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Abstract

Context: Somatic mutations at residue R132 of isocitrate dehydrogenase 1 (IDH1) were recently
discovered in gliomas and leukaemia at a high frequency. IDH1 is a metabolic gene, and the R132
mutations create a new enzymatic activity.

Objectives: To determine whether IDHI had somatically acquired mutations in thyroid carcinomas.
Design: Exons 4 and 6 of IDH1 were sequenced in a large panel of thyroid tumours (n=138)
and compared with the patients normal DNA (n=26). We also correlated IDH1 mutations with
clinical-pathological data and BRAF and RAS mutational status.

Results: We identified four novel and two previously described non-synonymous variants in thyroid
carcinomas, which were absent in benign tumours and paired normal thyroid. Although IDH1
variants occurred at higher frequency in follicular thyroid carcinomas, follicular variant of papillary
thyroid carcinoma (PTC) and undifferentiated thyroid carcinomas than the observed variants in
classical PTC (15/72 vs 3/37), it was not significant (P=0.1). Sequence alignment across several
species shows that all IDH1 genetic alterations occurred at evolutionarily conserved residues located
within the active site, and therefore, are likely to affect protein function. Unlike other tumours, IDH1
and BRAF or RAS mutations are not mutually exclusive. There was no association between IDHI
mutational status and clinical characteristics.

Conclusion: IDH1-acquired genetic alterations are highly prevalent in thyroid carcinomas (16%). Our
findings not only extend our understanding of the molecular mechanism underlying pathogenesis of
thyroid tumours, but also emphasize the biological differences between tumour types. Those tumours
with IDH1 mutations might benefit from therapies that exploit this alteration.
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Introduction

In the last three decades, thyroid cancer incidence has
significantly increased worldwide (1). Most of the
thyroid tumours of follicular cell origin are subdivided
into the benign follicular thyroid adenoma (FTA)
and the malignant follicular thyroid carcinoma (FTC)
and papillary thyroid carcinoma (PTC). PTC is the most
prevalent carcinoma subtype, accounting for about
80% of all thyroid cancers. FTC and its variant Hiirthle
cell carcinoma (HCC) represent 5-10% of thyroid
cancers. In the last years, our knowledge about the
molecular mechanism associated with the pathogenesis
of thyroid cancer has increased. At the moment, well-
established molecular events that have been correlated
with the pathogenesis of PTC include activating
mutations of RAS/BRAF or rearrangement of RET,
both of which activate the MAPK pathway (2-4).
Targeted therapy for tumours with mutations along the
MAPK signalling pathway has been currently evaluated
for thyroid carcinoma.
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There has been an extensive effort over the last few
years to identify FTC-associated mutations that can be
used as diagnostic and/or prognostic marker and new
target for therapy. PAX8/PPARG rearrangement,
activating mutation in RAS and inactivating mutation
or loss of PTEN were initially associated with patho-
genesis of FTC, but were also described in FTA (5-9).
Therefore, less is known about the molecular events
associated with FTC.

Cancer genes have been identified by several different
and complementary strategies. A systematic analysis of
breast, colon and glioblastoma multiforme (GBM)
cancer genome defined the genetic landscape of these
tumour types (10, 11). Important points have emerged
from these analyses. First, the authors identified a
subset of candidate cancer genes (CAN genes) that were
most likely to have subjected to mutational selection
during tumorigenesis (driver mutations). Second, the
list of CAN genes includes a large number of genes
not previously known to be linked to human cancer.
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Third, there is a substantial difference in the panel of
CAN genes for each of these cancer types.

How the insights from different cancer genomes can
be applied to thyroid cancer? In other words, how these
studies can help us to identify the thyroid CAN genes?
Interestingly, several genes previously shown to be
mutated in thyroid carcinomas were found to be among
the most frequently altered GBM CAN genes, such as
PIK3CA, PTEN, RB, TP53, CDK2A and EGFR (9, 12-15).
More importantly, the comprehensive analysis identified
isocitrate dehydrogenase 1 (IDH1), an unpredicted
cancer gene, as the most frequently mutated gene in
GBMs (11). Subsequent studies of targeted IDHI gene
sequencing confirmed a recurrent mutation that
affected the amino acid 132 of IDH1 (p.R132) in
secondary glioblastoma (16). Therefore, an obvious
question that arises is whether IDH1 can be mutated in
thyroid tumours.

A following study investigated IDH1 mutations in a
panel of solid tumours and cell lines (17). No mutations
were identified in the other tumours types, including
PTC and medullary thyroid carcinoma (MTC). Given
that thyroid tumours are classified according to
histological subtypes and clinical presentation, it
remains uncertain whether IDHI mutations may play
arole in pathogenesis of other thyroid tumour subtypes.

We assessed here the mutational status of IDH1 in a
large set of thyroid tumours and paired normal thyroid
(NT) samples. This mutational attempt leads to the
identification of four novel and two previously described
non-synonymous variants in thyroid carcinomas, which
were not identified in the DNA isolated from matched
normal tissues and benign lesions. Although there is a
trend in a higher frequency of IDH1 mutations in FTC
and its variant and in follicular variant of PTC (FVPTC)
than in classical PTC, further analysis using a large
panel of samples will clarify this issue. Although BRAF
gene fusion and IDH1 mutation were mutually
exclusive in brain tumours, IDHI mutation was
co-presented with BRAF V60OE or RAS mutations in
thyroid carcinomas.

Materials and methods

Samples

A total of 164 thyroid specimens were obtained from
patients, with their informed consent, undergoing
thyroid surgery at Hospital Sao Paulo, Universidade
Federal de Sao Paulo. Tissue specimens were frozen
immediately after surgical biopsy and stored at —80 °C
until use. Final histological classifications were obtained
from paraffin-embedded sections and comprised 23
benign (12 FTA and 11 Hiirthle cell adenoma (HCA))
and 115 malignant (7 HCC, 21 FTC, 37 PTC, 44 FVPTC,
3 undifferentiated thyroid carcinoma (UTC) and 3
MTC). Additionally, 26 NT tissues were tested, 16
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were obtained from patients who were IDH1 positive.
The study of patient tissues was conducted in
accordance with the Declaration of Helsinki.

DNA isolation, PCR amplification and direct
sequencing

DNA was isolated from thyroid samples using the
standard phenol/chloroform procedure. DNA (200 ng)
was amplified in 25-pl PCRs containing 10 pmol/l of
each specific primer, 10 mmol/l Tris—HCl (pH 8.3),
50 mmol/l KCI, 200 pmol/l dNTP, 1.5 umol/l MgCl,
and 0.2 U Taqg DNA polymerase (Invitrogen) in a 25-ul
final volume. The PCR was performed as follows: 40
cycles of a three-step programme: 94 °C for 45s,
annealing temperature for 20s and 72 °C for 20s.
The primer sequences to amplify exons 4 and 6 of the
IDH1 gene, annealing temperatures and products sizes
are detailed in Supplementary Table 1, see section on
supplementary data given at the end of this article.
PCR products were resolved by electrophoresis,
purified using the Concert Rapid PCR Purification
System and submitted to direct sequencing using the
Big Dye Terminator Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA). Each sample was

A Non-synonymous variants

GGC GTC ... ATA GGT CGT CAT GCT ..... GTT
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Figure 1 Somatic genetic alterations affecting /IDH1 detected in
thyroid carcinomas. (A) The nucleotide and amino acid changes are
listed alongside the number of mutated samples. Arrows indicate
the novel (G70D, 1130M, H133Q and A134D) and previously
described (V711 and V178I) variants. (B) Prevalence of IDH1
non-synonymous variants in different thyroid tumour subtypes and
normal thyroid samples. Absolute numbers for each tumour subtype
are stated in individual bars. FTA, follicular thyroid adenoma; HCA,
Harthle cell adenoma; HCC, Hiirthle cell carcinoma; FTC, follicular
thyroid carcinoma; PTC, papillary thyroid carcinoma; FVPTC,
follicular variant of papillary thyroid carcinoma; MTC, medullary
thyroid carcinoma; and UTC, undifferentiated thyroid carcinoma.
Full colour version of this figure available via http://dx.doi.org/10.
1530/EJE-10-0473.
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sequenced at least twice and in both directions. Each
mutation was confirmed by a second PCR and
sequencing in both directions.

Multiple amino acid sequence alignment

Amino acid sequence alignment of IDH1 from five
species was obtained from NCBI database (http://www.
ncbi.nlm.nih.gov/protein/) as follows: Homo sapiens (GI:
49168486), Bos taurus (GI: 74354744), Mus musculus
(GL: 57242927), Rattus norvegicus (GI: 13928690) and
Canis lupus (GI: 89573987). These sequences were
compared using a computer-based multiple sequence
alignment programme: CLC Sequence Viewer 6.0 (CLC
bio A/S, Katrinebjerg, Denmark).

BRAF V600E and RAS mutational status in
IDH1-positive thyroid carcinomas

BRAF V600E mutation was investigated as previously
described (3). Mutations at codon 61 of NRAS and
codons 12, 13 and 61 of the HRAS and KRAS were
analysed by direct sequencing of PCR products as
aforementioned. The primer sequences to amplify
BRAF and RAS genes, annealing temperatures and
products sizes are detailed in Supplementary Table 1.

Statistical analysis

The correlation between IDH1 mutational status,
clinicopathological (age, gender, tumour size, extra-
thyroidal invasion and presence of metastasis) and
histological variants was determined using Fisher's exact
test. Data analysis was performed using StatView 4.5
software (Abacus Concepts Inc., Berkeley, CA, USA).
A P value <0.05 was considered statistically significant.
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Results

Prevalence of IDH1 non-synonymous variants
in thyroid carcinomas

We screened a large number of benign and malignant
thyroid tumours for the presence of IDHI mutation.
A total of six non-synonymous variants were identified
in 18 out of 115 thyroid carcinomas (16%), which were
absent in benign lesions (0/23; Fig. 1 and Table 1).
Paired NT tissues were available from 16/18 patients
with IDH1 mutations. Therefore, we tested whether the
non-synonymous variants were somatically acquired.
No IDH1 genetic alterations were identified in paired
NT tissues (n=16) and other NT samples (n=10)
tested, indicating that the IDHI was somatically
acquired (Figs 2 and 3).

An interesting finding of this study is that a higher
prevalence of non-synonymous variants was observed
in FTCs, HCC, FVPTCs and UTC than in classical PTC
(15/72 vs 3/37; P=0.1; Fig. 1 and Table 1). Additional
analysis, using a bigger set of sample, is needed to
clearly demonstrate whether IDH1 mutations preferen-
tially accumulate in specific tumour subtypes.

Four novel IDH1 variants in thyroid
carcinomas

Among the six non-synonymous changes identified in
this study, four novel non-R132 variants located within
exon 4 of IDH1 are described. A G70D substitution
(GGC>GAC) was found in six thyroid carcinomas.
The 1130M (ATA>ATG) and H133Q (CAT>CAA)
substitutions were observed only in FTC. Finally, an
A134D substitution (CGC>CAT) was observed in two
cases of FVPTC (Fig. 2). All mutations were somatic,

Table 1 Isocitrate dehydrogenase 1 (IDH1) variants in thyroid carcinomas and mutational status of BRAF and

RAS genes.

Tumour Amino BRAF V600E NRAS HRAS KRAS
ID Diagnosis acid mutation mutation mutation mutation
1 PTC? G70D No No No No

2 pPTC? G70D Yes No No No

3 HCC? G70D No No No No

4 FTC? 1130M No No No No

5 FTC? G70D No No No No

6 FTC? H133Q No No No No

7 FVPTC? A134D No Q61K No No

8 FVPTC? A134D No No No No

9 FVPTC? G70D Yes No No No
10 FVPTC? G70D Yes No No No

11 PTC® V178I Yes No No No

12 uTC V178l No No No No
13 FTC V178l No No No Q61R
14 FTC? V178l No No No No
15 FVPTC? V71l and V178l Yes No No No
16 FVPTC? V178l No No No No
17 FVPTC? V178l No No No No
18 FVPTC? V178l No No No No

2Thyroid tumours and paired normal thyroid tissues evaluated for /IDH1 mutation.
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as determined by analysis of DNA isolated from NT
tissues from patients harbouring the IDHI mutations.
Two non-synonymous changes identified in our study
were previously described in the NCBI database as
SNPs (base http://www.ncbi.nlm.nih.gov/projects/SNP).
The non-synonymous variant V71I (rs73070954;
GTC>ATC) was identified in a FVPTC. The V178I
(rs34218846; GTT>ATT) was the most prevalent
variant found in thyroid carcinomas (Table 1 and Fig. 3).
Interestingly, most of other studies in the literature refer
V711 as a potential new mutation (17-19) (Table 2).
Although the authors did not explore the prevalence of
this variant in the DNA from paired normal samples, this
variant was found in different tumour subtypes and cell

A Non-synonymous variants
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Figure 2 lllustration of novel IDH1
variants detected in FTC (A—C) and
follicular variant of papillary thyroid

A carcinoma (D). Mutations are detected
YRR ' in DNA from tumour (top), but they are
- - “ absent in the DNA from paired normal
thyroid tissue (bottom). Black arrows
indicated the location of heterozygous
missense mutation in tumours. White
arrows indicated the matching location
in paired samples. Full colour version of
this figure available via http://dx.doi.org/
NAA 10.1530/EJE-10-0473.

lines. Given that exon 6 of IDH1 (V178]I) is not commonly
investigated, the prevalence of this mutation in different
population and the functional role of this variant are still
unclear (Table 2).

Whether these variants provide the cell with a
selective advantage and are more likely to be driver
mutation needs further investigation.

Silent mutations of IDH1 gene in thyroid
carcinomas

We also identified two synonymous variants within
exon 4 of IDHI gene in thyroid carcinomas.
The previously reported G105G (rs11554137) was

Follicular variant of papillary thyroid carcinoma
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Figure 3 lllustration of IDH1 non-
synonymous variants (A) and synonymous
variants (B) detected in thyroid carcinoma.
Black arrows indicated the location of
heterozygous missense mutation in
! ) [ tumours. Full colour version of this figure
/A available via http://dx.doi.org/10.1530/
EJE-10-0473.
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Table 2 Prevalence of V71l and V178l variants in different tumour subtypes and carcinoma cell lines.

V71l V178I

References Tumour subtype No % No Y%
Our study Malignant tumours (PTC, FVPTC, FTC, HCC, UTC and MTC) 1115 0.8 8/115 7

Benign tumours (FTA and HCA) and normal thyroid 0/49 0 0/49 0
17) GBM, GIST, bladder, breast, colon, lung, melanoma, ovary, 0/672 0 NA

pancreas, prostate, PTC and MTC

Cancer cell lines 1/84 1.1 NA
(18) AML 3/358 0.8 NA
(38) AML 11/257 21 NA
(19) FTC and UTC 2/38 5.2 NA

Thyroid cancer cell lines 012 0 NA

NA, not available; GIST, gastrointestinal stromal tumour; AML, acute myeloid leukaemia. Paired normal tissues are not available for most studies.

described in six thyroid carcinomas and in two FTA.
Although they were not found in corresponding NT
tissue, in our study, the G105G variant was not
identified as a cancer/disease-associated variant. Inter-
estingly, however, the G105G silent mutation co-occurs
with V1781 non-synonymous variant in several thyroid
carcinomas. Whether it is associated with worst
prognosis needs further investigation. The G105G
variant has been associated with inferior outcome in
acute myeloid leukaemia (AML) (20), although it was
found in normal controls in a prevalence of 11%.
The novel Y135Y variant (TAT >TAC) was found in a
FTC (Fig. 3). The biological significance of this finding
is unclear.

Structure-based sequence alignment revealed
that new mutations are located in highly
conserved residues

The structure-based sequence alignment of human
IDH1 with different species showed that G70D, 1130M,
H1330Q and A134D mutations are located in residues
strictly conserved and close to substrate-binding site
(21, 22) (Fig. 4). The G70D mutation represents the
change from a non-polar to a polar negatively charged
amino acid, which has an additional carboxyl group.

G7OD 1130M HW 33Q
A134D

.

110 121

A L IhAME

ATG V71 \

B I 80 1(?1
Homo sapiens AlAl“IN.G CAT.TF‘. NiBccTHl
Bos taurus AEAN NVUGUNcATETPBE NEBGGT

Although I130M represents a change from a non-polar
to another non-polar amino acid, methionine is highly
hydrophobic and includes a non-polar methyl thioether
group at the terminus of its hydrocarbon chain. H133Q
represents the change from a positively charged amino
acid with an imidazole group to a polar and uncharged
amino acid with a hydrophilic amide group. A134D
represents the change from a non-polar to a polar
negatively charged amino acid with an additional
carboxyl group. Given that these changes occurred at
amino acids are widely conserved among different
species and close to the R132 residue, which amino
acid exchanges rend the enzyme inactive through a
dominant-negative manner, our findings suggest that
the new mutations described here potentially affect
IDH1 function. Whether the mutations represent a loss
of enzyme activity needs further investigations. Like-
wise, the novel variants, the previously described
variants occurred at amino acids, are widely conserved
among different species (Fig. 4).

IDH1 mutation and clinical features

No association was found between IDHI mutation and
age, gender, tumour size, extra-thyroidal invasion and
presence of metastasis.
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Figure 4 IDH1 variants detected in thyroid carcinomas and structure sequence alignment. (A) Schematic diagram of the /IDH1 gene and
corresponding location of novel (red mark) and previously described (blue mark) non-synonymous variants identified in this study.

(B) Structure-based sequence alignment of human IDH1 protein with those from different species. Multiple sequence alignment across
several species shows blocks with high levels of conservation. IDH1 novel mutations and non-synonymous variants occur at evolutionarily
conserved residues. The alignment was drawn with CLC Sequence Viewer 6.0 (39). Full colour version of this figure available via http://dx.

doi.org/10.1530/EJE-10-0473.
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BRAF and RAS mutational status in
IDH1-positive thyroid carcinomas

As BRAF-KIAA1549 gene fusion and IDHI mutation
were mutually exclusive in pilocytic astrocytoma
(23), we tested whether IDHI and BRAF V600E
mutation, the most prevalent mutation found in
classical PTC and in FVPTC (3, 24), were co-presented
in thyroid tumours. We found that BRAF V600E
co-occurs in 2/3 IDHI1-mutated subgroup of classical
PTC and in 3/8 IDHI-mutated FVPTC (Table 2).
Whether IDHI mutation is associated with tumour
progression needs further investigation.

Given that RAS mutations are commonly found in
FTA, FTC and in a small subset of PTCs where there is no
overlapping between BRAF V60OE and RAS mutations,
we additionally investigated whether there is an
overlapping in IDHI and RAS mutations in thyroid
carcinomas. Although most of IDH1-positive tumours
were negative for RAS mutations, two thyroid carci-
nomas presented both RAS and IDHI mutations
(Table 2). All together, we observed that there was an
overlap between RAS or BRAF and IDHI mutation.

Discussion

We identified six non-synonymous changes in IDHI
gene in a panel of 164 thyroid samples. There were four
novel non-p.R132 IDHI1 variants and two previously
described non-synonymous variants. The non-synonymous
changes identified here were not identified in matched
thyroid normal samples, suggesting that they were
somatically acquired. Remarkably, IDH1 mutations
were highly prevalent in FTC, its variant and in
FVPTC, whereas they were not identified in the benign
FTA and its variant. Importantly, a bigger set of sample
is needed to determine whether IDHI mutations may
preferentially accumulate in specific tumour subtypes.
Somatic mutations at residue R132 of IDH1 were
observed in gliomas and leukaemias at a high mutation
rate (11, 25). Differently from two-hit model for tumour
suppressor genes, it was demonstrated that molecules of
IDH1 mutant dominantly inhibit the normal activity
of wild-type IDH1 by forming a catalytically inactive
heterodimer (26). Although IDH1 mutants lose their
normal activity in tumours, it was shown that the
mutants gain a novel enzymatic activity that generates
2-hydroxyglutarate (2HG). The new gain-of-function
activity of the tumour-derived IDH1 mutants correlates
with high levels of 2HG, which was 100-fold higher in
gliomas harbouring R132 IDH1 mutations than in
tumours with wild-type IDH1. It has been suggested
that the excess of this ‘onco-metabolite’ has potential
tumour-supporting actions and contributes to the
pathogenesis and malignant progression of glioma
(22, 27). Recently, it was demonstrated that IDH1
mutation significantly increases the 2HG in AML (28).
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Additional evidences for the role of IDH enzymes in the
pathogenesis of tumours came from studies that
identified R172 IDH2 mutation in gliomas (16), which
is analogous to IDH1 R132 and also increases the
intracellular levels of 2HG (29). Other neomorphic
allele has also been described in AML. Intriguingly,
the R140Q mutation, equivalent to R100 in IDH1, was
more prevalent than the R132 allele of IDH1 or the
R172K allele of IDH2. These findings highlight the fact
that non-p.R132 and non-p.R172 mutations play an
important role in the pathogenesis of tumours.

We showed that all mutants identified in this study
occurred in highly conserved residues. Amino acid
residues forming catalytic subsite of the active site of
enzymes are always highly conservative (30). In fact,
glycine (G), aspartic acid (D) and histidine (H) amino
acids are among the most frequent conservative residues
in enzymes. The changes described here, which are
located within the active site and lead to significant
changes in amino acid structure, are likely to affect
protein function. Although sequence conservation has
been utilized, methods for measuring the functional
importance of individual amino acids, in vitro and in vivo
analyses are still needed to determine the biological
effects of the novel IDH1 variants identified in this study.

The non-synonymous V71I variant was identified in
a FVPTC. Considering that we did not find this allele in
normal matched sample and any of other benign lesions
evaluated, our findings suggest that this variant is most
likely to be relevant for pathogenesis of thyroid
carcinoma. Interestingly, this variant was previously
identified in the plasma myeloma cell line RPM1-8226.
Given that a normal matched sample was not available
and this variant was not identified in any of other 672
tumours and 84 cell lines, the authors suggested that it
is either a very rare SNP or novel IDH1 mutation (17).
Additionally, while this manuscript was in preparation,
this variant was described in one case of FTC and UTC.
Although paired NT was not evaluated for IDHI
mutations, the authors suggested that V71I variant
was associated with pathogenesis of FTC (19). Interest-
ingly, the authors described a non-p.R132 mutation in
one UTC. The mutation G123R reduced the IDH1
activity at similar levels of R132H.

The non-synonymous acquired variant V1781, located
in exon 6 of IDHI, was the most prevalent variant
identified in thyroid carcinomas. This variant was
identified mainly in FVPTC and can occur simultaneously
with other variants. Whether the two non-synonymous
variants are most likely to be relevant for pathogenesis of
thyroid tumours or are random and more likely to be
neutral (passengers) (31) needs further analysis.

Our findings and those from literature highlight
the need for screening for mutations in ‘non-hot spot’
regions such as exon 6 of IDH1 in thyroid carcinomas;
moreover, they substantiate the distinct distribution
of IDH1 mutations in different tumour subtypes
and populations.
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Regarding the synonymous variant, it was recently
demonstrated that G105G was associated with inferior
outcome in AML and higher expression of IDHI mRNA
(20). The authors suggested that G105G may alter
IDH1 activity by altering RNA stability, folding and
splicing. Likewise, G105G, the Y135Y synonymous
variant identified for the first time in our study, may
have clinical implications in thyroid tumours.

Comprehensive analysis of malignant gliomas
revealed that there is a pattern of coincidental and
exclusive mutations (11, 32). For example, IDH1
mutation co-occurs with TP53 mutations and is
negatively correlated with the presence of PTEN, RB1,
EGFR mutation (11) and BRAF rearrangement (23).
Within this context, it is of interest to determine
whether mutations previously identified in thyroid
carcinomas co-occur with IDH1 or are mutually
exclusive. We found that BRAF V600OE mutation
co-occurs in 5/18 IDHI-mutated thyroid carcinomas.
RAS mutations co-occur in 2/18 IDH1-mutated thyroid
carcinomas. Our findings suggested that RAS/RAF
pathway and IDH1 mutations are not mutually
exclusive. Therefore, the mechanism by which IDH1
acts in pathogenesis of thyroid carcinomas probably
differs from those in brain tumours (33). Regarding the
timing of IDHI mutation in thyroid carcinomas, it
remains to be established whether it occurs at relative
early or late stages during tumour progression.

In addition to the biological implication, the identifi-
cation of IDH1 mutations in thyroid carcinomas that
are a common source of diagnostic error on fine-needle
aspiration cytology such as FTC, its variant and FVPTC
(34, 35), may have clinical implications. So far,
mutations initially associated with pathogenesis of the
malignant FTC were later described in the benign FTA
(6, 7, 36). However, further studies using defined
groups on an independent panel of samples are essential
to determine whether IDH1 mutations will potentially
help to distinguish a benign from a malignant nodule.

Although no association of IDH1 mutation status was
observed with most clinical features, there is a tendency
to a higher frequency of IDH1 mutation in FTC and
FVPTC. Remarkably, PTCs have been traditionally
separated into variants, which may have distinct clinical
and biological behaviour. Moreover, it has been
suggested that FVPTC may be related more closely to
FTC than to PTC (37). The finding that IDH1 is mutated
in FVPTC brings new insights into the molecular events
associated with pathogenesis of this tumour subtype,
although further analysis is needed to determine IDH1
role in the pathogenesis of thyroid carcinomas.

In conclusion, our study identified novel IDHI
variants in thyroid carcinomas. IDH1 mutations were
at higher frequencies in FTC and FVPTC. Studies using
large panel of samples will clarify whether IDH1 can, to
some extent, help to distinguish benign from malignant
thyroid tumours. Although most of the mutations
occurred in a conserved region of IDHI, further
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biochemical and functional studies are required to
determine whether these mutations act similarly to the
R132 mutation found in glioma and leukaemia. Finally,
IDH1 may represent a novel target for therapy.
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