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Specific Inhibition of Stat3 Signal
Transduction by PIAS3

Chan D. Chung,* Jiayu Liao,* Bin Liu, Xiaoping Rao,
Philippe Jay, Philippe Berta, Ke Shuaif

The signal transducer and activator of transcription-3 (Stat3) protein is activated by the
interleukin 6 (IL-6) family of cytokines, epidermal growth factor, and leptin. A protein
named PIASS (protein inhibitor of activated STAT) that binds to Stat3 was isolated and
characterized. The association of PIAS3 with Stat3 in vivo was only observed in cells
stimulated with ligands that cause the activation of Stat3. PIAS3 blocked the DNA-
binding activity of Stat3 and inhibited Stat3-mediated gene activation. Although Stat1 is
also phosphorylated in response to IL-6, PIAS3 did not interact with Stat1 or affect its
DNA-binding or transcriptional activity. The results indicate that PIASS is a specific

inhibitor of Stat3.

Star3 participates in signal transduction
pathways activated by the IL-6 family of
cytokines and by epidermal growth factor
(1, 2). Stat3 is also activated in cells
treated with leptin, a growth hormone
that functions in regulating food intake
and energy expenditure (3). Targeted dis-
ruption of the mouse gene encoding Stat3
leads to early embryonic lethality (4). Like
other members of the STAT family, Stat3
becomes tyrosine phosphorylated by Janus
kinases (JAKs). Phosphorylated Stat3
then forms a dimer and translocates into
the nucleus to activate specific genes (5).

We cloned a protein named PIASI,
which can specifically interact with Statl
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(another member of the STAT family), by
the yeast two-hybrid assays (6). We
searched the expressed sequence tag
(EST) database for other PIAS family
members and identified a human EST
clone encoding a polypeptide related to
the COOH-terminal portion of PIASI.
(7). We obtained a full-length cDNA con-
taining an open reading frame of 583 ami-
no acids by screening a mouse thymus
library with the human EST clone (8).
The corresponding protein, named PIAS3,
contains a putative zinc-binding motif
[C,-(X)5;-C,] (9), a feature conserved in
the PIAS family (Fig. 1A). Northern
(RNA) blot analysis indicated that PIAS3
is widely expressed in various human tis-
sues (Fig. 1B).

To study the function of PIAS3, we
prepated a specific antiserum (anti-
PIAS3c) to a recombinant fusion protein
of glutathione-S-transferase (GST) with
the 79 COOH-terminal amino acid resi-
dues of PIAS3. This antibody detected a
protein with a molecular mass of about 68
kD, the predicted size of PIAS3, in both
cytoplasmic and nuclear extracts of a
number of human and murine cell lines
(10). To identify which STAT protein
interacts with PIAS3, we prepared protein
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Fig. 1. Primary sequence and expression of PIAS3. (A) g
The predicted amino acid sequence of mouse PIAS3 (9).
The four cysteine residues that are predicted to form a

Prostate
Testis
QOvary
Small int

zinc finger are underlined. (B) Expression of PIAS3 mRNA -

in human tissues. Human tissue blot (Clontech, Palo Alto,
was probed with human EST clone

California)

HEBWCR27 following manufacturer’s instructions. Small

int., small intestine; PBL, peripheral blood lymphocyte.

Fig.2. Theinvivointeraction  p
of PIAS3 with Stat3. (A)
Treatment with IL-6 induced
the interaction of PIAS3 with
Stat3. Protein extracts from
M1 cells, untreated (—) or
treated with IL-6 for 10 min
(+), were subjected to im-
munoprecipitation (IP) with
anti-PIAS3c. The blot was
probed with anti-Stat3 (San-
ta Cruz Biotechnology, San-
ta Cruz, California) (top left).
The same blot was then re-
probed with anti-PIAS3c
(bottom left). The filter was
washed and reprobed with
anti-Stat1 (right). (B) Treat-
ment with CNTF or OM in-
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duces the interaction of PIAS3 with Stat3. Protein extracts from human HepG2 cells, untreated or
treated with CNTF or OM for 10 min, were subjected to immunoprecipitation with anti-PIAS3c. The blot
was probed with anti-Stat3. Whole-cell extracts were prepared with lysis buffer containing 1% Brij, 50
mM tris (pH 8), 150 mM NaCl, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, leupeptin (0.5
rg/mi), aprotinin (3 wg/ml), pepstatin (1 wg/ml), and 0.1 mM sodium vanadate. The mixture was rotated
at 4°C for 30 min and centrifuged at 13,0009 for 5 min. The supernatant was used for immunoprecipi-
tation with anti-PIAS3c (1:100 dilution). Immunoprecipitation and protein immunoblotting were done as

described (74).

extracts from murine myeloblast M1 cells,
which were untreated or treated with IL-6.
Proteins immunoprecipitated with anti-
PIAS3c were analyzed by protein immu-
noblot with anti-Stat3. Stat3 was present
in a PIAS3 immunoprecipitate from 1L-6—
treated M1 cells but not in an immuno-
precipitate from untreated M1 cells (Fig.
2A). A reblot of the filter with anti-
PIAS3c showed that similar amounts of
PIAS3 were present in each lane. IL-6
stimulation can induce tyrosine phospho-
rylation of Statl as well as Stat3 (10, 11).
The protein blot was therefore washed and
reprobed with antibody to Statl. Stat1 was
not present in PIAS3 immunoprecipitates
(Fig. 2A). Furthermore, PIAS3 was not
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found to be associated with Statl in a
number of cell lines treated with interfer-
on vy (10). These results indicate that
PIAS3 specifically interacts with Stat3.
Stat3 can be activated by other cyto-
kines in the IL-6 family, such as ciliary
neurotrophic factor (CNTF) and oncosta-
tin M (OM) (2). In human HepG2 cells,
Stat3 was associated with PIAS3 in cells
stimulated with CNTF or OM but not in
untreated cells (Fig. 2B).
Tyrosine-phosphorylated Stat3 binds to
a specific DNA sequence in its target genes
(1, 2). We tested the effect of PIAS3 on the
DNA-binding activity of Stat3. Nuclear ex-
tracts from HepG2 cells were prepared and
analyzed in mobility gel shift assays, with a

GST GST-PIAS3

I ]

(ng) o 0 20 50 100 200 20 50 100 200
L6 - + + + + + + + + +

Stat3-3 =
Stat1-3 ==
Stat1-1 =e

B GST
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TNF-o. - + +

GST-PIAS3
0 0 20 50 100 200 20 50 100 200
o ke ik

NF-xB =

Fig. 3. Inhibition of the DNA-binding activity of
Stat3 by PIAS3. (A) Electrophoretic mobility shift
assays were performed with nuclear extracts
prepared from HepG2 cells with (+) or without
(=) IL-6 treatment in the absence or presence of
various amounts of either GST or GST-PIAS3
proteins (20 to 200 ng) as indicated. Mobility
shift assays were done as described (74). The
probe used is a high-affinity Stat3-binding site to
which both Stat1 and Stat3 can bind (7, 75).
Stat1-1, Stat1 homodimer; Stat3-3, Stat3 ho-
modimer; Stat1-3, Stat1 and Stat3 heterodimer.
(B) Same as (A), except that nuclear extracts
were prepared from MCF7 cells with (+) or with-
out (—) TNF-a treatment. The probe was derived
from the NF-kB-binding site in the promoter of
the NF-kB inhibitor I-kB gene (75). GST-PIAS3
was constructed by insertion of the cDNA into
the Sal | and Not | cloning sites of pGEX4T-1
(Pharmacia). The concentration of GST-PIAS3
was estimated on 7% SDS-polyacrylamide gel
electrophoresis with various dilutions of bovine
serum albumin as the standard.

high-affinity Stat3-binding site as the probe
(1, 11). Treatment with IL-6 induced the
binding of three distinct gel shift complexes
(1, 11) corresponding to a Stat3-Stat3 ho-
modimer, a Stat3-Statl heterodimer, and a
Stat1-Statl homodimer (Fig. 3A). We pre-
pared and purified a recombinant fusion
protein of GST with PIAS3 (GST-PIAS3)
and added it (in 20- to 200-ng quantities)
to IL-6-treated HepG2 nuclear extracts.
GST-PIAS3 (100 ng) completely inhibited
the DNA-binding activity of the Stat3-
Stat3 homodimer and the Stat3-Statl het-
erodimer (Fig. 3A) but had no effect on the
DNA-binding ability of the Stat1-Statl ho-
modimer. As a control, GST alone did not
inhibit the DNA-binding ability of any of
the three complexes. A similar inhibitory
effect of PIAS3 on the DNA-binding activ-

ity of Stat3 was observed in nuclear extracts
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Fig. 4. The effect of PIAS3 on STAT-mediated gene activation. (A) Inhibition
of Stat3-mediated gene activation in response to IL-6. HepG2 cells were
transiently transfected with (4 X)IRF-1 luciferase reporter construct together
with an empty expression vector, Stat3, or various amounts of FLAG-PIAS3
vectors, alone or in combination as indicated. Twenty-four hours after trans-
fection, cultures were either left untreated (open columns) or treated with
IL-6 (10 ng/ml) (R&D Systems, Minneapolis, Minnesota) for 6 hours (solid
columns), and cell extracts were prepared and measured for luciferase
activity (Promega, Madison, Wisconsin). (B) Inhibition of Stat3-mediated
gene activation in response to IFN-a. Human 293 cells were transfected
with (4 X)IRF-1 luciferase reporter construct together with Stat3 or PIAS3
(or both) as indicated. Twenty-four hours after transfection, cells were left
untreated (open columns) or treated with IFN-a (5 ng/ml) (Hoffmann—

LaRoche, Nutley, New Jersey) for 6 hours (solid columns), and luciferase
activity was determined. (C) The effect of PIAS3 on Stat1-mediated gene
activation. Same as (B), except that Stat3 was replaced with Stati in
cotransfection assays. FLAG-PIAS3 was constructed by insertion of the
cDNA into the Sal | and Hind Il sites of pCMV5-FLAG. HepG2 cells were
transfected by a modified calcium phosphate method (76). Cells were
grown in Dulbecco’s modified Eagle’s medium containing 5% fetal bovine
serum and 25-hydroxycholesterol (2.5 wg/ml) and were maintained at
35°C and 3% CO, for 3.5 hours during transfection. Two hundred ninety-
three cells were transfected by the calcium phosphate method (77). Data
shown are taken from one representative experiment and were repeated at
least three times. The relative luciferase units were corrected for relative
expression of B-galactosidase.

prepared from IL-6-treated M1 and MCF7
cells (10). To further demonstrate the spe-
cific inhibitory effect of GST-PIAS3 on
Stat3, we tested the effect of GST-PIAS3
on the DNA-binding activity of nuclear
factor kappa B (NF-kB). Nuclear extracts
prepared from untreated MCF7 cells or
MCEF7 cells treated with tumor necrosis fac-
tor—a (TNF-a) were analyzed by mobility
gel shift analysis with an NF-kB-binding
site as the probe. TNF-a induced the for-
mation of an NF-kB gel shift complex. The
presence of either GST or GST-PIAS3 had
no effect on the DNA-binding activity of
NF-kB (Fig. 3B). We conclude that PIAS3
can specifically inhibit the DNA-binding
activity of Stat3.

To test the effect of PIAS3 on Stat3-
mediated gene activation, we transiently
transfected HepG2 cells with expression
vectors encoding Stat3 and FLAG-tagged
PIAS3. Interleukin-6 can induce the associ-
ation of PIAS3 with Stat3 in HepG2 cells
(10). A luciferase reporter construct
[(4X)IRF-1] containing four copies of the
STAT-binding sequence from the interferon
regulatory factor—1 (IRF-1) gene was used
(12). Cotransfection of Stat3 with
(4X)IRF-1 resulted in about 20-fold stimu-
lation of luciferase expression when cells
were treated with IL-6 (Fig. 4A). In the
presence of various amounts of PIAS3 (0.5
pg and 1 pg), Stat3-mediated induction of
luciferase expression in response to IL-6
stimulation was inhibited (Fig. 4A). We also
performed luciferase assays in human embry-
onic 293 cells. Interferon o (IFN-a) stimu-
lation can activate Stat3 in 293 cells (10,
12). Cells cotransfected with Stat3 and
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(4X)IRF-1 reporter construct showed a 150-
fold increase of luciferase expression in re-
sponse to IFN-a (Fig. 4B). In the presence of
PIAS3 (1 pg), however, the IFN-a—induced,
Stat3-dependent gene activation was almost
completely inhibited. PIAS3 (1 pg) had no
such inhibitory effect on Statl-mediated
transcription activated in response to IFN-a
(Fig. 4C). These results are in accord with
our findings that PIAS3 does not interact
with Statl or inhibit its DNA-binding activ-
ity and indicate that PIAS3 is a specific
inhibitor of Stat3-mediated gene activation.

Recently, a family of cytokine-induc-
ible inhibitors of STAT signaling has been
reported (13). Members of this family of
proteins, named SOCS, JAB, or SSI, are
relatively small protein molecules that
contain mainly SRC homology 2 domains.
One member of this family, SOCS-1, can
bind to JAKI, JAK2, JAK3, and Tyk2.
Thus, SOCS-1 may function as a general
inhibitor for JAK-STAT signaling path-
ways through the inhibition of the ty-
rosine kinase activity of JAKs. The iden-
tification of a PIAS protein that can di-
rectly inhibit STAT function indicates
that JAK-STAT signaling pathways can
be suppressed at multiple steps, in a gen-
eral or specific manner. It seems that the
overall strength of STAT signaling for a
given cell type may be largely affected by
the relative level of STAT and PIAS pro-

tein expression.
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