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The protein inhibitor of activated STAT (PIAS) family pro-
teins regulates innate immune responses by controlling tran-
scription induced by Toll-like receptor, RIG-I-like receptor sig-
naling, and JAK/STAT pathways. Here, we show that PIASy
negatively regulates type I interferon (IFN) transcription. Virus
infection led to enhanced type I IFN induction in PIASy null
cells, and conversely PIASy overexpression reduced IFN tran-
scription. A mutation in the LXXLL motif of the SAP domain
abolished inhibition of IFN-stimulated gene expression but did
not affect virus or Toll-like receptor/RIG-I-like receptor-stim-
ulated IFN transcription, indicating that PIASy employs distinct
mechanisms to inhibit virus-induced and IFN-stimulated tran-
scription. SUMO E3 activity was not required for PIASy inhibi-
tion of IFN transcription; however, PIASy relied on the SUMO
modification mechanism to inhibit IFN transcription, because
the activity of the SUMO-interacting motif was required for
inhibition, and knockdown of SUMO E2 enzyme UBC9
decreased inhibitory activity of PIASy. Our results demonstrate
that PIASy negatively regulates both IFN transcription and IFN-
stimulated gene expression through multiple mechanisms uti-
lizing the function of different domains.

Infection of RNA viruses is recognized by two classes of
pathogen recognition receptors, Toll-like receptors (TLR)? and
RIG-I-like receptors (RLR), both of which bind viral RNAs
(1-7). Once viral RNAs are recognized by these receptors,
downstream signaling cascades are activated, triggering tran-
scription of proinflammatory cytokines important for the
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establishment of innate and adaptive immunity (5). Among
these cytokines, type I interferons (IFNs) play a major role in
conferring antiviral and antimicrobial activities (8 —11). TLR-
and RLR-mediated production of type I IFNs and proinflamma-
tory cytokines are regulated both positively and negatively at
multiple steps of signaling cascades to minimize harmful excess
inflammatory responses and to achieve fine-tuning of the
effects (12—14). There is a growing list of proteins that function
as a negative regulator of TLR and RLR signaling (15, 16).

PIAS (protein inhibitor of activated STAT) family proteins
are encoded by four genes, PIASI, PIAS3, PIASx (PIAS2), and
PIASy (PIAS4) (17-21). The PIAS family was first discovered as
an interacting partner of signal transducer and activator of
transcription (STAT) (21-24). By associating with transcrip-
tionally activated STATSs, PIAS proteins negatively regulate
some STAT-dependent genes (20, 21, 23-25). In addition to
STATs, PIAS proteins also regulate large numbers of transcrip-
tion factors involved in the broad range of gene expression that
affects cell cycle regulation, immune responses, and develop-
ment (18 -21, 26). PIAS proteins function as a SUMO E3 ligase
for a growing list of substrates, most of which are transcription
factors (27-31). The conserved RING-like domain at the cen-
tral portion of PIAS proteins is essential for E3 ligase activity
(19-21, 32, 33). Conjugation of SUMO peptides to transcrip-
tion factors alters transcriptional activity by changing confor-
mation of substrates and creating a new surface for protein-
protein interactions (26 —29, 34, 35). In addition to regulating
SUMO modification by its SUMO ligase activity, PIAS proteins
regulate transcription through SUMO-independent mecha-
nisms, including blocking DNA binding activity of transcrip-
tion factors, recruiting transcriptional co-repressors, and trans-
location of transcription factors to nuclear subdomains
(17-21).

Among PIAS proteins, PIAS1 and PIASy regulate the speci-
ficity and magnitude of cytokine-induced gene expression
mediated by STAT1 (36, 37). In addition, PIAS1 and PIASy
regulate LPS-induced cytokine production by inhibiting NF«B
activity (37, 38). Thus, PIAS1 and PIASy play an important role
not only in cytokine-mediated JAK/STAT pathways but also in
pathogen-activated TLR/RLR pathways of cytokine production
(20, 39). Prompted by these reports, we asked whether type I
IEN production mediated by TLR and RLR signaling is also
regulated by PIASy. We report here that PIASy inhibits virus-
induced type I IFN transcription more potently than the other
three PIAS members. PIASy targeted IRF3 and IRF7, transcrip-
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tion factors required for activation of the type I IFN promoter.
Detailed domain analysis revealed that PIASy inhibits IRF3/
IRF7-activated type I IFN transcription by a mechanism dis-
tinct from that of PIASy inhibition of IFN-stimulated gene
(ISG) induction by STAT1. Additionally, we show that PIASy
relies on the SUMO conjugation mechanism through the
SUMO-interacting motif (SIM) to inhibit type I [FN transcrip-
tion, but without relying on its own E3 ligase activity. Together,
our findings highlight the diversity and complexity of PIASy-
mediated negative regulation of IFN and IFN-stimulated tran-
scription, thus influencing innate immunity.

EXPERIMENTAL PROCEDURES

Cells Culture—Mouse embryonic fibroblasts (MEFs) from
PIASy*/* and PIASy /~ mice were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM)/high glucose supplemented
with 10% FCS and antibiotics (Invitrogen). Human embryonic
kidney (HEK) 293T cells were grown in DMEM containing 10%
fetal bovine serum.

Plasmids and Reagents—cDNA fragments of murine PIAS],
PIAS3, PIASxa, PIASxb, and PIASy were generated from total
RNA of NIH3T3 cells by the standard RT-PCR technique and
were inserted into pcDNA3.1/HA and pMSCV/HA retroviral
vector. To construct mutants for PIASy, appropriate substitu-
tions were introduced into the pcDNA3.1-PIASy-HA and
pMSCV-PIASy-HA using the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). T7-SUMO1/GA was
generated from the T7-SUMO1 expression plasmid (40).
Murine IRF3 and IRF7 constructs were described previously
(40). Human VISA ¢DNA was amplified from total RNA of
HEK293T cells and inserted into pcDNA-2XMyc and
pcDNA-V5 vector. Myc-TRIF, FLAG-IKKe, FLAG-TBK1, and
IFNal promoter-luciferase reporter plasmids were gifts from
Dr. Rongtuan Lin (McGill University, Montreal, Canada).
2XFLAG-RIG-IN (constitutively active RIG-I) and IFNf pro-
moter-luciferase reporter plasmids were gifts from Dr. Takashi
Fujita (University of Kyoto, Kyoto, Japan). For constructing
shRNA retroviral vector for human UBCY, an oligonucleotide
fragment (target sequence: 5'-aacagatcctattaggaatac-3') was
inserted into pSUPER.retro (Oligoengine, Seattle). Retroviral
preparations were made according to the manufacturer’s
instructions. As a control, a retroviral vector with a scrambled
oligonucleotide fragment was prepared and tested in parallel.
Mouse monoclonal antibodies against FLAG M2 and a-tubulin
were purchased from Sigma. Rabbit and mouse antibodies for
the T7 tag were purchased from Abcam (Cambridge, MA) and
Novagen (Gibbstown, NJ), respectively. Rabbit antibody against
murine IRF3 was from Zymed Laboratories Inc.. Rabbit anti-
bodies against phospho-IRF3 (Ser(P)-396) and phospho-IRF3
(Ser(P)-386) were from Cell Signaling Technology (Danvers,
MA) and EPITOMICS (Burlingame, CA), respectively. Rat
antibody against HA was from Roche Diagnostics. Mouse
monoclonal antibody against UBC9 was from Transduction
Laboratories (Lexington, KY), and goat antibodies against rab-
bit IgG Alexa Fluor 488 and mouse IgG Alexa Fluor 546 were
from Invitrogen. Recombinant human IFNS was from Toray
Industries, Inc. (Tokyo, Japan).
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GFP-Sendai Virus Infection—Recombinant Sendai virus
expressing GFP was generated and titrated as described else-
where (41, 42). GFP signals in Sendai virus-infected cells were
monitored by Axiovert 200 fluorescent microscope (Carl Zeiss
Japan, Tokyo, Japan).

Quantitative (q) RT-PCR—PIASy"’" and PIASy '~ MEFs
with or without murine PIASy (1 X 10°) were infected with
vesicular stomatitis virus (VSV) or EMCYV for the indicated
time period at an m.o.i. of 5. Total RNA prepared using TRIzol
reagent (Invitrogen) was reverse-transcribed with the Tran-
scriptor First Strand cDNA synthesis kit (Roche Diagnostics).
The amounts of IFNB, IFNa4, and hypoxanthine-guanine
phosphoribosyltransferase cDNA were measured by using Uni-
versal ProbeLibrary and LightCycler 480 (Roche Diagnostics)
according to the manufacture’s instructions. Primers for qRT-
PCR were designed by the Probe Finder software (Roche
Diagnostics).

Luciferase Reporter Assay—HEK293T cells were plated in
24-well plates at 3 X 10*/0.5 ml and transiently transfected with
the indicated combinations of plasmids using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s recommen-
dations. Eighteen h post-transfection, cells were lysed, and
luciferase activity was measured by using the Dual-Luciferase
reporter assay kit (Promega) according to the manufacturer’s
procedure. Alternatively, cells were treated with 10® units/ml
IENS for 6 h starting at 18 h post-transfection. Renilla lucifer-
ase activity was used for normalization.

Immunoblot Analysis—Whole cell extracts were prepared
using lysis buffer containing 150 mm NaCl, 50 mm Tris-HCI, pH
7.5,4 mm EDTA, 0.1% sodium deoxycholate, 1% Nonidet P-40,
0.1% SDS, complete protease inhibitor mixture (Roche Diag-
nostics). For Phos-tag PAGE, cells were lysed using lysis buffer
without EDTA. Extracts were separated by SDS-PAGE with or
without Phos-tag AAL-107 (NARD Institute, Hyogo, Japan)
and immunoblotted as described previously (40).

Immunoprecipitation—293T cells (3 X 10°) were transfected
with a total of 3.3 g of plasmid DNA using Lipofectamine 2000
(Invitrogen). Twelve h later, cells were lysed using lysis buffer
containing 20 mM N-ethylmaleimide (Sigma). Lysates were
centrifuged, and supernatants were incubated with anti-T7-
agarose overnight with gentle rotation at 4 °C. Immune com-
plexes were washed four times with N-ethylmaleimide contain-
ing lysis buffer, separated on SDS-PAGE, and subjected to
immunoblot analysis.

Detection of SUMO-conjugated Proteins—To detect SUMO-
conjugated proteins, 293T cells were transfected with the indi-
cated plasmids, and extracts were prepared as above. Extracts
were separated by SDS-PAGE and analyzed by immunoblot
using the indicated antibodies.

Immunofluorescence Analysis—MEFs retrovirally trans-
duced with or without murine PIASy-HA were plated on cov-
erslips and incubated for 24 h. Cells were then infected with
Sendai virus at an m.o.i. of 5 for 8 h and fixed with 3.7% para-
formaldehyde. After two washes, cells were permeabilized with
0.2% Triton X-100 for 5 min and incubated at 4 °C with a block-
ing solution (PBS containing 3% BSA) for 30 min. The primary
antibodies were added into the blocking solution at a 1:500
dilution, and cells were incubated for 4 h at 4 °C. After three
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washes, cells were then incubated with secondary antibodies for
4 h at 4 °C and counterstained with Hoechst for 1 min. Stained
cells were viewed on a BZ8000 fluorescence microscope (Key-
ence, Osaka, Japan).

RESULTS

PIASy Negatively Regulates Virus-induced Type I IFN
Expression—To investigate whether PIASy is involved in the
regulation of virus-induced type I IFN production, PIASy '~
and PIASy*’" MEFs were infected by VSV or EMCV. Infection
by these viruses is recognized by RIG-I and MDA-5, respec-
tively (2, 5). The amount of IFNS and IFNa4 mRNA was mea-
sured at various time points during 24 h of infection by quanti-
tative real time-reverse transcription PCR (qRT-PCR). As
shown in Fig. 14, levels of both IFNS and IFNa4 mRNA were
markedly higher in PIASy /~ MEFs than in PIASy*/* MEFs at
all time points tested. Similar increased production of type I
IFN mRNA was observed after EMCYV infection (Fig. 1B), indi-
cating that PIASy inhibits both RIG-I- and MDA-5-driven type
ITEN induction. We next tested whether increased induction of
type I IFNs by PIASy deficiency can be reversed by ectopic
expression of PIASy. HA-tagged PIASy was retrovirally trans-
duced into PIASy™/* and PIASy ’/~ MEFs, and VSV-induced
type I IFN production was measured (Fig. 1C). Overexpression
of PIASy decreased VSV-induced type I IFN production in both
PIASy*/* and PIASy /™ cells. Thus, PIASy acted as a negative
regulator of type I IEN induction for both “loss of function” and
“gain of function” experiments. We next tested whether loss of
PIASy affected virus growth (Fig. 1D). PIASy™*’" and PIASy '~
MEFs were infected with GFP-Sendai virus at various m.o.i.
values, and viral growth was monitored by GFP fluorescent sig-
nals. GFP signals in PIASy™’™ cells were clearly much greater
than in PIASy_/ ~ cells at 12 h post-infection with m.o.i. of 2.5,
0.5, and 0.1, although a difference was not clear with an m.o.i. of
0.02. Similarly, GFP signals were much higher in PIASy ™/ cells
than PIASy /™ cells at 24 and 36 h post-infection (Fig. 1F).
These results indicate that PIASy /~ cells are more resistant to
Sendai virus infection, presumably due to greater production of
type I IFNs.

PIASy Inhibits Type I IFN Promoter Activity Stimulated by
the Activated Form of IRF3 and IRF7—Recognition of viral
RNA by RIG-I leads to the activation of downstream signaling
molecules such as VISA, TBK1, IKKg, IRF3, and IRF7 (5, 6, 43,
44). We next sought to determine a step within the signaling
cascade that PIASy targets. As shown in Fig. 24, [IFN3 promoter
activity was activated by transfection of an active form of RIG-I
(RIG-IN), VISA, TBK1, IKKg, and activated forms of IRF3 and
IRF7 (IRF3/5D and IRF7/6D, respectively). In all cases, co-ex-
pression of PIASy decreased IFNB promoter activity in a dose-
dependent manner. These results suggested that PIASy inhib-
ited a step downstream from IRF3 and IRF7 phosphorylation. If
so, phosphorylation of IRF3 and IRF7 and their subsequent
nuclear translocation would not have been affected by PIASy
overexpression. To test this possibility, 293T cells were trans-
fected with Myc-tagged VISA, and FLAG-tagged IRF3 along
with PIASy and phosphorylation of IRF3 were detected by
Phos-tag PAGE. As shown in Fig. 2B, slow migrating phosphor-
IRF3 bands were detected in Myc-VISA-expressed cells in the
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presence and absence of PIASy expression (lanes 6 —8 versus
2—4). We also tested VISA-induced phosphorylation of IRF3 by
using anti-phospho-IRF3 antibodies. Co-expression of VISA
increased phosphorylation of IRF3 at Ser-396 and Ser-386 and
was not affected by PIASy (Fig. 2C). Similar results were
observed when IRF3 phosphorylation was induced by TRIF
(data not shown). We next tested whether PIASy affects virus-
induced nuclear translocation of IRF3. Cells transfected with
HA-tagged PIASy or empty vector were infected with Sendai
virus and stained with anti-HA and anti-IRF3 antibodies at 8 h
post-infection (Fig. 2D). As expected, PIASy localized to the
nucleus before and after virus infection (45). After infection,
IRF3 translocated to the nucleus irrespective of PIASy transfec-
tion. These results indicate that PIASy inhibits type I [EN pro-
moter activation without interfering with phosphorylation and
nuclear translocation of IRF3.

We next tested whether PIASy inhibits IFN promoter activ-
ity that was also activated by TRIF. As shown in Fig. 2E, TRIF
and VISA overexpression increased IFNB and IFNal promoter
activity, which was inhibited by co-expression of PIASy. In
addition, PIASy inhibited TRIF- and VISA-induced activation
of ISRE promoter activity, again in a dose-dependent manner.
These results indicate that PIASy negatively regulates TLR- and
RLR-induced IEN transcription as well as ISRE promoter activ-
ity. We tested whether other PIAS proteins also regulate TLR/
RLR-mediated type I IFN promoter activity and found that
other PIAS proteins, except PIASy, do not significantly inhibit
IENB promoter activity, although modest inhibition was
detected by the highest dose of PIAS1 in TRIF-induced pro-
moter activity (supplemental Fig. S1).

LXXLL Motif in the SAP Domain Is Not Involved in the Inhi-
bition of Type 1 IFN Transcription—PIASy has been reported to
inhibit IFNvy-mediated activation of IFN stimulated genes
(ISGs) by preventing STAT1-dependent activation of ISRE pro-
moter activity (37, 45). Although type I IEN transcription is
initially activated by IRF3/7, it is further enhanced by the sub-
sequent IFN-positive feedback loop activated by STAT1 and
the ISGF3 complex (46 —48). Thus, it was possible that inhibi-
tion of type I IFN promoter activity was due to PIASy inhibition
of STAT1 activity. It was reported that the conserved LXXLL
motif in the N-terminal SAP domain of PIASy critically con-
tributes to the inhibition of STAT1-dependent transcription
(45). We generated a mutant PIASy in which all three leucine
residues in the LXXLL motif were substituted to alanine
(referred to PIASy/mSAP, Fig. 3A), which was retrovirally intro-
duced to PIASy /"~ cells. The effect of these mutations was first
tested on IFNB-mediated ISG transcription. As shown in Fig.
3B, mRNA levels of three ISGs, ISG15, IFI56, and IRF7, were
reduced upon wild type (WT) PIASy expression. In contrast,
ISG mRNA levels were comparable in PIASy/mSAP-expressing
cells and control cells. The protein levels of WT and PIASy/
mSAP were also comparable in these cells (Fig. 3C). We also
tested the effect of WT and PIASy/mSAP on IFNB-stimulated
ISRE promoter activity and found that PIASy/mSAP did not
inhibit ISRE promoter activity, although WT PIASy did (Fig.
3D). These results indicate that the LXXLL motif is required for
the inhibition of IFN-dependent ISG expression. We next
investigated whether the PIASy/mSAP also fails to inhibit
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FIGURE 1. PIASYy inhibits virus-induced activation of type | IFN promoters. A and B, PIASy*/* and PIASy /~ MEFs were infected with VSV (A) or EMCV (B).
IFNp (left panel) and IFNa4 (right panel) mRNA at indicated time post-infection (p.i.) were measured by qRT-PCR, and data were normalized by hypoxanthine-
guanine phosphoribosyltransferase mRNA. The values represent the average of three samples = S.D. C, PIASy™™ and PIASy /~ MEFs expressing PIASy or
empty vector were infected with VSV, and IFN (left panel) and IFN a4 (right panel) mRNA at the indicated time post-infection (p.i.) were quantified asin A.Dand
E PIASy*’* and PIASy '~ MEFs were infected with GFP-Sendai virus at the indicated m.o.i.for 12 h (D) or at an m.o.i. of 0.02 for the indicated time post-infection
(p.i.) (E). GFP signals were detected by microscopic inspection.
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Band C, 293T cells were transfected with IRF3-FLAG, with or without PIASy-HA, and increasing doses of Myc-VISA (B) or V5-VISA (C) for 24 h. Whole cell extracts
were tested in the Phos-tag SDS-PAGE (B, top panels) or standard normal SDS-PAGE (B, lower panels and C) by Western blot (WB) with the indicated antibodies.
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antibodies and were viewed by the fluorescent microscope. E, 293T cells were transfected with indicated promoter-luciferase reporter with or without TRIF or

VISA and increasing amounts of PIASy for 18 h. Promoter activities were quant

virus-induced type IIFN induction. As shown in Fig. 3E, nRNA
levels of IFNB and IFNa4 were reduced in PIASy/mSAP-ex-
pressing cells to a degree similar to that in WT PIASy-express-
ing cells. Consistent with these data, activation of IFNS pro-
moter activity by VISA and TRIF was similarly inhibited by
PIASy/mSAP and WT PIASy but not by PIAS3 (Fig. 3F). Thus,
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the LXXLL motif is dispensable for the inhibition of type I IFN
induction by PIASy. These results indicate that PIASy inhibits
type I IEN transcription by a mechanism distinct from that by
which PIASy inhibits STAT1-mediated ISG induction. Sup-
porting this idea, virus-induced ISG15, ifi56, and IRF7 mRNA
levels were reduced by PIASy/mSAP as well as by WT PIASy, in
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FIGURE 4. SUMO E3 activity is not required for inhibition of TLR and RLR
signaling by PIASy. A, HA-tagged WT PIASy or PIASy/C335F was transfected
to 293T cells together with T7-tagged WT SUMO1, SUMO1/GA, or SUMO2.
Whole cell extracts were subjected to Western blot (WB) analysis with the
indicated antibodies. B, 293T cells were transfected with VISA (left) or TRIF
(right), IFNB promoter reporter, and increasing amounts of WT PIASy, PIASy/
C335F, or cyan fluorescent protein (CFP). Luciferase activities were quantified
by normalizing with Renilla luciferase activities.

contrast to those induced by IENf (Fig. 3G). In addition, both
WT PIASy and PIASy/mSAP inhibited VISA- or TRIF-induced
ISRE activity in a dose-dependent manner (Fig. 3H). These
results lead us to conclude that the LXXLL motifis required for
inhibition of STAT1-mediated ISG transcription but not for
inhibition of IRF3- and IRF7-mediated IFN transcription.
SUMO E3 Activity of PIASy Is Not Required for the Inhibition
of Type I IFN Transcription—To study whether SUMO E3
ligase activity of PIASy is required for the inhibition of type I
IEN transcription, we constructed a mutant PIASy in which the
third cysteine residue of the RING-like domain was substituted
by phenylalanine (PIASy/C335F). WT PIASy and PIASy/C335F
were expressed in 293T cells together with T7-tagged SUMO]1,
SUMO1/GA, a conjugation-defective mutant (26), or SUMO?2.
Immunoblot data in Fig. 44 showed that WT PIASy, but not
PIASy/C335F, produced slow migrating SUMO1- or SUMO2-
conjugated proteins. These bands were not generated when
T7-SUMO1 was replaced by T7-SUMO1/GA, as expected.
Thus, PIASy/C335F no longer has a SUMO ligase activity. We
next tested whether PIASy/C335F inhibits VISA- and TRIE-
mediated type I IEN transcription. As shown in Fig. 4B, VISA-
and TRIF-induced IFNB promoter activity was inhibited by
PIASy/C335F to a similar degree as WT PIASy in a dose-depen-
dent manner. Cyan fluorescent protein expression tested as a
negative control did not inhibit IFNB promoter activity. These

Inhibition of Virus-induced Signaling by PIASy

results indicate that PIASy inhibits VISA- and TRIF-induced
type I IFN induction independent of its SUMO E3 ligase
activity.

C-terminal SUMO-interacting Motif of PIASy Is Involved in
the Inhibition of Type I IFN Transcription—W'e tested all four
PIAS members for their ability to inhibit type I IFN transcrip-
tion. As shown in supplemental Fig. S1, only PIASy had signif-
icant inhibitory activity. Among the PIAS proteins, the C-ter-
minal region after the central RING-like domain is variable, and
PIASy differs most from other members in this region (Fig. 54).
Thus we considered it possible that the C-terminal portion of
PIASy is responsible for its inhibitory activity. To test this pos-
sibility, a series of C-terminal deletion mutants were generated
and tested for VISA- or TRIF-induced IFN promoter activity.
As shown in Fig. 5, A and B, transfection of the smallest dele-
tion, PIASy/1-489 led to inhibition of IFNB promoter activity
in a manner similar to full-length PIASy. However, no inhibi-
tion was observed when the deletion was extended further,
indicating that the region around amino acid 474 is critical for
the inhibition of IFNB promoter activity. This region contains a
cluster of acidic amino acids (Fig. 5C). Although the functional
significance of the acidic cluster has yet to be fully studied, a
report suggested that serine residues juxtaposed to the acidic
cluster are a potential phosphorylation site of CK2 protein
kinase required for activity of the SUMO-interacting motif
(SIM) (49). We therefore investigated the ability of these C-ter-
minal deletion mutants to interact with SUMO peptides in a
noncovalent manner. In Fig. 5D, HA-tagged WT PIASy and
deletion mutants were transfected along with T7-tagged
SUMO1/GA, and lysates were immunoprecipitated with
anti-T7 antibody. Whereas full-length PIASy and PIASy/1-
489 co-precipitated SUMO1/GA, all other mutants did not,
verifying that the acidic cluster is required for noncovalent
association of PIASy with SUMO. Given that SUMO binding
activity and the IFNB promoter inhibitory activity correlated
well, we next tested whether noncovalent association of PIASy
with SUMO peptides is important for inhibition of type I IFN
production. To this end, two mutants were generated; first,
hydrophobic amino acids in the SIM core were substituted to
alanine, and second, potential target serine residues of CK2
were substituted to alanine (Fig. 5C, V463/464A and S472-
474A, respectively). These mutants were introduced into
PIASy '~ MEEF cells and tested for possible inhibition of VSV-
induced type I IFN mRNA expression. As shown in Fig. 5E, WT
PIASy and S472/474A strongly inhibited type I IFN mRNA
expression, although V463/464A caused noticeably less inhibi-
tion both in IFNB and IFNa4 mRNA expression. Expression
levels of transfected PIASy were similar and did not change
during virus infection (Fig. 5F). The activity of these mutants

FIGURE 3. LXXLL motif is not involved in the regulation of IRF3- and IRF7-mediated promoter activity. A, alignment of SAP domain of murine PIAS
proteins. Conserved LXXLL motif and PIASy/mSAP mutation are boxed. B, PIASy '~ MEF were transfected with WT PIASy or PIASy/mSAP. IFN3 was treated for
indicated times, and mRNA for ISG15, IFI56, and IRF7 were quantified by gRT-PCR and by normalizing with hypoxanthine-guanine phosphoribosyltransferase
mRNA. C, whole cell extracts in B were Western blotted (WB) with the indicated antibodies. D, 293T cells were transfected with ISRE reporter and increasing
doses of WT PIASy or PIASy/mSAP. Cells were treated with IFNS for 6 h, and luciferase activities were quantified by normalizing with Renilla luciferase activities.
E, cells in B were infected with VSV for the indicated times, and IFN (left panel) and IFNa4 (right panel) mRNAs were quantified. F, 293T cells were transfected
with VISA (left panel) or TRIF (right panel), IFNB promoter reporter, and increasing amount of WT PIASy, PIASy/mSAP, or PIAS3. Luciferase activities were
quantified as in D. G, cells in B were infected with VSV for the indicated times, and mRNAs were quantified as in B. H, 293T cells were transfected with VISA (left
panel) or TRIF (right panel), ISRE reporter, and increasing doses of WT PIASy or PIAS/mSAP. Luciferase activities were quantified as in D.
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was further examined in an IFNf reporter assay (Fig. 5G). WT
PIASy and S472/474A repressed VISA- and TRIF-induced IFN
promoter activity in a dose-dependent manner. However,
V463/464A did not appreciably inhibit IFNS promoter activity.
These results indicate that the core hydrophobic residues in the
putative SIM, but not the serine residues juxtaposed to the
acidic cluster, are required for PIASy inhibition of type I IFN
transcription.

SUMO Conjugation Mechanism Is Required for PIASy Inhi-
bition of Type I IFN Transcription—Given that hydrophobic
residues in the PIASy SIM are critical for inhibition of type I
IEN induction, we next investigated whether the SUMO mod-
ification mechanism is involved in the PIASy inhibition of IFN
transcription. To this end, we constructed an shRNA vector for
UBCY, the sole E2 enzyme of the SUMO conjugation cascades.
Data in Fig. 64 show that this vector stably knocked down
UBCO9 protein expression of [FNf reporter activity by the acti-
vated forms of IRF3 and IRF7 (Figs. 5D and 6D, respectively)
and was slightly higher in UBC9 knockdown (KD) cells than
that in control shRNA-expressing cells (Fig. 6B). We then
tested IFNf reporter activity in UBC9 KD cells expressing
PIASy. As shown in Fig. 6C, in UBC9 KD cells, IFNS reporter
activities stimulated by both IRF3/5D and IRF7/6D were higher
than in control cells at all doses of PIASy tested. These results
indicate that SUMO conjugating activity is required for the
inhibition of type I IFN production by PIASy. Thus, it is likely
that PIASy inhibits type I IEN promoter activity by interacting
with a SUMOylated factor through the SIM. We previously
showed that SUMO is covalently conjugated to IRF3 mainly
through Lys-152 (40). We asked whether SUMOylated IRF3 is a
main factor that binds to PIASy SIM, leading to PIASy-medi-
ated inhibition of type I IFN induction. In Fig. 6D, IRF3/5D and
the SUMOylation-defective mutant IRF3/5D/K152R were co-
transfected with PIASy, and IFNSB promoter activity was mea-
sured. PIASy inhibited both IRF3/5D- and IRF3/5D/K152R-in-
duced promoter activity, whereas the SIM mutant, V463/464A
did not. These results indicate that IRF3 is not a major factor
required for binding to SIM to confer inhibitory activity upon
PIASy.

DISCUSSION

In this study, we investigated the contribution of PIASy to the
regulation of type I IFN transcription. We show that VSV and
EMCYV infection results in greater type I IFN induction in
PIASy /™ cells than PIASy™/* cells, although ectopic expres-
sion of PIASy led to reduced IEN expression. Accordingly,
PIASy /" cells exhibited greater antiviral activity against Sen-

Inhibition of Virus-induced Signaling by PIASy

dai virus. PIASy inhibited both TRIF- and VISA-induced acti-
vation of type I IFN promoter activities, indicating that it affects
both TLR- and RLR-mediated type I IFN gene activation. It is
likely that PIASy does not act on an early step of TLR/RLR
signaling cascades but rather acts on a step after IRF3 and IRF7
are phosphorylated and translocated into the nucleus, consid-
ering that PIASy predominantly localizes to the nucleus and
PIASy efficiently inhibited type I IFN promoter activity by the
activated forms of IRF3 and IRF7. Supporting this view, ectopic
PIASy expression did not change VISA- and TRIF-stimulated
IRF3 phosphorylation. Given that PIASy is capable of interact-
ing with IRF3 and IRF?7, it likely binds to activated IRF3 and
IRF7 in the nucleus, leading to the inhibition of IFN transcrip-
tion (50).

The SAP domain binds to AT-rich DNA sequences present
in the scaffold attachment regions/matrix attachment regions
(51). This domain is conserved in all PIAS members and shown
to be required for the interaction with nuclear receptors and
their co-regulators (52). We show that the mutant PIASy with
an altered LXXLL motif in the SAP domain, although unable to
inhibit IFN-stimulated ISG transcription, nevertheless retained
the ability to inhibit type I IEN transcription. Our results illus-
trate that PIASy employs different mechanisms to inhibit virus-
mediated IFN induction and IFN-stimulated ISG expression.
This dichotomy may be accounted for by the difference in the
transcriptional pathways by which virus-induced IFN tran-
scription and IFN-stimulated transcription is controlled,
namely the former is triggered by the TLR/RLR pathway lead-
ing to the activation of IRF3 and IRF7, and the latter is activated
by the JAK/STAT pathway activating STAT1/STAT2 and
IRF9. In this scenario, PIASy may select SAP-dependent and
-independent processes according to the types of transcription
factors activated and recruited to the promoter. The signifi-
cance of the differential domain usage is at present unclear.
However, it seems clear that PIASy by adopting diverse mech-
anisms governs specificity, magnitude, and timing of antiviral
effects, thereby fine-tuning innate immunity.

PIAS1 and PIASy do not inhibit expression of all ISGs (21, 36,
37). 1t is likely that ISGs are divided into distinct groups, partly
according to different types of negative regulation under which
they are controlled. Because IRF3 and IRF7 are involved not
only in type I IFN transcription, but TLR/RLR-mediated ISG
induction, the mechanism observed in this study likely contrib-
utes to negative regulation of ISG transcription. SAP domain
independent inhibition of ISRE activity by PIASy is likely to
operate in a relatively early stage of virus infection, prior to the

FIGURE 5. C-terminal region of PIASy contributes to the inhibition of IRF3- and IRF7-mediated transcription. A, schematic structure of PIAS proteins.
Conserved SAP domain, PINIT domain, RING-like domain (RLD), acidic domain (AD), and serine/threonine-rich domain (5/T) are shown on top. A series of PIASy
C-terminal deletion mutants are shown. B, 293T cells were transfected with VISA (top) or TRIF (bottom), IFN promoter reporter, and increasing doses of WT or
indicated PIASy mutant. Luciferase activities were quantified by normalizing with Renilla luciferase activities. C, structure of the C-terminal region of PIASy.
Deletion mutants in B are shown on top. The SIM, CK2 target motif, and acidic domain are underlined. Alignment of SIM and CK2 target consensus motif is
indicated in the middle. Mutants with disrupted SIM and CK2 consensus motifs are on the bottom. D, HA-tagged WT or mutant PIASy were transfected to 293T
cells with or without T7-SUMO1/GA, and extracts were immunoprecipitated (/P) with anti-T7 antibody. Immunoprecipitated (top panel) and whole cell extracts
(WCE, lower panels) were analyzed by Western blot (WB) with the indicated antibodies. E, PIASy ™/~ MEF expressing WT or indicated PIASy mutants were
infected with VSV.IFNp (left panel) and IFNa4 (right panel) mRNA at indicated time post-infection (p.i.) were quantified by gRT-PCR and by normalizing with
hypoxanthine-guanine phosphoribosyltransferase mRNA. The values represent the average of three samples = S.D. F, whole cell extracts in E were tested for
Western blot (WB) with the indicated antibodies. G, 293T cells were transfected with VISA (left panel) or TRIF (right panel) and IFN3 promoter reporter and
increasing amounts of WT or indicated PIASy mutants. Luciferase activities were quantified as in B.
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FIGURE 6. SUMO modification is required for inhibition of type | IFN
induction by PIASy. A, whole cell extracts from control or UBC9 knockdown
(KD) 293T cells were analyzed by Western blot (WB) with the indicated anti-
bodies. UBCY, a-tubulin (tub) and nonspecific bands (ns) are marked on the
right. B, UBC9 KD or control 293T cells were transfected with WT or the acti-
vated form of IRF3 (left panel) or IRF7 (right panel) and IFN 3 promoter reporter.
Luciferase activities were quantified by normalizing with Renilla luciferase
activities. C, UBC9 KD or control 293T cells were transfected with the activated
form of IRF3 (left panel) or IRF7 (right panel) and IFN3 promoter reporter and
increasing doses of PIASy. Luciferase activities were quantified as in B. The
promoter activities are expressed as the ratio of PIASy-transfected versus
untransfected cells. D, 293T cells were transfected with IRF3/5D (left panel) or
IRF3/5D/K152R (right panel), IFN3 promoter reporter, and increasing doses of
PIASy. Luciferase activities were quantified as in B.

initiation of IFN feedback-based ISG expression (46 —48). In a
later stage of virus infection, ISG expression is boosted by type
I IEN induced through the JAK/STAT pathway, controlled by
cooperation of PIAS1 and PIASy (37).
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Inhibitory activity of PIAS1 is regulated by a phosphoryla-
tion-dependent switch by activated IKKa (53). This mecha-
nism is not likely to apply to PIASy given that PIASy does not
have a corresponding phosphorylation target. Interestingly, we
observed that virus infection induced a slowly migrating band
in PIASy Phos-tag PAGE analysis, indicating that PIASy is also
phosphorylated during virus infection (data not shown).
Although residues targeted for phosphorylation and the kinase
that phosphorylates PIASy have not been identified, it is possi-
ble that PIASy is activated upon virus and/or IFN induction
through phosphorylation.

In addition to SAP domain-independent inhibition, PIASy
inhibition of type I IEN transcription did not require its SUMO
E3 ligase activity, because the mutation in the RING-like
domain did not abolish IRF3- and IRF7-mediated IFN pro-
moter activity. Some transcription factors are known to be reg-
ulated by PIASy via SUMO-independent mechanisms (19, 20).
For example, PIASy suppresses LEF1-mediated transcription
by recruiting LEF1 to the promyelocytic leukemia protein
nuclear body (54). Furthermore, PIASy is reported to recruit
HDACI1 and HDAC2 without involving its SUMO E3 activity in
Smad4 and androgen receptor-mediated transcription (55, 56).
These reports, combined with our observation, further support
the view that PIASy utilizes varying mechanisms to repress
transcription, depending on the signaling pathways activated
and the availability of molecules with which it cooperates.

We show that deletion of the acidic cluster juxtaposed with
the hydrophobic SIM core resulted in the loss of PIASy func-
tion, leading to the loss of inhibition of IFN transcription. The
loss of inhibitory activity coincided with the loss of SUMO pep-
tide binding activity. Furthermore, the SIM sequence was
required for the inhibition of IEN promoter activity. Thus the
acidic cluster may confer SUMO binding activity upon PIASy,
playing an important role in inhibiting type I IFN induction. On
the other hand, serine residues presumed to be phosphorylated
by CK2 were dispensable for inhibition of IFN promoter activ-
ity (49). Consistent with these data, treatment of CK2 inhibi-
tors, TBB or emodin, did not change PIASy inhibition of IFNf3
promoter activity (data not shown). These results suggest that
phosphorylation of PIASy, possibly targeted by CK2, is not
required for SUMO binding activity of the SIM, although it may
be dependent on the acidic cluster (34). There are five consec-
utive serine residues between the SIM and the acidic cluster in
PIASy, and three serine residues are present in the correspond-
ing region of other PIAS members (Fig. 5C). The discrepancy
on the requirement of CK2-dependent phosphorylation for the
SIM activation among PIAS1, PIAS3, and PIASy may be due to
a structural difference caused by these residues. PIASy may
have a unique mode of SIM activation, different from that uti-
lized by other PIAS proteins. Given that intact SUMO binding
activity appears to be required, the SUMO modification mech-
anism is expected to play a critical role in negative regulation of
type I IFN transcription, despite that the PIASy SUMO E3
ligase domain is dispensable. The role for the SUMOylation
machinery in PIASy inhibition of IFN transcription is sup-
ported by our data that general down-regulation of SUMO con-
jugation pathways by UBC9 knockdown led to a profound
reduction in the inhibitory effect of PIASy. Our results indicate
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that PIASy inhibits IRF3- and IRF7-mediated IFN transcription
by associating with a factor yet to be unraveled that is conju-
gated to SUMO. Because SUMOylation of IRF3 was not
required for inhibition by PIASy, IRF3 (and presumably IRF7) is
not the factor required for SIM binding. The interaction of this
unidentified factor may facilitate the formation of a repres-
sor complex. Identification of a PIASy-interacting partner(s)
that is modified by SUMO would thus advance our under-
standing of the mechanism by which PIASy inhibits type I
IFN transcription.

In summary, this work shows that among PIAS family mem-
bers PIASy is the major negative regulator of type I IFN tran-
scription. It inhibits IFN transcription by mobilizing a SUMO
modification mechanism through the SIM domain, without
relying on its SUMO E3 ligase activity.
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