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The oncometabolite 2-hydroxyglutarate inhibits

histone lysine demethylases
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Mutations in isocitrate dehydrogenases (IDHs) have a gain-
of-function effect leading to R(—)-2-hydroxyglutarate (R-2HG)
accumulation. By using biochemical, structural and cellular
assays, we show that either or both R- and S-2HG inhibit 2-oxo-
glutarate (20G)-dependent oxygenases with varying potencies.
Half-maximal inhibitory concentration (ICs¢) values for the
R-form of 2HG varied from approximately 25 pM for the histone
Ne-lysine demethylase JMJD2A to more than 5mM for the
hypoxia-inducible factor (HIF) prolyl hydroxylase. The results
indicate that candidate oncogenic pathways in IDH-associated
malignancy should include those that are regulated by other 20G
oxygenases than HIF hydroxylases, in particular those involving
the regulation of histone methylation.
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INTRODUCTION

Heterozygous mutations in either of the two isoforms of the Krebs-
cycle enzyme isocitrate dehydrogenase (IDH1/2) occur with a
high prevalence in glioma, malignant glioblastoma and acute
myeloid leukaemia (Dang et al, 2010; Reitman & Yan, 2010). The
IDH mutations occur at substrate-binding arginine residues
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(Arg132 in IDH1; Arg140 and Arg172 in IDH2) and inactivate
IDH for conversion of isocitrate to 2-oxoglutarate (20G; Zhao
et al, 2009). However, they also cause a gain of function
comprising catalysis of 20G to the R-enantiomer of 2-hydro-
xyglutarate (R-2HG; Dang et al, 2009; Gross et al, 2010; Ward
et al, 2010). The accumulation of R-2HG (to more than 10 mM in
some cases) is associated with mutations of this type in both
malignant glioblastoma and acute myeloid leukaemia, leading to
the proposal that R-2HG is an ‘oncometabolite’.

Increased L(S)-2HG or D(R)-2HG levels are also caused by
germline mutations in L- or D-2-HG dehydrogenases, with excess
S$-2HG being correlated with an increased risk of brain tumour.
R-2HG aciduria results in a more severe clinical manifestation
than $-2HG aciduria, possibly precluding observation of tumours
(Struys, 2006; Dang et al, 2010).

In some tumours, elevated levels of the Krebs-cycle intermedi-
ates succinate and fumarate result from mutations in succinate
dehydrogenase and fumarate hydratase (Kaelin, 2009), which are
proposed to stimulate the hypoxia-inducible factor (HIF)-mediated
response. HIF target genes encode proteins that enable tumour
growth, including vascular endothelial growth factor (Semenza,
2010). The HIF hydroxylases function as negative regulators of HIF-
mediated transcription (Isaacs et al, 2005; Selak et al, 2005;
Hewitson et al, 2007); thus, increased levels of succinate and
fumarate are thought to promote tumour growth by inhibition of
the HIF hydroxylases.

The HIF hydroxylases are Fe(ll)- and 20G-dependent oxy-
genases that produce succinate and CO, as coproducts; the HIF
prolyl hydroxylases (PHD/EGLN enzymes) signal for HIF degrada-
tion, whereas factor inhibiting-HIF (FIH) is an asparaginyl
hydroxylase that reduces HIF activity (Kaelin & Ratcliffe, 2008).
Overexpression of IDH1 Arg132 mutants results in elevated
HIFo levels (Zhao et al, 2009). Other 20G oxygenases are
associated with cancer, including the JmjC histone demethylases
(Varier & Timmers, 2010). This raises the question of whether
2HG inhibits 20G oxygenases in a pathophysiologically relevant
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manner (Dang et al, 2010; Kaelin & Thompson, 2010). We report
biochemical, structural and cellular studies showing that both
R- and S-2HG inhibit 20G oxygenases, but with different potencies.
The results indicate that 2HG is a relatively poor inhibitor of the
HIF hydroxylases in comparison to the 20G-dependent histone
lysyl demethylases, suggesting that candidate oncogenic pathways
involving 2HG elevation might involve chromatin modifications.

RESULTS

First, we investigated whether R- or S-2HG inhibit representative
human 20G oxygenases with the following roles: (i) HIF prolyl
(PHD2/EGLN1) and asparaginyl (FIH) hydroxylation; (ii) fatty-acid
metabolism (y-butyrobetaine hydroxylase 1, BBOX1); (iii) histone
demethylation JMJD2A, JMJD2C and JHDM1A/FBXL11); and (iv)
DNA demethylation activity (AIkB homologue 2, ABH2; Table 1;
Fig 1). When using a 20G concentration at or close to the K,
(20Q) values for the individual enzymes, the half-maximal
inhibitory concentration (ICso) values for the R-/S-2HG ranged
from approximately 25puM to more than 1T0mM. We used
N-oxalylglycine (NOG), an unreactive 20G analogue, for
comparison. Of the two 2HG enantiomers, the S-form was the
more-potent inhibitor. For R-2HG, the most significant inhibition
was of JMJD2A, for which the ICsy (24 uM) was similar to that
observed for NOG (17 pM). By contrast, inhibition of PHD2 and
BBOX1 by R-2HG was weak, with ICso values of approximately
7 and 13 mM, respectively, consistent with previous work with
the PHDs (Mole et al, 2003).

The lack of a substantial increase in ICso values at higher
(10-fold) iron concentrations (for JIMJD2A and BBOX-1), and different
values for the two enantiomers imply that the mode of inhibition is
not predominantly iron sequestration (Table 1). We investigated
whether R- or S-2HG is oxidized to 20G by PHD2 and FIH; in our
standard conditions, we did not find conversion of 2HG to 20G by
NMR analysis (data not shown). Neither R- nor S2HG was a
cosubstrate for PHD2 (supplementary Fig S1 online). Although care
must be taken in comparing ICso values determined with different
assay conditions for the various oxygenases, these results show that
both R- and S-2HG inhibit the 20G oxygenases, but with different
potencies. The weak inhibition of the HIF hydroxylases suggests
that the pathological effects of 2HG are probably not, at least
predominantly, mediated by direct inhibition of HIF hydroxylases.

We then investigated the structural basis of oxygenase
inhibition by 2HG. Structures of FIH and JMJD2A with R- or
S$-2HG show that both can bind to the active site iron, or surro-
gate nickel, in a bidentate manner (Fig 2). The JMJD2A.2HG
structures were obtained with a histone H3K36me3 substrate
fragment, which bound similarly to previously reported structures
(Chen et al, 2006; Couture et al, 2007; Ng et al, 2007). Similarly to
20G and NOG (Elkins et al, 2003; Ng et al, 2007), both R- and
S$-2HG coordinate the metal with the 2-hydroxy! group trans to
D201FH/E190'MP2A and one oxygen of the the Cl-carboxylate
trans to H199FIH/H188/MIP2A (Fig 2A,B,D,E). The other oxygen of
the 2HG C1-carboxylate is positioned to hydrogen bond to N&2
of N205FH (Fig 2A,B) or to Oy of $288/MDP2A (Fig 2D, E); the 2HG
C5-carboxylate is positioned to hydrogen bond to K214FH N,
Y145FH OH and T196M" Oy1 (Fig 2A,B) and to K206MD2A
N¢ and Y132MP2A OH (Fig 2D,E), as observed for the 2HG
C5-carboxylate. In FIH, the remaining metal coordination site
is probably occupied by a glycerol molecule derived from the
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Table 1|Inhibition of human 20G oxygenases by R- and S-2HG

Enzyme ICs0 £ s.e.m. (M)

R-2HG S-2HG NOG
FIH 1,500 + 400" 189+ 34 4618
PHD2 7,300 + 3,300" 419 £ 150 0.8+0.2
JMJD2A 2412 (171 4) 2613 (33%5) 1712 (201 3)
JMJD2C 7917 97 + 24 1413
FBXL11 106 + 22 48+ 15 252150
ABH2 424177 150 £ 20 10£2
BBOX1 13,200 + 1,100 142 £ 30 (96 £ 10) 192

Substrates used in the assays for JMJD2A/JMJD2C, FBXL11, BBOX1, PHD2, FIH and
ABH2 were histone H3 fragment substrates H3(7-14)K9me; and H3(30-41)K36me,,
v-butyrobetaine, HIF1oCODD (residues 556-574), HIF1aCAD (residues 786-826) and
GCXAGGTCCCGTAGTGCG, where X is 1-methyladenylate, respectively. See Fig 1
for dose-response curves and supplementary Table S1 online for the standard assay
conditions used for the individual enzymes. Italicized ICs, values in parentheses
were determined at 10-fold higher Fe(II) concentration than the standard assay
conditions.

*Partial dose-response curves.

ABH2, AlkB homologue 2; BBOX1, y-butyrobetaine hydroxylase 1; FIH, factor
inhibiting-hypoxia-inducible factor; HIF, hypoxia-inducible factor; NOG, N-oxalyl-
glycine; 20G, 2-oxoglutarate; PHD2, prolyl hydroxylase 2; R-2HG, R-enantiomer

of 2-hydroxyglutarate; ICs,, half-maximal inhibitory concentration.

cryoprotectant solution (not shown in Fig 2A,B) and by water in
JMJD2A structures (Fig 2D,E). Overall, the crystallographic
analyses indicte that, similarly to succinate and fumarate (Fig
2C,F; Hewitson et al, 2007), both R- and S-2HG have the potential
to bind to the active site Fe(ll) and compete with 20G for binding.
To test this proposal, we performed further kinetic analyses. These
indicate that, although NOG is a 20G competitor, inhibition of
JMJD2A by R+/5-2HG might be more complex; R-2HG demon-
strated mixed-mode inhibition kinetics and—within the concen-
tration ranges for which we could reliably obtain data—the S-2HG
seemed to give uncompetitive kinetics with respect to 20G
(supplementary Fig S2 online; at higher S-2HG concentrations,
inhibition by $-2HG might be mixed, but we were unable to
obtain reliable data because of the low level of turnover at high S-
2HG concentrations). A possible explanation for the results of our
combined crystallographic and kinetic analyses is that, at least for
R-2HG, the inhibitor can bind to both the enzyme.Fe(ll) complex
competing with 20G and the enzyme.Fe(ll).20G complex. No
additional 2HG binding was observed in the JMJD2A crystal
structures. However, support for this idea comes from the
observation that, at sufficiently high concentrations, 20G itself
inhibits some 20G oxygenases—including AlkB (Welford et al,
2003), JMJD2A and FBXL11 (unpublished data)—and from
crystallographic analyses indicating the potential for coordination
of two organic molecules at the active-site metal; glycerol to the
FIH.Fe(ll).2HG complexes and with inhibitor studies on FIH
(Conejo-Garcia et al, 2010). Work on deacetoxycephalosporin C
synthase—succinate complexes also suggests that binding modes of
diacids different to that normally observed for 20G can also occur
(Lee et al, 2001).

We then investigated inhibition of 20G oxygenases by 2HG
in cells (Fig 3), by testing JMJD2A because its ICsy values
were lowest (Fig 3A,B). A cell-penetrating ester form of R-/S-2HG
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Fig 1|Inhibition of recombinant forms of 20G oxygenases by R-/S-2HG and N-oxalylglycine. (A) Inhibition of FIH as assessed by measuring
hydroxylation of HIF1oCAD using a MALDI-TOF-MS assay. (B) Inhibition of PHD2 as assessed by measuring hydroxylation of HIF1«CODD
using a MALDI-TOF-MS assay. Inhibition of (C) JMJD2A4, (D) JMJD2C, (E) FBXL11 and (F) ABH2 by R-, S-2HG and NOG, as assessed by using
formaldehyde dehydrogenase-based assay. (G) Inhibition of BBOX1 by S-2HG and R-2HG as compared with the standard NOG by NMR. All assays
were performed in triplicate and are shown as averages with s.e.m. ICs, values were calculated using log(inhibitor) compared with normalized
response (variable slope), using the program Prism, and are given in parentheses. The assay conditions for each enzyme are described in
supplementary Table S1 online. ABH2, AlkB homologue 2; BBOX1, y-butyrobetaine hydroxylase 1; FIH, factor inhibiting-hypoxia-inducible factor;
HIF, hypoxia-inducible factor; 20G, 2-oxoglutarate; PHD2, prolyl hydroxylase 2; R-2HG, R-enantiomer of 2-hydroxyglutarate; ICso, half-maximal
inhibitory concentration; MALDI-TOF-MS, matrix-assisted laser desorption/ionization-time of flight-mass spectrometry; NOG, N-oxalylglycine.

was added to Hela cells transfected with JMJD2A (Fig 3A). or 10-mM additions at 30-min intervals), both enantiomers
Dimethyloxalylglycine—a cell-penetrating derivative of NOG— inhibited JMJD2A in a dose-dependent manner (Fig 3B); consistent
was used as a positive control. At high concentrations (8 x5mM  with the in vitro data, the extent of inhibition was similar for
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Fig 2| Crystal structures of FIH and JMJD2A in complex with R- and S-2HG indicate binding of 2HG to the 20G-binding site. FIH/JMJD2A folds
were similar to those reported (RMSD for Ca<0.3 A for monomers). Dotted lines indicate apparent hydrogen bonds and polar interactions. Data
collection and refinement statistics are given in supplementary Table S2 online. (A) View of the FIH.Fe(II).R-2HG complex showing the Fo-Fc omit
map (contoured to 6 c) for R-2HG. Notably, the side chain of Trp 296", which is involved in substrate binding (Elkins et al, 2003), has two
conformations. (B) FIH.Fe(II).S-2HG structure showing the Fo—Fc omit map contoured to 6 ¢ around S-2HG. (C) Overlay of views from structures of
FIH in complex with 20G or succinate. (D) View from the active site of the JMJD2A.Ni(II).R-2HG.H3K36me; structure showing the Fo-Fc omit map
contoured to 3.5 ¢ around R-2HG; Kme3 = N*-trimethylated lysine substrate residue; Ni(II) substitute for Fe(II). (E) JMJD2A.Ni(II).S-2HG.H3K36me;
structure showing the Fo-Fc omit map contoured to 3.5 ¢ around S-2HG. (F) Overlay of views from structures of JMJD2A in complex with 20G or
succinate. (D-F) Both R-/S-2HG induce a rotation of approximately 100 ° (relative to other JMJD2A structures) about Ca-Cp of the Ser 288/MID2A side
chain such that it is positioned to hydrogen bond to 2HG (Ser Oy-R/S-2HG 02; 2.8/3.1 A). Ser 288IM/P24 {5 proposed to be involved in substrate
recognition and a determinant of the specificity of JMJD2 for different methylation states (Chen et al, 2006). FIH, factor inhibiting-hypoxia-inducible
factor; 20G, 2-oxoglutarate; R-2HG, R-enantiomer of 2-hydroxyglutarate; RMSD, root mean square deviation.

R-/S-2HG. We then tested for HIF hydroxylation inhibition
using hydroxyl-residue antibodies and von Hippel Lindau protein
(VHL)-defective renal cell carcinoma (RCC4) cells to enable
simultaneous measurement of Pro- and Asn-hydroxylation
(Fig 3C,D). Consistent with in vitro data, we observed a clear
reduction in HIFTa Asn-hydroxylation, that was greater with
S- than R-2HG. In contrast to these results and consistent with the
in vitro data, we observed no R-2HG and only minimal S-2HG
inhibition of Pro-hydroxylation, when using the same doses
at which JMJD2A was inhibited (exposure to higher 2HG doses
was toxic).

These results suggest that 2HG—and in particular the
R-enantiomer produced by IDHT mutants (Dang et al, 2009)—is
probably an ineffective inhibitor of HIF Pro-hydroxylation, and
predict that it would be relatively ineffective in inducing HIF1a.
To test this, stable RCC4 transfectants re-expressing wild-type
VHL (RCC4/VHLHA) and other VHL-competent cell lines (Hep3B/
MCF7 cells) were exposed to several 10-mM additions or a single
20-mM addition of the methyl esters of R-/S-2HG. Neither dose
of R-2HG induced HIFTa. Modest induction was observed with
5-2HG (Fig 3E). As both the in vitro and cell studies indicate that
HIF Asn-hydroxylation is more 2HG-sensitive than Pro-hydroxy-
lation, we suggested that HIF1a induced by 2HG would not be
hydroxylated at the site of Asn-hydroxylation in the C-terminal
activation domain. We found this is the case (Fig 3F).

466 EMBO reports VOL 12 |NO 52011

DISCUSSION

Overall, our results demonstrate that R- and S-2HG have the
potential to inhibit a range of human 20G oxygenases, thereby
suggesting one mechanism by which elevated 2HG levels might
promote oncogenesis. Although the inhibition potencies are
generally weak, we observe broad concordance between the
in vitro and in vivo results (Table 1; Figs 1 and 3). As production of
2HG by IDH mutations is stereospecific (Dang et al, 2009; Ward
et al, 2010), the specificity of inhibition by the 2HG enantiomers
is relevant to their potential as mediators of oncogenic pathways.
For most of the 20G oxygenases tested in vitro, S-2HG was more
potent than R-2HG (Table 1). Only with the histone N*-methyl
lysine demethylases JMJD2A/C were both enantiomers of similar
potency, and of the enzymes tested, JMJD2A was the only one for
which R-2HG showed similar potency to NOG, a ‘generic’ 20G
oxygenase inhibitor. Interestingly, inactivating mutations and/or
reduced expression of JmjC histone demethylases including
JARID1C (Dalgliesh et al, 2010), UTX (van Haaften et al, 2009)
and JHDM1B/FBXL10 (Frescas et al, 2007), occur in RCCs,
multiple myeloma, glioblastoma multiforme and several other
cancers. Given the similarity of JMJD2A to some other JmjC
histone demethylases, it is likely that R-2HG will inhibit at least
some other demethylases with a similar or greater potency than
JMJD2A. Our results therefore support the candidacy of one or
more of these enzymes as targets for pathologically relevant 2HG
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Fig 3| Inhibition of histone demethylases and HIF hydroxylases by R- and S-2HG. (A,B) Inhibition of JMJD2A activity in HeLa cells, as shown by
immunofluorescence studies. JMJD2A was expressed as an N-terminally Flag-tagged protein. The results for DMOG, a cell-penetrating form of the
‘generic’ 20G oxygenase inhibitor NOG, are shown for comparison. (A) Indirect immunofluorescence analyses using antibodies against H3K9me;
(left panels) or Flag (middle panels) were used to analyse the inhibition of ectopically expressed JMJD2A. DAPI staining (right panels) indicates
location of nuclei. Rows represent control (0.5% DMSO), R-/S-2HG- and DMOG-treated cells. White arrows in the left and right panels indicate nuclei
in which JMJD2A is overexpressed. Higher levels of H3K9me; were detected in both R- and S-2HG-treated cells, indicating inhibition of JMJD2A,
whereas the control shows only a level of H3K9me; in nuclei in which JMJD2A is overexpressed. (B) Percentage inhibition of JMJD2A activity, using
addition of doses of R- and S-2HG in their dimethyl ester forms (5 or 10 mM x 8); error bars represent standard error (n>50). (C,D) Effect of
R-/S-2HG on HIFla hydroxylation in VHL-defective RCC4/VA cells. (C) Immunoblots of protein extracts from RCC4 cells treated for 4h with R- and
S-2HG compared with a DMSO-treated control. The compounds were added using the same dosing regime (10 mM X 8) as was used for the JMJD2A
cell-work in their dimethyl ester forms. Signals of total HIF1a and hydroxylated NODD, CODD and CAD were analysed. (D) Quantification of data
from (C) by densitometry; band intensities were normalized to HIFla signals. Vertical bars represent standard errors (n>3). (E) Effect of R-/S-2HG
on HIFla protein levels in human hepatoma (Hep3B), renal (RCC4/VHLHA, overexpressing haemagglutinin-tagged VHL) and breast cancer (MCF7)
cells. (F) Immunoblot analyses of HIF1ao CAD hydroxylation of selected samples from (E). DMOG, dimethyloxalylglycine; HIF, hypoxia-inducible
factor; NOG, N-oxalylglycine; RCC, renal cell carcinoma; R-2HG, R-enantiomer of 2-hydroxyglutarate; 20G, 2-oxoglutarate.
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inhibition. However, they by no means exclude other 20G
oxygenases or other mechanisms of 2HG-mediated tumour
promotion from a role in oncogenesis.

The high concentrations of R-2HG (more than 10 mM) that
have been observed in malignant brain tumours and leukaemias
(Dang et al, 2009; Gross et al, 2010; Ward et al, 2010), might be
sufficient to inhibit even the less-susceptible 20G oxygenases.
Nevertheless, PHD2 is poorly inhibited in vitro by R-2HG (Fig 1;
Table 1), and we were unable to demonstrate inhibition of the
PHDs sufficient to substantially upregulate HIF in cells (Fig 3C-E).
HIF is stabilized in IDH-associated gliomas; this has been pro-
posed to be a consequence of intracellular depletion of 20G
following IDH loss of function (Zhao et al, 2009). It is possible that
the depleted 20G levels might synergize with R-2HG, or that IDH
mutations perturb the NADP*/NADPH + H * ratio, causing redox
stress (Dang et al, 2010), inactivating the HIF hydroxylases and
upregulating HIF by an unknown mechanism.

In conclusion, our findings argue against upregulation of HIF
through PHD inhibition by 2HG being the major factor in IDH
mutation-associated oncogenesis. However, they show that
elevated 2HG levels might regulate gene expression by inhibition
of 20G-dependent chromatin-modifying enzymes, including the
JmjC histone demethylases. Furthermore, they demonstrate that
accumulation of R-2HG has the potential to modulate the
transcriptional activity of the HIF pathway by acting on Asn-
hydroxylation. Inhibition of Asn-hydroxylation in the C-terminal
transactivation domain of HIFa polypeptides might be predicted to
enhance transcriptional activity through the recruitment of p300/
CBP coactivators to the C-terminal activation domain (Kaelin &
Ratcliffe, 2008). As HIF transcriptional target genes are differently
dependent on the activity of this domain, such an action might
affect hypoxia pathways.

METHODS

Details of materials used, syntheses, recombinant protein pro-
duction, additional assay and crystallography are given in
supplementary information online.

Biochemical assays. (See supplementary Table S1 online for assay
conditions). Assays using mass spectrometry involved incubation
of the enzyme in the presence of Fe(ll), 20G, ascorbate and
peptide. Product formation was assessed by using matrix-assisted
laser desorption/ionization—time of flight-mass spectroscopy assay
(Hewitson et al, 2007; Rose et al, 2008; Chowdhury et al, 2009).
JMJD2A, IMJD2C, FBXL11 and ABH2 inhibition were assessed
using a formaldehyde dehydrogenase-coupled assay (Couture
et al, 2007; Roy & Bhagwat, 2007; Rose et al, 2008).

Histone demethylase assays. Hela cells grown in Dulbecco’s
modified eagle’s medium containing 10% fetal bovine serum and
penicillin/streptomycin  were divided into six-well plates and
transfected with 2 pg Flag-JMJD2A plasmid per well using Fugene
HD (Roche). Compounds were added 5 h after transfection (5- and
10-mM R- and $-2HG was added at 30-min intervals for 4h (x 8);
2.5-mM dimethyloxalyl glycine was added once). Cells were fixed
9h after transfection (20min in 4% formaldehyde), washed twice
with PBS, then permeabilized for 10 min (0.5% Triton X-100/PBS).
Permeabilized cells were washed twice in PBS, placed in 3% BSA/
PBS (30 min) and then washed twice with PBS. Immunostaining using
a-H3K9mejs (1:500; Ab8898, Abcam) and data analysis was carried
out as described previously (King et al, 2010). Data were normalized
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by setting DMSO-treated JMJD2A-transfected cells to 100% activity
and a catalytically inactive JMJD2A H188A mutant to 0% activity.
HIF hydroxylase assays. Both VHL-defective (RCCs with an
empty vector RCC4/VA) and VHL-competent cells, i.e. human
heptoma Hep3B, breast cancer MCF7 and RCC4/VHLHA (RCC4
stably transfected with C-haemagglutinin-tagged wild-type VHL),
were used. In brief (details of this assay will be reported
elsewhere), cells were treated with DMSO (control) or R-/S-2HG
dimethyl esters (4 h). Compounds were added at concentrations of
20mM (x 1) or TOmM (x 8, at 30-min intervals). Cell extracts
were probed with antibodies for hydroxy-Pro 402 (NODD-OH),
hydroxy-Pro564 (CODD-OH) and hydroxy Asn803 (CAD-OH).
HIF1a band intensities were used to normalize hydroxylation
signals. Antibodies for HIF1a, NODD-OH, CODD-OH and
B-actin/horseradish peroxidase were obtained from BD Trans-
duction Laboratories, Millipore Biosciences, New England Biolabs
and Abcam, respectively. The CAD-OH antibody was a gift from
Dr S.H. Lee (Lee et al, 2008).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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