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Regulation of transcription requires cooperation between
sequence-specific transcription factors and numerous coregu-
latory proteins. In IL-4/IL-13 signaling several coactivators for
STAT6 have been identified, but the molecular mechanisms of
STAT6-mediated gene transcription are still not fully under-
stood. Here we identified by proteomic approach that the
PTB-associated splicing factor (PSF) interacts with STAT6. In
intact cells the interaction was observed only after IL-4 stimu-
lation. The IL-4-induced tyrosine phosphorylation of both
STAT6 and PSF is a prerequisite for the efficient association of
the two proteins. Functional analysis demonstrated that ec-
topic expression of PSF resulted in inhibition of STAT6-medi-
ated transcriptional activation and mRNA expression of the
Ig� germline heavy chain gene, whereas knockdown of PSF
increased the STAT6-mediated responses. PSF recruited his-
tone deacetylase 1 (HDAC1) to the STAT6 transcription com-
plex, which resulted in reduction of H3 acetylation at the pro-
moter regions of Ig heavy chain germline Ig� and inhibition of
STAT6-mediated transcription. In addition, the HDACs inhibitor
trichostatin A (TSA) enhancedH3 acetylation, and reverted the
PSF-mediated transcriptional repression of Ig� gene transcrip-
tion. In summary, these results identify PSF as a repressor of
STAT6-mediated transcription that functions through recruit-
ment of HDAC to the STAT6 transcription complex, and delin-
eates a novel regulatorymechanism of IL-4 signaling thatmay
have implications in the pathogenesis of allergic diseases and
pharmacological HDAC inhibition in lymphomas.

Signal transducers and activators of transcription (STAT)
proteins are critical mediators of cytokine-induced gene ex-
pression (1). In mammalians seven STAT proteins have been
identified and each STAT protein is activated by a specific
cytokine and mediates its biological effects by trans-activating
a unique profile of target genes (2).
Interleukin-4 (IL-4) and IL-13 are related cytokines that

both activate STAT6 and have pleiotropic functions in differ-
ent cells (3). In immune responses, IL-4 has important roles in
Th2 functional responses such as triggering the immunoglob-
ulin (Ig) isotype class switching and production of IgG1 and
IgE (4). IL-13, on the other hand, plays important roles in air-
way hypersensitivity and mucus formation (5). STAT6 is a
critical regulator of IL-4- and IL-13-induced gene responses,
and STAT6-deficient mice fail to produce significant levels of
IgE, and are protected from allergic diseases (6) and some
tumors (7). Recently, constitutive activation of STAT6 has
been found in several tumors (8–10), allergic diseases (11),
and it predisposes toward lymphoproliferative disorder (12).
Thus, understanding the mechanisms of STAT6-mediated
transcription has important implications for allergic diseases
and certain tumors.
Appropriate regulation of gene expression requires coordi-

nation of activating and repressing signals, which is executed
by a highly integrated interplay of DNA-bound transcription
factors, general transcription machinery, and coregulators
that possess a variety of enzymatic activities facilitating either
transcriptional activation or repression (13). In the IL-4/
STAT6 pathway, several components of the STAT6 enhan-
ceosome have been identified and coactivator proteins such as
CBP/p300, Tudor-SN, p/CIP, NcoA-1, and RNA Helicase A,
have been shown to interact directly or indirectly with the
transactivation domain of STAT6 (STAT6-TAD) (14–16). As
an example of the regulatory network, Tudor-SN facilitates
recruitment of histone acetylase activity to the human Ig�
promoter through formation of the STAT6�Tudor-SN�CBP
ternary complex (15), and enhances STAT6-mediated tran-
scriptional activation. These studies have shed light into the
mechanisms of STAT6-mediated transcriptional activation,
but the molecular mechanisms responsible for silencing the
STAT6 responses at the promoter level remain unclear. In
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this report, we identified the PTB-associated splicing factor
(PSF)4 as a transcriptional repressor that interacts with
STAT6-TAD in an IL-4-dependent manner, and inhibits
STAT6-mediated Ig� gene transcriptional activation by re-
cruiting HDAC1.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—COS-7 cells, HeLa cells,
and Ramos 2G6 cells were cultured as described previously
(5). COS-7 and Ramos cells were transfected by electropora-
tion at 220 V/950 mF with a Bio-Rad gene pulser (14). The
transfections of HeLa cells were performed using the calcium-
phosphate co-precipitation method (14). Human IL-4 was
obtained from Peprotech Inc. Trichostatin A (TSA) was ob-
tained from Sigma.
Plasmids—GST-St6TAD and pCIneo-STAT6-HA were

constructed as previously described (14). pcDNA3.1 His-PSF,
which contains the full-length cDNA of PSF-A, was kindly
provided by Dr. S. J. Lye. pGenesil-PSF-siRNA was generated
by GeneSil Biotechnology Co. Ltd., China. The siRNA target-
ing PSF sequence contains GAAGAGAGGAAGAGATGAT
(sense strand), TTCAAGACG (loop), and ATCATCTCTTC-
CTCTCTTC (antisense strand). pGenesil-scramble siRNA
was constructed with the sequence containing GATCCGAC-
TTCATAAGGCGCATGC (sense strand), TTCAAGACG
(loop), and GCATGCGCCTTATGAAGTCTTTTTTGTC-
GACA (antisense strand). The luciferase reporter construct
containing the STAT6 binding site from the promoter of the
Ig heavy chain germline Ig� gene (Ig�-Luc) was made as
described previously (14).
GST Pulldown Assays—GST pulldown experiments were

performed as previously described (14). GST and GST-
St6TAD fusion proteins were produced in BL21 bacteria and
purified with glutathione-Sepharose 4B beads (Amersham
Biosciences) according to the manufacturer’s instructions,
and then incubated with total cell lysates of cells with/without
IL-4 stimulation. After washing, the bound proteins were
eluted from beads, separated by SDS-PAGE, and analyzed by
silver staining or immunoblotting.
Mass Spectrometry—For mass spectrometric analysis, the

precipitated proteins were separated by SDS-PAGE and visu-
alized by Coomassie Blue staining. The bands corresponding
to the 90-kDa proteins were cut out from the gel and sub-
jected to trypsin digestion as described previously (14). The
molecular masses of the peptide mixtures were determined by
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry. The molecular masses of
the tryptic peptides were used to search the OWL protein
sequence data base for candidate proteins using the ProFound
program.
Immunoprecipitation and Antibodies—COS-7 cells were

transfected with pCIneo-STAT6-HA and pcDNA3.1 His-PSF.
After 36 h, the cells were mock treated or treated with IL-4

(50 ng/ml) for 40 min, and then suspended in Nonidet P-40
lysis buffer (50 mM Tris-HCl, pH 7.6, 300 mM NaCl, 0.1 mM

EDTA, 0.5% Nonidet P-40, 20% glycerol, 0.1 mM sodium or-
thovanadate, 1 mM sodium butyrate). The total cell lysates
were incubated with mouse monoclonal anti-HA (clone 16B
12; BabCO) or anti-His (Sigma) antibody, as well as rabbit
polyclonal IgG antibody (Santa Cruz Biotechnology) as a con-
trol, followed by incubation with protein G/A-Sepharose
(Amersham Biosciences). The bound proteins were subjected
to SDS-PAGE and blotted with anti-HA antibody or anti-His
antibody.
Ramos cells were mock treated or treated with IL-4 (50 ng/

ml) as indicated, and then suspended in Nonidet P-40 lysis
buffer. The total cell lysates were incubated with mouse
monoclonal anti-PSF (Sigma), anti-STAT6 (Upstate Biotech-
nology), or rabbit polyclonal IgG antibody, followed by incu-
bation with protein G-Sepharose. The immunoprecipitated
proteins were separated by SDS-PAGE and detected by blot-
ting with anti-PSF or anti-STAT6 antibody, or anti-tyrosine-
phosphorylated antibody (Zymed Laboratories Inc. Laborato-
ries, CA).
Reverse Transcription-PCR—Total RNA was isolated from

parental or transfected Ramos cells using TRIzol reagent (In-
vitrogen). One-Step RNA PCR kit (AMV; TaKaRa Biotechnol-
ogy) was used for reverse transcription-PCR. PCR products
were fractionated on 1.5% agarose gel and analyzed with
Quantity One-4.5.6 software (Bio-Rad). The results were nor-
malized against GADPH and presented as target mRNA to
the GADPH ratio. The primer sequences were as follows: Ig
heavy chain germline Ig�, 5�-CACACAACTATGACCTTAC-
CAGC-3� (forward) and 5�-AGTGCCAGGTGATGTTGAT-
AGTC-3� (reverse); GAPDH primers, 5�-TTGCCGACAGG-
ATGCAGAAGGA-3� (forward), 5�-AGGTGGACAGCGAG-
GCCAGGAT-3� (reverse).
Chromatin Immunoprecipitation—Formaldehyde was

added to the IL-4-treated (50 ng/ml, 40 min) or mock-treated
cells at a final concentration of 1%. Cross-linking was stopped
by the addition of glycine to a final concentration of 100 mM.
Total cell lysates were harvested with Nonidet P-40 lysis
buffer. The soluble chromatin was prepared with sonication
using a Vibra Cell 500 watt sonicator (Sonics & Materials,
Inc., Newtown, CT). After centrifugation, samples were pre-
cleared with protein G beads and immunoprecipitated with
anti-STAT6, anti-acetyl-H3 (Sigma), or rabbit polyclonal IgG
antibodies, and the immunocomplexes were collected onto
protein G beads. Beads were washed three times with buffer
containing 10 mM Tris-HCl (pH 8), 140 mM NaCl, 1 mM

EDTA, 0.1% Triton X-100 and once with TE buffer (10 mM

Tris-HCl, pH 8, 1 mM EDTA). The chromatin fragments were
eluted from beads with elution buffer containing 62.5 mM

Tris-HCl (pH 6.8), 200 mM NaCl, 2% SDS, 10 mM dithiothre-
itol, and cross-links were reverted by heating at 65 °C over-
night. DNA was extracted with phenol/chloroform, ethanol
precipitated, and analyzed for human Ig� promoter using
PCR. The PCR were performed in a 25-�l volume with 10 �l
of immunoprecipitated material, using Premix Taq (TaKaRa,
Japan). The extract aliquots before the immunoprecipitation
step (total input chromatin) were also used for PCR analysis.

4 The abbreviations used are: PSF, PTB-associated splicing factor;
HDAC1, histone deacetylase 1; TSA, trichostatin A; STAT, signal trans-
ducers and activators of transcription; IL-4, interleukin-4; TAD, trans-
activation domain.
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The following primers were used to detect the promoter re-
gions of Ig heavy chain germline Ig�: 5�-TGGGCCTGAGAG-
AGAAGAGA-3� and 5�-AGCTCTGCCTCAGTGCTTTC-3�.
Luciferase Assay—HeLa cells were plated in 12-well plates

at a density of 3 � 104 cells per well and after 24 h trans-
fected with Ig�-luc reporter construct (0.5 �g), �-galacto-
sidase (�-gal) construct (0.5 �g), and different amounts of
pGenesil-PSF-siRNA or pcDNA3.1 His-PSF. HeLa cells were
starved overnight and stimulated with 20 ng/ml of recombi-
nant human IL-4 (PeproTech EC, London, UK) for 6 h. The
cells were lysed with cell culture lysis reagent (Promega) and
luciferase activity was measured as previously described (14).
The luciferase values were normalized to �-galactosidase ac-
tivity and are presented as the mean relative luciferase activity
of three independent experiments. For all experiments, empty
pSG5 vector DNA was used to balance the different amounts
of DNA used in various transfections.
Immunofluorescence—HeLa cells were grown on glass

coverslips. The IL-4-treated or mock-treated cells were
fixed with 4% paraformaldehyde for 10 min, permeabilized
with 0.5% Triton X-100 in PBS for 5 min, and blocked with
0.1% BSA in PBS for 60 min. The cells were then incubated
with mouse monoclonal anti-PSF and rabbit polyclonal
anti-STAT6 (Santa Cruz Biotechnology) antibodies diluted
in 0.1% BSA in PBS for 2 h. After washing with PBS con-
taining 0.1% Triton X-100 and 0.1% BSA, cells were incu-
bated with anti-mouse Alexa Fluor 488 (Invitrogen) and
anti-rabbit Texas Red (Molecular Probes, Eugene, OR) sec-
ondary antibodies in 0.1% BSA in PBS for 1 h. All incuba-
tions were performed at room temperature. Images were
obtained using a �63/1.32 oil immersion objective (Olym-
pus, Tokyo, Japan) with an Andor iXon DV885 EMCCD
camera and the Andor iQ software (Andor Technology).
Images were further processed by the UltraView 4.0 soft-
ware and further handled using Microsoft Photo Editor
3.01 and Adobe Photoshop 6.0 to obtain appropriate sec-
tions with best contrast/brightness and resolution.

RESULTS

Identification of PSF as a STAT6-TAD Interacting
Protein—Cytokine-induced gene transcription requires pre-
cise arrangement of promoter-binding transcription factors,
and hierarchical recruitment of co-regulators, which are often
recruited by transactivation domains (TADs) (17). The TAD
is the most divergent part of STATs. The TAD of STAT6 is
rich in glutamine residues and functions as a potent inde-
pendent transactivator (18, 19). To identify possible co-regu-
lators of STAT6, the TAD of STAT6 was expressed as a gluta-
thione S-transferase (GST) fusion protein (GST-St6TAD) and
used to precipitate interacting proteins. Equal amounts of
GST and GST-St6TAD fusion proteins were bound to gluta-
thione-coupled beads (Fig. 1B) and incubated with total cell
lysates of either mock or IL-4-treated HeLa cells. As shown in
Fig. 1A, the GST-St6TAD fusion protein was found to inter-
act specifically with a protein after IL-4 stimulation. The cor-
responding band was recovered and subjected to in-gel tryp-
sin digestion. The molecular masses of the digested peptides
were measured by MALDI-TOF mass spectrometry. The pro-

gram ProFound was used to compare the mass maps obtained
against theoretical tryptic peptide mass maps in the OWL
protein sequence data base. The comparison identified PTB-
associated splicing factor (PSF) as a STAT6-TAD interacting
protein in the IL-4 stimulated but not in the mock treated
lysates.
To investigate the specificity of PSF and STAT6-TAD in-

teraction, COS-7 cells were transfected with mammalian ex-
pression plasmids encoding for His-tagged PSF (pcDNA3.1
His-PSF). After 48 h, the cells were either mock treated or
stimulated with IL-4 (50 ng/ml, 40 min), and total cell lysates
were collected and incubated with the GST or GST-St6TAD
fusion protein-bound beads. As shown in Fig. 1C, immuno-
blotting results indicated that GST-St6TAD interacted with
the His-PSF in the IL-4-treated lysates, but not in the mock-
treated lysates. The GST pulldown assay was also performed
with the endogenous protein from mock or IL-4-stimulated
(50 ng/ml, 40 min) Ramos cell lysates. Analysis of the
bound proteins by anti-PSF (Fig. 1D) immunoblotting dem-
onstrated that GST-St6TAD interacted with PSF only in IL-4-
stimulated cell lysates. These data demonstrate that PSF is a

FIGURE 1. Physical interaction between STAT6-TAD and PSF. A, STAT6-
TAD interacts specifically with PSF after IL-4 stimulation. Aliquots of total
cell lysates from HeLa cells with or without IL-4 stimulation were incubated
with bead-bound GST-STAT6-TAD fusion protein or GST alone. The bound
proteins were subjected to SDS-PAGE and visualized by Coomassie Blue or
silver staining. B, the loading control of GST and GST-STAT6-TAD proteins.
C, COS-7 cells were transfected with pcDNA3.1-His-PSF. After 48 h, cells
were mock treated or treated with IL-4 (50 ng/ml) for 40 min. The total cell
lysates were incubated with bead-bound GST or GST-STAT6-TAD fusion
protein. D, Ramos cells were mock treated or treated with IL-4 (50 ng/ml) for
40 min. Total cell lysates were incubated with either GST alone or with GST-
STAT6-TAD. The bound proteins were subjected to SDS-PAGE and detected
by Western blot.
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novel interaction partner of STAT6-TAD, and suggests that
the interaction is IL-4-dependent.
PSF Interacts with STAT6 in Vivo—To analyze whether

STAT6-PSF complex formation is occurring in vivo, the inter-
action between STAT6 and PSF was investigated by co-im-
munoprecipitation assays. COS-7 cells were transfected with
plasmids encoding for HA-tagged STAT6 (STAT6-HA) and
His-tagged PSF (His-PSF). Cells were either mock treated or
stimulated with IL-4 (50 ng/ml, 40 min). STAT6 was immu-
noprecipitated from the total cell lysates with anti-HA anti-
body, and the presence of PSF was detected by anti-His
immunoblotting. As shown in Fig. 2A, PSF was found to co-
precipitate with STAT6 only after IL-4 stimulation. As a con-
trol, PSF was not detected in anti-IgG immunoprecipitations.
Reciprocally, STAT6 was found to co-precipitate with PSF in
anti-His immunoprecipitations (Fig. 2B). These results indi-
cate that ectopically expressed PSF and STAT6 form a com-
plex in vivo after IL-4 stimulation.
The in vivo complex formation between STAT6 and PSF

was also detected with endogenous proteins in Ramos cells.
Ramos cells were mock or IL-4 treated for 40 min, and the
total cell lysates were subjected to immunoprecipitation with
anti-STAT6 antibody, or rabbit anti-IgG as a control, and
subjected to immunoblotting with anti-STAT6 or anti-PSF
antibody. As shown in Fig. 2C, and consistent with previous
results, PSF interacted with STAT6 only after IL-4 stimula-
tion. These results further confirmed that STAT6 and PSF
associate in vivo in a ligand-dependent manner.

IL-4 Stimulation Enhances Tyrosine Phosphorylation of PSF
and Regulates PSF-STAT6 Association—To investigate the
mechanisms underlining the ligand-dependent association
between these two proteins, we first analyzed the subcellular
localization of STAT6 and PSF by immunofluorescence mi-
croscopy. As shown in Fig. 3A, in untreated HeLa cells, PSF is
localized in the nucleus (a), whereas STAT6 is mainly local-
ized in the cytoplasm but also in the nucleus to a small extent
(b). The merged picture shows the distinct localization of
STAT6 and PSF (c). After IL-4 stimulation (30 min), PSF re-
mains in the nucleus (d), whereas a significant proportion of
STAT6 is translocated into the nucleus (e) and co-localized
with PSF in the nucleus (f). These results indicate that IL-4
stimulation induced the co-localization of STAT6 and PSF.
To further investigate the underlying mechanisms of PSF

and STAT6 association, we analyzed tyrosine phosphoryla-
tion of STAT6 and PSF at different time points following IL-4
stimulation. Ramos cells were treated with IL-4 for different
times as indicated, and the total cell lysates were immunopre-
cipitated with anti-STAT6 antibody, or rabbit anti-IgG as a
control, and subjected to blotting with anti-STAT6 or anti-
PSF antibody. As shown in Fig. 3B, the in vivo physical com-
plex formation between PSF and STAT6 was observed only
after IL-4 stimulation. STAT6 became tyrosine phosphory-
lated after IL-4 stimulation, and the phosphorylation level
stayed constant at different time points (Fig. 3C). PSF was
tyrosine phosphorylated at the basal level even without IL-4
stimulation, and the amount of phosphorylation was gradually
increased following IL-4 treatment. After 90 min treatment,
the amount of phosphorylated PSF was 2-fold higher com-
pared with the basal level (Fig. 3, D and E).

To substantiate the role of IL-4 stimulation in regulation of
PSF-STAT6 association, we used COS-7 cells to carry out the
co-immunoprecipitation experiments. As shown in Fig. 3F,
STAT6-HA protein was ectopically expressed in COS-7 cells,
which do not express detectable amounts of endogenous
STAT6, and the cells were either mock treated or stimulated
with IL-4. These total cell lysates were mixed and incubated
with the lysates from parental COS-7 cells without (lane 3)
or with IL-4 stimulation (lane 4), respectively. The mixed ly-
sates were immunoprecipitated with anti-HA antibody and
blotted with anti-PSF. The results show that complex forma-
tion between STAT6 and PSF required that both proteins
originate from IL-4-stimulated cells (lane 5). If only PSF origi-
nated from IL-4, stimulated cells could not efficiently form a
complex with the non-treated STAT6 (lane 4). Thus, the IL-
4-induced modification of both STAT6 and PSF is a prerequi-
site for the association of these two proteins.
PSF Represses STAT6-mediated Gene Transcription—To

determine the functional consequences of the interaction be-
tween PSF and STAT6, HeLa cells were transfected with the
Ig�-Luc reporter gene, which is regulated by activated STAT6,
together with increasing amounts of pcDNA-His-PSF, or
pGenesil-PSF-siRNA to knockdown the PSF expression. As
shown in Fig. 4A, ectopic expression of PSF did not affect the
basal activity of the luciferase activity, but reduced the IL-4-
stimulated reporter gene activity in a dose-dependent man-

FIGURE 2. PSF interacts with STAT6 in vivo in an IL-4-dependent man-
ner. A and B, ectopically expressed STAT6 interacts with PSF in vivo. COS-7
cells were transfected with pcDNA3.1-His-PSF and pCIneo-STAT6-HA plas-
mids. After 48 h, cells were mock treated or treated with IL-4 (50 ng/ml) for
40 min. Total cell lysates were immunoprecipitated with anti-HA (A), or anti-
His antibody (B), and blotted with antibodies as indicated. C, the endoge-
nous STAT6 associates with PSF after IL-4 stimulation. The Ramos cells were
stimulated with IL-4 (50 ng/ml) for 40 min. Total cell lysates were immuno-
precipitated with anti-STAT6 or anti-PSF antibody, and blotted with anti-
bodies as indicated.
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ner. However, knockdown of PSF enhanced the IL-4-induced
reporter activity (Fig. 4B).
To verify the PSF-mediated inhibition of STAT6-depen-

dent transcription in vivo, we analyzed mRNA expression of
the Ig heavy chain germline Ig� in Ramos cells by performing
RT-PCR analysis. The assay conditions were adjusted to
allow comparison of the Ig� mRNA expression levels by
normalizing to the GAPDH mRNA expression. As shown
in Fig. 4, C and D, ectopic expression of PSF did not affect
the basal expression, but reduced the IL-4-induced expres-
sion of Ig� mRNA compared with parental cells. The
knockdown of PSF enhanced the IL-4-induced expression
of endogenous Ig� mRNA �3-fold compared with parental
cells.
To investigate whether PSF affects the binding of STAT6 to

the Ig� promoter, chromatin immunoprecipitation assays
were performed. Ramos cells were transfected with pcDNA-
His-PSF, pGenesil-PSF-siRNA, or pGenesil-scrambled-
siRNA. After incubation for 48 h, the cells were stimulated

with IL-4 for 40 min or left untreated. Immunoprecipitation
of cross-linked chromatin was performed with anti-STAT6,
or as a control with anti-rabbit IgG antibodies. DNA was ex-
tracted and analyzed for the STAT6 binding site containing
the promoter regions of the Ig� heavy chain gene. As shown
in Fig. 5A, different samples contained the same amount of
the immunoprecipitated endogenous STAT6 protein (upper
panel). In IL-4-stimulated samples ectopic expression of PSF
reduced the DNA binding ability of STAT6 to the promoter
region of Ig� (lower panel, lane 5), but knockdown of PSF in-
creased the binding of endogenous STAT6 to the promoter
(lower panel, lane 8). There was no obvious difference in the
control and siRNA scrambled sample (lanes 2 and 11). Fig. 5B
shows the expression of STAT6 (upper panel) and PSF (mid-
dle panel) in different samples. The lower panel demonstrated
the PCR products of the total input chromatin aliquoted be-
fore the immunoprecipitation step. Collectively these data
demonstrate that PSF acts as a repressor of STAT6-mediated
gene transcription in response to IL-4 stimulation.

FIGURE 3. IL-4 stimulation promotes the co-localization of STAT6 and PSF, and also enhances tyrosine phosphorylation of PSF. A, immunoflu-
orescence analysis was carried out by using rabbit polyclonal anti-STAT6 and mouse monoclonal anti-PSF antibody, and then with Texas Red-conju-
gated anti-rabbit secondary antibody and Alexa Fluor 488-conjugated anti-mouse secondary antibody. B, STAT6 associates with PSF after IL-4 stimu-
lation at different time points. The Ramos cells were stimulated with IL-4 (50 ng/ml) for different time points as indicated. Total cell lysates were
immunoprecipitated with anti-STAT6 antibody, the bound protein was separated with SDS-PAGE and blotted with anti-STAT6 (upper panel) or
anti-PSF (lower panel) antibody. C, tyrosine phosphorylation of STAT6 after IL-4 stimulation at different time points. Different total cell lysates of
Ramos cells were immunoprecipitated with anti-STAT6 antibody, followed by incubation with protein G-Sepharose, and then blotted with anti-
STAT6 (upper panel) or anti-tyrosine phosphorylated antibody (lower panel). D, tyrosine phosphorylation of PSF after IL-4 stimulation at different time
points. Different total cell lysates of Ramos cells were immunoprecipitated with anti-PSF antibody, followed by incubation with protein
G-Sepharose, and then blotted with anti-PSF (upper panel) or anti-phosphotyrosine (lower panel). E, the protein levels of phosphorylated PSF were
normalized against the protein levels of total PSF to control for variance in sample loading and transfer. The error bars represent S.D. F, IL-4 stimula-
tion induced the efficient association of STAT6 and PSF. The COS-7 cells were transfected with STAT6-HA, and total cell lysates were collected and
incubated with the total cell lysates of parental COS-7 cells treated with (lane 4) or without IL-4 stimulation (lane 3), respectively. The total cell lysates
were also collected from STAT6-HA overexpression cells after IL-4 stimulation for 40 min (lane 5). After immunoprecipitation with anti-HA antibody
or anti-IgG (lane 2) as negative control, the precipitated protein was separated with SDS-PAGE gel and immunoblotted with anti-HA or anti-PSF
antibodies.
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PSF Recruits HDAC to STAT6-PSF Complex to Repress the
Gene Transcription—Inhibition of histone deacetylation is
correlated with transcriptional activation. PSF has been re-
ported to recruit the mSin3A�HDAC1 complex to the pro-
moter regions of certain genes (20, 21). We performed co-
immunoprecipitation experiments to investigate whether PSF
could recruit HDAC1 to STAT6. Total cell lysates from mock
or IL-4-treated Ramos cells were subjected to immunopre-
cipitation with antibody against the PSF protein or with the
control antibody. As shown in Fig. 6, HDAC1 was co-immu-
noprecipitated with endogenous PSF in the cell lysate (lanes 5
and 6), but was not detected in the control immunoprecipi-
tates (lanes 3 and 4). In line with the results from the func-
tional experiments, PSF recruited HDAC1 to STAT6 only
after IL-4 stimulation (lane 6). This result indicates that IL-4
stimulation induces the recruitment of the PSF�HDAC1 com-
plex to STAT6 in vivo.
To address the role of PSF/HDAC1 in IL-4/STAT6-in-

duced gene expression, chromatin immunoprecipitation as-
says were performed to detect the acetylation of H3 at the Ig�
promoter region. Immunoprecipitation of cross-linked chro-
matin was performed with anti-acetyl-H3, or control anti-
rabbit IgG antibodies and the Ig� was quantitated by PCR.
The result in Fig. 5B shows that overexpression of PSF re-

duced the H3 acetylation at the Ig� promoter (lane 10) after
IL-4 stimulation when compared with control cells with en-
dogenous PSF (lane 6). To further analyze the deacetylase
activity of HDAC1 in the IL-4/STAT6 pathway, Ramos cells
were incubated with the HDAC inhibitor TSA. As shown in
Fig. 7A, TSA treatment enhanced H3 acetylation at the Ig�
promoter after IL-4 stimulation (lane 8 versus 6). Importantly,
the luciferase reporter experiments (Fig. 7B) support the orig-
inal finding that the repressive effects of PSF on IL-4-stimu-
lated transcription can be reverted by TSA treatment in a
dose-dependent manner, whereas TSA did not alter the basal
reporter activity in the absence of stimulation. Taken to-
gether, these data demonstrate that PSF functions as a core-
pressor of STAT6-mediated gene transcription via the re-
cruitment of histone deacetylase activity.

DISCUSSION

Gene transcription is regulated by protein complexes that
act in modulating DNA accessibility via a variety of covalent
modifications of the histone tail, including acetylation, phos-
phorylation, methylation, and ubiquitination (22–24). Re-
cently CoaSt6 (Stat6-interacting co-factor) was reported to
enhance STAT6-mediated transcription by altering the chro-
matin structure by modifying histones with poly(ADP-ribo-
sylation) (25). Recently, Nigam et al. (26) have observed that

FIGURE 4. PSF represses STAT6-dependent gene transcriptional activa-
tion. A, overexpression of PSF inhibits the STAT6-mediated transcriptional
activation of � germline (Ig�) promoter. HeLa cells were cotransfected with
Ig� promoter-linked luciferase reporter gene constructs (0.5 �g) and �-ga-
lactosidase vector (0.5 �g), together with increasing amounts (0, 0.5, or 1.0
�g) of PSF expression plasmid, and treated with IL-4 as indicated. Normal-
ized luciferase activity is presented. The lower panels show the PSF protein
levels in the lysates. B, knockdown of PSF enhanced STAT6-dependent tran-
scriptional activation of the Ig� promoter. Knockdown of PSF was carried
out by using an increasing amount of pGenesil-PSF-siRNA. Normalized lucif-
erase activity is presented. Western blot shows the expression levels of PSF
in different lysates (lower panels). C, PSF inhibits � germline transcription
after IL-4 stimulation. Ramos cells were transfected with pcDNA3.1-His-PSF
or pGenesil-PSF-siRNA. After 48 h, the cells were mock treated or IL-4
treated (50 ng/ml) for 6 h. RT-PCR was performed to detect the mRNA level
of the heavy chain of � germline (upper panel), and the mRNA level of
GAPDH (middle panel) as control. Western blot shows the expression levels
of PSF in different lysates (lower panel). D, relative mRNA expression of the
heavy chain of � germline. The value was obtained by calculating the mRNA
of � germline against the mRNA levels of GAPDH. Mean normalized lucifer-
ase values of three independent experiments with standard deviations are
shown. The error bars represent standard deviations.

FIGURE 5. PSF reduces the association of STAT6 to the promoter region
of � germline. A, Ramos cells were transfected with pcDNA3.1-His-PSF,
pGenesil-PSF-siRNA, or pGenesil-scrambled-siRNA, respectively. After 48 h,
the cells were mock treated or treated with IL-4 (50 ng/ml) for 40 min. Im-
munoprecipitation of cross-linked chromatin was performed with anti-
STAT6 or rabbit IgG antibody. Part of the immunoprecipitated complexes
were blotted with anti-STAT6 (upper panel), or anti-PSF (middle panel), the
rest were used to extract DNA and performed PCR analysis to detect the
amount of precipitated Ig� promoter region (lower panel). B, the three pan-
els demonstrate the protein levels of STAT6 (upper panel) and PSF (middle
panel), or the PCR products of the Ig� promoter region (lower panel) in dif-
ferent lysates.
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IL-4 induced transcription of the 15-lipoxygenase-1 gene re-
quires up-regulation of acetylation of both STAT6 and H3.
These findings support the concept that different enzymatic
functions and their post-translational modifications coordi-
nately regulate STAT6-mediated gene transcription.
Although STAT6 activation in response to IL-4 and IL-13

has been well documented, the molecular mechanisms re-
sponsible for the termination of STAT6 signaling are largely
unknown. Recently, protein-tyrosine phosphatases (PTP)
have been shown to dephosphorylate STAT6 and act as nega-
tive regulators of IL-4/STAT6 signaling (27). STAT6 re-
sponses are also negatively regulated by SOCS1 (28). In the
present study, we characterize a novel mechanism for silenc-
ing IL-4/STAT6 gene transcription and recruitment of re-
pressor complex PSF�HDAC1 to the STAT6-DNA promoter
complex.
PSF is a multifunctional protein and has been reported to

function as transcriptional repressor for several nuclear re-
ceptors including the progesterone receptor (29), androgen
receptor (30), thyroid hormone and retinoic acid (31). How-
ever, the function of PSF in regulating cytokine-induced gene
transcription has not been reported. In the present study, we
identified PSF as an interacting protein with STAT6. Unlike
most of the characterized transcription factor-coregulator
interactions, the association between PSF and STAT6 was
strictly IL-4 regulated. It is well established that IL-4 stimula-
tion results in activation of tyrosine kinases JAK1 and JAK3

(32, 33) and subsequent phosphorylation of tyrosine 641 of
STAT6 resulting in dimerization and nuclear translocation of
STAT6, where they bind to the promoters of IL-4-responsive
genes. There are a few possible mechanisms underlying the
IL-4-dependent association of STAT6 and PSF. IL-4 stimula-
tion may trigger the redistribution of STAT6 from cytoplasm
to nucleus, where it could interact with the nuclear PSF. In
addition, IL-4 stimulation may induce tyrosine phosphoryla-
tion of STAT6 or PSF. Although IL-4 stimulation induced the
co-localization of STAT6 and PSF, it may not fully explain the
ligand-dependent association, because the STAT6-TAD GST
fusion protein interacts only with the PSF from IL-4-treated
cell lysates. In addition, IL-4 stimulation of STAT6 was a pre-
requisite for association with the PSF (Fig. 3F). The GST-
St6TAD is not tyrosine phosphorylated but the TAD domain
alone is sufficient to activate the transcriptional activation
(18, 19) and the GST-St6TAD is likely to dimerize through its
GST domains and thereby mimic the phosphorylation-in-
duced dimerization of STAT6. Thus, the dimerization or po-
lymerization of STAT6 appears to be a prerequisite for the
efficient association of PSF. On the other hand, the modifica-
tion of PSF by IL-4 stimulation is also needed for the interac-
tion, as the GST-St6TAD only interacted with the PSF from
the lysate of COS-7 cells with IL-4 treatment.
Due to the ligand dependence of the interaction, we cannot

distinguish between the direct or indirect association of

FIGURE 6. PSF recruits HDAC1 to the STAT6�Ig� promoter complex and
reduces the H3 acetylation at the Ig� promoter region. A, Ramos cells
were mock treated or treated with IL-4 (50 ng/ml) for 40 min. Immunopre-
cipitation was performed with anti-PSF or rabbit IgG antibody. The precipi-
tated complexes were blotted with anti-PSF (upper panel), anti-STAT6 (mid-
dle panel), or anti-HDAC1 (lower panel) antibodies. B, overexpression of PSF
decreased H3 acetylation at the Ig� promoter region. Ramos cells were
transfected with pcDNA3.1-His-PSF. After 48 h, the cells were treated with
IL-4 (50 ng/ml) for 40 min. Immunoprecipitation of cross-linked chromatin
was performed with anti-acetyl-H3 or rabbit IgG antibody. Part of the im-
munoprecipitated complexes were blotted with anti-acetyl-H3 (upper
panel), the rest were used to extract DNA and performed PCR to analyze the
Ig� promoter region (lower panel).

FIGURE 7. The HDAC inhibitor TSA enhances the H3 acetylation at the
promoter region of Ig�, and overcomes the inhibition of PSF on the
STAT6-mediated Ig�-luc reporter activity. A, Ramos cells were treated
with IL-4 (50 ng/ml) and/or TSA (200 ng/ml). Immunoprecipitation of cross-
linked chromatin was performed with anti-acetyl-H3 or rabbit IgG antibody.
Part of the immunoprecipitated complexes were blotted with anti-
acetyl-H3 (upper panel), the rest were used to extract DNA and performed
PCR to analyze the Ig� promoter region (lower panel). B, HeLa cells were co-
transfected with Ig� promoter-linked luciferase reporter gene constructs
(0.5 �g), �-galactosidase vector (0.5 �g), and PSF expression plasmid (0.5
�g). The transfected HeLa cells were treated with or without TSA in differ-
ent concentrations as indicated for 30 min, and then stimulated with IL-4 or
left untreated. Cells were lysed and luciferase activity was determined. Nor-
malized luciferase activity is presented. Mean normalized luciferase values
of three independent experiments with S.D. are shown. The error bars repre-
sent standard deviations.
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STAT6 and PSF using in vitro translation assays. Therefore,
we cannot exclude the possibility that another protein(s)
might be involved to recruit PSF to STAT6. For example, PSF
is physically associated with the carboxyl-terminal domain of
RNA polymerase II (pol II) at both the initiation and elonga-
tion phases of gene transcription (34). STAT6 is also recruited
to the pol II complex via the Tudor-SN protein immediately
after IL-4 stimulation (14). Therefore, STAT6, RNA pol II,
and PSF are likely to form the larger complex at the early
stages of IL-4-induced transcription. However, the decreased
binding of STAT6 to the promoter occurred at later stage,
and was accompanied by increased tyrosine phosphorylation
of PSF. Thus, the increased PSF tyrosine phosphorylation may
mediate the recruitment and enhancement of HDAC activity
and the deacetylation of histones. Further investigations are
needed to clarify the underlying mechanisms.
Histone deacetylation correlates with transcriptional re-

pression and is mediated by distinct histone deacetylase
(HDAC) complexes. PSF has been reported to inhibit tran-
scription by recruiting the mSin3A�HDAC complex to
deacetylate histones during transcription elongation and
modulate chromatin structure, such as IFN-�- and CIITA-
induced MHC-II gene expression (20) or type II nuclear hor-
mone receptor subfamily (21). In the present report, we dem-
onstrate that PSF recruits HDAC1 to the STAT6 complex,
and thereby, represses the STAT6-mediated Ig� gene tran-
scription, and the expression of endogenous Ig heavy chain
germline Ig�. This model is supported by several lines of evi-
dence. (a) The primary function of HDAC1 is to deacetylate
histones, and thereby the protein mediates transcriptional
repression of genes. Consistent with this concept, we show
that an increase in the amount of PSF results in reduced asso-
ciation of STAT6 with the Ig� promoter, less acetyl-H3 at the
Ig� promoter, and repression of STAT6-mediated gene tran-
scription. (b) The repressive effects can be reversed by the
HDACs inhibitor TSA, which resulted in enhanced H3 acety-
lation at the endogenous Ig� promoter, thereby reverting the
suppression of STAT6-mediated gene transcription. These
data demonstrate a functional link between histone deacety-
lase activity and the repression of STAT6-mediated gene
transcription.
STAT6 requires various co-activators or co-repressors to

promote and regulate transcription of endogenous genes. As
STAT6 associates with both histone acetyltransferase (Tudor-
SN/CBP) (15) and HDACs (PSF/HDAC1) (the present study),
STAT6 seems to act as a molecular switch that dynamically
associate with and regulate the function of coactivators and
corepressors to regulate the higher-order chromatin remodel-
ing of the promoter region of STAT6-bound genes, and sub-
sequently the STAT6-mediated gene transcription. Tudor-SN
recruits CBP and RNA pol II to TAD of STAT6 (15), and it
also associates with p/CAF, another histone acetyltransferase
to enhance histone acetylation. On the other hand, PSF acts
as co-repressor to inhibit the activity through the
deacetylation.
Asthma is characterized by increased STAT6 activity and

Ig� gene expression that are associated with an increase in
histone acetyltransferase and reduction in HDAC activities in

the bronchi and alveolar macrophages (35, 36). Resistance to
corticosteroids is correlated to the reduced HDAC level in
some asthma patients (37). This study indicates that PSF
functions as a repressor of STAT6-mediated transcription
through recruitment of the HDAC complex, and delineate a
novel regulatory mechanism of IL-4 signaling that may have
implications in the pathogenesis of allergic diseases.
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