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The signal transducers and activators of transcription (STAT) and the Runt-related
(Runx) are two of major transcription factor families that play essential roles in
lymphocyte development. Although the interaction of Runx2 with STAT1 and STAT3
has been reported before, the interaction between STAT5 and Runx family proteins
has not been characterized. In this study, we first showed that STAT5 physically
interacts with Runx1, Runx2 and Runx3 by co-immunoprecipitation experiments.
The Runt domain of Runx proteins and the DNA-binding domain and a-helix loop
structure of STAT5 are responsible for the interaction. When expressed in CHO
cells, STAT5 inhibits the nuclear localization of Runx proteins and retains them in
the cytoplasm. In addition, we showed by reporter assay that the interaction
between STAT5 and Runx proteins mutually inhibits their transcriptional activity.
Furthermore, Runx proteins inhibit the DNA-binding activity of STAT5. Finally, we
found that Runx proteins suppress the transcription of an endogenous STAT5 target
gene, cytokine-inducible SH2 protein-1, in an interleukin-3-dependent pro-B cell line,
Ba/F3. These results collectively suggested that STAT5 and Runx proteins physically
and functionally interact to mutually inhibit their transcriptional activity. Thus, this
study implies a potential role of the STAT5–Runx interaction in lymphocyte
development.
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Abbreviations: CA, constitutively active; ChIP, chromatin immunoprecipitation; CIS1, cytokine-inducible
SH2 protein-1; DAPI, 4, 6-dia-midino-2-phenylindole; EMSA, electrophoretic mobility shift assay; hnRNP,
heterogeneous nuclear ribonucleoprotein; IL, interleukin; PABP, poly(A)-binding protein; Runx, Runt-
related; SH2, Src homology 2; STAT, signal transducers and activators of transcription; WT, wild type.

Interaction of transcription factors plays an important
role in the regulation of gene expression. Transcription
factors bind to specific DNA sequences in the promoters,
enhancers and silencers of target genes. Transcription
factors then control the transcription by changing
histone modifications and chromatin structures through
recruiting transcriptional co-activators, co-repressors
and chromatin-remodelling factors. Transcription factors
sometimes form a complex called enhanceosome that
simultaneously interacts with the promoter and enhancer.
Many transcription factors synergize or repress each other
by direct and indirect interactions. For example, haema-
topoietic master transcription factors GATA-1 and PU.1
interact and inhibit each other (1–3). This antagonism is
important for determining erythroid versus myeloid line-
age commitment during haematopoiesis. In another case,
glucocorticoid receptor and NF-kB mutually repress
transactivation through direct interaction (4–6). This
negative cross talk partly explains anti-inflammatory
action of glucocorticoids.

The signal transducers and activators of transcription
(STAT) family proteins play essential roles in signal
transduction of various cytokines and growth factors (7).
In mammals, the STAT family is comprised of six
members, STAT1–6. As for STAT5, two highly conserved
genes, STAT5a and STAT5b, are present in human
and mice. STAT5 is crucial for the development of
lymphocyte and mammary gland. With regard to lym-
phocyte development, STAT5 deficiency results in a
severe combined immunodeficiency phenotype similar to
mice lacking interleukin (IL)-7 receptor a chain, JAK3 or
common g chain (8). STAT5 consists of N-terminal,
coiled-coil, DNA-binding, Src homology 2 (SH2) and
transactivation domains. Cytokine and growth factor
signalling activates tyrosine kinases, Jak and Tyk.
Upon tyrosine phosphorylation by the kinases, STAT5
forms a homodimer via phosphotyrosine interaction of
the SH2 domain and translocates into the nucleus (7).
STAT5 binds the consensus DNA sequence motif
(TTCNNNGAA) and activates the promoters of various
target genes by recruiting transcriptional co-activators,
CBP and p300 (9), and a chromatin-remodelling factor,
Brg1 (10). STAT5 is known to interact with other
transcription factors. For example, GR interacts with
STAT5 and enhances the activity of STAT5 (11, 12).
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Additionally, STAT5 interacts with Oct-1 and induces the
transcription of cyclin D1 (13).

The Runt-related (Runx) transcription factors comprise
a family of transcriptional regulators important for
haematopoiesis and osteogenesis (14). The Runx family
consists of Runx1/AML1/PEBP2aB, Runx2/AML3/
PEBP2aA and Runx3/AML2/PEBP2aC. Runx1 is essen-
tial for definitive haematopoiesis, and regulates the
expression of haematopoietic cell-specific genes (15).
Runx2 is critical for the generation and maturation of
osteoblasts by regulating the expression of bone-specific
genes (16). Runx3 is required for the development of
CD8+ cytotoxic T cells (17–19). Runx transcription factors
consist of Runt homology, transcription activation and
transcription inhibition domains. The Runt homology
domain is the 128-amino acid region that is highly
homologous to the Drosophila segmentation gene runt.
Runx transcription factors bind the consensus DNA
sequence motif (PuACCPuCA, where Pu stands for a
purine residue) via the Runt domain, and their binding
affinity is increased by heterodimerization through the
Runt domain with a ubiquitously expressed b subunit,
CBFb/PEBP2b (20–22). Runx transcription factors inter-
act with transcriptional co-activators, CBP and p300, and
a co-repressor, mSin3A and function as activator and
suppressor of the target gene, respectively (23, 24).
Moreover, other transcriptional factors such as Ets-1,
Pax5, AP-1, PU.1, CEBP/a, ALY, MOZ and Smads also
interact with Runx, and regulate transcriptional activa-
tion of specific target genes (14).

Interaction between STAT and Runx transcription
factors has been partially characterized. It was reported
that STAT1 associates with Runx2, and inhibits the
transcriptional activity of Runx2 by retaining in the
cytoplasm (25). In addition, STAT3 physically interacts
with Runx2 by growth hormone stimulation, and impairs
its transcriptional activity without affecting DNA-
binding capacity (26). On the other hand, the interaction
of STAT5 with Runx family proteins is still to be
elucidated. As STAT5, Runx1 and Runx3 play critical
roles in T-lymphocyte differentiation, we characterized
the interaction between STAT5 and Runx family pro-
teins. We found that the Runt domain of Runx proteins
and the DNA-binding domain and a-helix loop structure
of STAT5 are responsible for the interaction. We further
demonstrated that STAT5 retains Runx proteins in the
cytoplasm and that the interaction between STAT5 and
Runx proteins mutually inhibits their transcriptional
activity. Finally, we found that Runx proteins suppress
the expression of an endogenous STAT5 target gene.
These results collectively suggested that STAT5 and
Runx proteins physically and functionally interact to
mutually inhibit their transcriptional activity.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293T, CHO (a kind gift from Dr
T. Sudo at Pharmaceutical Research Laboratories, Toray
Industries, Inc.), and Plat-E (27) (a kind gift from Dr
T. Kitamura at University of Tokyo) were maintained
in DMEM supplemented with 10% fetal bovine serum.
A mouse pre-T cell line, Scid.adh-TAC:CD3e (28)

(a kind gift from Dr D. L. Wiest at Fox Chase Cancer
Center), was cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 50 mM 2-mercap-
toethanol, 1 mM sodium pyruvate and 1� non-essential
amino acids. An IL-3-dependent pro-B cell line, Ba/F3,
was maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 50 mM 2-mercaptoethanol
and 0.2% conditioned medium of an X63 transfectant of
a mouse IL-3 expression vector, BMGNeo-mIL-3 (29), as
a source of IL-3.
Plasmid Constructs—cDNA fragments for mouse wild

type (WT)- and constitutively active (CA)-STAT5a (30)
(kind gifts from Dr T. Kitamura at University of Tokyo),
mouse Runx1, Runx2 and Runx3, and a series of
their deletion mutants were subcloned by PCR into
pcDNAFlag, pcDNAHA and pcDNAMyc vectors. The
EcoRI fragments containing Runx1 or Runx3 cDNA
with HA epitope tagged at the N-terminus were cut
from pMX-IG-HA.Runx1 and pMX-IG-HA.Runx3, and
then subcloned in the EcoRI site of pMXs-IB (a pMXs
vector with internal ribosome entry site and blasticidin-
resistant gene) (31). Runx2 cDNA with HA epitope
tagged at the N-terminus were subcloned by PCR into
pMXs-IB.
Immunoprecipitation and Immunoblotting—HEK293T

cells were transiently transfected by lipofection
(FuGENE 6; Roche Diagnostics) with pcDNAMyc-
WT-STAT5a, pcDNAFlag-Runx1, -Runx2, or -Runx3
and/or their deletion mutants. After 36–48 h, the cells
were lysed for 30 min in 1 ml of ice-cold lysis buffer
[1% NP-40, 50 mM Tris–HCl (pH 8.0), 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 0.02% sodium
azide, 100mM phenylmethanesulphonyl fluoride, 1 mM
Na3VO4, 1mg/ml aprotinin, 1mg/ml leupeptin, 1 mg/ml
a1-anti-trypsin and 10 mg/ml soybean trypsin inhibitor].
The lysate was then centrifuged at 48C for 15 min, and
supernatant was collected. Protein concentration was
measured by BCA Protein Assay Kit (Pierce) standar-
dized with bovine serum albumin. An equal amount
of protein (200 mg) was pre-cleared with protein
G-Sepharose beads (GE Healthcare Bio-Science) at 48C
for 1.5 h, and then subjected to immunoprecipitation
with the following antibodies: anti-STAT5a antibody (PA-
ST5A, R&D Systems), anti-STAT5b antibody (PA-ST5B,
R&D Systems), polyclonal anti-Flag antibody (Sigma),
rabbit anti-pan-Runx antibody (32), and normal rabbit
IgG (Upstate Biotechnology). The immunoprecipitates
were washed five times with lysis buffer, and eluted in
2� SDS loading buffer by boiling. The samples were
separated by 8–12% SDS–PAGE and transferred
to polyvinylidene difluoride membrane (Immobilon-P;
Millipore). The blot was incubated with the following
antibodies: anti-STAT5a antibody, anti-STAT5b anti-
body, anti-Myc antibody (purified from culture super-
natant of 9E10 hybridoma), anti-HA 3F10 antibody
(Roche), anti-Flag M2 antibody (Sigma) or biotin-
anti-pan-Runx [anti-pan-Runx antibody was biotinylated
with Biotin Labeling Kit (Roche)], and visualized
with horseradish peroxidase-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories),
horseradish peroxidase-goat anti-rabbit IgG (Cappel),
horseradish peroxidase-conjugated goat anti-rat IgG
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(Jackson ImmunoResearch Laboratories) or horseradish
peroxidase-streptavidin (ZYMED) by ECL or ECL plus
detection system (GE Healthcare Bio-Science).
Immunoblots were analysed and quantitated with a
Lumino-image Analyzer (LAS-3000mini; Fuji Film) and
Image Gauge software (version 4.23, Fuji Film).
Immunofluorescence Staining—CHO cells were grown

on glass cover slips in a well of 6-well plate, and
transiently transfected by lipofection (GeneJuice trans-
fection reagent, Novagen) with 0.5mg of pcDNAMyc-
STAT5a and/or 1.0 mg of pcDNAFlag-Runx1, -Runx2 or
-Runx3. The total amount of DNA (1.5 mg) was adjusted
with the pcDNA vector. After 24 h, the cells were fixed
and permealized in 3% paraformaldehyde and 0.5%
Triton X-100 for 15 min, and incubated in phosphate-
buffered saline containing 5% fetal bovine serum and 5%
bovine serum albumin for 30 min. The cells were
incubated with anti-STAT5a and anti-Flag M2 antibodies
for 1 h, followed by staining with Alexa Fluor 568-goat
anti-rabbit IgG and Alexa Fluor 488-goat anti-mouse IgG
for 1 h. The nucleus was detected by 4, 6-dia-midino-
2-phenylindole (DAPI) staining. The cells were viewed
with a laser scanning spectral confocal microscope (TCS
SP2, Leica Microsystems).
Sub-cellular Fractionation—Nuclear and cytosolic frac-

tions were isolated as previously described (33). Briefly,
CHO cells in a f60-mm dish were transiently transfected
with 1.0mg of pcDNAMyc-STAT5a and/or 1.0 mg of
pcDNAFlag-Runx1, -Runx2 or -Runx3 using GeneJuice
transfection reagent. Total amount of DNA (2mg) was
adjusted with pcDNA vector. After 24 h, the cells were
collected, lysed in 500 ml of RSB-100 buffer [10 mM Tris–
HCl (pH 7.4), 100 mM NaCl, 2.5 mM MgCl2] containing
0.5% Triton X-100 by passing through 26-gauge needle
and then incubated for 5 min on ice. The soluble super-
natant was recovered as cytosolic fraction after centrifu-
gation at 2,500g for 1 s. The nuclear pellets were
re-suspended in 170ml of the RSB-100 buffer, and
sonicated by Bioruptor (COSMO BIO) for 10 cycles of
on (30 s) and off (60 s) at high power. The sonicate was
layered on 30% sucrose cushion in the RSB-100 buffer,
and centrifuged at 5,000g for 15 min. The supernatant
was collected as nuclear fraction. Each fraction corre-
sponding to 2.5� 104 cells was immunoblotted with anti-
heterogeneous nuclear ribonucleoprotein (hnRNP)-C1/C2
and anti-poly(A)-binding protein (PABP) antibodies
(ImmuQuest) as nuclear and cytosolic markers, respec-
tively. The remainder was immunoprecipitated with anti-
STAT5a and polyclonal anti-Flag antibodies, followed by
immunoblotting with anti-STAT5a and anti-Flag M2
antibodies.
Luciferase Reporter Assay—HEK293T cells in a well

of 24-well plate were transiently transfected by lipofec-
tion (FuGENE 6; Roche Diagnostics) with 200 ng of
the luciferase reporter plasmids driven by the 400-bp
Jg1 promoter (pGL4-Jg1) (34) or the T-cell receptor
b-chain enhancer-TK promoter (Tww-tk-Luc) (35),
50 ng of pcDNAMyc-CA-STAT5a or pcDNAFlag-Runx1
and the Renilla luciferase control vector, EF1-Renilla
(0.1 ng) or pGL4.74(hRluc/TK) (Promega) (5 ng), as well
as a various amount of pcDNAFlag-Runx1, -Runx2
and -Runx3, pcDNAFlag-Runx1 deletion mutants,

or pcDNAMyc-STAT5a. The total amount of DNA
(400 ng) was kept constant with the pcDNA vector.
Reporter gene analysis was performed 36 h after trans-
fection. Cell lysates were subjected to Dual-Luciferase
Reporter Assay System (Promega), and luciferase activity
was measured with a luminometer (Lumat LB9507;
Berthold). Firefly luciferase activity was normalized by
Renilla luciferase activity. In each experiment, samples
were analysed in triplicate, and each experiment was
repeated at least twice.
Electrophoretic Mobility Shift Assay (EMSA)—

HEK293T cells in a well of 6-well plate were transfected
by lipofection (GeneJuice) with 0.5 mg of pcDNAMyc-
CA-STAT5a and/or 0.5, 1.5 and 1.0mg of pcDNAFlag-
Runx1, -Runx2 or -Runx3, respectively. Total amount of
DNA (2mg) was adjusted with the pcDNA vector. After
24 h, the cells were recovered, and incubated in 400 ml of
sucrose I buffer [10 mM Tris–HCl (pH 8.0), 0.32 M
sucrose, 3 mM CaCl2, 0.2% NP-40, 2 mM magnesium
acetate, 0.1 mM EDTA, 1 mM dithiothreitol] on ice for
5 min. The lysate was mixed with 400ml of sucrose II
buffer [10 mM Tris–HCl (pH 8.0), 2 M sucrose, 5 mM
magnesium acetate, 0.1 mM EDTA, 1 mM dithiothreitol].
The mixture was layered on a cushion of 440 ml of the
sucrose II buffer, and centrifuged at 20,000g for 15 min.
The nuclear pellet was re-suspended in 30 ml of low salt
buffer [20mM HEPES–KOH (pH 7.9), 25% glycerol,
20 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol,
1.5 mM MgCl2]. The nuclear suspension was mixed with
30 ml of high salt buffer [20 mM HEPES–KOH (pH 7.9),
25% glycerol, 300 mM KCl, 0.2 mM EDTA, 0.5 mM
dithiothreitol, 1.5 mM MgCl2], incubated on ice for
30 min and centrifuged at 20,000g for 30 min. The
supernatant was recovered as nuclear extract.

The nuclear extract (10mg) was incubated on ice for
20 min in binding buffer [10 mM HEPES–KOH (pH 7.9),
0.1 mM EDTA, 50 mM NaCl, 5% glycerol and 0.1%
NP-40) containing 10 mg/ml poly(dI–dC). The binding
reaction was added with 30-biotinylated STAT5 oligonu-
cleotide (mouse b-casein element: 50-AGATTTCTAGGAA
TTCAATCC-30, STAT consensus motif is underlined), and
1 mg of normal rabbit IgG (Upstate Biotechnology) or
mouse anti-STAT5 antibody (Santa Cruz Biotechnology),
and incubated on ice for 30 min. The binding reactions
were electrophoresed through 5% gel (19:1 acrylamide/bis
acrylamide) in 0.5� TBE buffer at 48C. DNA–protein
complex was transferred to Zeta-Probe blotting
membrane (Bio-Rad Laboratories) and visualized by
LightShift Chemiluminescent EMSA Kit (PIERCE).
Luminescence intensity was quantitated by lumino-
image analyser (LAS-3000 mini; Fuji Film).
Virus Infection—Ba/F3 cells were stably transfected

with pMXs-IB vectors with Runx1, Runx2 or Runx3
cDNA by retrovirus-mediated gene transfer using Plat-E
packaging cells (27).
RNA Isolation, cDNA Synthesis and Real-Time

RT–PCR—Total RNA was prepared form cells using
TRIzol reagent (Invitrogen). First-strand cDNA was
synthesized from total RNA with random primer and
ReverTra Ace (TOYOBO). Random primed-cDNA was
amplified in triplicate using TaqMan Ribosomal RNA
control reagents VIC probe (Applied Biosystems) or
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QuantiTect SYBR Green PCR Kit (QIAGEN) with
primers for 40 cycles at 958C for 15 s and 608C for
1 min (rRNA), or at 948C for 15 s, 608C for 30 s and 728C
for 40 s [cytokine-inducible SH2 protein-1 (CIS1)] by ABI
7500 Sequence Detector (Applied Biosystems). The
results were analysed using the Sequence Detection
System 1.3.1 software (Applied Biosystems). Serial
dilution of Ba/F3 cDNA was used as standard control.
The levels of CIS1 mRNA were normalized with that of
18S rRNA. Sequences of the primers are as follows: CIS1,
50-CATGGTCCTTTGCGTACAGG-30 (sense) and 50-TCAT
TCTCTGCCTGGACAGG-30 (anti-sense). Dissociation
curve analysis and agarose gel electrophoresis were
done to verify specific amplification of PCR.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP

was performed as previously described (9). Briefly, BaF3/
pim-1 cells (5�106) were fixed with 1% formaldehyde for
5 min at room temperature and for 45 min at 48C. Soluble
chromatin containing DNA of 200- to 1,000-bp length
was immunoprecipitated with 1.5 ml each of mouse anti-
STAT5a and anti-STAT5b antibodies (R&D Systems) or
3ml normal rabbit IgG (Upstate Biotechnology) for over-
night at 48C. Purified ChIP DNA was measured by real-
time PCR. After amplification, melting curve analysis

was performed to verify the specificity of the reaction.
Serial dilution of sonicated genomic DNA of Ba/F3 cells
was used as control for calibration. The level of ChIP
DNA was normalized with that of input DNA. In each
experiment, samples were analysed in triplicate. The
sequences of PCR primers for the CIS-1 promoter were
as follows: CIS-1 promoter sense, 50-GGCACGTCAGT
TCAGGGTC-30 and anti-sense, 50-GGCTCGAGAGTCGG
AGTTC-30.

RESULTS

Interaction of STAT5 and Runx Family—Previously,
STAT1 and STAT3 were shown to interact with a
member of Runx family, Runx2 (25, 26). To test whether
STAT5 interacts with Runx family proteins in vivo,
we carried out co-immunoprecipitation experiment.
HEK293T cells were transfected with STAT5a and
Runx1, Runx2 or Runx3 expression vectors, and cell
lysate was immunoprecipitated with anti-STAT5 anti-
body, followed by immunoblotting with anti-Flag (Runx)
antibody. All members of Runx family were co-immuno-
precipitated with STAT5a (Fig. 1A, lanes 5–7). In the
absence of STAT5a, Runx proteins were not

Runx2
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Fig. 1. Runx proteins interact with STAT5. (A) HEK293T
cells were transfected with the expression vectors encoding Flag-
Runx1, -Runx2 and -Runx3, and Myc-STAT5a. The cells lysate
was immunoprecipitated with anti-STAT5a antibody, and
immunoblotted with monoclonal anti-Flag antibody, followed by
re-probing with anti-STAT5a antibody. Protein size marker is
shown at left. (B) The same lysate was immunoprecipitated with
polyclonal anti-Flag antibody, and immunoblotted with anti-
STAT5a antibody, followed by re-probing with monoclonal

anti-Flag antibody. (C) The whole-cell lysate (WCL) (2.5%
input) was immunoblotted with anti-STAT5a antibody, followed
by re-probing with monoclonal anti-Flag antibody. (D) The cell
lysate of Scid.adh cells was immunoprecipitated with anti-
STAT5a antibody, anti-pan-Runx antibody or control IgG, and
immunoblotted with anti-STAT5a antibody or biotinylated pan-
Runx antibody (left and middle panels). The whole-cell lysate
(WCL) (2.5% input) was blotted with anti-STAT5a antibody or
biotinylated pan-Runx antibody (right panels).
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immunoprecipitated (Fig. 1A, lanes 2–4). The associa-
tion of STAT5a with Runx proteins was further
examined in a reciprocal experiment in which the
cell lysate was immunoprecipitated with anti-Flag
(Runx) antibody, followed by immunoblotting with anti-
STAT5a antibody. Certain amount of STAT5a was
co-immunoprecipitated with Runx1, Runx2 and Runx3
(Fig. 1B, lanes 5–7). In the absence of Runx proteins,
STAT5a was not immunoprecipitated (Fig. 1B, lane 1).
Expression of STAT5a and Runx proteins was confirmed
by immunoblotting of whole-cell lysate (Fig. 1C).
We observed similar results with STAT5b (Supplemen-
tary Fig. 1). These results suggested that STAT5
specifically interacts with Runx proteins in forced
expression system.

To test whether endogenous STAT5 and Runx proteins
interact with each other, we next carried out immuno-
precipitation experiment with the mouse pre-T cell line,
Scid.adh. The Scid.adh cells only expressed Runx1
among the Runx family proteins (data not shown).
First, cell lysate of Scid.adh cells was immunoprecipi-
tated with anti-STAT5a antibody, followed by immuno-
blotting with anti-Runx antibody. Endogenous Runx1
was co-immunoprecipitated with STAT5a (Fig. 1D, left
panels). The association of STAT5 with Runx1 was
further examined in a reciprocal experiment in which
the cell lysate was immunoprecipitated with anti-Runx
antibody, followed by immunoblotting with anti-STAT5
antibody. Certain amount of STAT5a was co-immuno-
precipitated with Runx1 (Fig. 1D, middle panels). These
results suggested that endogenous STAT5 and Runx1
specifically interact with each other in vivo.
Mapping of the Interaction Domains of STAT5 and

Runx Family—Since all members of Runx family were
associated with STAT5, we assumed that a homologous
region within Runx proteins was responsible for interac-
tion with STAT5. Indeed, the Runt domain interacted
with various transcriptional factors including CBFb (14).
To determine which domain of Runx proteins is respon-
sible for interaction with STAT5, we constructed a series
of Runx deletion mutants (Fig. 2A), and carried out
co-immunoprecipitation experiment. HEK293T cells were
transfected with the expression vectors for full-length
STAT5a and Flag-tagged Runx1 deletion mutants, and
cell lysate was immunoprecipitated with anti-STAT5a
antibody, followed by immunoblotting with anti-Flag
(Runx) antibody. The N-terminal (amino acid 1–51) and
C-terminal (amino acid 178–451) regions of Runx1 were
not necessary for the interaction with STAT5a (Fig. 2B,
left panel, lanes 2 and 3). In contrast, the deletion of the
N-terminal region and the Runt domain resulted in loss
of association with STAT5a (lane 4). In addition, the
Runt domain alone also interacted with STAT5a (lane 5).
These results suggested that the Runt domain of Runx1
was necessary and sufficient for the interaction with
STAT5. We obtained similar results with Runx3 deletion
mutants (Fig. 2C and D) and the Runt domain of Runx2
(Supplementary Fig. 2), suggesting that the Runt domain
of Runx family transcription factors is responsible for the
interaction with STAT5.

Next, we dissected the domain of STAT5 interacting
with Runx proteins. As shown in Fig. 3A, STAT5 consists

of the N-terminal (amino acid 1–143), coiled-coil
(amino acid 144–329), DNA-binding (amino acid
330–496) and transactivation (amino acid 497–793)
domains. To determine which domain of STAT5 is
responsible for interaction with Runx proteins, we
constructed a series of STAT5a deletion mutants
(Fig. 3A). As the protein levels of the STAT5a deletion
mutants were highly variable after transient expression
in HEK293T cells (data not shown), we carried out a
co-immunoprecipitation experiment after in vitro associa-
tion with Runx proteins. HEK293T cells were transfected
with the expression vectors for Flag-tagged full-length
Runx1 or Runx3, or Myc-tagged STAT5a deletion
mutants. The cell lysate was first checked for expression
of each protein by immunoblotting. The lysates contain-
ing the equal amount of STAT5a deletion mutants were
mixed with the lysate containing Runx1 in vitro, and
incubated at 48C for 1 h. The mixtures were then
immunoprecipitated with anti-Flag (Runx) antibody,
followed by immunoblotting with anti-Myc (STAT5)
antibody. The N-terminal, coiled-coil, and transactivation
domains were dispensable for interaction with Runx1
(Fig. 3B, left panel, lanes 1, 2 and 4). In contrast, the
DNA-binding domain of STAT5 showed weak interaction
with Runx1 (lane 3). However, the STAT5 mutant with
the DNA-binding domain and a-helix loop structure
strongly interacted with Runx1 (lane 5). These results
showed that the DNA-binding domain of STAT5 was
necessary but not sufficient for full interaction with
Runx1. Furthermore, we obtained similar results with
Runx3 (Fig. 3C), suggesting that the DNA-binding
domain and the a-helix loop structure of STAT5 are
responsible for the interaction with Runx proteins
in vitro.
Co-localization of STAT5 with Runx Proteins—It has

been reported that STAT5 and Runx are mainly localized
in the cytoplasm and the nucleus, respectively (30, 36).
We next analysed whether the interaction of STAT5 and
Runx proteins takes place in the cytoplasm or in the
nucleus. CHO cells were transfected with the expression
vectors for WT-STAT5a and Flag-tagged Runx proteins,
and stained with anti-STAT5a and anti-Flag antibodies,
followed by staining with Alexa Fluor 568- and Alexa
Fluor 488-labeled secondary antibodies. Immunofluores-
cence microscopy revealed that, in accordance with the
previous reports, STAT5a and Runx1 were present in the
cytoplasm and the nucleus, respectively, when expressed
alone (Fig. 4, rows A and B). In contrast, when STAT5a
and Runx1 were expressed together, Runx1 was retained
in the cytoplasm (row C). We obtained similar results
with Runx3 (rows F and G) and less prominent results
with Runx2 (rows D and E). These results suggested that
Runx proteins are retained in the cytoplasm by the
interaction with STAT5.

Next, to confirm the localization of STAT5 and Runx
proteins in biochemical way, we separated nuclear and
cytosolic fractions of transfected CHO cells. Each fraction
was immunoprecipitated with anti-STAT5a and anti-Flag
(Runx) antibodies, followed by immunoblotting with anti-
STAT5a and anti-Flag (Runx) antibodies. The separation
was monitored with a cytosolic marker, PABP, and a
nuclear marker, hnRNP C1/C2. When expressed alone,
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Fig. 2. Mapping of the interaction domain of Runx
proteins. (A) Schematic presentation of Runx1 deletion mutants.
Runt, Runt homology domain; AD, transcription activation
domain; ID, transcription inhibition domain. Numbers denote
the position of amino acids. (B) HEK293T cells were transfected
with the expression vectors encoding Flag-Runx1 deletion
mutants and Myc-STAT5a. The cell lysate was immunoprecipi-
tated with anti-STAT5a antibody, and immunoblotted with
monoclonal anti-Flag antibody, followed by re-probing with
anti-STAT5a antibody (left panels). The whole-cell lysate (WCL)

(2.5% input) was immunoblotted with monoclonal anti-Flag
antibody, followed by re-probing with anti-STAT5a antibody
(right panels). Lane numbers correspond to those of Runx1
deletion mutants in (A). Protein size marker is shown at left. The
asterisks (�) indicate Runx deletion mutants. ‘n.s.’ indicates non-
specific proteins. (C) Schematic presentation of Runx3 deletion
mutants. (D) HEK293T cells were transfected with the expres-
sion vectors encoding Flag-Runx3 deletion mutants and Myc-
STAT5a. Immunoprecipitation and immunoblotting were carried
out as in (B).
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STAT5a and Runx1 were mainly detected in the cytosolic
and nuclear fractions, respectively (Fig. 5A). In contrast,
when STAT5a and Runx1 were expressed together,
Runx1 was detected both in nuclear and cytosolic
fractions, suggesting that Runx1 changed its localization
from the nucleus to the cytosol by STAT5a. While Runx2
and Runx3 were detected in the cytosolic and nuclear
fractions when expressed alone, they were detected

mainly in the cytosolic fraction when expressed with
STAT5a (Fig. 5B and C), suggesting that Runx2 and
Runx3 also changed their localization from the nucleus to
the cytosol by STAT5a. These observations were con-
firmed by quantitating the immunoblots (Fig. 5D). These
results supported the results by immunofluorescence
microscopy (Fig. 4) that Runx proteins are retained in
the cytoplasm by the interaction with STAT5.
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Fig. 3. Mapping of the interaction domain of STAT5. (A)
Schematic presentation of STAT5a deletion mutants. The domain
structure is shown. Numbers denote the position of amino acids.
(B) HEK293T cells were transfected with the expression vectors
encoding either Flag-Runx1 or Myc-STAT5a deletion mutants. The
cell lysates were first checked for expression of each protein by
immunoblotting. The lysates containing the equal amount of
STAT5a deletion mutants and Runx1 were mixed in vitro, and
incubated at 48C for 1 h. The lysates were immunoprecipitated with
polyclonal anti-Flag antibody, and immunoblotted with anti-Myc

antibody, followed by re-probing with monoclonal anti-Flag anti-
body (left panels). The whole-cell lysate (WCL) (2.5% input) was
blotted with anti-Myc antibody, followed by re-probing with
monoclonal anti-Flag (right panels). Lane numbers correspond to
those of STAT5 deletion mutants in (A). Protein size marker is
shown at left. The asterisks (�) indicate STAT5a deletion mutants.
‘n.s.’ indicates non-specific proteins. (C) HEK293T cells were
transfected with the expression vectors encoding either Flag-
Runx3 or Myc-STAT5a deletion mutants. In vitro binding, immu-
noprecipitation and immunoblotting were carried out as in (B).
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Fig. 4. Co-localization of Runx proteins with STAT5. The
expression vectors for Myc-STAT5a (row A), Flag-Runx1, -Runx2
or -Runx3 (rows B, D and F, respectively), or the combination
of both (rows C, E and G, respectively) were transiently trans-
fected into CHO cells grown on coverslips. Twenty-four hours
after transfection, the cells were fixed, permeabilized and

immunostained with anti-STAT5a and monoclonal anti-Flag
(Runx) antibodies. STAT5 (red) and Runx (green) were visualized
with Alexa568-anti-rabbit IgG and Alexa488-anti-mouse IgG
antibodies, respectively. Merged images are shown. The nucleus
was detected by 4, 6-dia-midino-2-phenylindole (DAPI) staining
(blue).
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Fig. 5. Runx proteins are retained in the cytosol by STAT5.
CHO cells were transiently transfected with the expression
vectors for Myc-STAT5a and Flag-Runx1 (A), -Runx2 (B) or
-Runx3 (C). Twenty-four hours after transfection, cytosolic
(C) and nuclear (N) fractions were separated. Each fraction
was immunoprecipitated with the mixture of anti-STAT5a
and polyclonal anti-Flag (Runx) antibodies, followed by

immunoblotting with anti-STAT5a and monoclonal anti-Flag
antibodies (left panels). The separation was monitored by
immunoblotting with a cytosolic marker, PABP, and a nuclear
marker, hnRNP C1/C2 (right panels). (D) The percentage of the
Runx proteins in the cytosolic fraction relative to the sum of the
cytosolic and nuclear fractions was calculated by quantitating
immunoblot analysis in (A) to (C).
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STAT5 and Runx Proteins Mutually Suppress
Transcriptional Activity—Since Runx proteins are
retained in the cytoplasm by the interaction with
STAT5, we next tested whether STAT5 suppresses the
transcriptional activity of Runx. HEK293T cells were
transiently transfected with the Runx1-responsive repor-
ter plasmid, Runx1 and/or STAT5a expression vectors.
The cells were recovered, and the promoter activity was
analysed by reporter assay. As previously reported (35),
transcriptional activation of the Tww-tk-Luc reporter
was observed by Runx1 expression vector (Fig. 6A).
Interestingly, this activity was inhibited by WT- and
CA-STAT5a in a dose-dependent manner. We obtained
similar results with STAT5b (Supplementary Fig. 3A)
and an inactive STAT5a mutant with tyrosine 694 to
phenylalanine substitution (data not shown). We also
observed similar results with Runx3 (Fig. 6B). These
results suggested that STAT5 suppresses the transcrip-
tional activity of Runx by direct interaction and retention
in the cytoplasm irrespective of sub-cellular distribution
of STAT5.

Next, we checked whether Runx family proteins
reciprocally suppress the transcriptional activity of
STAT5. We employed a fast and efficient reporter assay
for STAT5-dependent promoters (37). HEK293T cells
were transiently transfected with STAT5-responsive
Jg1 promoter reporter plasmid (pGL4-Jg1), and
CA-STAT5a and/or Runx expression vectors. CA-STAT5
is spontaneously phosphorylated after transient expres-
sion, and transactivates STAT5-dependent promoters.
The cells were recovered, and the promoter activity was
analysed by reporter assay. Transcriptional activation of
the Jg1 promoter was observed with the CA-STAT5a
expression vector (Fig. 6C). This activity was inhibited by
Runx1, Runx2 and Runx3 in dose-dependent manners.
We obtained similar results with STAT5b
(Supplementary Fig. 3B). These results suggested that
Runx proteins suppress the transcriptional activity of
STAT5.

To determine how Runx proteins inhibit the transcrip-
tional activity of STAT5, we next carried out EMSA.
HEK293T cells were transiently transfected with
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Fig. 6. STAT5 and Runx proteins mutually suppress
the transcriptional activity. (A) HEK293T cells were trans-
fected with Runx1-responsive Tww-tk-Luc reporter vector,
pGL4.74(hRluc/TK) internal control vector, Runx1 expression
vector (pcDNAFlag-Runx1: 50 ng) and an increasing amount
of STAT5a expression vector (pcDNAMyc-WT-STAT5a or -CA-
STAT5a: 50, 100, 150, 200 and 250 ng). The cells were recovered
after 36 h, and luciferase activities were measured. Firefly
luciferase activity was normalized by Renilla luciferase activity.
The relative luciferase activity is calculated as fold induction
compared with mock control. Values are the mean�S.E. of
triplicate data points from a representative experiment. Data are
representative of two independent experiments. (B) HEK293T

cells were transfected with the Tww-tk-Luc reporter vector,
pGL4.74(hRluc/TK) internal control vector, Runx3 expression
vector (pcDNAFlag-Runx3: 50 ng) and an increasing amount
of STAT5a expression vector (pcDNAMyc-WT-STAT5a or
-CA-STAT5a: 50, 100, 150, 200 and 250 ng). Reporter assay was
carried out as in (A). (C) HEK293T cells were transfected
with STAT5-responsive pGL4-Jg1 reporter vector, EF1-Renilla
internal control vector, CA-STAT5a expression vector
(pcDNAMyc-CA-STAT5a: 50 ng) and an increasing amount of
Runx expression vectors (pcDNAFlag-Runx1: 2, 4, 5, 10 and
20 ng; pcDNAFlag-Runx2: 10, 20, 40 and 80 ng; pcDNAFlag-
Runx3: 2.5, 5, 10, 20 and 40 ng). Reporter assay was carried
out as in (A).
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CA-STAT5a and Runx expression vectors, and their
nuclear extract was evaluated by EMSA with the
oligonucleotide probe for a STAT consensus motif.
DNA-binding activity of STAT5 was clearly detected
and specifically super-shifted with anti-STAT5 antibody
(Fig. 7A, lanes 1–3). This activity was reduced by
co-expression of Runx proteins (lane 4). These results
suggested that Runx proteins inhibit the DNA binding of
STAT5. As the expressed Runx proteins form complexes
with STAT5 in the cytoplasm (Fig. 4), we checked the
total amount of STAT5 proteins in the nuclear extracts
by immunoblotting. The amounts of nuclear STAT5a
were decreased by expression of Runx1, Runx2 or Runx3
(Fig. 7B). These results suggested that Runx proteins
inhibit the DNA binding of STAT5 by retaining STAT5 in
the cytoplasm.

Activation Domain of Runx1 Is Necessary for Effective
Suppression of STAT5—To determine which region of
Runx is necessary for STAT5 suppression, we performed
a reporter assay with a series of Runx1 deletion mutants
(Fig. 8A). HEK293T cells were transiently transfected
with the STAT5-responsive Jg1 promoter reporter plas-
mid (pGL4-Jg1) and the expression vectors for
CA-STAT5a and Runx1 deletion mutants. As expected,
the Runx1.178-452 deletion mutant that lacks the Runt
domain failed to suppress STAT5-induced transactivation
(Fig. 8B). However, the Runx1.1-177 deletion mutant
that contains the Runt domain also failed to suppress the
STAT5 activity. In addition, the Runx1.1-290 deletion
mutant that includes a nuclear localization signal (NLS)
(38) only weakly suppressed the activity. In contrast,
the Runx1.1-369 deletion mutant that further includes
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Fig. 7. Runx proteins inhibit the DNA binding of STAT5 by
retaining STAT5 in the cytoplasm. (A) HEK293T cells were
transfected with Myc-CA-STAT5a and Flag-Runx1, -Runx2 or
-Runx3 expression vectors. Nuclear extract was analysed for
DNA-binding activity by EMSA with the oligonucleotide probe for
STAT consensus motif in mouse b-casein promoter. Shift and
super-shift bands were indicated. (B) The same nuclear extract

(NE) and the whole-cell lysate (WCL) were immunoblotted with
anti-STAT5a antibody, followed by re-probing with monoclonal
anti-Flag antibody. The separation was monitored by immuno-
blotting with a cytosolic marker, PABP, and a nuclear marker,
hnRNP C1/C2 (upper panels). The amounts of nuclear STAT5
were quantitated and normalized with those of total STAT5
(lower panels).
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the activation domain specifically suppressed the
STAT5-induced transcription. These results suggested
that the activation domain of Runx1 is necessary for
effective suppression of STAT5 in addition to the Runt
domain.
Runx Proteins Suppress the Transcription of an

Endogenous STAT5 Target Gene—We next tested
whether Runx proteins suppress the transcription of
endogenous STAT5 target genes. CIS1 is one of the
STAT5 target genes induced by cytokine stimulation (39),
and an IL-3-dependent pro-B cell line, Ba/F3, induces
CIS1 mRNA by IL-3 stimulation. Ba/F3 cells were
introduced with Runx1, Runx2 and Runx3 cDNA by
retrovirus vector. The cells were deprived of IL-3 for 8 h
or stimulated with IL-3, and the levels of CIS1 mRNA
were measured by real-time RT–PCR. The mock trans-
fectants induced CIS1 mRNA by IL-3 stimulation
(Fig. 9A). This induction of CIS1 mRNA was partially
blocked by expression of Runx proteins. These results
suggested that Runx proteins suppress the transcription

of a STAT5 target gene. To confirm at which step of
STAT5 activation Runx proteins impose their inhibitory
effect, we first analysed the binding of STAT5 to
endogenous CIS1 promoter in Ba/F3 cells by ChIP
assay. STAT5 was recruited to the CIS1 promoter after
IL-3 stimulation (Fig. 9B). This recruitment of STAT5
was partially blocked by expression of Runx proteins. We
next analysed the phosphorylation of STAT5 by immu-
noblotting with anti-phosphorylated STAT5 antibody.
The levels of phosphorylated STAT5 did not change by
expression of Runx proteins (Fig. 9C). These results
suggested that Runx proteins probably inhibit the DNA
binding of STAT5 by retaining STAT5 in the cytoplasm.

DISCUSSION

In this study, we first showed that STAT5 physically
interacts with Runx1, Runx2 and Runx3. The Runt
domain of Runx proteins and the DNA-binding domain
and a-helix loop structure of STAT5 were responsible for
the interaction. We further demonstrated that STAT5
retains Runx proteins in the cytoplasm and that the
interaction between STAT5 and Runx proteins mutually
inhibits their transcriptional activity. Finally, we found
that Runx proteins suppress the transcription of an
endogenous STAT5 target gene. These results collectively
suggested that STAT5 and Runx proteins physically and
functionally interact to mutually inhibit their transcrip-
tional activity.

Runx family transcription factors show synergistic and
antagonistic effects by interaction with many transcrip-
tional factors. Runx proteins have been shown to interact
with PU.1, CEBP/a, Pax5, AP-1 and STAT through the
Runt domain (14). As for the interaction with STAT, it
was reported that Runx2 interacts with STAT1 through
the Runt domain in a co-immunoprecipitation experi-
ment after over-expression in HEK293T cells (25). In this
study, we demonstrated that Runx1, Runx2 and Runx3
physically interact with STAT5 through the Runt
domain, adding another example of the interaction
between the Runt domain and STAT. However, the
interaction with the Runt domain is not a common
feature among STAT proteins, because STAT3 associates
with a C-terminal 86 amino acids region of Runx2 in
yeast two-hybrid experiment (26).

The transcriptional activity of Runx proteins can be
suppressed through the interaction of the Runt domain
with STAT5 by three possible mechanisms. First, Stat5
may block the dimerization of Runx proteins by compet-
ing with CBFb, because the Runt domain is responsible
for the dimerization. Second, STAT5 may mask the DNA-
binding surface of Runx proteins, since the Runt domain
is necessary for binding to DNA. Lastly, Stat5 sequesters
Runx proteins from the nucleus, as demonstrated in this
study. The first and second possibilities are still to be
tested in future.

It has been reported that STAT interacts with other
transcriptional factors to synergistically enhance the
transcription of target genes. For example, STAT5
activated by prolactin translocates the glucocorticoid
receptor into the nucleus, while ligand-bound glucocorti-
coid receptor transports STAT5 into the nucleus (40).
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Fig. 8. Activation domain of Runx1 is necessary for
effective suppression of STAT5. (A) Schematic presentation
of Runx1 deletion mutants. Runt, Runt domain; AD, transcrip-
tion activation domain; ID, transcription inhibition domain;
NLS, nuclear localization signal. NLS is shown as a closed box.
(B) HEK293T cells were transfected with STAT5-responsive
pGL4-Jg1 reporter vector, EF1-Renilla internal control vector,
CA-STAT5a expression vector (pcDNAMyc-CA-STAT5a: 50 ng)
and an increasing amount of the expression vectors for Runx1
deletion mutants (pcDNAFlag-Runx1 deletion mutants: 2.5, 5
and 10 ng). Reporter assay was carried out as in Fig. 6A.
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Their interaction enhances the transcription of b-casein
promoter. In addition, thrombopoietin-activated STAT5
forms a complex with Oct-1, and induces the transcrip-
tion of cyclin D1 promoter (13). In contrast, our study
suggested that the interaction with Runx proteins
inhibits the transcriptional activity of STAT5. This is
the first report on the suppression of STAT function by
interaction with other transcription factors.

The transcriptional activity of STAT5 can be sup-
pressed through the interaction of the DNA-binding
domain with Runx proteins by two possible mechanisms.
One is that Runx proteins may mask the DNA-binding
surface of Stat5. The other is that Runx may block the
homo-dimerization of STAT5 by intercalating between
two STAT5 molecules, because the DNA-binding domain
of STAT is close to the interacting surface for the
dimerization. These possibilities are still to be elucidated
in detail.

In this study, we characterized the interaction between
STAT5 and Runx, and demonstrated that STAT5 and
Runx proteins physically and functionally interact to
mutually inhibit their transcriptional activity. Thus, this
study implies a potential role of the STAT5-Runx
interaction during T-cell development in the thymus
and peripheral lymphoid organs. For example, Runx1
binds to the CD4 silencer and suppresses CD4 expression
in CD4–CD8– double-negative thymocytes (17). When the
double-negative thymocytes receive the pre-TCR signal
and proceed to CD4+CD8+ double-positive stage, IL-7R/
STAT5 signal is also reported to operate (41). Therefore,
it might be possible that activated STAT5 inhibits the
Runx1 binding to the CD4 silencer, thereby inducing
CD4 expression.

Supplementary data are available at JB online.
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