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Abstract

The presence of chromosomal abnormalities is one of the most important criteria for leukaemia diagnosis and
management. Infant leukaemia is a rare disease that affects children in their first year of life. It has been estimated that
approximately one third of infants with acute myeloid leukaemia harbour the t(7;12)(q36;p13) rearrangement in their
leukaemic blasts. However, the WHO classification of acute myeloid leukaemia does not yet include the t(7;12) as a
separate entity among the different genetic subtypes, although the presence of this chromosomal abnormality has
been associated with an extremely poor clinical outcome. Currently, there is no consensus treatment for t(7;12)
leukaemia patients. However, with the inferior outcome with the standard induction therapy, stem cell
transplantation may offer a better chance for disease control. A better insight into the chromosome biology of
this entity might shed some light into the pathogenic mechanisms arising from this chromosomal translocation,
that at present are not fully understood. Further work is needed to improve our understanding of the molecular
and genetic basis of this disorder. This will hopefully open some grounds for possible tailored treatment for this
subset of very young patients with inferior disease outcome. This review aims at highlighting the cytogenetic
features that characterise the t(7;12) leukaemias for a better detection of the abnormality in the diagnostic
setting. We also review treatment and clinical outcome in the cases reported to date.
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Introduction
Leukaemia is the most common type of cancer in child-
hood (Fig. 1). Among acute leukaemias, one in five is
represented by acute myeloid leukaemia (AML), whereas
four fifths are acute lymphoblastic leukaemia (ALL).
Cancer statistics from the National Registry of Child-
hood Tumours show a peak at age 2–3 years for the
insurgence of ALL, whereas AML is more common
within the first year of life and after age 10, with an inci-
dence of 16 cases per million in the United Kingdom.
The incidence of AML decreases in children older than
2 years of age, but rises in adolescence when it stays stable
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until adulthood, reaching its peak in older individuals [1].
Similar statistics have been encountered in the populations
of the United States [2, 3].
In the past three decades, there has been a consider-

able improvement in the cure of childhood leukaemia,
reaching a long term survival rate of more than 90 % in
ALL and approximately 70 % in AML [3, 4]. However,
certain categories of childhood leukaemia are still con-
sidered high risk, and this level of risk is dictated by the
presence of cytogenetic and molecular genetic markers.
The amended world health organization (WHO) leukae-
mia classification includes the most relevant chromo-
somal rearrangements to allow proper risk stratification
of leukaemia patients [5]. To date, the t(7;12)(q36;p13)
rearrangement found in infant AML has not been incor-
porated in the WHO classification, although it has been
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Fig. 1 Main types of childhood cancers. The ideogram shows the different proportions of cancers affecting paediatric patients. Acute leukaemia is
the most commonly reported cancer in children, with ALL affecting approximately 80 % of patients and AML diagnosed in 15–20 % of patients. Forms
of chronic leukaemia and myelodysplastic syndromes are very rare in children and their incidence has been omitted from this graph (based on cancers
statistics collected from the National Registry of Childhood Tumours, years 2009–2011, accessed through the Cancer Research UK website)
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associated with poor clinical outcome [3, 6]. This cyto-
genetic entity has not been associated with a particular
morphologic or immunophenotypic subtype [6, 7], but
has been found in a range of AML types as well as a
case of myelodysplastic syndrome [8]. The scope of this
review is to give the reader a comprehensive under-
standing of the t(7;12) rearrangement at the chromo-
somal level and the available methods for the detection
of this cytogenetic marker for an improved diagnosis
and a better estimate of the real incidence of this type of
leukaemia. We also review the clinical outcome and the
therapeutic approaches that have been adopted in the
cases reported to date.
Review
The t(7;12) rearrangement: chromosomal appearance and
cytogenetic features
The t(7;12) rearrangement typically involves the long
arm of chromosome 7 at band q36 and the short arm of
chromosome 12 at band p13 (Fig. 2). These chromo-
somal regions reside towards the end of the chromo-
somes, near the telomeres and involve fragments of
similar sizes. The banding patterns of these subtelo-
meric regions are typically fairly homogeneous and not
distinctive of a specific chromosome. For these reasons
the t(7;12) rearrangement is a difficult cytogenetic entity
to detect microscopically, using conventional methods
of chromosome banding. Nevertheless, early reports
demonstrate identification of t(7;12) based on banding
analysis only [9–11]. Furthermore, the t(7;12) has been
found associated with deletions of the long arm of
chromosome 7, therefore the der(7) in these cases might
be misinterpreted as a del(7q). Fluorescence in situ hy-
bridisation in one del(7)(q22) case, helped revising this
abnormality as a der(7)del(7)(q22q36)t(7;12)(q22;p13)
[7, 8, 12].
Translocation breakpoints
In the t(7;12)(q36;p13), the breakpoints on chromosome
12 are consistently at the 5′ end of ETV6, between exons
1 and 3, whereas the breakpoints on chromosome 7 are
quite heterogeneous affecting band q36 in regions
proximal to the Homeobox HB9 (HLXB9) gene [6, 12,
13], also known as MNX1 (motor neuron and pancreas
homeobox 1). There have been descriptions of break-
points in 7q31 [10], 7q32 [14, 15], and 7q35–36 [8].
However, some of these findings were not validated
using fluorescence in situ hybridisation (FISH). Inform-
ative FISH probes spanning 7q would have been helpful
towards achieving a more accurate definition of the
breakpoints in these cases.

Cryptic and complex rearrangements
To date, three cases of complex rearrangements har-
bouring the t(7;12) have been reported [16, 17]. These
three way translocations were characterised by FISH
and described as (i) t(5;7;12)(q31;q36;p13) [16]; (ii)
t(1;7;12)(q25;q36;p13) [16] and (iii) t(7;12;16)(q36;p13
;q12) [17] respectively. Due to the breakpoints affecting
the terminal regions of both chromosomes 7 and 12,
the t(7;12)(q36;p13) is considered a cryptic rearrange-
ment. The use of appropriate FISH probes would surely
improve the detection of this abnormality and might
uncover a higher proportion of t(7;12) translocations
masked by more complex rearrangements, as in the cases
of the three way translocations previously described.

Additional abnormalities
Interestingly, the majority of t(7;12) cases have been
reported in association with specific aneusomies. A recent
review of the literature reported that only 2 out of 44 cases
harboured the t(7;12) as a sole abnormality [17]. In par-
ticular, the presence of one or more additional copies of
chromosomes 8, 19 and/or 22 have been recurrently



Fig. 2 Schematic representation of the t(7;12)(q36;p13) and fusion transcript formation. a Representation of the 7q36 and 12p13 regions spanning 1
Mb around the genes of interests. The breakpoints are proximal to the HLXB9 gene on chromosome 7 and at the 5′ end of the ETV6 gene on
chromosome 12. HLXB9 is a small gene composed of three exons. ETV6 is a larger gene composed of eight exons. In both cases the direction
of transcription is from the telomeric to the centromeric end. b The gene location and direction of transcription of both HLXB9 and ETV6 are
shown on the ideograms of chromosomes 7 and 12. For each gene all the exons are indicated. c Derivative chromosomes 7 and 12: the
der(12) harbours the whole HLXB9 gene and the 3′ portion of ETV6 including exons 3–8. If a fusion transcript arose from this translocation,
splicing of HLXB9 exons 2 and 3 as well as any genomic material from chromosome 7 downstream to HLXB9 that was translocated on the
der(12) should take place
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described [6, 7, 15]. The presence of these additional ab-
normalities has been reported in samples at diagnosis
and/or at relapse, indicating that the acquired aneusomies
might be sign of clonal evolution and important for the es-
tablishment and the survival of the leukaemic clone.

Molecular mechanisms
Is there a fusion gene?
A well-established driver of haematological malignancy
when a chromosomal translocation is present, is the
formation of an oncogenic fusion gene such as BCR-
ABL resulting from the t(9;22)(q34; q11) in chronic mye-
loid leukaemia or ETV6-RUNX1 in t(12;21)(p13;q22) posi-
tive ALL [18]. As a consequence of these gene fusions, a
fusion transcript is produced with subsequent generation
of a chimeric protein whose altered properties have an
impact on the onset of the disease. Reverse transcriptase-
polymerase chain reaction (RT-PCR) to identify the fusion
transcript in t(7;12) patients showed a fusion of exon 1 of
the HLXB9 gene to either exons 2 or 3 of the ETV6 gene
resulting in two different HLXB9-ETV6 fusion transcripts:
an out of frame longer variant (exon 1 of HLXB9 to exon
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2 of ETV6) or an in-frame shorter variant (exon 1 of
HLXB9 to exon 3 of ETV6), both fusion transcripts
contain the first exon of the HLXB9 gene as well as the
ETS domain (DNA and protein binding domain) and
the pointed N terminal domain (PNT) (protein-protein
binding domain) of the ETV6 gene [6, 19–21]. How-
ever, the presence of an HLXB9-ETV6 fusion transcript
has been shown only in approximately 50–60 % of
t(7;12) patients reported to date (Table 1), whereas the
reciprocal ETV6-HLXB9 transcript has never been
observed. This is understandable when looking at the
details of the translocation breakpoints at the chromo-
somal/genomic level. Although the breakpoints on
chromosome 12 are well defined and disrupt the ETV6
gene in a precise location at its 5′ end, on chromosome
7 the breakpoints are scattered in different regions
proximal to the HLXB9 gene. This implies that the
whole HLXB9 gene is transferred onto the der(12), but
there is no disruption of the gene itself. Moreover, be-
tween HLXB9 and ETV6 on the der(12) there should be
genomic material of variable extent from 7q, depending
on the location of the 7q breakpoint (Fig. 2). This
means that an HLXB9-ETV6 fusion transcript would be
generated due to some form of long range splicing.
Depending on how efficient this mechanism is, the
fusion transcript might fail to be present in all t(7;12)
patients. Importantly, there has been no report on the
presence of a HLXB9-ETV6 protein to date, therefore
the production of a chimeric protein as an oncogenic
trigger for the t(7;12) leukaemias is debatable.
HLXB9 over-expression
As a fusion transcript is detected in only approximately
fifty per cent of t(7;12) AML patients, it is debatable that
the formation of the fusion gene is the only contributor to
leukaemogenesis in these cases. What all the t(7;12) leu-
kaemias have in common is the over-expression of the
Table 1 Proportion of patients showing an HLXB9-ETV6 fusion
transcript

No. of t(7;12)
patients
considered

No. of patients with
HLXB9-ETV6 fusion
transcript

Percentage of patients
with HLXB9-ETV6 fusion
transcript

Reference

2 2 100 [21]

7 4 57 [6]

2 1 50 [13]

1 1 100 [19]

7 4 57 [20]

6 6 100 [50]

Notes: The majority of patients considered in this table were reported as having
the t(7;12) in the karyotype of their leukaemic cells. However, in 4 cases [13, 50,
56] the fusion transcript was described in patients with abnormalities of 7q and
or 12p, implying that the t(7;12) might have been present, but underestimated in
these cases
HLXB9 gene, suggesting that this, rather than the forma-
tion of a fusion gene, might be the driver of leukaemogen-
esis in these patients. Expression of other genes mapping
at 7q36 near the breakpoint has also been evaluated and
quantified in t(7;12) patients. However, this analysis
showed that expression of NOM1, LMBR1 and RNF32 in
7q36 as well as ETV6 on 12p13 was not different from
that observed in AML patients without the t(7;12) and in
normal bone marrow [6].
The expression of HLXB9 in healthy progenitor blood

cells in the bone marrow has been investigated by sev-
eral groups. Early expression studies performed in 1991
showed that bone marrow enriched for CD34-positive
cells highly expressed HLXB9, whereas unfractionated
bone marrow cells expressed HLXB9 in low levels, and
bone marrow cells depleted of CD34-positive cells did
not show detectable levels of HLXB9 [22]. Later on, the
same authors reported increased levels of HLXB9 ex-
pression in acute leukaemias that were not seen in the
leukaemia patients at remission. These studies suggested
a link between HLXB9 over-expression and leukaemo-
genesis [23]. Other authors reported a relatively low
HLXB9 expression in normal bone marrow by real time
quantitative PCR (RT-Q-PCR) and did not observe
HLXB9 expression in healthy CD34-positive bone mar-
row cells, but described increased levels in the bone
marrow of leukaemia patients with the t(7;12) rearrange-
ment [6, 24]. Observations from our group and by
others confirmed elevated HLXB9 expression in t(7;12)
leukaemias as well as in some patients with acute mye-
loid leukaemia with chromosomal abnormalities other
than the t(7;12) [20, 25]. HLXB9 expression has been as-
sociated with hypo-methylation of its promoter in a
series of paediatric AMLs. However, in the same study it
was found that in childhood ALL the HLXB9 promoter
was hyper-methylated leading to down-regulation of this
gene. The authors suggest that HLXB9 might act as an
oncogene in AML, whereas it would act as a tumour
suppressor gene in ALL [26]. Over-expression of HLXB9
has been also reported in lymphoma [27, 28] and cancer
types other than haematological malignancies, such as
breast cancer [29], testicular cancer [30, 31] and hepato-
carcinoma [32]. These studies support the idea that
HLXB9 involvement might be pivotal in other tumours
as well as leukaemia. Limited studies have been carried
out on the HLXB9 expression at the protein level, whose
presence has been demonstrated in bone marrow smear
of leukaemia patients with the t(7;12) by immunohisto-
chemistry [16]. Further studies on leukaemia as well as
other cancer types are needed in order to clarify whether
the presence of elevated HLXB9 transcript corresponds
to proportionate levels of the corresponding protein, or
whether translation is regulated by RNA interference
pathways [31].
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HLXB9 over-expression and genome organisation
An increasing number of studies currently focus on gene
expression in the context of the three dimensional (3D)
genome organisation in the interphase nucleus [33]. Gene
positioning within the different areas of the cell nucleus
has been associated with different levels of gene activity,
with the general assumption that transcriptionally active
genes are localised in the nuclear interior, whereas less ac-
tive genes tend to be positioned towards the periphery of
the nucleus [34–37]. It has also been shown that gene po-
sitioning in the nucleus is not fixed, but may change ac-
cording to different stages of development [38, 39] and in
pathologies [40]. It has been demonstrated that the
chromosome 3D structure within the interphase nucleus
has an influence on the transcriptional activities of specific
Fig. 3 Simplified model of radial chromosome and gene organisation in th
gene dense and gene poor bands are arranged in a zig-zag manner, with the
compact, generally not-transcribed, chromatin organisation. The gene dense r
open chromatin structure, that favour gene transcription. The interaction of ci
regulatory factors consents gene activation. Upper right: a chromosomal transl
nucleus could determine an ectopic activation of translocated genes, on
Bottom panel: Schematic representation of the distribution of FISH signals rela
of HLXB9 occupy a peripheral positioning, whereas both copies of ETV6 are lo
HLXB9 gene translocated on the der(12) is repositioned towards the nuclear in
the der(7) is repositioned towards the nuclear periphery
genes due to a position effect mechanism. For instance,
gene expression at a specific locus can be controlled in cis
by enhancer elements localised at a distance from it, via
formation of active chromatin hubs (ACH) [41–43]. Sev-
eral studies have been conducted to observe the behaviour
of cancer loci in the interphase nuclei using different cel-
lular models and some authors proposed that the altered
nuclear topography of genes could be used as diagnostic
tool in oncology [44, 45]. Studies on cancer fusion genes
have shown nuclear repositioning of chromosomes and
genes after a translocation event [46–48] and this reposi-
tioning has been shown to have an impact on expression
profiling [49]. We have observed the behaviour of 7q and
12p loci in the interphase nuclei of leukaemia cells carry-
ing the t(7;12) in a number of patients and shown that the
e cell nuclei. Upper left: In the cell nucleus, chromosomes composed of
gene poor regions (blue segments) close to the nuclear envelope, in a
egions (red segments) are located in a more internal position, with an
s-acting or trans-acting sequences, as well as the presence of specific
ocation that involves regions normally positioned in different areas of the
the basis of the new nuclear environment where they are repositioned.
tive to the regions involved in the t(7;12) rearrangement. Left: Both copies
calised towards the interior in the nucleus of normal cells. Right: The
terior, whereas the remaining portion of the ETV6 gene translocated on
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translocation leads to repositioning of the loci of interest
(Fig. 3) [20]. What does this imply in terms of gene
transcription? We have shown the presence of HLXB9
transcripts in the same samples with the t(7;12) rearrange-
ment by RT-PCR, however, we did not investigate the ori-
gin of the transcript. We assume that the nascent
transcript would originate from the der(12), due to the
juxtaposition of the HLXB9 gene to the downstream re-
gion of ETV6. This would facilitate new interactions be-
tween active cis elements and the HLXB9 promoter,
leading to the formation of active chromatin hubs and
repositioning of the chromatin in the cell nucleus. Al-
ternatively, active trans sequences from different chro-
mosomes could activate HLXB9 by a bridge formation
in the new nuclear environment.

Gene expression signature of t(7;12) leukaemias and HLXB9
targets
The first study to investigate expression profiling of
t(7;12) leukaemias was conducted by Wildenhain et al.
[50], who compared leukaemic blasts of patients positive
for the presence of the HLXB9/ETV6 fusion transcript
with those with MLL rearrangements. It has to be said
that these represent the two most common chromo-
somal rearrangements found in very young AML pa-
tients, including infants and mainly children younger
than 2 years of age. The authors found that genes
expressed in the MLL group of patients, were signifi-
cantly down-regulated in the HLXB9/ETV6 positive
patients. These included HOX genes and genes charac-
teristic for the MLL-induced transformation process
such as MEIS1, HOXA9 and C-MYB. On the other hand,
together with over-expression of HLXB9, the HLXB9/
ETV6 positive patients showed up-regulation of genes
implicated in cell–cell interactions and cell adhesion
such as EDIL3, CNTNAP5, ANGPT1, DSG2, ITGA9,
ITGAV, KDR and SIGLEC6. These are known to be im-
plicated in the maintenance of quiescent haematopoietic
stem cells (HSC) and homeostasis of the HSC niche.
Overall, this study implies that the mechanisms of leu-
kaemogenesis in these two types of childhood leukaemia
are fundamentally very different. Evidence would suggest
that the HLXB9/ETV6 positive leukaemias might be
initiated through an alterations of interactions between
the HSC and the HSC niche. Balgobind et al. [51] used
expression microarrays to examine a large cohort of
samples from paediatric patients with AML including
seven samples from patients with the t(7;12). The au-
thors built a classifier based on 59 genes that enabled
them to identify very specific expression profiling signa-
tures predictive of cytogenetic and molecular subtypes.
This classification tool, based on the genetic heterogen-
eity of paediatric AML, is of great diagnostic potential
although its feasibility and implementation in the
diagnostic setting will have to be further explored. The
significance and the impact of HLXB9 up-regulation in
the t(7;12) leukaemias merits further studies. These
would shed some light on the pathways triggered by this
chromosomal rearrangement. The only report to date to
explore possible targets for HB9 (the transcription factor
coded by the HLXB9 gene) in haematopoietic cells was
performed on the HL-60 myeloid cell line using ChiP-
on-chip and expression profiling analyses [24]. This
study describes binding of HB9 to the prostaglandin E
receptor 2 (PGTER2) promoter resulting in down-
regulation of PGTER2 and consequent reduction of intra-
cellular cAMP level. This down-regulatory effect on
PGTER2 expression was also observed in t(7;12) patients.
Together with repression of PGTER2, Wildenhain et al.
[24], found that HLXB9 expression in the HL60 cell line
had mostly a down-regulatory effect on other genes,
particularly ZYX and ETS1. Physiologically, expression of
PGTER2 modulates differentiation of osteoclasts. Up-
regulation of PTGER2 has been shown in immature
myeloid precursors. PTGER2 becomes subsequently
down-regulated after the cells have differentiated into
osteoclasts [52]. Further work is needed to clarify the
implications of PTGER2 down-regulation on the bone
marrow niche and on the differentiation of immature
pre-leukaemic cells.

Diagnostic tools
Chromosome banding
The t(7;12)(q36;p13) rearrangement affects the subtelo-
meric regions of chromosomes 7 and 12 respectively. Due
to the small size of the genomic fragments translocated,
this rearrangement is difficult to detect using the conven-
tional methods of chromosome banding.

Fluorescence in situ hybridisation
Fluorescence in situ hybridisation (FISH) has been fun-
damental for the identification of the t(7;12) as a non-
random rearrangement [7]. Initially, probes covering the
entire ETV6 gene in conjunction with 7q36 probes have
been used for the screening of a relatively large number
of paediatric patients. This screening enabled us to esti-
mate the incidence of this translocation of approximately
one third of patients with infant leukaemia [7]. It has to
be noted that the breakpoints on 7q36 in the t(7;12) pa-
tients were found to be heterogeneous and generally
proximal to HLXB9 without disrupting the gene itself
[12]. A three colour FISH assay with probes flanking the
HLXB9 gene was developed specifically for the detection
of the t(7;12) (q36;p13) (Fig. 4). This assay enabled us to
successfully identify cryptic and more complex t(7;12)
rearrangements [17]. Commercially available FISH
probes for the detection of the t(12;21) translocation are
also suitable for the detection of the t(7;12), where a



Fig. 4 Fluorescence in situ hybridisation (FISH) performed on metaphase chromosomes harbouring the t(7;12)(q36;p13). a FISH using a three
colour approach enables the detection of both normal chromosomes 7 (harbouring only blue hybridisation signals) and 12 (harbouring green
and orange fluorescent signals) and their derivatives (green signals on the der(7) and blue and orange signals on the der(12)). The DAPI
counterstaining of the chromosomes has been converted into grey scale to simulate a G-banding pattern (figure taken from Naiel et al., 2013
[17]). b Schematic representation showing localisation and colour-code of the FISH probes relative to the three colour probe set used. c FISH
using a two colour approach enables the detection of both normal chromosomes 7 (harbouring only orange hybridisation signals) and 12 (harbouring
only green fluorescent signals) and their derivatives carrying orange and green fusion signals. d Schematic representation showing localisation and
colour-code of the FISH probes relative to the two colour probe set used. It should be noted that the two colour set does not allow to discriminate
between the two derivatives based on colour pattern only. The size and morphology of chromosomes 7 and 12 compared to their respective
derivatives are very similar, making the identification of the rearrangement difficult without the aid of FISH. Both probe sets have been provided by
MetaSystems Gmbh, Altlussheim, Germany
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split ETV6 signal is found on the der(7) and on the
der(12). Dual colour whole or partial chromosome
painting may also reveal the t(7;12)(q36;p13). However,
visualisation of the rearrangement on one or both deriv-
atives might be impaired due to the small size of the
translocated fragments.

Reverse transcription polymerase chain reaction
Specific primers have been designed for the detection of
the HLXB9/ETV6 fusion at the cDNA level by reverse
transcription polymerase chain reaction (RT-PCR) [21].
However, the presence of a fusion transcript by RT-PCR
has been identified only in approximately 50 % of t(7,12)
leukaemia patients (Table 1). For this reason RT-PCR
does not represent a reliable method for the detection of
the t(7;12) rearrangements at diagnosis. However, in those
patients positive for the HLXB9/ETV6 fusion transcript,
RT-PCR would prove useful for the monitoring of min-
imal residual disease [53].

Expression profiling
Studies based on expression microarrays have shown that
the leukaemic cells of patients carrying the t(7;12) have a
distinctive expression pattern that allows to discriminate



Table 2 Summary of reports of t(7;12) leukaemias with
treatments and clinical outcome

Reference Study
group

No. of
patients

CNS
status

Treatment/Course/Outcome

[15] DCLSG/
POG

10 5 Treatment N/S

6 died of leukemia

1 died of leukemia and infection

1 died of infection

1 died of treatment related toxicity

1 alive, 22 months after BMT in CR1

[13] CCG 2 2 1 relapsed in bone marrow with
bilateral chloromas on the hips.
Treated with radiation and BMT,
but later died due to disease

1 relapsed twice, treated with
BMT, alive after 2 years

[6] DCOG 6 N/S Treatment N/S

Median EFS: 9 months

3-year EFS: 0 %

3-year OS: 0 %

[19] Japan 1 N/S Alive after 5 years, treated with
chemotherapy only

[16] Korea 3 N/S 1 received cord blood
transplantation at 11 months,
relapsed 4 months later, then
died at 16 months

1 died during induction
chemotherapy from multiple
organ failure

1 achieved remission, but relapsed
at 10 months, and died at
16 months

[56] COG 8 N/S Treatment N/S

3-year EFS: 14 %

3-year OS: 28 %

2 of 7 evaluable patients are alive
(1 after chemotherapy, 1 after
BMT) (personal communication)

Notes: DCLSG Dutch Childhood Leukemia Study Group; POG Pediatric
Oncology Group; CCG Children’s Cancer Group; COG Children Oncology Group;
DCOG Dutch Childhood Oncology Group; N/S not specified; BMT bone marrow
transplantation; CR1 first complete remission; EFS event-free survival; OS
overall survival
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this specific cytogenetic subgroup from other [51]. Micro-
array based technologies combined with appropriate clas-
sifiers constitute potentially a very powerful diagnostic
approach, although in a routine diagnostic laboratory the
availability of specialised equipment and costs involved
might impact on the choice of method.

Incidence
A literature search has shown that at least 47 leukaemia
patients with the t(7;12) have been reported to date,
based on the presence of the chromosomal transloca-
tion and/or the fusion transcript [17]. To date, there
are a very limited number of studies to address the in-
cidence of this translocation, with a quite comprehen-
sive investigation considering a total of 345 paediatric
patients [6]. In this study, patients were subdivided in
289 ALL, of which 99 were infants, and 59 AML, of
which 18 were infants. It emerged that 5 out of 18
infant AMLs (age 0–12 months) harboured the t(7;12)
rearrangement, making the incidence of this rearrange-
ment near one third of infant AML. In addition to the
above, the t(7;12) was also found in one infant with
ALL and one 18 month old child with AML. A previous
study was conducted on a more selected series of leu-
kaemia patients, chosen on the basis of age <20 months
and the presence of additional copies of chromosomes
8 and/or 19, as well as abnormalities of 7q and/or 12p
[7]. This study showed that 10 out of 23 patients har-
boured a translocation between 7q and 12p. However,
in only 7 cases ETV6 was involved in the translocation
and of these, 6 cases had breakpoint in 7q36 and one in
7q22. Later studies confirmed that the incidence of
t(7;12)(q36;p13) was low when considering AML paedi-
atric patients enrolled for clinical trials. These studies
reported four t(7;12) cases out of 729 enrolled in the
UK MRC AML10 and AML 12; one case out of 454 in
AML-BFM 98 and 8 cases out of 981 enrolled in the
COG trial AAML0531 [54–56].

Prognostic significance and treatment options
Prognostic significance and clinical outcome
Cytogenetic and molecular markers are important
factors to be taken in consideration when stratifying
patients into high risk/low risk categories and are of
guidance for making treatment choices. The WHO
system for the classification of myeloid neoplasms and
acute leukemia has been amended to include such
information [5]. At present, the t(7;12)(q36;p13) is not
included in the WHO classification, although it is rec-
ommended that it be considered as a separate entity
when assessing infant leukaemia [3]. Review of pub-
lished data on the clinical outcome of the t(7;12) AMLs
reveals inferior outcome with 3 years probabilities of
event free survival (EFS) of 0–14 % and overall survival
(OS) of 0–28 % (Table 2) [6, 13, 14, 16, 56]. However,
one report of a paediatric patient with acute megakar-
yocytic leukaemia and t(7;12) described achievement of
complete remission with chemotherapy alone for
60 months at time of publication [19]. Papers from
different clinical trial groups such as the Children’s
Oncology Group (COG) [56], UK MRC AML 10 and
12 [53] and the Berlin-Frankfurt-Munich (BFM) [55]
included the t(7;12)(q36;p13) in the group of patients
with 12p abnormalities and confirmed their association
with poor prognosis. It was also stressed the need to
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consider these patients as a high risk group based on
the cytogenetic classification of AML.
Standard treatment
Standard treatment for paediatric patients with AML in-
cludes induction chemotherapy (remission induction) with
an anthracycline based regimen which also contains cytar-
abine. The choice of the anthracycline drug used, as well
as the total doses of chemotherapy differ between different
centres and collaborative study groups. Most children
achieve complete remission with rates of 80–90 % after 2
induction courses and the toxic death rate is in the region
of 5 %, with the failures being due to resistant disease [4].
Consolidation or Intensification chemotherapy (post-re-
mission therapy) is essential for cure. It includes the ad-
ministration of high dose cytarabine possibly in
combination with other drugs. Doses, duration, number of
drugs as well as scheduling differ between collaborative
groups. Currently, treatment related death rates in AML
paediatric patients, with the improvement of supportive
care and the administration of treatment in experienced
units, are now less than 10 % [4].
Stem cell transplantation
Haematopoietic stem cell transplantation (HSCT) is con-
sidered an effective therapy for treatment of high risk
leukaemia. However, the high toxicity which includes a
mortality rate reaching up to 20 % in some series, makes
it not a standard therapy in the first line treatment of
AML patients with favourable cytogenetics, where a high
cure rate is achieved with chemotherapy alone. For
patients with unfavourable cytogenetics, although the
benefit of HSCT is still to be fully explored, HSCT is con-
sidered by many groups as the standard of care [57, 58].
When patients relapse, the most important prognostic
factors that will determine the outcome of the salvage
therapy are the length of first remission and cytogenetics.
In the United Kingdom, HSCT is generally used as
consolidation therapy as part of salvage treatment with a
survival rate of around 40 % achieved irrespective of the
source of stem cells. However, it is important to better
understand molecular markers and cytogenetics of the
disease to identify patients who would most likely benefit
from this modality of treatment [59]. To date, although
there are no published guidelines about the management
of this group, there is increasing interest among paediatric
haematologists/study groups to consider intensification of
therapy with allogeneic stem cell transplantation in first
complete remission [13, 15, 16, 56]. Further study of this
important subgroup of infant AML as well as the incorp-
oration of t(7;12) in future risk stratification schemas are
needed to better understand the best treatment approach.
Conclusions
The t(7;12)(q36;p13) is a rare cytogenetic abnormality in
paediatric AML and difficult to identify using conventional
karyotyping. The use of FISH with appropriate probe sets
would enable diagnostic laboratories to identify this cyto-
genetic entity confidently and to give a better estimate of
its occurrence. The incidence of t(7;12) leukaemias is low
in overall paediatric AML, but significant in infant leukae-
mia. There are no published management guidelines for
those patients, but it is now acknowledged as a high risk
group with poor prognosis and accordingly many are being
treated with HSCT in first complete remission. Better un-
derstanding of the genetic mechanisms at the basis of
t(7;12) leukaemias and the role of HLXB9 in the establish-
ment of this malignancies would provide grounds for pos-
sible tailored therapy.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
ST designed and wrote the review. YMK and THT contributed the clinical
part of the review. TO contributed the molecular mechanisms section and
CF and SS contributed the genome organisation part. ST and SS generated
the figures. All authors read and approved the manuscript.

Author details
1Leukaemia and Chromosome Research Laboratory, Division of Biosciences,
Brunel University London, Middlesex UB8 3PH, UK. 2Dipartimento di Scienze
Biologiche, Geologiche e Ambientali, Sezione di Biologia Animale, University
of Catania, Catania, Italy. 3Division of Pediatric Oncology, Blood and Marrow
Transplant, Alberta Children’s Hospital, University of Calgary, Calgary, Canada.

Received: 19 May 2015 Accepted: 25 June 2015

References
1. Cancer statistics for the UK: Cancer research UK. [http://www.cancerresear

chuk.org/cancer-info/cancerstats/].
2. Howlader N, Noone AM, Krapcho M, Garshell J, Neyman N, Altekruse SF,

et al. SEER Cancer Statistics Review, 1975–2010, Bethesda, MD; National
Cancer Institute. http://seer.cancer.gov/csr/1975_2010/

3. De Rooij J, Zwaan C, van den Heuvel-Eibrink M. Pediatric AML: from biology
to clinical management. J Clin Med. 2015;4:127–49.

4. Ward E, DeSantis C, Robbins A, Kohler B, Jemal A. Childhood and adolescent
cancer statistics, 2014. CA Cancer J Clin. 2014;64:83–103.

5. Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz MJ, Porwit A, et al.
The 2008 revision of the World Health Organization (WHO) classification of
myeloid neoplasms and acute leukemia: rationale and important changes.
Blood. 2009;114:937–51.

6. Von Bergh ARM, van Drunen E, van Wering ER, van Zutven LJCM, Hainmann
I, Meijerink JP, et al. High Incidence of t (7; 12)( q36; p13) in infant AML but
not in infant ALL, with a dismal outcome and ectopic expression of HLXB9.
Genes Chromosomes Cancer. 2006;45:731–9.

7. Tosi S, Harbott J, Teigler-Schlegel A, Haas OA, Pirc-Danoewinata H, Harrison
CJ, et al. t(7;12)(q36;p13), a new recurrent translocation involving ETV6 in in-
fant leukemia. Genes Chromosomes Cancer. 2000;29:325–32.

8. Tosi S, Giudici G, Mosna G, Harbott J, Specchia G, Grosveld G, et al.
Identification of new partner chromosomes involved in fusions with the
ETV6 (TEL) gene in hematologic malignancies. Genes Chromosom Cancer.
1998;21:223–9.

9. Hagemeijer A, Halen K, Abels J. Cytogenetic follow-up of patients with
nonlymphocytic leukemia. II. Acute nonlymphocytic leukemia. Cancer
Genet Cytogenet. 1981;3:109–24.

10. Slater RM, Behrendt H, De Waal FC. Chromosome studies on acute
nonlymphocytic leukaemia in children. Pediatr Res. 1983;17:398–405.

Published: 5 October 2015

http://www.cancerresearchuk.org/cancer-info/cancerstats/
http://www.cancerresearchuk.org/cancer-info/cancerstats/
http://seer.cancer.gov/csr/1975_2010/


Tosi et al. Biomarker Research  (2015) 3:21 Page 10 of 11
11. Heim S, Békàssy A, Garwicz S, Heldrup J, Wiebe T, Kristoffersson U, et al.
New structural chromosomal rearrangements in congenital leukemia.
Leukemia. 1987;1:16–23.

12. Tosi S, Hughes J, Scherer SW, Nakabayashi K, Harbott J, Haas OA, et al.
Heterogeneity of the 7q36 breakpoints in the t(7;12) involving ETV6 in
infant leukemia. Genes Chromosomes Cancer. 2003;38:191–200.

13. Simmons HM, Oseth L, Nguyen P, O’Leary M, Conklin KF, Hirsch B. Cytogenetic
and molecular heterogeneity of 7q36/12p13 rearrangements in childhood
AML. Leuk Off J Leuk Soc Am Leuk Res Fund UK. 2002;16:2408–16.

14. Satake N, Maseki N, Nishiyama M, Kobayashi H, Sakurai M, Inaba H, et al.
Chromosome abnormalities and MLL rearrangements in acute myeloid
leukemia of infants. Leuk Off J Leuk Soc Am Leuk Res Fund UK. 1999;13:1013–7.

15. Slater RM, von Drunen E, Kroes WG, Weghuis DO, Berg E Van Den, Smit EM, et al.
t(7;12)(q36;p13) and t(7;12)(q32;p13)-translocations involving ETV6 in children 18
months of age or younger with myeloid disorders. Leukemia. 2001;15:915–20.

16. Park J, Kim M, Lim J, Kim Y, Han K, Lee J, et al. Three-way complex
translocations in infant acute myeloid leukemia with t(7;12)(q36;p13):
the incidence and correlation of a HLXB9 overexpression. Cancer Genet
Cytogenet. 2009;191:102–5.

17. Naiel A, Vetter M, Plekhanova O, Fleischman E, Sokova O, Tsaur G, et al. A
novel three-colour fluorescence in situ hybridization approach for the
detection of t(7;12)(q36;p13) in acute myeloid leukaemia reveals new
cryptic three way translocation t(7;12;16). Cancers (Basel). 2013;5:281–95.

18. Zheng J. Oncogenic chromosomal translocations and human cancer
(review). Oncol Rep. 2013;30:2011–9.

19. Taketani T, Taki T, Sako M, Ishii T, Yamaguchi S, Hayashi Y. MNX1-ETV6
fusion gene in an acute megakaryoblastic leukemia and expression of the
MNX1 gene in leukemia and normal B cell lines. Cancer Genet Cytogenet.
2008;186:115–9.

20. Ballabio E, Cantarella CD, Federico C, Di Mare P, Hall G, Harbott J, et al.
Ectopic expression of the HLXB9 gene is associated with an altered nuclear
position in t(7;12) leukaemias. Leuk Off J Leuk Soc Am Leuk Res Fund UK.
2009;23:1179–82.

21. Beverloo HB, Panagopoulos I, Isaksson M, Wering E Van, van Drunen E Van,
Klein A De, et al. Advances in Brief Fusion of the Homeobox Gene HLXB9
and the ETV6 Gene in Infant Acute Myeloid Leukemias with the t ( 7 ; 12 )(
q36 ; p13 ) 1. Cancer Res. 2001;61:5374–7.

22. Deguchi Y, Kehrl JH. Selective expression of two homeobox genes in
CD34-positive cells from human bone marrow. Blood. 1991;78:323–8.

23. Deguchi Y, Yamanaka Y, Theodossiou C, Najfeld V, Kehrl J. High
expression of two diverged homeobox genes, HB24 and HB9, in acute
leukemias: molecular markers of hematopoietic cell immaturity. Leukemia.
1993;7:446–51.

24. Wildenhain S, Ingenhag D, Ruckert C, Degistirici Ö, Dugas M, Meisel R, et al.
Homeobox protein HB9 binds to the prostaglandin E receptor 2 promoter
and inhibits intracellular cAMP mobilization in leukemic cells. J Biol Chem.
2012;287:40703–12.

25. Nagel S, Kaufmann M, Scherr M, Drexler HG, MacLeod RA. Activation of
HLXB9 by juxtaposition with MYB via formation of t(6;7)(q23;q36) in an
AML-M4 cell line (GDM-1). Genes Chromosomes Cancer. 2005;42:170–8.

26. Ferguson S, Gautrey H, Strathdee G. The dual role of HLXB9 in leukemia.
Pediatr Blood Cancer. 2011;56:349–52.

27. Nagel S, Scherr M, Quentmeier H, Kaufmann M, Zaborski M, Drexler HG,
et al. HLXB9 activates IL6 in Hodgkin lymphoma cell lines and is regulated
by PI3K signalling involving E2F3. Leuk Off J Leuk Soc Am Leuk Res Fund
UK. 2005;19:841–6.

28. Nagel S, Ehrentraut S, Meyer C, Kaufmann M, Drexler HG, MacLeod RAF.
Oncogenic deregulation of NKL homeobox gene MSX1 in mantle cell
lymphoma. Leuk Lymphoma. 2014;55:1893–903.

29. Neufing PJ, Kalionis B, Horsfall DJ, Ricciardelli C, Stahl J, Vivekanandan S,
et al. Expression and localization of homeodomain proteins DLX4/HB9 in
normal and malignant human breast tissues. Anticancer Res. 2003;23:1479–88.

30. Almstrup K, Leffers H, Lothe RA, Skakkebaek NE, Sonne SB, Nielsen JE, et al.
Improved gene expression signature of testicular carcinoma in situ. Int J
Androl. 2007;30:292–302. discussion 303.

31. Novotny GW, Nielsen JE, Sonne SB, Skakkebaek NE, Rajpert-De Meyts E,
Leffers H. Analysis of gene expression in normal and neoplastic human
testis: new roles of RNA. Int J Androl. 2007;30:316–7.

32. Wilkens L, Jaggi R, Hammer C, Inderbitzin D, Giger O, von Neuhoff N. The
homeobox gene HLXB9 is upregulated in a morphological subset of poorly
differentiated hepatocellular carcinoma. Virchows Arch. 2011;458:697–708.
33. Pombo A, Dillon N. Three-dimensional genome architecture: players and
mechanisms. Nat Rev Mol Cell Biol. 2015;16:245–57.

34. Boyle S, Gilchrist S, Bridger J, Mahy N, Ellis J, Bickmore W. The spatial
organization of human chromosomes within the nuclei of normal and
emerin-mutant cells. Hum Mol Genet. 2001;10:211–9.

35. Bolzer A, Kreth G, Solovei I, Koehler D, Saracoglu K, Fauth C, et al.
Three-dimensional maps of all chromosomes in human male fibroblast
nuclei and prometaphase rosettes. PLoS Biol. 2005;3, e157.

36. Misteli T. Beyond the sequence: cellular organization of genome function.
Cell. 2007;128:787–800.

37. Federico C, Cantarella CD, Di Mare P, Tosi S, Saccone S. The radial
arrangement of the human chromosome 7 in the lymphocyte cell nucleus
is associated with chromosomal band gene density. Chromosoma.
2008;117:399–410.

38. Szczerbal I, Foster HA, Bridger JM. The spatial repositioning of adipogenesis
genes is correlated with their expression status in a porcine mesenchymal
stem cell adipogenesis model system. Chromosoma. 2009;118:647–63.

39. Leotta CG, Federico C, Brundo MV, Tosi S, Saccone S. HLXB9 gene
expression, and nuclear location during in vitro neuronal differentiation in
the SK-N-BE neuroblastoma cell line. PLoS One. 2014;9, e105481.

40. Bourne G, Moir C, Bikkul MU, Ahmed Hassan M, Eskiw CH, Kill IR, et al.
Interphase Chromosome Behaviour in Normal and Diseased Cells. In: Yurov
Y, Vorsanova S, Iourov I, editors. Human Interphase Chromosomes: the
Biomedical Aspects. Springer-Verlag New York; 2013. p. 9–33

41. De Laat W. Long-range DNA contacts: romance in the nucleus? Curr Opin
Cell Biol. 2007;19:317–20.

42. Palstra R-J, Tolhuis B, Splinter E, Nijmeijer R, Grosveld F, de Laat W. The
beta-globin nuclear compartment in development and erythroid
differentiation. Nat Genet. 2003;35:190–4.

43. Zlatanova J, Caiafa P. CCCTC-binding factor: to loop or to bridge. Cell Mol
Life Sci. 2009;66:1647–60.

44. Meaburn KJ, Gudla PR, Khan S, Lockett SJ, Misteli T. Disease-specific gene
repositioning in breast cancer. J Cell Biol. 2009;187:801–12.

45. Wiech T, Timme S, Riede F, Stein S, Schuricke M, Cremer C, et al. Human
archival tissues provide a valuable source for the analysis of spatial genome
organization. Histochem Cell Biol. 2005;123:229–38.

46. Kozubek S, Lukasova E, Mareckova A, Skalnikova M, Kozubek M, Bartova E,
et al. The topological organization of chromosomes 9 and 22 in cell nuclei
has a determinative role in the induction of t(9,22) translocations and in the
pathogenesis of t(9,22) leukemias. Chromosoma. 1999;108:426–35.

47. Lukasova E, Kozubek S, Kozubek M, Kjeronska J, Ryznar L, Horakova J, et al.
Localisation and distance between ABL and BCR genes in interphase nuclei
of bone marrow cells of control donors and patients with chronic myeloid
leukaemia. Hum Genet. 1997;100:525–35.

48. Taslerová R, Kozubek S, Lukásová E, Jirsová P, Bártová E, Kozubek M.
Arrangement of chromosome 11 and 22 territories, EWSR1 and FLI1 genes,
and other genetic elements of these chromosomes in human lymphocytes
and Ewing sarcoma cells. Hum Genet. 2003;112:143–55.

49. Harewood L, Schutz F, Boyle S, Perry P, Delorenzi M, Bickmore WA, et al. The
effect of translocation-induced nuclear reorganization on gene expression.
Genome Res. 2010;20:554–64.

50. Wildenhain S, Ruckert C, Röttgers S, Harbott J, Ludwig W-D, Schuster FR,
et al. Expression of cell-cell interacting genes distinguishes HLXB9/TEL from
MLL-positive childhood acute myeloid leukemia. Leuk Off J Leuk Soc Am
Leuk Res Fund UK. 2010;24:1657–60.

51. Balgobind BV, van den Heuvel-Eibrink MM, De Menezes RX, Reinhardt D,
Hollink IHI, Arentsen-Peters STJCM, et al. Evaluation of gene expression
signatures predictive of cytogenetic and molecular subtypes of pediatric
acute myeloid leukemia. Haematologica. 2011;96:221–30.

52. Kobayashi Y, Take I, Yamashita T, Mizoguchi T, Ninomiya T, Hattori T, et al.
Prostaglandin E2 receptors EP2 and EP4 are down-regulated during
differentiation of mouse osteoclasts from their precursors. J Biol Chem.
2005;280:24035–42.

53. Hauer J, Tosi S, Schuster FR, Harbott J. Graft Versus Leukemia Effect After
Haploidentical HSCT in a MLL-Negative Infant AML With HLXB9 / ETV6
Rearrangement. Pediatr Blood Cancer. 2007;50:921–23.

54. Harrison CJ, Hills RK, Moorman AV, Grimwade DJ, Hann I, Webb DKH, et al.
Cytogenetics of childhood acute myeloid leukemia: United Kingdom Medical
Research Council Treatment trials AML 10 and 12. J Clin Oncol. 2010;28:2674–81.

55. Von Neuhoff C, Reinhardt D, Sander A, Zimmermann M, Bradtke J, Betts DR,
et al. Prognostic impact of specific chromosomal aberrations in a large



Tosi et al. Biomarker Research  (2015) 3:21 Page 11 of 11
group of pediatric patients with acute myeloid leukemia treated uniformly
according to trial AML-BFM 98. J Clin Oncol. 2010;28:2682–9.

56. Hirsch B, Alonzo T, Gerbing R, Kahwash S, Heerema-McKenney A, Aplenc R,
et al. 612 Abnormalities Of 12p Are Associated With High-Risk Acute Mye-
loid Leukemia : A Children ’ s Oncology Group Report. In: 55th ASH annual
meeting and exposition. 2013. https://ash.confex.com/ash/2013/webpro-
gram/Paper62375.html

57. Cornelissen JJ, Breems D, van Putten WLJ, Gratwohl AA, Passweg JR, Pabst T,
et al. Comparative analysis of the value of allogeneic hematopoietic stem-cell
transplantation in acute myeloid leukemia with monosomal karyotype versus
other cytogenetic risk categories. J Clin Oncol. 2012;30:2140–6.

58. Koreth J, Schlenk R, Kopecky KJ, Honda S, Sierra J, Djulbegovic BJ, et al.
Allogeneic stem cell transplantation for acute myeloid leukemia in first
complete remission: systematic review and meta-analysis of prospective
clinical trials. JAMA. 2009;301:2349–61.

59. Webb DK. Acute Myeloid leukemia and Myelodysplastic Disorders. In:
Pediatric Haematology and Oncology. 1st ed. Wiley-Blackwell: Oxford;
2010;95–108.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

https://ash.confex.com/ash/2013/webprogram/Paper62375.html
https://ash.confex.com/ash/2013/webprogram/Paper62375.html

	Abstract
	Introduction
	Review
	The t(7;12) rearrangement: chromosomal appearance and cytogenetic features
	Translocation breakpoints
	Cryptic and complex rearrangements
	Additional abnormalities

	Molecular mechanisms
	Is there a fusion gene?
	HLXB9 over-expression
	HLXB9 over-expression and genome organisation
	Gene expression signature of t(7;12) leukaemias and HLXB9 targets

	Diagnostic tools
	Chromosome banding
	Fluorescence in situ hybridisation
	Reverse transcription polymerase chain reaction
	Expression profiling

	Incidence
	Prognostic significance and treatment options
	Prognostic significance and clinical outcome
	Standard treatment
	Stem cell transplantation


	Conclusions
	Competing interests
	Authors’ contributions
	Author details
	References



