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Infant acute lymphoblastic leukemia (ALL) with MLL gene rear-
rangements is characterized by early pre-B phenotype (CD102y
CD191) and poor treatment outcome. The t(4;11), creating MLL-AF4
chimeric transcripts, is the predominant 11q23 chromosome trans-
location in infant ALL and is associated with extremely poor
prognosis as compared with other 11q23 translocations. We ana-
lyzed an infant early preB ALL with ins(5;11)(q31;q13q23) and
identified the AF5q31 gene on chromosome 5q31 as a fusion
partner of the MLL gene. The AF5q31 gene, which encoded a
protein of 1,163 aa, was located in the vicinity of the cytokine
cluster region of chromosome 5q31 and contained at least 16
exons. The AF5q31 gene was expressed in fetal heart, lung, and
brain at relatively high levels and fetal liver at a low level, but the
expression in these tissues decreased in adults. The AF5q31 protein
was homologous to AF4-related proteins, including AF4, LAF4, and
FMR2. The AF5q31 and AF4 proteins had three homologous re-
gions, including the transactivation domain of AF4, and the break-
point of AF5q31 was located within the region homologous to the
transactivation domain of AF4. Furthermore, the clinical features of
this patient with the MLL-AF5q31 fusion transcript, characterized
by the early pre-B phenotype (CD102yCD191) and poor outcome,
were similar to those of patients having MLL-AF4 chimeric tran-
scripts. These findings suggest that AF5q31 and AF4 might define
a new family particularly involved in the pathogenesis of 11q23-
associated-ALL.

The MLL gene (also called ALL-1, HRX, and HTRX-1) has
been identified in 11q23 translocations (1–4) and is consid-

ered to be a transcriptional maintenance factor (5). At least 30
chromosomal regions for partners of 11q23 have been observed,
such as t(4;11), t(9;11), and t(11;19) (6). MLL gene rearrange-
ment, which is found in the majority of infant (7, 8) and
therapy-related leukemias (9, 10) is strongly associated with poor
outcome in infants with acute lymphoblastic leukemia (ALL)
compared with older children and adults with ALL, or with acute
myeloid leukemia (AML). Of these, t(4;11)(q21;q23) creating a
MLL-AF4 fusion transcript was reported to be the most impor-
tant prognostic factor in infant ALL (11). Currently almost 20
partner genes for MLL have been cloned from leukemia cells
with various types of reciprocal 11q23 translocations (12). The
functions of some genes have been revealed, including those for
a Ras-binding protein (AF6) (13), an RNA polymerase II
elongation factor (ELLyMEN) (14), transcriptional coactivatory
histone acetyltransferase (CBP and p300) (15–17), and ABL and
eps8-binding protein (ABI-1) (18). It has been shown both by
‘‘knock-in’’ mice and by retroviral transformation of murine
bone marrow that MLL and the partner gene both are required
for leukemogenesis (19, 20).

Hitherto, only a few genes have been identified as fusion
partners of the MLL gene from ALL with 11q23 translocations
(12). In the present study, we analyzed an infant ALL with
ins(5;11)(q31;q13q23) and identified a novel AF4-related gene as
a fusion partner of the MLL gene.

Materials and Methods
Patient. A 4-month-old girl was diagnosed as having ALL. Leuke-
mic cells expressed CD15, CD19, and HLA-DR but not CD10,
and were cytogenetically characterized as ins(5;11)(q31;q13q23),
i(17q). She achieved a complete remission by intensive chemo-
therapy, but relapsed three times and died 20 months after
diagnosis.

Southern Blot Analysis. High molecular weight DNA was extracted
from bone marrow cells from the patient by proteinase K
digestion and phenolychloroform extraction. Ten micrograms of
DNA was digested with appropriate restriction enzymes, sub-
jected to electrophoresis on 0.8% agarose gels, transferred to
charged nylon filters (Amersham Pharmacia), and hybridized to
DNA probes labeled by the random hexamer method (15). A
0.9-kb BamHI fragment (designated probe x) derived from MLL
cDNA was used as a probe (21).

Preparation of mRNA and cDNA Libraries. Poly(A)1 RNA from
frozen cells was extracted with a Fast Track mRNA Isolation Kit
(Invitrogen). A cDNA library was constructed with poly(A)1

mRNA from patient cells and the BALM14 cell line following
established procedures (18). Briefly, random hexanucleotide-
primed synthesized cDNAs were ligated with EcoRI adaptors
and cloned into the EcoRI-digested lgt10 cloning vector (Pro-
mega). After packaging with commercial packaging kits (Epi-
centre Technologies, Madison, WI), phage plaques were
screened with probes labeled by using a random primer synthesis
kit (Stratagene). The probe x was used for screening the patient
cDNA library, and the 114-bp AF5q31 cDNA probe derived
from the MLL-AF5q31 chimeric clone was used for screening the
BALM14 and human placenta cDNA libraries.

Reverse Transcription–PCR and Genomic PCR. Total cellular RNA
was extracted from bone marrow cells of the patient by the acid
guanidine isothiocyanate-phenol-chloroform method (22). Four
micrograms of total RNA was reverse transcribed to cDNA in a
total volume of 20 ml with random hexamers and 20 units of
reverse transcriptase (avian myeloblastosis virus) (Boehringer
Mannheim). One-twentieth of the cDNA was amplified by PCR
in a total volume of 100 ml with 50 mM KCl, 1.5 mM MgCl2, 10
mM TriszHCl (pH 9.0 at room temperature), 25 pmol of each
primer, 75 mM of each dNTP, and 1 unit of Taq polymerase
(Applied Biosystems). After 35 rounds of PCR (30 sec at 94°C,
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30 sec at 55°C, and 1 min at 72°C), 5 ml of PCR product was
electrophoresed in a 3% agarose gel. The primers used were as
follows: MLL-7S, 59-TCCTCAGCACTCTCTCCAAT-39; MLL-
-11A, 59-TTTGCCTGGAGTTGTGGATC-39; 5–1A, 59-CCAT-
CACTGTCTTCACTGCT-39; and 5–13S, 59-ACACCATGCA-
AAACAGAACCT-39.

One hundred nanograms of genomic DNA derived from the
patient’s leukemic cells was amplified under the same condition
as reverse transcription–PCR. The primers used were MLL-7S
and 5–21A, 59-TGCCAAATCTAAATGACCTGG-39.

Nucleotide Sequencing. PCR products were cloned into the TA
cloning vector (Invitrogen). Nucleotide sequences of phage
clones and PCR products were determined by the fluorometric
method (18) (Dye Terminator Cycle Sequencing Kit, Applied
Biosystems).

Northern Blot Analysis. Multiple human tissue Northern blots
(CLONTECH) were hybridized with 32P-labeled 0.6-kb AF5q31
cDNA probe, which covered nucleotides 1,135 to 1,735, and
0.6-kb AF4 cDNA probe, which covered nucleotides 476 to 1,117
(GenBank accession number L13773), respectively.

Fluorescence in Situ Hybridization (FISH) Analysis. Chromosomal
mapping of the genomic clone lH17–6 was performed by the
FISH method (23). The phage clone was labeled by the standard
nick-translation method using biotin-16-dUTP (Boehringer
Mannheim). Chromosomal in situ suppression hybridization,
washing, and signal detection procedures were performed as
described (23). Preparations were analyzed under a conventional
f luorescence microscope (BX40-RF; Olympus, Tokyo), and
images were captured with a charge-coupled device camera
(SenSys0400-G1, Photometrics, Tucson, AZ). Each chromo-
somal band was identified based on 49,6-diaminido-2-
phenylindole dihydrochloride (DAPI) staining properties.

Results
Isolation of the MLL Fusion cDNAs in ins(5;11)(q31;q13q23). Southern
blot analysis of DNA prepared from the leukemic cells of the
patient using probe x revealed a chromosomal breakpoint within
the breakpoint cluster region of the MLL gene at 11q23 (Fig. 1),
which spanned exons 8–14 in the MLL gene (nomenclature
according to ref. 24). To isolate fusion transcripts of MLL, we
prepared a cDNA library from mRNA of the patient’s leukemic
cells. Four cDNA clones were isolated by screening with probe
x, and one (clone 17–6) of them was found to represent a fusion
transcript of MLL. Clone 17–6, 534 bp in size, contained a
420-bp sequence corresponding to exons 8–10 in the MLL gene
at the 59 region, and the remaining 114-bp sequence did not
match the MLL gene or the partner genes of MLL previously
cloned (Fig. 2a). We could not isolate any 39-MLL fusion clones.

Isolation of the AF5q31 Gene Encoding a Protein That Is Similar to AF4
Protein. The 114-bp sequence identified in the chimeric clone was
used as a probe to screen cDNA libraries from the BALM14 cell
line and human placenta. We isolated two overlapping clones
that spanned the complete coding region and encoded a protein
of 1,163 aa with a predicted molecular mass of 127,457 Da (Fig.
2 b and c). Sequence comparisons of the predicted AF5q31
protein using the BLAST file showed partial similarity to the AF4
protein, which is a fusion partner of the MLL gene in
t(4;11)(q21;q23) (Fig. 3a).

Detection of the MLL-AF5q31 Fusion Transcripts and the Genomic
Junction of the Breakpoint. Using a sense primer from MLL exon
10 (MLL-7S) and an antisense primer from AF5q31 (5–1A), we
obtained a PCR product of 214 bp from the patient (Fig. 4).
However, reciprocal PCR products of AF5q31-MLL fusion

transcripts were not generated by reverse transcription–PCR
(Fig. 4). Furthermore, we cloned a genomic junction of the
breakpoint by genomic PCR followed by sequencing (Fig. 2d).

Expression of the AF5q31 Gene Compared with AF4 Gene in Normal
Tissues. To examine for expression of the AF5q31 gene, we
performed Northern blot analysis on poly(A)1 RNA from
various human tissues. Expression of the 9.5-kb transcript was
detected in adult heart, placenta, skeletal muscle, and pancreas,
and fetal heart, lung, and brain at relatively high levels, and in
adult brain and fetal liver at low levels (Fig. 5). We also
performed Northern blot analysis on the same blots using AF4
cDNA probe. Expression of the 9.5-kb transcript was detected in
adult heart, placenta, skeletal muscle, and pancreas, and fetal
lung, liver, and brain at relatively high levels, and in fetal heart
at a low level (Fig. 5).

Chromosomal Assignment of the AF5q31 Gene. To assign the chro-
mosomal location for the AF5q31 gene, we obtained a phage
clone (lH17–6) after screening of a genomic library from human
placental DNA using an AF5q31 cDNA probe. The phage clone
showed specific signals at band 5q31.1 in all 25 metaphase cells
tested (Fig. 6).

AF5q31 Gene Is Located in the Vicinity of the Cytokine Cluster Region
of Chromosome 5q31. By BLAST search of GenBank, we found that
the sequence of a P1 clone from chromosome 5q31 partially
matched the sequence of AF5q31 cDNA. Sequence comparison
between AF5q31 and this P1 clone revealed that the P1 clone
contained the 39 region of the breakpoint in the AF5q31 gene and
that the AF5q31 gene contained at least 16 exons. Furthermore,
six overlapping P1 clones covered a genomic region of about 380
kb, containing the GDF-9, KIF3A, IL-4, IL-13, RAD50, and IL-5
genes on chromosome 5q31 (Fig. 2e).

Discussion
In the present study, we isolated a novel fusion partner of the MLL
gene, AF5q31, in an infant ALL with ins(5;11)(q31;q13q23). In
the patient’s leukemic cells, only an MLL-AF5q31 fusion tran-
script was detected, but not an AF5q31-MLL transcript. Al-
though we could not exclude the possibility of the presence of any
other 39-MLL fusion transcripts, the 59-MLL-AF5q31-39 tran-
script is thought to be critical in leukemogenesis, as described
(19, 20).

Fig. 1. Southern blot of DNA digested with HindIII and probed with the
0.9-kb fragment of the MLL gene. C, normal peripheral lymphocytes. P,
leukemic cells from the patient. The patient exhibited a rearranged band
(arrow) with this probe.
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Fig. 2. (a) Partial sequence of the junction of the MLL-AF5q31 chimeric transcript. The arrow indicates the fusion point. (b) Cloning of AF5q31 cDNA clones.
(c) Sequencing of the AF5q31 cDNA. * indicates a termination codon. The arrow indicates the breakpoint in the patient. (d) Sequence of the ins(5;11)(q31;q13q23)
breakpoint region in the patient. (e) Physical map of the chromosome 5q31-cytokine cluster region and P1 clones.
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The AF5q31 protein is homologous to the AF4 protein (Fig.
3 a and b). The AF5q31 and AF4 proteins have three homolo-

gous regions, including the transactivation domain of AF4 (25,
26) (Fig. 3b). Although the functions of the other two regions

Fig. 3. (a) Comparison of predicted coding sequence of AF5q31 with other related sequences. (b) Schematic representation of homology between AF5q31 and AF4
proteins. The percentage of amino acid homology between corresponding regions of AF5q31 and AF4 is indicated. Arrowheads indicate the fusion points with MLL.

14538 u www.pnas.org Taki et al.



remain unknown, these homologous regions may include poten-
tial common functional domains of AF5q31 and AF4. The AF4
gene was cloned from ALL with t(4;11)(q21;q23) (3). Patients
with the t(4;11) are characterized by very young age, hyperleu-
kocytosis, early pre-B phenotype (CD102yCD191), and poor
treatment outcome for infants and patients aged .10 years (27).
The t(4;11) is the predominant 11q23 chromosome translocation
in infant ALL (7, 8). As compared with other MLL chimeric
transcripts in ALL and AML, MLL-AF4 chimeric transcripts in
infant ALL have been reported to be associated with extremely
poor prognosis, regardless of advances in therapy for childhood
leukemia (11). The clinical features of this patient with MLL-
AF5q31 fusion transcript, characterized by early pre-B pheno-
type (CD102yCD191) and poor outcome, were similar to those
of the patients having MLL-AF4 chimeric transcripts.
t(5;11)(q31;q23) has been described in only a few patients with
de novo ALL (28, 29) and therapy-related AML (30). Although
it remains unknown whether MLL-AF5q31 is associated with
only ALL or not, these findings suggest that AF5q31 and AF4
might define a new family particularly involved in the pathogen-
esis of 11q23-associated-ALL. Further accumulation of these
patients with this MLL-AF5q31 transcript may clarify the asso-
ciation between t(5;11)-ALL and t(4;11)-ALL.

Hitherto, two AF4-related genes had been identified, LAF4
(25) and FMR2 (31, 32), and sequencing analysis revealed that
both LAF4 and FMR2 are also homologous to AF5q31 (Fig. 3a).
LAF4, isolated as a lymphoid-restricted nuclear protein from a
subtracted cDNA library, was expressed at high levels in lym-
phoid tissues and at lower levels in brain and lung (25). In human
and mouse lymphoid cell lines, LAF4 expression was highest in
pre-B cells, intermediate in mature B cells, and absent in plasma

cells, thus suggesting that LAF4 plays a potential regulatory role
in early lymphoid development. FMR2 originally was identified
from chromosome Xq28 as a gene associated with FRAXE
mental retardation (31, 32). FMR2 encodes a nuclear protein of
1,311 aa with putative nuclear transcription transactivation
potential. Expression of the FMR2 gene was found in adult brain
and placenta, and fetal brain, lung, and kidney (33). The
expression pattern of the FMR2 gene in fetal tissues was similar
to that of the AF5q31 gene, suggesting that both AF5q31 and
FMR2 may play common roles in fetal development. Particu-
larly, expression of the AF5q31 gene was decreased in adult lung,
liver, and brain compared with that in fetal tissues, suggesting
that AF5q31 may play critical roles in the fetal development of
these tissues.

The 5q31 chromosomal region is known to be a very critical
region in which many cytokine genes are clustered (34, 35). This
region also has been suggested to be associated with interstitial
deletion of 5q observed in AML and myelodysplastic syndrome
(MDS), suggesting that a tumor suppressor gene for AML and
MDS may be present in this region (34, 36). Therefore, this
region has been under investigation for a long time by many
researchers, and large amounts of sequence data from the region
have been stored in databases. Interestingly, it was predicted that
another AF4-related gene was present in the chromosome 5q31
region based on a homology search of databases by Frestedt et
al. (37). Gecz et al. (33) showed that FMR2 is homologous to two
expressed sequence tags (W26686 and AA025630) mapped to
chromosome 5q31. AF5q31 is likely to be the gene predicted by
those authors. However, the location of the AF5q31 gene is
outside of the commonly deleted region previously reported in
AML and MDS (36).

A few papers about the function of MLL fusion proteins have
been published (19, 20, 38–41). However, the function of the
MLL-AF4 fusion protein has not been analyzed yet. Functional
analyses of the AF5q31 and MLL-AF5q31 fusion proteins may
provide new insights into the function of the MLL-AF4 fusion
protein and also the leukemogenesis of 11q23-associated-ALL.
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Fig. 4. Detection of the MLL-AF5q31 chimeric transcripts by reverse tran-
scription–PCR. Primers used were MLL-7S and 5–1A (lane 1), and 5–13S and
MLL-11A (lane 2), respectively. M, size marker.

Fig. 5. Northern blot analysis of RNAs from adult (a) and fetal (b) human
tissues. UAF5q31 and AF4 cDNA fragments were used as probes for the
Northern blots in the upper and middle figures, respectively. Membranes were
rehybridized to the b-actin probe for the lower figures. The organs from which
tissues were analyzed are indicated on top of each lane.

Fig. 6. Chromosomal localization of the AF5q31 gene. (a) A fluorescence in
situ hybridization pattern obtained with the phage clone lH17–6 as a probe.
(b) The same metaphase spread stained with 49,6-diaminido-2-phenylindole
dihydrochloride (DAPI). A DAPI image was inverted and enhanced in terms of
band image contrast. The AF5q31 gene was assigned to band 5q31.1 as
indicated by arrows.
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