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Nuclear factor-�B (NF-�B) is a transcription factor
critical for key cellular processes, including immune
response, apoptosis, and cell cycle progression. A yeast
two-hybrid screening, using the Rel homology domain
(RHD) of the p65 subunit (RelA) of NF-�B as bait, led to
the isolation of PIAS3, previously identified as a specific
inhibitor of STAT3. We show that PIAS3 can directly
associate with p65 using an in vitro pull-down and in
vivo coimmunoprecipitation assays. When overex-
pressed, PIAS3 inhibits NF-�B-dependent transcription
induced by treatment with tumor necrosis factor �
(TNF-�) or interleukin-1� or by overexpression of TNF
family receptors such as RANK, TNFR1, and CD30 or
signal transducers of TNF receptor-associated factors
(TRAFs), including TRAF2, TRAF5, and TRAF6. Down-
regulation of PIAS3 by RNA interference reverses its
effect on TNF-�-mediated NF-�B activation. We found
that an N-terminal region of PIAS3 is necessary for both
the interaction with p65 and the transcriptional sup-
pression activity. In addition, we found that an LXXLL
coregulator signature motif located within the N-termi-
nal region of PIAS3 is the minimal requirement for the
interaction with p65. Furthermore, we demonstrate that
PIAS3 interferes with p65 binding to the CBP coactiva-
tor, thereby resulting in a decreased NF-�B-dependent
transcription. Taken together, these data suggest that
PIAS3 may function in vivo as a modulator in suppress-
ing the transcriptional activity of p65.

NF-�B1 is an inducible cellular transcription factor that
plays a critical role in the expression of a variety of genes
involved in immune and inflammatory responses and cell sur-
vival (1–3). There are five known members of the mammalian
NF-�B/Rel family: p65 (RelA), c-Rel, RelB, p50 (NF-�B1), and

p52 (NF-�B2). These proteins share a conserved 300-amino
acid region known as the Rel homology domain (RHD), which is
responsible for DNA binding, dimerization, and nuclear trans-
location of NF-�B (4–6). In most cells, Rel family members
form hetero- and homodimers with distinct specificities in var-
ious combinations. p65, RelB, and c-Rel are transcriptionally
active members of the NF-�B family, whereas p50 and p52
primarily serve as the DNA binding subunits (4–6). The most
widely studied and most abundant form of NF-�B is the het-
erodimer of p50 and p65.

A common feature of the regulation of NF-�B is the seques-
tration in the cytoplasm as an inactive complex physically
associated with a class of inhibitory molecules known as I�Bs
(7). Treatment of cells with a variety of inducers such as phor-
bol esters, interleukin-1 (IL-1), and tumor necrosis factor-�
(TNF-�) results in phosphorylation, ubiquitination, and degra-
dation of the I�B proteins (2, 8, 9). The degradation of I�B
proteins exposes the nuclear localization sequence in the re-
maining NF-�B dimers, which in turn leads to a rapid trans-
location of NF-�B to nucleus where it activates target genes by
binding to cognate DNA regulatory elements (4–6).

A recent work has shown that NF-�B-dependent transcrip-
tion requires the function of transcriptional coactivator pro-
teins (10–12). The CBP and its homologue, p300, are coactiva-
tors that interact with the p65 subunit of NF-�B to enhance its
ability to activate transcription. Inducible phosphorylation of
p65 by the protein kinase A catalytic subunit stimulates NF-
�B-dependent gene expression by enhancing the interaction of
p65 with CBP (13, 14). Two other coactivators are also known
to be involved in regulating the transactivation function of
NF-�B. The HAT function of the p/CAF coactivator was shown
to be required for the activation of NF-�B-dependent transcrip-
tion (15), and the SRC-1 coactivator protein was shown to
interact with the p50 subunit of NF-�B to potentiate NF-�B-
mediated transactivation (16). Thus, interaction with tran-
scriptional coactivators is important in mediating the transac-
tivation potential of NF-�B. Moreover, the differential
association of NF-�B with coactivator proteins and possibly
with corepressor proteins in unstimulated cells as well as in
cells in which NF-�B has been activated is likely to determine
the level of activation or repression of NF-�B-regulated genes
(17–19).

Although the requirement of coactivators for transcriptional
activation by NF-�B is well established, little work has been
done to determine the importance of repressors in regulating
NF-�B transactivation. To gain more insights into negative
regulation of NF-�B-activity, we performed a yeast two-hybrid
screen and found PIAS3 as a potential binding partner for p65.
We provide evidence that PIAS3 exerts a strong inhibitory
effect on NF-�B-dependent transactivation through binding to
the Rel domain of p65. Additionally, we found that the inter-
action between p65 and PIAS3 requires the LXXLL motif of
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N-terminal PIAS3. Moreover, we show that PIAS3 negatively
regulates NF-�B-dependent transcription by interfering with
the ability of the CBP coactivator to interact with p65.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—pSos-p65-(1–313) containing the N-termi-
nal RHD of p65, the bait plasmid for the Cytotrap yeast two-hybrid
screen, was generated by inserting the p65 N-terminal region corre-
sponding to amino acids 1–313 into pSos (Stratagene). To generate
bacterial expression vectors for GST-p65N (aa 1–313) and GST-p65C
(aa 314–551), the corresponding p65 cDNA fragments were generated
by PCR and cloned in-frame into pGEX-5x-1 (Amersham Biosciences). A
full-length murine PIAS3 cDNA was obtained by PCR from a cDNA
library of T cell hybridoma KMls-8.3.5 (20). FLAG epitope-tagged
PIAS3 cDNAs (PIAS3 wt (aa 1–584), PIAS3-N (aa 1–391), and PIAS3-C
(aa 391–584)) were generated by PCR amplifying corresponding frag-
ment from the full-length PIAS3 cDNA and subsequently cloning into
pFLAG-CMV2 (Sigma). FLAG epitope-tagged PIAS3 LL-AA mutant
was generated by site-directed mutagenesis using the QuikChange kit
(Stratagene). To generate eukaryotic expression vectors for the GST-
CBP-(1–450) mutant, CBP cDNA fragment encoding the corresponding
N-terminal region was amplified by PCR and cloned in-frame into
pEBG vectors as described previously (21). The nucleotide sequences of
all constructs obtained by PCR were confirmed by DNA sequencing. The
NF-�B reporter vector (�B)3-interferon-luciferase and pCMV-�-gal plas-
mids have been described previously (22). The c-Jun (pFA-Jun) path-
way-specific transactivators, the GAL4 UAS-containing luciferase re-
porter (pFR-Luc) plasmid, and the MEKK (pFC-MEKK) expression
vectors were purchased from Stratagene (La Jolla, CA). Expression
constructs encoding RANK, TNFR1, CD30, TRAF2, TRAF5, and
TRAF6 have been described previously (21, 23, 24). CBP expression
vector was kindly provided by Dr. Choe J (25). The antibody (Ab)
specific for phosphorylated I�B-� was from New England Biolabs; anti-
I�B� (C-21), anti-p65 (C-20), anti-PIAS3 (H-169), and anti-CBP (A-22)
Abs were from Santa Cruz Biotechnology (Santa Cruz, CA); and the
anti-FLAG epitope Ab (M2) was from Sigma.

Yeast Two-hybrid Assay—The CytoTrapTM (Stratagene) yeast
screening was performed with murine thymus cDNA library (Strat-
agene) as prey and pSos-p65-(1–313) as the bait according to the man-
ufacturer’s instructions. Saccharomyces cerevisiae strain cdc25H was
transformed sequentially with pSos-p65-(1–313) and murine thymus
cDNA library fused to the pMyr plasmid containing the myristylation
sequence of v-Src. Because the cdc25H yeast cell contains a tempera-
ture-sensitive mutant of the yeast homologue (cdc25H) of human hSos,
it cannot grow at 37 °C. Positive clones were selected by the ability of
cdc25H cells to grow on galactose plate at 37 °C. The hSos-p65-(1–313)
protein is recruited to the plasma membrane because of the interaction
with the myristoylated protein encoded by a pMyr clone selected from
the target library, thereby complementing the cdc25 defect and allow-
ing the growth of the cdc25H yeast clone at 37 °C due to activation of
the Ras-signaling pathway. The pMyr plasmids were rescued from
positive colonies and identified by nucleotide sequencing.

Cell Culture, Transfections, and Luciferase Assays—293T cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 units/ml streptomycin, and 100 units/ml
penicillin (Invitrogen). The cells were seeded at a density of 5 � 105

cells/well in a 6-well dish 1 day prior to transfection by calcium phos-
phate method as previously described (21). Each transfection was done
using an equal amount of total DNA by adding appropriate amount
of the control vector, pcDNA3.1 (Invitrogen). At 36-h post-transfection,
the cells were harvested, and the whole cell extracts were prepared
for the luciferase assay. The luciferase activity was measured by the
Luciferase Assay System (Promega) and normalized relative to �-ga-
lactosidase activity as described previously (21). The data are obtained
from three independent transfections and presented as the -fold in-
crease in luciferase activities (means � S.D.) relative to the control.
Recombinant human TNF-� and IL-1� were purchased from R&D
Systems.

Immunoprecipitations and Western Blot Analysis—To examine the
protein-protein interaction in cultured 293T cells, subconfluent plates
were transfected with 2–7 �g of the indicated combinations of expres-
sion vectors by calcium phosphate method. At 36 h post-transfection,
cells were lysed in 0.5% Nonidet P-40 lysis buffer (50 mM Tris-HCl, pH
8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, and protease
inhibitors). Cell lysates were incubated with anti-FLAG Ab, anti-p65
Ab, or anti-CBP Ab for 3 h at 4 °C, and immune complexes were
collected by incubation (1 h, 4 °C) with protein G-agarose (Roche Ap-

plied Science). After extensive washing, immunoprecipitated proteins
were resolved by 6–10% SDS-PAGE and analyzed by Western blotting
with anti-FLAG, anti-p65, or anti-CBP Abs. Membranes were devel-
oped with enhanced chemiluminescence (Amersham Biosciences). For
endogenous immunoprecipitations, mouse T cell hybridoma KMls-8.3.5
cells (20) were lysed in 0.5% Nonidet P-40 lysis buffer and incubated
with polyclonal anti-p65 Ab or IgG as a control. Western blotting for
detection of endogenous PIAS3 and endogenous p65 was performed
with polyclonal anti-PIAS3 and anti-p65 Abs, respectively.

Preparation of GST Fusion Proteins and GST Binding Assay—GST-
p65 fusion proteins were expressed in Escherichia coli BL21(DE) (No-
vagen) and purified with glutathione-Sepharose 4B beads (Amersham
Biosciences) as specified by the manufacturer. Equal amounts of GST
fusion proteins (2 �g) immobilized on the beads were used for binding
assay. Cell lysates transfected with FLAG epitope-tagged PIAS3 DNA
were incubated with either GST or GST-p65 fusion proteins for 3 h at
4 °C in the 0.5% Nonidet P-40 lysis buffer. Samples were washed four
times with the lysis buffer, and the bound proteins were separated by
SDS-PAGE, transferred to a nitrocellulose membrane, and detected by
Western analysis using enhanced chemiluminescence.

RNA Interference—Custom SMARTpool plus small interfering RNA
(siRNA) to target human PIAS3 (catalog no. M-004164-00-05) was
designed and synthesized by Dharmacon (Lafayette, CO). siRNA (5
nmol) was transfected into MCF-7 cells using Oligofectamine (Invitro-
gen) according to the manufacturer’s protocol. 48 h after transfection,
the cells were treated with TNF-� for 6 h and lysed for NF-�B-luciferase
reporter assay. A nonspecific RNA duplex (Dharmacon, catalog no.
D-001130-01-05) was used in control experiments. The relative expres-
sion of endogenous PIAS3 was monitored by Western blotting of cell
extracts isolated from control or siRNA-treated cells, using a polyclonal
antibody against PIAS3 (Santa Cruz Biotechnology).

RESULTS

Identification of PIAS3 as a Novel p65-interacting Partner
Using Yeast Two-hybrid System—We used the yeast two-hy-
brid system to identify proteins that interact with NF-�B p65.
The cDNA fragment encoding amino acids 1–313 of p65, con-
taining the Rel homology domain, was used as bait. We
screened �1.5 million transformants from the mouse thymus
cDNA library. One of the isolated clones encoded the C-termi-
nal region of the PIAS3 starting from amino acid 298 (data not
shown). We subsequently isolated a full-length mouse PIAS3
cDNA clone from the cDNA library derived from a mouse T cell
hybridoma cell line KMls-8.3.5 (20) for further study.

To confirm the interaction between p65 and PIAS3 in vitro,
we performed a GST pull-down assay. GST fusion proteins with
N-terminal or C-terminal portions of p65 (Fig. 1A) were syn-
thesized in E. coli, immobilized on glutathione-Sepharose
beads, and incubated with the cell lysates containing PIAS3. As
shown in Fig. 1B, PIAS3 was retained by GST-p65N-(1–313)
(lane 2), but not by GST alone or GST-p65C-(314–551) (lanes 1
and 3). To demonstrate the interaction between p65 and PIAS3
in mammalian cells, we performed a coimmunoprecipitation
assay. FLAG-tagged full-length PIAS3 was coexpressed with
p65, and cell lysates were immunoprecipitated with either con-
trol IgG or anti-FLAG monoclonal Ab. The coimmunoprecipi-
tated protein was examined for the presence of p65 by immu-
noblot assay using anti-p65 Ab. In Fig. 1C, it can be seen that
p65 can be coprecipitated by antibody against the FLAG
epitope but not by control mouse IgG Ab. To further confirm this
finding, the same cell lysates were immunoprecipitated with
anti-p65 polyclonal Ab, and then bound PIAS3 was detected by
immunoblotting with anti-FLAG Ab (Fig. 1D). These data dem-
onstrate that p65 interacts with PIAS3 in mammalian cells.

To test whether endogenous PIAS3 and p65 can interact in
vivo in response to treatment with TNF-�, we prepared total
cell lysates from T cell hybridoma KMls-8.3.5 where both pro-
teins are naturally expressed. With these extracts, we per-
formed immunoprecipitations with either polyclonal anti-p65
Ab or with IgG as a control. As shown in Fig. 1E, endogenous
PIAS3 was coimmunoprecipitated from the KMls-8.3.5 cell ly-
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sates treated with TNF-� by the p65 Ab (lane 4) but not with
the control IgG (lane 2). In contrast, when untreated with
TNF-�, PIAS3 was not detected in the immunoprecipitates of

p65 Ab (lane 3). Taken together, these results demonstrate that
p65 interacts with PIAS3 in vivo upon TNF-� stimulation.

PIAS3 Inhibits Transcriptional Activation of NF-�B—Be-
cause PIAS3 was shown to bind p65, we asked whether PIAS3
had any effect on the NF-�B-dependent transcription through
diverse NF-�B activating signals. 293T cells were cotransfected
with NF-�B-luciferase reporter plasmids either with empty
vectors or with PIAS3 expression plasmids. At 36 h post-trans-
fection, cells were either left untreated or treated with human
TNF-� (20 ng/ml) or IL-1� (10 ng/ml) for 6 h, and then NF-�B
activity was analyzed. As shown in Fig. 2A, endogenous NF-�B
activity was maintained at a basal level, and this activity was
not affected by PIAS3 overexpression. When overexpressed,
PIAS3 inhibited TNF-�- and IL-1�-mediated NF-�B activa-
tions. The similar effects of PIAS3 were observed when NF-�B

FIG. 1. PIAS3 interacts with p65 in vitro and in vivo. A, schematic
illustration of p65 and its mutants. Full-length p65 wild type (wt)-(1–551)
and two fragments of GST-fused p65, GST-p65N-(1–313) and GST-p65C-
(314–551). RHD, Rel homology domain; TAD, transactivation domain;
GST, glutathione S-transferase. Amino acid positions of p65 are indi-
cated. B, 293T cells were transfected with FLAG-tagged PIAS3 plasmid.
After 36 h of transfection, cell lysates were incubated with GST, GST-
p65N-(1–313), or GST-p65C-(314–551) fusion proteins (2 �g of each)
produced in E. coli and immobilized on glutathione-Sepharose beads. The
beads were washed, and half of the bound proteins was resolved on
SDS-PAGE and stained with Coomassie Brilliant Blue (CBB) to confirm
their expression (lower panel). The bands corresponding to GST, GST-
p65N, or GST-p65C are labeled with asterisks. The other half was re-
solved on SDS-PAGE and detected by Western blotting (WB) using anti-
FLAG Ab (upper panel). Whole cell extracts (WCE) were also subjected
directly to Western blot analysis with the same Ab to show that equal
amounts of PIAS3 were expressed (middle panel). C, 293T cells were
cotransfected with pcDNA-p65 (0.5 �g) and pFLAG-PIAS3 (1 �g) as
indicated. After 36 h of transfection, cell lysates were immunoprecipitated
(IP) with either control mouse IgG or anti-FLAG monoclonal Ab. The
bound proteins were detected by Western blotting with anti-p65 poly-
clonal Ab. The presence of both p65 and FLAG-PIAS3 proteins in the
whole cell lysates was verified by Western blotting with either anti-FLAG
or anti-p65 Ab. D, reciprocally, cell lysates used in C were immunopre-
cipitated with either rabbit IgG or p65 polyclonal Ab, and the bound
proteins were detected by Western blotting with Abs as indicated. E,
lysates from KMls-8.3.5 cells treated and untreated with TNF-� (20
ng/ml) were immunoprecipitated with either control IgG or polyclonal p65
Ab. The immunoprecipitates were resolved on SDS-PAGE and were
probed with anti-PIAS3 Ab (upper panel). The middle and lower panels
show equal amounts of PIAS3 and p65 present in whole cell lysates.

FIG. 2. PIAS3 inhibits NF-�B activation induced by TNF-�,
IL-1�, TNF family receptors or various signal transducers in-
volved in the NF-�B signaling. A, PIAS3 inhibits TNF-�- and IL-1�-
induced NF-�B activation. 293T cells were cotransfected with 50 ng of
(�B)3-interferon-luciferase reporter plasmid, 25 ng of CMV-�-galacto-
sidase plasmid together with 1 �g of pFLAG empty vector or pFLAG-
PIAS3 as indicated. At 36 h after transfection, cells were treated with
TNF-� (20 ng/ml) or IL-1� (10 ng/ml) for 6 h or left untreated. Lucifer-
ase activity was then measured as described under “Experimental
Procedures.” Relative luciferase activity was normalized to �-galacto-
sidase activity to correct for variability in transfection efficiency. B,
293T cells were cotransfected with reporter plasmids and with either
plasmids encoding TNF superfamily receptors (RANK, 250 ng; TNFR1,
250 ng; CD30; 500 ng) alone or PIAS3 plasmid (1 �g) as indicated.
NF-�B reporter gene activity was determined as described in Fig. 2A. C,
as in B, except that various TRAFs (TRAF2, 250 ng; TRAF5, 500 ng;
TRAF6, 250 ng) expression plasmids were tested for NF-�B activity
toward PIAS3 effect. The results shown in A, B, and C represent the
mean � S.D. of triplicate experiments.
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was activated by overexpressing TNF family receptors (Fig. 2B)
or various TRAF molecules (Fig. 2C), including RANK, TNFR1,
CD30, TRAF2, TRAF5, and TRAF6, all of which are well known
to mediate NF-�B activation. These results suggest that PIAS3
might function at a point where divergent signals merge in the
NF-�B activation pathways. Because divergent NF-�B activa-
tion signals converge on I�B-� phosphorylation and degrada-
tion, we investigated the effect of PIAS3 on I�B-�. We did not
find any differences between PIAS3-overexpressed and normal
cells in the extent of the TNF-�-induced I�B-� phosphorylation
and degradation (Fig. 3A), suggesting PIAS3 might act down-
stream of I�B-�.

To investigate whether PIAS3 suppresses the activity of
NF-�B through acting on the p65, we examined the effect of
PIAS3 on NF-�B-dependent transcriptional activity when p65
is overexpressed. As shown in Fig. 3B, PIAS3 was able to
suppress p65-mediated NF-�B activity without affecting p65
expression levels. Therefore, the ability of PIAS3 to inhibit
NF-�B activity most likely results from direct interaction be-
tween p65 and PIAS3 rather than from its activity on upstream
signaling events involving TRAFs and I�B-�. Next, we asked
whether PIAS3 could affect the transactivation function of any
other transcription factor that can be activated by TNF-�. To
investigate this, we examined the effect of PIAS3 on the c-Jun
transcriptional activity using reporter constructs expressing
c-Jun-dependent luciferase. In contrast to the results seen with
NF-�B reporter, overexpression of PIAS3 in 293T cells did not
repress a c-Jun-dependent reporter but, rather, enhanced it to
a certain extent (Fig. 3C). Therefore, PIAS3 suppression of
NF-�B activity did not result from a general suppression of
transcription.

Because our data indicated that PIAS3 overexpression could
inhibit TNF-�-mediated NF-�B activation (Fig. 2A), it seemed
likely that inhibition of PIAS3 expression would result in in-
creased TNF-�-mediated NF-�B activity. MCF-7 cells were
transfected with Oligofectamine alone or siRNA directed
against PIAS3 or cyclophilin as a control. After 48 h of siRNA
transfection, an NF-�B luciferase reporter construct was co-
transfected along with a �-galactosidase expression vector. Af-
ter an additional 24 h, the cells were stimulated with TNF-� for
6 h. TNF-� stimulation increased the NF-�B activity in both
Oligofectamine and control siRNA-transfected cells in a dose-
dependent manner, and there was a further increase in TNF-
�-mediated NF-�B activity in PIAS3 siRNA-transfected cells
(Fig. 4A), suggesting that the reduction of PIAS3 leads to
increased TNF-�-mediated NF-�B activity. Western blot anal-
ysis demonstrated that PIAS3 siRNA, but no RNA interference
or cyclophilin siRNA, specifically reduced the expression of
PIAS3 but not �-actin (Fig. 4B).

The LXXLL Motif in PIAS3 Is Exclusively Required for the
Interaction with p65—The LXXLL motif has been previously
demonstrated to be a protein interaction module that can me-
diate coactivator-nuclear receptor (NR) interactions or coacti-
vator-coactivator interactions (26–30). Because PIAS3 con-
tains the LXXLL motif starting at the amino acids residue 19,
it was of interest to examine whether this putative LXXLL
motif is required for the interaction with p65. We generated
FLAG-tagged N-terminal (aa 1–391) or C-terminal (aa 391–
584) deletion constructs of PIAS3 and a mutant PIAS3 (PIAS3
LL-AA) with point mutations in the LXXLL motif of PIAS3
(LQVLL to LQVAA) (Fig. 5A) and cotransfected these PIAS
mutants with p65 DNAs into 293T cells. Coimmunoprecipita-
tion data showed that p65 interacted with the C-terminal de-
letion mutant of PIAS3 expressing N-terminal domain (P3N)
but failed to interact with the N-terminal deletion mutant
(P3C) (Fig. 5B, lane 4 and 5). Interestingly, the PIAS3 LL-AA

mutant was unable to interact with p65 (lane 3), even though
all PIAS3 derivatives were produced in comparable levels (mid-
dle panel). Theses result indicated that the LXXLL motif of
PIAS3 is minimally required for the interaction with p65.

To determine the functional significance of the LXXLL motif-
mediated interaction between PIAS3 and p65 in terms of
NF-�B activity, 293T cells were transfected with expression
vectors encoding the wild type PIAS3 or the various PIAS3

FIG. 3. Effects of PIAS3 on the p65-mediated NF-�B-transacti-
vation. A, PIAS3 does not interfere with TNF-�-induced I�B� phos-
phorylation and degradation. 293T cells were transfected with either 1
�g of pFLAG-PIAS3 or same amount of empty vector. After 36 h of
transfection, cells were stimulated with 20 ng/ml TNF-� for indicated
minutes and lysed. Western blotting was performed on the lysates with
specific antibody for I�B� and phospho-I�B� (upper and middle panels).
The lower panel shows that equal amounts of PIAS3 were expressed in
each transfection. B, PIAS3 represses p65-mediated transcriptional
activity. 293T cells were transfected with (�B)3-interferon-luciferase
reporter plasmid and with either pcDNA-p65 (0.5 �g) or pFLAG-PIAS3
(1 �g) expression plasmids as indicated. Reporter assays were per-
formed as described in Fig. 2A. Controls for the expression of p65 and
FLAG-tagged PIAS3 are shown in the bottom panel. The results shown
represent the mean � S.D. of triplicate experiments. C, effects of PIAS3
on the c-Jun transcriptional activity monitored with a pathway-specific
trans-activator plasmid encoding a GAL4 DNA-binding domain fused to
c-Jun activator domains and a GAL4 UAS/luciferase reporter construct.
293T cells were transfected with 100 ng of pFR-luc and 50 ng of
pFA-c-Jun together with the indicated amounts of PIAS3 expression
plasmids. As positive controls, either mock transfected cells were
treated with TNF-� (20 ng/ml) for 6 h or cells or 293T cells were
transfected with 0.2 �g of an expression vector containing the MEKK.
The results shown represent the mean � S.D. of triplicate experiments.
Controls for the expression of FLAG-tagged PIAS3 are shown in the
bottom panel.
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mutants together with p65 and NF-�B reporter. Consistent
with the in vivo coimmunoprecipitation assays, PIAS3-C lack-
ing N-terminal portions (1–391) containing the LXXLL motif
and the PIAS3 LL-AA mutant, did not inhibit the transcrip-
tional activity of NF-�B. However, PIAS3-N, which has the
LXXLL motif and is able to bind to p65, inhibited the NF-�B
activity comparable to the wild type PIAS3. These results sug-
gest that the N-terminal region of PIAS3 and most likely the
LXXLL motif are important in interacting with p65 and nega-
tively regulating p65-mediated NF-�B activity.

PIAS3 Interferes with the Interaction of p65 with CBP—
Because the CBP and its homologue, p300 coactivator, interact
with the p65 subunit of NF-�B, thereby enhancing its ability to
activate transcription (12, 13), we sought next to determine
whether PIAS3 could also suppress the NF-�B activity en-
hanced by coexpression of p65 and CBP. Whereas overexpres-
sion of p65 stimulated transcription from the reporter gene by
nearly a factor of 10 and CBP alone stimulated transcription by
2.5-fold, the combination of p65 plus CBP led to a 20-fold
increase in transcriptional activity (Fig. 6A). Importantly, co-
transfection of PIAS3 with p65 plus CBP resulted in signifi-
cantly less activation of NF-�B. In contrast, expression of
PIAS3 mutant with point mutations in the LXXLL motif had no
effect on the NF-�B activity. We next asked whether overex-
pression of CBP could overcome the inhibition effects of PIAS3
on NF-�B activity. Interestingly, the inhibitory effects of wild
type PIAS3 were relieved when CBP was expressed at a high
dose (Fig. 6B). Together, these results suggest that PIAS3 can

FIG. 4. PIAS3 siRNA increases TNF-�-induced NF-�B activ-
ity. A, MCF-7 cells were transfected with either Oligofectamine alone
(lanes 1, 4, and 7) or Oligofectamine containing 5 nM siRNA directed
against PIAS3 (lanes 2, 5, and 8) or cyclophilin (lanes 3, 6, and 9).
After 48-h siRNA transfection, the 50 ng of (�B)3-interferon-lucifer-
ase reporter plasmid and 25 ng of CMV-�-galactosidase plasmid were
cotransfected. Following an additional 24 h, the cells were treated
with TNF-� for 6 h, and luciferase activity was determined and
normalized for transfection efficiency. The results shown represent
the mean � S.D. of triplicate experiments. B, Western blot analysis
using PIAS3 antibody was performed to determine PIAS3 protein
levels following siRNA transfection.

FIG. 5. The LXXLL motif of PIAS3 is required for the interaction with p65. A, schematic illustration of wild type PIAS3 and its mutants.
LQVLL, LQVLL coregulator signature motif present at the NH2 terminus of PIAS3; SAP, SAF-A, Acinus, PIAS module; RING, a putative
DNA-binding domain; Ac, an acidic region. B, the PIAS3-p65 interaction requires the LXXLL motif of PIAS3. 293T cells were transfected with the
indicated combinations of expression plasmids. After 36 h of transfection, cell lysates were immunoprecipitated with anti-p65 polyclonal Ab. The
bound proteins were detected by Western blotting with anti-FLAG Ab (upper panel). Controls for the expression of FLAG-PIAS3 and p65 are shown
(middle and bottom panels). C, NF-�B reporter assays were performed as in Fig. 3B except that FLAG-tagged PIAS3 mutants were tested for
NF-�B activity (left panel). The right panel shows the relative levels of PIAS3 and p65 expressed in each transfection.
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suppress the transcriptional enhancement of NF-�B activity by
CBP.

Previous studies have shown that the N-terminal region of
CBP (aa 1–450) is sufficient for the interaction with p65 (10,
12). Moreover, the N-terminal 450 amino acids of CBP are
required to mediate NF-�B-induced transcriptional enhance-
ment (31). Thus, it was conceivable that PIAS3 blocks coacti-
vation by CBP by inhibiting the formation of the p65-CBP
complex. To test this possibility, 293T cells were cotransfected
with an expression plasmid encoding the GST-fused N-termi-
nal region of CBP (aa 1–450) together with p65 and increasing
amounts of PIAS3 expression vectors. As shown in Fig. 7A, p65
was detected in lysates precipitated with GST beads containing
the N-terminal region of CBP (lane 3). Importantly, when GST-
CBP and p65 were expressed together with PIAS3, the
amounts of p65 found in GST beads precipitates were severely
decreased in a dose-dependent manner (Fig. 7A, lane 4 and 5).
Similar results were obtained when a full-length CBP was used
to transfect and to immunoprecipitate the proteins (Fig. 7B,

lanes 3–5). Taken together, these results suggest that tran-
scriptional suppression by PIAS3 is dependent on its ability to
compete with CBP for binding to p65.

DISCUSSION

In this study, we present data demonstrating the interaction
of the p65/RelA subunit of NF-�B with PIAS3. By both in vitro
binding assay and coimmunoprecipitation analysis, we demon-
strate that the Rel homology domain of the p65, but not the
C-terminal domain, which contains the transactivation do-
main, interacts with the N-terminal region of PIAS3. Further
mapping of the PIAS3 interaction revealed that an LXXLL
coregulator signature motif of PIAS3 is responsible for the
functional interaction with p65. When PIAS3 was overex-
pressed, the transcriptional activity of p65 was significantly
suppressed. Interestingly, overexpression of PIAS3 interfered
with the ability of the CBP coactivator to interact with p65.
This suggests that PIAS3 exerts its effects through interfering
with the interaction between p65 and CBP. Based on these

FIG. 6. Effect of PIAS3 on the enhancement of the NF-�B activity by CBP. A, 293T cells were cotransfected with the reporter plasmids
together with the indicated amounts (in micrograms) of expression plasmids, including p65, PIAS3, PIAS3 LL-AA mutant, and CBP. After 36 h
of transfection, NF-�B reporter assays were performed as in Fig. 3B. To control for the expression of FLAG-tagged PIAS3, PIAS3 LL-AA mutant,
p65, and CBP, whole cell extracts were analyzed by Western blotting (bottom panel). B, PIAS3 effects on NF-�B activity can be reversed by CBP
overexpression. NF-�B reporter assays were performed as in Fig. 6A except that the indicated amounts of CBP were transfected in the presence
of p65 and PIAS3. To control for the expression of FLAG-tagged PIAS3, p65 and CBP, whole cell extracts were analyzed by Western blotting
(bottom panel). The results shown in A and B represent the mean � S.D. of triplicate experiments.

FIG. 7. PIAS3 inhibits the interaction between p65 and CBP. A, 293T cells were transfected with the indicated amounts (in micrograms)
of pEBG-CBP-(1–450), p65, and PIAS3 expression vectors. After 36 h of transfection, aliquots of cell lysates were subjected for purification with
glutathione-Sepharose beads as described under “Experimental Procedures.” Proteins coprecipitated with GST beads were analyzed by Western
blotting with anti-p65 Ab. Whole cell extracts were analyzed by Western analysis with anti-FLAG and anti-p65 Ab to monitor the expression of
transfected DNAs. Coomassie Brilliant Blue stain (CBB stain) shows the expression of GST or GST-CBP-(1–450). The bands corresponding to GST
or GST-CBP-(1–450) are labeled with asterisks. B, Western blot analyses were performed as in Fig. 6A except that full-length CBP expression
vectors were transfected with the indicated combinations together with p65 and PIAS3 expression vectors.
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results, we conclude that PIAS3 is a novel negative regulator of
NF-�B p65.

Biochemical studies indicate that PIAS proteins interact di-
rectly with different transcription factors, including STATs,
steroid receptors, and p53, and can regulate their transcrip-
tional activities both positively or negatively (32–35). In par-
ticular, PIAS3 was initially isolated as a specific inhibitor of
STAT3 signaling and shown to inhibit the DNA-binding activ-
ity of STAT3 (36). Recently, however, additional roles of PIAS3
have been reported in different transcriptional regulations
through its physical interaction with other proteins, including
a zinc finger protein Gfi-1 (37), microphthalmia transcription
factor (38), and nuclear receptor coactivator TIF2 (39). In ad-
dition to these different classes of signal-activated transcrip-
tional factors or coactivators, our findings put NF-�B p65 to the
list of PIAS3-interacting proteins. It is likely that the tran-
scriptional effects of PIAS3 might be quite diverse, depending
on their interaction partners, activation signals, and cell types.

PIAS3 expression did not block upstream events in the
NF-�B activation cascades, including phosphorylation and deg-
radation of I�B-� or nuclear translocation of p65 (data not
shown). Recent data indicated that PIAS3 predominantly ex-
ists in the nucleus (37). When stimulated with TNF-�, which
causes the translocation of NF-�B, the activated NF-�B might
interact with PIAS3 already present in the nucleus. Consis-
tently, we detected TNF-�-dependent interaction of p65 with
PIAS3. Similar to this, STAT3-PIAS3 interaction, in which
their interaction depends on IL-6 stimulation, is also found in
the nucleus (36). Our in vitro gel shift assays did not reveal any
effect of PIAS3 on the DNA-binding activity of NF-�B (data not
shown). This finding is consistent with a previous report (36),
in which GST-PIAS3 had no effect on the TNF-�-induced DNA-
binding activity of NF-�B. It is therefore likely that the mech-
anism by which PIAS3 inhibits p65-mediated transcriptional
activity is different from those involving STAT3 or microph-
thalmia transcription factor, whose DNA-binding activity is
inhibited by PIAS3.

One attractive hypothesis is that PIAS3 regulates p65-me-
diated transcriptional activity through promoting p65 sumoy-
lation, because a putative RING domain of the PIAS family has
recently been shown to be involved in sumoylation and in fact
has been suggested to function as a sumo-E3 ligase (40, 41).
Unlike ubiquitination, sumoylation does not appear to promote
protein degradation but rather was shown to be involved in
protein-protein interactions, subcellular compartmentaliza-
tion, and protein stability (42, 43). In this context, we tested
whether sumoylation regulates p65-mediated transcriptional
activity. However, SUMO conjugation of p65 is not detected in
the presence of PIAS3 and overexpression SUMO and p65
together with �B reporter gene did not repress p65-mediated
NF-�B activity (data not shown). Furthermore, p65 lacks the
consensus sequences (�KXE; �, hydrophobic amino acid), re-
quired for SUMO-1 conjugation (44).

The LXXLL signature motif was originally identified in sev-
eral nuclear receptor coactivators and corepressors. The �-hel-
ical LXXLL signature motif is a protein interaction module that
has been demonstrated to mediate coregulator-NR interactions
or coregulator-coregulator interactions (27–29). In addition,
the LXXLL motif in PIASy is required for suppression of an-
drogen receptor (AR) transactivation (45). Recently, Liu et al.
(30) observed that the LXXLL motif of PIASy is not involved in
PIASy-STAT1 interaction but is absolutely required for the
repression activity of PIASy. Thus, it seems that the LXXLL
motif can act either as a protein interaction module or as a
functional repressor module depending on the binding part-
ners. In our experiments with PIAS3, mutating the LXXLL

motif to LXXAA resulted in the loss of interaction with p65,
suggesting the motif is an interaction module of p65.

Recent work has shown that NF-�B-dependent gene expres-
sion requires the function of transcriptional coactivators, in-
cluding CBP, SRC-1/NcoA-1, TIF-2/GRIP-1/NcoA2, and p/CAF
(17). Among them, CBP plays a critical role as a bridge factor
between sequence-specific transcriptional activator and basal
transcriptional machinery. In this context, interaction of CBP
with p65 may facilitate recruitment of other transcriptional
coactivators. Because the level of CBP is limiting in comparison
to that of p65 (46), it is possible that competition for p65
between CBP and PIAS3 may regulate p65 transactivation. In
accordance with this scenario, increasing amounts of CBP
could counteract PIAS3-mediated repression on NF-�B activ-
ity. Conversely, increasing amounts of PIAS3 interfere with
CBP-p65 interaction.

Taken together, we propose a model whereby PIAS3 func-
tions as a negative regulator of NF-�B. In the absence of PIAS3
for a given cell type, the activated NF-�B interacts with various
factors, including general transcription factors and coactiva-
tors, to activate the transcription of NF-�B target genes. In
contrast, when PIAS3 exists in the nucleus, PIAS3 physically
interacts with p65, thereby affecting NF-�B activity depending
on the relative levels of NF-�B, coactivators such as CBP, and
PIAS3.
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