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Theisocitrate dehydrogenase 1 gene (IDH1) was in 2008 identified
as a new glioblastoma pathogenesis candidate gene by Parsons
et al.* Following this discovery, IDH1/2 mutated tumors have
been studied more carefully, and in 2010 the IDH1 mutation was
found to be associated with a glioma cytosine-phosphate-
guanine island methylator phenotype (G-CIMP).? Today, it is clear
that the common mutations in the IDH genes result in an IDH
enzyme with de novo activity producing 2-hydroxyglutarate.?
This metabolite is an inhibitor of «-ketoglutarate-dependent
dioxygenases, leading to genome-wide methylation alterations
subsequently changing gene expression.*>

Although large series of different tumor types have been ana-
lyzed, IDH1/2 mutations have been reported at significant frequen-
cies in only a few other neoplastic diseases, such as central and
periosteal cartilaginous tumors, intrahepatic cholangiocarcinoma,
acute myeloid leukemia, blast-phase muyeloproliferative neo-
plasms, and angioimmunoblastic T-cell lymphoma.®~*> The IDH
mutation frequency is relatively high in oligodendrogliomas.
Hence, we hypothesized that IDH mutations could also be frequent
in malignant peripheral nerve sheath tumors (MPNSTs), tumors
composed of Schwann cells, which are the peripheral nervous
system’s functional equivalent to oligodendrocytes. Previously,
no IDH1 R132 mutations were detected in a small series of 17
schwannomas’ or in a series of 24 MPNSTs.1® We sequenced the
glioma mutation hotspots R132 and R172 in IDH1 and IDHZ, re-
spectively, in gliomas and one of the world’s largest series of
MPNSTs.

Tumor samples (n = 161) from 157 glioma patients who under-
went surgery at Oslo University Hospital-Rikshospitalet, Oslo,
Norway from 2005 to 2010 were included in this study. High-grade
gliomas from patients with known prior low-grade glioma were
regarded as secondary, while other high-grade gliomas were
regarded as primary. Histological diagnoses were reviewed by a
neuropathologist (D.S.). MPNST tissue samples (n =93, from 91
patients) diagnosed in the period 1973-2008 were collected
from Oslo University Hospital; Skane University Hospital, Lund,

Sweden; University Medical Center Groningen, Groningen, Nether-
lands; and Istituto Ortopedico Rizzoli, Bologna, Italy. Histological
diagnoses were determined by sarcoma reference pathologists.
The biobanks and projects were approved according to national
legislations.

DNA was extracted from fresh frozen tissue. From gliomas
where fresh frozen tissue was not available we used tissue stored
in RNAlater. Regions of IDH1 and IDH2 including the mutation hot-
spots were amplified with primersin separate PCR reactions. Primer
sequences for the IDH1 reaction were 5'-GCA-CGG-TCT-TCA-GAG-
AAG-CCA-3' (forward, our design) and 5'-AGG-GGA-TCC-TAT-TGT-
GCA-GCC-AG-3’ (reverse, our design), and for the IDH2 reaction
5/-AGC-CCA-TCA-TCT-GCA-AAA-AC-3' (forward'’) and 5'-CTA-
GGC-GAG-GAG-CTC-CAG-T-3' (reverse'’). Results were reviewed in-
dependently by 2 of the authors (A.B.H., H.H.). All mutations were
technically validated in a separate run.

The detected IDH1 mutation frequencies in the 161 gliomas
(Table 1) are in line with earlier reports18 and confirm that IDH1
mutations are frequent in World Health Organization (WHO)
grades 1I and III astrocytomas, oligoastrocytomas, oligodendro-
gliomas, and secondary glioblastomas. From 4 glioma patients
includedinthe study, 2 samples of different grades were examined.
The same mutation status was found in both samples. No muta-
tion was detected in the IDH2 hotspot R172, which, based on
earlier reported IDH2 mutation frequencies and our number of
examined gliomas, is not surprising. This is particularly so
because we found a relatively high frequency of IDH1 mutations,
and IDH1 and IDH2 mutations do not appear to occur together.'’

The WHO grade I gliomas were divided into primary and sec-
ondary tumors depending on absence or presence of preexisting
lower-grade lesions. All anaplastic oligodendrogliomas (n=8)
were IDH1 mutated, regardless of primary/secondary status. In
the subgroups anaplastic oligoastrocytoma and anaplastic astro-
cytoma, all primary tumors but one were IDH1 nonmutated,
whereas all secondary tumors were mutated. Interestingly, the
only primary anaplastic astrocytoma with IDHI mutation had
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Table 1. Frequency of IDH1 mutations in codon R132

Diagnosis Total Mutations Base Change in Codon
% (Nmutated/Ntotal) G>A C>A C>T C>G
Commonly IDH mutated gliomas
Diffuse astrocytoma 3 (13/14) 10/13 2/13 1/13 -
Oligoastrocytoma 100 (19/19) 17/19 1/19 1/19 -
Oligodendroglioma 8 (7/8) 6/7 - - 1/7
Anaplastic astrocytoma 0 (2/4)° 1/2 - 1/2 -
Anaplastic oligoastrocytoma 0 (2/4)° 1/2 172 - -
Anaplastic oligodendroglioma 100 (8/8)° 8/8 - - -
Secondary glioblastoma 0 (8/10) 8/8 - - -
Total 88 (59/67) 51/59 4/59 3/59 1/59
Other gliomas
Low-grade neuroepithelial tumors (NOS) 0(0/2) - - -
Primary glioblastoma 2(2/92) 2/2 - -
Schwann cell tumors
MPNST 0 (0/93) - - -

Abbreviation: NOS, not otherwise specified.
91/3 primary and 1/1 secondary.
®0/2 primary and 2/2 secondary.
“6/6 primary and 2/2 secondary.

areas with low-grade histology, suggesting that this may in fact
have been a secondary tumor.

We found that 2 primary glioblastomas harbored the IDH1 muta-
tion. Both patients had a short clinical history and therefore no evi-
dence of a preexisting low-grade glioma. Our neuropathologist
found one of these primary glioblastomas to be diagnostically inter-
mediate between an anaplastic oligoastrocytoma and a glioblast-
oma with a large oligodendroglial component. Nonetheless, the
patient received standard glioblastoma treatment and was there-
fore included as a primary glioblastoma patient in our analyses.

No mutations were detected in the samples from the 91 MPNST
patients, either in the hereditary cases (n = 44) or in the sporadic
cases (n=47). Our results suggest that although principally com-
posed of functionally equivalent cells, gliomas and MPNSTs pursue
different pathogenetic pathways. We cannot rule out the possibil-
ity of mutations occurring in other IDH1/2 codons. However, few
other IDH1/2 mutations have so far been reported, and only a
few of these have resulted in the same de novo activity as the
glioma hotspot mutations.*?

In conclusion, when analyzing 161 glioma samples, we detected
the expected mutations in the analyzed IDH1/2 gliomma mutation
hotspots at frequencies on a par with previous studies.*® Further-
more, it would be interesting to analyze a larger series of WHO
grade III gliomas to confirm our observations indicating that IDH1
mutations are more frequent in secondary than primary anaplastic
oligoastrocytomas and anaplastic astrocytomas. No IDH1/2 glioma
hotspot mutations were detected in MPNSTSs, indicating that these
pathologically similar but peripherally occurring tumors are patho-
genetically different from CNS gliomas.

Annette B. Havik, Guro E. Lind, Hilde Honne, Torstein R. Meling,
David Scheie, Kirsten S. Hall, Eva van den Berg, Fredrik Mertens,
Piero Picci, Ragnhild A. Lothe, Sverre Heim, and Petter Brandal
Section for Cancer Cytogenetics, Institute for Medical Informatics,
Oslo University Hospital, The Norwegian Radium Hospital, Oslo,
Norway (A.B.H., S.H., P.B.); Department of Cancer Prevention, In-
stitute for Cancer Research, Oslo University Hospital, The Norwe-
gian Radium Hospital, Oslo, Norway (A.B.H., G.E.L., H.H., RA.L);
Centre for Cancer Biomedicine, Faculty of Medicine, University of
Oslo, Oslo, Norway (A.B.H., G.E.L., HH.,, RA.L, S.H., P.B.); Faculty of
Medicine, University of Oslo, Oslo, Norway (A.B.H., S.H.); Depart-
ment of Neurosurgery, Oslo University Hospital - Rikshospitalet,
Oslo, Norway (T.R.M.); Department of Pathology, Oslo University
Hospital-Rikshospitalet, Oslo, Norway (D.S.); Department of On-
cology, Oslo University Hospital, The Norwegian Radium Hospital,
Oslo, Norway (K.S.H., P.B.); Department of Genetics, University
Medical Center Groningen, University of Groningen, Groningen,
Netherlands (E.v.d.B.); Department of Clinical Genetics, Skane
University Hospital, Lund, Sweden (F.M.); Laboratory of Oncologic
Research, Rizzoli Orthopedic Institute, Bologna, Italy (P.P.); Cancer
Stem Cell Innovation Center, Oslo University Hospital, Oslo, Norway
(RA.L)

Funding

This study was funded by the University of Oslo, Oslo University Hospital,
and the Radium Hospital Foundation.

Neuro-Oncology

321



Letter to the editor

Acknowledgments

We would like to thank Ingrid Louise Norman for technical assistance in the
laboratory.

Conflict of interest statement. The authors declare no conflict of interest.

References

1.

Parsons DW, Jones S, Zhang X, et al. An integrated genomic analysis of
human glioblastoma multiforme. Science. 2008;321:1807-1812.

Noushmehr H, Weisenberger DJ, Diefes K, et al. Identification of a CpG
island methylator phenotype that defines a distinct subgroup of
glioma. Cancer Cell. 2010;17:510-522.

Dang L, White DW, Gross S, et al. Cancer-associated IDH1 mutations
produce 2-hydroxyglutarate. Nature. 2009;462:739 - 744.

Turcan S, Rohle D, Goenka A, et al. IDH1 mutation is sufficient to
establish the glioma hypermethylator phenotype. Nature. 2012;483:
479-483.

Xu W, Yang H, Liu Y, et al. Oncometabolite 2-hydroxyglutarate is a
competitive inhibitor of alpha-ketoglutarate-dependent dioxygenases.
Cancer Cell. 2011;19:17-30.

Amary MF, Bacsi K, Maggiani F, et al. IDH1 and IDH2 mutations are
frequent events in central chondrosarcoma and central and
periosteal chondromas but not in other mesenchymal tumours. J
Pathol. 2011;224:334-343.

Balss J, Meyer J, Mueller W, Korshunov A, Hartmann C, von Deimling A.
Analysis of the IDH1 codon 132 mutation in brain tumors. Acta
Neuropathol. 2008;116:597-602.

Bleeker FE, Lamba, Leenstra’S, et al. IDH1 mutations at residue p.R132
(IDH1(R132)) occur frequently in high-grade gliomas but not in other
solid tumors. Hum Mutat. 2009;30:7-11.

10.

12.

13.

14.

15.

16.

17.

18.

19.

Borger DR, Tanabe KK, Fan KC, et al. Frequent mutation of isocitrate
dehydrogenase (IDH)1 and IDH2 in cholangiocarcinoma identified
through broad-based tumor genotyping. Oncologist. 2012;17:
72-79.

Cairns RA, Igbal J, Lemonnier F, et al. IDH2 mutations are frequent in
angioimmunoblastic T-cell lymphoma. Blood. 2012;119:1901-1903.

. Kang MR, Kim MS, Oh JE, et al. Mutational analysis of IDH1 codon 132 in

glioblastomas and other common cancers. Int J Cancer. 2009;125:
353-355.

Marcucci G, Maharry K, Wu YZ, et al. IDH1 and IDH2 gene mutations
identify novel molecular subsets within de novo cytogenetically
normal acute myeloid leukemia: a Cancer and Leukemia Group B
study. J Clin Oncol. 2010;28:2348-2355.

Mardis ER, Ding L, Dooling DJ, et al. Recurring mutations found by
sequencing an acute myeloid leukemia genome. N Engl J Med. 2009;
361:1058-1066.

Pardanani A, Lasho TL, Finke CM, Mai M, McClure RF, Tefferi A. IDH1 and
IDH2 mutation analysis in chronic- and blast-phase myeloproliferative
neoplasms. Leukemia. 2010;24:1146-1151.

Yan H, Parsons DW, Jin G, et al. IDH1 and IDH2 mutations in gliomas. N
Engl J Med. 2009;360:765-773.

Je EM, AnCH, Yoo NJ, Lee SH. Mutational analysis of PIK3CA, JAK2, BRAF,
FOXL2, IDH1, AKT1 and EZH2 oncogenes in sarcomas. APMIS. 2012;
120:635-639.

Hartmann C, Meyer J, Balss J, et al. Type and frequency of IDH1 and
IDH2 mutations are related to astrocytic and oligodendroglial
differentiation and age: a study of 1,010 diffuse gliomas. Acta
Neuropathol. 2009;118:469-474.

Gupta R, Webb-Myers R, Flanagan S, Buckland ME. Isocitrate
dehydrogenase mutations in diffuse gliomas: clinical and aetiological
implications. J Clin Pathol. 2011;64:835-844.

Ward PS, Cross JR, Lu C, et al. Identification of additional IDH mutations
associated with oncometabolite R(-)-2-hydroxyglutarate production.
Oncogene. 2012;31:2491-2498.

322




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


