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Abstract
Somatic mutations in isocitrate dehydrogenase 1 (IDH1) and IDH2 occur in gliomas and acute myeloid
leukaemia (AML). Since patients with multiple enchondromas have occasionally been reported to have these
conditions, we hypothesized that the same mutations would occur in cartilaginous neoplasms. Approximately
1200 mesenchymal tumours, including 220 cartilaginous tumours, 222 osteosarcomas and another ∼750
bone and soft tissue tumours, were screened for IDH1 R132 mutations, using Sequenom


mass spectrometry.

Cartilaginous tumours and chondroblastic osteosarcomas, wild-type for IDH1 R132, were analysed for IDH2
(R172, R140) mutations. Validation was performed by capillary sequencing and restriction enzyme digestion.
Heterozygous somatic IDH1/IDH2 mutations, which result in the production of a potential oncometabolite,
2-hydroxyglutarate, were only detected in central and periosteal cartilaginous tumours, and were found in
at least 56% of these, ∼40% of which were represented by R132C. IDH1 R132H mutations were confirmed
by immunoreactivity for this mutant allele. The ratio of IDH1:IDH2 mutation was 10.6 : 1. No IDH2 R140
mutations were detected. Mutations were detected in enchondromas through to conventional central and
dedifferentiated chondrosarcomas, in patients with both solitary and multiple neoplasms. No germline mutations
were detected. No mutations were detected in peripheral chondrosarcomas and osteochondromas. In conclusion,
IDH1 and IDH2 mutations represent the first common genetic abnormalities to be identified in conventional
central and periosteal cartilaginous tumours. As in gliomas and AML, the mutations appear to occur early
in tumourigenesis. We speculate that a mosaic pattern of IDH-mutation-bearing cells explains the reports
of diverse tumours (gliomas, AML, multiple cartilaginous neoplasms, haemangiomas) occurring in the same
patient.
Copyright  2011 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Recurrent somatic mutations in the isocitrate dehydro-
genase 1 (IDH1 ) gene have been described in sec-
ondary glioblastomas and in gliomas [1]. A smaller
number of mutations involving mitochondrial isocitrate
dehydrogenase 2 (IDH2 ) have also been detected in
these neoplasms [1]. In contrast, these mutations are
rarely present in the primary form of glioblastoma [2].

Subsequently, similar IDH1 and IDH2 mutations were
detected in acute myeloid leukaemia (AML) [3–7],
and myelodysplastic disorders [8]. These mutations
have been reported rarely in other tumours, includ-
ing thyroid [9], prostate, B cell lymphoma and col-
orectal carcinomas (for review, see [10]). To date no
IDH1/IDH2 mutations have been identified in mes-
enchymal tumours.
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Heterozygous IDH1 and IDH2 mutations detected
in gliomas/glioblastomas and AML result in specific
amino acid changes near or in the active sites of the
enzyme. Only single copies of the gene have been
found to be mutated in tumours [11]. IDH1 mutations
usually result in substitutions at R132, whereas IDH2
mutations affect either R172, the residue that is anal-
ogous to IDH1 R132, and R140. A small number of
other IDH1/IDH2 mutations have been described [10].
The mutant enzyme loses the ability to convert isoci-
trate to α-ketoglutarate [12], in addition to which the
enzyme gains a new function that leads to the accu-
mulation of δ-2-hydroxyglutarate, the levels of which
strongly correlate with tumourigenesis [13]. These
findings support the concept of δ-2-hydroxyglutarate,
which has been referred to as an oncometabolite, exert-
ing tumour-inducing actions [13].

Cartilaginous neoplasms, when benign and malig-
nant forms are combined, represent the most com-
mon primary bone tumour [14]. They are referred
to as conventional when the microscopic appearance
bears a close resemblance to non-neoplastic carti-
lage as opposed to the rare mesenchymal, clear cell
and dedifferentiated chondrosarcomas that have spe-
cific histological and clinical features. Dedifferentiated
chondrosarcoma is considered to represent transforma-
tion from conventional chondrosarcoma [14]. A second
classification is based on the relationship of the carti-
laginous tumour to the anatomy of the bone on which
it has arisen, i.e. central (intramedullary) or surface.
There are two types of surface neoplasm, the most
common being the osteochondroma, which can trans-
form into the so-called ‘secondary’/peripheral chon-
drosarcoma, the molecular pathology of which is well
described [15]. This is a cartilage-capped exophytic
lesion, the stalk of which connects directly with the
medullary cavity of the underlying bone. The second is
the rare periosteal cartilaginous tumour that has no con-
nection with the underlying marrow. There is a benign
and malignant variant but the pathogenesis of periosteal
tumours is largely unknown [14].

Central conventional cartilaginous tumours repre-
sent a spectrum of disease spanning from benign
to high-grade malignant disease. The benign tumour
(enchondroma) can transform into chondrosarcoma
grade I (together referred to as low-grade cartilagi-
nous tumours) and subsequently into chondrosarcoma
grades II and III (high-grade disease). There is poor
inter-observer reproducibility when it comes to distin-
guishing enchondroma and grade I chondrosarcoma,
but this is not considered clinically relevant as these
tumours can generally be cured by curettage in con-
junction with local adjuvant cryosurgery or phenol
application [16]. However, distinguishing low-grade
from high-grade disease is important, as wide mar-
gins of excision are required to treat the latter because
of the difficulty of local disease control of these
tumours.

Enchondromas generally occur as non-familial soli-
tary tumours, with up to 50% occurring in the small

bones of the hands and feet. The polyostotic form of
the disease, Ollier disease/multiple enchondromas, is
rarely inherited [17] and has a variable phenotype, but
classically there is unilateral involvement of the short
and long tubular bones of the limbs, with one side
being affected more severely than the other. Patients
with Maffucci syndrome have multiple enchondromas
associated with soft tissue vascular lesions [14,18].
There is no recurrent mutation associated with the
solitary conventional central cartilaginous tumour or
the multiple neoplasms occurring in Ollier disease
and Maffucci syndrome [19,20], although involve-
ment of parathyroid-related protein (PTHrP) has been
suggested [18,21]. However, frequent loss of het-
erozygosity of the 9p21 region involving the INK4a/
INK4A-ARF locus and the associated loss of expres-
sion of p16 is seen, predominantly in high-grade
tumours [22].

Patients with Ollier disease and Maffucci syndrome
have a significant risk of developing a second unre-
lated cancer [17], the most common of which is
glioma [23–33]. Although less common, there are also
reports of patients with Ollier disease who develop
acute myeloid leukaemia (AML) [34–36]. It is also
of interest that an IDH1 R132C mutation has recently
been detected at the Wellcome Trust Sanger Insti-
tute in the HT1080 cell line, described originally as
deriving from a fibrosarcoma of bone [37]. Armed
with this information, we decided to screen cartilagi-
nous tumours and osteosarcomas for the previously
reported IDH1 /IDH2 mutations. Approximately 1000
other mesenchymal tumours of various histological
types were also included in this study for the pur-
pose of studying the lineage specificity of IDH1/IDH2
mutations.

Materials and methods

The tumour samples were largely obtained from the
Royal National Orthopaedic Hospital, with a number
of osteosarcomas contributed from Leiden University
Medical Centre (see Supporting information, Tables
S1, S2). Ethical committee approval was given for this
study. The pathology slides were reviewed, diagnosed
and graded according to WHO guidelines [14].

DNA was extracted from paraffin-embedded tu-
mours, which was at least 60% tumour-rich, and paired
non-neoplastic tissue when available [38]. The major-
ity of the bone tumour samples had been decalcified
in EDTA, a minority in formic acid. All bone and soft
tissue tumours apart from osteochondromas were anal-
ysed for IDH1 R132 mutations using the Sequenom



high-throughput MassARRAY platform. The presence
of wild-type IDH1 R132 DNA detected by MassAR-
RAY analysis was confirmed in 27 tumours by capillary
sequencing and or enzyme-specific restriction digestion
(see Supporting information, Table S2). The MassAR-
RAY assay was designed manually and performed at
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Sequenom


(Hamburg, Germany). A cut-off of 10%
of allelic frequency was generally used, as below this
there is a high risk of false-positive calls due to noise
or adducts. Cases analysed by the MassARRAY plat-
form were classified as harbouring an IDH1 mutation
when the genetic variant was validated by capillary
sequencing and/or enzyme-specific restriction diges-
tion. Capillary sequencing was employed for screen-
ing IDH2 R172 and R140 mutations, and for analysis
of IDH1 mutations in osteochondromas (for oligonu-
cleotide primer sequences, see Supporting information,
Tables S3, S4).

A tissue microarray was constructed using a manual
arrayer (Beecher Instruments, WI, USA). Two 1 mm
cores were taken from each of the 184 cartilaginous
tumours. Cores of liver, lymph node, placenta, glioblas-
tomas and fat were included as controls. Immunohisto-
chemistry was performed using the Leica Bond-Max

Autostainer (Leica Microsystems, Wetzlar, Germany)
with the antibody targeting IDH1 R132H (clone H09;
1 : 100 dilution, 20 min citrate buffer pretreatment;
Dianova, Hamburg, Germany) [39]. The immunohis-
tochemistry was scored as positive or negative as
assessed by the presence and absence of chondrocyte
cytoplasmic and nuclear immunoreactivity. The micro-
scopists were blinded to the sequencing data when
scoring the immunohistochemistry.

The clinical notes and imaging, where available,
from patients with cartilaginous neoplasms, were
reviewed.

The IDH1 and IDH2 mutation data were combined
for the purpose of statistical analysis, as the seven
tumours with IDH2 mutations were insufficient to
analyse independently. Fisher’s exact test and the
Welch t-test for age comparison were employed. All
analyses were performed within R language. p < 0.05
was considered statistically significant.

Results

Cartilaginous tumours

Tumour and germline mutation data

Informative validated DNA sequences were obtained
by at least two techniques from 145 cartilaginous
tumours. These comprised 137 central and eight
periosteal cartilaginous tumour samples, 81 of which
(56%) harboured a mutation. Seventy-four of the muta-
tions were found in IDH1 R132 and the remaining
seven mutations were found in IDH2 R172. No muta-
tions were detected in IDH2 R140. Seventy-five of the
mutations were found in central tumours, 68 of which
were accounted for by IDH1 and seven by IDH2. The
six mutations identified in the eight periosteal tumours
were all IDH1 mutations (Tables 1, 2; Figure 1).

Neither IDH1 nor IDH2 mutations were detected
in 24 informative peripheral chondrosarcomas or in

Table 1. Results of analysis of 81 mutation-positive cartilaginous
tumours analysed by MassArray and validated by PCR
enzyme-specific restriction digestion or direct sequencing

Mutations analysed by
MassArray and confirmed by
RD and/or sequencing [n (%)

Gene Mutation Base change of mutation-positive cases]
IDH1 R132C CGT > TGT 32 (39.5)
IDH1 R132G CGT > GGT 16 (19.7)
IDH1 R132H CGT > CAT 14 (17.3)
IDH1 R132L CGT > CTT 6 (7.4)
IDH1 R132S CGT > AGT 6 (7.4)
IDH2 R172S AGG > AGT 7 (8.6)

n, number; RD, restriction digestion.

an additional 18 osteochondromas (see Supporting
information, Tables S1, S2).

Non-neoplastic tissue (skeletal muscle/bone mar-
row/blood) was available from 30 patients whose
tumours harboured a mutation (IDH1 = 23; IDH2 =
7). Analysis of this material by restriction digestion,
and DNA sequencing failed to reveal any IDH1 /IDH2
mutations. Four of these samples were obtained from
patients with Ollier disease.

Review of the histology failed to reveal any mor-
phological features which correlated with the presence
or absence of IDH1/IDH2 mutations; 54.3% of the
mutations were detected in the low-grade cartilagi-
nous tumours (enchondroma/chondrosacoma grade I)
and the remaining 45.7% were found in high-grade
disease, which included grade II, grade III and dedif-
ferentiated chondrosarcomas (p = 0.6). Although there
is inter-observation variation in distinguishing enchon-
droma from chondrosarcoma [16], when a tumour is
composed of hyaline matrix, is paucicellular, shows
no entrapment of host lamellar bone, and the chondro-
cytes show a closed chromatin pattern together with
no erosion of the cortical bone on imaging, it is gen-
erally accepted as representing an enchondroma [14].
Using these criteria in cases where imaging was avail-
able, 14 of the low-grade tumours in long bones of
the appendicular skeleton were classified confidently as
enchondromas and four of these harboured a mutation
(Figure 2A). Twenty-three of the 137 central cartilagi-
nous tumours contained a dedifferentiated component,
13 (56.5%) of which harboured a mutation (12 IDH1
and one IDH2 ). Of the four cases in which both compo-
nents (grade I and dedifferentiated) were analysed, the
same mutation was detected in both elements. Eleven
of the 23 dedifferentiated chondrosarcomas showed
osteosarcomatous differentiation and eight (72.7%) of
these contained a mutation.

Mutation-positive central and periosteal cartilagi-
nous tumours occurred more frequently in the tubular
bones of the hands and feet than at other anatomical
locations (p < 0.001) (Table 2); 90% (26 of 29) of the
acral-based tumours revealed a mutation, compared to
53.2% (42 of 79) of tumours in the long bones of the
appendicular skeleton, and 35.1% (13 of 37) of those
in the flat bones (Table 2).
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Table 2. Correlation of subtype, grade and site of central and periosteal, genetically informative, cartilaginous tumours with IDH1 and
IDH2 mutation type

Number with Mutation Site (total number)/number
Tumour subtype/grade (n) mutation (%) type n (%) with mutation (%)

Central low-grade cartilaginous tumours (75) 39 (52.0) R132C Femur (14)/5 (35.7)
14 (35.9)
R132G Fibula (2)/2 (100)
8 (20.5)
R132H Foot (4)/3 (75)

11 (28.2)
R132L Hand (22)/20 (90.9)
1 (2.6)
R132S Humerus (14)/5 (35.7)
4 (10.3)
R172S Pelvis (4)/1 (25)
1 (2.6)

Radius (1)/1 (100)
Rib (4)/0 (0)
Scapula (2)/1 (50)
Tibia (6)/1 (16.7)
Ulna (1)/0 (0)
Vertebra (1)/0 (0)

36 (58.0)

Central high-grade: chondrosarcomas GII and GIII (39) 23 (58.9) R132C Femur (22)/18 (81.8)
10 (43.5)
R132G Hand (2)/2 (100)
5 (21.7)
R132L Humerus (9)/3 (33.3)

3 (13.0)
R172S Pelvis (17)/11 (64.7)
4 (17.4)
R172T Rib (3)/0 (0)
1 (4.3)

Central high-grade: dedifferentiated chondrosarcoma (23) 13 (56.5) R132C Scapula (3)/0 (0)
4 (30.7)
R132G Tibia (3)/2 (67.7)
3 (23.1)
R132H Vertebra (3)/0 (0)
3 (23.1)
R132L

2 (15.4)
R172S
1 (7.7)

Periosteal chondromas (7) 5 (71.43) R132C Femur (2)/1 (50)
3 (60.0)
R132S Fibula (1)/1 (100)

2 (40.00)
Foot (1)/1 (100)
Humerus (2)/2 (100)
Radius (1)/0 (0)

Periosteal chondrosarcoma (1) 1 (100) R132C Femur (1)/1(0)
1 (100)

WT, wild-type; n, number of genetically informative samples; G, grade. Secondary peripheral chondrosarcomas (n = 24) were excluded from this analysis.

Of 137 cartilaginous tumours, 15 (11%) had been
removed from patients diagnosed as having multiple
central cartilaginous tumours by a variety of imaging
techniques. Twelve of these tumour samples (one from
each patient) harboured a mutation. Analysis of a
second neoplasm was possible in only one patient:
this showed the same IDH1 R132C mutation in both
tumours.

Immunohistochemistry for the IDH1 R132H muta-
tion was performed on all of the cartilaginous tumours
included in this study [central, periosteal cartilaginous

tumours, peripheral chondrosarcoma and the osteo-
chondromas (n = 202)]. All 14 central tumours iden-
tified as harbouring a R132H mutation assessed by
MassARRAY and DNA sequencing showed strong
and diffuse cytoplasmic and nuclear immunoreactiv-
ity (Figure 2B). All but five of the other 188 cases
showed absence of immunoreactivity. The immunore-
activity observed in these five cases was confirmed on
full tissue sections. Of note was that an IDH1 R132H
mutation had been detected by MassARRAY in three
of these. However, as these results were not validated
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Figure 1. MassArray cluster plots for IDH1 mutations: (A) cluster
plots of 1035 samples from cartilaginous tumours showing IDH1
R132C in 25 samples and (B) IDH1 R132G in 14 samples; (C) spectra
for one R172S sample; (D) which was confirmed by direct
sequencing.

by DNA sequencing and/or restriction enzyme diges-
tion, they were not included in the validated tumour
set. The remaining two cases were found to be wild-
type by DNA MassArray, and capillary sequencing and
restriction digestion failed to reveal an IDH2 muta-
tion. Review of haematoxylin and eosin (H&E)-stained
sections, representing the tissue from which the DNA
had been extracted from these two cases, revealed that
in addition to the presence of low-grade cartilaginous
tumour there were also cellular foci of haemopoietic
marrow. Hence, the failure to detect the mutations in
these two cases is likely to be accounted for by dilution
of the mutated cell population.

Clinical information and follow-up

The 145 informative central and periosteal tumours
were surgically removed from 85 male and 60 female
patients: the numbers of male and female patients

harbouring a mutation were 42 and 39, respectively.
There was no significant difference with respect to the
distribution of tumours in male and female patients
(see Supporting information, Supplementary materials
and methods). The mean age of patients presenting
with central/periosteal cartilaginous tumours harbour-
ing either an IDH1 or an IDH2 mutation was not sig-
nificantly different from that of patients whose tumours
did not have a mutation (see Supporting information,
Supplementary materials and methods).

None of the patients with cartilaginous tumours
revealed evidence of a family history of this disease
and/or personal or family history of AML or brain
tumour. Follow-up information was available from 108
of 145 patients with central/periosteal cartilaginous
tumours, from whom there were informative validated
genetic data. Follow-up data were available from 58
(63.4%) patients with central/periosteal low-grade car-
tilaginous tumours (range 1–169 months, mean 15.8),
all of whom were alive without metastatic disease,
with only one patient having persistent clinical disease.
Tumour had recurred on one occasion in four indi-
viduals (two with and two without mutation). Of the
50 patients (79.4%) with high-grade chondrosarcomas
(49 central and one periosteal), the follow-up period
was in the range 2–158 months (mean 33.0 months)
(Table 3). The survival period of the 50 patients with
high-grade chondrosarcomas with and without a muta-
tion was not significantly different (p = 0.25). Twenty-
four (48%) of these patients died of their disease 2–158
(average 26) months from the time of diagnosis, 11
were alive with disease and 15 were alive without evi-
dence of disease: ∼60% of the patients in all three
groups harboured an IDH1/IDH2 mutation (Table 3).

Non-cartilaginous neoplasms
Osteosarcoma samples from 222 patients, 19 osteosar-
coma cell lines and one chordoma cell line were tested
for IDH1 mutations using the high-throughput Mas-
sARRAY platform: 64.4% (143 samples) of these were
also analysed for IDH2 mutations, including all chon-
droblastic osteosarcomas (20.44% of osteosarcomas)
(see Supporting information, Tables S1, S5). No muta-
tions were detected in any of these samples (98.6%
informative).

An IDH1 mutation was not detected in 655 soft
tissue mesenchymal neoplasms, 106 bone sarcomas
[including 79 chordomas (all immunoreactive for
brachyury), 25 PNET/Ewing sarcoma, one fibrosar-
coma of bone and one clear cell chondrosarcoma),
96.3% of which were genetically informative (see Sup-
porting information, Table S1).

Discussion

This is the first report of IDH1 (R132) and IDH2
(R172) heterozygous mutations in conventional central
and periosteal cartilaginous tumours. Of note is that the
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Figure 2. Imaging and histological appearances of two cartilaginous tumours with an IDH1 mutation: (Ai) plain radiograph; (Aii) magnetic
resonance image; (Aiii) an enchondroma of the fibula, which is shown in the photomicrograph; (Aiv) MassArray spectra (R132G) of DNA
from the enchondroma; (Bi) Plain radiograph with the arrow pointing to the central enchondroma in the 5th proximal phalanx; which is
shown in a photomicrograph (Bii) of a H&E-stained section; (Biii) the IDH1 R132H immunoreactivity supports the (Biv) capillary sequencing,
which shows a heterozygous R132H mutant allele of the enchondroma.

Table 3. Clinical outcome of 50 patients with high-grade∗ central
or periosteal tumours genetically informative for IDH1 or IDH2
mutations

Mutation-positive
Patients n tumours n (%)

Dead of disease 24 15 (62.5)
Alive with disease 11 7 (63.6)
Alive without disease 15 9 (60)
Total 50 31 (62)
One or more recurrences 19 9 (47.4)
Recorded metastatic disease 23 12 (52.2)

n, number. ∗High-grade includes grades II and III and dedifferentiated
chondrosarcomas.

mutations are restricted to these specific subtypes of
cartilaginous tumours, and furthermore were not found
in a wide variety of an additional ∼1000 other con-
nective tissue neoplasms, including 222 osteosarcomas.
The finding that conventional secondary peripheral
chondrosarcomas and osteochondromas, characterized

by mutations in EXT1 and EXT2, do not harbour
IDH1/IDH2 mutations supports the current evidence
that these neoplastic subgroups represent distinct neo-
plastic entities [40].

Although the overall frequency of IDH1/IDH2 muta-
tions in conventional central and periosteal cartilagi-
nous neoplasms was found to be 56%, it is striking
that the distribution of mutation-positive tumours in
the bones of the hand and feet was significantly greater
than at extra-acral sites, with 90% of the acral-based
tumours harbouring a mutation compared to 53.2% of
tumours in the long bones of the appendicular skeleton
and 35.1% of those in the flat bones. However, consid-
ering that two low-grade cartilaginous tumours in the
long bones (humerus, femur) were classified as wild-
type when analysed by capillary DNA sequencing yet
found to be immunoreactive for R132H, the frequency
of IDH1/IDH2 mutations detected by DNA sequenc-
ing may well be an underestimate. This discrepancy
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can be explained by failure to detect mutations in
low-grade paucicellular tumours because of the pres-
ence of populations of contaminating non-neoplastic
cells. Unfortunately the R132H antibody, which is a
highly specific and sensitive marker for this mutant
allele, is the only one available against IDH1/IDH2
mutants [39], Hence, when the immunohistochemistry
finding for R132H mutations is extrapolated to other
IDH1/IDH2 mutation types in our 145 validated sam-
ples, the overall mutation frequency would be predicted
to be closer to 70%. Nevertheless, even when taking
into account the potential false-negative results, there
appears to be a significant number of cases that do
not harbour a common IDH1/IDH2 mutation in cen-
tral/periosteal cartilaginous tumours.

In contrast to gliomas, in which 88% of IDH1
mutations involve histidine at codon 132 (R132H),
R132C represents the most common IDH1 mutation in
cartilaginous tumours (40%), with the R132H variant
constituting 17%. In contrast, IDH2 mutations are the
most common in AML and occur most frequently at
residue R140 [41], whereas no IDH2 R140 mutations
are detected in gliomas [1] or in our cartilaginous
tumours. The biological importance of these different
mutations remains unknown.

There is a consensus that the multiple enchondromas
in Ollier disease and Maffucci syndrome are the conse-
quence of a post-zygotic germline mutation resulting in
a mosaic distribution of mutant cells [19]. However, to
date the culprit gene(s) has remained elusive [20], apart
from ∼10% which are associated with PTHR1 muta-
tions [21,42]. As IDH1/IDH2 mutations were detected
in both apparently solitary cartilaginous tumours and
in those excised from patients with multiple lesions
(Ollier disease/Maffucci syndrome), it is interesting to
speculate, particularly in view of the reports of patients
with Ollier disease developing gliomas and AML,
many of which harbour IDH1/IDH2 mutations, that
these mutations represent early post-zygotic genetic
events and account for initiation of the disease pro-
cess. Definitive evidence for this would be provided by
detection of the same IDH1/IDH2 mutations in somatic
tissues from the same patient but at a lower frequency.
However, we have been unable to demonstrate muta-
tions in non-lesional tissue in our cohort, but others
have also found this to be difficult in patients with
mosaic conditions. Specifically, in McCune Albright
syndrome, the archetypal mosaic disorder, mutation
detection was highly variable (in the range 8–48%)
and was found to depend on the disease burden [43].

There is accumulating evidence that IDH1/IDH2
mutations are implicated in the early stages of tumour
development of both AML and gliomas and that
this is brought about by the accumulation D-2-
hydroxglutarate [11]. Recent studies show that
IDH1/IDH2 mutations in AML mediate their effects
through blocking the catalytic effect of TET2, an
α-ketoglutarate-dependent demethylase enzyme, the
consequence of which is global hypermethylation,

resulting in reduced haemopoietic cellular differen-
tiation and loss of markers related to prolifera-
tion [44]. Although we have not had the opportu-
nity to demonstrate the presence D-2-hydroxglutarate
in cartilaginous tumours harbouring the mutations,
the report of ‘enchondroma-like’ nodules in patients
with D-2-hydroxglutarate aciduria, a neurometabo-
lic disorder that is associated with inherited IDH2
mutations, provides evidence that D-2-hydroxglu-
tarate is also involved in the early stages of cartilage
tumourigenesis, or at least abnormal cellular prolifera-
tion of chondrocytes, thereby providing evidence for its
role in tumourigenesis [45–47]. Since mutations that
result in loss of function of TET2 in AML have the
same neoplastic effects as the IDH1/IDH2 mutations,
it will be interesting to see whether TET2 mutations are
found in the IDH1/IDH2 mutation-negative cartilagi-
nous tumours [44]. Additional candidates include other
genes encoding mitochondrial metabolic enzymes, such
as fumarase hydratase and succinate dehydrogenase or
others, which have previously been implicated in car-
cinogenesis in other tumours and would exert the same
functional consequence [10].

There is also evidence that IDH1/IDH2 mutations
result in elevated levels of HIF-1α and the associ-
ated transcriptional activity of its target genes, and
that these effects are mediated through low levels
of α-ketoglutarate [12]. These genes are important in
adaptation of cells to low oxygen tension and are
involved in glucose metabolism, angiogenesis, cell
motility and invasion functions that are important for
tumour growth/progression. It is therefore noteworthy
that high levels of HIF-1α are detected in chondrosar-
comas, and that an increase in glycolysis-associated
genes has been reported in high-grade chondrosarco-
mas compared with the low-grade counterpart in a
comparative cDNA study [48,49]. It will be of interest
to determine whether these findings are related to the
IDH1/IDH2 mutations in cartilaginous tumours, and
also to correlate the IDH1/IDH2 mutation status with
other genetics alterations, such as loss of p16 and p53,
which are known to occur in chondrosarcomas. Such
information may reveal the sequence of genetic events
that are involved in the process of cartilaginous tumour
development [22].

In terms of connective tissue neoplasms, IDH1 R132
and IDH2 R172 mutations appear to be restricted
to conventional central and periosteal cartilaginous
tumours, as the mutations were not detected in ∼1000
other bone (n = 328) and soft tissue neoplasms.
This information has the potential to make a clini-
cally valuable contribution to three challenging areas
of diagnostic surgical pathology: first, the detection
of IDH1/IDH2 mutations distinguishes chondroblas-
tic osteosarcomas from central chondrosarcomas; sec-
ond, the detection of an IDH1/IDH2 mutation appears
to distinguish a dedifferentiated chondrosarcoma with
osteosarcomatous differentiation from an osteosarcoma
which arises de novo [14]; finally, the presence of
an IDH1/IDH2 mutation is mutually exclusive with
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the expression of brachyury in chordomas, thereby
providing additional criteria for distinguishing these
neoplasms [50].

The only non-cartilaginous connective tissue tumour
in which IDH1/IDH2 mutations has been detected is
the HT1080 cell line, which derives from a primary
fibrosarcoma of bone in a 35 year-old man without
documented features of Ollier disease [37]. Hence,
we consider that this tumour cell line represents a
dedifferentiated chondrosarcoma.

Conventional cartilaginous tumours comprise a vari-
ety of lesions, which are classified as distinct enti-
ties on the basis of their clinical/radiological and
morphological features. The most common of these
is osteochondroma/secondary peripheral chondrosar-
coma, the majority of which harbour mutations in
EXT1/EXT2. The other major group comprises cen-
tral and periosteal tumours, a significant proportion of
which we now know harbour IDH1/IDH2 mutations.
However, there are also rarer subtypes of conven-
tional cartilaginous tumours, for example metachon-
dromatosis and spondyloenchondrodysplasia, which
develop as multiple lesions, a number of which have
recently been linked to specific genetic alterations,
including PTPN11, which encodes protein tyrosine
phosphatase, non-receptor type 11, and ACP5, which
encodes tartrate-resistant acid phosphatase [51–53]. As
these disease entities may have overlapping pheno-
types, recognition of these mutations will allow robust
disease classification that can be exploited for patient
diagnosis and treatment. Nevertheless, it is striking
that, despite the morphological similarities of these
tumours, the genes implicated in their development
represent a heterogeneous group which have different
functions, and there is no obvious close relationship
in terms of their signalling pathways. This highlights
how little of the basic biology of cartilaginous tis-
sue is understood, and suggests that a systems biology
approach will be required to unravel the full story.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article:

Supplementary materials and methods

Table S1. All cartilaginous and non-cartilaginous mesenchymal tumours and cell lines analysed for IDH1 and IDH2 mutations.

Table S2. Clinical details and molecular results of 184 cartilaginous tumours (159 central and periosteal and 25 peripheral).

Table S3. Oligonucleotide primer sequences used in the MassArray assay.

Table S4. Oligonucleotide primers and enzymes for restriction enzyme digestion (A) and oligonucleotide primers for sequencing (B).

Table S5. Osteosarcoma and chordoma lines with IDH1 mutation status.
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