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EEN encodes for a member of a new family of proteins containing
an Src homology 3 domain and is the third gene located on
chromosome 19p13 that fuses to MLL in human leukemia
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ABSTRACT TheMLL gene, the closest human homologue
to the Drosophila trithorax gene, undergoes chromosomal
translocation with a large number of different partner genes
in both acute lymphoid and acute myeloid leukemias. We have
identified a new partner gene, EEN, fused toMLL in a case of
acute myeloid leukemia. The gene is located on chromosome
19p13, where two other MLL partner genes, ENL and ELLy
MEN have also been identified. The deduced protein of 368 aa
contains a central a-helical region and a C-terminal Src
homology 3 (SH3) domain most similar to the C-terminal SH3
domain found in the Grb2ySem-5yDrk family of genes. Se-
quence analysis of the fusion MLLyEEN transcript in our
patient reveals that exon 6 of MLL is fused to the N-terminal
end of EEN, a fusion that would create a chimeric protein that
includes the major functional domain of EEN. EEN is ex-
pressed in a variety of tissue types and encodes a protein of
approximately 46 kDa. The EEN protein is the human homo-
logue of a member of a recently described murine SH3
domain-containing protein family. It is also highly related to
a putative gene identified in Caenorhabditis elegans, and a
number of similar sequences are present in the EST databases
of several species.

The cloning and characterization of genes localized at non-
random cytogenetic breakpoints in acute leukemia have facil-
itated studies of the molecular pathways involved in cellular
transformation (1). The human homologue of the Drosophila
trithorax gene, MLL (also referred to as HRX, ALL-1, and
Htrx) is located on chromosome 11q23 (2–5); this chromo-
somal band is involved in translocations with at least 25
different chromosome partners, and at least 10 of the partner
genes translocated to MLL have been cloned (for reviews, see
refs. 6 and 7). MLL consists of 36 coding exons and spans at
least 90 kb of DNA (8). The gene has two regions: the SET
domain (9) and a cysteine-rich, PHD zinc-finger domain
(10–12), highly related to those present in the Drosophila
trithorax gene, a genetic regulator of homeobox genes. In mice
in which one allele of theMLL is eliminated (knocked out) by
homologous recombination, sternal and axial skeletal malfor-
mations, reminiscent of bidirectional homeotic transforma-
tions, are observed; homozygous deletion ofMLL results in an
embryonic lethal mutation (13). These data further support
the hypothesis that MLL is the functional homologue of the
trithorax gene in mammals.

As a result of the reciprocal nature of the translocations that
occur betweenMLL and a partner gene, two fusion genes and,
therefore, two potential transcripts can be formed. However,
the fusion transcript that is consistently observed is that of the
der(11)chromosome (7, 14), where the N-terminal portion of
MLL is fused to the C-terminal end of the partner gene. The
diversity of the partner genes that fuse to MLL has made it
difficult to postulate a common mechanism to explain the
biological basis for leukemogenesis of the fusion transcript.
The first biological evidence for a leukemogenic role of these
translocations has recently been described for the MLLyAF9
fusion (15). MLL rearrangements detected in the absence of
chromosomal translocations involving 11q23 led to the de-
scription of two other mechanisms of oncogenic involvement.
Partial duplication ofMLL has been observed in cases of acute
myeloid leukemia with normal karyotype or trisomy 11 (16,
17), and deletion of exon 8 has been seen in cases of T-cell
acute lymphoblastic leukemia (18).
Identification of MLL rearrangements by Southern blotting

or detection ofMLL–partner gene fusion transcripts by reverse
transcriptase–PCR are increasingly used to identify patients
with poor prognostic outcome (19–21). We adopted these
procedures as a general screen and identified a patient with
rearrangement ofMLL but without any of the common fusion
transcripts. Thus we undertook the characterization of the
consequences of MLL rearrangement in this patient.

MATERIALS AND METHODS

Patient Details. The patient was a 22-month-old female with
a diagnosis of acute myeloid leukemia based on morphological
and cytochemical criteria. The patient was identified in a
general screen of cases of acute leukemia for novel genes fused
to MLL based on two selection criteria: DNA rearrangement
detected with an MLL probe and a negative result in reverse
transcriptase–PCR analyses of the four more common MLL
fusion RNA products. Cytogenetic analysis revealed her
karyotype as 46, XXy47, XX 121.
Molecular Screening of Patient Material. Digests (BamHI,

EcoRI, and SacI) of genomic DNA (10 mg) were screened for
MLL rearrangement with the probe PyS4 as described (17, 22).
Total RNA obtained from the bone marrow of the patient or
established cell lines, RS4;11 (23), ML-2 (24), MONO MAC
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6 (25), HB1119 (4), was isolated by the single-step method
(26). cDNA was reverse transcribed with random hexamers
and subjected to PCR amplification using specific primers to
amplify chimeric transcripts from MLLyAF4, MLLyAF6,
MLLyAF9, or MLLyENL fusions (27).
Cloning of Fusion mRNA and the Genomic DNA. Total

RNA from the bone marrow of the patient was subjected to
rapid amplification of cDNA ends (RACE) strategy using a 39
RACE kit (Life Technologies, Grand Island, NY). Primers
used are available on request (C.W.S.). PCR products were
cloned using the UDG and Clonamp systems (Life Technol-
ogies). The novel sequence isolated from the RACE clone was
used as a probe to screen a human fetal brain cDNA library (a
kind gift from A. Ashworth, Institute of Cancer Research,
London) constructed in lZAPII. Positive clones were isolated
and converted to pBluescript phagemids according to the
manufacturer’s instructions (Stratagene). All sequencing was
performed using fluorescently labeled dideoxy terminators on
373A or 377 Applied Biosystems automated sequencers. The
DNA sequence was assembled and analyzed, and both the
nucleotide and predicted ORF were compared with public
databases using various online and network facilities, including
those of the Science and Engineering Research Council (En-
gland)-funded Daresbury’ SEQNET, Switzerland’s ExPASy,
the U.K. European Bioinformatics Institute (EBI), and the
U.S. government-funded National Center for Biotechnology
Information.
The chromosomal fusion was amplified from genomic DNA

(100 ng) by long-range PCR using the Expand Long Template
PCR System (BoehringerMannheim). The amplified band was
cloned by TA cloning into pGEM-T (Promega) and sequenced
and compared with the MLL breakpoint sequence (28).
Chromosomal Localization. Two pairs of gene-specific

primers (sequences available on request) were designed from
the novel cDNA and genomic sequence analyses to perform
PCR-based mapping on a monochromosomal somatic cell
hybrid DNA panel (United Kingdom Human Genome Map-
ping Project Resource Center, Hixton, U.K.).
Fluorescence in situ hybridization (FISH) was employed to

confirm and further define the genomic position of the new
gene. The 4.5-kbMLLyEEN genomic fragment obtained from
long-range PCR, which contained 3.8 kb of EEN, was used for
FISH on normal human lymphocyte chromosome spreads
using previously published methodologies (29). Images of
metaphase preparations and hybridization signals were cap-
tured from a Nikon microscope and merged using CYTOVISION
image analysis software (Applied Imaging Company, Sunder-
land, U.K.).
RNA and Protein Expression Studies. Multiple-human-

tissue Northern blots (CLONTECH) were hybridized with a

2.6-kb EEN riboprobe derived by in vitro transcription of the
EEN7 clone.
EEN cDNA clones were linearized, extracted by phenol

chloroform, precipitated by ethanol, and resuspended in water.
Protein products were expressed using the TNT coupled
reticulocyte lysate system (Promega) according to the manu-
facturer’s instructions. Protein products were analyzed on an
SDSy12% polyacrylamide gel. The gel was dried and autora-
diographed for 1–3 days at 2708C.

RESULTS

Rearrangement of MLL and Noninvolvement of AF4, AF6,
AF9, or ENL. Southern blot analysis of DNA prepared from
the leukemic cells of our patient using the probe PyS4 revealed
the presence of rearranged bands with the three restrictions
enzyme digests employed (Fig. 1). This allowed us to localize
the MLL genomic breakpoint between exons 6 and 8. How-
ever, no PCR products were amplified from the cDNA pre-
pared from these cells, when MLLyAF4, MLLyAF6, MLLy
AF9, and MLLyENL specific primer pair combinations were

FIG. 1. Genomic blot analysis for MLL rearrangement. Leukemic
(P) and control (C) DNAs were digested with the three enzymes
shown, blotted, and hybridized with PyS4. gl, germline bands; arrows,
rearranged bands.

FIG. 2. The cDNA fusion sequence and amino acid translation and
breakpoint sequences from the patient are depicted. The stippled areas
are derived from the MLL locus. The positions of Alus identified by
our sequence analysis, and in refs. 28, 31, and 32, are indicted by open
arrows. The origin of the primers used in long-range PCR (pair a) and
screening of the somatic cell hybrid DNA (pairs b, c) are indicated by
solid arrows. Shaded box, exon 6 of MLL; open boxes, exons of EEN.

FIG. 3. Chromosomal localization of EEN by FISH. Normal meta-
phase spreads were hybridized with the fluorescently labeled 4.5-kb
MLLyEEN genomic fragment.
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used (ref. 30 and data not shown).We inferred thatMLL in this
patient may be fused to a novel partner gene sequence.
Cloning and Identification of a NovelMLL Fusion Product.

As all characterized MLL fusion genes to date have been
shown to retain the derivative chromosome 11, the 39 RACE
method was chosen to isolate the fusion partner ofMLL in this
patient’s leukemic cells. The clones generated were screened
with MLL primers from exons 6 and 9 upstream and down-
stream, respectively, of the breakpoint mapped above. Clones
that contained exon 6 but not exon 9, and were larger than 250
bp, were sequenced. The sequence obtained from one clone
(ES59) contained a 172-bp novel sequence with an ORF fused
in-frame with the 39 end of MLL exon 6 and, thus, could
represent a potential new MLL translocation partner gene
(Fig. 2). Although, at the time of these analyses (02y96), the
sequence did not match any known genes present in the
GenBank nucleotide database (January 1996), there were a
number of highly related, although distinct, EST sequences
with significant homology present. The presence of this fusion
transcript was confirmed by reverse transcriptase–PCR in the

patient RNA using primers form MLL exon 6 and the 172-bp
novel sequence (data not shown).
Analysis of Genomic Breakpoint. To determine whether the

fusion RACE clone was the result of a DNA translocation, we
investigated the genomic DNA from the leukemic cells of this
patient using long range PCR with primers from MLL exon 6
and a primer derived from the 39 end of ES59. A unique 4.5-kb
genomic PCR product was amplified from the leukemic DNA
but not from control normal DNA. Sequence analysis of the
fragment revealed that the MLL-contiguous sequences con-
tinued for 650 bp and were identical to those of MLL intron
6, after which they completely diverged (Fig. 2). At the other
end of the 4.5 kb fragment, the sequence contained the 172-bp
novel cDNA sequence present in ES59 interrupted by two
introns spanning about 1.5 kb of genomic sequence (Fig. 2).
These data are consistent with a genomic fusion due to the
translocation of a partner gene to MLL and would, following
splicing, generate the sequence represented in ES59.
The breakpoint in MLL occurs within and interrupts Alu26

repeat in intron 6 (31), between the nucleotides at positions

FIG. 4. Predicted coding sequence of EEN compared with other related sequences. (a) A multiple-sequence alignment of proteins found to be
most closely related to the following GenBank accession numbers: EEN (U65999), SH3p8 (U58885), SH3p4 (U58886), SH3p13 (U58887), and
Ce-SH3 (C. elegans CELF35A5.8, U46675). Dark and light shading represent identical residues and conserved residues, respectively. Arrowheads
indicate the point of MLL fusion to the predicted EEN amino acid sequence. (b) The sequence alignment of EEN (amino acids 312–360) to Src
homology 3 (SH3) domain-containing proteins. The SwissProt accession numbers for the sequences shown are as follows: GRB2 (Human Grb2
C-terminal SH3 domain, P29354), Sem5 (C. elegans Sem5 C-terminal domain, P29355), Drk (Drosophila Drk C-terminal SH3 domain, Q0812),
Myos1c (Myosin 1c heavy chain, P10569) and SRC (Human Src, P12931).
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1257y1258 (numbering according to the 11q23 breakpoint
sequence in GenBank accession no. HSU04737; ref. 28). The

chromosome 19 breakpoint does not occur in an Alu; thus the
rearrangement is not due to homologous recombination. Four
Alu sequences occur within intron 6 and may contribute to the
recombinogenic nature of this region (31, 32). In the sequence
originating from chromosome 19, an Alu is present in the
opposite orientation beginning about 250 bp downstream of
the breakpoint (GenBank accession no. U66000). The MLL
breakpoint occurs in Region I as defined by Broeker et al., the
region in which de novo patients often map (32). Although
there are numerous sequences that are similar to the topo-
isomerase II consensus binding site (33), the nearest (matching
15 of the 18 of the consensus) lies at least 30 bases upstream.
Chromosomal Localization of the New MLL Partner Gene.

Using gene-specific primers designed from the 172-bp novel
sequence, a 1.5-kb band was localized to the chromosome
19-containing member of a somatic cell hybrid panel. In
addition, a 162-bp band was amplified from the monochro-
mosomal panel members containing chromosomes 11, 15 (also
containing 11q), and 17. All amplified bands were purified and
subjected to sequence analysis. The 1.5-kb band on chromo-
some 19 was identical to that found in the 39 end of the genomic
breakpoint sequenced above. Thus, chromosome 19 is the
genomic localization of the novel gene. In contrast, sequence
analysis of the products from the other three hybrids each
contained a sequence with a 10-bp deletion (GenBank acces-
sion nos. U66001 and U66002) but otherwise showed greater
than 85% identity to the 172-bp cDNA (data not shown). We
assume that these are representative of one or more processed
pseudogenes (34, 35). To confirm the localization of the new
gene, PCR-based chromosome mapping was performed with
an additional pair of primers, one of which was intronic and
therefore specific to the intron-containing gene. A unique
190-bp fragment was amplified from the DNA of the hybrid
containing chromosome 19, but in no other members of the
panel.
To define the chromosomal localization of the new gene

more precisely, the 4.5-kb genomic breakpoint fragment from
the patient was labeled for FISH on lymphocyte metaphases
from a normal individual. The probe was found to hybridize
specifically to chromosome 19p13 (Fig. 3). Out of 40 met-
aphases analyzed, detectable hybridization signals of two
chromosome 19s at the p13 region were noted in 28 (70%), and
only one of the two chromosome 19s was labeled at the same
region in 10 (25%). Interestingly, two previously identified, but
distinct, MLL partner genes, ENL (4, 36) and ELLyMEN
(37–39) have been localized. We therefore designated the new
gene as EEN (Extra Eleven Nineteen).
Isolation and Sequencing of a Novel cDNA Containing

ES59. The 172-bp novel sequence identified in RACE clone
ES59 was used as a probe to screen a human fetal brain cDNA
library. Three positive clones containing the full 172-bp se-
quence were identified. Two clones (EEN5 and EEN7) of 2.6
kb appeared to be identical. The third clone, EEN3, was
smaller with an insert size of 2.1 kb. When EEN3 and EEN7
were sequenced, they were found to be identical in the
overlapping region, except for a G in EEN7 and an A in EEN3
in the first position of the codon of amino acid 331, which
would result in a AsnyAsp difference at this position. The
EEN7 clone contains an ORF (Fig. 4a) that spans 1107 nt
(GenBank accession no. U65999). The predicted initiation
methionine codon is present within a Kozak consensus se-
quence (40). This ORF was followed by a termination codon
and at least 1.3 kb of 39 untranslated sequence and is predicted
to encode a protein of 368 aa. This frame is the same as that
identified in the ES59 fusion transcript that showed a join
between MLL exon 6 and EEN at amino acid 16 (Fig. 2).
Sequence comparisons with the public databases revealed

that the predicted EEN protein contains an SH3 domain found
in many proteins involved in signal transduction as well as in
cytoskeletal components (for review, see ref. 41). The EEN

FIG. 5. Northern blot analysis of EEN in multiple tissues. The blots
were hybridized to a 2.6-kb EEN riboprobe. Molecular weights are
given in kilobases. The blots were then stripped and rehybridized with
an actin probe to control for RNA quality.

FIG. 6. Analysis of proteins encoded by the EEN cDNA clones.
The major 46-kDa band observed in EEN5 and EEN7 is indicated by
a large arrow; the smaller products of 36 and 40 kDa expressed in all
transcriptionytranslation reactions are indicated by small arrows.
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SH3 domain is similar to the C-terminal SH3 domain identified
in the members of the myosin heavy chain family, but the
closest identity is to the SH3 domain present in the Sem-5y
Grb-2yDrk protein family members (Fig. 4b). While this paper
was in preparation, the mouse homologue of EEN was cloned
and reported as a result of the screening of a phage expression
library with SH3 ligand peptides (Fig. 4a); the EEN SH3
domain can functionally bind to a class II type proline-rich
sequence (42). In addition, the EEN protein has a high degree
of sequence homology (30% identity, 50% similarity over 350
aa) to the protein encoded by a putative gene identified in C.
elegans (GenBank accession no. U46675: ref. 43 and direct
submission to database) and to another encoded by aC. elegans
EST sequence (accession no. M75843; ref 44). Finally, several
human EST sequences encode for a highly similar, although
distinct, sequence (GenBank accession nos. T50023, H22727,
HSC1HH051, and HSC1XE051). During the course of our
library screening for EEN, we also identified an EEN-related
gene (unpublished data) that represents the human counter-
part to the mouse SH3p13, a member of the same SH3
domain-containing family present from C. elegans to human.
Expression Pattern of EEN. To investigate the predominant

sites of expression of the EEN transcript, Northern blots
containing RNA isolated from various tissues were hybridized
to a riboprobe derived from the 2.6-kb EEN7 cDNA clone.
Multiple transcript sizes were expressed in all tissue types
examined (Fig. 5), with the highest expression observed in the
pancreas and a low level of expression in the lung. The 2.6-kb
transcript is the major transcript observed in most tissues,
including spleen, thymus, prostate, testis, ovary, small intes-
tine, colon, peripheral blood leukocytes, placenta, and pan-
creas, whereas the 2.0- and 1.2-kb transcripts were also strongly
expressed in heart, liver, skeletal muscle, placenta, and kidney.
Transcript sizes of 1.7 and 1 kb were also expressed in the
pancreas.
Protein Encoded by EEN cDNA. Several protein products of

EEN were expressed by in vitro transcription and translation
studies using the different EEN clones (Fig. 6). The EEN5 and
EEN7 clones both encoded a major protein product of 46 kDa,
probably encoded by the 1107-bp ORF contained in these two
clones. The 46-kDa protein product was absent in EEN3, which
lacks the ATG potential start codon present in EEN5yEEN7.
The two major protein products of about 40 and 35 kDa
observed in EEN3 were also weakly expressed in EEN5yEEN7
transcriptionytranslation products.

DISCUSSION

The t(11;19)(q23;p13) is a recurring chromosomal abnormality
found in different types of acute leukemia, although hetero-
geneity in the breakpoints of chromosome 19p13 has been
reported (45–47). Two genes on 19p13 [ENL (4, 36), involved
in acute lymphoid leukemia, and ELLyMEN (37–39), involved
in acute myeloid leukemia] have been identified in fusions with
MLL on chromosome 11q23. Here, we report the identifica-
tion of a third novel gene localized to 19p13 and found in a
translocation with MLL in a case of acute myeloid leukemia.
FISH analysis reveals that EEN is in the close vicinity of ENL
and ELLyMEN. At the cytogenetic level, it may be difficult to
distinguish MLLyENL, MLLyELL, and MLLyEEN fusions,
and it is likely that other cases of t(11;19) may result in this
gene fusion.
Northern blot analyses show that EEN is expressed as

multiple transcripts in different tissues with a major transcript
of 2.6 kb. We have cloned and sequenced a 2.6-kb cDNA from
a fetal brain library, with an ORF encoding 368 aa. Compar-
isons with sequences in the databases revealed the presence of
an SH3 domain; this SH3 domain has also been isolated
independently and, like the Sem-5yGrb2yDrk SH3 domain (41,
48, 49) to which it is most closely related, will recognize a class

II SH3 ligand (42). SH3 domains are conserved protein
modules of 55–75 aa found in many proteins involved in signal
transduction, but also in cytoskeletal elements and subunits of
a neutrophilic cytochrome oxidase (41). Murine EEN (SH3p8
in Fig. 4a) is one of three related proteins isolated in the
functional screen performed by Sparks et al. (42), and thus
forms a new family of genes. Protein prediction programs
suggest the presence of a helical structure in the central portion
of the protein followed by the SH3 domain located at the C
terminus. AsMLL is fused to EEN at amino acid 16, the fusion
product of der(11) transcript contains the AT hooks and
methyltransferase homology regions of MLL, joined to the
a-helical region and SH3 domain of EEN.
The nature of the molecular events resulting from the fusion

ofMLL to the various partner genes is unknown. There are no
obvious features that are shared by the partner genes identified
to date (for review, see ref. 50), and in this respect, EEN is no
different. SH3 domains have been shown to mediate protein–
protein interactions by binding proline-rich motifs in ligand
proteins (41, 51, 52). As MLL contains several proline-rich
sequences, one could postulate that the SH3 domain of EEN
may interact with this region ofMLL in either the fusion or the
normal MLL protein. Formation of chimeric protein dimers
has been suggested for MLLyAF1p, MLLyAF6, MLLyAF10,
and MLLyAF17 fusions via protein dimerization domains
present in the partner genes (7). Experiments investigating the
possible interaction between the EEN SH3 domain and MLL
will address this possibility.
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