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PEBP2aB/Mouse AML1 Consists of Multiple Isoforms That
Possess Differential Transactivation Potentials
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A murine transcription factor, PEBP2, is composed of two subunits, & and . There are two genes in the
mouse genome, PEBP2aA and PEBP2aB, which encode the « subunit. Two types of the aB cDNA clones, aB1
and aB2, were isolated from mouse fibroblasts and characterized. They were found to represent 3.8- and 7.9-kb
transcripts, respectively. The 3.8-kb RNA encodes the previously described aB protein referred to as «B1, while
the 7.9-kb RNA encodes a 387-amino-acid protein, termed aB2, which is identical to aB1 except that it has an
internal deletion of 64 amino acid residues. Both Bl and aB2 associate with PEBP23 and form a
heterodimer. The aB2/B complex binds to the PEBP2 binding site two- to threefold more strongly than the
aB1/B complex does. aB1 stimulates transcription through the PEBP2 site about 40-fold, while aB2 is only
about 25 to 45% as active as aB1. Transactivation domain is located downstream of the 128-amino-acid runt
homology region, referred to as the Runt domain. Mouse chromosome mapping studies revealed that a4, aB,
and B genes are mapped to chromosomes 17, 16, and 8, respectively. The last two genes are syntenic with the
human AML1 on chromosome 21q22 and PEBP2B/CBFf3 on 16q22 detected at the breakpoints of characteristic
chromosome translocations of the two different subtypes of acute myeloid leukemia. These results suggest that
the previously described chimeric gene products, AML1/MTGS8(ETO) and AML1-EAP generated by t(8;21) and
t(3;21), respectively, lack the transactivation domain of AMLI.

A murine transcription factor, PEBP2, also called PEA2,
was identified as a factor which binds to the region of the
polyomavirus enhancer originally termed the PEA2 site (35).
PEBP2 functionally cooperates with other enhancer core-
binding proteins, including AP1 and Ets family proteins, PEA3
(48), PEA3-91 (20), and PEBP5 (2), and plays an important
role in stimulation of transcription and viral DNA replication.
PEBP2 is composed of o and B subunits (32, 34). The o subunit
bind to DNA by recognizing the consensus sequence, (Pu/T)
ACCPuCA (13, 34). The companion B subunit binds to the «
protein and increases the affinity of the a protein to DNA
without binding to DNA by itself (32). cDNAs coding for both
subunits have been cloned and characterized in detail (32, 34).

PEBP2 has recently been shown to be closely related to
acute myeloid leukemia (AML). The t(8;21)(q22;q22) translo-
cation is one of the most frequent chromosome abnormalities
in AML and is classified into the FAB-M2 subtype of AML
(39). It has been shown that the t(8;21) breakpoints in the
chromosome 21 are clustered in the recently described AMLI
gene (27), the product of which shares a high homology within
the 128-amino-acid (aa) region with the product of the Dro-
sophila segmentation gene, runt (14), and the a subunit of
PEBP2 (8, 9, 34). The evolutionarily conserved region of the
PEBP2a protein contains both the DNA binding and het-
erodimerizing activities. It has been proposed that this con-
served region be named the Runt domain (12). cDNA cloning
revealed that there is at least one additional gene in the mouse
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genome, aB, which shares a high sequence homology with the
original o gene, termed a4. The aB gene as a whole is highly
homologous to human AMLI (3). The discovery of the homol-
ogy of the AML1 protein to the asubunit of PEBP2 suggested
that the AMLI1 protein may act as a transcription factor.
However, this has not been directly demonstrated.

The C-terminal end of the evolutionarily conserved runt
homology region is defined by an exon-intron junction in the
AML1 protein (27), and the t(8;21) breakpoints consistently
occur within this intron (9, 15, 22, 26, 27, 30, 42, 46). As a
result, the t(8;21) translocations juxtapose the 5’ portion of the
AMLI gene with the MTG8(ETO) gene on chromosome 8,
resulting in the synthesis of an AMLI/MTG8(ETO) fusion
transcript (9, 15, 26, 27, 29, 30). The importance of the role of
AMLI1/MTGS8(ETO) fusion protein in the pathogenesis of this
type of leukemia has been suggested (40). AML1 is also found
at the breakpoints of t(3;21)(q26;q22) translocation in therapy-
related leukemia and in chronic myeloid leukemia in blast
crisis. The breakpoints of t(3;21) are clustered within a differ-
ent intron located further downstream of the breakpoint
cluster region of t(8;21). As a result of this translocation, the
AMLI-EAP fusion transcript is synthesized (31).

Like Drosophila Runt protein, PEBP2 appears to be in-
volved in transcriptional regulation in multiple pathways. One
of the roles of PEBP2 is its involvement in T-cell-specific gene
expression (16, 34, 37). Recent cDNA cloning revealed that the
murine factor termed CBF is identical to PEBP2 (47). Judging
from the recognition sequences and other properties, PEBP2/
CBF is probably identical or related to factors variously
referred to as SEF-1 (45), S/A-CBF (4), NF-dE3A (37), and
MyNF1 (44).

To add to the complexity of PEBP2-mediated gene regula-
tion, each subfamily of PEBP2a has been found to produce
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multiple transcripts of various sizes in a cell-type-dependent
manner (3, 34). Northern (RNA) blot analyses showed that the
mouse AMLI/aB gene, referred to hereafter as PEBP2aB,
generates mRNAs of four major size classes (7.9, 6.2,3.8 t0 4.2,
and 2.1 kb) in cultured hematopoietic cell lines (3). A very
similar expression pattern of human AMLI was observed in
leukemic cell lines of human myeloid lineage and normal bone
marrow cells (26, 40). Northern blotting with higher resolution
revealed that each of the major size class RNAs is composed of
multiple subspecies. Of these, only the 7.9- and 3.8-kb species
were detected in Ha-ras-transformed NIH 3T3 cells (3). Thus,
the question emerges as to what specific regulatory roles these
mRNA subspecies have and how their differential synthesis is
controlled.

As the first step to characterize the transcripts and their
products of PEBP2aB, we decided to examine two mRNA
species from mouse fibroblasts and their products. The cDNA
sequences revealed that the 3.8-kb species encodes the aB1
protein reported previously (3). The 7.9-kb species, on the
other hand, encodes the protein identical to the aB1 protein
except for an internal deletion of 64 aa located immediately
downstream of the Runt domain. Comparison of these two
cDNA clones and their protein products revealed some basic
features of the transcriptional control mechanism employed by
AMLI1. Some insights into the functions of the AML1/MTGS8
(ETO) and AMLI1-EAP chimeric proteins are also provided by
these results.

MATERIALS AND METHODS

Chromosomal mapping of Pebpa2a, Pebpa2b, and Pebpb2 in
the mouse genome. The genes were mapped by interspecific
backcross analysis. References for the map positions of most
human loci can be obtained from GDB (Genome Data Base),
a computerized data base of human linkage information
maintained by The William H. Welch Medical Library of The
Johns Hopkins University (Baltimore, Md.).

Interspecific backcross progeny were generated by mating
(CS7BL/6] X Mus spretus)F, females and C57BL/6J males as
described previously (7). A total of 205 N, mice were used to
map three loci: PEBP2aA (Pebpa2a), PEBP2oaB (Pebpa2b),
and PEBP2B (Pebpb2). All blots were prepared with Zetabind
nylon membranes (AMF-Cuno). Probes were labeled with
[«-**P]dCTP, using a random priming labeling kit (Amersham)
or a nick translation labeling kit (Boehringer Mannheim). The
Pebpa2a probe, a 1,997-bp Kpnl fragment of mouse cDNA
(34), detected fragments of 6.8 kb in C57BL/6J (B) DNA and
3.2 kb in M. spretus (S) DNA following digestion with HindIII.
The Pebpa2b probe containing nucleotides (nt) 1 through 1788
of the aB1 cDNA (3) detected Bg/II fragments of 18.0, 7.6, 6.0,
and 2.5 kb (B) and 18.0, 10.0, 7.6, and 2.5 kb (S). The Pebpb2
probe, containing nt 171 through 2297 of the B2 cDNA (32),
detected major Spkl fragments of 5.4 (B) and 4.5 (S) kb. The
presence or absence of M. spretus-specific fragments was
monitored in backcross mice.

Descriptions of the probes and restriction fragment length
polymorphisms (RFLPs) for several of the loci used to position
these genes in the interspecific backcross has been reported;
these include H-2, Mep-la, Vav, and Fer on chromosome 17
(11) and Ets-2 on chromosome 16 (43). Several loci have not
been reported previously for our interspecific backcross. The
probe for amyloid beta (A4) precursor protein (App) was a
1.0-kb EcoRI fragment of mouse cDNA that detected major
Scal fragments of 2.8 (B) and 5.0 (S) kb. The presence or
absence of the M. spretus fragment was monitored in backcross
mice. The probe for myxovirus resistance 1 (Mx-1) was a 2.3-kb
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BamHI fragment of mouse cDNA that detected Hincll frag-
ments of 7.4, 4.8, 3.4, 3.0, 2.3, 1.5, 1.3, and 0.3 kb (B) and 8.0,
5.8,3.4,3.0,2.3,2.1, 1.5, 1.3, and 0.3 kb (S). The 8.0-, 5.8-, and
2.1-kb Hincll M. spretus-specific RFLPs cosegregated and were
monitored in this analysis. Finally, the probe for the c-maf
proto-oncogene (Maf) was a 750-bp Xbal fragment of avian
proviral v-maf DNA that detected major Sacl fragments of 9.0
and 3.4 kb (B) and 4.0 and 3.4 kb (S). The inheritance of the
4.0-kb Sacl RFLP was monitored. Recombination distances
were calculated by using the computer program SPRETUS
MADNESS. Gene order was determined by minimizing the
number of recombination events required to explain the allele
distribution patterns.

cDNA library and its screening. A cDNA library constructed
from cytoplasmic polyadenylated RNA of Ha-ras-transformed
NIH 3T3 cells by using plasmid vector pSI4001 (34) was
screened by the colony hybridization method (19). Colonies
(1.2 X 10°) were screened at a density of 10* colonies per filter
(82-mm diameter). The 1.7-kb EcoRI restriction fragment of
PEBP20BI cDNA was labeled by the multiprimer DNA
labeling method (Amersham) and used as a probe (3).

Screening and characterization of genomic clones. An
EMBL3 mouse genomic DNA library prepared from the
Sau3Al partially digested DNA from a strain 129 mouse was
screened by the plaque hybridization method (19). The 1.7-kb
EcoRI fragment of aB1 cDNA was used as a probe. Among
the positive clones, the clone containing the 3’ end of aB2
cDNA was selected by PCR, using the sense primer 5'-
CCTGTGCAGGATGCTCCTCA (nt 4041 to 4060) and the
antisense primer 5'-GAGCACATGTATGTCAGAAC (nt
4269 to 4288). Phage DNA obtained from clone aBG-55
resulted in generation of a PCR product of the expected size of
248 bp. aBG-55 contains about 15 kb of genomic DNA.
Restriction enzyme sites of the clone were mapped, and the
DNA fragments containing exons were subcloned into Blue-
script phagemid. The nucleotide sequence was analyzed by
dideoxy DNA sequencing.

Sequencing and computer analysis. DNA sequencing was
performed on double-stranded templates, using internal oligo-
nucleotide primers or flanking vector primers, by standard
protocols (Exo/Mung deletion kit [Stratagene] and Sequenase
DNA sequencing kit [United States Biochemical Corpora-
tion]). Any ambiguities were resolved by using dITP instead of
dGTP. The positions where PEBP2aB2 differed from
PEBP2aBI1 were checked in several independent clones. To
search for homologous amino acid sequences, the GenBank
and EMBL data bases were screened by the BLAST program
1).
Northern blot analysis of PEBP2a:B2 mRNA. RNA from
Ha-ras-transformed NIH 3T3 cells was prepared by the acid-
guanidinium  thiocyanate-phenol chloroform extraction
method (6). Poly(A)* RNA was selected by oligo(dT)-cellu-
lose column chromatography. Five micrograms of poly(A)*
RNA was separated on a 1.2% agarose—formaldehyde gel and
transferred to a nylon membrane (Zeta-probe; Bio-Rad). The
blot was hybridized with *?P-labeled probes composed of the
BstEIl-Smal (probe A; Fig. 1) or the EcoRV-Sphl (probe B;
Fig. 1) fragment of PEBP2aB2 cDNA or the AaB2 region of
the aB1 cDNA prepared by PCR amplification (probe C; Fig.
1). Prehybridization, hybridization to multiprimer-labeled
probes, and washing were performed as instructed by the
manufacturer (Bio-Rad).

Construction of deletion mutants. The two deletion mu-
tants, aB1(1-243) and aB1(1-185), which contain the coding
regions of the corresponding number of amino acids, were
constructed by recombinant PCR (25). For the construction of
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FIG. 1. Schematic diagram of the PEBP2aBl and PEBP2aB2
c¢DNAs. The longest cDNA clones of the aB! and the aB2 cDNAs are
represented by horizontal thick bars for untranslated regions and by
boxes for open reading frames deduced from the nucleotide sequences.
The entire aBl cDNA sequences overlaps with the aB2 cDNA
sequences except for the poly(A) track and the alternatively spliced
exon, AaB2 (see text). The Runt domain (hatched box) and AaB2
(gray box) are indicated. Nucleotide numbers on the right represent
the lengths of the cDNAs except for poly(A) sequences. Numbers over
the boxes represent amino acid numbers of aB1 (3). Dotted lines,
representing the regions remaining to be cloned, are not to scale. The
regions of the cDNA used as probes A, B, and C for Northern blot
analyses are indicated.

aB1(1-185), two PCRs were performed separately with (i)
primers PA (5'-TGAGGAGCGGCGACCGCAGCATGGT,
sense, nt 1704 to 1728) and PB (5'-AGCTCAGTAGGCTA
GTTTCTGCCGATGTC, antisense recombinant primer) and
(ii) primer PC (5'-CGGCAGAAACTAGCCTACTGAGCT
GAGCSG, sense recombinant primer) and the SK sequencing
primer (Stratagene), using plasmid pKS-aB1 as a template.
pKS-aB1 contains 1.7 kb of PEBP2aBI cDNA in the EcoRI
site of the KS Bluescript II vector (3). The two PCR products
were separated on a 1.5% agarose gel and recovered from the
gel. After the primary PCR products were mixed together,
secondary PCR was performed for 12 cycles in the absence of
primers. Reaction conditions were 50 s at 94°C, 1 min at 50°C,
and 2 min at 72°C. The recombinant PCR product was digested
with restriction enzyme BstEII located in the Runt domain
coding region and Xbal located in the flanking vector se-
quence. The double-digested PCR product was ligated into
BstEIl-Xbal double-digested pKS-aB1. aB1(1-243) was con-
structed by the same way except for the primers used for
primary PCR. In the case of the aB1(1-243) deletion con-
struct, primer pairs PA- and PD (5'-CGCTCAGCTCAGTAG
GCCTGCATCTGACTTTG, antisense recombinant primer)
and PE (5'-CAAAGTCAGATGCAGGCCTA CTGAGCT
GAGCG, sense recombinant primer)-SK were used for pri-
mary PCR. DNA sequences of the constructed mutants were
verified by dideoxy DNA sequencing.

In vitro translation. PEBP2aB1, PEBP2aB2, and deletion
mutants were subcloned into Bluescript II phagemid (Strat-
agene). Capped RNA was synthesized from linearized vector
with T3 or T7 RNA polymerase as instructed by the manufac-
turer (mRNA capping kit; Stratagene). RNA was quantitated
by UV absorption, and its integrity was verified by gel electro-
phoresis. An optimized amount of RNA was used to synthesize
each protein in rabbit reticulocyte lysate (Promega). The
efficiency of synthesis of full-length protein was checked by
both incorporation of radioactive precursors ([*H]leucine) and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by fluorography and densitometric
analysis.

DNA binding assay. A PEBP2 site containing double-

Mot. CELL. BioL.

stranded DNA probe AF9-5000 (5'-AACTGACCGCAGCTG
GCCGTGCGA) was prepared and used for electrophoresis
mobility shift assays (EMSA) as described previously (13). All
binding assays were performed at 30°C for 30 min in 20 pl of
20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES; pH 7.6)-4% (wt/vol) Ficoll type 400-2 mM EDTA-2
pg of poly(dI-dC), using 0.05 to 1 nM *P-end-labeled probe
with T4 kinase. The competition assay was done in the
presence or absence of the unlabeled synthetic 17-bp duplex
containing SL3-3 enhancer core sequences (5'-GTGCTTAAC
CACAGATA [13, 45]). PEBP2 binding sites are underlined.
Half of each reaction mixture was loaded on a 0.25X Tris-
borate-EDTA-5% nondenaturing polyacrylamide gel, electro-
phoresed at 250 V for 1 h, and autoradiographed for 16 h at
—170°C.

Transfection experiments and CAT assay. Reporter plas-
mids pTB3W4W-tkCAT and pTR3M4M-tkCAT, which con-
tain the T-cell receptor (TCR) B enhancer fragment harboring
two PEBP?2 sites (TB3 and TR4; nt 620 to 735 of the TCR B
enhancer [16]) and its mutated version of PEBP?2 sites, respec-
tively, were constructed from pBL2CAT (18) as described
previously (34). pTB3M4M-tkCAT contains mutations in both
PEBP2 sites (TB3, TGTGGTT-TGTCGTG at nt 627 to 632;
TR4, AACCACA-CACGACA at nt 708 to 714). Effector
plasmids pEF-aAl, -aBl, -aB2, -aB(1-243), and -aB(1-185)
were constructed so as to contain the whole coding region of
aAl, aB1, and aB2 and the deletion versions of aB1 at the
Xbal site of pEF-BOS from which the simian virus 40 replica-
tion origin region was deleted (28). P19 cells were transfected
as described by Chen and Okayama (5), and cell extracts were
prepared 48 h after transfection. Chloramphenicol acetyltrans-
ferase (CAT) activities were determined by the standard
protocol (41).

Nucleotide sequence accession numbers. The nucleotide
and predicted amino acid sequence data reported in Fig. 3
appear in the GSDB, DDBJ, EMBL, and NCBI data bases
under accession number D26532. The sequence shown in Fig.
4 has been assigned DDBJ accession number D26531.

RESULTS

Chromosome mapping of PEBP2aA, -oB and -B genes. The
murine chromosomal locations of three genes, PebpaZa,
Pebpa2b, and Pebpb2, encoding PEBP2aA, PEBP2aB, and
PEBP28, respectively, were determined by using an interspe-
cific backcross mapping panel derived from [(C57BL/6J X M.
spretus)F; x C57BL/6J] mice. cDNAs representing each of the
loci were used as probes in Southern blot hybridization analysis
of C57BL/6J and M. spretus genomic DNA that was separately
digested with several different restriction enzymes to identify
informative RFLPs useful for gene mapping (see Materials
and Methods). The strain distribution pattern of each RFLP in
the interspecific backcross was then determined by monitoring
the presence or absence of RFLPs specific for M. spretus in
backcross mice. Each of these genes mapped to a single
chromosome location. The mapping results (Fig. 2) assigned
the three loci to three different mouse autosomes, indicating
that the three genes have become well dispersed throughout
evolution.

Pebpa2a mapped to the central region of mouse chromo-
some 17, 8.7 centimorgans (cM) distal of H-2 and 9.5 ctM
proximal to Vav. Pebpa2b mapped to the distal region of mouse
chromosome 16, 2.3 c¢M distal of App and 2.3 cM proximal to
Ets-2. Pebpb2 mapped to the distal region of mouse chromo-
some 8, 7.2 cM distal of Mt-1 and 0.9 cM proximal to Hp.

The distal region of mouse chromosome 16 shares a region
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FIG. 2. Chromosomal locations of Pebpa2a, Pebpa2b, and Pebpb2 in the mouse genome. Pebpa2a, Pebpa2b, and Pebpb2, encoding PEBP2a A,
PEBP2aB, and PEBP28, respectively, were mapped by interspecific backcross analysis. The segregation patterns of these loci and flanking genes
in backcross animals that were typed for all loci are shown above the chromosome maps. For individual pairs of loci, more animals were typed (see
below). Each column represents the chromosome identified in the backcross progeny that was inherited from the (C57BL/6] X M. spretus)F,
parent. Shaded boxes represent the presence of a C57BL/6] allele, and white boxes represent the presence of an M. spretus allele. The number of
offspring inheriting each type of chromosome is given below each column. Partial chromosome linkage maps showing the location of the Pebp loci
in relation to linked genes are also shown. The number of recombinant N, animals is presented over the total number of N, animals typed to the
left of the chromosome maps between each pair of loci. The recombination frequencies, expressed as genetic distance in centimorgans (+1
standard error), are also shown. Gene order was determined by minimizing the number of recombination events required to explain the allele
distribution patterns. The positions of loci on human chromosomes, where known, are shown to the right of the chromosome maps.

of homology with human chromosome 21q21-q22 (summa-
rized in Fig. 2). Thus, we would expect the human homolog of
Pebpa2b to be located on 21q21-q22 as well. It has recently
been shown that AMLI maps to 21q22 (27). These linkage
studies further support the notion that Pebpa2b is the authentic
mouse homolog of AMLI. Similarly, Pebpb2 maps in a region
of mouse chromosome 8 that is homologous with human 16q
(Fig. 2). The sequence comparison revealed that the gene on
16q22 indeed encodes the human homolog of PEBP23/CBFgB
(17). The human homolog of Pebpa2a has not yet been
mapped. However, on the basis of mouse-human linkage
homologies, we suspect that the gene resides on human 6p,
19p, or 5q (Fig. 2).

Identification of two isoforms of PEBP2aB cDNAs. Nine
cDNA clones isolated from the cDNA library prepared from
Ha-ras-transformed NIH 3T3 cells were classified into two
types consisting of four and five clones each. The longest
cDNAs of each type were 3.1 and 4.3 kb, respectively, and their
nucleotide sequences were determined. A diagrammatic rep-
resentation of the two types of cDNAs is shown in Fig. 1. The
sequence analysis revealed that the predicted protein product
of the shorter cDNA was identical to the aB protein, to be
referred to as aB1, that we described earlier (3). On the other
hand, the predicted product of the longer cDNA was identical
to aB1 except that there was a 64-aa-long internal deletion (to
be referred to as AaB2) and one amino acid substitution, from
arginine to asparagine, at the junction of the deletion. We will

refer to these cDNAs as PEBP2aB1 and PEBP2aB2 cDNA:s,
respectively. The protein encoded by PEBP2aB2 will be re-
ferred to as aB2. The entire nucleotide sequence of the
4.3-kb-long PEBP20.B2 cDNA is shown in Fig. 3.

The 3.1-kb-long aBI cDNA has a 160-base-long 3’ noncod-
ing region and a 1.6-kb-long 5’ noncoding region. All se-
quences of the aBI ¢cDNA are included in the 4.3-kb cDNA
except for the poly(A) tail and the 192-bp AaB2 segment
within the coding region. There is a poly(A) addition signal 27
bp upstream of the poly(A) sequence. As will be shown below,
this cDNA species represents 3.8-kb RNA. Therefore, the
5'-terminal message spanning approximately 0.7 kb must be
still missing from this cDNA. As will also be shown below, the
4.3-kb aB2 cDNA represents a 7.9-kb RNA species. The aB2
cDNA extends toward the 3’ direction by 1,400 bp beyond the
poly(A) addition site used by the aB/ cDNA. Even though
polyadenylation has clearly occurred, there is no typical
poly(A) addition signal (AATAAA), or a variant with less than
two mismatches, in the vicinity of the poly(A) stretch at the 3’
end of the 4.3-kb cDNA. To examine whether this apparent
lack of a polyadenylation signal is due to an artifact of cloning,
we isolated and sequenced the mouse genomic clone corre-
sponding to this region. The result revealed that the cDNA and
the genomic sequences are identical up to the last nucleotide
before the poly(A) stretch (Fig. 4). The genomic DNA did not
have any A-rich stretch at this site. Therefore, the poly(A)
stretch of the 4.3-kb cDNA represents the genuine poly(A)
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CTCATTCATAGAGCCAGCGGGCGCGGGCAGGACGGGCGCCCCGCGGCCGGACCCAGCCAGGGCACCACGCTGCCCGGCCCCGCGGCTGGC
ACTTCCATCCTGAGCTCCCCGAGACGCAAGAAAGTCACCCTTTGCGGCTCTTTCTAGATCTGCGTTGGACCTTCTTGTTTTCCTTTCCTT
TCL111111111111111AA11111ﬂ11111ﬂ1111LCCTTTCTTACTTTTGAATGAACCGGCTTCTAGGCTTTGGATGTTTCAACTTCT
AGGCTGTGAAQL11lkTCCGAlIbl11L111LbACAACTGCGGGAGAAAGTGTTCCGGAGTTCCAGGCGAGCGGTGAAGTTGCGTGTGCG
TGGCAGGGTGCGTGGGAGTGAGCGTGTGTAACTCGAGCCTACTGGTCTACGGTGCCTCCTCCCAGGCCCGCTCCACCTGCTGCGGTTACA
CGGTGCTCGCTCGTGGGTATTTGTGCGCCCCAGCAGAAAACCAGCCACCGCCGGGCGACGTTGGAGGAAGATCATCTTGCCAGACTCTGG
GCTGACTCACTCAACCAATGTAGACAGTGGCTGACTTC CGAAGAGTGCGAGTCTGCCTGTGTGTGTGACCCAACTGCGGCTCAACTCCCA
CCAAACCACAGGATCAGCCACAAACTTAACCAGCGTTCCCAAACCAGAGTCCTCAGCTGTGGGAAGCTCTACCCTGAGTGTCATCGAGTT
TGACTTTTTTTTTTTTAAGATTAGCTACAGATCTTTGTAAAGCACTGACCATTTATTTGGCCAGAATTTATTGAGTAATGACAAGTGATC
CTATCCAGCCTTCC. AACTACTGAAGCTGATTTTCAAGGCTACTTAAAAAAAAAAAAACTGCAGCAAACATTAATGGATTTCTGTTGTGTT
TAAATTCTCTAC AGATTGTATTGTAAATATTTTATGAAGTAGATCATATGTATATATTTATATATACGAGCACATACATTAGTAGCACAA
TCTTTTAAAGTTACGGCTCTTGCTTTTGAGAAACGAAGTGAGT TTTTCATGGTAAGAGGGGCGCTCTGTATGGAAGACACTCCTAAGTTT
TGTATTTTGTTGAGACTCTAAACAAAACTGACCCGCAAGAAAGAAAAACAAACTGACAGGCAACTAACTGCTGGAACTTCCAAATCTAGT
TTTTGCTGGTCATTTTTTGGTTGTTGTTGTTGTTCTGCGCATAAATATTTTAGGACGCGTATGGGAATTTTGCTCCGGGACCGTTTGTAA
TAGCCAAAGACTGAACTTCAACTCTCAAAGCGAGGCTCTGTTGGGCATTTGACTTTGAATTCTGGTTGCCCACTTTTTAACGCACTAAGC
GGCCAGTTGCTAACCCTGCTTGGGTGTGAGGCCGATCCGTGTAACTAGATC TCAGTCCGGGACTGATGGTAATTTAGTCTCCTACCCCCA
CAACCCTCCGGTAGTAATAAAGGCTTCTGAACTTGTATGTTGGTCTCCCGGGAGCAGCTTGCAGAAGATCCGAGCCCCTGTC GCCGTCTA

GTAGGAGCTGTTTTCAGGGTCCTTACTCAATCGGC TTGTTGTGATGCGTATCCCCGTAGATGCCAGCACGAGCCGCCGCTTCACGCCGCC
M R I PV DA ST SRR FTP P

TTCCACCGCGCTGAGCCCCGGCAAGATGAGCGAGGCGCTGCCGCTGGGCGCCCCGGATGGCGGCCCGGCCCTGGCCAGCAAGCTGAGGAG
S T AL S PG KMSEA ATLUZPTLGA AZPUDTGTGTZ&PATLU AT ST KTLTR S

CGGCGACCGCAGCATGGTGGAGGTACTAGCTGACCACCCTGGCGAGCTAGTGCGCACCGACAGCCCCAACTTCCTCTGCTCCGTGCTACC
G DR S MV E V L A DH P G ELV R TD S PNTFTILUCSV L P

CACTCACTGGCGCTGCAACAAGACCCTGCCCATCGCTTTCAAGGTGGTGGCACTGGGGGACGTCCCGGATGGCACTC TGGTCACCGTCAT
T H W R C N K T L P I A F K V V A L G DV P DG T L V T V M

GGCAGGCAACGATGAAAACTACTCGGCAGAACTGAGAAATGCTACCGCGGCCATGAAGAACCAGGTAGCGAGATTCAACGACCTCAGGTT
A G N D E N Y S A E L R N A T A A M K N O V A R F N D L R _F

TGTCGGGCGGAGCGGTAGAGGCAAGAGCTTCACTCTGACCATCACCGTCTTTACAAATCCGCCACAAGTTGCCACCTACCATAGAGCCAT
vV G R S G R G K S F T L T I T V F T N P P O V A T Y H R A I

CAAAATCACAGTGGACGGCCCCCGAGAACCCCG TGCCAGGCAGATCCAGCCATCCCCACCGTGGTCCTATGACCAGTCCTACCAGTA
K I T V D G P R E P R NRA R Q I Q P S P P W S Y D Q S Y Q Y

CCTGGGATCCATCACCTCTTCCTCTGTCCACCCAGCGACACCCATTTCACCCGGCCGTGCCAGCGGCATGACCAGCCTCTCTGCAGAACT
L G S I TS S S VHPATZ®PTISUZPGHRASGMTSTUL S ATZEL

TTCCAGTCGACTCTCAACGGCTCCGGACCTGACCGCCTTCGGCGACCCACGCCAGTTCCCTACTCTGCCGTCCATCTCCGACCCGCGCAT
S S RL STAZPUDTLTA ATFGDUPTR RUG QTFUPTTULUPSTI S DZPU R M

GCACTACCCAGGCGCCTTCACCTACTCGCCGCCCGTCACGTCGGGCATCGGCATCGGCATGTCAGCCATGAGCTCGGCCTCTCGCTACCA
HY P GAF TY S PPV TS GIGIGMSAMSSAST R Y H

CACCTACCTGCCGCCGCCCTACCCCGGCTCATCACAGGCGCAGGCCGGGCCCTTCCAGACCGGCTCGCCCTCCTACCATCTATACTACGG
T YL PP P Y PG S S QA QAGZPTFQTGS P S Y HILUY Y G

CGCCTCGGCCGGTTCCTACCAGTTCTCCATGGTGGGCGGAGAGAGATCGCCCCCGCGCATCCTGCCGCCCTGCACCAACGCATCCACCGG
A S A G S Y QF S MVGGEU®RSU®PZPR RTITULUPZPUCTNA BAJSTG

CGCCGCGCTGCTCAACCCCAGCCTCCCCAGCCAGAGCGACGTGGTGGAGACCGAGGGCAGCCATAGCAACTCGCCCACCAACATGCCCCC
A AL L NUPSULZPS QS DV VETETGSUHSNSZSZPTNMTZP P

CGCGCGCCTGGAGGAGGCCGTGTGGCGGCCCTACTGAGCTGAGCGCCATCGCCATCGAGGGACTGGGCCTGCCGTCCATGCACAGACCCC
A R L EEAV WR P Y

GCCAGGAGGGCCCTTGGAGGCCACCAGGAAGAATCCCGGAGGGAAACTGTGAATGCTTCTGAIIIAGCAATGCTGTG&&I&&&AGAAAGA
ITTTATACCCTTGACTTCACTTTTTAACCACGTTGTTTATTCCAAAGAGTGTGGAATGTTTTCGGTTCGGGGTGGGGAAGACGCAGCCCA
TCCTGTTTGGCATCTATTTCTTATTTCGGAGTTTTCTTTTCCGCACCTTATCGATTGCAAAAATGCCTGTTTGCATCTGGGTGGTCATTT
ATTTTTAAGTGTGTATAGATTTGAGCTTGCTTTTTTTTCTTCCTTTGACCAACTCAAAGAAATAAAATTCCCTTCTCTGTAAGGTTTATT
IAACTTTTAGACTTTCATGTAGCTTTGGGGTTTTATTTGTGTTTGGTTTTTGTTTTTGTTTTTATTTTTAAAGAGACAGCTACAGCTTTG
GGTCATTTTTTAACTACTGTATTTCCACAAAGAAATCCCTAGATATTTATGTATCTTGATGTTTGAACATTTACATATGTGTTGATACTT
TTTTAATTATTTAAATGTACTTATATTAAGAAAGATATCAAGTACTACATTTTTCTTTATAATAGCCAAAGTTAAATATTATTGCGTTGA
AGATGTCTGGAAAAAAAAGAGATCGCTTGGTTAACTAGAAATATTGTTTACATTAAACTCCCTTTATGTTATTCAAACAAGTTGGTAGGT
AACGCAGCAATGTTTTTAATTGGATTGTAGACACTGAGGGTCACTCCAAGGTCAGAAGTACAAAATTTTCTGCTAGGCTCAACAAATAGT
CTCATACCTGGCTCCTTCCCTTCAAAAAGAGAGGCAAACTCTGTCCTGAAAGGGTTCAGAGAGGTGCCAAGGATTTGCTCTGAAGAGGAT
TTCATTTTGGCCTGGAGATATACTTGCCCCAAGGCCTCCTCATTCTGGCATGCTTTATCACAGAGCTCAACCAAGTAAGCTGTTGGTCAG
GGGTTTACTTACATAGTATTTACATAGACCCAAACCACTGAATGTGATTTTTAAATTGCCTTCCATTAATAGTACCCGTTCATTGATGAA
AACCAAAACTTGAGGCTGTACCCCAAAGATCCAAATAGAAGAGTTAAGACCAGGTGTCTTTGAGGCCTAAAGGCTGAGTTTTAAGAGAGT
GTACCCCAAAAGTCTGAAGGAGCCGGTTTCCTTCTCCCAGTCTTAGTGGAATCAGTCATGGGAGGCAGATGCCACGCCCACCTGTGCAGG
ATGCTCCTCAGAAGCTGCCCCTTCACCAGCATCTTCTCCCACCAGGCCGAGCCCCTGACCTTTGGGGTGCATCAGTGTGATAGATCCTGG
TCTCTGCAGTCCGCCATGGCTACGGTTCAGATGTGCATCGTGTCACTGTAAATGTAATGGTACTGTTGTTACAGTGGAGGACTTGGTCAA
AATCCAGTTGTTCTACAACGTATGAAGCCTAACCGCTGGTTCTGACATACATGTGCTCAAAATGAAAAAAAAAAAAAAAAAAAAAAAAAA
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720
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1080
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346
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FIG. 3. Nucleotide sequence of the PEBP2aB2 cDNA. The nucleotide sequence of the longest cDNA of PEBP2aB2 is shown above the
sequence of predicted protein product. The longest aBI cDNA has a 5’ untranslated sequence only six bases shorter than that of the aB2 CDNA.
The start site of the aB/ cDNA is indicated by an asterisk. The Runt domain is underlined. The arrow indicates where the sequence encoding t!le
AaB?2 region is inserted in the aB/ cDNA. It also corresponds to the 1(8;21) translocation breakpoints in human AMLI. The polyadenylation site
and signal sequence (AATAAA) of the aB7 cDNA are marked by an arrowhead and a dotted line, respectively. Putative mRNA-destabilizing
sequences are underlined.
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2734
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GenomiC CAAAATGA TCTGGTTGTTTGGATTTTTCTTTTGTTGTTTTGTTTTTTAATGTA

DNA | CCTCTTAAATTAGTTGAAGTGATGTCAGGTCAACTCCGARGAGCG
TTTCARAGCAGGACTTCAGCACAGTGTTTGATTTTTTTATTATTA
| TTAATATTATTTTATAAATTTAAGCATTCAGATTAGATCTTTGGC
|
cDNA CARAATGA(R)35-50

FIG. 4. Genomic DNA structure surrounding the polyadenylation
site of the PEBP2aB2 gene transcript. Exons are shown as boxes.
Coding and noncoding regions are indicated by black and white boxes,
respectively. AaB2 (gray box) is shown to be an exon in the human
AML1 genomic organization (27). Nucleotide numbers of the aB2
cDNA are given above the diagram. The nucleotide sequences of the
aB2 cDNA and the genomic DNA surrounding the polyadenylation
site are shown.

tail. Poly(A) tails not preceded by a typical AAUAAA motif
have been described for alternatively polyadenylated c-abl (23)
and cyclin D (49) mRNAs. These results further suggest that
the 4.3-kb cDNA lacks about 3.6 kb from the 5’ untranslated
region of the 7.9-kb RNA. The AMLI/MTG8 cDNA clones
representing the 6.2- and 7.8-kb fusion transcripts contain
MTGS sequences with poly(A) stretches spanning less than 2
kb (15, 26). The results also suggest the presence of AMLI
mRNA species with an extremely long 5’ noncoding region.
Recently, however, we isolated from a mouse T-cell library a
cDNA clone which contains a 3’ noncoding region longer than
that of the aB2 cDNA (unpublished data). Determination of
the precise structure of these RNAs, therefore, must await
isolation of full-length cDNAs. It is worth noting that there are
12 copies of the AT; (A motif known as an mRNA-destabiliz-
ing signal in the 3’ noncoding region. Ten are clustered within
the first 600 nt, counting from the end of the coding region.
Eight of them are present only in the aB2 cDNA.

Each RNA species encodes a distinct isoform of the oB
protein. The preceding analysis of cDNA clones suggested that
aB1 and aB2 are encoded in 3.8- 7.9-kb RNAs, respectively.
Further evidence supporting this assignment was obtained
from the following Northern blot analysis.

When the RNA extracted from Ha-ras-transformed NIH
3T3 cells was probed with region A of the aB cDNA shown in
Fig. 1 encoding the Runt domain, both the 7.9- and 3.8-kb-long
species were clearly detected (Fig. 5, lane 1) as described
previously (3). When probe B (Fig. 1) unique to the 4.3-kb aB2
cDNA was used, only the 7.9-kb species was detected (lane 2).
On the other hand, the probe C (Fig. 1) unique to the 3.1-kb
oBI cDNA hybridized exclusively with the 3.8-kb RNA (lane
3).
The results shown in Fig. 5 could not rule out the possibility
that the 3.8-kb RNA encodes both aB1 and aB2. However, all
of the five cDNA clones belonging to the 3.1-kb cDNA class
that we isolated encoded the aB1. Therefore, the majority, if
not all, of the 3.8-kb RNA is likely to encode aB1. This, in turn,
raises an intriguing possibility that the splicing event to elimi-
nate the AaB2 exon is specifically coupled to the selective use
of the distal polyadenylation site and probably also to the
generation of the longer 5’ untranslated region predicted for
7.9-kb RNA, at least in Ha-ras-transformed NIH 3T3 cells.
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(kb)

® O —3:3

FIG. 5. The aBl and aB2 cDNAs represent 3.8- and 7.9-kb
mRNAs, respectively. Five micrograms of poly(A)* RNA from Ha-
ras-transformed NIH 3T3 cells was electrophoresed in each of the
three lanes and analyzed by Northern blotting with the three aB cDNA
probes shown in Fig. 1 (lane 1, probe A; lane 2, probe B; lane 3, probe
Q).

aBl and aB2 bind to DNA and associate with 32. Figure 6
diagrammatically shows the structures of aB1 and «B2 with the
nucleotide and amino acid sequences of AaB2. Figure 6 also
illustrates the predicted products of two artificial deletion
constructs, aB1(1-243) and aB1(1-185). The aB1(1-243) is
very similar to the previously described 250-aa protein encoded
by human AMLI: first 241-aa sequences of the two proteins are
identical except for three conserved amino acid substitutions.
The encoded proteins were in vitro translated and analyzed by
SDS-PAGE (Fig. 7A). These proteins were subjected to
EMSA. As shown in Fig. 7B, the aB1, aB2, aB1(1-243), and
aB1(1-185) proteins all bound to the PEBP2 site (lanes 1, 4, 7,
and 10).

t(8;21)
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CCCCGAA|GACATCGGCAGAAACTAGATGATCAGACCAAGCCCGGGAGTTTGTCCTTTTCCGAGCGGCTCAG
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FIG. 6. Diagrammatic representation of the protein structures of
aBl, aB2, and deletion constructs aB1(1-243) and aB1(1-185).
Hatched boxes represent the Runt domain. AaB2 is marked by gray
boxes. aB1(1-243) and aB1(1-185) are nearly identical to the human
AMLL1 proteins described previously by Miyoshi et al. (27) and Nisson
et al. (29), respectively. The approximate location of the transactiva-
tion domain is indicated.
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FIG. 7. DNA binding and heterodimerization of in vitro-translated aB1 and aB2 proteins. (A) In vitro translation. The aBI and aB2 cDNAs
and their derivative cDNAs in Bluescript II KS™ (Stratagene) were transcribed by T3 or T7 RNA polymerase, and the RNAs were translated in
rabbit reticulocyte lysate in the presence of [*H]leucine. Translation products were analyzed by SDS-PAGE (12% polyacrylamide gel) followed by
fluorography. (B) EMSA. Each of the in vitro-translated proteins was mixed with 3?P-labeled AF9-5000 enhancer fragment in the presence or
absence of a specific competitor (SL3-3) or with B2 protein and incubated at 30°C for 30 min. The reaction products were analyzed by
electrophoresis on a 5% nondenaturing polyacrylamide gel. The nucleotide sequences of AF9-5000 and the competitor (SL3-3) are shown, with
the core sequence of the PEBP2 recognition sequence in boldface. The very weak bands of lanes 1 and 7 are marked by dots.

There are three alternatively spliced forms of PEBP2B. Of
them, the B1 and B2 proteins bind to a Al equally well, while
B3 does not (32). We tested whether the major species, B2,
would bind to the aB proteins. All of the aB polypeptides
showed supershifts in EMSA accompanied by an increase of
DNA binding ability when B2 was added (Fig. 7B, lanes 2, 5, 8,
and 9). Supershifted bands were all competed for efficiently by
the homologous competitor (lanes 3, 6, 9, and 12). These
results clearly showed that aBl and aB2, like aAl (34),
function as « subunits of PEBP2 and that their domains
responsible for DNA binding and heteromeric association with
the B protein reside in the region upstream of the C-terminal
border of the Runt domain.

Extremely high sequence homology between the human and
mouse aB proteins and a highly conserved exon-intron struc-
ture of the B gene make it possible to predict the positions
t(8;21) and t(3;21) breakpoints on the «B mouse proteins (Fig.
6). The N- and C-terminal boundaries of AaB2 have been
shown to be exon-intron junctions in human AMLI (27) and
are most likely to be so in mouse aB (Fig. 4). All breakpoints
of t(8;21) so far reported fall within the intron located at the 5’
side of AaB2 (9, 15, 22, 26, 27, 30, 42, 46), while in three cases
reported, the breakpoints of t(3;21) fall within the intron
located at the 3’ side of AaB2 (31). Therefore, the results
shown in Fig. 7 predict that the chimeric proteins generated by
t(8;21) and t(3;21), which correspond to B2 and aB1, respec-
tively, must have abilities to bind to DNA and associate with
the B protein.

Quantitative EMSA. To assess the a-B association more
precisely, more quantitative experiments were carried out.
Equivalent amounts of aB1 and oB2 translated in vitro were
subjected to EMSA with increasing amounts of radiolabeled
DNA probe. Figure 8 shows that aB1 (lanes 11 to 15) and aB2
(lanes 1 to 5) bind to DNA with nearly equal efficiency in the

absence of the B protein. The addition of B2 caused an
increase in the affinity of aB1 by about 6-fold and that of aB2
by about 14-fold. Repeated experiments indicated that a B2 has
two- to threefold-higher affinity to DNA (lanes 6 to 10) than
aB1 (lanes 16 to 20) in the presence of B2. The results suggest
that AaB2 modulates the DNA binding activity of the oB
protein.

PEBP2aB1 and -aB2 proteins are activators of transcrip-
tion. It has previously been shown that PEBP2aA stimulates
transcription from the herpesvirus thymidine kinase promoter
through the PEBP2 site in the TCR B enhancer (34). We
examined the transactivation potential of aB proteins by a
CAT assay using the same promoter/enhancer system together
with P19 embryonal carcinoma cells as a host. P19 cells do not
detectably express the aB mRNA (unpublished observation)
and hence are advantageous for ectopic expression of the
protein. aB1 stimulated CAT activity nearly as strongly as aAl
in a PEBP2 site-dependent manner (Fig. 9A). At a relatively
low dosage of the effector plasmids, an optimum transactiva-
tion by up to 40-fold was observed with aB1 as well as aAl
(Fig. 9B). Curiously, transactivation by these proteins sharply
declined at higher dosages. On the other hand, aB2 showed
less than 20-fold stimulation at maximum in association with a
decreased tendency to self-repress. Two C-terminally trun-
cated proteins, aB1(1-243) and aB1(1-185), showed no de-
tectable levels of activity. Since aB1(1-243) is nearly identical
to the 250-aa human AML1 protein, we predict that the 250-aa
human AMLI1 protein has no transcription-stimulating activity.
It then follows that PEBP2aB encodes at least three isoforms
of transcriptional regulators with different levels of activation
potential. The results in Fig. 9 also reveal that the transcrip-
tional activation domain(s) is present downstream of the Runt
domain. Further analysis is under way to define its exact
location.
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FIG. 8. Comparison of the DNA binding affinities of aB1 and aB2. The in vitro-translated proteins were quantitated by counting the
radioactivity of incorporated [*H]leucine of the proteins and SDS-PAGE followed by fluorography and densitometric analysis. Equivalent amounts
of aB1 or aB2 (about 0.05 nM for each lane) with or without B2 subunit (0.5 nM for each lane) were incubated with a specified concentration of
the probe DNA and subjected to EMSA (lanes 1, 6, 11, and 16, 0.1 nM; lanes 2, 7, 12, and 17, 0.2 nM; lanes 3, 8, 13, and 18, 0.3 nM; lanes 4, 9,
14, and 19, 0.4 nM; lanes 5, 10, 15, and 20, 0.5 nM).

sions were presumed to involve either alternative RNA splicing
or promoter utilization or both. Further structural and func-
tional analyses are required to clarify the mechanism and

DISCUSSION
Mouse fibroblasts express only two major PEBP2oB tran-

scripts, 7.9- and 3.8-kb species, which appear to be a subset of
transcripts expressed in hematopoietic cells. A remarkable
finding is that the 3.8- and 7.9-kb transcripts specifically encode
two distinct proteins, aB1 and aB2, respectively. Peculiarly,
aB2 binds to DNA two to three times more strongly than aB1
but is only 25 to 45% as active as the latter in transcription
activation. In the 7.9-kb RNA, a 192-base-long region coding
for an internal 64-aa sequence is spliced out. This transcript
instead contains much longer 5’ and 3’ noncoding regions than
does the 3.8-kb RNA. The 3’-terminal length heterogeneity
was shown to be due to the alternative choice of polyadenyla-
tion sites. On the other hand, the differing 5'-terminal exten-

significance of such differential splicing, polyadenylation, and
transcription initiation.

There are a number of cases known in which an alternatively
spliced isoform of a transcription factor having a reduced
ability of transactivation is synthesized from a single gene in
addition to a fully active one. They include FosB, CREM, and
mTFES3 (reviewed in reference 10). In the case of mTFE3, one
of the isoforms, mTFE3-S, is 30% as active as the other one,
mTFE3-L. Small changes in substoichiometric amounts of
mTFE3-S result in transdominant negative regulation of
mTFE3 activity (38). The heterodimerization of a helix-loop-
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FIG. 9. Multiple forms of transcriptional regulators encoded by aB. (A) Levels of activation of transcription induced by aB1, aB2, and their
derivatives. P19 cells, lacking endogenous PEBP2, were cotransfected with 2 pg of reporter plasmid pBL2CAT, pTR3W4W-tkCAT
(PTBWW1tkCAT), or pTR3M4M-tkCAT (pTBMMtkCAT), together with 1 pg each of effector plasmids EF-aAl, EF-aB1, EF-aB2, EF-aB1(1-
243), and EF-aB1(1-185). The backbone plasmid, pEF-BOS, alone was tested in parallel as a control. CAT activities were assayed as described
in Materials and Methods. The results are displayed as relative ratios of percent acetylation to the control in which pBL2CAT was used as a
reporter with pEF-BOS alone. The values are averages of three independent experiments. (B) Dose dependency of transcription activation.
Transfection and CAT assays were carried out as in panel A, using 2 pg of pTB3W4W-tkCAT as a reporter plasmid with indicated amounts of
effector plasmids. Results are displayed as relative ratios of percent acetylation to the control without effector. Two independent experiments were
carried out with essentially the same results. A typical result is displayed.
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helix containing in TFE3-L and -S to form a less active
transactivator than the TFE3-L homodimer is suggested to be
one of the possible mechanisms of this phenomenon. Although
PEBP2 is a different type of heterodimer comprising the
DNA-binding « subunit and the non-DNA-binding 8 subunit,
the fact that aB2 is substantially weaker in its transactivation
potential than aB1 raises the possibility of a similar negative
regulation by aB2 of the overall PEBP2 activity. In fact,
preliminary results suggest that «B1 stimulates transcription
from the polyomavirus early promoter through the PEBP2 site,
while aB2 inhibits it in COS7 and NIH 3T3 cells (unpublished
data). The stronger DNA binding of aB2 than aB1 as demon-
strated in vitro could favorably contribute to such a negative
regulation. In hematopoietic cells, there occurs at least one
more type of aB protein with no transactivation function,
namely, the 250-aa AML1 protein. This protein also could
negatively affect the level of transcription through the PEBP2
site in a similar and supposedly more exaggerated fashion. It
appears, therefore, that various degrees of transcription acti-
vation through the PEBP2 site could be achieved by changing
the relative amounts of multiple isoforms of the oB protein.

Identification of aB2 protein provided valuable information
on the boundary of the DNA binding and dimerization domain
of the o subunit. We reported earlier that the C-terminal
boundary of the Runt domain is the exon-intron junction
within which the t(8;21) breakpoints are clustered, since a very
high amino acid sequence homology between the o proteins
and Runt protein coincidentally ends there (12). The Runt
domain defined by this boundary, which also coincides with the
N-terminal boundary of AaB2, however, nearly completely
excludes a cluster of basic amino acids, RRHRQK, which has
been suggested to be involved in the DNA binding of the
protein (8, 9). We reported earlier that a fragment of the aAl
protein containing mainly the Runt domain having five more
amino acids (RHRQK) extending toward the C-terminal di-
rection binds to DNA and dimerizes with the B protein (34).
The results presented in this report clearly showed that neither
the RHRQK basic stretch nor an arginine residue at the
C-terminal end of the Runt domain defined above is required
for either activity.

The 64-aa-long segment, AaB2, is interesting in several
respects. The N- and C-terminal boundaries of AaB2 coincide
with the positions of the introns within which the breakpoints
of t(8;21) and t(3;21), respectively, are clustered. We found
that at least one of the important functions of AaB2 is to
modulate the DNA binding affinity of the aB protein. AaB2 is
located immediately adjacent to the Runt domain. Thus, the
presence or absence of AaB2 would more or less directly affect
the conformational state of the Runt domain to be involved in
DNA binding. Since the B protein acts to strengthen the
affinity of the aB protein for DNA, it is equally possible that
AaB2 indirectly affects DNA binding by modulating the pro-
tein-protein interaction between the oB and B proteins. Inter-
estingly, there is also a similar small exon at exactly the same
position of the aAl protein which is highly homologous to
AaB2 (21). Curiously, the BLAST search (1) revealed a 30-aa
region within AaB2 which is 66% homologous to a region of
the Drosophila engrailed protein located adjacent to the home-
odomain. This region of the engrailed protein is also encoded in
a small exon (36). It would be interesting to determine whether
these two regions have similar functions.

As for the decrease of transactivation at higher doses of the
a proteins, one possible underlying mechanism would be an
imbalance of the relative ratio between the a and B subunits. It
is conceivable that the B protein is titrated out by higher
amounts of the a protein. Preliminary results indicated, how-
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ever, that coexpression of the B-protein expression plasmid did
not relieve this decrease of transcription activation. Further-
more, the N-terminally truncated aAl protein, which can still
associate with the B protein, repressed transcription much less
than the full-size aAl at higher doses (33). Therefore, still
another, unidentified coactivator may be involved in the pro-
cess of transactivation by PEBP2. Further studies are required
to clarify the precise mechanism of this phenomenon.

The mouse PEBP2aB and PEBP2(3 genes were found to be
syntenic with human AMLI on chromosome 21q22 and the
gene on chromosome 16922, respectively. The relationship
between AMLI and aB determined here is entirely consistent
with the conclusion obtained by the sequence comparison of
the two genes reported earlier (3). The identification of
PEBP2B as syntenic with human 16922, on the other hand,
reinforced the intimate association of PEBP2 with human
AML still further in a remarkable way. Inversion 16 is a
frequently observed chromosome abnormality in AML and
classified into the FAB-M4Eo subtypes (39). The gene on
chromosome 1622 which is fused to the gene on 16p13 as a
result of inversion 16 was indeed found to be the human
homolog of PEBP2B (17). Therefore, from our results ob-
tained by using a mouse transcription factor, we could deduce
the properties of the human counterpart. We showed that the
products of these two mouse genes, PEBP2oB/mouse AMLI
and PEBP2B/CBFB, form a heterodimer and function as a
PEBP2 site-dependent transcription factor. This is the first
example in which the genes encoding both subunits of a
heterodimeric transcription factor are found at the transloca-
tion breakpoints in human leukemia. This, in turn, strongly
suggests that both subunits of PEBP2 have indispensable
functions in vivo, acting together as an important transcrip-
tional regulator for the growth and differentiation of cells of
myeloid lineage and that abnormalities of PEBP2 may account
for the pathogenesis of 17 to 20% of AML.

The results presented in this report further provided impor-
tant insight into how the chiméric proteins AML1/MTGS8
(ETO) and AML1-EAP might function. The Runt domain is
always included in both types of the chimeras so far examined.
We have unequivocally shown in this report that the DNA
binding and dimerization activities of aB proteins are harbored
in the region upstream of the C-terminal boundary of the Runt
domain. It has recently been shown that AML1/MTG8(ETO)
indeed binds to the PEBP2 consensus sequence (24). Our
results indicate that both types of chimeric proteins retain the
potential not only to bind to the PEBP2 site but also to
dimerize with the 8 subunit.

The most crucial activity in the C-terminal region of the aB
protein would be its transactivation function. As discussed
above, the differential splicing appears to constitute an impor-
tant regulatory mechanism of gene expression by AMLI/aB.
The chimeric proteins completely lose transactivation activity
due to AMLI1 in association with the potency to generate
different isoforms of variable functions as suggested for AML1/
aB. AML1/MTGS8(ETO) may act as a positive transactivator
or a negatively interfering factor, depending entirely on
whether the MTG8(ETO) moiety has a transactivation func-
tion. In either case, such an ectopic transcriptional regulation
due to MTGS8(ETO) through PEBP2 site would be a possible
mechanism of leukemogenesis caused by the t(8;21) transloca-
tion. On the other hand, AML1-EAP is most likely devoid of
transactivation activity, since an out-of-frame fusion takes
place, resulting in the fusion of 17 out-of-frame residues to the
C-terminal of the truncated AMLI. Direct comparison of two
abnormal proteins generated by two different types of translo-
cation at the AML1 locus will be important to understand the



VoL. 14, 1994

precise mechanism of leukemogenesis caused by these trans-
locations.
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