THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 6, pp. 38043815, February 8, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The Potential for Isocitrate Dehydrogenase Mutations to
Produce 2-Hydroxyglutarate Depends on Allele Specificity
and Subcellular Compartmentalization™

Received for publication, November 11,2012, and in revised form, December 21,2012 Published, JBC Papers in Press, December 21,2012, DOI 10.1074/jbc.M112.435495
Patrick S. Ward ™', Chao Lu*®, Justin R. Cross®, Omar Abdel-Wahab', Ross L. Levine®, Gary K. Schwartz!,

and Craig B. Thompson**

From the *Cancer Biology and Genetics Program, "THuman Oncology and Pathogenesis Program, Leukemia Service, Imelanoma
and Sarcoma Service, Department of Medicine, Memorial Sloan-Kettering Cancer Center, New York, New York 10065 and the SCell
and Molecular Biology Graduate Group, Perelman School of Medicine, University of Pennsylvania,

Philadelphia, Pennsylvania 19104

cancer.

the persistent wild-type IDH allele.

\_

(Background: Isocitrate dehydrogenase (IDH) 1 and IDH2 mutations can lead to 2-hydroxyglutarate (2HG) accumulation in
Results: 2HG production from IDH mutants varies with subcellular localization and dependence on substrate production from

Conclusion: IDH1 but not IDH2 mutants require a wild-type IDH partner for 2HG production.
Significance: Differential 2HG production may explain the prognosis of IDH1/2 mutant cancers.
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Monoallelic point mutations in cytosolic isocitrate dehydro-
genase 1 (IDH1) and its mitochondrial homolog IDH2 can lead
to elevated levels of 2-hydroxyglutarate (2HG) in multiple can-
cers. Here we report that cellular 2HG production from cytoso-
lic IDH1 mutation is dependent on the activity of a retained
wild-type IDH]1 allele. In contrast, expression of mitochondrial
IDH2 mutations led to robust 2HG production in a manner
independent of wild-type mitochondrial IDH function. Among
the recurrent IDH2 mutations at Arg-172 and Arg-140, IDH2
Arg-172 mutations consistently led to greater 2HG accumula-
tion than IDH2 Arg-140 mutations, and the degree of 2HG accu-
mulation correlated with the ability of these mutations to block
cellular differentiation. Cytosolic IDH1 Arg-132 mutations,
although structurally analogous to mutations at mitochondrial
IDH2 Arg-172, were only able to elevate intracellular 2HG to
comparable levels when an equivalent level of wild-type IDH1
was co-expressed. Consistent with 2HG production from cyto-
solic IDH1 being limited by substrate production from wild-
type IDH1, we observed 2HG levels to increase in cancer cells
harboring an endogenous monoallelic IDH1 mutation when
mitochondrial IDH flux was diverted to the cytosol. Finally,
expression of an IDH1 construct engineered to localize to the
mitochondria rather than the cytosol resulted in greater 2HG
accumulation. These data demonstrate that allelic and subcel-
lular compartment differences can regulate the potential for
IDH mutations to produce 2HG in cells. The consequences of
2HG elevation are dose-dependent, and the non-equivalent
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2HG accumulation resulting from IDH1 and IDH2 mutations
may underlie their differential prognosis and prevalence in var-
ious cancers.

Monoallelic point mutations in cytosolic NADP™-depend-
ent isocitrate dehydrogenase 1 (IDH1)® were first discovered in
exon sequencing studies of glioma and acute myeloid leukemia
(AML) (1-3). All of the reported mutations were missense and
at a single residue in the active site, Arg-132. These mutations
were initially hypothesized to promote tumorigenesis through
loss-of-function for the conversion of isocitrate to a-keto-
glutarate, coupled with dominant-negative activity against the
retained wild-type allele (4). However, subsequent work found
anovel gain-of-function for Arg-132 mutations in IDHI, as well
as for structurally analogous mutations at Arg-172 of IDH2, the
mitochondrial homolog of IDH1. This shared neomorphic
enzymatic activity is the NADPH-dependent reduction of
a-ketoglutarate to R(—)-2-hydroxyglutarate (2HG) (5-7).
Metabolite screening of AML samples revealed that 2HG-pro-
ducing mutations can also occur at the non-orthologous Arg-
140 residue of mitochondrial IDH2 (7). Collectively, 2HG-pro-
ducing IDH1 Arg-132, IDH2 Arg-172, and IDH2 Arg-140
mutations are now known to be present in a large fraction of
glioma, AML, chondrosarcoma, cholangiocarinoma, and T-cell
angioimmunoblastic lymphoma samples, as well as isolated
cases of colorectal and prostate cancer (3, 8 —13). Additional
2HG-producing IDH mutations beyond those at IDH1 Arg-132
and IDH2 Arg-172/Arg-140 exist, but appear to be very rare
and do not include rare IDH mutations reported in thyroid

3 The abbreviations used are: IDH, isocitrate dehydrogenase; 2HG, 2-hydroxy-
glutarate; AML, acute myeloid leukemia; GC-MS, gas chromatography-
mass spectrometry; ACO2, mitochondrial aconitase; MTS, mitochondrial
targeting sequence; c-kit, stem cell factor receptor; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.

VOLUME 288+NUMBER 6+FEBRUARY 8, 2013


https://doi.org/10.1074/jbc.M112.435495
https://doi.org/10.1074/jbc.M112.435495
http://creativecommons.org/licenses/by/4.0/

2HG Production Differs between IDH1 and IDH2 Mutations

cancer and melanoma nor common IDH single nucleotide
polymorphisms (14).

Through production of the oncometabolite 2HG, IDH muta-
tions have been proposed to have numerous pro-tumorigenic
effects, most notably the competitive inhibition of a-keto-
glutarate-dependent dioxygenase enzymes that modify chro-
matin (15-19). These effects have been associated with a block
in cell differentiation. Although Arg-132 mutations in cytosolic
IDHI, the analogous Arg-172 mutations in mitochondrial
IDH2, and the non-analogous IDH2 Arg-140 mutations all
demonstrate the ability to elevate 2HG oncometabolite levels, it
is becoming increasingly clear that these mutations are not
functionally equivalent. The best evidence to date for this con-
cept may be found in AML, where a better prognosis for
patients with IDH2 Arg-140 mutations versus those with IDH2
Arg-172 mutations or IDH1 Arg-132 mutations has been
reported by multiple groups (20 —22). IDH2 Arg-140 mutations
have yet to be described in glioma, chondrosarcoma, or cholan-
giocarinoma, despite the established prevalence of both IDH1
Arg-132 and IDH2 Arg-172 mutations in these cancers. In con-
trast, IDH2 Arg-140 mutations are the only IDH mutations
found in the inborn error of metabolism p-2HG aciduria (23).
The importance of subcellular localization differences between
IDH1 and IDH2 proteins has also remained unexplored.

In this study, we have determined that there are distinct dif-
ferences between the various 2HG-producing IDH1 and IDH2
mutations; both upstream regarding the metabolic pathways
required to support 2HG production, and downstream regard-
ing the cellular consequences of 2HG accumulation. The extent
of 2HG production from mitochondrial IDH2 mutations
depends on the particular site that is mutated. IDH2 Arg-140
mutations result in less cellular 2HG accumulation than IDH2
Arg-172 mutations under a variety of experimental conditions,
correlating with the weaker ability of Arg-140 mutations to
impair cell differentiation relative to Arg-172 mutations. Sur-
prisingly, mutations in cytosolic IDH1 Arg-132, structurally
analogous to mutations in mitochondrial IDH2 Arg-172, do not
produce as much 2HG when overexpressed in cells at compa-
rable levels. To a much greater extent than mitochondrial IDH2
mutations, cytosolic IDH1 mutations are substrate-limited for
2HG production in cells. Cellular 2HG accumulation from
mutant IDH1 can be enhanced by co-expression of wild-type
IDH]1, diversion of wild-type IDH flux from mitochondria to
cytosol, or forced re-localization of mutant IDH1 from cytosol
to mitochondria. These results identify dose-dependent conse-
quences of cellular 2HG accumulation and demonstrate that
both allelic differences and the subcellular compartmentaliza-
tion of metabolic flux can affect the ability of IDH mutations to
result in cellular 2HG accumulation.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—293T cells, 3T3-L1 cells, JJ012
chondrosarcoma cells (24), and CS-1 chondrosarcoma cells
(25) were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) with 10% fetal bovine serum (CellGro). JJ012 cells
have a monoallelic endogenous IDH1 R132G mutation that has
previously been reported (26), which we confirmed by Seque-
nom assay. CS-1 cells have a monoallelic endogenous IDH2
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R172S mutation, which we determined by Sequenom assay.
IDH mutation analysis in this cell line has not been previously
reported. 3T3-L1 cells with stable expression of wild-type or
mutant IDH2 were generated as described previously (17).

Cell Differentiation, Oil Red O Staining, Quantitative Real-
time PCR—3T3-L1 cell differentiation, Oil Red O staining, and
quantitative real-time PCR were performed as previously
described (17). Experiments on primary murine bone marrow
were performed according to previously published methods
(16).

Protein Harvest and Quantitation and Western Blot—Cells
were lysed 48 h following transfection with RIPA buffer or
mammalian protein extraction reagent (Pierce) supplemented
with protease inhibitor mixture (Roche Applied Science) and
phosphatase inhibitor mixtures 2 and 3 (Sigma). Lysates were
sonicated with 2 X 30-s pulses using the high setting on a Bio-
ruptor300 (Diagenode) and then centrifuged at 14,000 X g for
20 min at 4 °C. Supernatants were subsequently collected and
assessed for protein concentration with BCA Protein Assay
(Pierce). a-Ketoglutarate-dependent NADPH consumption
assays from cell lysates were performed as previously described
(7). For cellular fractionation experiments, cells were lysed in
isotonic buffer containing 200 mm mannitol, 68 mm sucrose, 10
mwm HEPES-KOH, pH 7.4, 1 mm EGTA, and protease inhibitor
mixture. Lysates were homogenized with 60 strikes in a Dounce
homogenizer and then centrifuged at 600 X gfor 10 min at4 °C.
The supernatant was collected and centrifuged again at 600 X g
for 5 min at 4 °C. This supernatant was then centrifuged at
14,000 X g for 10 min at 4 °C. The pellet from this centrifuga-
tion was resuspended in RIPA buffer + protease inhibitor mix-
ture and used as the heavy membrane fraction, whereas the
supernatant layer was collected as the non-heavy membrane
fraction. For Western blotting, lysates were separated by SDS-
PAGE on Novex 4 —12% BisTris gels (Invitrogen), transferred to
nitrocellulose membranes, and blocked in 5% nonfat milk in
PBS containing 0.2% Tween 20. Primary antibodies used were:
anti-IDH1 (Santa Cruz sc-49996, 1:200 dilution), anti-IDH2
(Abcam ab55271, 1:500), anti-IDH3A (Abcam ab58641, 1:750),
anti-ACO2 (Cell Signaling 6922, 1:1,000), anti-FLAG (Sigma
F1804, 1:250), anti-Myc tag (Millipore 05—419, 1:1,000), anti-
VDAC (Cell Signaling 4661S, 1:2,000), anti-a-tubulin (Sigma
T6199, 1:10,000), and anti-S6 (Cell Signaling 2317 or 2217,
1:1,000). Detection was performed with horseradish peroxi-
dase-conjugated anti-rabbit, anti-mouse, or anti-goat antibod-
ies (GE Healthcare NA934V, GE Healthcare NA931V, and
Santa Cruz sc-2020; all 1:10,000 dilution).

Metabolite Extraction—Following gentle removal of culture
medium from proliferating cells, cells were rapidly quenched
with 80% methanol pre-chilled to —80°C and containing a
M+5 internal standard of R(—)-2HG containing five deute-
rium atoms (p-2-hydroxyglutaric-2,3,3,4,4-d acid; details for
synthesis can be found in supplemental “Experimental Proce-
dures”). Following incubation at —80 °C for at least 30 min, cell
extracts were collected, sonicated, and centrifuged at 14,000 X
g for 20 min at 4 °C to remove precipitated protein. Superna-
tants were next dried under nitrogen gas, redissolved in 1:1
acetonitrile: N-methyl-N-tert-butyldimethylsilyltrifluoroacet-
amide (Regis, Morton Grove, IL), and heated at 70 °C for 80 min

JOURNAL OF BIOLOGICAL CHEMISTRY 3805


https://doi.org/10.1074/jbc.M112.435495
https://doi.org/10.1074/jbc.M112.435495

2HG Production Differs between IDH1 and IDH2 Mutations

to derivatize metabolites. £-Butyl dimethyl silyl derivatives of
organic acids were then analyzed by gas chromatography-mass
spectrometry (GC-MS) as previously described (7, 27). 2HG
levels were obtained by quantifying the peak area of the ion at
m/z 433, formed through the loss of a ¢-butyl group (—57
atomic mass units) from the molecular ion tri-z-butyl dimethyl
silyl-2HG, and normalizing to the peak area of the #71/z 438 ion
(representing the analogous derivative of the d,-2HG internal
standard spiked at known concentration) and the total cellular
protein as measured by BCA.

Plasmid Construction and Transfection—The cDNA clone of
human IDH1 (BC012846.1) was obtained from American Type
Culture Collection, and human IDH2 (BC009244) from Invit-
rogen. IDH1 R132H, IDH2 R172K, and IDH2 R140Q point
mutations were generated as previously described (17). FLAG
or Myc tags were added to the C termini of the open reading
frames by standard PCR techniques. To introduce siRNA
resistance, silent point mutations were generated as follows by
site-directed mutagenesis: for IDH1, the cDNA sequence 5'-gt
cac tac cgc atg tac ca-3' was changed to 5'-gt cat tat agg atg tat
ca-3' (alterations underlined) to confer resistance to the human
IDHI siRNA with sense sequence 5'-gu cac uac cgc aug uac
ca-3' from Sigma-Proligo (SASI_Hs01_00340497). For IDH2,
the cDNA sequence 5'-gt gat gag atg acc cgt at-3' was changed
to 5'-gc gac gaa aca agg at-3’ to confer resistance to the human
IDH2 siRNA with sense sequence 5'-gu gau gag aug acc cgu
au-3' from Sigma-Proligo (SASI_Hs01_00151612). These
changes are not predicted to alter the sequence of the translated
IDH1/2 proteins. To generate the IDH1 construct that localizes
to mitochondria, the cDNA sequence encoding the predicted
N-terminal mitochondrial targeting sequence (MTS) of IDH2
plus 10 subsequent amino acids was amplified using primers
5'-tgt caa ggt tta ttg aag tca aaa tgg ccg get acc tge ggg t-3' and
5'-tct cct tge atc tct acc acg gge tte gee acc ttg atc c-3’. The
resulting PCR product was purified and subsequently used as a
“super primer” in a standard QuikChange site-directed
mutagenesis reaction (28) using the IDH1 ¢cDNA as template
(with the underlined segments of the above listed primers pro-
viding the necessary complementarity to the IDH1 ¢cDNA for
the super primer). The mutagenesis reaction was then trans-
formed into TOP10 cells (Invitrogen) and clones were identi-
fied that had incorporated the desired N-terminal MTS and
subsequent 10 residues of IDH2 in place of the first 9 residues of
IDHI. A similar N-terminal IDH domain swapping strategy has
previously been shown to be effective with yeast IDH enzymes
(29). Integrity of constructs was confirmed by direct sequenc-
ing prior to transfection into 293T cells in pCMV-Sport6 or
pCDNA3 expression vectors using Lipofectamine 2000 accord-
ing to the manufacturer’s instructions.

siRNA—For siRNA experiments in JJ012 and CS-1 cells,
cells were reverse transfected with Lipofectamine RNAimax
(Invitrogen) using 30 pmol of siRNA (final concentration of
10 nm) per 1.5 X 10° cells/well of 6-well plates. For plasmid
and siRNA co-transfection experiments in 293T cells, for-
ward transfection was performed using Lipofectamine 2000
using 50 — 60 pmol of siRNA (final concentration of 25-30 nm)
per 7—8 X 10° cells/well of 6-well plates. In addition to the
IDHI1 and IDH2 siRNAs described above, additional siRNAs
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used were: universal negative control from Sigma-Proligo
(S1C001), IDH1 5’-cugucuaaggguuggccuu-3’ from Sigma-Pro-
ligo (SASI_Hs01_00023490), IDH2 5’-caagucuucggguggc-
uuu-3’ from Sigma-Proligo (SASI_Hs02_00333382), IDH3A
5'-caggcaaggacauggcgaa-3’ from Sigma-Proligo (SASI_Hs02_
00339757), ACO2 5'-cauccauuaugaccugcu-3’ and 5'-cauuaa-
cauuguucgcaa-3’ from Ambion (Silencer Select 4390824, s921
and $922). All listed sequences are for the sense strand.
Statistical Analysis—Statistical analyses were performed
with Student’s ¢ test. To analyze experiments comparing 2HG
accumulation in pairs of transfectants over a range of IDH
expression levels, a paired samples Student’s ¢ test was used.

RESULTS

Extent of 2HG Production from Mitochondrial IDH2 Muta-
tions Depends on the Affected Residue but Not on Wild-type IDH
Activity—Arg-172 mutations in mitochondrial IDH2 are found
in glioma, chondrosarcoma, cholangiocarcinoma, and lym-
phoma, and are associated with a poor prognosis in AML. In
contrast, Arg-140 mutations are not found in glioma, chondro-
sarcoma, and cholangiocarcinoma, and are associated with a
better prognosis in AML. We hypothesized that these differ-
ences could be accounted for, in part, by quantitative differ-
ences in the extent of cellular 2HG accumulation resulting from
Arg-140 versus Arg-172 mutations. To test this hypothesis, we
compared the most common IDH2 mutations R140Q and
R172K for their ability to produce 2HG at various levels of
expression in cells lacking endogenous IDH1 or IDH2 muta-
tions. Increasing expression of both mutants led to increasing
amounts of 2HG (Fig. 14). However, R172K mutant IDH2
expression consistently resulted in more 2HG accumulation
than R140Q mutant expression (p < 0.005).

In most reported cases, both Arg-140 and Arg-172 mutations
inIDH2 occur at only one allele, with retention of one wild-type
IDH2 copy in tumors. Wild-type IDH2 can potentially produce
both mitochondrial a-ketoglutarate and NADPH, the sub-
strates for the neomorphic activity of mutant IDH2. To address
whether differential dependence on wild-type IDH2 function
could account for the differences in 2HG production we
observed between Arg-140 and Arg-172 mutations, we
expressed siRNA-resistant versions of the IDH2 R140Q and
R172K mutants with or without simultaneous siRNA knock-
down of the endogenous wild-type IDH2. The ability of both
mutations to result in 2HG accumulation was insensitive to
knockdown of the endogenous wild-type IDH2 (Fig. 1B). To
address whether IDH3, which produces mitochondrial a-keto-
glutarate and NADH, could compensate for the loss of wild-
type IDH2, we expressed siRNA-resistant versions of IDH2
R140Q or R172K with simultaneous knockdown of either IDH3
alone or IDH3 together with endogenous wild-type IDH2 (Fig.
1C). Neither IDH3 knockdown alone nor the combined knock-
down of endogenous wild-type IDH2 and IDH3 decreased cel-
lular 2HG accumulation from IDH2 R140Q or R172K mutant
expression. Directly upstream of the conversion of isocitrate to
a-ketoglutarate by wild-type mitochondrial IDH2 and IDH3 is
the mitochondrial aconitase ACO2, which isomerizes mito-
chondrial citrate to isocitrate. In a chondrosarcoma cell line
with a naturally occurring, endogenous, monoallelic IDH2
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FIGURE 1. Mitochondrial IDH2 Arg-140 mutations result in less cellular 2HG accumulation than IDH2 Arg-172 mutations, and 2HG accumulation from
both mutations is insensitive to depletion of wild-type IDH. A FLAG-tagged IDH2 R140Q and R172K cDNA constructs, or empty vector, were transfected
into 293T cells at various doses. Cells were harvested 48 h post-transfection and assessed for 2HG accumulation by GC-MS (top) or protein expression by
Western blot (bottom). Data are from a representative of 3 independent experiments. B, FLAG-tagged IDH2 R140Q and R172K constructs engineered to be
resistant to siRNA knockdown, or empty vector, were transfected into cells along with 50 pmol of non-targeting siRNA (siCTRL) or 50 pmol of siRNA targeting
only the endogenous wild-type IDH2 (silDH2). C, siRNA-resistant IDH2 constructs were transfected into cells along with 60 pmol of siCTRL (2x siCTRL), 30 pmol
of siRNA targeting the a subunit of IDH3 (siDH3A) plus 30 pmol of siCTRL, or 30 pmol of silDH3A plus 30 pmol of silDH2. D, CS-1 chondrosarcoma cells with a
naturally occurring, endogenous, monoallelic IDH2 R172S mutation were transfected with 30 pmol of siCTRL, silDH2 (targeting both wild-type and mutant
IDH2), one of two independent siRNAs targeting the mitochondrial aconitase ACO2 (siACO2#1 and #2), silDH3A, or silDH1. For B-D, data are representative of

mean = S.D. of 3 biological replicates from 2 independent experiments. *, p < 0.005; **, p < 0.001.

R172S mutation, we examined the effect of impairing the path-
way of mitochondrial citrate to a-ketoglutarate conversion. As
expected, siRNA against IDH2 in this cell line, targeting both
the mutant and wild-type IDH2, resulted in a sharp decrease in
2HG accumulation from mutant IDH2. However, knockdown
of ACO2 did not impair 2HG accumulation, providing further
evidence that the ability to convert citrate to isocitrate and then
a-ketoglutarate in the mitochondria is not critical for the pro-
duction of 2HG by mitochondrial IDH2 mutations (Fig. 1D).
siRNA knockdown of either IDH3 or IDH1 was also unable to
markedly impair 2HG accumulation in these cells. Collectively,
these results demonstrate that IDH2 Arg-140 mutations con-
sistently result in less 2HG accumulation in cells than IDH2
Arg-172 mutations, and that 2HG production by IDH2 muta-
tions is unaffected by impaired production of a-ketoglutarate
from mitochondrial citrate in multiple cell types.
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Differential 2HG Production by IDH2 Arg-140 and Arg-172
Mutations Has Consequences for Gene Expression and Cell
Differentiation—Recent work has highlighted the ability of
2HG to inhibit multiple a-ketoglutarate-dependent dioxyge-
nase enzymes and impair growth factor/cytokine-induced gene
expression and the ability of cells to differentiate. Previously we
have reported that stable expression of an R172K IDH2 mutant
in 3T3-L1 preadipocytes can impair their ability to differentiate
into mature adipocytes following exposure to a well established
differentiation mixture and this effect can be mimicked by add-
ing cell penetrant forms of 2HG to the medium (17). To extend
this observation, 3T3-L1 cells expressing either the R140Q or
R172K mutant of IDH2 were compared. Although IDH2
R140Q expressing 3T3-L1 cells were impaired in their ability to
differentiate into mature adipocytes, the extent of differentia-
tion blockade was consistently less than that observed with
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IDH2 R172K expressing cells (Fig. 2, A-C). IDH2 R140Q
expressing cells showed a more modest block in the ability to
accumulate intracellular lipid as assessed by Oil Red O staining,
and also demonstrated less silencing of the expression of the fat
cell differentiation genes Glut4, FABP4, Adiponectin, and
PPAR7y than IDH2 R172K expressing cells. These effects corre-
lated with the R140Q expressing cells accumulating 2HG to
~145 of the level found in the R172K expressing cells (Fig. 2D).
These findings demonstrate that IDH2 Arg-140 mutations can
result in less 2HG accumulation than IDH2 Arg-172 mutations
in non-transformed cells, and suggest that dosage differences in
2HG accumulation can account for the different cellular effects
of IDH2 Arg-140 versus Arg-172 mutations.

Although we have utilized 3T3-L1 cells as a general model
system for cell differentiation, reflecting the occurrence of IDH
mutations in a wide variety of cancers and in metabolic disor-
ders, we have also specifically examined the differential effects
of IDH2 R140Q and IDH2 R172K in a hematopoietic cell model
relevant to AML. We have previously reported that expression
of IDH2 R140Q can increase the expression of the progenitor
cell marker c-kit (stem cell factor receptor) in murine primary
bone marrow cells (16). We report here an extension of this

3808 JOURNAL OF BIOLOGICAL CHEMISTRY

analysis to compare the relative abilities of IDH2 R140Q and
IDH2 R172K to increase c-kit expression. Following 5 days of
liquid culture in myeloid growth conditions, a higher percent-
age of c-kit expressing cells was observed in bone marrow
expressing IDH2 R172K than in bone marrow expressing IDH2
R140Q (supplemental Fig. S1). These data provide further evi-
dence that IDH2 Arg-172 and Arg-140 mutations can result in
distinct degrees of cell differentiation impairment.

2HG Production from Cytosolic IDH1 Mutation in Cells Is
Dependent on Retained Wild-type IDHI Expression—With no
exceptions reported to date, 2HG-producing mutations at Arg-
132 of cytosolic IDH1 are monoallelic, with retention of the
wild-type IDH1 allele. Arg-132 of cytosolic IDH1 is the analo-
gous residue to Arg-172 of mitochondrial IDH2 (Fig. 34). Both
IDH1 Arg-132 and IDH2 Arg-172 play similar roles for sub-
strate stability in the enzyme active site. To directly compare
the cellular 2HG accumulation of cytosolic IDH1 Arg-132
mutations versus mitochondrial IDH2 mutations, we expressed
a FLAG-tagged version of the most common IDH1 mutation,
R132H, as well as both IDH2 R140Q and IDH2 R172K. Surpris-
ingly, IDH1 R132H expression did not result in as much 2HG
accumulation as expression of IDH2 R172K (Fig. 3B). The
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inability of IDH1 R132H expression to result in as much 2HG
accumulation as IDH2 R172K expression was observed across a
range in mutant IDH expression (Fig. 3C). However, when
additional wild-type IDH1 was co-overexpressed, 2HG accu-
mulation was reproducibly increased in cells expressing various
levels of R132H mutant IDH1 (p < 0.05). With simultaneous
transfection of exogenous wild-type and mutant IDH1, pre-
dicted to maximize the formation of wild-type:mutant IDH1
heterodimers, cells expressing R132H mutant IDH1 demon-
strated comparable 2HG accumulation to cells expressing
IDH2 R172K, and both IDH1 R132H and IDH2 R172K cells had
greater 2HG levels than cells expressing IDH2 R140Q (Fig. 3C).
The ability of co-overexpression of wild-type IDH1 to enhance
cellular 2HG production from the R132H mutant IDH1 was
also observed with untagged constructs, as well as different
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combinations of FLAG and Myc-tagged versions of IDH1 (sup-
plemental Fig. S2, A and B). However, co-transfection of an
IDH1 A134D mutant previously reported to be catalytically
inactive (14) did not result in comparable augmentation of 2HG
accumulation in IDH1 R132H-transfected cells (supplemental
Fig. S20).

To examine if depletion of endogenous wild-type IDH1
could impair 2HG production from mutant IDHI1, we con-
structed a tagged version of IDH1 R132H engineered to be
siRNA resistant, and co-transfected it along with siRNA against
endogenous wild-type IDH1 (silDH1). Although we reproduc-
ibly observed ~2-fold higher expression of Myc-tagged IDH1
R132H when endogenous wild-type IDH1 levels were
decreased, 2HG accumulation did not double but instead
decreased by 50% (Fig. 3D). To confirm that this reduction in
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2HG accumulation was due to the depletion of wild-type IDH1
and not an off-target siRNA effect, we co-transfected FLAG-
tagged IDH1 WT that was also engineered to be siRNA resist-
ant along with the siRNA-resistant Myc-tagged IDH1 R132H.
With co-expression of IDH1 WT-FLAG along with IDH1
R132H-Myc, there was a 3-fold increase in 2HG production
that was not diminished by endogenous wild-type IDH1 deple-
tion with silDH1 transfection. Cell proliferation was confirmed
to be comparable under all of these transfection conditions
(supplemental Fig. S2D). These results demonstrate that reten-
tion of wild-type IDH1 expression is critical for 2HG produc-
tion from mutant IDH1 in the cytosol.

Impairing Mitochondrial IDH Flux Increases 2HG Produc-
tion from Mutant IDH]I in the Cytosol—To examine whether
increasing substrate flux through the existing wild-type IDH1
can enhance the ability of mutant IDH1 to produce 2HG in the
cytosol, we examined the effect of impairing mitochondrial
IDH activity in JJ012 chondrosarcoma cells harboring a natu-
rally occurring, endogenous, monoallelic IDH1 R132G muta-
tion. Depleting mitochondrial IDH2 or IDH3 can result in the
diversion of citrate and/or isocitrate to the cytosol thus increas-
ing substrate availability for wild-type IDH1 (Fig. 4A). As
expected, transfection of siRNA targeting both wild-type and
mutant IDH1 (silDH1) impaired the ability of these cells to
accumulate 2HG (Fig. 4B). However, depletion of either mito-
chondrial IDH2 or IDH3 increased 2HG accumulation in these
cells harboring a monoallelic IDH1 mutation. Depletion of
mitochondrial aconitase (ACO2) with two independent
siRNAs also led to a reproducible increase in 2HG accumula-
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tion. These results provide further evidence that the ability of
mutant IDH1 to produce 2HG is limited by the local supply
of substrate, which can be increased by enhancing the isoci-
trate — a-ketoglutarate flux and cytosolic NADPH production
through wild-type IDHI.

Mitochondrial Localization of Cytosolic IDHI Mutation
Results in Greater 2HG Accumulation—Collectively, the above
results suggest that cytosolic IDH1 mutants are more limited in
their supply of substrate for 2HG production than mitochon-
drial IDH2 mutants. To confirm that the differing substrate
supply dependence between IDH1 and IDH2 mutants in cells is
due to their subcellular localization differences, we generated
an IDHI1 construct that incorporated the N-terminal mito-
chondrial targeting sequence (MTS) of IDH2 (Fig. 54). We
confirmed that this “mito-IDH1” construct localized to the cel-
lular heavy membrane fraction containing mitochondria, like
mitochondrial IDH2 and unlike cytosolic IDH1 lacking the
MTS (Fig. 5B). The tagged versions of IDH1 R132H and mito-
IDH R132H were then transfected over a 40-fold range. We
determined that cell lysates with equivalent expression levels of
the mitochondrial and cytosolic localized IDH1 R132H pro-
teins demonstrated equivalent «-ketoglutarate-dependent
NADPH consumption rates when a-ketoglutarate and NAPH
were provided in excess in vitro following cell lysis (data not
shown). However, when assessing 2HG accumulation in cells
with a range of expression levels of cytosolic IDH1 R132H or
mito-IDH1 R132H, mito-IDH1 R132H-expressing cells consis-
tently demonstrated greater 2HG accumulation than cells
expressing comparable levels of cytosolic IDHI R132H (p <
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0.01, Fig. 5C). We performed another experiment to assess 2HG
accumulation in cells expressing IDH1 R132H in the cytosol or
mitochondria relative to cells expressing IDH2 R172K with its
normal mitochondrial localization sequence intact. At compa-
rable expression levels, both IDH2 R172K and mito-IDH1
R132H expressing cells had greater 2HG accumulation than
cells expressing IDH1 R132H localized to the cytosol (Fig. 5D).
Collectively, these data demonstrate that localization of IDH
mutants to mitochondria rather than the cytosol results in
greater 2HG accumulation in cells.

DISCUSSION

The common feature of recurrent cancer-associated muta-
tions in the isocitrate dehydrogenase enzymes is a neomorphic
enzymatic activity converting a-ketoglutarate to the oncome-
tabolite 2HG. In many functional studies to date, the various
2HG-producing IDH1/2 mutations have been considered
equivalent. However, it is becoming increasingly clear that dis-
tinct neomorphic IDH1/2 alleles are not found with equal fre-
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quencies across different cancers and are not associated with
the same prognosis (supplemental Table S1). For example,
IDH2 Arg-140 mutations are rarely found in cancer outside of
myeloid malignancies. But within myeloid malignancies, IDH2
Arg-140 is the most commonly mutated IDH residue in AML,
and is uniquely associated with a better AML prognosis relative
toIDH2 Arg-172 and IDH1 Arg-132 mutations (20 —22). More-
over, little work has addressed the importance of differential
subcellular localization of the IDH1 and IDH2 proteins.

The data presented here demonstrate that the particular res-
idue that is mutated within the IDH active site has conse-
quences for both the amount of 2HG that accumulates and the
cellular consequences of IDH mutation. Both Arg-140 and Arg-
172 mutations in mitochondrial IDH2 can produce increasing
amounts of 2HG at increasing cellular expression levels, and
both are insensitive to impairment of wild-type IDH activity.
However, across multiple expression conditions and cell types,
IDH2 Arg-140 mutations consistently result in less 2HG accu-
mulation than IDH2 Arg-172 mutations. A recent report doc-
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umenting similar differences when these mutations were
knocked-in to an endogenous IDH2 allele in colon cancer cells
via homologous recombination provides further support for
this finding (30). Here, we demonstrate that the quantitative
difference in 2HG accumulation between IDH2 Arg-140 and
Arg-172 mutations is within a range that can variably alter gene
expression in non-transformed cells and the ability of these
lineage-specific progenitor cells to differentiate into terminally
differentiated cells. In addition to cancer, these data are rele-
vant to the inborn error of metabolism p-2HG aciduria. In this
disease marked by widespread 2HG elevation in cells and body
fluids, nearly 50% of cases harbor IDH2 Arg-140 mutations, but
other IDH mutations are not found. We propose that only the
lower 2HG levels resulting from IDH2 Arg-140 mutations are
compatible with embryogenesis and that higher 2HG levels
resulting from other germline IDH mutations may be lethal in
utero.

It remains possible that the major downstream effects of
2HG that are critical to transformation vary between different
cancers. 2HG can inhibit the catalytic activity of TET2, a DNA
5-methylcytosine hydroxylase. In AML, the mutual exclusivity
of IDH mutations with TET2 mutations (16), as well as the
emerging phenotypes of TET2 knock-out mice (31-33), pro-
vides evidence that inhibition of TET2 function can be a critical
event sufficient to promote hematologic malignancy. In con-
trast, other cancers like glioma harbor IDH mutations but not
TET2 mutations. We have proposed that in glioma, concerted
inhibition of Jumonji histone demethylases by 2HG may
assume an important tumorigenic role that cannot be recapit-
ulated by simply inhibiting TET2 (17). 2HG can also inhibit
prolyl hydroxylases that modify collagen (19, 34), which are
likely to be of more importance in solid tumors such as glioma
and chondrosarcoma than in liquid tumors like AML. Sus-
tained inhibition of histone demethylases and/or collagen mod-
ifying enzymes may require higher levels of 2HG than that
required for effective inhibition of TET2 function in myeloid
cells. This requirement may account for why the lower 2HG-
producing IDH2 Arg-140 mutations are not found in solid
tumors. Further studies, including those with genetically engi-
neered mice expressing the various IDH mutations in different
cell lineages, will be required to test this hypothesis.

Left unexplored in the literature to date is examination of the
impact that differential subcellular localization of IDH1 and
IDH2 mutant proteins has on the ability of these mutants to
result in 2HG accumulation in cells. IDH1 Arg-132 and IDH2
Arg-172 are structurally analogous residues and play similar
roles in substrate binding in the enzyme active site, yet expres-
sion of IDH1 Arg-132 and IDH2 Arg-172 mutations in cells at
comparable levels did not result in equivalent levels of 2HG
accumulation unless wild-type IDH1 was co-expressed. This
result is unlikely to be due solely to intrinsically weaker enzy-
matic activity of IDH1 R132H relative to IDH2 R172K for pro-
ducing 2HG, because mitochondrial targeting of IDH1 R132H
also resulted in increased 2HG accumulation relative to IDH1
R132H in the cytosol. The results presented here suggest that
unlike the case with mitochondrial IDH2 mutations, 2HG pro-
duction from cytosolic IDHI mutations is particularly depen-
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dent on metabolic flux through a wild-type IDH1 partner to
increase the local availability of substrate.

Although both mitochondrial IDH2 and cytosolic IDH1
mutations predominantly occur in monoallelic fashion, cases
with reduction to homozygosity of mutant IDH2 have been
reported (26, 35), whereas loss of the wild-type IDH1 allele in an
IDH1 mutant cancer has not been described to date. We have
previously proposed that more efficient generation of 2HG with
co-expression of WT and mutant IDH1 may exist (5). One pos-
sible explanation for this, that the WT:R132H heterodimer
could have intrinsically better activity to directly reduce a-ke-
toglutarate to 2HG, is not supported by the recent data of Leon-
ardi et al. (36) who shows that the recombinant WT:R132H
heterodimer is not as efficient as the R132H:R132H homodimer
at converting a-ketoglutarate to 2HG in vitro. Although Pietrak
et al. (37) concluded that the potential for substrate channeling
from isocitrate — a-ketoglutarate — 2HG through WT:R132H
heterodimers is present, they also concluded that the WT sub-
unit was not necessary for the production of 2HG by the mutant
recombinant protein. This finding was arrived at when a-keto-
glutarate and NADPH were supplied in excess in vitro. But par-
ticularly in light of other reports suggesting that 2HG in cells is
directly produced from the pathway of glutamine — gluta-
mate — a-ketoglutarate —2HG (5, 38), it has remained unclear
how retained expression of wild-type IDH1 could be important
for 2HG production by mutant IDHI.

In contrast to these biochemical studies of purified proteins,
the present data suggest that in intact cells, cytosolic mutant
IDHI is substrate limited and that wild-type IDH1 contributes
to the local substrate production required for mutant IDH1 to
produce 2HG. This finding adds to the growing evidence that
IDH1 mutations do not act via dominant inhibition of wild-type
IDHI. By contrast, our findings suggest that targeting the pro-
vision of substrate by wild-type IDH1 to mutant IDHI1 may
provide an additional mechanism to mitigate the ultimate
effects of IDH mutations by reducing the ability to produce
2HG. This would be especially attractive if increased flux
through wild-type IDH1 can be shown to be dependent on the
activation of growth factor signaling pathways. Prior evidence
has linked IDH1 expression levels to the activity of the sterol
regulatory element-binding protein transcription factor (39).
Increasing IDH1 expression has been suggested to alter cellular
and organismal physiology by increasing the production of
cytosolic NADPH (40). Further studies in non-transformed cell
lines will be needed to test the dependence of 2HG production
from cytosolic mutant IDH1 on the prior induction of growth
factor signaling and increased wild-type IDH1 activity. But this
hypothesis may partially explain the failure (to date) of geneti-
cally engineered mouse models to demonstrate the initiation of
tumorigenesis by IDH1 mutation in a stem/progenitor cell (34,
41, 42). It appears from the present data that 2HG production
from cytosolic mutant IDH1 is a dynamic process that is acutely
sensitive to the background metabolic state of the cell.

In contrast to 2HG production from mutant IDH1 being
dependent on wild-type IDH1, these data show that 2HG pro-
duction from mutant IDH2 is not dependent on wild-type
mitochondrial IDH2 (or IDH3) activity. This is consistent with
the report that IDH2 mutants do not heterodimerize with IDH2
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WT, unlike IDH1 R132H mutants that do heterodimerize with
a wild-type partner (43). It remains a technical challenge in the
field to reliably measure metabolite levels in the subcellular
compartments of intact cells. Our study does not determine the
percentages of a-ketoglutarate and NADPH within each sub-
cellular compartment that are dependent on wild-type IDH
activity and/or the metabolism of anaplerotic substrates like
glutamine. However, the lack of dependence of 2HG produc-
tion from mitochondrial IDH2 mutations on wild-type IDH
activity is consistent with mitochondrial a-ketoglutarate levels
being maintained by a variety of anaplerotic substrates, and
with a high NADPH/NADP™" ratio being maintained in the
mitochondria through the interconversion of NADH to
NADPH by the mitochondrial trans-hydrogenase (44). Recent
work from multiple groups has implicated wild-type IDH
“reverse flux,” the NADPH-dependent reductive carboxylation
of a-ketoglutarate back to isocitrate, as playing an important
role for cell growth and viability, particularly in hypoxic condi-
tions or in cells with impaired TCA cycle function (27, 45-47).
Although there is debate regarding whether this reductive car-
boxylation is primarily dependent upon cytosolic IDH1 or
mitochondrial IDH2, the metabolic conditions that favor 2HG
production from IDH mutations are also likely to favor reduc-
tive carboxylation flux from wild-type IDH proteins. The pres-
ent results suggest that relative to the cytosol, mitochondria
provide a more consistently favorable environment for the
reductive metabolism of glutamine-derived a-ketoglutarate.
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