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ABSTRACT STAT (signal transducer and activator of
transcription) proteins are latent cytoplasmic transcription
factors that become activated by tyrosine phosphorylation in
response to cytokine stimulation. Tyrosine phosphorylated
STATs dimerize and translocate into the nucleus to activate
specific genes. Different members of the STAT protein family
have distinct functions in cytokine signaling. Biochemical and
genetic analysis has demonstrated that Stat1 is essential for
gene activation in response to interferon stimulation. Al-
though progress has been made toward understanding STAT
activation, little is known about how STAT signals are down-
regulated. We report here the isolation of a family of PIAS
(protein inhibitor of activated STAT) proteins. PIAS1, but not
other PIAS proteins, blocked the DNA binding activity of Stat1
and inhibited Stat1-mediated gene activation in response to
interferon. Coimmunoprecipitation analysis showed that
PIAS1 was associated with Stat1 but not Stat2 or Stat3 after
ligand stimulation. The in vivo PIAS1–Stat1 interaction re-
quires phosphorylation of Stat1 on Tyr-701. These results
identify PIAS1 as a specific inhibitor of Stat1-mediated gene
activation and suggest that there may exist a specific PIAS
inhibitor in every STAT signaling pathway.

The binding of cytokines to their cell surface receptors acti-
vates, by tyrosine phosphorylation, a family of latent cytoplas-
mic transcription factors termed STATs (signal transducer and
activator of transcription). After cytokine receptor activation,
STATs dimerize and translocate into the nucleus to activate
genes. Seven members of the STAT family, activated by a
variety of cytokines, have been cloned (1–5). Genetic knockout
studies indicate that STATs have highly specific functions.
Stat1, the founding member of the STAT family, is essential for
innate response to either viral or bacterial infection (6, 7).
Stat1 is phosphorylated on a single residue, Tyr-701, in re-
sponse to stimulation by a number of ligands including inter-
ferons (IFNs), interleukin 6 (IL-6), and epidermal growth
factor (8–11). The phosphorylation on the Tyr-701 residue of
Stat1 is required for its nuclear translocation, dimerization,
DNA binding, and gene activation (8, 12).

Although great progress has been made toward the under-
standing of STAT activation, little is known about how STAT
signals are down-regulated. Several mechanisms to down-
regulate STAT signaling have been proposed. (i) Because the
activities of STATs depend on tyrosine phosphorylation, the
precise recognition and dephosphorylation of STATs by their
protein tyrosine phosphatases (PTPases) is expected to be
crucial for gene regulation (13–16). However, it is not known
what and how PTPases can dephosphorylate STATs. (ii)
Inhibitors of proteosome activity are shown to prolong the
activation of Stat1, implying the involvement of ubiquitination
in the degradation of Stat1 (17). However, because these

inhibitors also affect the half-life of IFN receptor, the impor-
tance of the degradation of Stat1 through ubiquitination
pathway remains unclear (4, 16). (iii) Recently, a family of
cytokine-inducible inhibitors of signaling have been isolated
(18–20). This family of proteins, named SOCSyJABySSI, are
relatively small protein molecules that contain mainly SH2
domains. SOCSyJABySSI proteins can directly bind to JAKs
and can inhibit the tyrosine kinase activity of JAKs.

We have identified recently a protein named PIAS3 (protein
inhibitor of activated Stat3) that functions as a specific inhib-
itor of Stat3 signaling (21). We report here the identification
of four additional members of the PIAS family. We found that
PIAS1 was associated with Stat1, but not with Stat2 or Stat3
in vivo in cells treated with IFN or IL-6. The PIAS1–Stat1
interaction requires the phosphorylation of Stat1 on Tyr-701.
Furthermore, PIAS1 but not other PIAS proteins blocked the
DNA binding activity of Stat1 and inhibited Stat1-mediated
gene activation. Our results suggest that PIAS1 is a specific
inhibitor of Stat1-mediated gene activation. The mode of the
PIAS-mediated inhibition on STAT activity is distinct from
other known inhibitory mechanisms involved in STAT signal-
ing.

MATERIALS AND METHODS

Cells. U3A and U3A-derived cell lines were maintained in
DMEM containing 10% fetal bovine serum at 10% CO2.
Human Daudi lymphoblastoid cells were maintained in RPMI
1640 medium containing 10% fetal bovine serum at 5% CO2.

Isolation of PIAS cDNAs. The yeast two-hybrid method (22)
was used to identify proteins that can interact with Stat1. Stat1b,
an alternatively spliced form of Stat1 lacking the COOH-terminal
transcriptional activation domain (23), was used as a bait to screen
a human JY112 B cell library for Stat1 interacting proteins (24).
Fifty positive clones were identified from 3 3 106 primary
transformants. Of these clones, 40 were partial-length cDNAs
from the same gene. The corresponding full-length cDNA en-
coding a human protein of 650 aa, which we named as PIAS1, was
generated by fusing a longer cDNA clone obtained by screening
a human K562 cDNA library with the expressed sequence tag
(EST) clone 301840. By EST database searching and library
screening, the full-length murine PIAS1 (mPIAS1) as well as four
other related clones that encode putative new members of the
PIAS family were identified. The database search was done with
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the Baylor College of Medicine Search Launcher. The murine
full-length PIAS1 cDNA was obtained by sequencing EST clone
930725. EST clone 785675 was used to screen a human testis
library to obtain PIASxa and PIASxb. EST clone 59244 was
sequenced and identified as PIASy. The nucleotide se-
quences of each of these genes has been deposited in the
GenBank database [accession nos. AF077951 (hPIAS1),
AF077950 (mPIAS1), AF077953 (hPIASxa), AF077954
(hPIASxb), AF077952 (hPIASy)].

Plasmid Constructions. FLAG–PIAS1 was constructed by
insertion of the murine PIAS1 cDNA into the BglII and SalI
sites of pCMV–FLAG vector. GST–PIASxa and GST–PIAS1
constructs were prepared by insertion of human PIASxa
cDNA or murine PIAS1 cDNA into the EcoRI and NotI sites
of p4T-1 (Pharmacia).

Luciferase Assays. Calcium phosphate was used for trans-
fection (8). Twenty-four hours after transfection, cultures were
either left untreated or treated with IFN-g for 6 h, and cell
extracts were prepared and measured for luciferase activity
(Promega). The relative luciferase units were corrected for
relative expression of b-galactosidase.

Electrophoretic Mobility-Shift Assays (EMSA). EMSA
analysis was performed as described (25). Briefly, protein
extracts were mixed with or without glutathione S-transferase
(GST) fusion proteins and incubated for 5 min at room
temperature in gel shift buffer. The samples were then mixed
with the 32P-labeled probe derived from a high-affinity Stat1–
DNA binding site (10) for 18 min and were then analyzed on
nondenaturing 4% polyacrylamide gels.

Coimmunoprecipitation Analysis. Immunoprecipitation
and protein immunoblotting were done as described (21).
Whole-cell extracts were prepared by using lysis buffer con-
taining 1% Brij, 50 mM Tris (pH 8), 150 mM NaCl, 1 mM
DTT, 0.5 mM phenylmethylsulfonyl f luoride, 0.5 mgyml leu-
peptin, 3 mgyml aprotinin, 1 mgyml pepstatin, and 0.1 mM
sodium vanadate. The mixture was rotated at 4°C for 30 min
and centrifuged at 13,000 3 g for 5 min. The supernatant was
used for immunoprecipitation with anti-PIAS1n (1:100 dilu-
tion). Anti-PIAS1n was raised against a GST fusion protein
containing 119 aa residues from the NH2-terminal region of
PIAS1 (aa 50–168).

RESULTS

Isolation of PIAS1 and Other PIAS Family Members. We
used the yeast two-hybrid method (22) to identify proteins that
can interact with Stat1. Stat1b, an alternatively spliced form of
Stat1 lacking the COOH-terminal transcriptional activation
domain (23), was used as a bait to screen a human B cell library
for Stat1 interacting proteins. A human cDNA encoding a
protein of 650 aa, which we named as PIAS1, was obtained. By
EST database searching and library screening, the murine
PIAS1 as well as four related clones that encode putative new
members of the PIAS family were identified. One member of
this family, PIAS3 is a specific inhibitor of Stat3 signaling (21).
The PIAS family of proteins show significant homology
(.50%). PIAS proteins have several highly conserved do-
mains, including a putative zinc binding motif and a highly
acidic region (Fig. 1). The COOH-terminal regions of PIAS
proteins are the least conserved. PIASxa and PIASxb are
identical, except their COOH-terminal regions, and are prob-
ably the products of differentially spliced messages from the
same gene. Sequence analysis indicates that human PIAS1 is
almost identical to a previously reported human protein named
GBP (GuyRH-II binding protein) (26). GBP lacks 9 aa
residues at the NH2 terminus and displays a few amino acid
differences when compared with PIAS1.

PIAS1 Inhibits Stat1-Mediated Gene Activation. To test
whether PIAS1 is indeed involved in regulating Stat1 activity,
we examined the effect of PIAS1 on Stat1-mediated gene

activation by luciferase assays. A luciferase reporter construct
[(3x)Ly6] containing three copies of the Stat1 binding se-
quence from the murine Ly-6AyE gene was used (25, 27).
Human 293 cells were transfected with expression vectors
encoding FLAG-tagged Stat1 and PIAS1 together with
[(3x)Ly6] in various combinations as indicated (Fig. 2A). The
transfected cells were then treated with or without IFN-g. Cells
cotransfected with Stat1 and [(3x)Ly6] reporter construct
showed a 35-fold increase of luciferase expression in response
to IFN-g. In the presence of an increasing amount of PIAS1,
the Stat1-activated luciferase expression in response to IFN-g
stimulation was dramatically inhibited (Fig. 2 A). The proper
expression of Stat1 and PIAS1 in these transfections was
confirmed by Western blot analysis of the same extracts with
anti-FLAG antibody (Fig. 2B). In contrast, neither PIAS3 or
PIASx was able to inhibit the Stat1-mediated gene activation
(ref. 21, unpublished data) These results demonstrated that
PIAS1 can inhibit Stat1-mediated gene activation.

PIAS1, but Not Other PIAS Proteins, Can Inhibit the DNA
Binding Activity of Stat1. We next tested whether PIAS1 could
affect the DNA binding activity of Stat1 by EMSA analysis. We
prepared and purified a recombinant fusion protein of GST
with PIAS1 (GST–PIAS1) as well as GST–PIAS3 and GST–
PIASxa. The effect of these fusion proteins on the DNA
binding activity of Stat1 was tested. Nuclear extracts from
human Daudi B cells treated with IFN-a were incubated with
GST or GST–PIASxa or GST–PIAS3 or GST–PIAS1 (15–75
ng). The mixtures were then analyzed by gel retardation assays
by using the Stat1 DNA binding site as the probe (Fig. 3).
GST–PIAS1 (45 ng) completely blocked the DNA binding
activity of Stat1. In contrast, GST, GST–PIASxa, and GST–
PIAS3 had little effect on Stat1 binding. These results suggest
that PIAS1, but not other PIAS proteins, can inhibit the DNA
binding activity of Stat1.

PIAS1 Is Associated with Stat1, but Not Stat2 or Stat3 in
Vivo. We next wished to examine the specificity of PIAS–STAT
interaction. Because it has been well documented that the
specificity of protein–protein interaction may be lost when
examined in vitro or when assayed under overexpression
situation, we wished to analyze the PIAS–STAT interaction in
vivo. We prepared a specific antiserum (anti-PIAS1n) against
a GST fusion protein containing 119 aa residues from the
NH2-terminal region of PIAS1 (amino acids 50–168). This
antibody specifically recognized a protein with the molecular
weight of 78 kDa, a predicted size of PIAS1, in a number of
human and murine cell lines tested (unpublished observation).
We first wanted to determine whether PIAS1 is associated with
Stat1 in vivo. Protein extracts prepared from human Daudi B
cells untreated or treated with IFN-a for 15 min were used for
immunoprecipitation with anti-PIAS1n. The immunoprecipi-
tates were then washed and analyzed by Western blot with
anti-Stat1 antibody. Stat1 was present in the PIAS1 immuno-
precipitate from cells treated with IFN-a but not from un-
treated cells (Fig. 4A). These results suggest that PIAS1 is
associated with Stat1 in vivo and that the PIAS1–Stat1 inter-
action depends on ligand stimulation.

Because IFN-a also activates Stat2 (28, 29), we tested
whether PIAS1 could interact with Stat2 upon IFN-a stimu-
lation. Human Daudi B cells were untreated or treated with
IFN-a for various time periods. Protein extracts were prepared
and subjected to immunoprecipitation with anti-PIAS1n fol-
lowed by immunoblot with both anti-Stat1 and Stat2 antibod-
ies. Although the association of Stat1 and PIAS1 was observed
in cells treated with IFN-a for 5 or 15 min and was significantly
decreased after 30 min, Stat2 was absent in PIAS1 immuno-
precipitates with or without IFN-a treatment (Fig. 4B). In
contrast, Stat2 was found to be present in Stat1 immunopre-
cipitates (Fig. 4B). This result is consistent with the known fact
that upon IFN-a stimulation, a fraction of Stat1 and Stat2
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proteins can form heterodimers (30). These results suggest that
PIAS1 interacts with Stat1 but not Stat2.

We have recently reported that PIAS3 is a specific inhibitor
of Stat3 signaling (21). To examine the specificity of PIAS–
STAT interactions, we carried out in vivo coimmunoprecipi-
tation analysis with protein extracts prepared from human
HepG2 cells untreated or treated with IFN-g or IL-6. IFN-g
treatment activates Stat1, but not Stat3, in HepG2 cells—as
shown by immunoblot analysis with antisera that can specifi-
cally recognize tyrosine phosphorylated Stat1 or Stat3 (Fig.
4C). IL-6 treatment strongly induces the tyrosine phosphory-
lation of Stat3 but only weakly stimulates phosphorylation of
Stat1 in HepG2 cells. Samples of the same protein extracts
were subjected to immunoprecipitation analysis with anti-
PIAS1n or anti-PIAS3c [an antiserum against the COOH-
terminal 79 aa residues of PIAS3 (21)]. The immunoprecipi-
tates were then analyzed by protein blot with anti-Stat1 or
anti-Stat3. PIAS1 was found to be associated with Stat1 but not
Stat3 (Fig. 4D). [Because the activation of Stat1 by IL-6 was

weak, the association of PIAS1 with Stat1 in IL-6 treated
HepG2 cells was observed only when the blot was overexposed
(unpublished observation).] In contrast, PIAS3 was found to
be associated with Stat3 but not Stat1 (Fig. 4E). These
experiments suggest that individual PIAS proteins display
specificity for STATs in vivo.

The in Vivo PIAS1–Stat1 Association Requires the Phos-
phorylation of Stat1 on Tyr-701. Upon IFN stimulation, Stat1
becomes tyrosine phosphorylated on a single tyrosine residue
Tyr-701. This phosphorylation is required for the dimerization,
nuclear translocation, and DNA binding activity of Stat1 (8,
12). Because PIAS1 is associated with Stat1 only in ligand-
stimulated cells, we wished to determine whether IFN-induced
tyrosine phosphorylation of Stat1 is required for the in vivo
PIAS1-Stat1 interaction. Two stable cell lines, Ctyr and C91,
derived from U3A cells that do not express Stat1 protein (31)
were used for coimmunoprecipitation analysis. C91 and Ctyr
cell lines were established by complementing U3A cells with
the wild type Stat1 and a mutant Stat1 (Tyr-701 3 Phe),

FIG. 1. Sequence comparison of the PIAS family of proteins. The predicted amino acid sequences of PIAS1, PIAS3, PIASxa, PIASxb, and PIASy
are shown. h, Human; m: mouse. Cysteine and histidine residues that are predicted to form a zinc finger are shaded. The conserved acidic region
is boxed. Dots indicate amino acid identity.
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respectively (8). Phosphotyrosine blot analysis confirmed that
the T701F Stat1 mutant protein was not tyrosine phosphory-
lated in response to IFN-g stimulation (Fig. 5A). Stat1 was
clearly coimmunoprecipitated by anti-PIAS1 from C91 cells
treated with IFN-g (Fig. 5B). In contrast, anti-PIAS1 antibody
failed to coimmunoprecipitate the T701F Stat1 mutant protein
from Ctyr cells. These results suggest that IFN-induced phos-
phorylation on Tyr-701 of Stat1 is required for PIAS1-Stat1
interaction.

DISCUSSION

PIAS1 was identified by yeast two-hybrid screening for its
ability to interact with Stat1. Sequence analysis indicates that
human PIAS1 is almost identical to a previously reported
human protein named GBP (26). GBP lacks 9 aa residues at
the NH2 terminus and displays a few amino acid differences
when compared with PIAS1. GBP was identified, by the yeast
two-hybrid screening, as a putative interaction protein of
GuyRNA helicase II (26). The interaction of GBP with
GuyRNA helicase II has not been demonstrated in systems
other than yeast. Based on results from in vitro assays using a
crude yeast supernatant containing GBP, it was proposed that
GBP may contain proteolytic activity toward GuyRNA heli-
case II (26). However, purified GBP protein cannot cleave
GuyRNA helicase II (B. Valdez, personal communication).

Thus, the previously observed proteolytic cleavage of Guy
RNA helicase is likely caused by a contaminating protease
activity present in yeast supernatant.

Results from three independent assays presented in this
paper suggest that PIAS1 is a specific inhibitor of Stat1
signaling. (i) Coimmunoprecipitation analysis suggests that
PIAS1 is associated with Stat1 but not Stat2 or Stat3 in vivo
upon cytokine stimulation. (ii) PIAS1 but not other PIAS
proteins blocked the DNA binding activity of Stat1 in EMSA
analysis. (iii) PIAS1 inhibited Stat1-mediated gene activation
in luciferase reporter assays. PIAS1 represents a protein that
can directly inhibit Stat1-mediated gene activation. We have
recently reported the identification of PIAS3, which functions
as a specific inhibitor of Stat3 signaling (21). PIAS3 interacts
with Stat3 but not Stat1 and inhibits Stat3 but not Stat1-
mediated gene activation. The identification of a family of
PIAS proteins and the striking specific in vivo association
between individual PIAS and STAT proteins shown in this
paper suggest the possible involvement of a specific PIAS
inhibitor in every STAT signaling pathway.

Our conclusion that PIAS1 has specificity toward Stat1 is
largely based on the in vivo coimmunoprecipitation analysis.
Interestingly, we noticed that PIAS1 displayed only partial
specificity toward STAT proteins when analyzed in vitro or
under overexpression conditions. Although PIAS1 but not
other PIAS proteins can inhibit Stat1 DNA binding activity
and Stat1-mediated gene activation, we found that PIAS1 can
block the DNA binding activity of Stat3 in vitro and can inhibit
Stat3-mediated gene activation when overexpressed in 293
cells (unpublished observation). The significance of the inhib-
itory activity of PIAS1 toward Stat3 observed in vitro and
under overexpression conditions is not clear at the present. It
is possible that PIAS1 can inhibit Stat3 function in cells where
PIAS1 and Stat3 are highly expressed.

An interesting feature of PIAS proteins is that their association
with STATs is cytokine-dependent. PIAS proteins seem to have
higher binding affinity toward tyrosine phosphorylated than
unphosphorylated STATs. Because PIAS proteins do not contain
phosphotyrosine binding domains such as SH2 or PTB (32, 33),
it seems likely that tyrosine phosphorylation of STATs may
induce a protein conformational change, resulting the exposure
of the PIAS interacting domain. This conformational change

FIG. 2. PIAS1 inhibits Stat1-mediated gene activation. (A) Lucif-
erase reporter assays. Human 293 cells were transiently transfected
with [(3x)Ly6] luciferase reporter construct together with empty
expression vector, FLAG–Stat1 or various amounts of FLAG–PIAS1
vectors, alone or in combination as indicated. Cells were either treated
or untreated with IFN-g for 6 h. Shown is the fold increase after IFN-g
treatment. (B) Western blot analysis. Equal amounts of protein
extracts from A were analyzed by immunoblot with anti-FLAG
(Sigma).

FIG. 3. PIAS1 inhibits the DNA binding activity of Stat1. EMSA
analysis was performed with nuclear extracts prepared from Daudi
cells with (1) or without (2) IFN-a treatment in the absence or
presence of GST, GST–PIASxa, GST–PIAS3, or GST–PIAS1 proteins
(15–75 ng) as indicated. The probe used is a high-affinity Stat1–DNA
binding site (10). The concentrations of GST fusion proteins were
estimated on 7% SDSyPAGE with various dilutions of BSA as the
standard.
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model may also explain our observation that partial PIAS1 but
not full-length PIAS1 is able to interact with Stat1 in yeast
two-hybrid assays (unpublished observation).

Our data suggest that PIAS proteins block STAT-mediated
gene activation through the inhibition of STAT–DNA binding
activity. The inhibitory effect of a PIAS protein on STAT–
DNA binding activity can be achieved by two possible mech-
anisms: (i) the binding of a PIAS protein to a STAT dimer may
mask the DNA binding domain of STAT, or (ii) PIAS proteins
may bind to STATs and prevent the dimerization of STATs.

PIAS proteins contain a conserved putative zinc binding
motif that is present in many proteins including transcription
factors. Interestingly, a N-terminal truncated mutant PIASxb
protein (from amino acids 134 to 621) was recently shown to
interact with a homeobox DNA binding protein Msx2 (34). In
addition, this mutant protein named as Miz1 was shown to have
sequence specific DNA binding activity (34). Thus, a PIAS
protein may play a dual functional role by inhibiting the
expression of genes containing STAT binding sites while
activating another distinct set of genes.

FIG. 4. Specificity of PIAS–STAT interaction. (A) PIAS1 interacts with Stat1 in vivo. Protein extracts from Daudi cells untreated (2) or treated
(1) with IFN-a for 15 min were prepared and used for immunoprecipitation with anti-PIAS1n. Immunoprecipitates were then analyzed on
SDSyPAGE and the blot was probed anti-Stat1. The filter was washed and reprobed with anti-PIAS1 (Lower). (B) PIAS1 does not interact with
Stat2. Daudi cells were treated with IFN-a for the times indicated. Whole-cell extracts were prepared and one-half of these extracts were used for
immnunoprecipitation with anti-PIAS1n (Left). Immunoprecipitation was carried out as described in A and the filter was probed with anti-Stat1
and anti-Stat2. The same filter was washed and reprobed with anti-PIAS1n (Lower). The other half of protein extracts were subjected to
immunoprecipitation with anti-Stat1 (Right). The filter was probed with a mixture of anti-Stat1 and anti-Stat2 antibodies. p-Stat1, phosphorylated
Stat1. (C) Western blot analysis. HepG2 cells were untreated or treated with IL-6 or IFN-g for 15 min, and protein extracts were prepared and
analyzed by immunoblot with anti-Stat1, anti-pStat1 (New England Biolabs), anti-Stat3 (Santa Cruz Biothechnology), or anti-pStat3 (New England
Biolabs) as indicated. (D) PIAS1 interacts with Stat1 but not Stat3. Protein extracts from C were immunoprecipitated with anti-PIAS1n. The
precipitates were subjected to electrophoresis, and the filter was blotted with anti-Stat1 (Left). The same filter was washed and reprobed with
anti-Stat3 (Left) or reprobed with anti-PIAS1n (Lower). (E) Same as D except that anti-PIAS3c was used for immunoprecipitation. The filter was
probed with anti-Stat3 (Left) or anti-Stat1 (Right) or PIAS3c (Lower).
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FIG. 5. Phosphorylation on Tyr-701 of Stat1 is required for PIAS1–
Stat1 interaction. U3A cells complemented with Stat1 or Stat1(Tyr-
7013 Phe) mutant protein were untreated or treated with IFN-g for
15 min, and protein extracts were prepared. (A) Immunoprecipitation
was performed with anti-Stat1 followed by blotting with a specific
phosphotyrosine antiserum [anti-pTyr (Transduction Laboratories,
Lexington, KY)]. The same filter was washed and reprobed with
anti-Stat1 (Lower). (B) Immunoprecipitation was performed with
anti-PIAS1n antiserum and blotted with anti-Stat1. The filter was
washed and reprobed with anti-PIAS1 (Lower).
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