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Abstract

A novel chromosomal translocation, t(2;ll)(q31;pl5), was identified in
a patient with therapy-related acute myelogenous leukemia (I-AMI.).

Fluorescence in \iin hybridization experiments mapped the breakpoint
near NUP98; Southern blot analysis demonstrated that the nucleoporin
gene NUP98 was disrupted by this translocation. We used rapid amplifi
cation of cDNA ends to identify a chimi-rie iiiKN A. An in-frame, chimeric

mRNA that fused NVP98 sequences to the homeobox gene HOXD13 was
cloned; the predicted fusion protein contains both the GLFG repeats from
NUP98 as well as the homeodomain from HOXD13. The NUP98-HOXD13
fusion is structurally similar to the NVP98-HOXA9 fusion previously
identified in patients with AML, leading to the speculation that NUP98-

homeobox gene fusions may be oncogenic. Moreover, this report, along
with a recent study that demonstrated NUP98-DDX10 fusions in patients
with I-AMI,, raises the possibility that NVP98 may be a previously un
suspected target for chromosomal translocations in patients with t-AMI ..

Introduction

Nonrandom, recurrent, chromosomal aberrations such as transloca
tions and inversions are frequently associated with a wide spectrum of
hematological malignancies and are generally thought to be causal
events in the process of leukemic transformation ( 1). In general, these
translocations or inversions are thought to be oncogenic either through
the activation of a latent proto-oncogene [such as activation of c-mvc

by the t(8:14) translocation] or through the generation of a chimeric
oncoprotein, such as the bcr-abl protein produced by the 1(9:22)

translocation (1). The identification of the genes involved in these
chromosomal aberrations, as well as characterization of the fusion
proteins produced, has proven to be a valuable starling point for
understanding the process of leukemic transformation. NUP98 is a Mr
98,000 component of the NPC.3 NUP98 is localized at the nucleo-

plasmic side of the NPC and is involved in the transport of RNA and
protein between the cytoplasm and nucleus (2). Recently, NUP98 has
been reported to be involved in a rare but recurrent chromosomal
translocation, t(7;l I)(pl5pl5.5) (3, 4), as well as a chromosomal
inversion, inv(l I)(pl5.5;q31) (5). The t(7;ll) fuses NUP98 in-frame

to a homeobox gene (HOXA9). whereas the inv(l I)(pl5.5:q31) fuses
NUP98 to DDXÃŒO.a putative RNA helicase gene. Both of these
chromosomal aberrations involving NUP98 were recognized in pa
tients with AML. Moreover, the inv(l I)(pl5.5;q31) has been associ-
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ated with t-AML and t-MDS (5). t-AML and t-MDS arc malignancies

that occur following treatment of a primary malignancy with cytotoxic
chemotherapcutic agents or ionizing radiation. As a first approxima
tion, there seem to be two forms of t-AML, which can be distin

guished by clinical and cytogenetic features. The first form is typified
by the therapeutic use of alkylating agents; a long (5-10-year) latency

period, often associated with a preceding myelodysplastic phase; and
the loss of chromosome 5 or 7 material. The second form is associated
with the use of topoisomerase II inhibitor, a short (<24-month)

latency period, and balanced translocations involving either the MLL
or AMLl gene (6). The speculation that these t-AMLs are caused by
chromosomal aberrations induced by cytotoxic, DNA-damaging

chemotherapy is strengthened by the observation that both Eloposide
(a topoisomerase II inhibitor) and Melphalan (an alkylating agent) can
induce frequent gross chromosomal abnormalities, such as transloca
tions, inversions, and deletions, in peripheral blood leukocytes (7, 8).
Here, we describe the characterization of a novel chromosomal trans-
location, a t(2;l I)(q31:pl5.5), which occurred in a patient with t-MDS
that progressed to t-AML.

Materials and Methods

FISH. Cytogenetic analysis of bone marrow cells was performed in ac
cordance with standard techniques, as described previously (9). Fixed cells
stored at â€”¿�20Â°Cwere used for FISH studies with previously mapped PAC

clones from 1Ipl5.5 (Fig. IA), as described previously (9, 10).
Nucleic Acid Isolation. In accordance with institute guidelines, informed

consent to participate in research studies was obtained from the patient's

parents. Leukemic blasts were isolated from the bone marrow of patient 229 by
Ficoll-Hypaque (Sigma Chemical Co.) density centrifugaron. Genomic DNA
was isolated using a salting-out technique, as described previously (11). Total

RNA was isolated using Trizol reagent (Life Technologies, Inc.) and the
manufacturer's recommended protocol. Plasmid DNA was isolated using Qia-

gen reagents and protocols.
Southern Blots and Probes. Ten ^tg of genomic DNA were digested with

the indicated restriction en/.yme (Life Technologies. Inc.). si/e-fractionated on

0.8% agarose gels containing I /xg/ml ethidium bromide, photographed, de
natured, neutralized, and transferred to nitrocellulose membranes (Schleicher
& Schuell) by the Southern technique (12). Southern blots were hybridized to
12P-labeled probes labeled by the random priming technique using Prime-It II

(Stratagene) reagents and protocols. Oligonucleotides were labeled using a
terminal deoxynucleotidyl transf'erase end-labeling technique, and hybridiza

tion was performed as described previously (13). The probes used were a
1.4-kb tfindIII-Â£rÂ»RV NUP98 cDNA fragment (nucleotides 1249-2628 of

GenBank accession no. U41815; a kind gift of Dr. Julian Borrow, Center for
Cancer Research. MIT. Cambridge. MA), a 0.3-kb Mlul-BamHl ETV6 cDNA
probe (nucleotides 813-1142 of GenBank accession no. Ul 1732), and selected

synthetic oligonucleotides.
3'-RACE. 3' RACE was performed using reagents from Lite Technolo

gies, Inc., and a modified protocol. Briefly, first strand cDNA was synthesized
from 1 /Â¿gof total RNA using either an oligo(dT) AP (.V-GGCCACGCGTC-
GACTAGTAcrrrrrrrrrrrrrrriT-3') or a randomAP IS'-GGC-
CACGCGTCGACTAGTACNNNNNN-3'). An aliquot of the first strand
cDNA was then amplified using a /VÃ•/TOS-specific forward primer (5'-TG-
GAGGGCCTCTTGGTACAGG-3': nucleotides 1461-1481 of GenBank ac-
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Fig. I. A, map of chromosome Ilpl5.5 in the region of the
translocation (modified from Ref. 10). Ordered markers and the loca
tion of PAC clones used as probes (/I73KI and 47C3) are indicated.
Arrow, region of the breakpoint. B. FISH mapping with the l I73K1
probe. Metaphase spreads from cells with the t(2;l 1) were hybridized
to the 1173K1 probe. Small arrowhead, the normal chromosome 11;
larxe iirriwheatl, the derivative 11. C, FISH mapping with the 47G3
probe. Metaphase spreads from cells with the 1(2;11) were hybridized
to the 47G3 probe. Small arrowhead, the normal chromosome 11:
large arrowhead, the derivative 2.

cession no. U41815) and an abridged universal AP (5'-GGCCACGCGTC-
GACTAGTAC-.V) as the reverse primer. A "hot start" was used by adding the

Taq polymerase after a 3-min incubation at 80Â°C;35 PCR cycles of 94Â°Cfor

1 min, 60Â°Cfor 45 s, and 72Â°Cfor 2 min were used, followed by a terminal

10-min extension at 72Â°C.The PCR products were analyzed by agarose gel

electrophoresis and subcloned into either the pGEMR-T or pGEMR-T Easy

vector (Promega).
Nucleotide Sequence Analysis. Nucleotide sequencing was performed on

a Perkin-Elmer ABI PRISM Model 373A Stretch Automated Sequencer at the

Roswell Park Cancer Institute Biopolymer facility. Oligonucleotides were
synthesized on an Applied Biosystems oligonucleotide synthesizer at the above

facility.

Results

Case Report. The patient developed B-cell precursor acute lym-

phoblastic leukemia at 4 years of age. Cytogenetic analysis at that
time revealed a normal 46, XY karyotype. He did not have central
nervous system involvement at initial diagnosis, and he received
standard induction therapy consisting of vincristine, prednisone, L-
asparaginase, and "triple" intrathecal therapy (hydrocortisone, me-

thotrexate, and 1-ÃŸ-D-arabinofuranosylcytosine). Consolidation and
maintenance therapies lasted 2.5 years and consisted of intermediate-
dose methotrexate and methotrexate with 6-mercaptopurine, respec

tively. The patient was in continuous complete remission for 3 years,
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until he developed an isolated epidural relapse 6 months after cessa
tion of therapy. At that time, he was again treated with vincristine,
prednisone, and L-asparaginase, as well as 24 Gy of craniospinal
irradiation. He received continuation therapy, consisting of high-dose
1-ÃŸ-D-arabinofuranosylcytosine,etoposide, vincristine, L-asparagi
nase, cyclophosphamide, and doxorubicin. Because of religious be
liefs that precluded the transfusion of blood products, he was treated
with recombinant erythropoietin and granulocyte colony-stimulating
factor following each course of chemotherapy. He completed a 2-year
course of therapy and again did well until isolated thrombocytopenia
was noted 9 months after he went off therapy; this progressed, and the
patient was noted to be pancytopenic 13 months after completion of
therapy. A bone marrow aspiration and biopsy at that time was
consistent with a diagnosis of refractory anemia with excess blasts.
Cytogenetic analysis at that time revealed a balanced t(2;l I)(q31;pl5)
translocation. The myelodysplastic syndrome progressed to AML (M6
variant) within 3 months, and a successful remission was induced with
1-ÃŸ-D-arabinofuranosylcytosine,etoposide, and mitoxantrone, fol
lowed by consolidation with an allogeneic bone marrow transplant.

FISH Analysis. We used a set of previously characterizedchro
mosome 1Ipl5.5 probes (9, 10) to localize the t(2;l 1) breakpoint. Fig.
1 demonstrates that the 1173K1 probe hybridized to the derivative 11
chromosome and the normal 11, whereas the 47G3 probe hybridized
to the derivative 2 and the normal 11 (Fig. 1). Additionally, two more
telomeric 1Ipl5.5 probes (74K15 and 915F1; Ref. 10) also mapped to
the derivative 11 (data not shown). These findings placed the break
point between 1173K1 and 47G3. Because the 1173K1 mapped quite
close to NUP98 and NUP98 was known to be translocated in other
AML cases, NUP98 was an obvious candidate gene for this translo
cation.

NUP98 Rearrangement. To investigate whether NUP98 was dis
rupted by this translocation, we searched for genomic DNA rearrange
ments within the NUP98 locus by Southern blot hybridization to the
1.4-kb Hindlll-EcoRV NUP98 cDNA probe. As seen in Fig. 2A,
non-germ-line-sized fragments are present in genomic DNA digested
with multiple different restriction enzymes, suggesting a genomic
DNA rearrangement had occurred within the NUP98 gene, most likely
due to a chromosomal translocation.

To rule out the possibility that the non-germ-line-sized bands were
due to a polymorphism, as well as to investigate whether the NUP98
rearrangement was present in the initial leukemia, we searched for
NUP98 rearrangements in genomic DNA from the original B-cell
precursor leukemia, genomic DNA from the t-AML, and genomic
DNA from a remission sample obtained after treatment of the t-AML.
In addition, because the initial leukemia had an ETV6-AMLI translo
cation, we were able to determine whether the initial leukemia had
evolved into an AML, through a lineage shift of the initial leukemic
clone. Fig. IB shows that the ETV6 rearrangement was present in the
initial leukemia but not the t-AML or the remission sample. Similarly,
the NUP98 rearrangement was present in the t-AML but not the initial
leukemia nor the remission sample, demonstrating that the NUP98
rearrangement was not due to a polymorphism or to a lineage shift of
the initial leukemia.

Detection of a Fusion Transcript in the t-AML Sample. We
used 3' RACE to search for a NUP98 fusion transcript in RNA

from the t-AML sample. Because the previously reported NUP98
fusion transcripts (3-5) join NUP98 exons to HOXA9 or DDX10
exons at either nucleotide 1552 or 1864 of the NUP98 cDNA
(GenBank accession no. U41815) in a head-to-tail fashion, we
reasoned that the t(2;ll) may produce a NUP98 fusion transcript
with a similar fusion point. We used two complementary 3' RACE

approaches to clone the NUP98 fusion transcript. For one set of
experiments, we used an oligo(dT) tailed AP and a JVWPS-specific
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primer (5'-TGGAGGGCCTCTTGGTACAGG-3') complementary

to NUP98 nucleotides 1461-1481. However, if the fusion tran
script encoded a very large RNA, we realized that this approach
may not be successful if the reverse transcriptase had to reverse
transcribe a large segment prior to reaching the NUP98 fusion
point. Therefore, a second set of 3' RACE experiments used a

random hexamer AP and the same yVW9Â£-specificprimer. Both
approaches were performed with templates from patient RNA, as
well as three control cell lines (HEL, K562, and Molt4) that did not
have a t(2;l 1) translocation: both approaches yielded PCR prod
ucts that hybridized to NUP98 probes.

PCR products from the oligo(dT) primed experiment were sub-
cloned into the pGEMR-T Easy vector. Twenty-five clones that hy
bridized to a nested, internal oligonucleotide 5' of the predicted
breakpoint (5'-GCCACTTTGGGCTTTGGAGC-3'; complementary

to NUP98 nucleotides 1516-1525) were evaluated. None of these
clones hybridized to a NUP98 probe 3' of the predicted breakpoint
(5'-AGAAGTTGGTTTrGAAGAACC-3'), suggesting that none of

these clones represented germ-line NUP98 clones. We analyzed six
independent subclones; these fell into two classes, with either a 0.5- or
1.6-kb insert. We sequenced one clone from each class; both clones
diverged from NUP98 germ-line sequences at nucleotide 1552 of
GenBank accession no. U41815, precisely where the NUP98-HOXA9
fusion occurs (Fig. 3A). The sequence 3' of the fusion in each case

was a perfect match for the human HOXD13, which maps to human
chromosome 2q31: we did not detect a NUP98-HOXD13 fusion
among the PCR products from three control cell lines (HEL, K562,
and Molt4). Therefore, the t(2;l I)(q31;pl5) generated a specific fu
sion mRNA between NUP98 and HOXD13. The 1.6-kb clones had a

Table 1 Translocations involving nucleoporin genes

Translocation1(2:1

1)q3l:pl5.5>
t(7;ll)(pl5:pl5)
inv(ll(pl5:q22)
t(6;9)(p23;q34)
t(4;ll(q21:pl5.5p)NPC

geneNUP9S

NUP98
NUP98
NUP214
NUP98Partner

geneHOXDI3

HOXA9
DDX10
DEK
UnknownDiseaset-AML

AML
De novo and t-AML/MDS

AML
AMLRefs.3

and 4
5

21
22

consensus polyadenylation signal (AATAAA) located 23 nucleotides
upstream of the poly(A) tail; the 0.5-kb clones did not have a poly
adenylation signal and were generated by fortuitous annealing of the
AP to a complementary sequence within the HOXD13 3'-untranslated

region. We were unable to amplify a potential reciprocal HOXDI3-
NUP98 fusion transcript; this result is not surprising in light of the
observation that the HOXD13 promoter is not normally active in
hematopoietic cells (14).

Discussion

This report demonstrates that NUP98 is fused to HOXDI3 in a
novel t(2;11)(q31;p15) seen in a patient with t-AML. Because this was
the sole cytogenetic abnormality seen in this t-AML sample, we
suspect that the NUP98-HOXD13 fusion was a causal event in this
disease. The fusion transcript is composed of the 5' region of the
NUP98 gene fused in frame to exon 2 and the 3' untranslated region

of the HOXD13 gene. The NUP98-HOXD13 fusion transcript is fused
at the same NUP98 exon as NUP98-HOXA9 and NUP98-DDX10
fusions, suggesting the existence of a breakpoint cluster region within
the NUP98 gene (14-16).

CCCCAGGCCCCAGTAGCTTTTGACAGATCC
PQAPVACDRS

NUP98

CCCCAQGCCCCAGTAGGGGATGTGGCTCTA
PQAPVGDVAL

NUP98/HOXD13

Fig. 3. A NUP98-HOXDIJ fusion cDNA. The
germ-line NUP9X nucleotide sequence is shown (lupi
in holdfiict' rvpt1. The germ-line HOXDI3 sequence

(hotlum) and the fusion cDNA (middle) are also shown.
The fusion between NUP9X and HOXDI3 occurs be
tween two Gs (nntlrrlineil). The amino acids encoded
are shown below the nucleotide sequence. B, schematic
diagram of wild-type proteins and deduced chimeric
protein. Arrm-s. fusion point of NUP98 and HOXD1J.

Regions that correspond to structural and functional
domains of the proteins are also shown: GLFG, GLFG
repeats: RNA hind. RNA-binding domain (^): HD.

homeodomain (B); and HOXDIÃŒexon 1 (H).

CTTTTGTTTGTATCAGGGGATGTGGCTCTA
LLFVSGDVAL

HOXD13

B

NUP98

GLFG GLFG RNA bind

NUP98/HOXD13

HOXD13

HD
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BOX genes encode a large family of transcription factors contain
ing a conserved DNA-binding homeobox domain (14, 15). HOX

genes are important for a wide spectrum of developmental events,
including axial patterning and hematopoiesis (14, 16). Most of the
mammalian HOX genes are found in four conserved clusters (HOX A,
B, C, and D); a minority of mammalian HOX genes (such as HOX 11)
are "orphans" that are located outside of one of the principal clusters

(14). Members of the HOX A, B, and C clusters are normally ex
pressed during distinct stages of hematopoietic differentiation. In
contrast, with the exception of HOXD3 expression in the erythroleu-

kemia cell line HEL (17), HOX D cluster genes are not normally
expressed during hematopoietic development (16). Several homeobox
genes, including HOXA9, HOX11, and PBXl, are known to be in
volved in recurrent, nonrandom chromosomal translocations associ
ated with lymphoid and myeloid malignancies (3, 4, 18, 19).

The predicted NUP98-HOXD13 fusion protein (illustrated in Fig.

3ÃŸ)retains the conserved GLFG repeats OÃ•NUP98,which are thought
to function as docking sites for karyopherin b at the nuclear pore (20).
The HOXD13 portion of the predicted fusion protein retains the
homeobox domain, which is a helix-turn-helix DNA-binding domain.

Therefore, the putative fusion protein retains the ability to bind both
DNA as well as any transcription factors that bind to the homeodo-

main.
It is not clear how a NUP98-HOXDÃŒ3fusion protein might con

tribute to leukemogenesis. The NUP98 portion of the fusion protein
does not retain the RNA-binding domain OÃ•NUP98,which is replaced

by HOXDI3. Therefore, aberrant RNA transport could be responsible
for oncogenesis. Alternatively, the localization of HOXD13 as part of
a NUP98-HOXDÃŒ3fusion protein at the nuclear pore might act as a
trap for homeobox-binding transcription factors that normally bind

HOXDI3, resulting in their sequestration at the nuclear membrane. Of
note, the erythroleukemia cell line HEL (17) demonstrates overex-

pression of HOXD3, raising the possibility that dysregulation of
HOXD family members may be generally associated with a subset of
erythroleukemias.

A number of themes regarding NUP98 translocations are under
scored by this report. First, this is now the second form of NUP98
translocation associated with t-MDS or t-AML, suggesting that the

NUP98 locus, like MLL and AMLI, may be a target for nonrandom
chromosomal translocations or inversions occurring as a result of
cytotoxic chemotherapy. Second, there are now at least five examples
(Table 1) of translocations involving NPC genes in association with
acute leukemia. Last, this is the second example of a translocation
fusing NUP98 to a HOX gene, suggesting that both NUP98 and the
homeobox domains are important for malignant transformation.
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