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Molecular analyses of translocations
involving the ETV6 gene in various
hematologic malignancies have

shown that these translocations can have
different consequences. The majority of
translocations involving ETV6 result in the
generation of fusion genes, encoding
chimeric tyrosine kinases or chimeric tran-
scription factors, directly linking these
translocations to clear oncogenic events.
Important examples include the t(5;12)
(q33;p13) with the ETV6-PDGFRB fusion,
the t(9;12)(p24;p13) with the ETV6-JAK2
fusion, and the ETV6-RUNX1 fusion associ-
ated with t(12;21)(p13;q22).1-3 In a small
number of translocations with breakpoints
in introns 1 or 2 of ETV6, the primary onco-
genic event is believed to be the deregulated
expression of genes on the partner chromo-
somes, due to a promoter swap or the effect
of enhancers within the ETV6 gene. This
was described for cases with t(5;12)
(q31;p13) with deregulated IL3 expression,
t(4;12)(q12;p13) with deregulated GSH2, and
t(3;12)(q26;p13) with ETV6-MDS1/EVI1
expression.4,5 We describe here the molecular
findings in a case with myelodysplastic syn-
drome (MDS) and a t(10;12)(q24;p13).

Design and Methods

Case report
The patient (a 77-year old male) presented

with signs of MDS at the Institute of
Hematology in Perugia (Italy) and was fur-
ther diagnosed as having refractory anemia
(RA) type MDS, according to the French-
American-British classification. His disease
was characterized by pancytopenia and 2%
of blasts in the bone marrow. Bone marrow
eosinophilia was present from the begin-
ning, with 3% eosinophils in the peripheral

blood. Peripheral blood monocytes were
present at diagnosis (5%) and had increased
to 20% by 20 months later, when blast cells
increased to 25%. Cytogenetics, performed
at the time of diagnosis (RA) and 2 years
later when evolution to RA with excess
blasts in transformation (RAEB-t) was
observed, indicated the presence of a
t(10;12)(q24;p13) as the sole chromosomal
aberration in the majority of cells analyzed. 

Fluorescence in situ hybridization (FISH)
and molecular analysis

FISH was performed as described previ-
ously.6 RACE experiments were performed
with the primers ETV6F1b (5’-ACTCCT-
GCTCAGTGTAGCATTAAG) and ETV6F2
(5’-CCTCCAGAGAGCCCAGTGCCG-
AGT) for 3’-RACE, and the primers ETV6R4
(5’-CCAGGGTGGAAGAATG) and
ETV6R3b (5’-TCCCTGCTCCAGTAAATT-
GGCTGCAAG) for 5’-RACE, in combina-
tion with the general RACE primers, as
described previously.7 Taqman polymerase
chain reactioin (PCR) was performed as
described previously.4 The sequences were
submitted to Genbank with accession num-
bers: DQ372721, DQ372722, DQ372723,
and DQ372724.

Results and Discussion

We studied a patient with MDS and a
t(10;12)(q24;p13) as the single chromosomal
abnormality. Two other cases of a t(10;12)
(q24;p12) were reported in chronic myeloid
leukemia and acute lymphoblastic leukemia,
but no molecular studies were performed.8,9

In our case, FISH analysis using probes span-
ning the ETV6 gene confirmed that ETV6
was interrupted by the translocation in
intron 2.6 To identify the possible fusion
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partner of ETV6, we performed RACE experiments, and
identified two fusion transcripts when using 3’-RACE,
and one fusion transcript when using 5’-RACE (Figure
1). One of these fusion transcripts encoded an in-frame
fusion between the first two exons of ETV6 and exon 2
to exon 9 of GOT1 (glutamic-oxaloacetic transaminase
1) (Figure 1B,C). GOT1 encodes the cytosolic glutamic-
oxaloacetic transaminase enzyme, involved in amino
acid metabolism and gluconeogenesis.10 The other
fusion transcripts that were identified contained novel
sequences fused to ETV6, but these transcripts (ETV6-
XY, ETV6-Y, GJKL-ETV6) all contained stop codons in
the three reading frames, and do not represent in-frame
fusions (Figure 1B). These sequences did not show any
significant similarity to known sequences, but were
present in the genomic sequence directly upstream of
the GOT1 locus at 10q24 (Figure 1A), and are likely to
represent exons, as these were flanked by correct splice
sites (Table 1). Based on the fusion transcripts, the
breakpoint on 10q24 could be mapped to a 100 kb
region between GOT1 and NKX2-3 (NK2 transcription
factor related, locus 3). In addition to NKX2-3, an
uncharacterized gene (c10orf139) is also present directly
telomeric to the breakpoint (Figure 1A). An 800 bp
cDNA sequence of c10orf139 was cloned from the
spleen, but showed no similarity to any characterized
gene. Two additional putative genes were mapped to

this region, namely c10orf139OS (opposite to c10orf139)
and c10orf140. These putative genes were fused to ETV6
(Figure 1B). Expression analysis of c10orf139 and
c10orf139OS in a variety of tissues and cell lines revealed
highest expression in spleen, and undetectable expres-
sion in bone marrow cells (data not shown).

GOT1, the cytosolic glutamic-oxaloacetic transami-
nase enzyme,10 is involved in amino acid metabolism
catalyzing the substitution of glutamate to α-ketoglu-
tarate and vice versa by a transaminase reaction. The
exact consequences of the ETV6-GOT1 fusion does,
however, remain unclear. The GOT1 enzyme is func-
tional in a dimeric state,11 in which the free N-terminal
part of one of the molecules in the GOT1-GOT1 dimer
is required for enzymatic activity.12 With respect to this,
it is possible that the ETV6-GOT1 protein, only lacking
a short N-terminal part of GOT1, can still form het-
erodimers with wild type GOT1, thereby acting as a
dominant negative form, resulting in a reduction of
GOT1 enzymatic activity in dysplastic cells. Although a
link between amino acid metabolism and differentia-
tion of hematopoietic cells has been demonstrated in
vitro,13 a clear causative link between the enzymes
involved in amino acid metabolism and the generation
of hematologic malignancies remains to be investigated.
In analogy with previously reported translocations, a
major consequence of the t(10;12) could also be deregu-
lation of the expression of the NKX2-3 homeobox gene
or any of the other uncharacterized genes.4,14,15 To inves-
tigate the latter possibility, expression of these tran-
scripts was investigated by quantitative PCR. NKX2-3
expression was detected at similar levels in the MDS
sample as in a control bone marrow sample. NKX2-3
expression was also detected in spleen, peripheral
blood, and all subpopulations of bone marrow obtained
by flow sorting, indicating that this gene is expressed at
all stages of hematopoiesis (data not shown). NKX2-3 is a

Figure 1. Schematic representation of the 10q24 and 12p13
regions, and sequence of the fusion transcripts. A. Schematic rep-
resentation of the 10q24 and 12p13 regions. Exons are indicated
by boxes and numbered. The orientation of the genes is indicated
by the arrows. B. Different fusion transcripts were identified in this
patient. Only ETV6-GOT1 is an in-frame fusion. Sequences from
ETV6 are underlined. Stop codons are boxed. C. Schematic repre-
sentation of the ETV6, GOT1 and ETV6-GOT1 proteins.

Table 1. Exon structure of the putative genes identified on chromo-
some 10.

The exon-intron boundaries of the c10orf139 gene

exon 3’-end of the exon 5’-end of the
previous intron (bp) next Intron

V AGGGAAACAG GTGGGGAG 258 CTCAAGAG GTAAGAAG
W TCGTTCTCAG ACGGTTTG 476 ACAGGAAA −

The exon-intron boundaries of the c10orf139OS gene
exon 3’-end of the exon 5’-end of the

previous intron (bp) next Intron

G CAAAACCCAG TACTAAGGGT (170) AAACCAGGCG GTGAGTCTGC
H TAAATTACAG GTCCTTGCTG (95) AGATAAAAAG GTAAATTACC
I TCTCTTCCAG CGCTATCTAC (316) GGACGGCCAG GTCTGCGGGC
J nd nd (>148) CCCGCACAAG GTGGGCCTTT
K TGACCCTCAG GGCTGCTCAG (72) GTTCCAACTG GTAAGACCTC
L ATTGTGGCAG TCTGAAGAGA (117) CCACACACAG GTGAGAGCAA

nd: not determined; Splicing in spleen: GHIKL; splicing in the t(10;12) case: JKL-
ETV6 (exon 3).

A

B

C ETV6

GOT1

ETV6-GOT1
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homeobox gene required for the homing of lympho-
cytes to the spleen and mucosa-associated lymphoid tis-
sue.16 Our results were not suggestive of deregulation of
NKX2-3 as a consequence of the translocation. Unlike
NKX2-3, c10orf139 expression was detected at very low
levels in control bone marrow, with significantly higher
expression in spleen (Table 2). Interestingly, expression
of c10orf139 was highly elevated in the MDS sample
with the t(10;12), compared to in control bone marrow
(table 2). Whether this reflects an upregulation of
c10orf139 or the expansion of a rare bone marrow cell
type that expresses this gene cannot be directly conclud-

ed from our experiments.
Finally, the potential role of inactivation of ETV6

needs to be considered. The 12p13 region is frequently
deleted in hematologic malignancies, and ETV6 has
been suggested as a candidate tumor suppressor gene.17

In addition, mutations and loss of expression of ETV6
were recently identified in acute myeloid leukemias.18

Thus, the consequence of the t(10;12) could also be
inactivation of ETV6. Additional work is required to
determine the functional consequences of the ETV6-
GOT1 fusion and c10orf139 expression in MDS.
Molecular analysis on additional cases with
t(10;12)(q24;p13) may also bring new insights into the
importance of these different aberrations.
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Table 2. Expression levels of NKX2-3 and c10orf139 in controls
and material from the patient.

CT CT

tissue NKX2-3 GAPD ∆CT fold C10orf139GAPD ∆CT fold
expression expression

BM 24.8 19.9 4.9 1 36.5 19.4 17.1 1
PB nd nd nd nd 40 22.1 no expr −
spleen 25.2 19.4 5.8 0.5 32 23.3 8.7 338
t(10;12) 24.1 18.5 5.6 0.6 28.0 20.3 7.7 675
water 40 40 no expr − 40 40 no expr −

BM: bone marrow; PB: peripheral blood. Fold expression is compared relative to
bone marrow. One representative result out of more than three independent
experiments is shown. CT: threshold cycle; ∆CT: difference in CT between
NKX2-3 (or c10orf139) and GAPD. Nd, not determined. No expr, no expression.

References
1. Golub TR, Barker GF, Lovett M,

Gilliland DG. Fusion of PDGF receptor
beta to a novel ets-like gene, tel, in
chronic myelomonocytic leukemia
with t(5;12) chromosomal transloca-
tion. Cell 1994; 77:307-16.

2. Peeters P, Raynaud SD, Cools J, Wlo-
darska I, Grosgeorge J, Philip P, et al.
Fusion of TEL, the ETS-variant gene 6
(ETV6), to the receptor-associated
kinase JAK2 as a result of t(9;12) in a
lymphoid and t(9;15;12) in a myeloid
leukemia. Blood 1997;90:2535-40.

3. Golub TR, Barker GF, Bohlander SK,
Hiebert SW, Ward DC, Bray-Ward P, et
al. Fusion of the TEL gene on 12p13 to
the AML1 gene on 21q22 in acute lym-
phoblastic leukemia. Proc Natl Acad
Sci USA 1995;92:4917-21.

4. Cools J, Mentens N, Odero MD,
Peeters P, Wlodarska I, Delforge M, et
al. Evidence for position effects as a
variant ETV6-mediated leukemogenic
mechanism in myeloid leukemias with
a t(4;12)(q11-q12;p13) or t(5;12)
(q31;p13). Blood 2002; 99:1776-84.

5. Peeters P, Wlodarska I, Baens M, Criel
A, Selleslag D, Hagemeijer A, et al.
Fusion of ETV6 to MDS1/EVI1 as a
result of t(3;12)(q26;p13) in myelopro-
liferative disorders. Cancer Res 1997;
57:564-9.

6. Wlodarska I, Mecucci C, Marynen P,
Guo C, Franckx D, La Starza R, et al.
TEL gene is involved in myelodysplas-
tic syndromes with either the typical
t(5;12)(q33;p13) translocation or its
variant t(10;12)(q24;p13). Blood 1995;

85:2848-52.
7. Cools J, Bilhou-Nabera C, Wlodarska I,

Cabrol C, Talmant P, Bernard P, et al.
Fusion of a novel gene, BTL, to ETV6 in
acute myeloid leukemias with a
t(4;12)(q11-q12;p13). Blood 1999; 94:
1820-4.

8. Aguiar RC, Chase A, Oscier DG,
Carapeti M, Goldman JM, Cross NC.
Characterization of a t(10;12)(q24;p13)
in a case of CML in transformation.
Genes Chromosomes Cancer 1997; 20:
408-11.

9. Whitehead VM, Vuchich MJ, Cooley L,
Lauer SJ, Mahoney DH, Shuster JJ, et
al. Translocations involving chromo-
some 12p11-13, methotrexate metabo-
lism, and outcome in childhood B-pro-
genitor cell acute lymphoblastic leu-
kemia: a Pediatric Oncology Group
study. Clin Cancer Res 1998;4:183-8.

10. Choudhury BK, Setoyama C, Shimada
K. Molecular cloning and sequence
analysis of the human cytosolic aspar-
tate aminotransferase gene. Biochem
Int 1990; 22:583-91.

11. Rhee S, Silva MM, Hyde CC, Rogers
PH, Metzler CM, Metzler DE, et al.
Refinement and comparisons of the
crystal structures of pig cytosolic aspar-
tate aminotransferase and its complex
with 2-methylaspartate. J Biol Chem
1997; 272:17293-302.

12. Pan QW, Tanase S, Fukumoto Y,
Nagashima F, Rhee S, Rogers PH, et al.
Functional roles of valine 37 and
glycine 38 in the mobile loop of
porcine cytosolic aspartate aminotrans-
ferase. J Biol Chem 1993;268:24758-65.

13. Nichols KE, Weinberg JB. Essential
amino acid deprivation induces mono-

cytic differentiation of the human HL-
60 myeloid leukemia cell line. Blood
1989;73:1298-306.

14. Penas EM, Cools J, Algenstaedt P, Hinz
K, Seeger D, Schafhausen P, et al. A
novel cryptic translocation t(12;17)
(p13;p12-p13) in a secondary acute
myeloid leukemia results in a fusion of
the ETV6 gene and the antisense strand
of the PER1 gene. Genes Chromo-
somes Cancer 2003; 37:79-83.

15. Yagasaki F, Jinnai I, Yoshida S, Yoko-
yama Y, Matsuda A, Kusumoto S, et al.
Fusion of TEL/ETV6 to a novel ACS2 in
myelodysplastic syndrome and acute
myelogenous leukemia with t(5;12)
(q31;p13). Genes Chromosomes
Cancer 1999;26:192-202.

16. Pabst O, Forster R, Lipp M, Engel H,
Arnold HH. NKX2.3 is required for
MAdCAM-1 expression and homing of
lymphocytes in spleen and mucosa-
associated lymphoid tissue. EMBO J
2000; 19:2015-23.

17. Baens M, Wlodarska I, Corveleyn A,
Hoornaert I, Hagemeijer A, Marynen P.
A physical, transcript, and deletion
map of chromosome region 12p12.3
flanked by ETV6 and CDKN1B: hyper-
methylation of the LRP6 CpG island in
two leukemia patients with hemizy-
gous del(12p). Genomics 1999; 56:40-
50.

18. Barjesteh van Waalwijk van Doorn-
Khosrovani, Spensberger D, de Knegt
Y, Tang M, Lowenberg B, Delwel R.
Somatic heterozygous mutations in
ETV6 (TEL) and frequent absence of
ETV6 protein in acute myeloid
leukemia. Oncogene 2005; 24:4129-37.

ETV6-GOT1 fusion in MDS with t(10;12)(q24;p13)




