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The heterodimeric transcription factor PEBP2/CBF is composed of a DNA-binding subunit, called Runx1,
and a non-DNA-binding subunit, called PEBP2�/CBF�. The Runx1 protein is detected exclusively in the nuclei
of most cells and tissues, whereas PEBP2� is located in the cytoplasm. We addressed the mechanism by which
PEBP2� localizes to the cytoplasm and found that it is associated with filamin A, an actin-binding protein.
Filamin A retains PEBP2� in the cytoplasm, thereby hindering its engagement as a Runx1 partner. The
interaction with filamin A is mediated by a region within PEBP2� that includes amino acid residues 68 to 93.
The deletion of this region or the repression of filamin A enables PEBP2� to translocate to the nucleus. Based
on these observations, we propose that PEBP2� has two distinct domains, a newly defined regulatory domain
that interacts with filamin A and the previously identified Runx1-binding domain.

The heterodimeric transcription factor PEBP2/CBF is com-
posed of the DNA-binding protein Runx1/AML1 and the non-
DNA-binding protein PEBP2�/CBF�. The Runt domain,
which is conserved among Runx family proteins, is responsible
not only for the DNA-binding activity of Runx1, but also for its
ability to dimerize with PEBP2�. Nuclear magnetic resonance
and X-ray diffraction studies have allowed the determination
of the three-dimensional structure of the Runt domain of
Runx1 as well as the three-dimensional structures of PEBP2�
and the heterodimer formed by both subunits (4, 9, 12, 21, 30,
36). These analyses showed that when it dimerizes with
PEBP2�, the stabilized Runx1 protein can bind both the major
and minor grooves of DNA (30). PEBP2� alone does not
interact with DNA but enhances the DNA-binding activity of
Runx1. Furthermore, Runx1 and PEBP2� homozygous knock-
out mice exhibit identical phenotypes, with a failure of hema-
topoietic stem cell development during embryogenesis. This
finding provides genetic evidence that dimer formation be-
tween Runx1 and PEBP2� is vitally important for transcription
factor activity (22, 24, 25, 28, 34, 35).

In humans, both Runx1 and PEBP2� are frequently targeted
in leukemia-associated chromosomal abnormalities such as the
t(8; 21) and inv translocations (16), which generate chimeric
transcription factors that interfere with or abolish the tran-
scriptional activity of endogenous PEBP2/CBF. For example,
the inv (16)-derived PEBP2�-SMMHC protein consists of an

amino-terminal fusion of the PEBP2� heterodimerization do-
main to the carboxy-terminal coiled-coil region of the smooth
muscle myosin heavy chain.

In addition, while PEBP2/CBF was originally characterized
as a transcriptional activator, recent studies have demonstrated
that it can also function as a repressor, depending on the
enhancer or promoter sequences it binds to and on the cofac-
tors it interacts with. An interaction with p300/CBP or mSin3A
converts Runx1 into an activator or a repressor, respectively
(16, 19). Other factors such as YAP, Ear-2, ALY, Ets-1, MOZ,
and Groucho/TLE also interact with Runx1 and modulate its
activity (2, 5, 10, 13, 15, 17, 18, 37, 38). On the other hand, no
such cofactors or modulators have been reported for PEBP2�.

Although the structure and functions of the PEBP2/CBF
transcription factor have been extensively studied, little is
known about how its activity is influenced by the subcellular
localization of its constituent subunits. The Runx1 protein pos-
sesses nuclear localization signals and is found exclusively in
the nucleus, whereas PEBP2� is located in the cytoplasm in
most cells and tissues examined thus far (14, 32). The ability of
Runx1 to bring PEBP2� into the nucleus has been demon-
strated (1, 31). On the other hand, the mechanism that local-
izes PEBP2� to the cytoplasm is not known. We previously
reported that cytoplasmic PEBP2� has a weak affinity for a
cytoskeletal structure, namely, F-actin on stress fibers (32). We
also observed that PEBP2� is located on or near the Z-line of
muscle fibers, where many actin-associated proteins are abun-
dant (7). Moreover, we found that the leukemogenic chimeric
protein PEBP2�-SMMHC disorganizes cytoplasmic stress fi-
bers and that the PEBP2� portion of this protein is necessary
for interference (33). Based on these observations, we pro-
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posed that PEBP2� interacts with actin-associated proteins
and that this interaction determines the cytoplasmic localiza-
tion of PEBP2� (32, 33).

In the present study, we show that filamin A binds PEBP2�
and retains it in the cytoplasm, thereby preventing it from
acting as a partner for the Runx1 transcription factor. When
filamin A is absent, PEBP2� moves into the nucleus and en-
hances Runx1-dependent transcription.

MATERIALS AND METHODS

Yeast two-hybrid screening. The Matchmaker Two-Hybrid System 3 (Clon-
tech) was used according to the instructions in the manufacturer’s manual. A bait
plasmid was constructed by inserting the mouse PEBP2� cDNA next to the
GAL4 DNA-binding domain of the vector pGBKT7. cDNA libraries prepared
from 11- or 17-day-old mouse embryos were fused to the GAL4 DNA activation
domain of the vector pGAD10 and used as prey plasmids. AH109 cells were used
as host cells. Plasmid DNAs were recovered from positive colonies and se-
quenced by use of an ABI PRISM 310 genetic analyzer (Applied Biosystems).

Plasmid construction. A c-Myc or hemagglutinin (HA) tag was fused to the
amino or carboxy terminus of filamin A-C, PEBP2�, or Runx1, as indicated in
the text, by a PCR-based method. Carboxy-terminal deletion mutants of PEBP2�
were constructed by PCRs using the common sense primer 5�-CGGAATTCAC
CATGCCGCGCGTCGTCCCGG-3� and the following antisense primers: 5�-G
GAATTCCTACTGGAGAGACAGATTGGTTC-3� for ��C67, 5�-GGAATTC
CTACTTGCCTGCTTCTCTCTC-3� for ��C94, and 5�-GGAATTCCTACTG
GGCTCGCTCCTCATC-3� for ��C133.

For preparation of an internal deletion mutant, ��68–93, the following prim-
ers were used in appropriate combinations for two successive rounds of PCR:
5�-AAGGTATACTTGAAGGCTCCCATG-3�, 5�-CCAATCTGTCTCTCCAG
AAGGTATACT-3�, and 5�-CAAGAAGACAGCAAGACCCTAGGAATTCC
G-3�. All cDNAs were subcloned into the mammalian expression vector
pCAGGS-neo.

Cell culture. HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
(Life Technologies, Inc.) supplemented with 10% (vol/vol) fetal bovine serum.
M2 and A7 cells were cultured in minimal essential medium (Life Technologies,
Inc.) supplemented with 8% (vol/vol) newborn calf serum and 2% (vol/vol) fetal
bovine serum (8). G418 (Sigma) was added to A7 cells at 0.3 mg/ml.

siRNA-mediated repression of filamin A. Five RNA oligonucleotides
(iGENE) were synthesized by use of the following sense and antisense oligonu-
cleotides: for filaminA-1499, 5�-CAGCUGACUUCAAGGUGUACACAAA-3�
and 5�-UUUGUGUACACCUUGAAGUCAGCUG-3�; for filaminA-4566, 5�-A
GUACUGUAUGGAGAUGAAGAGGUA-3� and 5�-UACCUCUUCAUCUC
CAUACAGUACU-3�; for filaminA-5792, 5�-ACUACAGCAUUCUAGUCAAG
UACAA-3� and 5�-UUGUACUUGACUAGAAUGCUGUAGU-3�; for filaminA-
6911, 5�-ACUACGAAGUCUCAGUCAAGUUCAA-3� and 5�-UUGAACUUGA
CUGAGACUUCGUAGU-3�; for filaminA-7140, 5�-CACAGAAAUUGACCAA
GAUAAGUAU-3� and 5�-AUACUUAUCUUGGUCAAUUUCUGUG-3�; and
for the luciferase control, 5�-ACAUCACGUACGCGGAAUACUUCGA-3� and
5�-UCGAAGUAUUCCGCGUACGUGAUGU-3�. Small interfering RNAs (siR-
NAs) were introduced into HeLa cells by the use of Lipofectamine 2000 (Life
Technologies, Inc.). The cells were processed for immunological detection 72 h after
transfection.

Immunoprecipitation and immunoblot analysis. Expression vectors harboring
Myc-tagged filamin A-C and HA-tagged PEBP2� were cotransfected into HeLa
cells by use of the Effectene reagent (Qiagen). Twenty-four hours after trans-
fection, the cells were lysed with a buffer consisting of 50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM EDTA, 1% (vol/vol) Nonidet P-40, and a mixture of
protease inhibitors (Complete; Roche Molecular Biochemicals). If the lysate was
to be incubated with an anti-human filamin A monoclonal antibody (Chemicon),
the cells were lysed with a buffer consisting of 25 mM HEPES (pH 7.5), 150 mM
NaCl, 5 mM EDTA, 1% (vol/vol) Triton X-100, 10% (vol/vol) glycerol, 2 mM
dithiothreitol, and a mixture of protease inhibitors. The cell lysates were incu-
bated with the anti-c-Myc 9E10 antibody (Sigma), the anti-HA 3F10 antibody
(Roche Molecular Biochemicals), or an anti-filamin A antibody, and the immu-
noprecipitates were adsorbed to protein G-Sepharose beads. The beads were
washed five times with a buffer consisting of 50 mM Tris-HCl (pH 7.5), 200 mM
NaCl, 1 mM EDTA, 1% (vol/vol) Nonidet P-40, and a mixture of protease
inhibitors or, in the case of anti-filamin A precipitates, with a buffer consisting of
25 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% (vol/vol) Triton
X-100, 10% (vol/vol) glycerol, 2 mM dithiothreitol, and a mixture of protease

inhibitors. Proteins were eluted by boiling the beads in sodium dodecyl sulfate
(SDS) sample buffer, electrophoresed in an SDS-polyacrylamide gel, and trans-
ferred to a polyvinylidene difluoride membrane. Immunodetection of mem-
brane-bound proteins was performed with the anti-HA 3F10, anti-c-Myc 9E10,
or anti-PEBP2� antibody (6), and products were visualized by use of the ECL
Plus reagent (Amersham Pharmacia Biotech).

Cells subjected to siRNA analysis were lysed in a urea-Triton buffer, and
immunoblot analyses were performed as previously described (7). The antibodies
used were an anti-human filamin A antibody, a murine anti-�-actin monoclonal
antibody (Sigma), and a peroxidase-conjugated goat antibody to mouse immu-
noglobulin G (IgG) (Cappel Products).

Immunofluorescence analysis. Cells grown on coverslips were transfected with
expression plasmids. Twenty-four hours later, the cells were fixed with 2% (wt/
vol) paraformaldehyde, permeabilized with 0.1% (vol/vol) Triton X-100, and
blocked with 1% (wt/vol) bovine serum albumin in phosphate-buffered saline.
Signals were detected by an indirect immunofluorescence technique using an-
ti-HA 3F10 as a primary antibody and Cy3-conjugated goat anti-rat IgG (Chemi-
con) as a secondary antibody or using anti-c-Myc 9E10 or an anti-human filamin
A antibody as a primary antibody and Alexa fluor 488–goat anti-mouse IgG
(Molecular Probes) as a secondary antibody. Cells were viewed with a confocal
laser scanning microscope (LSM410 or LSM 5 PASCAL; Zeiss).

Reporter gene assay. Runx1 and PEBP2� expression plasmids were cotrans-
fected with the reporter plasmid pM-CSF-R-luc (39) by use of the Effectene
reagent. pRSV-�-GAL was transfected together with the reporter plasmid as an
internal control, and its activity was used to normalize transfection efficiencies.
Twenty-four hours after transfection, the cells were lysed in a lysis buffer (Pro-
mega), and the luciferase activities in lysates were measured by use of a luciferase
assay system (Promega) and a Luminescencer-JNR AB-2100 instrument (Bio-
Instrument). �-Galactosidase activity was assayed by the use of chlorophenol
red-�-D-galactopyranoside (Roche Molecular Biochemicals) as a substrate. Each
assay was performed at least three times. In each case, a siRNA for filamin A or
a filaminA cDNA was introduced into HeLa or M2 cells, respectively. The cells
were incubated for 24 h and then transfected with the expression plasmids for
Runx1 and PEBP2� together with the pM-CSF-R-luc reporter and the pRL-TK
vector (Promega) as an internal control.

RESULTS

Identification of filamin A as a novel PEBP2�-interacting
protein. To identify molecules that interact with PEBP2�, we
employed a yeast two-hybrid screening system. cDNAs derived
from murine embryos were used as preys, and PEBP2� was
used as a bait. We screened nine million yeast transformants by
an interaction trap strategy and obtained 110 colonies that
were positive for growth on both histidine and adenine. Many
of the cDNAs thus isolated corresponded to Runx genes. In
addition, one clone that carried a portion of the cytoskeletal
gene filaminA (also known as ABP-280) was identified. The
region of filaminA that was recovered as a PEBP2�-interacting
sequence consisted of the extreme carboxy terminus and the
adjacent hinge 2 domain (Fig. 1A). This region is hereafter
referred to as filamin A-C.

We next examined whether the PEBP2� protein interacts
with filamin A in mammalian cells by transiently expressing
Myc-tagged filamin A-C and HA-tagged PEBP2� in HeLa
cells. As shown in Fig. 1B, PEBP2� was coimmunoprecipitated
with filamin A-C from HeLa cell lysates when the two proteins
were introduced by cotransfection. Similarly, filamin A-C was
coimmunoprecipitated with PEBP2� (data not shown). Since
HeLa cells express both the PEBP2� and filamin A proteins
endogenously, their possible interaction was also examined. As
shown in Fig. 1C, PEBP2� was coimmunoprecipitated with the
intact filamin A molecule. These data indicate that PEBP2�
forms a complex with filamin A in HeLa cells and that this is
true not only for the exogenously introduced proteins, but also
for those expressed endogenously.
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The central region of PEBP2� is necessary for interaction
with filamin A-C and for cytoplasmic localization. To deter-
mine which region of PEBP2� is responsible for its interaction
with filamin A, we generated a series of carboxy-terminal de-
letion mutants. Figure 2A illustrates the relationship between
each deletion derivative and the known substructures of
PEBP2�. The 141-amino-acid (aa) amino-terminal region of
PEBP2� is composed of four � helices, seven � strands, and six
loop structures. Since three isoforms of the PEBP2� protein
share the 133 amino-terminal amino acids, we constructed a
derivative lacking the carboxy-terminal region (��C133) by
truncating the protein at residue 134. The ��C94 derivative
lacked the �5-L5 region, one of the Runt-interacting domains.
The ��C67 construct possessed only the 67 amino-terminal

amino acids, and the ��68–93 construct retained all of the
Runt-interacting domains (�1-L1, L2-�3, �1, �3, and �5-L5)
but lacked the L3-�4-L4 region.

By using a yeast two-hybrid system, we found that the
��C133 and ��C94 derivatives, as well as full-length PEBP2�,
interacted with filamin A-C (Fig. 2B). We could not, however,
assess the binding ability of the ��C67 construct, since cells
containing this construct alone were able to grow on selection
medium. Notably, the internal deletion construct, ��68–93,
did not interact with filamin A-C. Thus, the region of aa 68 to
93 of PEBP2� is necessary for its interaction with filamin A.

We next examined the effect of carboxy-terminal deletions
on the subcellular localization of PEBP2�. Each plasmid was
transfected into HeLa cells, and the expression of transduced
proteins as well as of endogenous filamin A was monitored by
double immunofluorescence staining (Fig. 3). While full-length
PEBP2� and the ��C133 and ��C94 proteins were all located
in the cytoplasm, the ��C67 and ��68–93 proteins were both
found in the nucleus. Thus, the region of aa 68 to 93 is neces-
sary for the cytoplasmic localization of PEBP2�, since con-
structs that lack this region move into the nucleus.

PEBP2� is located in the nuclei of filamin A-deficient cells.
We reasoned that filamin A functions to retain PEBP2� in the
cytoplasm. Therefore, we predicted that in its absence, full-
length PEBP2� would not stay in the cytoplasm but would
instead move into the nucleus. To test this idea, we performed
experiments with a filamin A-deficient human melanoma cell
line, M2, and a subline, A7, which was obtained by stably
transfecting M2 cells with a human filamin A cDNA (8). A
plasmid bearing full-length PEBP2� was transfected into these
cells, and the expression of transduced protein as well as of
endogenous filamin A was monitored by immunofluorescence
(Fig. 4). PEBP2� was detected in the nuclei of filamin A-de-
ficient M2 cells but in the cytoplasm of filamin A-expressing A7
cells. We also examined the effects of carboxy-terminal dele-
tions on the subcellular localization of PEBP2� in M2 and A7
cells. In filamin A-expressing A7 cells, while the full-length
PEBP2�, ��C133, and ��C94 proteins were all located in the
cytoplasm, the ��C67 and ��68–93 proteins were both found
in the nucleus. On the other hand, in filamin A-deficient M2
cells, the full-length PEBP2�, as well as all carboxy-terminal
deletion mutants, was located in the nucleus (data not shown).

To confirm these results, we next determined whether the
repression of filamin A by the siRNA method influences the
subcellular localization of PEBP2� in HeLa cells. Since the
same results were obtained for five different siRNAs synthe-
sized as described in Materials and Methods, we present here
representative results obtained with the siRNA filaminA-7140.
A luciferase siRNA was used as a negative control. We found
by immunoblot analysis (Fig. 5A) that the level of filamin A in
cells treated with the filaminA-7140 siRNA was 1/10 that in
luciferase siRNA-treated cells. We determined the localization
of PEBP2� in these cells by immunofluorescence staining (Fig.
5B) and found the protein in the nuclei of filamin A-repressed
cells but in the cytoplasm of control filamin A-expressing cells.

These data indicate that filamin A sequesters the PEBP2�
protein in the cytoplasm and that in its absence, PEBP2�
moves into the nucleus.

Runx1 colocalizes with PEBP2� in the nuclei of filamin
A-deficient cells. We next examined whether the reported ac-

FIG. 1. Interaction of PEBP2� with filamin A. (A) Schematic dia-
gram of structure of filamin A. The actin binding and homodimeriza-
tion domains are located at the extreme amino- and carboxy-terminal
ends, respectively. The repetitive domains are numbered. H represents
a hinge region. A fragment of filamin A obtained in the yeast two-
hybrid screening assay contained the PEBP2�-interacting region and is
termed filamin A-C. (B) HeLa cells were transfected with the indicated
combinations of expression plasmids, and cell lysates were immuno-
precipitated (IP) with an anti-Myc antibody. Precipitates were resolved
by SDS-polyacrylamide gel electrophoresis and subjected to immuno-
blot (IB) analysis with the indicated antibodies. An aliquot of lysate
was directly immunoblotted without immunoprecipitation to evaluate
the level of protein expression. (C) Lysates of untransfected HeLa cells
were immunoprecipitated (IP) with or without an anti-filamin A anti-
body. Precipitates were resolved by SDS-polyacrylamide gel electro-
phoresis and subjected to immunoblot (IB) analysis with the indicated
antibodies. An aliquot of lysate was directly immunoblotted without
immunoprecipitation to evaluate the level of protein expression (in-
put).
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tivity of Runx1 to bring PEBP2� into the nucleus is affected by
the presence of filamin A. Plasmids expressing PEBP2� and
Runx1 were cotransfected into the M2 and A7 cell lines, and
the transduced proteins were detected by double immunoflu-
orescence (Fig. 6A). Runx1 colocalized with PEBP2� in the
nuclei of filamin A-deficient M2 cells. In addition, PEBP2�
was coimmunoprecipitated with Runx1 from cotransfected M2
cell lysates (data not shown). In contrast, although Runx1 was
found in the nuclei of filamin A-expressing A7 cells, PEBP2�
was found in the cytoplasm. These data suggest that the pres-
ence of filamin A prevents Runx1 from translocating PEBP2�
into the nucleus. On the other hand, filamin A did not have an
effect on the subcellular localization of Runx1, which was lo-
calized to the nuclei of both M2 and A7 cells.

PEBP2� has been reported to be capable of stabilizing the
Runx1 protein, which is rather unstable by itself, by forming a
heterodimer (11). We examined the protein level of Runx1 in
the presence or absence of PEBP2� by using A7 and M2 cells.

As shown in Fig. 6B, the band intensities of Runx1 detected by
immunoblotting were roughly equal in both PEBP2�-express-
ing and non-PEBP2�-expressing A7 cells (compare lanes 2 and
3). In contrast, the cotransfection of PEBP2� significantly in-
creased the band intensity of Runx1 in M2 cells (compare lanes
5 and 6). Therefore, in the nuclei of filamin A-deficient M2
cells, where the two proteins are colocalized, PEBP2� appears
to increase the stability of Runx1.

The transcriptional activity of PEBP2/CBF is enhanced in
filamin A-deficient cells. Filamin A may affect the extent of
PEBP2/CBF transcriptional activity by controlling the subcel-
lular localization of PEBP2�. In order to assess this idea, we
transfected M2 and A7 cells with an M-CSF-R-luc reporter,
which allowed the contribution of PEBP2� to the transcrip-
tional activity of the PEBP2/CBF heterodimer to be measured
(39). As seen in Fig. 7A, the transfection of PEBP2� in addi-
tion to Runx1 caused a sixfold increase in luciferase activity in
M2 cells compared to that in cells transfected solely with

FIG. 2. Mapping of the filamin A-interacting domain of PEBP2� by yeast two-hybrid analysis. (A) Schematic diagram of domain structures
found in the PEBP2� protein and description of carboxy-terminal deletion mutants of PEBP2�. �, �, and L represent � helixes, � strands, and
loops, respectively. The thick lines at the top indicate areas I and II of the Runt-interacting region (30). (B) PEBP2� and its deletion mutants were
tested for the ability to interact with filamin A-C. Yeast cells were transformed with the indicated combinations of plasmids and grown on
nonselective (�Trp, �Leu) and selective (�Trp, �Leu, �His, 1 mM 3-amino-1,2,4-triazole) media. Lamin/large T antigen and Runx1/PEBP2�
served as negative and positive controls, respectively.
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Runx1. On the other hand, in A7 cells, the cotransfection of
PEBP2� and Runx1 caused a 1.6-fold increase in luciferase
activity compared to cells transfected only with Runx1.

We also performed several control experiments in parallel.
For the data shown in Fig. 7B, HeLa cells were treated or not

treated with the siRNA filaminA-7140 and then were trans-
fected with reporter and expression plasmids. The siRNA
treatment increased the luciferase activity from 1.6-fold (with-
out siRNA) to 3.6-fold (with siRNA) (the significance of the
difference was valid by a t test [P � 0.002]). For the data shown

FIG. 3. Subcellular localization of PEBP2� protein derivatives. Each PEBP2� deletion mutant and full-length PEBP2� were transfected into
HeLa cells, and cells were processed for double immunofluorescence staining. Red and green fluorescence represent PEBP2� and filamin A,
respectively. Merged images are also presented.
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in Fig. 7C, M2 cells were transfected with filaminA cDNA and
then with reporter and expression plasmids. The coexpression
of filamin A decreased the luciferase activity from 4.3-fold
(without filamin A) to 3.4-fold (with filamin A) (the signifi-
cance of the difference was valid by a t test [P � 0.03]).

Thus, the transcriptional activity of PEBP2/CBF is enhanced
by an increase in the level of PEBP2�, but only in the absence
of filamin A. Conversely, the presence of filamin A appears to
decrease the transcriptional activity of PEBP2/CBF, probably
by retaining PEBP2� in the cytoplasm. (Note that the ��68–93
protein did not induce transcriptional activation in a reporter
assay [data not shown]. This was probably because its three-
dimensional structure was unfavorably altered due to the de-
letion.)

DISCUSSION

Filamin A is a non-muscle-specific isoform of filamin that is
ubiquitously expressed in many different cell types. As an actin
binding protein, filamin A organizes a three-dimensional in-
tracellular network of actin filaments and connects filamentous
actin to plasma membrane glycoproteins. Furthermore, filamin
A acts as a scaffold for intracellular proteins and is involved in
various signal transduction pathways (29). In the present study,
we demonstrated that filamin A binds to and retains PEBP2�
in the cytoplasm, a finding which is in accord with our previous
observations. For example, PEBP2�-specific staining has been
observed along stress fibers and cell membrane processes in
some cultured cells (32). This pattern of distribution of
PEBP2� is similar to that of filamin A. Also, PEBP2� is lo-
cated on or near the Z lines of muscle fibers (7). Filamin C, a
muscle-specific isoform of the filamin family is present on Z
lines (3) and therefore may specify the localization of PEBP2�
to these structures. Indeed, we found that the cotransfected

carboxy-terminal region of either filamin C or filamin B, an-
other ubiquitously expressed isoform, was coimmunoprecipi-
tated with PEBP2�. Moreover, the forced expression of full-
length filamin B relocated PEBP2� from the nucleus to the
cytoplasm of M2 cells (N. Yoshida and T. Watanabe, unpub-
lished observations). It must be noted that since the endoge-
nous expression of filamin B and filamin C in M2 cells was 1/10
that of filamin A or undetectable, respectively, their contribu-
tion, if any, to retaining PEBP2� in the cytoplasm may be
minimal in this particular cell line.

By analyzing deletion mutants, we identified a region within
the PEBP2� molecule that is important for its interaction with
filamin A and for cytoplasmic localization. This region spans aa
68 through 93 and consists of loop-� strand-loop (L3-�4-L4)
structures, but only 2 aa comprise the �4 strand. Therefore,
this region as a whole does not appear to adopt a solid two-
dimensional structure but is instead flexible. Furthermore, it
contains a hydrophobic tryptophan residue (aa 73) embedded
in a cluster of hydrophilic amino acid residues (30). These
characteristics likely confer upon the region a tendency to
interact with other molecules. In addition, an inspection of the
three-dimensional structure of PEBP2� showed that the re-
gion responsible for interacting with filamin A and the Runx1-
interacting region are situated on opposite sides of the mole-
cule. The Runx1-interacting region is composed of an alpha
helix and four � strands and probably adopts a rigid structure
(30). Thus, based on the above observations, we propose a new
model which holds that the PEBP2� protein consists of two
structurally and functionally distinct domains. The first is a
regulatory domain that has a loose structure and which per-
haps interacts with various molecules. The binding of this do-
main by filamin A, for example, retains PEBP2� in the cyto-
plasm, thereby preventing it from being recruited as a
component of a transcription factor complex. The second do-

FIG. 4. Subcellular localization of PEBP2� protein in filamin A-deficient M2 cells. M2 and A7 cells were transfected with full-length PEBP2�,
fixed, and processed for double immunofluorescence staining as described in the legend to Fig. 3.
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main is an executive domain that has a rigid structure and
which perhaps interacts only with the Runx1 protein. When it
is bound to Runx1, PEBP2� can function as a transcription
factor in the nucleus.

It is not clear how PEBP2� moves into the nucleus in the
absence of filamin A. Previously, the Runx1 protein was
thought to bring PEBP2� into the nucleus (1, 31). However,
Runx1 protein expression was not detected in M2 cells by
immunoblot analysis (Yoshida and Watanabe, unpublished ob-
servation), and PEBP2� was detected in the nuclei of M2 cells

that were not transfected with Runx1. An unidentified mech-
anism appears to be involved in the nuclear localization of
PEBP2�.

Runx1 and PEBP2� are known to be indispensable for the
development of hematopoietic stem cells, and a precise dose of
each of the Runx1 and PEBP2� proteins appears to be neces-
sary for the proper functioning of PEBP2/CBF during this
process (6, 20, 23). For example, a haploinsufficiency of Runx1
can impair the temporally and spatially regulated generation of
hematopoietic stem cells in mouse embryos (6). Hematopoietic

FIG. 5. Effect of filamin A repression on subcellular localization of PEBP2� protein. (A) Repression of filamin A expression by the siRNA
method. HeLa cells were transfected with a siRNA targeted to filamin A or luciferase. The protein level in these cells was measured by immunoblot
analysis. The top panel represents filamin A, and the bottom panel shows �-actin. (B) Cells were treated with a siRNA as indicated, transfected
with PEBP2� cDNA, fixed, and processed for double immunofluorescence staining as described in the legend to Fig. 3. Merged images of two-color
fluorescence were captured by differential interference contrast microscopy.
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stem cells develop from hemangioblasts, a specific subset of
endothelial cells. Notably, hemangioblasts, which undergo
transformation from flat endothelial cells to round hematopoi-
etic cells, are considered to accompany alterations of cytoskel-
etal structures, including the actin and perhaps filamin A mol-
ecules. One can imagine that the mechanism described in the
present study may tune the activity of PEBP2/CBF at the site
of hematopoietic stem cell generation. Efforts toward under-
standing this mechanism are under way.

Filamin A regulates the subcellular localization of Smad2
and of the androgen receptor (26, 27), two transcription factors
that are usually found in the cytoplasm. The treatment of cells
with transforming growth factor beta leads to the phosphory-
lation of Smad2 and to the subsequent translocation of the
phosphorylated form into the nucleus. Interestingly, Smad2 is
neither phosphorylated nor translocated into the nucleus after
transforming growth factor beta stimulation in cells lacking
filamin A. Similarly, the androgen receptor, which moves into

FIG. 6. Subcellular distribution of PEBP2� and Runx1 proteins in filamin A-deficient M2 cells and filamin A-expressing A7 cells. (A) M2 and
A7 cells were cotransfected with Runx1 and PEBP2� expression plasmids, fixed, and processed for double immunofluorescence. Red and green
fluorescence represent PEBP2� and Runx1, respectively. Merged images of two-color fluorescence are also presented. (B) A7 and M2 cells were
transfected with the indicated combinations of Runx1 and PEBP2� expression plasmids. The protein level of Runx1 in these cells was measured
by immunoblot (IB) analysis with an anti-Myc antibody. The bands indicated by the arrow represent Runx1, whereas those indicated by the asterisk
represent nonspecific reactions.
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the nucleus when bound to its ligand, remains in the cytoplasm
of cells that do not express filamin A. Therefore, filamin A
probably serves as a site at which a kinase and/or other ligand
can also bind, and in the absence of filamin A, target molecules
are not appropriately modified and thus are not translocated
into the nucleus. On the other hand, PEBP2� is translocated
into the nuclei of cells lacking filamin A, which enhances the
transcriptional activity of PEBP2/CBF. A signal that can dis-
sociate the interaction of PEBP2� and filamin A is not known
at present. Thus, the mechanisms by which filamin A regulates
the nuclear translocation and transcriptional activity of
PEBP2� and of Smad2 and the androgen receptor appear to
differ. Our present study has thus broadened the molecular
scope of the interplay between cytoskeletal filamin A and tran-
scription factors.
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