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Enchondromas are benign cartilage tumors and precursors to
malignant chondrosarcomas. Somatic mutations in the isocitrate
dehydrogenase genes (IDH1 and IDH2) are present in the majority
of these tumor types. How these mutations cause enchondromas
is unclear. Here, we identified the spectrum of IDH mutations in
human enchondromas and chondrosarcomas and studied their
effects in mice. A broad range of mutations was identified, includ-
ing the previously unreported IDH1-R132Q mutation. These mu-
tations harbored enzymatic activity to catalyze α-ketoglutarate to
D-2-hydroxyglutarate (D-2HG). Mice expressing Idh1-R132Q in one
allele in cells expressing type 2 collagen showed a disordered
growth plate, with persistence of type X-expressing chondrocytes.
Chondrocyte cell cultures from these animals or controls showed
that there was an increase in proliferation and expression of genes
characteristic of hypertrophic chondrocytes with expression of
Idh1-R132Q or 2HG treatment. Col2a1-Cre;Idh1-R132Q mutant
knock-in mice (mutant allele expressed in chondrocytes) did not
survive after the neonatal stage. Col2a1-Cre/ERT2;Idh1-R132 mu-
tant conditional knock-in mice, in which Cre was induced by tamox-
ifen after weaning, developed multiple enchondroma-like lesions.
Taken together, these data show that mutant IDH or D-2HG causes
persistence of chondrocytes, giving rise to rests of growth-plate
cells that persist in the bone as enchondromas.
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Enchondromas, one of the most common benign tumors oc-
curring in bone, are present in more than 3% of the popula-

tion (1, 2). They are composed of cells derived from chondrocytes
and occur as solitary lesions or multiple lesions in enchon-
dromatosis syndromes (Ollier disease or Maffucci syndrome—in
the latter, enchondromas are associated with vascular malfor-
mations). Clinical problems caused by enchondromas include
pain, fractures, and skeletal deformity. There is a potential for
malignant progression to chondrosarcoma that may be greater
than 50% in some cases of multiple enchondromatosis (i.e.,
Maffucci syndrome) (3–7). Many chondrosarcomas are thought to
derive from enchondromas, and such sarcomas are termed central
chondrosarcomas (3).
The hedgehog (Hh) signaling pathway is constitutively active

in enchondromas and chondrosarcomas (8, 9). Hh is important
in growth-plate chondrocyte differentiation, where it cooperates
with parathyroid hormone-like hormone in a negative feedback
loop to inhibit the differentiation of proliferative growth-plate
chondrocytes (6, 10–14). Disruption of this feedback loop can
result in either skeletal dysplasias with abnormal bone growth or
enchondromas; 5% of enchondromas harbor mutation in para-
thyroid hormone-like hormone receptor (PTHR1), resulting in
activation of Hh signaling (6, 10–14), and expression of a mutant
PTHR1 or overexpression of the Hh-regulated transcription
factor Gli2 under the Col2a1 promoter causes enchondroma-like

cartilage lesions to develop adjacent to the growth-plate cartilage
in mice (8).
The majority of enchondromas and chondrosarcomas harbor

somatic isocitrate dehydrogenase 1 (IDH1) or IDH2 mutations
(15–18). Mutations in IDH genes are common in several other
neoplasms, including glioma, glioblastoma, acute myeloid leu-
kemia, angioimmunoblatic T-cell lymphoma, and intrahepatic
cholangiocarcinomas (19–22). Biochemical studies in these
cancer types identified a neomorphic enzymatic activity of the
mutant IDH that converts α-ketoglutarate (α-KG) to D-2-hydrox-
yglutarate (D-2HG), which builds up to high concentrations
in IDH mutant cells. D-2HG can competitively inhibit the func-
tion of a large group of α-KG–dependent enzymes and thereby,
modulate a number of cellular processes, including DNA
methylation, histone methylation, and activity of hypoxia-
inducible factor 1α (23–25). However, how IDH mutations
contribute to enchondroma and chondrosarcoma tumorigenesis
is unclear.
We previously established tissue-specific Idh1mutant knock-in

(KI) mice and reported the pathological phenotypes in the he-
matopoietic system and the brain. Specifically, the Idh1-KI mu-
tant mouse lines showed brain hemorrhage, increased numbers
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of early hematopoietic progenitors, and anemia with extra-
medullary hematopoiesis, which is known to progress to acute
myeloid leukemia (26, 27). Here, we generated cartilage-specific
Idh1-KI mice to examine the effect of mutant Idh1 on the dif-
ferentiation of chondrocytes and the development of cartilagi-
nous neoplasia.

Results
Human Enchondromas and Chondrosarcomas Have a Broad Variety of
IDH Mutations That Results in D-2HG Production. To identify the
range of IDH mutations in cartilage tumors, we assessed the
presence of mutations in a cohort of 43 chondrosarcomas and 13
enchondromas. Sanger sequencing was used to genotype the
tumor samples. Sequencing showed that 20 of the chondro-
sarcomas and 8 of the enchondromas harbored an IDH muta-
tion. We confirmed the somatic nature of the mutations by
comparing with the germ line of the patients, finding a wild-type
(WT) sequence in the germ line in all cases. The most frequent
mutation in IDH1 was R132C followed by R132G, R132L,
R132H, and R132Q (Fig. 1A and Tables 1 and 2). This distri-
bution is a broader range of IDH1 mutations than previously
identified, although all of the mutations change the same amino

acid residue. We further examined whether this IDH1 mutation
results in the acquisition of the altered enzymatic activity capable
of converting α-KG to D-2HG before conducting experiments in
a genetically engineered mouse model. To quantify the D-2HG–

producing neoactivity compared with a known human oncogenic
mutation, nicotinamide adenine dinucleotide phosphate (NADPH)
consumption was measured using recombinant mouse IDH1-
R132Q, the well-characterized human IDH1-R132H, and the
WT IDH1 protein. The results revealed that the R132Q muta-
tion confers the same neoactive ability to produce D-2HG as
previously reported for R132H and other IDH1 and IDH2

Fig. 1. IDH1 R132Q mutations confer an enzymatic activity that converts α-KG to D-2HG. (A) Chromatograms generated by Sanger sequencing at the locus
coding IDH1-R132 in human chondrosarcoma samples. (B) NADPH consumption and D-2HG production by IDH1 mutant proteins. Recombinant R132Q, R132H,
and WT IDH1 proteins were assayed for NADPH consumption activity at different protein concentrations. This neoactivity is acquired by known IDH1 driver
mutations. MS identified the production of D-2HG by R132Q and R132H mutant proteins. Liquid chromatography (LC) /MS was used to identify and measure
the concentration of D-2HG in enzymatic assays of recombinant protein by comparing spectra with a D-2HG standard. Time-dependent D-2HG production was
detected in the reactions catalyzed by IDH1 R132Q and IDH1 R132Q proteins but not WT protein. (C) Cellular production of D-2HG by R132Q and R132H
mutant IDH1. HEK293 cells were transiently transfected with expression plasmids containing WT IDH1 or R132H or R132Q mutations. After 48 h, D-2HG
concentration in the culture media was measured by LC/MS and compared with a media alone control, and protein expression was assessed by Western blot.

Table 1. Sequence results of chondrosarcoma (n = 43)

Gene Mutation n (%) of Mutation-positive cases

IDH1 R132C 12 (60)
IDH1 R132G 5 (25.0)
IDH1 R132L 1 (5.0)
IDH1 R132H 1 (5.0)
IDH1 R132Q 1 (5.0)
Total 20 (100)
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oncogenic mutations (Fig. 1B and Table 3) (28). To further ex-
amine this mutation in a cell-based assay, HEK293T cells were
transfected with mouse R132H, R132Q, and WT IDH1. D-2HG
was greatly elevated in the culture media of both IDH1 R132Q
and IDH1 R132H but not in WT IDH1-overexpressing HEK293T
cells (Fig. 1C). Thus, for all tumor-associated amino acid sub-
stitutions described to date, including the previously undescribed
R132Q, a mutation of IDH1 at R132 causes a gain of function that
produces D-2HG.

Mutant Idh1 Disrupts Growth-Plate Structure. To determine how
mutant Idh alters chondrocyte function in vivo, we generated
conditional Idh1-KI mutant mice. A conditional Idh1-KI mouse
line previously generated (29) was crossed with Col2a1-Cre trans-
genic mice to generate the KI mice. Unexpectedly, Col2a1-Cre;
Idh1-KI pups were rarely found alive after birth. Even if the
mutant mice did survive after birth, they died before weaning
(Table S1). Because other cartilage-specific mutant mice are
known to have dysfunction of the respiratory system, rib cage
and tracheal cartilage were examined by whole-mount skeletal
staining with alcian blue and alizarin red. This approach showed
dwarfism in Idh1 mutant mice as well as pectus excavatum
characterized by a caved-in or sunken appearance of the chest
and dysplasia of tracheal cartilage (Fig. 2A and Fig. S1). These
changes likely caused the early deaths in these mutant mice.
The Col2a1-Cre;Idh1-KI mice showed high levels of D-2HG in

analysis of their limbs, whereas control mice did not (Fig. 2B).
Histological analysis of the tibia showed reduced cartilage min-
eralization in the middle section (Fig. 2C). These mice also
exhibited a disrupted columnar structure of proliferative chon-
drocytes, especially in the middle of the growth plate, with ec-
topic expression of Col10a1 (Fig. 2 D and E). This latter
phenotype could be detected from embryonic day (E) 16.5 to day
0 after birth (Fig. S2). This region of the growth plate is reported
to be hypoxic, and similar disruption of columnar structure has
been found in Vhlh-deficient mice (30). Thus, Idh mutation has
a cell-autonomous effect on chondrocytes, resulting in a carti-
laginous dysplasia of the long bones, ribs, and tracheal cartilage.

Idh1 Mutations and 2HG Regulate Proliferation and Expression of
Markers of Hypertrophic Differentiation. Because the fetal limbs
showed a persistence of cells expressing type X collagen, we
examined how mutant Idh might alter the expression of genes
characteristically produced by hypertrophic chondrocytes.
Chondrocytes from the mice were grown as primary cell cultures
for 4 d. Cells were examined for the expression of Sox9, type 2
collagen, Runx2, and type X collagen or bromodeoxyuridine
(BrdU) incorporation over the last 12 h of culture. They were also

examined for the expression of the Hh target genes Gli1 and
Ptch1, because these genes are known to be expressed in
enchondromas (8). There was increased expression of genes
expressed by hypertrophic chondrocytes, Runx2, and type X
collagen (Fig. 3A) in the cells from the mice expressing the mu-
tation. In contrast, there was no difference in expression of Sox9
or type 2 collagen. There was also a mild increase in proliferation
as detected by BrdU incorporation in the mutant cultures (Fig.
3D). WT chondrocyte cultures were then treated with 10 μM
Octyl-D-2HG or L-2HG, an enantiomer of D-2HG. Treatment
with either agent caused the same effect. In both cases, this
treatment caused an up-regulation of Runx2 and collagen X
expressions to levels similar to those observed in the mutant cul-
tures as well as an increase in BrdU incorporation (Fig. 3 B and D).
In addition, there was an increase in expression of Hh target genes
in chondrocytes from mice expressing the mutant Idh1 or control
chondrocytes treated with 2HG (Fig. 3E). Thus, mutant Idh1 as

Table 2. Sequence results of enchondroma (n = 13)

Gene Mutation n (%) of Mutation-positive cases

IDH1 R132C 2 (25.0)
IDH1 R132S 1 (12.5)
IDH2 R172S 2 (25.0)
IDH2 R172M 1 (12.5)
IDH2 R172C 1 (12.5)
IDH2 R172K 1 (12.5)
Total 8 (100)

Table 3. Kinetic parameters of IDH1 R132Q and R132H

mIDH1 R132Q hIDH1 R132H

Km α-KG (mM) 41 800
kcat (1/s) 1.67 × 103 1.50 × 103

kcat/Km 40.7 1.89

Fig. 2. Col2a1-Cre;Idh1-KI mice showed impaired chondrocyte differentia-
tion. (A) Whole-mount skeletal staining with alcian blue and alizarin red in
Col2a1-Cre;Idh1-KI mutant and WT littermates. Arrowhead shows pectus
excavatum in the mutant mice. (B) D-2HG levels determined by liquid chro-
matography/MS in 10 mg limbs harvested from WT and Idh1 mutant litter-
mates at E16.5. (C) Representative (Upper) H&E and (Lower) alcian blue and
von Kossa staining of tibias at E16.5 from both genotypes. (D and E) Rep-
resentative alcian blue and von Kossa staining and Col10a1 staining in
proximal tibias at postnatal day 0 from both genotypes.
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well as 2HG treatment result in an increase in expression of Hh
target genes (genes characteristic of hypertrophic chondrocytes)
and an increase in cell proliferation.

Conditional Idh Mutant Mice Develop Enchondroma-Like Cartilage
Lesions. Because Col2a1-Cre;Idh1-KI mice could not survive af-
ter weaning, a tamoxifen-inducible Col2a1-Cre/ERT2 transgenic
mouse line was crossed with the Idh1-KI mouse line to examine
the effect of mutant Idh1 on the postnatal mouse growth plate.
Tamoxifen was injected into mutant and WT littermates at 4 wk
of age for 10 doses at 100 mg/kg body weight, and their skeletons
were harvested 3 mo after the injection was completed. Histo-
logical analysis of their knees showed multiple enchondroma-like
cartilage lesions adjacent to the growth plates (Fig. 4A). Between
four and eight cartilage lesions were detected in the growth plates
of each mutant knee (Fig. 4C). No lesions were observed in the
control mice. Immunohistochemistry showed patchy expression of
Col10a1 in the cartilage lesions (Fig. 4B), also suggesting dysre-
gulation of chondrocyte differentiation. To determine the longer-
term effect of mutant Idh1 on growth-plate cartilage, mutant mice
were observed 6 mo after induction of the conditional allele.
Multiple cartilage lesions were also found in knees of older Co-
l2a1-Cre/ERT2;Idh1-KI mutant mice, although no obvious dif-
ference in size or numbers of such lesions was observed (Fig. S3).

Discussion
Here, we show that there is a high variability in the types of IDH
mutations present in enchondromas and chondrosarcomas at
IDH1 R132 and that these mutations result in the production of
D-2HG. Both mutant IDH and treatment with D-2HG increase
cell proliferation and the expression of genes associated with
hypertrophic chondrocytes. In vivo, this mutation also results in
the persistence of type X collagen-producing chondrocytes.
Conditional expression of a mutant Idh in chondrocytes inhibits
growth-plate chondrocyte differentiation, and driving the
mutation postnatally results in an enchondroma-like phenotype,
showing that the presence of the Idh mutation alone is sufficient
to cause enchondromatosis.

We found a broad range of IDH1 mutations in enchondromas
and chondrosarcomas, including the IDH1-R132Q mutation,
which has not been previously reported to our knowledge. As has
been described for all other IDH1 driver mutations, this mutation
resulted in increased production of D-2HG. As such, it seems that
any substitution at R132 observed in human tumors samples
functions to produce D-2HG. In our cell culture studies, either
a mutant Idh or treatment with D-2HG caused the same changes
in gene expression and an increase in cell proliferation.
Data from enchondromas in humans and mice overexpressing

Gli2 or a mutant PTHR1 in chondrocytes show that these tumors
consist of rests of cartilage that persist in the ends of bone. These
cells proliferate slowly as the animals mature but then do not
enlarge over time after skeletal maturity (8). This phenotype is
similar to what we observed in the Idh mutant mice. As such,
persistence of hypertrophic chondrocytes likely allows rests of
growth-plate cells to remain near the end of the bone, resulting
in enchondromas. The mild proliferative advantage that we ob-
served is likely enough to maintain these chondrocytes, pre-
venting their normal replacement by bone, but does not result in
a lesion that grows with time.
Previous studies found IDH mutations in a variety of benign

and malignant musculoskeletal tumors, including osteosarcomas
and giant cell tumors of bone (16, 31, 32). Furthermore, the
mouse mesenchymal cell line C3H10T1/2 expressing the IDH2
R172K mutation can give rise to poorly differentiated sarcomas in
xenograft models (17). Although IDHmutations can be found in a
number of neoplastic conditions, they may not be causative in all.
Because IDH mutations are present in both enchondromas and
chondrosarcomas and expression of mutant Idh in mice results
in the development of enchondroma-like lesions, not chon-
drosarcomas, it is likely that the mutation is causative for the
benign precursor lesion, and additional mutations are needed for
malignant progression. This notion is supported by the overall low
frequency of genes harboring mutations in chondrosarcomas (33).
This finding is consistent with previous data from mice over-
expressing the Gli2 transcription factor, which develop enchon-
droma-like lesions but when crossed with mice deficient in p53,

Fig. 3. Idh1-R132Q and 2HG increase the expression of hypertrophic chondrocyte markers and increase cell proliferation. (A) Expression of markers of
hypertrophic chondrocytes is significantly higher in chondrocytes from mice expressing Idh1-R132Q. Relative expression is shown, with levels in WT cells
arbitrarily set to one. (B) Treatment of WT cells with 2HG has a similar effect on gene expression as observed in cells expressing Idh1-R132Q. (C) Percentage of
cells incorporating BrdU in mutant and WT cells treated with 2-HD or AGI-5198. (D and E) Cells expressing the mutant Idh or cells from mice expressing WT Idh
treated with 2HG up-regulate expression of Hh target genes. Data are given as means, and error bars represent SDs. *P < 0.05 vs. WT control.
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develop chondrosarcomas (34). Indeed, we found reregulation of
Hh target genes with expression of the mutant receptor, and the
phenotype that we observed was identical to that seen with
overexpression of Gli2 in chondrocytes. The fatal nature of driving
the mutation during development supports the concept that a so-
matic event during growth causes this lesion.
We found that a mutant IDH and 2HG result in a persistence

of hypertrophic chondrocytes. This finding is consistent with data
from a genetically modified mouse, in which Gli2 transcriptional
activation inhibits chondrocyte differentiation, causing enchon-
dromas (8), which show a similar phenotype. 2HG causes persis-
tence of growth-plate chondrocytes, resulting in enchondromas,
which then could undergo additional genetic events to become
chondrosarcomas. This etiology raises the possibility that thera-
pies to drive terminal differentiation could be used to treat these
tumors, for which there are no current universally effective ther-
apies. Because IDH mutants produce D-2HG that inhibits differ-
entiation, IDH-targeted therapy is one such potential approach.
Future experiments will evaluate the effects of mutant IDH
inhibitors in this model and others of IDH-driven disease.

Materials and Methods
Sequencing. All human chondrosarcoma samples were coded and handled
according to the ethical guidelines of the host institutions. Genomic DNA
from frozen tumors was isolated using the DNeasy Blood and Tissue Kit
(Qiagen) according to the manufacturer’s protocol. Capillary Sanger se-
quencing was performed to analyze the samples for IDH1 and IDH2 muta-
tions after PCR amplification on exon 4 of IDH1 and IDH2. Standard cloning
followed by Sanger sequencing was used to confirm sequencing results for
the R132Q mutation.

Animals. Idh1-KI (27), Col2a1-Cre (35), and Col2a1-Cre/ERT2 (36) have been
described previously. The Idh1-KI mouse used in this study is identical to
the animal previously described (27) but bears an R132Q mutation rather
than an R132H mutation. A mouse protocol describing the above experi-
mental procedures was approved by the animal care committee of the
Hospital for Sick Children. For analysis of perinatal skeletons, mice from
E15.5 to postnatal day 1 were examined, and at least three mice of each
genotype were analyzed. The tumor phenotypes between at least five lit-
termates of each genotype and age group were compared. Tamoxifen was
injected into mutant and WT littermates at 4 wk of age for 10 doses at 100
mg/kg body weight, and their skeletons were harvested 3 mo after the in-
jection was completed.

Chondrocyte Cultures. The chondrocyte isolation protocol was modified
from previously published methods. Growth plates of hind limbs from 16.5-d
postcoitum embryos were isolated and incubated in collagenase type 4 so-
lution (3 mg/mL; Worthington) for 45 min at 37 °C under 5% CO2 in a Petri

dish (37). Cells were cultured for 4 d with or without L-2HG (Toronto Re-
search Chemicals) or octyl-D-2HG ester (Toronto Research Chemicals). BrdU
was added for the last 12 h in culture and detected immunohistochemically
as previously reported (38).

Histological Analysis. Samples were fixed in 4% (wt/vol) paraformaldehyde,
embedded in paraffin, and sectioned for histological evaluation. Adult
mouse bones were treated with Immunocal (Decal) for decalcification before
embedding. Safranin O, H&E, von Kossa, and alcian blue staining was per-
formed using standard techniques. Col10 staining was used as a marker for
chondrocyte-terminal differentiation by incubating the sections with a 1:50
dilution of anti-human recombinant Col10 (Quartett Immunodiagnostika
Biotechnologie GMBH) at 4 °C overnight. For whole-mount alizarin red and
alcian blue staining, embryos were stained after they were fixed in 100%
ethanol and transferred to acetone as described previously (39).

Real-Time Quantitative PCR. Total RNA was extracted and purified using the
RNeasy Kit (Qiagen) according to the manufacturer’s protocol. Purified
RNA was reverse-transcribed with QuantiTect Reverse Transcription (Qia-
gen). cDNAs were subjected to quantitative PCR using SYBR green PCR
Master Mix (Applied Biosystems). The primer sequences are available
on request.

IDH1 Enzymology. WT and mutant IDH1 vectors were created in the pET30A
plasmid by standard PCR-directed mutagenesis; 6× His-tagged recombinant
protein was produced in Escherichia coli and purified using a standard nickel
column. The spectrophotometric assay for NADPH consumption was performed
under the following conditions: 20 mM Tris (pH 7.5), 150 mM NaCl, 10 mM
MgCl2, 0.05% BSA, 2 mM α-KG, and 0.05 mM NADPH. The reaction was initiated
by adding recombinant protein at the indicated concentration. Spectrophoto-
metric measurement of NADPH was made directly at 340 nm over time; for
determination of kinetic parameters with regard to α-KG, NADPH concentration
was held constant, and α-KG was varied from 0.1 to 10 mM. For in-cell assays,
HEK293T cells (ATCC) were transfected with pcDNA3.1 mammalian expression
vectors as indicated and allowed to grow for 24 h. Transfected cells were col-
lected to assess protein expression by Western blot and plated to 96-well plates
to measure cellular D-2HG production. After another 48 h, media were collected
to measure D-2HG production by the transfected cells.

Metabolite Determinations. For D-2HGmeasurement, metabolites were extracted
using 80% aqueous methanol as previously described (17). Briefly, 10–15 mg limb
cartilage at E16.5 or 200 μL culture medium was immersed in 80% methanol at
−80 °C and homogenized. Extracts were subjected to ion-paired, reverse-phase
liquid chromatography coupled to negative-mode electrospray triple-quadrupole
MS using multiple reaction monitoring. Integrated elution peaks were compared
with metabolite standard curves for absolute quantification.
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Diseases of the National Institutes of Health Grant R01AR06676501.

Fig. 4. Col2a1-Cre/ERT2;Idh1-KI mice develop multiple enchondroma-like cartilage lesions with dysregulated chondrocyte differentiation. (A and B) Safranin
O staining and Col10 immunohistochemistry in (A, Upper) femurs and (A, Lower) tibias of WT and Col2-Cre/ERT2;Idh1-KI littermates. Multiple cartilage lesions
were detected adjacent to growth plates in mutant mice. Col10 immunohistochemistry in the high-power field showed patchy expression of Col10 within the
cartilage lesions. (C) Tumor counts in Idh1 mutant mice (n = 5). Data are given as means, and error bars represent SDs.
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