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A member of the polyomavirus enhancer binding protein 2/core binding factor (PEBP2/CBF) is composed of
PEBP2aB1/AMLI1 (as the o subunit) and a 3 subunit. It plays an essential role in definitive hematopoiesis and
is frequently involved in the chromosomal abnormalities associated with leukemia. In the present study, we
report functionally separable modular structures in PEBP2aB1 for DNA binding and for transcriptional
activation. DNA binding through the Runt domain of PEBP2aB1 was hindered by the adjacent carboxy-
terminal region, and this inhibition was relieved by interaction with the 3 subunit. Utilizing a reporter assay
system in which both the o and 3 subunits are required to achieve strong transactivation, we uncovered the
presence of transcriptional activation and inhibitory domains in PEBP2aB1 that were only apparent in the
presence of the  subunit. The inhibitory domain keeps the full transactivation potential of full-length
PEBP2aB1 below its maximum potential. Fusion of the transactivation domain of PEBP2aB1 to the yeast
GAL4 DNA-binding domain conferred transactivation potential, but further addition of the inhibitory domain
diminished the activity. These results suggest that the activity of the o subunit as a transcriptional activator
is regulated intramolecularly as well as by the (3 subunit. PEBP2aB1 and the 3 subunit were targeted to the
nuclear matrix via signals distinct from the nuclear localization signal. Moreover, the transactivation domain
by itself was capable of associating with the nuclear matrix, which implies the existence of a relationship
between transactivation and nuclear matrix attachment.

The polyomavirus enhancer binding protein 2 (PEBP2),
also called core binding factor (CBF), is a transcription
factor complex composed of a and B subunits (reviewed in
references 21 and 51). The « subunit binds to DNA and har-
bors the transactivating activity, while the 8 subunit enhances the
DNA binding activity of the o subunit. In mammals, members of
the o subunit family are encoded by three genes, PEBP2oA/
CBFAI1/AML3, PEBP2aB/CBFA2/AMLI, and PEBP2aC/
CBFA3/AML2, and all belong to the Runt domain gene family,
which includes the Drosophila genes runt and lozenge. The B
subunit is encoded by a single gene, PEBP2B/CBFB, whereas
two genes, brother and big brother have been identified in Dro-
sophila.

Among the three mammalian « subunit genes, PEBP2aB/
CBFA2/AMLI (2, 36, 51) is disrupted in chromosomal trans-
locations associated with several types of leukemia, including
the M2 subtype of the French-American-British classification
of leukemia, which is characterized by the 8-to-21 chromosome
translocation [t(8;21)], and childhood acute lymphoblastic leu-
kemia with the associated t(12;21) translocation. The t(8;21)
and t(12;21) translocations produce the chimeric proteins,
AMLI/ETO(MTGS) and TEL-AMLI, respectively (13, 19,
37). These proteins retain the entire Runt domain in their
PEBP2aB/AMLI1 portions, which is essential and sufficient for
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dimerization with the B subunit and for DNA binding. In
addition, it is likely that expression of AMLI1/ETO is subjected
to the same regulatory controls as those of PEBP2aB. There-
fore, the oncogenic mechanisms of these fusion proteins may
involve deregulation of target gene expression that would oth-
erwise be normally regulated by PEBP2. Along these lines,
several investigators have reported that these proteins act as
inhibitors of PEBP2-dependent transactivation (15, 20, 34),
while others have reported that AMLI/ETO acts as an ac-
tivator of selected promoters (25, 48). Similarly, PEBP2
is disrupted in inv(16) of the FAB-M4Eo subtype, producing
a chimeric protein, CBFR/PEBP2B-SMMHC (30). Targeted
disruptions in mice of either the PEBP2aB or the PEBP2f3
gene resulted in almost identical phenotypes: embryonic le-
thality with accompanying hemorrhage of the central nervous
system and defects in definitive hematopoiesis (42, 46, 49, 54,
55). Therefore, cooperative functioning of the two subunits,
PEBP2aB/AMLI1 and PEBP2B, seems essential for the devel-
opment of definitive hematopoiesis. Mice with a targeted in-
sertion (knock in) in one allele of either AML1/ETO or CBFB-
MYH]11 did not develop leukemia but had phenotypes similar
to those of the targeted disruptions (7, 57). The results sug-
gested that these chimeric proteins act as lethal dominant
inhibitors during the early stages of normal hematopoietic
development.

Another a subunit, PEBP2aA/CBFal, has recently been
discovered as a master regulator of bone formation (11) by
targeted disruption studies (27, 47). In addition, the corre-
sponding heterozygous mice displayed a phenotype that resem-
bled that of human cleidocranial dysplasia syndrome, which



VoL. 18, 1998

has been linked to defect(s) in one allele of the PEBP2aA/
CBFAI gene (40, 62). These analyses in mice and humans
present strong evidence in favor of PEBP2 involvement in
multiple aspects of mammalian embryogenesis and suggest
that PEBP2 acts in a specific way at each gene.

Molecular mechanisms of transactivation by PEBP2 have
mostly been addressed through the analysis of cis-regula-
tory elements containing the PEBP2 consensus sequences
PuACCPuCA (reviewed in reference 21). The cis elements
have been identified in the regulatory regions of many genes,
including the T-cell-receptor (TCR) alpha, beta, gamma, and
delta chains, CD3g, myeloperoxidase, neutrophil elastase, gran-
zyme B, granulocyte-macrophage colony-stimulating factor, in-
terleukin 3, macrophage colony-stimulating factor (M-CSF)
receptor, osteocalcin, osteopontin (11), and Bcl-2 (25). Of
these, the best characterized is the TCRa enhancer, in which
binding sequences for CREB/ATF, LEF-1, PEBP2, and Ets-1
are arranged in such a way as to support context-dependent
transactivation (18). LEF-1, an architectural factor, bends DNA,
which enables a physical interaction between CREB/ATF and
Ets-1. PEBP2 and Ets-1 physically interact, and PEBP2 facil-
itates DNA binding by Ets-1. Either phosphorylated CREB/
ATF or a mixture of the other lymphoid factors (LEF-1,
PEBP2, and Ets-1) is sufficient to induce transcription in
vitro when present in excess, but strong synergistic activation
can only be achieved when all these factors are added together
(32). Recently, a non-DNA-binding coactivator termed ALY
has been cloned and was found to interact with LEF-1 and
PEBP2 independently (5). As such, PEBP2 is recruited in
context-dependent transactivation by physically interacting
with Ets-1 and ALY, and this contributes to the activation of
the TCRa enhancer. Another well-characterized cis element is
the myeloid-specific M-CSF receptor promoter, in which bind-
ing sequences for PEBP2, PU.1, and the CCAAT enhancer
binding protein (C/EBP) were identified. Synergistic activation
of the promoter by C/EBP and PEBP2 and a physical interac-
tion between the two factors have been reported (60).

Little is known about the functional domains for transcrip-
tion activation in PEBP2 subunits. The most characteristic and
conserved structure of the « subunits is the Runt domain. The
transactivation function has been vaguely assigned to the entire
region that lies carboxy terminal to the Runt domain, which,
however, does not contain any known transactivation motif (3).

In the present study, we established a luciferase reporter
assay system using the M-CSF receptor promoter in Jurkat T
cells, in which both the o and B subunits are required for
transactivation. The system led to a detailed domain analysis of
each of the two subunits and revealed the modular, functional
structure of PEBP2aB1. We also found a new role for the B
subunit in the unmasking of the DNA binding activity of the
Runt domain, which explains why structural analysis of trans-
activation domains in the « subunit have not met with success
up until now. Finally, we show that transactivation by PEBP2
takes place in a discrete subnuclear structure, the nuclear ma-
trix.

MATERIALS AND METHODS

Plasmid construction. A mammalian expression vector, pEF-BOS (39), was
used to make a series of expression plasmids. pEF-aB1, pEF-aB2, pEF-aB1(1-
243), and pEF-aB1(1-183) have already been described (3). pEF-aB1(1-446)
and pEF-B2 have also been described (31), and pEF-AML1(453) was described
previously as pEF-AMLI1b (61). For other aB1-deletion constructs [aB1(1-411),
aB1(1-371), aB1(1-331), aB1(1-291), aB1(1-177), aB1(1-173), aB1(27-451),
and aB1(50-451)], site-directed mutagenesis (Transformer site-directed mu-
tagenesis kit; Clontech, Palo Alto, Calif.) was carried out on pEF-aB1 to make
each deletion. pPEF-AMLI1/ETO was constructed by inserting the coding region
for AML1/ETO (clone 35 in reference 12) into pEF-BOS. pEF-GAL4-DBD was
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constructed by inserting PCR-amplified GAL4-DBD (amino acids 1 to 147) into
an Xbal site. An Xbal site and a BamHI site were synthetically introduced before
and after the stop codon, respectively, to serve as cloning sites for pEF-GALA4-
aB1 fusion constructs. For pEF-GAL4-aB1 fusion constructs [pEF-GAL4-aB1
(291-331), pEF-GAL4-aB1(291-371), pEF-GAL4-aB1(291-411), pEF-GALA4-
aB1(262-371), pEF-GAL4-aB1(262-411), and pEF-GAL4-aB1(371-411)], the
corresponding regions of aB1 were PCR amplified and cloned into Xbal-BamHI
sites of pEF-GAL4-DBD so as to keep coding regions in frame with GAL4-
DBD. pSG-GAL4-DBD was constructed by removing VP16 portion from pSG-
GAL4-VP16 (16) by HindIII-BamHI digestion. Similarly, pSG-GAL4-aB1
fusion constructs [pSG-GAL4-aB1(178-451), pSG-GAL4-aB1(178-291), pSG-
GAL4-aB1(292-371), and pSG-GAL4-aB1(372-451)] were prepared by replac-
ing the VP16 portion of pSG-GAL4-VP16 with corresponding regions of aB1
aligned in frame with GAL4-DBD. Throughout the process, the authenticity of
PCR-amplified sequences was always confirmed by sequencing. Expression vec-
tors for C/EBPa (MSV-C/EBPu in reference 6) and PU.1 (PUpECE in reference
26) were as described. For luciferase reporters, pM-CSF-R-luc (59) and tk-
GALpx3-LUC were used. tk-GALpx3-LUC was constructed by cloning three
copies of the GAL4 binding site (17MX in reference 56) into HindIII site of
tk-LUC as described by Forman et al. (14). TB3W4W-tkCAT was as described
previously (44).

Transfection and reporter assays. Jurkat human T cells and U937 human
monocytes were maintained in RPMI 1640 supplemented with 10% fetal calf
serum (FCS) and antibiotics. These cells (5 X 10° cells in 150 pl of the culture
medium in a 0.4-cm cuvette) were transfected with a luciferase-reporter plus
expression plasmids via electroporation by using Gene Pulser (Bio-Rad Labo-
ratories, Hercules, Calif.) at a setting of 500 wF/250 V and at room temperature.
The compositions of transfected plasmids are described in the figure legends.
The total amount of transfected DNA was always kept at 10 pg by using a
backbone plasmid, pEF-BOS. After 24 h, cells were harvested, and luciferase
activity was assayed with a luciferase assay system from Promega (Madison, Wis.)
according to the manufacturer’s instructions. Relative luciferase activity was
measured with Lumat LB 9507 (EG&G Berthold, Bad Wildbad, Germany) and
normalized by using a protein concentration assayed with the Protein Assay Kit
from Bio-Rad (Hercules, Calif.).

Indirect immunofluorescence staining. REF52 rat fibroblasts were cultured in
Dulbecco modified Eagle medium supplemented with 10% FCS. Cells were
trypsinized and electroporated as described above with 15 ug of the expression
plasmids. The transfected cells were seeded onto chamber slides (Nalge Nunc,
Naperville, I1l.) and after 48 h were fixed and stained with an antibody raised
against the Escherichia coli-expressed aB1 prepared by E. Ogawa and J. Lu as
described previously (31).

Electrophoretic mobility shift assays (EMSA). Full-length aB1 and its dele-
tion derivatives were translated in vitro and labeled with [>*S]methionine using
the TNT reticulocyte-lysate system (Promega, Madison, Wis.). The products
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the radioactivity was quantified with a phosphorimager (BAS
2000; Fuji). An equal amount of translated product, as judged by the level of
radioactivity, was used in a reaction with a 3P-labeled probe containing the
PEBP2 binding site from the T3 enhancer sequence: GATCTAACAGGATG
TGGTTTGACATTTA (29). The total volume of reticulocyte-lysate was adjust-
ed by use of a mock-translated mixture. Escherichia coli-produced B2 (43) was
added when indicated, and the DNA-binding reaction and electrophoresis were
carried out as described previously (3). Autoradiograms were obtained with two
sheets of X-ray films to eliminate signals from 3°S, and the images on the distal
films are shown.

Whole-cell extracts and nuclear matrix fraction preparation. P19 mouse em-
bryonal carcinoma cells were cultured in Dulbecco modified Eagle medium and
F12 medium supplemented with 10% FCS and antibiotics. P19 cells in 10-cm-
diameter culture dishes were transfected by a modified calcium phosphate pre-
cipitation method (8). For experiments with full-length aB1 and its deletion
constructs, 0.5 pg of the corresponding pEF-BOS-based expression plasmid was
used together with 14.5 pg of a backbone plasmid, pEF-BOS, per transfection.
For GALA4 fusion constructs, 5 pg of pSGS5 (Stratagene)-based expression plas-
mids were used together with 10 ug of pEF-BOS. All the transfections were
performed in duplicate in each experiment, and after 40 h the cells were har-
vested by scraping. One set of samples was freeze-thawed in a buffer (20 mM
HEPES [pH 7.9], 0.4 M NaCl, 25% glycerol, 1 mM EDTA, 2.5 mM dithiothre-
itol, and 1 mM phenylmethylsulfonyl fluoride, and the supernatant was used as
whole-cell extract. One 24th of each sample was loaded onto an SDS-polyacryl-
amide gel. The other set was sequentially extracted with the CSK, RSB-Majik,
and digestion buffers and 0.25 M ammonium sulfate as described previously (33).
The remaining insoluble material was defined as a nuclear matrix fraction and
was solubilized in standard SDS-gel loading buffer, and one-sixth of each sample
was separated by SDS-PAGE. The antibodies used for Western blotting were
either a rabbit anti-peptide antibody raised against 16 amino acids following the
initiating methionine of aB1 (produced by Research Genetics, Huntsville, Ala.)
for the detection of aB1 carboxy-terminal deletion constructs or an anti-GAL4
DNA-binding domain antibody (Upstate Biotechnology, Lake Placid, N.Y.) for
detecting the GALA4 fusion constructs. The ECL system from Amersham (Buck-
inghamshire, England) was used for detection.

Jurkat cells (107 cells) were transfected with 35 pg of pEF-B2 plus 35 pg of
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pEF-BOS, pEF-aB1, pEF-aB1(1-371), or pEF-aB1(1-291) by electroporation
(960 wF/250 V). After 48 h, cells were harvested and divided into two parts. One
part was freeze-thawed in a buffer containing 20 mM HEPES (pH 7.9), 0.4 M
KCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1 mM EGTA, 25% glycerol, and protease
inhibitors (Boehringer Mannheim, Mannheim, Germany). Soluble fractions and
insoluble pellets were separated by centrifugation, and the pellets were further
extracted with the same buffer and then centrifuged. Only the results obtained
with the first supernatants were taken to be the soluble fractions, since the
second supernatant essentially did not exhibit any significant protein bands.
Pellets were solubilized in a standard SDS-gel loading buffer. The other half of
the samples was directly lysed in a standard SDS-gel loading buffer and used as
a total fraction. Antibodies used for Western blotting were a rabbit antibody
against the whole aB1 protein and a hamster antibody raised against the B
subunit (31).

RESULTS

Establishment of an experimental system to analyze tran-
scription activation by PEBP2. We have been studying the
transactivating properties of PEBP2 by using the TCRB-chain
distal core enhancer TR3-TR4 linked to the thymidine kinase
promoter in P19 cells in which expression of endogenous
PEBP2a is very low, if it exists at all (3, 44). In this system,
expression of only the a-subunit gene was sufficient to transac-
tivate the reporter gene. Coexpression of the B subunit showed
almost no effect, or inhibited the activity slightly, depending on
the conditions (45). Under these conditions, a progressive car-
boxy-terminal truncation of the « subunit resulted in a gradual
decrease of the activity and no discrete region responsible for
transcription activation could be identified (see below). In
sharp contrast, we found in the present study that transactiva-
tion of a reporter gene can be observed in Jurkat T cells only
when the two subunits were coexpressed. The presence of in-
trinsic transactivation domain(s) in the o subunit was revealed
for the first time with this cell system.

We used the M-CSF receptor promoter linked to the lucif-
erase gene as a reporter, essential elements of which are illus-
trated in Fig. 1A (according to reference 60). In Jurkat T cells,
the exogenous expression of AML1(453) transactivated the
reporter activity, but only marginally (Fig. 1B, lanes 1 to 4).
[Murine PEBP2aB1 is the 451 amino acid (aa)-long major
product of PEBP2oB (3). Human PEBP2aB1 is referred to
here as AML1(453).] As for the B subunit, we used the B2
isoform in the present study because (32 is the most abundantly
expressed isoform of the B subunit in many cells (43). B2
did not activate the promoter at all when expressed alone (Fig.
1B, lanes 5 to 8). However, when increasing amounts of AML1
(453) were cotransfected with a fixed amount of B2, strong
transactivation of the promoter was observed in a dose-depen-
dent manner (Fig. 1B, lanes 9 to 12). A similar level of func-
tional cooperation between the two subunits was observed over
a wide range of B2 concentrations, suggesting that the effect of
2 was saturating above a certain concentration (Fig. 1B, lanes
13 to 17). Thus, transactivation studies with the M-CSF recep-
tor promoter in Jurkat cells provide a unique experimental
system for the analysis of the contribution of each subunit of
PEBP2.

Similar experiments performed with U937 monocytic cells
showed that AML1(453) by itself transactivated the M-CSF
receptor promoter in this cell line (Fig. 1C, lanes 1 to 4). In
accordance with the results obtained with Jurkat cells, how-
ever, this transactivation was significantly increased by the co-
expression of B2 (Fig. 1C, lanes 9 to 12). This difference be-
tween Jurkat and U937 cells may partly reflect the availability
of the endogenous B subunit in these cells. Another possibility
may be that C/EBP and PU.1 are expressed in monocytes but
not in T cells (26, 50, 59). However, coexpression of AML1
(453) together with either C/EBPa or PU.1 in Jurkat cells did
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FIG. 1. Cooperative activation of the M-CSF receptor promoter by PEBP2 «
and B subunits. (A) An essential element in the M-CSF receptor promoter,
which contains binding sites for C/EBP, PEBP2, and PU.1. (B and C) Jurkat T
cells or U937 monocytes were transfected with 4 pg of pM-CSF-R-luc and the
indicated amounts (in micrograms) of pEF-AML1(453) and pEF-B2. Luciferase
activities relative to those obtained with pM-CSF-R-luc and backbone plasmid
pEF-BOS (set as 100) are shown. For presentation, lanes 9, 13, and 16 are
duplicated from lanes 7, 3, and 11, respectively.

not result in a significant transactivation in the absence of the
B subunit (data not shown).

Deletion analysis of PEBP2aB1 revealed intrinsic domains
for transactivation and inhibition. To analyze the regions re-
quired for transactivation, we prepared a series of deletion
constructs of aB1 (for the sake of simplicity, we will refer to
the PEBP2aB1 isoform as aBl in this study) in expression
plasmids as shown in Fig. 2A and tested their transactivation
potential in the presence of 32 on the M-CSF receptor pro-
moter. All the constructs except aB1(1-173) retained the
whole Runt domain. We first checked the subcellular localiza-
tion of the products of these constructs by transfecting them
into REF52 fibroblasts and by immunostaining the expressed
proteins. Full-length aB1, as well as all of the deletion deriv-
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FIG. 2. PEBP2aB1 deletion derivatives and their nuclear localization. (A) Schematic illustration of the structures of full-length aB1 and its deletion derivatives.
Numbers denote the positions of amino acids. The Runt domain is from aa 50 to 177. The structures of aB2 and AMLI/ETO are also shown. (B and C) Indirect
immunofluorescence of REF52 cells transfected with pEF-BOS-based expression plasmids coding for proteins which are indicated above the panels. Results in panels
B and C were from separate experiments. (D) Amino acid sequences around the carboxy-terminal border of the Runt domain in aB1, aB2, and AML1/ETO. Boldface

letters with asterisks constitute putative nuclear localization signals.

atives except aB1(1-177) and aB1(1-173), was entirely local-
ized to the nucleus (Fig. 2, panels B and C). AML1/ETO was
also localized to the nucleus, although the corresponding aB1
portion aB1(1-177) did not enter the nucleus. Considering
that aB1(1-183) was localized to the nucleus, the region of aa
178 to 183 must be critically important for nuclear transloca-
tion, and the ETO portion of AML1/ETO seems to compen-
sate for the loss of these critical amino acids (Fig. 2D, dis-
cussed below).

When assayed in the presence of B2, a carboxy-terminal
truncation of aB1 increased its transactivating ability, but fur-
ther truncation diminished it. As shown by filled bars in Fig.
3A, transactivation in Jurkat cells peaked with the constructs
aB1(1-371) and oB1(1-331), suggesting the presence of a
transactivation domain between aa 291 and 331 and the pres-
ence of an inhibitory domain between aa 371 and 411. It is
worth noting that «B1(1-291) retained an activity that was
significantly higher than the background level. aB1(1-243)
possesses reduced, but still significant transactivating ability.
On the other hand, aB1(1-183) did not activate the promoter

to any significant degree. Deletion of the regions on the amino-
terminal side of the Runt domain (the aa 1-to-26 region, which
is conserved among the mammalian PEBP2a subunits, and the
region of aa 1 to 49) did not significantly change the transac-
tivation levels (lanes 10 and 11). PEBP2aB2 (referred to as
aB2 here), a naturally occurring variant of aB1, which lacks
the region of aa 178 to 242 (3), exhibited almost no activity
(lane 12), implying that the missing region may be critically
important. However, the region obviously does not harbor
considerable transactivating activity by itself, as judged by the
weak activity of aB1(1-243). Another set of analysis was done
using TR3-TR4 linked to the thymidine kinase promoter-lucif-
erase (TCRB-tk-Luc) as a reporter. This gave similar results to
those obtained with the M-CSF receptor promoter (data not
shown). We checked the levels of protein expression in the
transfected cells and confirmed that the apparent difference in
transactivating ability between the truncated constructs was
not due to differences in the stabilities of the protein products
(data not shown).

In the absence of B2, the transactivation levels seen with
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FIG. 3. Transactivation activity of full-length PEBP2aB1 and its deletion derivatives in the absence (open bars) or presence (filled bars) of 2. (A) For filled bars,
Jurkat cells were transfected with 4 pg of pM-CSF-R-luc, 1.5 pg of pEF-B2, and 4.5 pg of a backbone vector pEF-BOS (lane 1) or pEF-BOS-based expression plasmids
for aB1 and its deletion derivatives as indicated (lanes 2 to 12). For open bars, pEF-B2 was not included and was replaced by pEF-BOS. Luciferase activities relative
to those obtained with cells transfected with 4 pg of pM-CSF-R-luc and 6 pg of EF-BOS (set as 100) are shown. Means and standard deviations of nine independent
experiments with B2 and of three independent experiments without B2 are shown. (B) U937 cells were transfected and analyzed as in panel A. Results represent three
independent experiments. (C) P19 cells were transfected with TB3W4W-tkCAT and pEF-BOS-based expression plasmids for aB1 and its deletion derivatives as
indicated (lanes 2 to 9). CAT activities relative to those obtained with cells transfected with TB3W4W-tkCAT (lane 1, set as 100) are shown.

these aB1-derivatives were less than twofold the level obtained
with the luciferase reporter alone (Fig. 3A). Although very low,
we can see that the activity was highest with aB1(1-446) and
decreased with the shorter constructs. Therefore, we empha-
size here that coexpression of the 8 subunit not only increased
the overall activity but also changed the profile of activities
among the deletion constructs. Curiously, removal of VWRPY
at the very extreme carboxyl terminus consistently gave a slight
increase in the activity. A similar observation was reported
recently by others (1).

When U937 monocytes were transfected without the B sub-
unit, moderate transactivation of the M-CSF receptor pro-
moter was observed with full-length aB1 and its deletion
derivatives (Fig. 3B). These levels of transactivation were con-
siderably increased on addition of 82 (Fig. 3B), a finding con-
sistent with the observation in Fig. 1C. In the presence of
transfected 32, the most prominent difference in the levels of
transactivation among the deletion derivatives was observed
between aB1(1-291) and aB1(1-331), and the carboxy-termi-
nal extension up to aa 371 [aB1(1-371)] led to greater trans-
activation. This suggests the presence of a transactivation do-
main between aa 291 and 331 in agreement with the results
obtained with Jurkat cells and the presence of an additional
transactivation domain between aa 331 and 371. Further addi-
tion of more carboxy-terminal regions resulted in a decrease in
transactivation ability, also suggesting the presence of inhibi-
tory domain(s) in the carboxy-terminal region beyond aa 371.

In contrast, the P19 cell system with the TB3W4W-tkCAT
reporter exhibited transactivation by the a subunit alone but
failed to reveal apparent transactivation domains (Fig. 3C). A
possible reason for this will be described below.

Regions responsible for transactivation and inhibition con-
ferred the activities on the GAL4-DBD. To address more di-
rectly the functional domains described above, we prepared
constructs in which the yeast GAL4 DNA-binding domain
(GAL4-DBD) was fused to the putative functional regions
from aB1, as shown in Fig. 4A. The intrinsic stimulatory and
inhibitory functions of the fused fragments were assayed as
GALA4-binding-site-dependent transactivation. Regions corre-
sponding to aa 291 to 331, 291 to 371, and 262 to 371 of aBl1
conferred transactivation potential on the GAL4-DBD, a het-
erologous DNA-binding domain, in both Jurkat and U937 cells
(Fig. 4B and C, lanes 2, 3, and 5). In U937 cells the presence
of additional transactivation potential in the region of aa 331 to
371 was evident. Extension of these constructs to aa 411 always
reduced the transactivating ability (Fig. 4B and C, lanes 4 and
6), indicating the presence of an inhibitory activity between aa
371 and 411. However, the region of aa 371 to 411 by itself did
not confer a transcriptional inhibitory effect on GAL4-DBD
(Fig. 4B and C, lane 7). In summary, these findings obtained
with the GALA4-fusion constructs are entirely consistent with
those obtained with the aB1 deletion constructs on the natural
M-CSF receptor promoter and indicate that the activities ob-
served on these two different promoters reflect those intrinsic
to aB1.

Unmasking of the DNA binding activity of the Runt domain
by the 3 subunit. The reason why the intrinsic transactivation
domain in the o subunit manifests itself only when the 8 sub-
unit is present was hinted at by earlier observations on DNA
binding (22, 43). The full-length o subunit exhibited weak
DNA binding, whereas the Runt domain alone, devoid of its
amino- and carboxy-terminal regions, showed strong DNA
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FIG. 4. Analysis of intrinsic transactivating activities of various regions from
PEBP2aBl1 fused to the yeast GAL4 DNA-binding domain. (A) Schematic
illustration of the GALA4 fusion constructs. Full-length aB1 is shown for refer-
ence. (B and C) Jurkat cells or U937 cells were transfected with 5 pg of tk-
GALpx3-LUC and 5 p.g of the pEF-BOS-based expression plasmids as indicated.
Luciferase activities relative to those obtained with GAL4-DBD (set as 100) are
shown. The results represent three independent experiments.

binding. In the presence of the B subunit, the DNA-binding
activities of the Runt domain and especially of the entire o
subunit were enhanced. To evaluate the effect of the § subunit
on DNA binding in more detail, we performed experiments
using partially truncated « subunits (Fig. 5). Like full-length
aBl, truncated aB1(50-291) alone did not bind to DNA very
well (Fig. 5A, lane 1). Upon removal of a further 108 aa, aB1
(50-183) bound to DNA very well by itself (lane 5). Addition
of the B subunit readily supershifted the bands, showing that
heterodimers had been formed (lanes 2 to 4 and 6 to 8). It is
important to note that the intensity of the aB1(50-291) band
was strongly increased after addition of the B subunit, whereas
that of aB1(50-183) was increased only mildly. This suggests
that the region between aa 183 and 291 masks the surface of
the Runt domain responsible for interaction with DNA and
that binding of the  subunit changes the conformation in such
a way as to unmask this surface. The region amino-terminal to
the Runt domain, aa 1 to 49, also had an inhibitory effect on
DNA binding by the Runt domain, a feature that will be de-
scribed elsewhere (24). Thus, the inhibitory effect of the region
between aa 183 and 291 was most dramatically exhibited by
using the constructs starting at aa 50. Similarly, we analyzed
the DNA-binding properties of a series of carboxy-terminal
deletion constructs that are shown in Fig. 2A. The constructs
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were analyzed either alone or as heterodimers with the B sub-
unit. The constructs having carboxyl termini beyond aa 291
were barely able to bind to DNA by themselves. Among these,
the constructs that did not extend beyond aa 411 exhibited
heterodimer binding as strong as that of aB1(50-291) (data
not shown). However, longer constructs, including full-length
aBl1, showed less-effective heterodimer binding than aB1(50-
291) and aB1(1-291) even in the presence of the same amount
of B subunit (Fig. 5B), suggesting that dimerization with the
subunit may be blocked by the extreme carboxy-terminal re-
gion of aB1. In spite of repeated attempts, we could not pre-
cisely delineate the region that blocks dimerization in EMSA
because the binding activities of these constructs turned out to
be quite variable, suggesting that artificially truncated proteins
are functionally unstable in vitro. Thus, we tentatively assign
the region aa 411 to 451 to be responsible for preventing
B-subunit interaction with the Runt domain.

Transactivation by PEBP2aB1 and 32 takes place in the
nuclear matrix. All the aB1 constructs used in the present
study except aB1(1-177) and aB1(1-173) were localized to the
nucleus. It has recently been reported that the PEBP2a sub-
unit-related protein NMP-2, which is bone specific, is firmly

aB1(50-291)  oB1(50-183) ,

A A/ﬂ

aB1(50-291) + B » — -

aB1(50-291) » - % —aB1(50-183) +B

- B1(50-183)

1 2 3 456 7 8

aB1(1-291)
A

w» »» <waB1+p
s wmem e <oB1(1-291) +
* aB1(1-291) > oB1(1-291) + B

1 2 3 4 5 6 7 8

FIG. 5. Strong and comparable DNA binding by PEBP2aB1 and its deletion
derivatives requires the B subunit. EMSAs were performed with in vitro-trans-
lated aB1 and its deletion derivatives with or without E. coli-produced B2
subunit. (A) Comparison between aB1(50-291) (lanes 1 to 4) and aB1(50-183)
(lanes 5 to 8). The amounts of B2 added were 1.25 ng (lanes 2 and 6), 2.5 ng
(lanes 3 and 7), and 5 ng (lanes 4 and 8). The positions of each complex are
indicated. (B) Comparison between full-length aB1 (lanes 1 to 4) and oB1
(1-291) (lanes 5 to 8). The amounts of B2 added were 0.5 ng (lanes 2 and 6), 1
ng (lanes 3 and 7), and 2 ng (lanes 4 and 8). The positions of each complex are
indicated. Asterisks indicate the positions of nonspecific bands, which can be
seen in lanes 1 to 4 and lane 5. These bands overlap with the bands correspond-
ing to aB1(1-291)+B2 in lanes 6 to 8. The band corresponding to aB1 alone
cannot be seen at this exposure.
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attached to the nuclear matrix, a filamentous ribonucleopro-
tein network of the nucleus (33). We had also noticed in a
variety of transfection experiments that aB1 was not easily
extractable in salt solutions. We therefore examined the sub-
nuclear distribution of full-length aB1 and its carboxy-terminal
deletion derivatives after they were transfected into P19 cells
devoid of the endogenous PEBP2a subunits. Whole-cell ly-
sates were extracted with a high-concentration salt solution
(soluble fractions), and the remaining compartments were
treated with nucleases and further extracted with ammonium
sulfate. This treatment resulted in pellets containing the insol-
uble nuclear matrix compartments. These fractions were ana-
lyzed by SDS-PAGE and Western blotting. The constructs with
the carboxyl termini beyond aa 331 were recovered from the
nuclear matrix compartments (Fig. 6A, panel i, lanes 1 to 5),
whereas those that do not extend beyond aa 291 were not
(lanes 6 to 8). Analysis of the soluble fractions exhibited the
reciprocal presence of these constructs (Fig. 6A, panel ii),
clearly demonstrating subnuclear compartmentalization. The
results implied that the region aa 291 to 331 was involved in
nuclear matrix attachment and suggested that there exists a
close correlation between transactivating activity and nuclear
matrix binding. While the GAL4-DBD did not exhibit nuclear
matrix binding, its fusion with the region containing the aB1
transactivation domain (aa 292 to 371) conferred the ability to
associate with the nuclear matrix (Fig. 6B). However, nuclear
matrix targeting activity was not confined to the region of aa
291 to 331. The region of aa 372 to 451, but not the region of
aa 178 to 291, also conferred nuclear matrix binding activity
(Fig. 6B). Furthermore, the GAL4 fusion constructs contain-
ing the minimal transactivating element (aa 291 to 331 and aa
291 to 371), the transactivation and inhibition domains (aa 291
to 411), or the inhibition domain alone (aa 371 to 411) all
exhibited nuclear matrix binding (Fig. 6C and data not shown).
These results together suggest that nuclear matrix binding of
aB1 might be necessary for transactivation but also that levels
of transactivating activity may not exactly correlate with nu-
clear matrix binding per se. Nevertheless, possible roles of nu-
clear matrix attachment might include the concentration and
compartmentalization of nuclear factors in a discrete structure
in the nucleus. If effective transactivation by PEBP2 takes
place in a manner associated with the nuclear matrix, the 8
subunit, which does not associate with the nuclear matrix by
itself, should also colocalize to that compartment. To test this
prediction, we transfected Jurkat cells with an expression plas-
mid for B2 and an expression plasmid for full-length aB1, aB1
(1-371), or aB1(1-291) and prepared salt-extractable soluble
fractions (S) and insoluble nuclear matrix fractions (P). As
shown in Fig. 6D, B2 was recovered from the insoluble nuclear
matrix compartment when coexpressed with aB1(1-371) (com-
pare lanes 8 and 9) or with full-length aB1 (compare lanes 5
and 6), both of which were also present in the nuclear matrix
fraction. This was not the case with aB1(1-291) (compare
lanes 11 and 12), which did not attach to the nuclear matrix.
When 32 alone was transfected, only a trace amount of 32 was
detected in the matrix fraction (compare lanes 2 and 3). This
occurred most likely through binding to endogenous PEBP2a
subunits.

DISCUSSION

The M-CSF receptor promoter required both the o and B
subunits of PEBP2 to achieve strong transcription in Jurkat T
cells. This system allowed us to investigate functional regions
in each of the two subunits in vivo. In the present study, we
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have described the a-subunit functional domains, which only
became apparent in the presence of the § subunit.

The B subunit is required for the strong and equal DNA
binding by the a-subunit derivatives. The results presented in
the present study, as well as those to be described later (24),
suggest that the Runt domain of the a subunit is intramolecu-
larly “masked” in two ways. Interaction with the B subunit is
blocked by the carboxy-terminal region of aa 411 to 451, and
the DNA-binding activity is inhibited by the region of aa 183 to
291. Although our analysis was not extensive enough to pre-
cisely determine the boundaries, we have termed the latter re-
gion the negative regulatory region of DNA binding (NRDB).
When the B subunit associates with the Runt domain, the con-
formation of the « subunit is changed in such a way that the
Runt domain can now bind to DNA strongly. We assume that
this process reflects two separate events. After the B subunit
binds to the Runt domain, the effect of NRBD is eliminated
and the DNA-binding domain is exposed on the surface where
it can interact directly with DNA. The second event is to in-
crease the affinity of the Runt domain to DNA as described
earlier (22, 43, 53). Although this assumption has to be proved
by structural studies, we believe that the concept of two sepa-
rate steps is a reasonable working hypothesis. From this prem-
ise, we propose that one of the main roles of the B subunit is
to unmask the DNA binding surface of the Runt domain by
eliminating the negative regulatory effect of NRDB.

Transactivation assay of the M-CSF receptor promoter in
Jurkat cells is suitable for the analysis of PEBP2 subunits.
The requirement for both the o and 8 subunits in vivo has been
shown most dramatically by gene disruption studies, in which
the phenotypes of the PEBP2aB/AMLI knockout and pB-gene
knockout mice were found to be nearly identical (42, 46, 49, 54,
55). Therefore, it was to be expected that the transcription in
the in vivo transcription assays would also require the presence
of the B subunit, as was clearly shown in the present study. In
contrast, we and others have reported transactivations that
occur only with the a subunit (3, 11, 15, 20, 34, 44, 52). We
assume that the endogenous B subunit was utilized in such
cases, but there may be other possibilities. We have recently
discovered that some transcription factors enhance DNA bind-
ing of the « subunit in the absence of the § subunit (24). Thus,
at least for the analysis of intrinsic functional regions in either
subunit, the system in which both the « and the B subunits are
required for transactivation must be used.

The NRDB of the o subunit is located more proximally to
the Runt domain than the transcription activation domain
(AD, see below). Without the B subunit, progressive carboxy-
terminal truncations would remove AD before eliminating
NRDB, resulting in exposure of the DNA binding domain.
This explains well why expression of the aB1 deletion deriva-
tives alone in Jurkat cells and P19 cells did not allow clear
resolution of the intrinsic functional regions.

PEBP2aB1 has modular structures. Using the serial dele-
tion constructs as well as the GAL4-fusion constructs, we iden-
tified a major AD of aBl1 in the region containing aa 291 to 371
(Fig. 7). Interestingly, the transactivation activity due to the
AD was inhibited by the addition of the adjacent domain, i.e.,
aa 371 to 411, which we refer to as the inhibitory domain (ID).
Accordingly, the presence of the ID makes the AD “cryptic” in
the full-length aB1 protein. In T cells, the region of aa 291 to
331 (TEL1 in Fig. 7) within the AD represented most of the
transactivation function, and the additional region of aa 332 to
371 (TE2 in Fig. 7) considerably contributed to the transacti-
vation activity in monocytes. Thus, the AD seems to consist of
at least two transactivation elements (TE1 and TE2), and the
activity of TE2 seems to be affected by cellular factors that are
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FIG. 6. Nuclear matrix attachment of PEBP2aB1. (A) Western blotting showing nuclear matrix association of full-length and deletion derivatives of aB1. P19 cells
were transfected with the pEF-BOS-based expression plasmids as indicated. Nuclear matrix fractions (section i) and soluble whole-cell extracts (section ii) were
prepared, separated on 12.5% SDS-gel, and stained with a peptide-antibody against aB1. Positions of aB1(1-291), aB1(1-243), and aB1(1-183) are indicated on the
right. The bands immediately beneath the position of aB1(1-291) are nonspecific and recognizable in all lanes. The amounts loaded represented the same proportion
of samples obtained. (B) P19 cells were transfected with pSG5-based expression plasmids for the GAL4 fusion constructs as shown in section i. (ii) Nuclear matrix (lanes
1 to 5) and soluble fractions (lanes 6 to 10) were prepared, separated by SDS-PAGE, and stained with an antibody against GAL4-DBD. Positions of the detected
proteins are indicated on the right. (C) P19 cells were transfected with pEF-BOS-based expression plasmids as shown in Fig. 4A. Nuclear matrix fractions were analyzed
as in panel B, and the positions of the detected proteins are indicated on the right. (D) Jurkat cells were transfected with pEF-BOS-based expression plasmids for
PEBP2 proteins in the indicated combinations. Total (T), soluble (S), and insoluble fractions (P) were prepared, separated by SDS-PAGE, and stained with an antibody
against the whole aB1 protein or an anti-p antibody. Positions of aB1, aB1(1-371), aB1(1-291), and B2 are indicated on the right. Lanes 4 to 6 for B2 staining were

exposed longer than others.
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FIG. 7. Schematic illustration of functional regions in PEBP2aB1. Abbrevi-
ations: AD, activation domain; TE, transactivation element; ID, inhibitory do-
main; NLS, nuclear localization signal; NRDB, negative regulatory region of
DNA binding; RD, Runt domain.

cell-type specific. Also, the region of aa 243 to 291 may con-
stitute the third transactivation element (TE3) because this
region is responsible for the relatively small but significant
transactivation ability of aB1(1-291) compared with aB1(1-
243). The possibility of a complexity in domain organization is
raised by the finding that aB2, which lacks the region between
aa 178 to 242 but retains all three transactivation elements and
IDs, cannot transactivate. The positive transactivating ability of
the AD is likely to be canceled by the ID in aB2 as well. Since
aB1(1-243) showed only marginal transactivating ability, the
missing region, i.e., aa 178 to 242 in «B2, may not contain a
strong transactivation element by itself but may play an impor-
tant role together with TE3 within the context of aB1. This
may account for the difference between aB1 and aB2.

These putative transactivation elements do not contain the
well-known motifs of classic transactivation domains such
as acidic amino acids or such as proline- or glutamine-rich
stretches of amino acid sequence. Transactivating and inhibi-
tory modular structures have also been reported in C/EBP
(28, 41), c-Fos (4), c-Myb (10), and Brca2 (35). The regulatory
states of these proteins could be modulated by phosphorylation
of either or both structures. For instance, the suppressive ac-
tivity of inhibitory elements in C/EBP may be deactivated by
signal-induced phosphorylation (28). It is noteworthy that the
TE3 element of aB1 can be phosphorylated by ERK, a mem-
ber of the MAP kinase family (52).

As for mechanisms of inhibition by the ID, these may in-
clude masking of the activation surface on the transactivation
domain as in c-Myb (10) and binding of active inhibitors as in
c-Fos (4). The result showing that the GAL4 fusion construct
containing only the ID did not exhibit inhibitory effect by itself
supports the intramolecular masking model. However, the in-
hibitor-binding model cannot be entirely excluded especially in
T cells, since GAL4 fusion constructs containing both the AD
and the ID significantly reduced the transactivation activity
below the basal activity.

Nuclear localization signal of PEBP2aB1. We previously
reported that one of the regions responsible for the nuclear
localization of PEBP2aAl and -aB1 resides in the Runt do-
main (31). In the present study, we found that aB1(1-177),
which ends at the exact border of the Runt domain, was local-
ized in the cytoplasm. Because aB1(1-183) can enter the nu-
cleus, the last six amino acids (RHRQKL) must be critically
important for nuclear import (Fig. 2D). As a cluster of basic
amino acids is important for nuclear localization (9), we spec-
ulate that the motif KXXXXXXRXXRRXRXKX (where X is
any amino acid) in aa 167 to 183 may constitute a nuclear
localization signal (NLS). AML1/ETO was also localized to the
nucleus despite the fact that its «B1/AMLI portion ends at aa
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177. The amino acid sequence at the beginning of the ETO
portion contains the sequence NRTEKH, which may reconsti-
tute the NLS by supplying arginine and lysine residues. In a
previous study, we concluded that the region between aa 178
and 242 does not contain an NLS because of the observed
nuclear localization of B2 which lacks this region (31). How-
ever, a compensatory effect similar to that of AML1/ETO may
also work for aB2 nuclear localization, in which the arginine
residue of the sequence NARQIQ beginning at aa 243 be-
comes juxtaposed by alternative splicing. We also noticed poor
nuclear localization ability of the region carboxy terminal to
the Runt domain when it was expressed as a separate protein
(23).

Nuclear matrix association and transactivation. We found
that aB1 associates with the nuclear matrix in a region that is
distinct from that containing the NLS. What might be the in-
fluence of nuclear matrix association on transactivation? If the
association is to be a prerequisite for aB1 to transactivate, it
would be reasonable to speculate that an essential coactivating
factor(s) for aBl is also tightly associated with the nuclear
matrix. Consistent with this hypothesis, we found that the AD
containing region of aB1 has the ability to associate with the
nuclear matrix. During the preparation of this manuscript,
Zeng et al. (58) reported the identification of a nuclear matrix
targeting signal (NMTS) in the region between aa 351 and 381
of AMLIB [also defined as AMLI1c (38), which has a different
amino terminus from aB1/AML1(453) due to differential pro-
moter usage (17)]. This region corresponds to aa 324 to 353 of
aB1, an arca which resides well within the AD identified in the
present study. Also, we found separable nuclear matrix target-
ing activities spread over a broader region between aa 292 and
451 in aB1 (Fig. 7), suggesting the presence of multiple NMTSs
in aB1.

Interestingly, a certain amount of the 3 subunit was confined
to the nuclear matrix through dimerization with aB1, strongly
suggesting that efficient PEBP2-dependent transactivation oc-
curs in this specific compartment. Likewise, it is possible that
PEBP2 may participate in context-dependent transactivation
by recruiting other transcription factors, which lack their own
intrinsic NMTS, to this specific, subnuclear compartment. We
are currently investigating the mechanism of synergistic trans-
activation of the M-CSF receptor promoter by PEBP2, C/
EBPq, and PU.1 (59, 60). The structure and function of the
nuclear matrix in transcription will be important subjects for
future study.
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