells.

(J) The effect of R-2HG treatment and YTHDF2 knockdown on the stability of CEBPA mRNA.

(K) The effect of YTHDF2 knockdown on FTO and CEBPA expression.

(L) Expression of CEBPA in AML and healthy control samples according to GSE24006 dataset.

(M) CEBPA enhances transcriptional activity of the FTO promoter as detected by luciferase reporter/mutagenesis assays.

(N) Effects of CEBPA knockdown on cell proliferation/viability in NOMO-1 cells.

(O) Effects of CEBPA on FTO expression in NOMO-1 cells.

(P) Response to R-2HG in NOMO-1 cells with or without CEBPA knockdown.

(Q) Model of the anti-leukemic activity of R-2HG through FTO inhibition. In this model, direct interaction between R-2HG and FTO induces global increased m6A

modification as well as decreased expression of MYC and CEBPA, which account for the anti-tumor activity of R-2HG; as a feedback mechanism,

R-2HGxFTOxm6A axis-induced downregulation of CEBPA also decreases FTO expression at transcriptional level.

*p < 0.05; **p < 0.01; ***p < 0.001; t test. Error bars, mean ± SD (n = 3).

See also Figure S5.
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DISCUSSION

Here, we provide compelling in vitro and in vivo evidence demon-
strating that exogenous or (IDH mutant-mediated) endogenous
R-2HG could exert an intrinsic and broad anti-tumor activity in
most leukemia samples we tested (most of which have wild-
type IDH1/2).
Mechanistically, R-2HG exerts its anti-tumor effect largely

through inhibiting the enzymatic activity of FTO. FTO effectively
demethylates internal m6A and the inhibition by 2HG results in
increased global m6A in mRNA with only <5% changes attributed
to cap m6Am. While the cap m6Am is an effective in vitro substrate
of FTO, its level in AML cells is very low. 2HG-mediated FTO inhi-
bition led to accumulation of m6A on MYC transcripts, leading to
decreased MYC mRNA stability and downregulation of MYC
signaling. This effect contributes to inhibition of cancer prolifera-

Figure 6. Effects of IDH Mutation and
S-2HG in Leukemia
(A) Effect of IDH1R132H on FTO and MYC expres-

sion in sensitive cells (NOMO-1 and MA9.3ITD)

and resistant (K562) cells.

(B) Confirmation of the intracellular R-2HG

accumulation in IDH1R132H-infected cells with Dox

induction. ***p < 0.001; t test. Error bars, mean ±

SD (n = 3).

(C) Effects of IDH1R132H on global m6A modifica-

tion in poly(A)+ RNA in the sensitive and resistant

cells.

(D) The chemical structures of a-KG, R-2HG, and

S-2HG as well as their potential inhibition on FTO.

(E) Effects of S-2HG on cell proliferation/viability in

multiple R-2HG-sensitive and -resistant cells. Top:

the cells were treated with 300 mM S-2HG for

indicated time points. Bottom: the cells were

treated for 96 hr with indicated S-2HG concen-

trations.

(F) m6A dot blot demonstrates that S-2HG also

acts as a competitive inhibitor of FTO in a cell-free

system.

(G) Analysis of the remaining m6A abundance with

presence various S-2HG concentrations and FTO

via LC-MS/MS.

See also Figure S6.

tion. We did not observe cap m6Am in
MYC transcripts in our sequencing results.
If increased m6Am through 2HG-mediated
inhibition of FTOcould play a role, it should
lead to increased transcript stability,which
is opposite to the decreasedMYC expres-
sion level and the cancer inhibition effect
induced by 2HG. While m6Am could be an
in vitro substrate of FTO, its level in these
AML cells is very low and does not appear
to show functional relevance to FTO.

R-2HG also causes downregulation of
FTO expression indirectly through epige-
netic suppression of CEBPA, an essential
hematopoiesis-related transcription fac-

tor that is required for leukemogenesis (Ohlsson et al., 2014;
Ye et al., 2015), via an m6A-dependent mechanism in which
accumulation of internal m6A causes reduced CEBPA transcript
levels. Notably, the high FTO (and likely also high CEBPA) abun-
dance and the hyper-activation of MYC signaling confer R-2HG
sensitivity and resistance in leukemia cells, respectively.
In contrast to its effect of increasing global m6A levels in sen-

sitive leukemic cells, R-2HG causes a substantial decrease in
global 5hmC abundance in resistant leukemic cells, which
most likely attributes to R-2HG-mediated inhibition of TET2, a
well-recognized tumor suppressor (Moran-Crusio et al., 2011).
While the potential anti-leukemic effect of 2HG generated
from mutant IDH is abrogated by hyperactivated MYC signaling,
naturally occurring IDH mutants induce leukemia initiation
and leukemic cell survival by inhibiting TET2. This may explain
why IDH mutations still occur in 10%–20% of AML cases
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Figure 7. The Abundance of FTO and MYC Control Sensitivity of Leukemic Cells to R-2HG and R-2HG Shows Synergistic Activity with First-
Line Chemotherapy Drugs
(A) Venn diagram showing the shared signaling pathways of the 4 indicated groups of comparisons. Information of the sensitive, resistant, and healthy control

samples is described in Figure 2A. The other samples listed in the plot are human primary AML samples from the TCGA dataset: IDH mutant, AML samples with

mutations in IDH1 and/or IDH2; IDHWT, AML samples with wild-type IDH genes; IDHWT (NK) or IDHmutant (NK), normal-karyotype AML samples with wild-type

or mutant IDH genes.

(legend continued on next page)
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(Papaemmanuil et al., 2016), which respond to inhibition of IDH
mutants, and are indeed more responsive to hypomethylating
agents (Emadi et al., 2015). Since IDH mutations can sufficiently
inhibit TET2 function, IDH mutations and TET2 mutations are
mutually exclusive in human AMLs (Figueroa et al., 2010).
It is very likely that the inhibitory effects of R-2HG or IDH mu-

tations on TET2 and FTO impact different stages or different
types of cancer initiation and progression. The TET2 mutations
are thought to occur in the early pre-leukemic stage, which
contribute to subsequent cancer initiation (Jan et al., 2012).
The inhibition of TET2 affects transcription and hematopoietic
stem cell (HSC) self-renewal and differentiation (Moran-Crusio
et al., 2011), contributing to the initial and subsequent progres-
sion of IDH mutant AMLs. In the 2HG-resistant, IDH mutant
AML cells, TET2 inhibition also contributes to AML proliferation.
The inhibition of FTO impacts post-transcriptional regulation,
which we show here affects progression and proliferation of a
group of 2HG-sensitive cancer cells. Targeting FTO in 2HG-sen-
sitive and wild-type IDH AML cells could be a viable anti-leuke-
mia strategy. The inhibition of FTO by 2HG in certain IDH mutant
AML may explain the benign outcomes observed in some of
these cases. Furthermore, R-2HG also suppresses the survival
and proliferation of human GBM cells, suggesting that R-2HG
has anti-proliferation activity in a broad array of tumors. IDH-mu-
tations occur in !80% of lower grade (II-III) primary gliomas but
in <10% in grade IV primary GBM (Eckel-Passow et al., 2015),
implying that the intrinsic inhibition of the oncogenic function of
FTO by endogenous R-2HG may prevent rapid progression of
glioma precursors toward higher grade glioma and thus limit
the incidence of IDH mutant primary GBM. Importantly, R-2HG
may serve as both an oncometabolite to facilitate initiation of
cancer, but also a tumor suppressor to suppress further progres-
sion of initiated tumors, leading to a beneficial effect in some of
these IDH mutant cancers. As a ‘‘non-specific’’ inhibitor, 2HG
likely inhibits different demethylases that affect different stages
or types of tumor formation and progression. In the case of
AML, most IDH mutant cells are resistant to 2HG inhibition due
to upregulated MYC; however, in a portion of IDH mutant AML
cases that exhibit less deleterious outcomes, 2HG may
contribute to both cancer initiation and inhibition of further pro-
gression resembling those of lower grade IDH mutant gliomas,
in which inhibition of both IDH mutants and FTO could lead to
synergistic anti-AML effect.
While IDHmutations in AML or glioma contribute to tumorigen-

esis by suppression of TET2 function, their potential inhibition of
FTO function may affect their response to standard chemo-

therapy. Indeed, consistent with our findings that R-2HG exhibits
a synergistic effect with JQ1 and a cohort of first-line therapeutic
agents, it was reported that leukemia patients with IDH muta-
tions tend to be more sensitive to treatment with hypomethylat-
ing agents (AZA and decitabine) (Emadi et al., 2015), ATRA
(Boutzen et al., 2016), or standard chemotherapy (daunorubicin
and others) (Chou et al., 2011; Patel et al., 2012), than those
without. Similarly, our data and previous studies (Wang et al.,
2014a) showed that glioma cells carrying IDH mutations are
more sensitive to TMZ treatment. This may partially explain
why IDH mutations are associated with relatively favorable
outcomes in glioma and certain population of AML patients.
Overall, we report the unexpected intrinsic and broad anti-

tumor activity of R-2HG (and likely also S-2HG) in cancer cells
without IDH mutations, which appear to involve the suppres-
sion of FTO/m6A/MYC/CEBPA signaling. FTO plays onco-
genic roles in a subset of AML and is subject to R-2HG inhibi-
tion. Our studies uncover previously unrecognized activities of
R-2HG and the functional importance of FTO, MYC, CEBPA,
and reversible m6A RNA modification in 2HG-associated path-
ways. This work both provides novel insights into the molec-
ular mechanisms underlying tumor pathogenesis and drug
response and paves the way to develop more effective novel
therapeutic strategies to treat cancers with or without IDH mu-
tations. Our work suggests that 2HG-type molecules or selec-
tive FTO inhibitors, alone and especially in combination with
other therapeutic agents (e.g., standard chemotherapeutic
drugs), hold great therapeutic potential in treating IDH wild-
type cancers with high level expression of FTO (i.e., FTO-
high). Our work also suggests that combinational application
of both IDH mutant inhibitors and FTO inhibitors could lead
to more beneficial outcomes in treating certain IDH mutant
cancers, as FTO inhibitors may block the activity of re-
bounded expression/function of FTO due to the decreased
R-2HG production caused by IDH mutant inhibitors.

STAR+METHODS

Detailed methods are provided in the online version of this paper
and include the following:

d KEY RESOURCES TABLE
d CONTACT FOR REAGENT AND RESOURCE SHARING
d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell culture
B Animal Procedures

(B) The IC50 values of JQ1 in AML patients with IDH mutations or wild-type IDH genes.

(C) Relative expression levels of MYC, CDK4, CDK6, FTO, and ALKBH5 in primary AML patients with or without IDH mutation as well as in healthy

controls (MNCs).

(D) The expression pattern of FTO and MYC in sensitive and resistant cells with or without R-2HG treatment for 96 hours.

(E) Knockdown of MYC increases the sensitivity to R-2HG in resistant K562 cells.

(F) Forced expression of MYC rescues R-2HG-induced (left) and IDH1R132H-mediated (middle) growth-suppressive effects in sensitive NOMO-1 cells. MYC

overexpression was confirmed by western blot (right).

(G) Synergistic therapy of R-2HG in combination with daunorubicin and decitabine in vivo. NSGS mice were transplanted with NOMO-1 cells and the combined

chemotherapy regimens were started on day 11 post xeno-transplantation as indicated in the upper panel.

(H) Schematic illustration of the relevant abundance of FTO and MYC controlling R-2HG sensitivity.

ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; t test. Error bars, mean ± SD (n R 3). For Kaplan-Meier curve, p values were calculated by log-rank test.

See also Figure S7 and Table S4.
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B Gene-specific m6A qPCR
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