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Each of the two human genes encoding the a and b subunits of a heterodimeric transcription factor, PEBP2,
has been found at the breakpoints of two characteristic chromosome translocations associated with acute
myeloid leukemia, suggesting that they are candidate proto-oncogenes. Polyclonal antibodies against the a and
b subunits of PEBP2 were raised in rabbits and hamsters. Immunofluorescence labeling of NIH 3T3 cells
transfected with PEBP2a and -b cDNAs revealed that the full-size aA1 and aB1 proteins, the products of two
related but distinct genes, are located in the nucleus, while the b subunit is localized to the cytoplasm. Deletion
analysis demonstrated that there are two regions in aA1 responsible for nuclear accumulation of the protein:
one mapped in the region between amino acids 221 and 513, and the other mapped in the Runt domain (amino
acids 94 to 221) harboring the DNA-binding and the heterodimerizing activities. When the full-size aA1 and
b proteins are coexpressed in a single cell, the former is present in the nucleus and the latter still remains in
the cytoplasm. However, the N- or C-terminally truncated aA1 proteins devoid of the region upstream or
downstream of the Runt domain colocalized with the b protein in the nucleus. In these cases, the b protein
appeared to be translocated into the nucleus passively by binding to aA1. The chimeric protein containing the
b protein at the N-terminal region generated as a result of the inversion of chromosome 16 colocalized with
aA1 to the nucleus more readily than the normal b protein. The implications of these results in relation to
leukemogenesis are discussed.

A murine transcription factor, PEBP2, was originally iden-
tified as a polyomavirus enhancer core-binding protein (15, 42)
interacting with the region termed the PEA2 site (37). The
polyomavirus enhancer is nonfunctional in embryonal carci-
noma F9 cells and becomes functional after the cells are in-
duced to differentiate into endoderm-like cells (10, 18, 44).
PEBP2 is undetectable in the former state (1, 20) but becomes
detectable in the latter state of F9 cells (1). Therefore, PEBP2
is partly responsible for such properties of the polyomavirus
enhancer. PEBP2 is composed of two structurally unrelated
subunits, a and b (33, 35). The a subunit contains a 128-amino-
acid (aa) region highly homologous to the corresponding re-
gion of the product of a Drosophila segmentation gene, runt
(35). This evolutionarily conserved region is termed the Runt
domain and encompasses the DNA-binding and dimerization
domains (13). The high degree of homology to the Runt pro-
tein supports the view that PEBP2 is likely to be a factor
involved in the early mammalian embryo development. A tran-
scription factor, CBF, originally identified as the murine leu-
kemia virus enhancer core-binding protein, has been found to
be identical to PEBP2 (46).
Another member of the Runt domain coding genes, human

AML1, was identified at the breakpoint of the 8;21 chromo-
some translocation, a characteristic chromosomal abnormality
associated with a major subtype of acute myeloid leukemia
(28). As a result of t(8;21), a chimeric protein, AML1/MTG8
(ETO), which is composed of the amino-terminal portion of

the AML1 protein including the Runt domain fused to a zinc
finger-containing polypeptide encoded in chromosome 8 is pro-
duced (8, 19, 27, 30, 32). AML1/MTG8 (ETO) has, therefore,
a potential to bind to the PEBP2 site and form a dimer with the
b protein. This chimeric protein is believed to be responsible
for leukemogenesis (40). AML1 has also been detected at the
breakpoints of t(3;21) myeloid leukemia (25). Involvement of
PEBP2 in human leukemia was further strengthened by a re-
cent discovery that the gene encoding the human homolog of
the b subunit is located at the breakpoint of inversion 16,
characteristic of another subtype of acute myeloid leukemia.
The chimeric protein, PEBP2b/CBFb-MYH11, produced as a
result of inv(16) contains a large part of the b protein at the
amino-terminal region fused to the carboxy-terminal region of
the smooth muscle myosin heavy chain (22). The portion of the
b protein in the chimeric protein is sufficient to form a dimer
with the a protein (33). Abnormalities of either the a or the
b subunit, therefore, appear to cause the same type of leu-
kemia.
Three distinct genes, PEBP2aA (35), PEBP2aB (2, 4), and

PEBP2aC (3), which encode the mammalian Runt domain
proteins have been detected. PEBP2aB is the mouse homolog
of human AML1 (2, 4). The a subunit binds to DNA weakly,
while the b subunit binds to the a protein and increases its
affinity for DNA without interacting with DNA by itself (33,
35). Expression of PEBP2aA and PEBP2aB is highly tissue
specific (4, 35); most notably, both are expressed in T cells
throughout the development of thymus (43). Expression in
established cell lines suggests that PEBP2aA appears to be T
cell specific (35), while PEBP2aB is expressed in pre-B cells in
addition to T cells (4). AML1/aB is also expressed in human
myeloid leukemia-derived cell lines (25, 28, 40). On the con-
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trary, expression of PEBP2aC and the b subunit gene is ubiq-
uitous (3, 33, 46). The Drosophila Runt protein is a nuclear
protein (17). Mammalian Runt domain-containing proteins
are DNA-binding proteins. Therefore, it is expected that the
mammalian Runt domain proteins are also nuclear proteins.
On the other hand, no clue to the subcellular localization of
the b protein that has no DNA-binding activity by itself yet acts
as a transcription factor by associating with the DNA-binding
partner protein has been available.
In the present study, we raised polyclonal antisera against

the a and b subunits and examined their subcellular localiza-
tions. The a protein was found to be localized to the nucleus as
predicted, while the b protein was a cytoplasmic protein. The
results obtained in the present study suggested that the intra-
cellular dynamic movement of these proteins is one important
facet of the regulatory process of PEBP2 site-dependent tran-
scriptional regulation.

MATERIALS AND METHODS

Cell culture and DNA transfection. NIH 3T3, Ha-ras-transformed NIH 3T3,
and COS-7 cells were maintained in Dulbecco modified Eagle medium supple-
mented with 10% (vol/vol) calf serum (former two cell lines) and fetal bovine
serum (COS-7). DNA transfection was performed by a calcium phosphate co-
precipitation procedure, as modified by Chen and Okayama (6). All transfection
experiments were performed with 20 mg of plasmid DNA per 10-cm-diameter
dish. All transfection experiments were repeated at least twice.
Construction of plasmids. The bacterial expression plasmids pETaA1 and

pETb2, which harbor the entire coding regions of PEBP2aA1 and PEBP2b2,
respectively, were described previously (33, 35). pETaA1C17 carries the C-
terminal 17-kDa region (aa 359 through 513) of the aA1 coding sequence. An
oligonucleotide, 59-TATGGCCGGCGCTTCAGAACTGGGCC-39, containing
the initiation codon ATG was inserted into pETaA1 at the site from which a
1.1-kb ApaI-NdeI fragment carrying the N terminus of aA1 had been removed.
pQE9-aA1 contains the entire coding sequence of aA1 tagged with a histidine
cluster at the N terminus, which was generated by swapping the C-terminal
region of aA2 in pQE9-aA2 (35) with that of aA1 in pETaA1 through use of a
HindIII-PstI fragment.
For expression vectors in mammalian cells, the XbaI fragments from

pCDMPyaA1, pCDMPyaA2[aA1(1-306)], and pCDMPyb1 (35) were cloned
into the XbaI site of pEF-BOS (29) lacking the simian virus 40 ori sequence (16),
resulting in pEF-aA1, pEF-aA2[aA1(1-306)], and pEF-b1, respectively. pEF-b2
and pEF-b3 were similarly constructed. The blunt-ended BamHI-PvuII frag-
ments from pQEN93C306, pQEN1C226, and pQEN1C158 (35) were then in-
serted into the blunt-ended XbaI site of pEF-BOS to make pEF-aA1(94-306),
pEF-aA1(1-226), and pEF-aA1(1-158). pEF-aB1 and pEF-aB2 were described
previously (2). pEF-aA1(1-94) was constructed by inserting a translation termi-
nator linker, 59-CATGTGAATTCGGAT-39, into the NcoI site of pEF-aA1. A
6.2-kb HindIII fragment from pEF-aA1 harboring the C-terminal half of aA1
was replaced with a 1.6-kb HindIII fragment from pEF-aA1(94-306) to construct
pEF-aA1(94-513). pEF-aB1(1-446) lacking 5 aa at the C-terminal end of aB1
was made with a Transformer site-directed mutagenesis kit (Clontech). The
deletion of the NcoI-HindIII fragments (nucleotides 1293 to 1698) (Runt do-
main) of pEF-aA1 and pEF-aA2 resulted in the formation of pEF-aA1DRunt
and pEF-aA1(1-306)DRunt, respectively. pEF-aA1DRuntN and pEF-aA1D
RuntC were constructed by eliminating the NcoI-BstEII and the BstEII-HindIII
fragments, respectively, of pEF-aA1.
pEF-b/MYH11 for the expression of the chimeric protein generated by inv(16)

(22) was constructed as follows. Two PCRs were performed separately: (i) one
with primer A (GGTATGGGCTGTCTGGAGTT) and primer B (GCTCATGG
ACCTCCATTTCCTCCCGATG) and with human PEBP2/CBFb cDNA (ob-
tained from a human T-cell library with the mouse PEBP2b cDNA as a probe)
as a template and (ii) one with primer C (GGAAATGGAGGTCCATGAGCTG
GAGAAG) and primer D (CGTGAAGCTGTCTCTGCAG) and with MYH-11
cDNA (23) as a template (24). The primers B and C represent the sequences of
opposite strands spanning the breakpoint of the chimeric cDNA (22). The two
PCR products were separated on a 1.5% agarose gel and recovered from the gel.
These two PCR products were mixed, and secondary PCR was performed for 12
cycles in the absence of primers. Reaction conditions were 50 s at 948C, 1 min at
508C, and 2 min at 728C. The recombinant PCR product was digested with
EcoT22I present in the human PEBP2/CBFb coding region and XmaI present in
the MYH-11 coding region. The double-digested PCR product was used for the
three-fragment ligation to make pb/MYH. The DNA sequence of the PCR-
amplified region of the artificially constructed chimeric cDNA was verified by
dideoxy DNA sequencing. The XbaI fragment of pb/MYH which contains the
entire coding region was subcloned into the XbaI site of pEF-BOS from which
the simian virus 40 replication origin was deleted (29).

Preparation of the bacterial lysate and purification of E. coli-produced pro-
teins. Escherichia coli B21 (39, 45) was transformed by the bacterial expression
plasmid pETaA1, pETb, or pETaA1C17. The transformed cells grown in Luria-
Bertani broth were incubated at 378C in the presence of 1 mM isopropyl-b-D-
thiogalactopyranoside (IPTG) for 2 h. Cells were harvested and the proteins
were extracted as follows (11). Cells were suspended in a buffer containing 50
mM Tris-HCl (pH 8.0), 0.5 mM EDTA, 0.4 M NaCl, 5 mM MgCl2, 5% (vol/vol)
glycerol, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM dithiothreitol
(DTT), and 1 mg of lysozyme per ml, incubated for 60 min on ice, and then
subjected to two cycles of freezing and thawing. EDTA or Nonidet P-40 was
added to the lysate at 1 mM or 0.5%, respectively, and the mixture was sonicated
in a sonifier cell disrupter (UC100-D; Olympus, Tokyo, Japan). The lysate was
centrifuged at 27,000 rpm in a 60Ti rotor (Beckman) at 48C for 60 min, and the
supernatant was taken as a soluble fraction. The pellet was resuspended in a
buffer containing 50 mM Tris-HCl (pH 8.0), 1% (vol/vol) Triton X-100, 6 M
urea, 5% glycerol, 0.1 mM PMSF, and 0.1 mM DTT. The mixture was kept on
ice for 90 min and centrifuged at 39,000 rpm in a 60Ti rotor (Beckman) at 48C
for 90 min. The supernatant was collected as an insoluble fraction. Most of the
aA1 and aA1C17 proteins were found in an insoluble fraction, whereas the b2
protein was in a soluble fraction.
E. coli BL21 transformed with pQE9-aA1 for the expression of histidine-

tagged aA1 was incubated in the presence of 0.5 mM IPTG for 2 h and lysed in
a buffer containing 6 M guanidine-HCl (pH 8.0), 0.1 M sodium phosphate, 10
mM Tris, 1 mM PMSF, and 10 mM b-mercaptoethanol. aA1 was purified with
nickel-chelate affinity resin (Qiagen), according to the manufacturer’s instruc-
tions. The eluted fraction was separated by sodium dodecyl sulfate (SDS)–12.5%
polyacrylamide gel electrophoresis (PAGE). The gel was stained with 0.3 M
CuCl2 as described previously, and the band expected to contain aA1 was
excised. The elution of the protein from the gel, trichloroacetic acid precipita-
tion, and denaturation and renaturation of the protein by dialysis were per-
formed as described previously (15). PEBP2b2 expressed in E. coli was purified
by a method described previously (33).
Preparation of antisera. Antisera against three E. coli-produced proteins were

prepared. The immunogens used were the 35-kDa amino-terminal region of aA1
(see Results for details), the carboxy-terminal 17-kDa region of aA1 composed
of 155 aa (from aa 359 through 513), and the entire b2 protein. The E. coli-
produced proteins were separated by SDS–12.5% PAGE (21). After electro-
phoresis, the gel was stained with 0.05% Coomassie brilliant blue for 15 min. The
gel was destained with deionized water, and the band containing the induced
protein was excised and crushed by passage through a 21-gauge needle three
times. The crushed material suspended in phosphate-buffered saline (PBS) was
mixed with an equal volume of Freund complete adjuvant (Difco). The emulsion
was injected subcutaneously into Japan White rabbits or Syrian hamsters at
multiple sites. The amount of antigen used for one immunization was 300 or 60
mg of protein for a rabbit or a hamster, respectively. A booster injection with
Freund incomplete adjuvant in this case was given at least three times at 2-week
intervals. Blood was collected 2 weeks after the final injection. The antibody
titers of the sera were monitored by enzyme-linked immunosorbent assay
(ELISA) with E. coli-produced proteins as antigens. Rabbit anti-aA1N35 and
rabbit anti-b2 were partially fractionated into immunoglobulin G1 (IgG1) and
IgG2 subfractions as follows. IgG in the sera was precipitated by 50% saturated
ammonium sulfate, dissolved in PBS, and dialyzed against a buffer containing 3
M NaCl and 1.5 M glycine (pH 8.9) and applied to an Affi-Gel protein A column
(Bio-Rad) equilibrated with the same buffer. After a washing, IgG was eluted by
0.1 M sodium citrate (pH 6.0). This fraction, designated fraction 1, is considered
to contain mainly the IgG1 subfraction. Fraction 2 was prepared from the
precipitate in 50% saturated ammonium sulfate as follows. The precipitated IgG
was dissolved in PBS, dialyzed against PBS, and applied to the column equili-
brated with PBS. Fraction 2 was eluted by 0.1 M sodium citrate (pH 4.0), which
was considered to contain mainly IgG2a and IgG2b subfractions.
Preparation of nuclear extracts and whole-cell extracts. Nuclear extracts were

prepared from NIH 3T3 and Ha-ras-transformed NIH 3T3 cells according to a
procedure described previously (42). Whole-cell extracts of COS-7 cells were
prepared 40 h after DNA transfection by a freezing-thawing method as previ-
ously described (36). Whole-cell extracts were superior to nuclear extracts in
terms of keeping the proteins from proteolytic degradation, presumably because
of less manipulation during extraction.
Western blot (immunoblot) analysis. Whole-cell extracts or proteins purified

from the bacterial lysate were separated by SDS–12.5% PAGE. Proteins in the
gel were transferred electrophoretically (at 40 V for 12 h) onto a nitrocellulose
membrane (Schleicher & Schuell). The blocking reaction was performed by
shaking the membrane for 1 h in Tris-buffered saline (TBS; 20 mM Tris-HCl [pH
7.6], 137 mM NaCl) containing 0.1% Tween 20 and 5% nonfat dry milk. The
membrane was incubated for 1 h with the 4,000-fold-diluted primary antisera in
TBS containing 0.1% Tween 20. After a washing in TBS containing 0.1% Tween
20, the membrane was reacted for 1 h with the 1,000-fold-diluted horseradish
peroxidase-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Labora-
tories, Inc.) or rabbit anti-hamster IgG (RockLand, Inc.). Proteins were visual-
ized by the standard method (41). For staining the gel, a two-dimensional silver
stain II kit (Daiichi Kagaku, Tokyo, Japan) was used.
EMSA. The nuclear extract containing 10 mg of proteins was mixed with

various amounts of antiserum and adjusted to 5 ml with buffer D containing 100
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mM KCl (7). Electrophoretic mobility shift assay (EMSA) was performed es-
sentially as described previously (42). Briefly, the mixture was incubated on ice
for 20 min, and then a mixture of a 1 nM concentration of the DNA probe
(2.0 3 106 cpm/pmol) in 5 ml of a buffer containing 40 mM N-2-hydroxyeth-
ylpiperazine-N9-2-ethanesulfonic acid (HEPES)-KOH, (pH 7.6), 8% (wt/vol)
Ficoll, 100 mM KCl, 1.5 mg of poly(dI-dC), 4 mM EDTA, and 2 mM DTT was
added. The incubation was continued at room temperature for 30 min. Samples
were analyzed on 6% nondenaturing polyacrylamide (60:1, acrylamide-bisacryl-
amide) gels. The DNA probe used was DF9-5000 (59-AACTGACCGCAGCT-
GGCCGTGCGA-39) end labeled with 32P by T4 polynucleotide kinase (40).
Immunofluorescence labeling. NIH 3T3 cells were seeded 24 h prior to trans-

fection at 2 3 105 cells per 10-cm-diameter dish, in which glass coverslips were
placed. Forty hours after plasmid DNA transfection, the cells were fixed in 3.7%
(wt/vol) formaldehyde in PBS for 20 min. The cells were rinsed in PBS and then
permeabilized with 0.1% (vol/vol) Nonidet P-40 in PBS for 10 min. A blocking
reaction was done in PBS containing 5% (vol/vol) normal goat serum (Gibco
BRL) and 1 mg of bovine serum albumin fraction V (Sigma) per ml for 60 min.
The cells were incubated with the primary antisera (100-fold-diluted anti-
aA1N35 or 200-fold-diluted rabbit or hamster anti-b2 in a blocking solution) for
60 min. The cells were rinsed in PBS and were further incubated with the
secondary antisera (80-fold-diluted fluorescein isothiocyanate [FITC]-conjugat-
ed goat anti-rabbit IgG, IgA, and IgM [Binding Site, Birmingham, United King-
dom] or 200-fold-diluted tetramethylrhodamine isothiocyanate-conjugated goat
anti-hamster IgG [E. Y. Laboratories, Inc., San Mateo, Calif.]) for 60 min. After
a washing in PBS, coverslips were mounted on microscopic slides with a buffered
glycerol mounting medium (BBL, Cockeysville, Md.). All the above procedures
were performed at room temperature. The cells were visualized and photo-
graphed with a fluorescence microscope (Zeiss) with a 403 objective lens. For
double labeling, the mixture of anti-aA1N35 and hamster anti-b2 was used as the
primary antiserum and the mixture of FITC-conjugated anti-rabbit goat IgG,
IgA, and IgM and tetramethylrhodamine isothiocyanate-conjugated anti-ham-
ster goat IgG was used as the secondary antiserum.

RESULTS

Specificities of the antisera raised against PEBP2aA1 and
PEBP2b2. Antiserum against E. coli-produced aA1 was raised
in rabbits. The aA1 protein produced in E. coli readily de-
grades and results in a stable fragment of about 35 kDa (35).
This fragment lacks the C-terminal portion of aA1 (see below).
This 35-kDa protein was used as an antigen to immunize rab-
bits. The antiserum produced will be referred to as anti-
aA1N35. The C-terminal region of aA1 from aa 359 to 513 was
also produced in E. coli. The antiserum raised in rabbits
against this C-terminal 17-kDa region will be referred to as
anti-aA1C17. The antisera against the full-length b2 produced
in E. coli were raised in rabbits and hamsters. They will be
referred to as rabbit anti-b2 and hamster anti-b2, respectively.
The specificities of the antisera were first tested by Western

blotting with E. coli-produced proteins. Crude extracts of E.
coli expressing aA1 or the backbone vector were separated by
SDS-PAGE and subjected to Western blot analysis with anti-
aA1N35 and anti-aA1C17. As shown in Fig. 1, the extract of
the aA1-expressing cells, but not that of the control cells,
generated multiple bands which react with anti-aA1N35 (com-
pare lanes 1 and 2). The largest and one of the most prominent
components has a molecular size of 60 kDa. An equally intense
band migrates at 35 kDa. It is likely that the 60-kDa protein is
the primary product of the aA1 cDNA and that the 35-kDa
protein is a stable intermediate of the proteolytically cleaved
aA1 protein. The rest of the multiple bands are considered to
be degradation intermediates.
In parallel blots probed with anti-aA1C17 (Fig. 1, lanes 3

and 4), the 60-kDa protein and only a few slightly smaller
fragments were detected. The results clearly demonstrate that
the 60-kDa protein contains the C-terminal region but that
most of the degradation intermediates including the 35-kDa
fragment do not. The 35-kDa fragment used as an immunogen
therefore must largely represent the amino N-terminal region
of aA1. It is not known, however, whether the 35-kDa frag-
ment contains the intact N terminus of aA1.
The reactivities of rabbit and hamster anti-b2, compared

with that of anti-aA1N35, were also examined by Western
blotting as follows. In this case, the purified full-size aA1 and
b2 proteins were run in seven parallel gels next to a set of
unrelated proteins. Proteins in one of the gels were visualized
by silver staining (Fig. 2, lanes 1 to 3). aA1 and b2 migrated as
60-kDa (lane 2) and 25-kDa (lane 3) proteins, respectively. Six
unrelated proteins were present at comparable levels in lane 1.
Anti-aA1N35 detected only aA1 and did not react with b2 or
any of the unrelated proteins used (lanes 4 to 6). Rabbit and
hamster anti-b2 reacted only with b2 and not with aA1 or any
control proteins (lanes 10 to 12 and 16 to 18, respectively).
None of the preimmune sera reacted with any proteins in the
gels (lanes 7 to 9, 13 to 15, and 19 to 21). Anti-aA1C17 did not
cross-react with b2 either (data not shown).
The abilities of anti-aA1N35 and anti-b2 to detect the re-

spective proteins expressed in COS-7 cells transfected with the
expression plasmids for aA1 and b2 were then examined by
Western blotting (Fig. 3). Whole-cell extracts of COS-7 cells
transfected with aA1 (lanes 1 and 6), b1 (lanes 2 and 7), b2
(lanes 3 and 8), and b3 (lanes 4 and 9) expression plasmids
were separated by SDS-PAGE and subjected to Western blot
analysis. As shown in lane 1, anti-aA1N35 clearly detected the
60-kDa protein in transfected cells. A band of the 60-kDa
protein was barely visible or was not detected in cells trans-
fected with other plasmids (compare lane 1 with lanes 2 to 5).
This means that the 60-kDa protein represents the product of
exogenously introduced aA1 expression plasmid and that the
level of endogenously expressed aA1, if any, is very low. Anti-
aA1C17 also detected the aA1 but not the b proteins (data not
shown).
In the case of hamster anti-b2, the 25-kDa protein was

clearly detected in cells transfected with b1 and b2 expression
plasmids (Fig. 3, lanes 7 and 8, respectively). The size differ-
ence (0.5 kDa) between the two proteins was not recognizable
under the conditions used. In the cells transfected with b3
plasmid, 25- and 20-kDa proteins were detected (lane 9). The
20-kDa protein is expected to be b3. Hamster anti-b2 also
detected a relatively low level of the 25-kDa protein in un-
transfected cells (lane 10) and aA1 plasmid-transfected cells
(lane 6). We infer that the 25-kDa band present at lower levels

FIG. 1. Specificities of anti-aA1N35 and anti-aA1C17 as revealed by West-
ern blot analysis. Crude extracts (insoluble fraction) of E. coli expressing aA1 or
backbone vector pET-3a-containing cells were separated by SDS-PAGE, and
Western blot analysis was performed. The antisera used were anti-aA1N35
(anti-aA1N; lanes 1 and 2), anti-aA1C17 (anti-aA1C; lanes 3 and 4), and
nonimmune serum (NI; lanes 5 and 6). Molecular mass standards were run in
parallel lanes, and the positions of the markers are indicated on the left. The
major components, the 60- and 35-kDa proteins, reactive with the antisera are
indicated by dots.
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in lanes 6, 9, and 10 likely represents the endogenous b protein
(either b1 or b2 or a mixture of the two).
Immunological verification of molecular relatedness be-

tween PEBP2 and PEBP3. PEBP2 was originally identified in
NIH 3T3 cells as a protein which binds to the PEA2 site of the
A core of the polyomavirus enhancer, as determined by EMSA
(42). PEBP3 has the same DNA-binding specificity as PEBP2
but migrates faster than PEBP2 in EMSA and is often found in
Ha-ras-transformed NIH 3T3 cells (42). PEBP3 was consid-
ered to be either a proteolytically degraded form of PEBP2 or
a form which has lost a component of PEBP2. When cDNA
cloning of PEBP2 was attempted, the PEBP3 form was purified
to obtain partial amino acid sequences. The antisera used in
the present study were raised against the protein products of
these cDNAs. Therefore, we first tested whether antisera that
we obtained would react with PEBP2 and PEBP3 in EMSA.
Figure 4, lane 1, shows PEBP2 from NIH 3T3 cells as de-

tected by EMSA. The band was eliminated by a specific com-
petitor (lane 2) but not by a mutated version (lane 3). The band
was effectively eliminated in the presence of both anti-aA1N35
and anti-aA1C17 (lanes 5 and 6). Nonimmune serum did not
react with the protein (lane 4). The results clearly demon-
strated that PEBP2 in NIH 3T3 cells contains the polypeptide
closely related to the N-terminal as well as C-terminal portions
of aA1. We reported earlier that NIH 3T3 cells express both
the aA and aB genes (4, 35). The result suggests that anti-
aA1N35 and anti-aA1C17 react with both aA1 and aB1 (see
below). PEBP3 from Ha-ras-transformed NIH 3T3 cells (lane
11) also reacted well with anti-aA1N35 (compare lanes 14 and
15). In this case, however, no reaction with anti-aA1C17 was
observed (lane 16). The results indicated that PEBP3 shares
with PEBP2 a component antigenically related to the product
of the aA1 cDNA but lacks the region equivalent to the C-
terminal region of aA1. Conversion of PEBP2 to PEBP3,
therefore, was suggested to be due to proteolysis of the C-
terminal region of the a polypeptide. At this moment, how-

ever, it is not clear whether PEBP3 contains the intact N
terminus of aA1.
Figure 4 also shows that rabbit anti-b2 can react with both

PEBP2 (lanes 7 to 10) and PEBP3 (lanes 17 to 20). Thus, it is
clear that PEBP2 and PEBP3 contain a component antigeni-
cally related to the product of the b2 cDNA. All these results
are consistent with our original assumption that PEBP3 is
derived from PEBP2. In the above experiment, we noticed that
the reactivity of anti-b2 with PEBP2 and PEBP3 was much
weaker than those of anti-aA1N35 and anti-aA1C17 (lanes 7
to 10 and lanes 17 to 20, respectively), despite the fact that
anti-aA1N35 and rabbit and hamster anti-b2 have comparable
antibody titers in ELISA, Western blot, and immunofluores-

FIG. 2. Specificities of antisera as revealed by Western blot analysis. (A) Silver staining of a 12.5% polyacrylamide gel after SDS-PAGE of bacterially expressed
proteins. Lane 1, 0.1 mg of SDS-PAGE molecular mass standards (low range [14,000 to 97,400 Da]; Bio-Rad); lane 2, 1.1 mg of gel-purified, histidine-tagged PEBP2aA1
(see Materials and Methods); lane 3, 0.4 mg of purified PEBP2b2. Molecular mass standard sizes are indicated on the left. Prestained molecular mass standards (low
range [;18,500 to 106,000 Da]; Bio-Rad) were also run in a parallel lane, and the position of each standard is indicated on the right. (B) Immunoblots of six independent
gels run in parallel, each containing the same amounts of the proteins in the same order as in panel A. The blots were probed with anti-aA1N35 (lanes 4 to 6), rabbit
anti-b2 (lanes 10 to 12), or hamster anti-b2 (lanes 16 to 18) as well as with the respective preimmune sera (lanes 7 to 9, 13 to 15, and 19 to 21, respectively) and were
then treated with peroxidase-coupled goat anti-rabbit (lanes 4 to 15) or anti-hamster (lanes 16 to 21) IgG. The positions of prestained molecular mass standards run
in a parallel lane are indicated on the left.

FIG. 3. Specificities of anti-aA1N35 and hamster anti-b2 as revealed by
Western blot analysis with extracts from transfected COS-7 cells. COS-7 cells
(106 per dish, with a total of three dishes per plasmid) were transfected with
expression plasmids for the aA1 and the b proteins, and whole-cell extracts were
prepared and subjected to Western blot analysis. A total of 15 mg of the whole-
cell extract per lane was used. Lanes 1 and 6, pEF-aA1; lanes 2 and 7, pEF-b1;
lanes 3 and 8, pEF-b2; lanes 4 and 9, pEF-b3; lanes 5 and 10, pEF-BOS. The
blots were probed with rabbit anti-aA1N35 (Anti-aA1N) or hamster anti-b2.
Lane M, molecular mass standards (sizes of the marker proteins are indicated on
the left). The aA1 protein is indicated by a dot.
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cence assays. Essentially the same results were obtained with
hamster anti-b2 (data not shown). One possible explanation
for this discrepancy would be that the b protein is wrapped by
the a protein. However, the b2 protein in the a/b complex
formed by either aA1(1-226) or aA1(94-306) (see Fig. 5 for
the structure), which lack the region downstream or upstream,
respectively, of the Runt domain, showed a similar level of
reactivity to the antiserum (data not shown). The b protein
may undergo conformational changes in the heterodimer com-
plex so as to reduce its apparent antigenicity. Further studies
are required to clarify this observation.
Reactivities of the antisera to local domains of PEBP2a and

PEBP2b. For use in the subsequent characterization and in
situ labeling of PEBP2a and PEBP2b, the reactivities of the
antisera obtained above were examined in further detail with
various deletion constructs of a and b, as shown in Fig. 5. To
verify that proteins of expected sizes are synthesized from
these deletion constructs, the plasmids capable of expressing
these constructs were transfected into COS-7 cells, and whole-
cell extracts were subjected to Western blot analysis (Fig. 6). In
all cases except for aA1(94-513) and aA1(94-226), the prod-
ucts of the expected sizes were detected by anti-aA1N35 (Fig.
6A). aA1(94-513) was detected by anti-aA1C17, and its size
was as expected (Fig. 6A, lane 15). A significant fraction of
antibodies in anti-aA1N35, therefore, appeared to be directed
against the N-terminal region of aA1. Although aA1(94-306)
was detected by anti-aA1N35, it must have been detected,
presumably because it accumulated in larger amounts than

aA1(94-513) (see below). aA1(94-226) representing the Runt
domain was detected neither by anti-aA1N35 nor by anti-
aA1C17 (data not shown). We found subsequently that it was
difficult to raise the antiserum against the Runt domain. Since
the Runt domain is evolutionarily highly conserved, it is likely
that it is not strongly immunogenic. We confirmed, however,
that aA1(94-226) generated a fast-migrating band in EMSA
which was within the expected mobility (data not shown).
There was a tendency that C-terminally truncated proteins
except for aA1(1-94) were produced in larger amounts. This
phenomenon is most likely due to the fact that the C-terminal
regions of the a polypeptides contain the PEST sequences (38)
and are extremely susceptible to proteolytic degradation (35).
aB1(1-446) was indistinguishable from aB1 under the condi-

FIG. 4. Reactivities of anti-aA1N35, anti-aA1C17, and rabbit anti-b2 to
PEBP2 and PEBP3, as examined by EMSA. Nuclear extracts of NIH 3T3 cells
(lanes 1 to 10) and Ha-ras-transformed NIH 3T3 cells (lanes 11 to 20) were
subjected to EMSA. The positions of the authentic PEBP2 and PEBP3 are
indicated by arrows on the left and right, respectively. The 24-mer oligonucleo-
tides (GM, GGAGTTCTGTGGTCACCATTACGC) representing the granulo-
cyte-macrophage colony-stimulating factor promoter containing the PEBP2 site
(nucleotides264 to258 [12, 26]) (lanes 2 and 12) or its mutated version (mGM,
GGAGTTCTGGCGTCACCATTACGC) (lanes 3 and 13) were used as com-
petitors at a 50-fold molar excess (X50). Four microliters of antisera was added
to the reaction mixtures as indicated. When smaller amounts are indicated,
nonimmune serum was added to make 4 ml. Lanes 4 and 14, nonimmune serum
(NI); lanes 5 and 15, anti-aA1N35 (anti-aA1N); lanes 6 and 16, anti-aA1C17
(anti-aA1C); lanes 7 to 10 and 17 to 20, anti-b2. (2), no competitors or antisera
added.

FIG. 5. Schematic representation of the full-length and deletion derivatives
of PEBP2aA (A), PEBP2aB (B), and PEBP2b (C). (A and B) Stippled boxes
represent the Runt domain. Narrow, filled boxes at the C-terminal end of some
of the constructs represent the conserved 5 aa, VWRPY. (C) The C-terminal
regions of PEBP2b isoforms indicated by different coloration show the sequence
variations generated by alternative splicing. The regions indicated by the same
color represent the same amino acid sequences.
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tions used (Fig. 6B, compare lanes 1 and 2). b2(1-165) showed
the expected size (Fig. 6B, lane 6); we assumed that a faint
band in lane 6 comigrating with b2 represents the endogenous
b protein.
Immunofluorescence labeling of the cells transfected with

the PEBP2a and PEBP2b cDNAs. To examine the subcellular
localization of the a and b subunits of PEBP2 and to identify
the sequence elements in these subunits which dictate the
localization, various deletion constructs listed in Fig. 5 were
transfected into NIH 3T3 cells and the protein products were
detected by labeling with fluorescein-conjugated antibodies.
Figure 7b shows several cells under the phase microscope in
the culture transfected with the aA1 expression plasmid. Only
one of them is successfully transfected by the plasmid, as re-
vealed in Fig. 7a, which shows immunofluorescence labeling of
only one cell by anti-aA1N35. A strong fluorescence in the
nucleus, except for nucleoli, is evident. Under the conditions
used, untransfected cells were not labeled and looked similar
to the cells in the upper part of Fig. 7a, indicating that the
endogenous a proteins in NIH 3T3 cells were below the level
of detection. This labeling experiment clearly demonstrated
that aA1 is a nuclear protein. When the C-terminal 207 aa
were deleted, the product, aA1(1-306), became detectable in
the cytoplasm, although the greater fraction was still present in
the nucleus (Fig. 7c). This result suggested that at least a part
of the nuclear localization signal was located within the last
207-aa region of aA1. Further C-terminal truncation to aa 226,
which is the C-terminal border of the Runt domain [aA1(1-
226)], did not change the localization pattern any further (Fig.
7d). The C-terminally truncated aA1 containing only a half of
the Runt domain [aA1(1-158)], which lacks the abilities both
to associate with the b subunit and to bind to DNA, was mostly
localized to the cytoplasm, although some nuclear fluorescence
was still detected (Fig. 7e). The polypeptide containing only
the N-terminal 94 aa [aA1(1-94)] was no longer translocated
into the nucleus at all (Fig. 7f). In accordance with this obser-

vation, the deletion of the N-terminal 93 aa [aA1(94-513)] did
not affect the nuclear localization of aA1 (Fig. 7g). Once again,
the deletion of the last 207 aa from aA1(94-513) to make
aA1(94-306) resulted in the partial loss of nuclear transloca-
tion ability (Fig. 7h). Therefore, it appeared that there was a
second element determining the nuclear localization some-
where within the Runt domain, and the N-terminal 93 aa did
not contain such an element.
To further localize the putative nuclear localization signal

within the Runt domain, three more deletion constructs were
tested. The internal deletion of the N- or C-terminal half of the
Runt domain of aA1 (aA1DRuntN and aA1DRuntC, respec-
tively) indeed changed the localization pattern. In both cases,
the proteins were present both in the nucleus and in the cyto-
plasm (Fig. 7i and j, respectively). In these cases, larger frac-
tions appeared to be in the nucleus. Removal of the Runt
domain completely from aA1 (aA1DRunt) made more of the
fraction stay in the cytoplasm (Fig. 7k). The aA1 proteins
devoid of the intact Runt domain are unable to bind to the b
protein. Therefore, these results also indicate that the a pro-
tein alone without binding to the b protein can be translocated
into the nucleus. As shown above, aA1(1-306) does not contain
one of the nuclear localization signals. Interestingly, removal
of the Runt domain from aA1(1-306) to make aA1(1-
306)DRunt did not change it completely to a cytoplasmic pro-
tein (Fig. 7l), suggesting that the signal in the C-terminal re-
gion extends further towards the N terminus into the region
between 226 and 306.
The rabbit anti-aA1N35 cross-reacted with the aB protein.

The full-size aB1-transfected cells showed nuclear staining
indistinguishable from that of aA1 (Fig. 7m). The deletion of
5 aa, VWRPY, from the C-terminal end of aB1, which is 100%
conserved from Drosophila runt protein to mammalian aA1
and aB1 proteins (35), did not change the pattern, indicating
that this evolutionarily conserved sequence is not involved in
the nuclear accumulation of the protein (Fig. 7n). The aB2

FIG. 6. Products of deletion constructs of PEBP2aA1 cDNAs (A) or PEBP2aB1, PEBP2aB2, and PEBP2b2 cDNAs (B) as revealed by Western blotting. (A)
COS-7 cells were transfected with expression plasmids for the deletion mutants of aA1 shown in Fig. 5, and whole-cell extracts were analyzed by Western blots probed
with anti-aA1N35 (anti-aA1N; lanes 1 to 13) or anti-aA1C17 (anti-aA1C; lanes 14 to 16). (B) The products of aB1, aB1(1-446), and aB2 were detected by anti-aA1N35
(anti-aA1N; lanes 1 to 3), and the products of b2 and b2(1-165) were detected by rabbit anti-b2 (lanes 5 and 6). The protein products of the transfected plasmids are
indicated by dots. The apparent masses (calculated molecular masses) of the products were as follows: (A) aA1 (lane 1), 60 (55.8) kDa; aA1DRuntN (lane 2), 50 (50.2)
kDa; aA1DRuntC (lane 3), 45 (46.9) kDa; aA1(94-513) (lane 4), undetectable (45.7 kDa); aA1DRunt (lane 5), 42 (41.4) kDa; aA1(1-306) (lane 6), 36 (33.6) kDa;
aA1(1-226) (lane 7), 31 (24.8) kDa; aA1(94-306) (lane 8), 28 (23.6) kDa; aA1(1-306)DRunt (lane 9), 26 (19.2) kDa; aA1(1-154) (lane 10), 24 (17.0) kDa; aA1(94-226)
(lane 11), undetectable (14.8 kDa); aA1(1-94) (lane 12), 13 (10.2) kDa; pEF-BOS (lane 13), vector; aA1 (lane 14), 60 (55.8) kDa; aA1(94-513) (lane 15), 46 (45.7)
kDa; aA1(1-226) (lane 16), undetectable (24.8 kDa); (B) aB1 (lane 1), 55 (48.6) kDa; aB1(1-446) (lane 2), 55 (47.9) kDa; aB2 (lane 3), 46 (41.3) kDa; pEF-BOS (lane
4), vector; b2 (lane 5), 25 (21.5) kDa; and b2(1-165) (lane 6), 21 (19.7) kDa. The positions of the protein mass markers run in parallel lanes are indicated in each panel.
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protein is identical to aB1 except for the internal deletion of a
64-aa region located adjacent to the Runt domain at the C-
terminal side (2). This 64-aa region contains a cluster of basic
amino acid sequence which is highly homologous to the cor-
responding region of aA1. Figure 7o revealed that the fluo-
rescence pattern of aB2 is indistinguishable from that of the
full-size aA1 or aB1, indicating that the 64-aa region of aB1
and, most likely, the 58-aa region (from aa 221 to 278) of aA1,
which corresponds to the 64-aa region of aB1 (2), are not
included in the nuclear localization signals. Hence, the basic
amino acid clusters within this region are not involved in this

function. Figure 8 summarizes the results of this fluorescence
labeling experiment. Some truncated proteins may have lost
the ability to enter the nucleus not because they lost the re-
quired element but because they could not fold properly. The
possible effects of abnormal protein folding will have to be
studied in the future.
Subcellular localization of b1, b2, and b3 was similarly ex-

amined with the hamster anti-b2 antiserum. As shown in Fig.
9A, the b2 protein was present mainly in the cytoplasm. The b1
protein also displayed a labeling pattern very similar to that
shown in Fig. 9A. The b3 protein which does not associate with
the a protein also showed a fluorescence pattern indistinguish-
able from those of b1 and b2. The b(1-165) polypeptide, which
is equivalent to the part present in the chimeric protein gen-
erated by inv(16), also displayed the same cytoplasmic labeling
pattern. In this case, too, endogenously expressed b protein
was not detectable.
Failure to detect endogenously expressed PEBP2a and

PEBP2b proteins was due not only to low amounts of the
proteins present in the cells but also to relatively high levels of
nonspecific labeling of the cells by nonimmune sera as well as
antisera. Since we detected endogenous b protein by Western
blotting, we thought we should be able to detect at least the b
protein by immunofluorescence labeling as well. We attempted
to eliminate nonspecific labeling activities by partially fraction-
ating the antisera. Fraction 1, which was thought to contain
mainly the IgG1 subfraction, had a low antibody titer. How-
ever, it contained very low levels of nonspecific labeling activ-
ity. Fraction 2, which was considered to contain mainly the
IgG2a and IgG2b subfractions, showed higher antibody titers
but also contained high levels of nonspecific labeling activities.
Therefore, fraction 1 was more useful for the present purpose.
As shown in Fig. 9B, endogenous b protein labeled by fraction
1 of anti-b2 was also detected mainly in the cytoplasm. The a
protein could not be detected by fraction 1 of anti-aA1N35,
probably because the a protein is unstable and does not accu-
mulate in amounts large enough to be easily detected.
Effects of coexpressed aA1 on the localization of b. The

observation shown in Fig. 9 that the b protein is localized
mainly in the cytoplasm raises an intriguing question on the
regulation of PEBP2 site-dependent transcription. It is pre-
sumed that the b protein functions in the nucleus in combina-
tion with the a protein; the question is, how would the trans-
location of the b protein into the nucleus be regulated?
The expression plasmids for aA1 and b2 were cotransfected

into cells, and subcellular localization of each protein was
determined by double labeling. aA1 was detected by rabbit
anti-aA1N35 and FITC-conjugated anti-rabbit IgG. As ex-
pected, aA1 displayed a typical nuclear fluorescence (Fig.
10a). b2 was detected by hamster anti-b2 and rhodamine-
conjugated anti-hamster IgG. Surprisingly, the aA1 and b2
proteins did not colocalize, and b2 was present mainly in the
cytoplasm (Fig. 10b). Thus, cotranslated aA1 and b2 do not
appear to associate readily to form a heterodimer, although

FIG. 7. Immunofluorescence labeling of the aA and aB proteins and their
deletion derivatives expressed in NIH 3T3 cells. Transfected plasmids are as
follows: aA1 (a and b), aA1(1-306) (c), aA1(1-226) (d), aA1(1-158) (e), aA1(1-
94) (f), aA1(94-513) (g), aA1(94-306) (h), aA1DRuntN (i), aA1DRuntC (j),
aA1DRunt (k), aA1(1-306)DRunt (l), aB1 (m), aB1(1-446) (n), and aB2 (o). (a
and c through o) Immunofluorescence labeling with anti-aA1N35; (b) phase-
contrast photomicrograph. Panels a and b are the same field.

FIG. 8. Locations of the elements determining the nuclear accumulation in
the aA1 protein. The precise boundaries of the two elements are not known at
present. Residue 279 in parentheses is considered to be equivalent to residue 242
of aB1, which represents the C-terminal boundary of a small exon with 64 aa
residues missing in aB2 (2).
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the presence of some proportion of b2 in the nucleus cannot be
ruled out, since an immunofluorescence labeling pattern does
not give a precise quantitative estimation of the protein distri-
bution. However, when the N-terminally truncated aA1
[aA1(94-513)] was cotransfected with b2, the a and b proteins
did colocalize to the nucleus (Fig. 10c and d). This dramatic
change in the localization pattern of b2 strongly suggests that
the N-terminal region of aA1 somehow prevents a free asso-
ciation of aA1 with b2. This also implies that b2 is translocated
into the nucleus passively by binding to aA1.
Similar colocalization of aA1 and b2 in the nucleus was

observed when the C-terminally truncated aA1 [aA1(1-224)]
and b2 were cotransfected (Fig. 10e and f). It appeared, there-
fore, that the regions both upstream and downstream of the
Runt domain are inhibitory to the binding of b2 to aA1. The
N-terminal region of aA1 [aA1(1-94)] was never translocated
into the nucleus (Fig. 10g). In this case, b2 was also present in
the cytoplasm (Fig. 10h).
PEBP2/CBFb-MYH11 colocalizes with aA1 to the nucleus

more readily than b2. The chimeric protein PEBP2/CBFb-
MYH11, which was generated as a result of the inversion of
chromosome 16 observed in acute myeloid leukemia (22), con-
tains the region of the b protein necessary and sufficient for
dimerizing with the a protein (35). Since this chimeric protein
is a structurally altered b protein, we examined whether it
would be translocated into the nucleus more readily than the
normal b protein.
PEBP2/CBFb-MYH11, when expressed alone, localized to

the cytoplasm (Fig. 11a). When PEBP2/CBFb-MYH11 and
aA1 were coexpressed, a substantial fraction of the chimeric
protein colocalized with aA1 to the nucleus. Some fractions of
these two proteins were also colocalized to the cytoplasm,
including to the unknown structure, suggesting that these two
proteins bound together (Fig. 11b and c). This is the only
condition tested so far under which full-size aA1 stably local-
izes in the cytoplasm. The implication of the observations ob-
tained by the double labeling whose results are shown in Fig.
10 and 11 will be discussed below.

DISCUSSION

The present study revealed that the a subunit of a new
transcription factor, PEBP2, is a nuclear protein, while the b

subunit is a cytoplasmic one. The b protein can be translocated
into the nucleus when it is coexpressed with either the N- or
C-terminally truncated a protein. The full-size a protein does
not seem to associate with the b protein readily, while removal
of the region upstream or downstream of the Runt domain
appears to allow the a protein to bind to the b protein in vivo.
These results suggest that the mechanism by which the a pro-
tein becomes receptive to the b protein represents the first step
of a novel mechanism of transcriptional regulation employed
by PEBP2.
Regulation of transcription at the level of nuclear translo-

cation of transcription factors has been described for several
transcription factors including Rel/kB family proteins (5) and
NF-AT (9, 31). The most extensively studied factor in this
respect is NF-kB. In this case, an inhibitor protein, IkB, holds
transcriptionally active the p50/p65 heterodimer of NF-kB in
the cytoplasm. Upon stimulation of the cells to activate kB
site-dependent transcription, IkB is inactivated by phosphory-
lation, whereby p50/p65 is translocated into the nucleus. The
mechanism of regulation involving PEBP2 will be completely
different from this case and may represent a novel type, if the
mechanism implied by the results of the present study is proved
to be correct.
The result obtained in this study, that the full-size aA1 does

not readily associate with the b protein in vivo, suggests that an
important rate-limiting step of PEBP2 site-dependent tran-
scription activation is at the level of association between the
two subunits, presumably taking place in the cytoplasm. Al-
though the a protein alone can enter the nucleus and it has
been shown to bind to DNA in vitro poorly, this weak DNA
binding may not be meaningful physiologically in terms of
transcription activation. In order for PEBP2 to function, there-
fore, the a/b heterodimer must be formed. The heterodimer-
ization appeared to have taken place readily when the N- or
C-terminally truncated a polypeptides were used. The results
imply that the polypeptides flanking the Runt domain prevent
the b protein from associating with the Runt domain. Under
physiological conditions, this inhibitory effect of the flanking
regions, when necessary, may be relieved by some sort of pro-
tein modification. An attractive model would be that the pro-
tein modification of the a polypeptide takes place after the
polypeptide receives a signal to activate PEBP2 site-dependent
transcription, possibly from cell surface receptors, to change

FIG. 9. Immunofluorescence labeling of b2 with rabbit anti-b2 expressed in NIH 3T3 cells. (A) NIH 3T3 cells transfected with pEF-b2. Under the conditions used,
untransfected cells were not detectable. (B) Untransfected NIH 3T3 cells. Fraction 1 of rabbit anti-b2 serum (see Materials and Methods) was used.
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the conformation of the a protein in such a way as to associate
with the b protein. There is also a possibility that the protein
modification must occur on the b subunit moiety for this mech-
anism to operate. The heterodimer would then be translocated
into the nucleus to activate target genes. Indeed, we found that
the chimeric protein PEBP2/CBFb-MYH11 generated as a
result of the inversion 16 and a modified form of the b protein
was translocated into the nucleus without artificially truncating
the a protein. It will be interesting to examine whether this
phenomenon is one of the bases for the leukemogenic poten-
tial of PEBP2/CBFb-MYH11.
We identified two regions in aA1 which harbor the elements

influencing the nuclear accumulation of the protein. One is
within the Runt domain and the other is in the C-terminal

region. The Runt domain was dissected into two, and each half
was tested individually, but the element was not found to be
exclusively localized to either half, suggesting that the signal is
located in both the N- and the C-terminal halves of the Runt
domain. It is not presently clear which amino acid residues are
involved in the activity or how large the element is. We must
also consider the possibility that the responsible amino acid
residues are spread over a large area within the Runt domain.
In any event, the element in the Runt domain is different from
the classical nuclear localization signal composed of a cluster
of several basic amino acids (14), since there is no such cluster
within the Runt domain. The other element located in the
C-terminal region is also devoid of a cluster of basic amino acid
residues. In this case, too, the responsible elements appear to

FIG. 10. Double fluorescence labeling of the NIH 3T3 cells cotransfected with the expression plasmids for aA1 or its deletion derivatives and b2. (a and b) aA1
and b2 plasmids; (c and d) aA1(94-513) and b2 plasmids; (e and f) aA1(1-226) and b2 plasmids; (g and h) aA1(1-93) and b2 plasmids; (a, c, e, and g) detection of
FITC-conjugated antibody against rabbit IgG with a 495-nm-wavelength filter; (b, d, f, and h) detection of rhodamine-conjugated antibody against hamster IgG with
a 555-nm-wavelength filter.
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be spread over a large area within the region from aa 226 to
508. It is necessary to characterize these two regions further to
understand why and how such large areas are involved for this
function and what the relationship between the two regions is.
The region downstream of the Runt domain of aA1 and aB1

is responsible for transcription activation (2, 34). Therefore,
this region of the a protein appears to have multiple functions:
regulation of the a/b association, regulation of the DNA-bind-
ing affinity (2), a part of the nuclear translocation activity, and
transcription activation (2). In addition, this region is quite
unstable. Exactly how these functions are coordinated together
poses the next imperative question to be answered in exploring
the mechanism and significance of the PEBP2-mediated tran-
scriptional regulation. Of particular interest in this regard is
that this important region is missing in the chimeric proteins
AML1/MTG8 (ETO) and AML1/EVI1, generated as a result
of t(8;21) and t(3;21) chromosome translocations, respectively.
Suppositions about how the removal of this region from the
AML1 protein affects its leukemogenic potential will have to
await further studies.

ACKNOWLEDGMENTS

We thank R. Matsuoka for her generous gift of the MYH11 cDNA,
N. Sawada and M. Maeda for their technical help, and M. Ueda, T.
Hirama, and K. Ito for their advice on antibody techniques.
J.L. was partly supported by the Sasakawa Health Science Founda-

tion, Japan. This work was partly supported by a grant-in-aid for
Special Project Research on Cancer Bio-Science from the Ministry of
Education, Science and Culture, Japan, to Y.I. (subject no. 02262215).

REFERENCES

1. Asano, M., Y. Murakami, K. Furukawa, Y. Yamaguchi-Iwai, M. Satake, and
Y. Ito. 1990. A polyomavirus enhancer-binding protein, PEBP5, responsive
to 12-O-tetradecanoylphorbol-13-acetate but distinct from AP-1. J. Virol.
64:5927–5938.

2. Bae, S. C., E. Ogawa, M. Maruyama, H. Oka, M. Satake, K. Shigesada, N. A.
Jenkins, D. J. Gilbert, N. G. Copeland, and Y. Ito. 1994. PEBP2aB/mouse
AML1 consists of multiple isoforms that possess differential transactivation

potentials. Mol. Cell. Biol. 14:3242–3252.
3. Bae, S. C., E. Takahashi, Y. W. Zhang, E. Ogawa, K. Shigesada, Y. Namba,
M. Satake, and Y. Ito. Cloning, mapping and expression of PEBP2aC, a third
gene encoding the mammalian Runt domain. Gene, in press.

4. Bae, S. C., Y. Yamaguchi-Iwai, E. Ogawa, M. Maruyama, M. Inuzuka, H.
Kagoshima, K. Shigesada, M. Satake, and Y. Ito. 1993. Isolation of
PEBP2aB cDNA representing the mouse homolog of human acute myeloid
leukemia gene, AML1. Oncogene 8:809–814.

5. Baeuerle, P. A., and D. Baltimore. 1988. Activation of DNA-binding activity
in an apparently cytoplasmic precursor of the NF-kB transcription factor.
Cell 53:211–217.

6. Chen, C., and H. Okayama. 1987. High-efficiency transformation of mam-
malian cells by plasmid DNA. Mol. Cell. Biol. 7:2745–2752.

7. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475–1489.

8. Erickson, P., J. Gao, K.-S. Chang, T. Look, E. Whisenant, S. Raimondi, R.
Lasher, J. Trujillo, J. Rowley, and H. Drabkin. 1992. Identification of break-
points in t(8;21) acute myelogenous leukemia and isolation of a fusion
transcript, AML1/ETO, with similarity to Drosophila segmentation gene
runt. Blood 80:1825–1831.

9. Flanagan, W. M., B. Corthésy, R. J. Bram, and G. R. Crabtree. 1991. Nuclear
association of a T-cell transcription factor blocked by FK-506 and cyclospo-
rin A. Nature (London) 352:803–807.

10. Fujimura, F. K., P. L. Deininger, L. T. Friedman, and E. Linney. 1981.
Mutation near the polyoma DNA replication origin permits productive in-
fection of F9 embryonal carcinoma cells. Cell 23:809–814.

11. Harada, H., T. Fujita, M. Miyamoto, Y. Kimura, M. Maruyama, A. Furia, T.
Miyata, and T. Taniguchi. 1989. Structurally similar but functionally distinct
factors, IRF-1 and IRF-2, bind to the same regulatory elements of IFN and
IFN-inducible genes. Cell 58:729–739.

12. Heike, T., S. Miyatake, M. Yoshida, K. Arai, and N. Arai. 1989. Bovine
papilloma virus encoded E2 protein activates lymphokine genes through
DNA elements, distinct from the consensus motif, in the long control region
of its own genome. EMBO J. 8:1411–1417.

13. Kagoshima, H., K. Shigesada, M. Satake, Y. Ito, H. Miyoshi, M. Ohki, M.
Pepling, and P. Gergen. 1993. The Runt domain identifies a new family of
heteromeric transcriptional regulators. Trends Genet. 9:338–341.

14. Kalderon, D., B. L. Roberts, W. D. Richardson, and A. E. Smith. 1984. A
short amino acid sequence able to specify nuclear location. Cell 39:499–509.

15. Kamachi, Y., E. Ogawa, M. Asano, S. Ishida, Y. Murakami, M. Satake, Y.
Ito, and K. Shigesada. 1990. Purification of a mouse nuclear factor that binds
to both the A and B cores of the polyomavirus enhancer. J. Virol. 64:4808–
4819.

16. Kanda, T., K. Segawa, N. Ohuchi, S. Mori, and Y. Ito. 1994. Stimulation of

FIG. 11. Fluorescence labeling of NIH 3T3 cells transfected with the expression plasmids for PEBP2/CBFb-MYH11 and aA1. (a) Fluorescence pattern of
PEBP2/CBFb-MYH11 expressed alone and labeled with hamster anti-b2; (b and c) double fluorescence labeling of cells expressing PEBP2/CBFb-MYH11 and aA1
labeled by rabbit anti-aA1N35 and hamster anti-b2; (a and c) detection of rhodamine-conjugated antibody against hamster IgG with a 555-nm-wavelength filter; (b)
detection of FITC-conjugated antibody against rabbit IgG with a 495-nm-wavelength filter.

1660 LU ET AL. MOL. CELL. BIOL.

Acrobat Notes
Color plate(s) available.Click on figure caption to view.



polyomavirus DNA replication by wild-type p53 through the DNA-binding
site. Mol. Cell. Biol. 14:2651–2663.

17. Kania, M. A., A. S. Bonner, J. B. Duffy, and J. P. Gergen. 1990. The
Drosophila segmentation gene runt encodes a novel nuclear regulatory pro-
tein that is also expressed in the developing nervous system. Genes Dev.
4:1701–1713.

18. Katinka, M., M. Yaniv, M. Vasseur, and D. Blangy. 1980. Expression of
polyoma early functions in mouse embryonal carcinoma cells depends on
sequence rearrangements in the beginning of the late region. Cell 20:393–
399.

19. Kozu, T., H. Miyoshi, K. Shimizu, N. Maseki, Y. Kaneko, H. Asou, N.
Kamada, and M. Ohki. 1993. Junctions of the AML1/MTG8(ETO) fusion
are constant in t(8;21) acute myeloid leukemia detected by reverse transcrip-
tion polymerase chain reaction. Blood 82:1270–1276.

20. Kryszke, M. H., J. Piette, and M. Yaniv. 1987. Induction of a factor that
binds to the polyomavirus A enhancer on differentiation of embryonal car-
cinoma cells. Nature (London) 328:254–256.

21. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680–685.

22. Liu, P., S. A. Tarle, A. Hajra, D. F. Claxton, P. Marlton, M. Freedman, M. J.
Siciliano, and F. S. Collins. 1993. Fusion between transcription factor CBFb/
PEBP2b and a myosin heavy chain in acute myeloid leukemia. Science
261:1041–1044.

23. Matsuoka, R., C. M. Yoshida, Y. Furutani, S. Imamura, N. Kanda, M.
Yanagisawa, Y. Masaki, and A. Tkao. 1993. Human smooth muscle myosin
heavy chain gene mapped to chromosomal region 16q12. Am. J. Med. Genet.
46:61–67.

24. Michael, A. I., H. F. David, J. S. John, and J. W. Thomas. 1990. PCR
protocol: a guide to methods and applications. Academic Press, Inc., San
Diego, Calif.

25. Mitani, K., S. Ogawa, T. Tanaka, H. Miyoshi, M. Kurokawa, H. Mano, Y.
Yazaki, M. Ohki, and H. Hirai. 1994. Generation of the AML-1-EVI-1
fusion gene in the t(3;21)(q26;q22) causes blastic crisis in chronic myeloid
leukemia. EMBO J. 13:504–510.

26. Miyatake, S., J. Shlomai, K. Arai, and N. Arai. 1991. Characterization of the
mouse granulocyte-macrophage colony-stimulating factor (GM-CSF) gene
promoter: nuclear factors that interact with an element shared by three
lymphokine genes—those for GM-CSF, interleukin-4 (IL-4), and IL-5. Mol.
Cell. Biol. 11:5894–5901.

27. Miyoshi, H., T. Kozu, K. Shimizu, K. Enomoto, N. Maseki, Y. Kaneko, N.
Kamada, and M. Ohki. 1993. The t(8;21) translocation in acute myeloid
leukemia results in production of an AML1-MTG8(ETO) fusion transcript.
EMBO J. 12:2715–2721.

28. Miyoshi, H., K. Shimizu, T. Kozu, N. Maseki, Y. Kaneko, and M. Ohki. 1991.
t(8;21) breakpoints on chromosome 21 in acute myeloid leukemia are clus-
tered within a limited region of a single gene, AML1. Proc. Natl. Acad. Sci.
USA 88:10431–10434.

29. Mizushima, S., and S. Nagata. 1990. pEF-BOS, a powerful mammalian
expression vector. 1990. pEF-BOS, a powerful mammalian expression vec-
tor. Nucleic Acids Res. 18:5322.

30. Nisson, P. E., P. C. Watkins, and N. Sacchi. 1992. Transcriptionally active
chimeric gene derived from the fusion of the AML1 gene and a novel gene
on chromosome 8 in t(8;21) leukemic cells. Cancer Genet. Cytogenet. 63:
81–88.

31. Northrop, J. P., S. N. Ho, L. Chen, D. J. Thomas, L. A. Timmerman, G. P.

Nolan, A. Admon, and G. R. Crabtree. 1994. NF-AT components define a
family of transcription factors targeted in T-cell activation. Nature (London)
369:497–502.

32. Nucifora, G., D. J. Birn, P. Erickson, J. Gao, M. M. LeBeau, H. A. Drabkin,
and J. D. Rowly. 1993. Detection of DNA rearrangements in the AML1 and
ETO loci and of an AML1/ETO fusion mRNA in patients with t(8;21) acute
myeloid leukemia. Blood 81:883–888.

33. Ogawa, E., M. Inuzuka, M. Maruyama, M. Satake, M. Naito-Fujimoto, Y.
Ito, and K. Shigesada. 1993. Molecular cloning and characterization of
PEBP2b, the heterodimeric partner of a novel Drosophila runt-related DNA
binding protein PEBP2a. Virology 194:314–331.

34. Ogawa, E., and Y. Ito. Unpublished data.
35. Ogawa, E., M. Maruyama, H. Kagoshima, M. Inuzuka, J. Lu, M. Satake, K.

Shigesada, and Y. Ito. 1993. PEBP2/PEA2 represents a family of transcrip-
tion factors homologous to the products of the Drosophila runt gene and the
human AML1 gene. Proc. Natl. Acad. Sci. USA 90:6859–6863.

36. Pagano, M., M. Dürst, S. Joswig, G. Draetta, and P. Jansen-Dürr. 1992.
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