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Fig. 4. Neutralizing antibodies in the CHS enhanced the PIDR-mediated entry
of HCV. (A) The absence of neutralizing antibodies in the sera from acute
hepatitis C patients (AHS) was determined by a neutralization assay using the
HCVpv (white bars) and VSVpv (gray bar). (B) The effect of PIDR on the
entry of HCVser into Huh70K1 cells in the presence of neutralizing anti-
bodies. The AHS were incubated with the CHS carrying neutralization anti-
bodies but no infectious HCV obtained from patients cured by the IFN therapy
(white bars) or HDS (gray bar) in the presence (left) or absence (right) of
PIDR and inoculated into Huh70K1 cells. The HCV-RNA titers in cells were
determined at 24 h post-inoculation. (C). The effect of neutralizing antibodies
on the PIDR-mediated infection of HCVecc. Huh70K1 cells were inoculated
with HCVcc at an MOI of 0.05 after incubation with 0.4—40 ul/ml of HCV-
negative CHS in the presence (left) or absence (right) of PIDR. Gray and white
bars indicate the HCV-RNA titers at 2 and 3 days after infection, respectively.

3.7. Effect of PIDR on the entry of HCVser into
immortalized human hepatocytes

Recently, Aly et al. reported that immortalized human
hepatocytes, HuS/E2 cells, exhibited a high susceptibility to the
infection with HCVser [7]. Therefore, we examined the effect of
PIDR on the entry of HCVser into immortalized human hepa-
tocytes, including He and HuS/E2 cells. The addition of PIDR
enhanced the entry of HCVser into both Hc and HuS/E2 cells
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Fig. 5. Human CD81-independent entry of HCVser by PIDR. (A) The effect of
anti-hCD81 antibody on the entry of HCVser into Huh70K1 cells in the
presence or absence of PIDR. (B) The effect of PIDR on the entry of HCVser
into HepG2 and HepCDS81 cells. HCV-RNA titers in cells were determined at
24 h post-inoculation.

(Fig. 6A and B). These results indicate that PIDR has the
potential to enhance the entry of HCVser into not only cancer
cell lines but also immortalized hepatocytes. Next, to evaluate
the long-term effect of PIDR treatment on the infectivity of
HCVser, He cells inoculated with CHS pre-incubated with
PIDR were cultured for a long period. HCV-RNA could be
detected at 10, 15 and 20 days after PIDR-mediated infection
(Fig. 6C). However, significant elevations of HCV-RNA titers
were not seen (Data not shown).

4. Discussion

In this study, we examined the efficiency of intracellular
deliveries of HCVser by using spinoculation, polybrene and
PIDR and found that the PIDR exhibited the highest efficacy
on the entry of HCVser into target cells. Especially, trypsini-
zation and reseeding of cells dramatically reduced HCV-RNA
levels in groups that were not treated with PIDR as compared
to those were treated with PIDR (Fig. 3B and C), and PIDR
treatment dramatically increased the internalization of HCVcc
treated with CHS or AP-33 at 2 and 4 days after infection
(Fig. 2B and C). These results suggest that PIDR is feasible to
deliver HCV/CHS complexes into target cells that allow
productive infection. In addition, PIDR facilitated the entry of
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Fig. 6. Effect of PIDR on the entry of HCVser into immortalized human
hepatocytes. The effect of PIDR on the entry of HCVser into immortalized
human hepatocytes, such as He (A) and HuS/E2 (B) cells. The HCV-RNA
titers in cells were determined at 24 h post-inoculation. (C) HCV-RNA titers in
He cells inoculated with HCVser were evaluated at 10, 15 and 20 days after
PIDR-mediated infection.

HCVser into the hepatoma cell lines and immortalized human
hepatocytes in an hCD81-independent manner. Furthermore,
we demonstrated that the intracellular delivery of HCVser by
PIDR was enhanced by the addition of anti-HCV antibodies in
sera from chronic hepatitis C patients, suggesting that PIDR is
an effective reagent for the intracellular delivery of HCVser
into the target cells in a receptor-independent manner.
Although direct evidence of enhancement of the adsorption
and penetration by the application of spinoculation and poly-
brene has not been demonstrated yet, sedimentation of the virus
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particles to the cell surface by the spinoculation and electrostatic
interactions between viral particles and cells by the charged
polybrene are suggested to overcome the first barrier between
virus particles and cells [12—14]. PIDR is a cationic amphi-
philic-based protein delivery reagent that forms a complex with
proteins through electrostatic and hydrophobic interactions
[17]. The complexes of protein molecules and PIDR have been
shown to interact with heparan sulfate proteoglycans on the cell
surface, and then to be internalized through endocytosis, after
which the protein molecules are released from the complexes
into the cytoplasm [17], suggesting that PIDR is capable of
enhancing not only adsorption but also penetration of HCVser.

Although HCVser are composed of heterogenous viral pop-
ulations and a large fraction of the viral particles was associated

‘with lipoproteins or neutralizing antibodies [25], these particles

are capable of invading into human hepatocytes and establishing
a persistent infection in vivo [1]. Therefore, it is feasible to

- speculate that some host factors are involved in the entry of

HCVser into hepatocytes in vivo. Recently, Stamataki et al. [26]
suggested that peripheral blood B lymphocytes participate as
areservoir for HCV for persistent infection and as a vehicle for
transinfection to hepatocytes. Although the precise mechanisms
of the entry of HCV have not been clarified yet, PIDR is an
efficient modality to overcome the obstacles to the entry of HCV.

Recent studies have revealed that at least four cellular
molecules play crucial roles in the infection of HCV into
hepatocytes in vitro: hCD81, scavenger receptor class B type I
(SR-BI) [27], and tight junction proteins claudin-1 [28] and
occludin [11]. In this study, the entry of HCVser by the treat-
ment with PIDR was shown to be independent from hCDS§1.
Although the involvement of receptor candidates other than
hCD81 was not examined in this study, PIDR was shown to
enhance the entry of HCVser in cell lines including Huh7,
HepG2, HepCD&1, He and HuS/E2, suggesting that PIDR is
capable of enhancing the entry of HCV through a pathway
independent from the expression of these receptor candidates.

Previous studies have indicated that HCV infects not only
hepatocytes but also lymphoid tissues and peripheral blood
mononuclear cells [29], and that the quasispecies nature of viral
particles was different among tissues infected with HCV [10].
Furthermore, it was shown that the in vitro transcribed JFH-1
RNA used for the recovery of infectious particles contained
221 x 101! copies/pg [30], which is much higher than the
amount of viral RNA detected in the patient’s sera. The variety
of cell tropisms depending on the quasispecies of HCV parti-
cles, a low viral load in sera co-existing with neutralization
antibodies, and the lack of identified co-factors including
functional environment of the liver might be the major obstacles
to establishing cell culture systems for the propagation of
HCVser. Several approaches have been taken for the estab-
lishment of an in vitro cell culture system of HCV, including the
culture of human liver cells in a three-dimensional radial-flow
bioreactor [31], the three-dimensional culture of immortalized
primary hepatocytes [7], and the micropatterned culture of
primary hepatocytes [8]. These innovative approaches to the
cell culture of liver cells, in combination with PIDR which is
able to overcome the first barrier of HCV propagation might
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contribute to a breakthrough in the establishment of a robust
cell culture system of HCVser.

In this study, we demonstrated that PIDR is able to inter-
nalize HCV in a receptor-independent manner and provides
a clue toward the development of a cell culture system of
HCVser in the presence of neutralization antibodies. PIDR
may also be useful for the study of viruses that are difficult to
internalize into cells due to their low viral titers or the pres-
ence of neutralizing antibodies.
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The kB kinase complex regulates the stability of
cytokine-encoding mRNA induced by TLR-IL-1R
by controlling degradation of regnase-1

Hidenori Iwasaki?, Osamu Takeuchi®3, Shunsuke Teraguchil%, Kazufumi Matsushita>%, Takuya Uehatal,

Shizuo Akiral?

~ Kanako Kuniyoshil:?, Takashi Satoh!, Tatsuya Saitoh’3, Mutsuyoshi Matsushita, Daron M Standley* &

Toll-like receptor (TLR) signaling activates the inhibitor of transcription factor NF-kB (IxB) kinase (IKK) complex, which governs
NF-kB-mediated transcription during inflammation. The RNase regnase-1 serves a critical role in preventing autoimmunity by
controlling the stability of mRNAs that encode cytokines. Here we show that the IKK complex controlled the stability of mRNA for
interleukin 6 (IL-6) by phosphorylating regnase-1 in response to stimulation via the IL-1 receptor (IL-1R) or TLR. Phosphorylated
regnase-1 underwent ubiquitination and degradation. Regnase-1 was reexpressed in IL-1R- or TLR-activated cells after a

period of lower expression. Regnase-1 mRNA was negatively regulated by regnase-1 itself via a stem-loop region present in the
regnase-1 3’ untranslated region. Our data demonstrate that the IKK complex phosphorylates not only IkBe, thereby activating
transcription, but also regnase-1, thereby releasing a ‘brake’ on IL-6 mRNA expression.

Inflammatory responses are rapidly elicited in response to infection

by various pathogens and cellular stimulil~3. Inflammation is medi-
ated by proinflammatory cytokines such as tumor necrosis factor
(TNEF), interleukin 1f (IL-1f8) and IL-6. Expression of cytokines is
suppressed in resting cells of the innate immune system, whereas
it is rapidly induced in response to infection by pathogens via a set
of pattern-recognition receptors, such as Toll-like receptors (TLRs),
helicase RIG-I-like receptors and biosensor Nod-like receptors.
The cytoplasmic portion of TLRs, the Toll-IL-1R domain, is
homologous to that of the IL-1 receptor (IL-1R)% IL-1R and all
TLRs except TLR3 trigger intracellular signaling pathways by
recruiting the adaptor MyD88. IL-1R-associated kinase 4 (JRAK4)
then associates with MyD88 and activates IRAK1 and IRAK2
(ref. 5). The IRAKSs then dissociate from MyD88 and interact with
TRAF6, which acts as an E3 ubiquitin protein ligaseS. Together
with an E2 ubiquitin-conjugating enzyme complex composed of
Ubcl3 and UevlA, TRAF6 catalyzes the formation of a lysine 63
(K63)-linked polyubiquitin chain on TRAFG6 itself as well as the
generation of an unconjugated free polyubiquitin chain’. A com-
plex of the kinase TAK1 and the TAK1-binding proteins TABI,
TAB2 and TAB3 is activated by the unconjugated free K63 poly-
ubiquitin chain and phosphorylates inhibitor of transcription factor
NEF-xB (IxB) kinase-f (IKKp) and mitogen-activated protein kinase
(MAP) kinase kinase 6 (ref. 6). In addition, linear ubiquitination

of the NF-xB modulator IKKy (NEMO) by a linear ubiquitin-chain
assembly complex composed of HOIP, HOIL-1L and SHARPIN is
required for activation of NF-xB8-10. Subsequently, the IKK com-
plex, composed of IKKo, IKKB and NEMO, phosphorylates the
NF-kB-inhibitory protein IkBa on a DSGXXS motif (where X’ is
any amino acid)!"*2. Phosphorylated IkBo undergoes ubiquitina-
tion by the the E3 ligase B-TrCP complex (B-transducin repeat-
containing protein; also known as FBW1) and is degraded by the
proteasome system, which thereby frees NF-xB to translocate to
the nucleus and activate the transcription of genes encoding pro-
inflammatory cytokines'!-1%. Activation of the MAP kinase cascade
is responsible for the formation of another transcription factor
complex, AP-1, that targets genes encoding cytokines. Signaling
via the TNF receptor (TNFR) also leads to the activation of NF-kB
by ubiquitination of the kinase RIP1, followed by activation of the
TAK1 complex and linear ubiquitination of NEMO®#16:17,

In addition to being controlled by transcriptional activation,
cytokine-encoding mRNAs are controlled at the level of mRNA
itself!®. Proinflammatory cytokine-encoding mRNAs tend to have
short half-lives, and mRNA stability is important for controlling
the strength and duration of inflammation!®. For example, tristetra-
prolin associates with AU-rich elements present in the 3" untranslated
regions (UTRs) of TNF mRNA and destabilizes TNF mRNAZ20:21, The
cytoplasmic protein encoded by Zc3hi2a is composed of a PIN-like
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Figure 1 Phosphorylation and degradation of regnase-1 in response to stimulation of TLRs or IL-1R.

(a,b) Immunoblot analysis of regnase-1 (Regl) in lysates of wild-type (WT) and regnase-1-deficient (Regl-KO)
peritoneal macrophages (M®; a) and MEFs (b) stimulated for 0-4 h (above lanes) with LPS. NS, nonspecific
band. (c) Quantitative PCR analysis of the expression of IL-6 mRNA among total RNA from unstimulated wild-
type and regnase-1-deficient macrophages .* P < 0.05 {Student’s f-test). (d) Immunoblot analysis of regnase-1, lxBa and B-actin (loading

control) in wild-type, MyD88-deficient (MyD88-KO) and TRIF-deficient (TRIF-KO) macrophages stimulated for 0-240 min (above lanes) with LPS.
(e) Immunoblot analysis of regnase-1, IxBa and B-actin in lysates of wild-type peritoneal macrophages stimulated for 0-240 min (above lanes)

with MALP-2 (10 ng/ml}, poly(l:C) (100 ug/ml), LPS (100 ng/m!), R-848 (10 nM) or CpG DNA (1 uM). (f,g) Immunoblot analysis of regnase-1,
1xBot, phosphorylated (p-) IKK and B-actin in Hela cells stimulated for 0-240 min (above lanes) with IL-18 (10 ng/ml; f) or TNF (10 ng/mi; g).

(h) Immunoblot analysis of regnase-1 in Hela cell lysates left unstimulated (~) or stimulated (+) with IL-1B and left untreated (-) or treated (+) with
A-phosphatase. (i) Immunoblot analysis of regnase-1 in Hela celils pretreated with 0.1% dimethyl sulfoxide (DMSO) or the proteasome inhibitor
MG-132 (1 uM), then stimulated for 0~240 min (above lanes) with IL-1B. (j) Immunoassay of lysates of Hela cells stimulated for 0-30 min (above
lanes) with IL-1B or TNF, followed by immunoprecipitation (IP) with anti-regnase-1 and immunoblot analysis (I1B) with antibody to ubiquitin (Ub) or

IP: Regt

Regl. Data are representative of three to five independent experiments (error bars (c), s.d.).

RNase domain and a CCCH-type zinc-finger domain?2. As its RNase
activity is directly responsible for regulating cytokine mRNA abun-
dance, we have called this protein regulatory RNase 1 (regnase-1).
The production of IL-6 and the p40 subunit of IL-12 in response
to TLR ligands is much greater in regnase-1-deficient (Zc3h12a7/")
macrophages?. The decay of IL-6 mRNA is impaired in regnase-1-
deficient macrophages, and regnase-1 destabilizes mRNA via a con-
served element independently of AU-rich elements present in the
3’ UTR of IL-6. Regnase-1-deficient mice spontaneously develop
severe autoimmune inflammatory disease, which indicates that
regnase-1-mediated control of mRNA expression has an essential role
in maintaining homeostasis.

Although expression of regnase-1 mRNA is induced in response
to stimulation with TLR ligands, the regulation of regnase-1 pro-
tein during the course of inflammation has not been clarified. In this
study, we found that regnase-1 was rapidly degraded in response to
stimulation with IL-1B or TLR ligands but not in response to TNE
Degradation of regnase-1 protein was important for higher expres-

. sion of IL-6 mRNA. We identified IKKo.,p as the kinase that induced

ubiquitin-proteasome-mediated degradation of regnase-1 via B-TrCP.
Regnase-1 mRNA was reexpressed about 240 min after stimulation
of the TLR or IL-1R. Regnase-1 mRNA was targeted for degradation
by regnase-1 protein. We generated a mathematical model in which
the IKK complex phosphorylates not only IxBao, thereby activat-
ing transcription of genes encoding cytokines, but also regnase-1,
thereby releasing the ‘brake’ on IL-6 mRNA expression. Moreover, as
expression of the gene encoding regnase-1 was regulated by NF-xB,
regnase-1 effectively functions as a ‘molecular timer’ that allows rapid
generation of IL-6 mRNA during acute inflammation but inhibits
sustained IL-6 production.
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RESULTS

Modification of regnase-1 in response to TLR or IL-1R stimulation
To examine the expression of regnase-1 protein, we did immunoblot
analysis of thioglycollate-elicited peritoneal macrophages and mouse
embryonic fibroblasts (MEFs) from wild-type and regnase-1-deficient
(Zc3hi2a~'") mice. We confirmed the lack of regnase-1 expression in
regnase-1-deficient peritoneal macrophages and MEFs (Fig. 1a,b).
Notably, regnase-1 protein was expressed even in unstimulated macro-
phages and MEFs. In addition, regnase-1 protein was expressed in
mouse thymus, spleen, lymph nodes and lungs (Supplementary
Fig. 1). IL-6 mRNA was fivefold more abundant in regnase-1-
deficient macrophages than wild-type macrophages even without
stimulation (Fig. 1c), which suggested that expression of regnase-1
protein in unstimulated cells was required for the suppression of
subtle inflammatory reactions. That hypothesis is consistent with
the observed spontaneous development of autoimmune disease in
regnase-1-deficient mice. When we looked closely at changes in
regnase-1 expression, we found that the mobility of regnase-1 pro-
tein changed rapidly in response to lipopolysaccharide (LPS) and
disappeared within 15 min of stimulation (Fig. 1d). Subsequently,
regnase-1 reappeared within 120 min of stimulation, although
most regnase-1 protein migrated slowly in the gel, which indicated
that regnase-1 underwent some form of modification. It is well known
that stimulation via TLR or IL-1P induces rapid degradation of IxBal
protein and is followed by re-expression, which allows the nuclear
translocation of NF-kB415, The kinetics of the LPS-induced regnase-1
expression was similar to that of IxBor in wild-type macrophages and
MEFs (Fig. 1d and Supplementary Fig. 2). LPS is recognized by TLR4
and triggers distinct signaling pathways via the adaptors MyD88 and
TRIF. Both MyD88-dependent and TRIF-dependent pathways are
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required for optimal LPS-mediated proinflammatory cytokine pro-
duction, although each pathway results in the degradation of IxBo
and activation of NF-kB?3. Whereas we observed LPS-induced dis-
appearance of IxBa in MyD88-deficient and TRIF-deficient macro-
phages, we observed the disappearance of regnase-1 in macrophages
from TRIF-deficient mice but not those from MyD88-deficient mice
(Fig. 1d). Downstream of MyD#88, the kinases IRAK1 and IRAK2 or
IRAK4 were required for the degradation of regnase-1 in response
to LPS (Supplementary Fig. 3). In macrophages stimulated with lig-
ands for various TLRs, including MALP-2 (TLR6-TLR2), poly (I:C)
(TLR3), LPS (TLR4), R-848 (TLR7) or CpG DNA (TLR9), the modi-
fication and disappearance of regnase-1 were induced in response to
all TLR ligands except poly (I:C) (Fig. 1e). Given that all TLRs except
TLR3 signal via MyD88 (ref. 4), these results indicated that the
MyD88-dependent signaling pathway was essential for the disappear-
ance in regnase-1 expression. In contrast, stimulation of cells with
chemokines and cytokines such as MCP-1, IL-6 and IFN-y failed to
induce changes in regnase-1 expression (Supplementary Fig. 4).
Consistent with those observations, HeLa human cervical cancer
cells stimulated with IL-1B showed modification and disappearance
of regnase-1, but those stimulated with TNF did not (Fig. 1f,g). In
contrast, degradation of IxBa was induced equivalently by IL-1f and
TNE We then investigated the mechanism by which regnase-1 was
modified in response to stimulation via TLRs or IL-1R. Treatment of
IL-1B-stimulated cell lysates with A-phosphatase resulted in the dis-
appearance of slowly migrating regnase-1 (Fig. 1h), which indicated
that regnase-1 was phosphorylated in response to IL-1f. Treatment
of Hela cells with the proteasome inhibitor MG-132 resulted in
considerable impairment in the decrease in regnase-1 (Fig. 1i), and
immunoblot analysis showed that IL-1p induced the ubiquitination

NATURE IMMUNOLOGY VOLUME 12 NUMBER 12 DECEMBER 2011

of regnase-1 but TNF did not (Fig. 1j). Thus, regnase-1 was rapidly
phosphorylated in response to IL-1B and was degraded via the
ubiquitin-proteasome pathway.

IKKB can phosphorylate regnase-1 on a DSGXXS motif

We next searched for the kinase responsible for the phosphorylation
and degradation of regnase-1. Neither modification nor degradation
of regnase-1 was affected by pretreatment of HeLa cells with cyclo-
heximide or actinomycin D (Supplementary Fig. 5), which indicated
that modification of regnase-1 did not require IL-1B-mediated protein
synthesis or gene transcription. Although MAP kinases such as Erk,
Jnk and p38, as well as phosphoinositide-3-OH kinases, are activated in
response to stimulation via TLRs or IL-1R, pretreatment of HeLa cells
with inhibitors of those receptors failed to prevent the IL-1B-induced
degradation and reappearance of regnase-1 (Supplementary Fig. 6).
In contrast, treatment with the IKKf inhibitor TPCA-1 inhibited the
degradation of regnase-1 (Supplementary Fig. 6). Therefore, we inves-
tigated the contribution of the IKK complex to regnase-1 degrada-
tion. MEFs lacking IKK o showed unimpaired regnase-1 degradation
in response to LPS, whereas IKKB-deficient MEFs showed partially
impaired degradation of regnase-1 and IxBot (Fig. 2a). However,
cells lacking both IKKo and IKKP did not show any degradation of
regnase-1 or IxBal in response to LPS (Fig. 2a). Nevertheless, slowly
migrating regnase-1 still appeared in the late phase of stimulation,
which suggested that another kinase phosphorylated regnase-1 with-
out affecting its degradation. Consistent with that, NEMO-deficient
Rat-1 rat fibroblasts (5R cells)?* did not have less regnase-1 or [xkBou
after LPS stimulation than did control NEMO-sufficient Rat-1 cells
(Fig. 2b), which indicated that the IKK complex was essential for the
degradation of regnase-1. Sequence analysis showed that regnase-1
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the ratio of regnase-1 to B-actin).
ND, not defined. (b) Quantitative
PCR analysis of the expression of [L-6 mRNA among total RNA from the cells'in a, presented relative to 18S RNA. (c) Immunoblot analysis of lysates of
regnase-1-deficient MEFs infected with control retrovirus (EV) or retrovirus expressing Flag-tagged wild-type regnase-1 or the S435A,5439A regnase-1
mutant, then stimulated for 0~120 min (above lanes) with 1L-1B, probed with anti-Flag or B-actin. Below lanes, densitometry (as in a). (d) Quantitative
PCR analysis as in b of total RNA from the cells in c. (e) Semiquantitative RT-PCR analysis of wild-type regnase-1 and S435A,5439A mutant regnase-1 in
macrophages prepared from regnase-1-deficient bone marrow cells infected with retrovirus as in c. (f) Quantitative PCR analysis (as in b) of the cells in e,

Time after LPS (min}

Time after {L-1B (min)

stimulated for 0-240 min (horizontal axis) with LPS. *P < 0.05, empty vector versus regnase-1 {wild type or S435A,S439A), and P < 0.05, wild-type

(mean + s.d. of triplicates in b,d,f).

had the canonical DSGXXS motif known to be phosphorylated by
IKKs!! (Fig. 2¢). This motif in regnase-1 was located in an unstruc-
tured region, C-terminal to the nuclease and CCCH-type zinc-finger
domains (Fig. 2d), and the motif was conserved among species from
zebrafish to humans (Supplementary Fig. 7). As expected, IKKf and
IKKo phosphorylated synthesized full-length regnase-1 protein and
a glutathione S-transferase (GST) fusion peptide corresponding to
amino acids 430-441, including the DSGXXS motif, in vitro (Fig. 2e,f
and data not shown). Furthermore, the phosphorylation of mouse
regnase-1 was attenuated by the substitution of serine residues Ser435
and Ser439 with alanine (S435A,S439A; Fig. 2e,f), which indicated
that the two serine residues present in the DSGXXS motif were the
targets of the phosphorylation of regnase-1 by IKKs. In addition,
coimmunoprecipitation analysis showed that IKKp interacted with

regnase-1 versus S435A,S439A regnase-1 (Student’s t-test). Data are representative of three to four mdependent experiments with similar results

regnase-1 endogenously (Supplementary Fig. 8a,b). Stimulation with
IL-1P failed to change this interaction, which suggested that regnase-1
formed a stable complex with IKKf in resting cells. Although the
DSGXXS motif is also known to be phosphorylated by another kinase,
GSK3p13, treatment with the GSK3p inhibitor LiCl failed to inhibit
IL-1B-mediated degradation of regnase-1 (Supplementary Fig. 9).
It is well known that the phosphorylated DSGXXS sequence is sub-
sequently recognized by the E3 ligase B-TrCP for polyubiquitina-
tion’>. To determine if regnase-1 interacts with §-TrCP, we expressed
B-TrCP and regnase-1 in HEK293 human embryonic kidney cells and
found that B-TrCP precipitated together with regnase-1 only when
wild-type IKKP was coexpressed (Fig. 2g). In contrast, coexpres-
sion of kinase-inactive IKK.did not induce an association between
B-TrCP and regnase-1. Furthermore, mutant regnase-1 (S435A,5439A)

a Control (Rat-1) NEMO-KO (5R) b —— IL-1B —e— IL-1B
—o— Med —o— Med = g~ TNF B ™ —p— TNF
—g— LPS (20 min) —m~ LPS (20 min) 2 30 £ £ 100
= 1008, <100 b ; K T | .
g g e i £ g 807, P .
< < = 20 < = o S
z z s LB z S S dL i
[ ic g AN T 40 -
€ £ £ 10 ﬁ L \‘6 € £
© © Tl g ™,
3 - 3 N 82 R
T 1 x® OF T T 15 = 0% T T 1
0 30 60 2 4 6 = 0 2 4 6
Time after ActD treatment (min) Time after ActD treatment (min) Time (h) Time (h)
240 min
) 100 —o— Med
Figure 4 Differences in the control of [L-6 mRNA stability by IL-1B and TNF. ", —e—IL-1B
B0 iz TNF

(a) Quantitative PCR analysis of IL-6 mRNA among total RNA from control
Rat-1 cells and NEMO-deficient 5R cells stimulated for 20 min with LPS,

followed by treatment for 0-60 min (horizontal axes) with actinomycin D (ActD).
(b) Quantitative PCR analysis of mRNA for IxBa, ICAM1 or IL-6 in Hela cells
stimulated for 0-6 h (horizontal axes) with IL-1B or TNF, presented relative to
18S RNA. (c¢) Quantitative PCR analysis of IL-6 mRNA among total RNA from

IL-6 mRNA (%) €
&

1L-6 mRNA (%}
[N} 3
s} S

0 80 120
Time after ActD (min)

o

Time after ActD (min)

Hela cells stimulated for 20 or 240 min (above plots) with medium alone (Med), IL-18 or TNF, then treated for 0-120 min (horizontal axes)
with actinomycin D. *P < 0.05 (Student's t-test). Data are from three independent experiments (mean *s.d.).
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anti-Myc. (¢) /n vitro kinase assay of recombinant regnase-1 and IRAK1 (top), and SDS-PAGE and Coomassie blue staining of regnase-1 (bottom).

(d) Immunoassay of HEK293 cells transfected to express Myc-tagged regnase-1 and/or Flag-tagged IRAK1 or IKKB (above lanes), followed by
immunoprecipitation from lysates with anti-Myc and immunoblot analysis with anti-IKK8, anti-IRAK1 or anti-Myc. Below, immuncblot analysis of
whole-cell lysates with anti-Flag or anti-Myc. (e) Immunoassay of HEK293 cells transfected to express hemagglutinin-tagged ubiquitin (HA-Ub),
Myc-tagged regnase-1 and/or IKKB or [RAK1 (above lanes), followed by immunoprecipitation from lysates with anti-Myc and immunoblot analysis of
ubiquitin (with anti-HA). Below, immunoblot analysis of whole-cell lysates with anti-IKK, anti-IRAK1 or anti-Myc. Data are representative of three to

four independent experiments.

failed to interact with B-TrCP and IKKf (Fig. 2g), which sug-
gested that phosphorylation of the DSGXXS sequence present in
regnase-1 was essential for its interaction with 3-TrCP. To evaluate
the role of B-TrCP in the degradation of regnase-1, we used a §-TrCP
mutant that fails to associate with other subunits of the E3 ubiquitin
ligase complex and functions as a dominant-negative form
(B-TrCP(AF))?°. Overexpression of B-TrCP(AF) in HeLa cells resulted
in less IL-1B-mediated degradation of regnase-1 without affecting
the phosphorylation (Fig. 2h). Collectively, these results indicated
that IKKo, phosphorylated regnase-1 on its canonical DSGXXS
sequence and that B-TrCP was responsible for activation of the
ubiquitin-proteasome pathway.

Regnase-1 degradation controls IL-6 mRNA expression

IL-6 mRNA is stabilized in regnase-1-deficient macrophages??. To
examine the role of IKK-mediated phosphorylation and degradation
of regnase-1 in controlling the stability of IL-6 mRNA, we expressed
wild-type regnase-1 and the $435A,5439A regnase-1 mutant in HeLa
ells. Whereas wild-type regnase-1 was degraded in response to IL-1§
stimulation, the S435A,5439A mutant was resistant to the stimuli
(Fig. 3a). Notably, the 5435A,5439A mutant protein still migrated
slowly after stimulation, which indicated amino acids other than Ser435
and Ser439 were phosphorylated by an unknown kinase without affect-
ing regnase-1 degradation. Although the expression of IL-6 mRNA
decreased even when wild-type regnase-1 was expressed, expression
of the S435A,S439A mutant suppressed IL-6 mRNA expression more
in response to IL-1B (Fig. 3b). Next we expressed wild-type regnase-1
and the S435A,5439A mutant via retrovirus in regnase-1-deficient
MEFs. Whereas wild-type regnase-1 was degraded in response to IL-1f,
the S435A,S439A mutant was resistant to degradation (Fig. 3c).
Consistent with the results obtained with HeLa cells, the S435A,5439A
mutant was more potent in suppressing IL-6 mRNA expression than
was wild-type regnase-1 (Fig. 3d). Furthermore, wild-type regnase-1
and the $435A,5439A mutant expressed via retrovirus in regnase-1-
deficient macrophages acted similarly. Whereas expression of wild-type
regnase-1 also partially inhibited IL-6 expression in response to LPS,
the S435A,5439A mutant was more potent in suppressing IL-6 mRNA

NATURE IMMUNOLOGY VOLUME 12 NUMBER 12 DECEMBER 2011

expression (Fig. 3e,f). These results indicated that IKK-mediated
phosphorylation of regnase-1 was involved in augmenting IL-6 mRNA
expression in the course of TLR- or IL-1R-mediated inflammation.

The IKK complex enhances IL-6 mRNA stability

Next we determined if the IKK complex controlled the stability of
1L-6 mRNA in addition to controlling transcription. IL-6 mRNA
was more stable in wild-type (Rat-1) cells stimulated for 20 min with
LPS than in unstimulated cells, and the mRNA half-life was longer
(Fig. 4a). In contrast, cells lacking NEMO (5R cells) failed to stabilize
IL-6 mRNA in response to stimulation for 20 min with LPS (Fig. 4a),
which indicated that the IKK complex also regulated the stability of
cytokine mRNA in addition to controlling transcription. As IL-1f3
induced degradation of regnase-1 within 15 min, but not TNF did not,
we compared the expression of a set of NF-xB-inducible genes in HeLa
cells in response to stimulation with IL-1B or TNFE. Phosphorylation of
IKKs was induced with similar kinetics in response to IL-1 or TNF
(Fig. 1f,g). Although IL-1B and TNF induced IxBa: mRNA and the
integrin ligand ICAM1 with similar kinetics, consistent with a pub-
lished report!?, the expression of IL-6 mRNA was higher in response
to IL-1PB stimulation (Fig. 4b). When we measured the stability of
IL-6 mRNA 20 min after stimulation with IL-1f or TNE we found
that IL-1PB extended the half-life of IL-6 mRNA much more than
TNF did (Fig. 4c and Table 1). Consistent with the reappearance of
regnase-1 protein 60-90 min after stimulation with IL-1f (Fig. 1f),
the half-life of IL-6 mRNA at 240 min was similar after stimulation
with IL-1f or TNF (Fig. 4c and Table 1), which indicated that the

Table 1 Change in IL-6 mRNA half-life in response to IL-18
stimulation in Hela cells

Stimulation 20 min 240 min

Medium alone 40.6 £3.3 446 £5.4
IL-1B 1109+ 116 51.7 £4.2
TNF 48.0x4.4 37.4+1.8

Half-life of IL-6 mRNA (in min) in Hela cells before (Medium alone) or 20 or 240 min
after stimulation with [L-1B or TNF (calculated based on the kinetic changes in Fig. 4c¢).
Data are from three independent experiments (mean £ s.d.).
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analysis of the abundanceiof mRNA encodxpg B-globin or B-actin in HEK293 o "N & = & o
Tet-off cells transfected with plasmid containing sequence encoding a ¥ Regt Qg,c)\@ K Reg1 Q@q\@ K Regi Q@g@\
tetracycline-response element and B-globin-coding sequence plus the 3’ UTR of (WT) @'\" (WT) @’\“ (WT) Q’\"‘

B-globin (B-globin.CDS + 3* UTR) or regnase-1 (B-globin CDS + Regl 3’ UTR),

together with control empty plasmid (Mock) or expression plasmid for regnase-1 (Mouse Regl), then divided 3 h after transfection and incubated for an
additional 20 h, followed by treatment (time, above lanes) with doxycycline (1 pug/ml). (¢) Quantification of the autoradiographs in b, presented as the
ratio of B-globin to B-actin. (d) The 3’ UTR of mouse regnase-1 mRNA (positions 1-865) and deletion constructs. (e) Luciferase activity of HEK293 cells
transfected for 48 h with luciferase reporter plasmids as in d (top), together with control plasmid (Mock) or expression plasmid for wild-type

regnase-1 or a nuclease-inactive mutant of regnase-1 (D14 1N); results are presented relative to renilla luciferase activity. (f) Predicted stem-loop
structure of the regnase-1-responsive element in the 3 UTR of IL-6 mRNA (left) or regnase-1 mRNA (right), pus mutations leading to disruption of the
regnase-1 stem-loop structure (Stem mutant 1 and 2). (g) Luciferase activity of HEK293 cells transfected for 48 h with luciferase reporter plasmids
containing sequence as in f (stem mutants alone (1 or 2) or together (1+2)), together with expression plasmids as in e (presented as in ). Data are
representative of three independent experiments (a—c¢) or three independent experiments with similar results (e,g; error bars, s.d. of duplicates).

kinetics of IL-6 mRNA stability correlated well with the abundance
of regnase-1 protein in response to stimulation with IL-1p or TNE
We further investigated the role of regnase-1 degradation in the sta-
bility of IL-6 mRNA by comparing the contributions of MyD88 and
TRIF in response to LPS. The half-life of IL-6 mRNA was extended in
response to LPS in control and TRIF-deficient MEFs (Supplementary
Table 1). In contrast, LPS did not affect the half-life of IL-6 mRNA
in MyD88-deficient cells, consistent with the status of regnase-1 pro-

. tein expression. These results suggested that the lower abundance of

regnase-1 protein in response to simulation with IL-1p or TLR con-
tributed to the greater stability of IL-6 mRNA. Collectively, these
results indicated that the IKK complex activated not only the tran-
scription of genes encoding cytokines by the IkBo~NE-xB pathway
but also stabilized IL-6 mRNA by degrading regnase-1 in response to
stimulation via the IL-1R or TLR (Supplementary Fig. 10).

IRAK1 interacts with and phosphorylates regnase-1

We next investigated the mechanism by which regnase-1 was degraded
by stimulation with IL-1R or TLR but not by TNFR. The data pre-
sented above indicated that activation of the IKK complex alone was
not sufficient to induce regnase-1 modification. Whereas signaling
molecules downstream of TAK1 are shared by IL-1R, TLR and TNFR,
signaling molecules such as MyD88 and IRAKs are activated by
IL-1R and TLR but not by TNFR. It has been reported that IRAKs
control mRNA stability in addition to activating NF-xB?5%7. However,
cells that lack both IRAK1 and IRAK?2 are still able to activate NF-«B
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downstream of MyD88 (ref. 5). As MyD88, IRAK1 and IRAK?2 were all
necessary for regnase-1 degradation, the IRAKs degraded regnase-1
by a mechanism independent of simple activation of the IKK complex.
Thus, we hypothesized that modification of regnase-1 by IRAKSs is
necessary for subsequent phosphorylation by the IKKs. When we
overexpressed IRAK1 and regnase-1 in HEK293 cells, we observed
that IRAK1 precipitated together with regnase-1 (Fig. 5a), which indi-
cated that regnase-1 interacted with IRAKI. Further, the mobility
of regnase-1 during electrophoresis through the gel changed when
IRAK1 was coexpressed (Fig. 5a). Treatment of cell lysates with
A-phosphatase resulted in disappearance of regnase-1 protein that
migrated more slowly (Fig. 5b), which suggested that regnase-1 was
phosphorylated by IRAK1. We confirmed that finding by an in vitro
kinase assay in which we incubated recombinant IRAK1 with
regnase-1 and determined if IRAKI1 modulated the interaction
between regnase-1 and IKKP (Fig. 5¢). Coexpression of IRAK1 aug-

-mented the interaction between the regnase-1 and IKKp (Fig. 5d).

Table 2 Change in regnase-1 mRNA half-life in response to IL-18
stimulation

Stimulation 20 min 240 min
Medium alone 49.2+4.0 48.3+5.3
IL-1B 132.1+£20.7 58.56+6.7
TNF 60.1 £18.5 492+11.6

Half-life of regnase-1 mRNA in Hela cells before and 20 or 240 min after stimulation
with {L-1B or TNF. Data are from three independent experiments (mean % s.d.).
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Figure 7 Computational modeling of the control of IL-6 mRNA expression
by regnase-1. Expression of regnase-1 protein, iL-6 mRNA and regnase-1
mRNA in Hela cells stimulated for 0~120 min (horizontal axes) with
IL-1B (Exp (IL-1B)) or TNF (Exp (TNF)), followed by normalization to
initial values {obtained from Figs. 4b and 6a). Mode! fit (I1L-1B), model
values fit to the data after stimulation with IL-1 (fitted by COPASI 4.6
software for the simulation and analysis of biochemical networks and their
dynamics3%); Model prediction (TNF), corresponding model predictions for
stimulation with TNF.

Furthermore, coexpression of IRAKI resulted in considerable
augmentation of the ubiquitination of regnase-1 induced by IKKB
(Fig. 5e). Collectively, these results suggested that IRAK1 facilitated
regnase-1 ubiquitination mediated by IKKP by direct interaction with
and modification of regnase-1.

Regnase-1 protein controls regnase-1 mRNA
Once regnase-1 underwent rapid degradation in response to TLR
or IL-1R stimuli, it reappeared within 60-120 min of stimulation,
This required new synthesis of regnase-1 mRNA via transcription
(Supplementary Fig. 5). Expression of regnase-1 mRNA in response
to IL-1P is controlled by the transcription factors NF-xB and Elk-1
(ref. 28). Although NF-xB activation was induced similarly in HeLa
cells in response to IL-1B or TNF (Supplementary Fig. 11), stimula-
tion with IL-1P induced upregulation of regnase-1 mRNA, but stimu-
lation with TNF did not (Fig. 6a). The half-life of regnase-1 mRNA
was longer after 20 min of stimulation with IL-1f, but not after 20
min of stimulation with TNF (Table 2). In contrast, the half-life of
regnase-1 mRNA was similar in unstimulated cells and those exposed
to longer periods of stimulation with IL-1f (240 min; Table 2).
Those results prompted us to hypothesize that regnase-1 mRNA
is a target of the regnase-1 RNase domain. To examine this possi-
bility, we expressed constructs with B-globin-coding sequence and
the 3" UTR of regnase-1 or f3-globin, plus the ‘Tet-off” (tetracycline-
regulated) gene-expression system (Fig. 6b). By halting new tran-
scription with doxycycline, we were able to measure mRNA stability.
Overexpression of regnase-1 resulted in rapid degradation of B-globin
mRNA in the presence of the regnase-1 3" UTR (Fig. 6b,c), which
indicated that regnase-1 targeted regnase-1 mRNA via its 3" UTR.
Next we expressed luciferase reporter constructs with the entire
3" UTR of regnase-1 (postions 1-865; numbered from the start of the
3" UTR) in HEK293 cells (Fig. 6d). The luciferase activity decreased
in response to coexpression of regnase-1 in a transfection dose~
dependent manner (Fig. 6e). Furthermore, expression of a nuclease-
inactive mutant of regnase-1 did not suppress the reporter activity
(Fig. 6e), which indicated that regnase-1 controlled its own mRNA
in a nuclease activity-dependent way. Next, by testing a set of
luciferase constructs with truncation of the 3" UTR of regnase-1,
we found that positions 1~210 of the 3’ UTR produced regnase-1-
mediated suppression, but positions 1-200 did not (Supplementary
Fig. 12). We confirmed that the 3’ UTR (positions 192-210 of
mouse regnase-1) was evolutionally conserved (Supplementary
Fig. 13) and that the addition of this sequence to the B-globin
3" UTR conferred responsiveness to regnase-1 overexpression (Fig. 6e).
This sequence motif was predicted to form a stem-loop structure

NATURE IMMUNOLOGY VOLUME 12 NUMBER 12 DECEMBER 2011

ARTICLES

(Fig. 6f) like the regnase-1-responsive sequence in the 3" UTR of
IL-6 mRNA?22°, and disruption of the stem-loop structure abrogated
regnase-1-mediated suppression of the luciferase activity, whereas
further insertion of mutations that restored the stem-loop structure
‘rescued’ the responsiveness of regnase-1 (Fig. 6g). These results sug-
gested that the stem-loop structure present in the 3’ UTR of regnase-1
was required for regnase-1-mediated inhibition.

Mathematical modeling of the control of IL-6 mRNA

‘We next constructed a mathematical model that captured the acti-
vity of regnase-1 protein and regnase-1 and IL-6 mRNA based on
biochemical equations with minimal assumptions (Supplementary
Fig. 14). In the model, mRNA abundance was regulated via the
digestion of mRNA by regnase-1 protein with experimentally deter-
mined degradation rates. The difference between stimulation with
IL-1PB and stimulation with TNF was described mathematically by
constant degradation of regnase-1 protein for 30 min after stimulation
with IL-1B, but not after stimulation with TNE Whereas we deter-
mined the unknown parameters in the model by fitting only to the
experimental data obtained after stimulation with IL-1[3, the model
qualitatively reproduced the kinetics after stimulation with TNF (Fig. 7
and Supplementary Table 2). The differences in mRNA abundance
after stimulation with IL-1P or TNF in this model resulted only from
the digestion of mRNA by regnase-1 protein. These simulations indi- -
cated that our model captured the essence of the system dynamics.

DISCUSSION

Here we have shown that regnase-1 protein underwent dynamic mod-
ification in response to stimulation via TLRs or IL-1R. Regnase-1 was
phosphorylated by the IKK complex, which led to its degradation by
a ubiquitin-proteasome-dependent mechanism. Regnase-1 mutant
proteins resistant to degradation showed more potency in suppressing
IL-6 mRNA expression than did wild-type regnase-1. The expression
of regnase-1 protein was induced in the later stage of TLR responses.
Regnase-1 mRNA was controlled by regnase-1 protein via its 3" UTR,
which could contribute to reexpression of regnase-1 protein.

We found that expression of regnase-1 in resting cells prevented
unwanted production of cytokines. The expression of IL-6 mRNA in
unstimulated conditions was higher in regnase-1-deficient cells than
in wild-type cells. This result suggested that transcriptional inhibi-
tion alone was not sufficient to shut down IL-6 mRNA completely.
The trace amounts of proinflammatory cytokine-encoding mRNAs
produced by background transcription should be degraded in resting
cells by proteins such as regnase-1. Given that regnase-1-deficient
mice spontaneously develop inflammatory disease, a dual locking
system of inhibition of transcription and degradation of mRNA seems
to be essential for the maintenance of homeostasis.

IKKSs were identified as kinases responsible for the phosphorylation
and degradation of IkBa, an inhibitor of NF-B activation. The role of
IKKs in the transcriptional activation of genes involved in inflamma-
tion has been studied extensively. In this study, we identified regnase-1
as a previously unsuspected substrate of IKK in response to activation
via TLRs or IL-1R. It is notable that this single kinase complex regu-
lated both gene transcription and mRNA stability in response to TLR
stimulation. Although published studies have identified IKK substrates
such as Bcl-10, SNAP23, p53 and IRF7 (refs. 30-33), only regnase-1
and IxBo were rapidly phosphorylated and degraded in response to
activation of the IKK complex after stimulation via TLRs or IL-1p.
A canonical DSGXXS motif is present in regnase-1 of various verte-
brates, which suggests that the IKKB-TrCP-mediated modification of
regnase-1 is evolutionally conserved. Furthermore, rapid degradation
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of regnase-1 allowed the cells to quickly express large amounts of
cytokine mRNA in response to stimulation of TLRs or IL-1R.

We found that stimulation with IL-1 led to the degradation of
regnase-1, but stimulation with TNF did not, although both cytokines
activated the IKK complex. Furthermore, a MyD88-dependent signal-
ing pathway was essential for extending the half-life of IL-6 mRNA,

. but a TRIF-dependent pathway was not, although both pathways led

to IKK-mediated activation of NF-xB. We found that IRAK1 associ-
ated with and phosphorylated regnase-1. IRAK1 and IRAK2 were
activated by IRAK4 and functioned redundantly in controlling the
production of proinflammatory cytokines. It has been shown that
IRAKI as well as IRAK2 are critical for regulating the stability of
cytokine-encoding mRNA, whereas TRAF6 is dispensable for IL-10i-
induced stabilization of mRNA?627, IRAK?2 is reported to interact
with the p38-activated kinase MK2, which inhibits the degradation
of TNF mRNA by phosphorylating and sequestering tristetraprolin.
Collectively, IRAKs may regulate mRNA stability by directly modulat-
ing various cellular proteins. However, further studies of the phospho-
rylation sites of regnase-1 are needed to identify the precise molecular
mechanism by which IRAKSs regulate mRNA stability in the TLR and
IL-1R signaling pathway. '

Notably, regnase-1 protein destabilized regnase-1 mRNA through
its 3" UTR. We identified an evolutionally conserved sequence ele-
ment in regnase-1 transcript and found that this element can form a
stem-loop structure. Disruption of the stem-loop structure abrogated
regnase-1-mediated destabilization of mRNA. The regnase-1 target
sequence found in IL-6 mRNA 3" UTR is also reported to form a
stem-loop structure. Thus, the stem-loop structure may be the target
of regnase-1 for degradation, although further structural studies are
required. [xBo mRNA is a target of NF-kB, and IKK-mediated deg-
radation of IxBo leads to synthesis of IkBct protein, which suppresses
inflammation. In this context, the self-feedback system can be a com-
mon mechanism for suppressing excess inflammation in the recovery
phase of infection, as shown in our mathematical model.

A single domain in regnase-1 has dual RNase and deubiquitinase
enzymatic functions, and regnase-1 negatively regulates Jnk and
NEF-xB signaling pathways>%, In contrast, NF-xB activation in response
to LPS is similarin wild-type and regnase-1-deficient macrophages??,
which indicates that regnase-1 is dispensable for the control of
NF-«B signaling. We do not have an explanation for this discrepancy
in the biological functions of regnase-1. As for the biochemical func-
tion of regnase-1, although it is theoretically possible for a single
domain to function as both an RNase and a deubiquitinase, a survey
of the Enzyme Commission codes for the numerical classification of
enzymes among all entries in the UniProt Universal Protein Resource
database showed that regnase-1 would be the first such domain of over
12 million entries. Moreover, we were unable to verify the reported
homology between regnase-1 and the UCH deubiquitinase domain,
for which there is a known structure4. On the basis of such prelimi-
nary investigations, we expect that further experiments will be needed
to clarify the biochemical and biological roles of regnase-1.

The mathematical model qualitatively reproduced the kinetics of
the system even after TNF stimulation. There were quantitative differ-
ences between the predicted and observed mRNA and protein abun-
dance, however, especially for regnase-1 itself, which suggests that
other factors are involved in its regulation. Nevertheless, it would be
valuable for future studies of inflammation to translate experimental
results into a theoretical framework.

Collectively, our study has demonstrated that IKK activity coupled
rapid regulation of transcription and mRNA stability in the course of
TLR responses. It is notable that regulators of gene transcription and
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mRNA stability were reciprocally controlled by a single kinase com-
plex, and mRNA stability must be taken into account to understand
the mechanisms of gene regulation in inflammation. These regulatory
mechanisms can accomplish both suppression of unwanted inflamma-
tion and rapid production of proinflammatory cytokines in response
to infection with pathogens.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Mice and reagents. Mice deficient in regnase-1, MyD88 or TRIF have been
described???3, All animal experiments were done with the approval of the
Animal Research Committee of the Research Institute for Microbial Diseases,
Osaka University. LPS from Salmonella minnesota was from Invivogen; MALP-2,
poly(I:C), R-848 and CpG DNA have been described??. Recombinant cytokines
were from R&D Systems. Actinomycin D was from Sigma; cycloheximide,
MG-132, SB203580, PD98059, SP600125 and LY294002 were from Calbiochem;
and TPCA was from TOCRIS.

Cell culture and transfection. Primary MEFs were prepared from wild-
type and regnase-1-deficient mouse embryos at embryonic day 13.5. MEFs
deficient in IKKo or IKKB or both IKKo. and IKKB were provided by
L. Verma, M. Schmitt and M. Schmidt-Supprian®%3’. Rat-1 and 5R cells have
been described®. MEFs, HeLa cells and HEK293 cells were maintained in
DMEM (Nacalai Tesque) supplemented with 10% (vol/vol) EBS. Peritoneal
exudate cells were prepared from mice 3 d after intraperitoneal injection of
4% (vol/vol) thioglycollate medium (2 ml) and were maintained in RPMI-1640
medium (Nacali Tesque) supplemented with 10% (vol/vol) FBS and 50 uM
B-mercaptoethanol. Cells were transfected through the use of Lipofectamine
2000 (Invitrogen), Fugene 6 (Roche) or the Nucleofector system (Lonza).

Construction of plasmids. Regnase-1 (Zc3h12a) cDNA has been described??.
Point mutations of the gene encoding regnase-1 (encoding the substitutions
S435A, S439A and S435A,5439A) were made with QuickChange II Site-
Directed Mutagenesis Kit (Agilent Technologies). The cDNA was ligated
to the vector pFlag-CMV2 (Invitrogen), pcDNA3.1(+)-Myc for expression,
pMRX-ires-puro or pMRX-ires-puro-Flag for retrovirus production or
pGEX-6P1 (GE Healthcare) for protein production. The 3" UTR of mouse
regnase-1 mRNA was amplified by PCR from mouse genomic DNA and ligated
to the plasmid pGL3 (Promega). The plasmids for Flag-tagged IRAK1 and
hemagglutinin-tagged ubiquitin have been described®®40. Expression
plasmids for Flag-tagged B-TrCP or B-TrCP(AF) were provided by K. Iwai and
the expression plasmid for IKKf was provided by D.V. Goeddel.

Immunoblot analysis. Whole-cell extracts were prepared in lysis buffer
(1% (vol/vol) Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5 and
1 mM EDTA supplemented with Complete Mini Protease Inhibitor Cocktail
(Roche)). Polyclonal rabbit antibody to regnase-1 was raised against recom-
binant mouse regnase-1 (amino acids 1-330). The following antibodies
were used for immunoblot analysis: antibody to IxBo (anti-IxBo; 9247; Cell
Signaling Technology), antibody to phosphorylated IKKo,JKKf (2697; Cell
Signaling Technology), anti-IKKp (40907; Active Motif), anti-IRAK2 (3595;
ProSci), anti-B-actin (C-11; Santa Cruz), anti-c-Myc (C3956 or M4439; Sigma),
anti-hemag'glutinin (3724; Cell Signaling Technology), anti-Flag (M2 (A8592);
Sigma) and anti-ubiquitin (P4D1; Santa Cruz). Rabbit anti-IRAK1 and rabbit
anti-IRAK4 have been described®. Luminescence was detected with a lumi-
nescent image analyzer (ImageQuant LAS 4000).

Treatment with A-phosphatase and immunoblot analysis. Cell lysates were
incubated for 30 min at 30 °C with A-phosphatase (New England Biolabs), then
samples were separated by SDS-PAGE and analyzed by immunoblot.

Immunoprecipitation. HEK293 cells or HeLa cells seeded on 60- or 100-mm
dishes were transiently transfected with a total of 1-2 g of the appropriate
combination of plasmids. At 24 h after transfection, cells were lysed in lysis
buffer (described above). Proteins were immunoprecipitated from lysates over-
night with the appropriate antibodies and protein G Sepharose 4 Fast Flow
(GE Healthcare) in lysis buffer. Immune complexes were washed three times
with lysis buffer and suspended in SDS sample buffer (lysis buffer containing
3 mM Tris-HCI, pH 6.8, 2% (wt/vol) SDS, 5% (vol/vol) B-mercaptoethanol,
10% (vol/vol) glycerol and bromophenol blue). Samples were boiled for 5 min
at 98 °C and separated by SDS-PAGE.

Ubiquitination assay. HeLa cells were incubated for 60 min with MG-132

(1 uM) before stimulation. Transfected HEK293 cells were incubated for 9 h
with MG-132 (1 uM) before collection. Cell lysates were boiled for 5 min at
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90 °C in 1% (wt/vol) SDS for removal of noncovalently attached proteins, fol-
lowed by immunoprecipitation with anti-regnase-1 and protein G Sepharose
4 Fast Flow (GE Healthcare) in 0.1% (wt/vol) SDS lysis buffer in the presence
of protease inhibitors and MG132 (1 uM). Ubiquitin was detected by immu-
noblot analysis.

In vitro kinase assay. IKK and IRAK1 in vitro kinase assays were done as
described®!. Recombinant IKKo, IKKB and IRAK1 proteins were from
Millipore. GST fusion proteins of regnase-1 (wild-type S435A, S439A and $435,
$439A) and GST fusion peptides corresponding to amino acids 430-441 of
wild-type regnase-1 (QECLDSGIGSLE) and its S435A, S439A and $435,5439A
mutants were produced from Escherichia coli as described??. GST-IkBo. was
from Abcam (ab59981). These proteins were incubated for 30 min at 30 °C
with 370 kBq of [y-32P]ATP in kinase buffer (20 mM HEPES, pH 7.7, 20 mM
B-glycerophosphate, 10 mM sodium fluoride, 10 mM MnCl,, 10 mM MgCl,
and 2 mM dithiothreitol). Kinase reactions were stopped by heating of the SDS
sample buffer, and proteins were separated by SDS-PAGE, then radiolabeled
proteins were visualized autoradiography. Total proteins were visualized by
staining with Coomassie Brilliant Blue.

Quantitative PCR analysis. TRIzol (Invitrogen) or ZR RNA MicroPrep
(Zymo research) was used for the isolation of total RNA, and ReverTra
Ace was used according to the manufacturer’s instructions (Toyobo) for
reverse transcription. For quantitative PCR, DNA fragments were amplified
through the use of Thunderbird Probe gPCR Mix (Toyobo) or Thunderbird
SYBR qPCR Mix (Toyobo); TagMan probes for mouse IL-6, human
IL-6, human regnase-1, human IxBo. and human ICAM1 were from Applied
Biosystems. IL-6 primers (forward, 5-CCGGAGAGGAGACTTCACAG-3";
reverse, 5-ACAGTGCATCATCGCTGTTC-3’) and B-actin primers (5-CT
ACGTGGGCGACGAGGCCCAGAG-3’, 5-GGGTACATGGTGGTGCCA
CCAGAC-3") were used for SYBR Green assays. Fluorescence was detected
with a StepOne Real-Time PCR System (Applied Biosystems). For analysis of
the induction mRNA in response to various stimuli, the abundance of mRNA
of each expressed gene was normalized to that of 185 rRNA or B-actin.

Stability of mRNA. Actinomycin D (5 or 10 ig/ml; Sigma) was added directly
to cell cultures previously treated with TNE, IL-1B or LPS without removal of
the stimulant. Cells were incubated for the appropriate time after the addi-
tion of actinomycin D, followed by quantitative PCR analysis of mRNA as
described above.

Retroviral transduction of bone marrow-derived macrophages. Bone marrow
cells were isolated from regnase-1-deficient mice that had been injected
with 5 mg 5-fluorouracil (Nacalai Tesque) intraperitoneally 4 d before prep-
aration. Cells were cultured in stem cell medium (RPMI medium supple-
mented with 15% (vol/vol) FBS, 10 mM sodium pyruvate, 2 M L-glutamine,
50 uM B-mercaptoethanol, 100 U/ml of penicillin, 100 U/ml of streptomycin,
100 ng/ml of stem cell factor, 10 ng/ml of IL-6 and 10 ng/ml of IL-3). Then,
48 h later, cells were transduced with retroviral supernatant (supplemented
with stem cell factor, IL-6, IL-3 and 10 ng/m! of polybrene) on 2 successive
days. Virus was produced by PlatE packaging cells transfected with various
plasmids. After the second transduction, cells were washed and resuspended
in macrophage growth medium (RPMI-1640 medium supplemented with 10%
(vol/vol) FBS, 50 uM B-mercaptoethanol, 100 U/ml of penicillin, 100 ug/m! of
streptomycin and 20 ng/m! of macrophage colony-stimulating factor). After
5 d, cells were washed once and cultivated for 2 d with macrophage growth
medium plus puromycin (2.5 pg/ml; InvivoGen), then cells were collected
for further analysis.

Retroviral transduction of regnase-1-deficient MEFs. MEFs were cultured
in DMEM with 10% (vol/vol) FBS, then were transduced with retroviral
supernatant on 2 successive days. Virus was produced by PlatE packaging
cells transfected with various plasmids. After transduction, cells were washed
and resuspended for 24 h in DMEM with 10% (vol/vol) FBS. Cells were
washed once and cultured for 36 h in DMEM with puromycin (2 pg/ml;
InvivoGen), then stimulated for the appropriate time with IL-15 and
collected for further analysis.

doi:10.1038/ni.2137
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Tet-off system, HEK293 Tet-off cells (3 x 10%) were transfected with pTRE
tight plasmid containing sequence encoding a tetracycline-response element
plus the B-globin coding sequence and the 3" UTR of B-globin or regnase-1,
together with expression plasmids for wild-type or mutant regnase-1 or con-
trol (empty) plasmid. After 3 h, cells were subdivided into three 60-mm dishes
and cultured overnight. The transcription of mRNA from pTRE tight vectors
was terminated by the addition of doxycycline (1 ig/ml), and total RNA was
prepared at the appropriate time. RNA was assessed by RNA-hybridization
analysis for measurement of the abundance of B-globin and B-actin mRNA.

Luciferase assay. HEK293 cells were transfected with luciferase reporter
plasmid pGL3 containing the 3' UTR of regnase-1 or empty plasmid together
with expression plasmid for regnase-1 or empty control plasmid. After
48 h of cultivation, cells were lysed and luciferase activity in lysates was
determined with the Dual-Luciferase Reporter Assay system (Promega).
The gene encoding renilla luciferase was transfected simultaneously as an
internal control.

doi:10.1038/ni.2137

Statistical analysis. Statistical significance was calculated with the two-tailed
Student’s #-test. P values of less than 0.05 were considered significant.

Additional methods. Information on mathematical modeling (including
Supplementary Fig. 15) is available in the Supplementary Methods.
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SUMMARY

Toll-like receptor 7 (TLR7) and TLR9 sense viral
nucleic acids and induce production of type I inter-
feron (IFN) by plasmacytoid dendritic cells (pDCs)
to protect the host from virus infection. We showed
that the IFN-inducible antiviral protein Viperin
promoted TLR7- and TLR9-mediated production of
type | IFN by pDCs. Viperin expression was potently
induced after TLR7 or TLR9 stimulation and Viperin
localized to the cytoplasmic lipid-enriched compart-
ments, lipid bodies, in pDCs. Viperin interacted with
the signal mediators IRAK1 and TRAF6 to recruit
them to the lipid bodies and facilitated K63-linked
ubiquitination of IRAK1 to induce the nuclear translo-
cation of transcription factor IRF7. Loss of Viperin
reduced TLR7- and TLR9-mediated production of
type | IFN by pDCs. However, Viperin was dispens-
able for the production of type 1 IFN induced by intra-
cellular nucleic acids. Thus, Viperin mediates its
antiviral function via the regulation of the TLR7 and
TLR9-IRAK1 signaling axis in pDCs.

INTRODUCTION

Innate immunity, the first line of host defense against infectious
agents, is initiated after the recognition of components of patho-
gens by pattern-recognition receptors (PRRs) (Medzhitov, 2009;
O’Neill and Bowie, 2010; Takeuchi and Akira, 2010). PRRs, such
as the Toll-like receptor (TLR), RIG-I-like receptor (RLR),
NOD-like receptor (NLR), and the C-type lectin family, drive the
coordinated activation of signaling pathways to produce type |
interferon (IFN), proinflammatory cytokines, and chemokines,
resulting in the induction of host defense response (Medzhitov,
2009; O’Neill and Bowie, 2010; Takeuchi and Akira, 2010).
Production of type | IFN is induced after the detection of viral
nucleic acids by PRRs and plays a central role in the establish-
ment of an antiviral state (Medzhitov, 2009; O’Neill and Bowie,
2010; Takeuchi and Akira, 2010). RNA helicases RIG-I and
MDA-5, known as RLRs, sense RNA of RNA viruses in the
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cytoplasm and activate transcription factors IRF3 and IRF7,
which induce interferon stimulation responsive element-depen-
dent transecription, resulting in the production of type | IFN
(Yoneyama and Fujita, 2010). In contrast, stimulator of interferon
genes (STING; also known as MPYS, MITA, or ERIS) mediate the
activation of the IRF3-dependent innate immune response
induced by a cyclic diadenosine monophosphate of Listeria
monocytogenes and a double stranded (ds) DNA of DNA viruses
(Ishikawa et al., 2009). The IRF3- and IRF7-dependent innate
immune responses are also induced after TLR stimulation
(Medzhitov, 2009; O’Neill and Bowie, 2010; Takeuchi and Akira,
2010). TLR3 and TLR4 induce IRF3- and IRF7-dependent
production of type | IFN after the recognition of extracellular
dsRNA and lipopolysaccharide (LPS), respectively (Kawai and
Akira, 2010). Plasmacytoid dendritic cells (pDCs) produce a burst
amount of type | IFN after the engagement of TLR7 and TLR9.
TLR7 detects the single stranded (ss) RNA of RNA viruses and
TLR9 detects unmethylated CpG DNA of DNA viruses (Blasius
and Beutler, 2010). In pDCs, the engagement of TLR7 or TLR9
in lysosomes triggers the potent activation of IRF7 via kinases
IRAK1 and IKKa, leading to the robust production of type | IFN
(Blasius and Beutler, 2010).

Inflammatory cytokines and chemokines are also required for
the host defense response (Medzhitov, 2009; O’Neill and
Bowie, 2010; Takeuchi and Akira, 2010). The engagement of
all TLR members and NOD1 and NOD?2 triggers the production
of proinflammatory cytokines and chemokines via the activa-
tion of the transcription factor NF-xB (Medzhitov, 2009; O'Neill
and Bowie, 2010; Takeuchi and Akira, 2010). C-type lectins,
such as Dectin-1, also mediate the production of inflammatory
cytokines via the tyrosine kinase Syk-dependent pathway
(Takeuchi and Akira, 2010). Inflammasomes, the caspase-1
containing complexes, induce the processing of pro-iL-18
and subsequent production of the inflammatory cytokine
IL-1B after microbial infection (Schroder and Tschopp, 2010).
The three types of recognized inflammasomes are: the AIM2
(absent in melanoma 2) inflammasome, activated by cytosolic
microbial dsDNA; IPAF (ice protease-activating factor), acti- .
vated by bacterial flagellin; and NALP3 (NACHT, LRR, and
PYD domains-containing protein 3), activated after damage in
an organelle such as disrupted homeostasis of the Golgi appa-
ratus by the M2 protein of influenza virus (Schroder and
Tschopp, 2010; Ichinohe et al., 2010).
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The IFN-inducible genes, which are upregulated after stimula-
tion by IFNs and the engagement of PRRs, are critically involved
in the host defense response against infectious agents (Honda
et al., 2006). Targeted disruption of IRF3 and IRF7 and type |
IFN receptors renders the host susceptible to viral infection,
clearly indicating the importance of type | IFN in antiviral innate
immunity (Honda et al., 2006). Although the mechanism under-
lying the direct elimination of viruses by IFN-inducible genes
has been studied for some time, there are still IFN-inducible
genes of unknown function in PRR-triggered signaling pathways.
Therefore, clarification of the roles of IFN-inducible genes in the
regulation of PRR-mediated innate immune responses is clearly
important in order to understand host defense.

In the present study we focused on Viperin (also known as
RSAD2, Vigt, or Cig5), which was originally identified as one of
the inducible genes during infection with human cytomegalo-
virus (Chin and Cresswell, 2001). Viperin is also induced by
type lIFN, type 1 IFN, LPS, and RNA viruses (Chin and Cresswell,
2001; Severa et al., 2006). Viperin localizes on the endoplasmic
reticulum and Golgi apparatus and is transported to lipid-en-
riched compartments called lipid droplets (Chin and Cresswell,
2001; Hinson and Cresswell, 2009a; Hinson and Cresswell,
2009b). Viperin harbors an amphipathic «-helix domain at its
N-terminus and functions by anchoring on a lipid layer via this
domain (Hinson and Cresswell, 2009b). Viperin suppresses the
replication of influenza virus by disrupting the lipid rafts (Wang
et al., 2007). Viperin can also suppress the replication of other
types of viruses probably by acting as a radical S-adenosylme-
thionine (SAM) enzyme (Jiang et al., 2008; Jiang et al., 2010;
Duschene and Broderick, 2010; Shaveta et al., 2010). Recentstu-
dies have revealed that Viperin is involved in the activation of
NF-kB and AP-1 in T cells (Qiu et al., 2009). However, it is
unknown whether Viperin is involved in the PRR-mediated innate
immune response. Here, we examined the potential involvement
of Viperin in PRR-induced production of type | IFN, inflammatory
cytokines, and chemokines and showed Viperin is important in
TLR7- and TLR9-mediated production of type | [FN by pDCs.

RESULTS

Viperin Expression Induced by Pathogens

We examined the expression of Viperin after the engagement of
various types of PRRs. The engagement of TLR3 and that of
TLR4 resulted in the induction of Viperin in peritoneal macro-
phages (Figure 1A). The engagement of TLR7 and that of TLR9
also resulted in the induction of Viperin in splenic pDCs (Fig-
ure 1B). However, ligands for TLR2 or TLR5 failed to trigger the
induction of Viperin (Figure 1A). Curdlan and zymosan, ligands
for C-type lectin Dectin-1, also failed to induce the expression
of Viperin (Figure 1A). The activation of RLR- or STING-signaling
pathway resulted in the induction of Viperin in GMCSF-induced
DCs (Figures 1C and 1D). The expression of Viperin was also
induced after infection by Salmonella typhimurium, which
triggered both TLR- and NLR-dependent signals (Figure 1D).
We examined whether the induction of Viperin was regulated
by IRF3 and a related transcription factor IRF7 because IRF3 is
able to induce the transcription of Viperin, and these transcrip-
tion factors are activated by nucleic acids and LPS (Severa
et al.,, 2006; Ishikawa et al., 2009; Kawai and Akira 2010;

Yoneyama and Fujita, 2010). Upregulation of Viperin by the path-
ogens was disrupted in macrophages or GMCSF-induced DCs
lacking both IRF3 and IRF7. (Figures 1A, 1C, and 1D). In pDCs,
IRF7 is required for TLR7 and TLR9-mediated expression of
Viperin (Figure 1B). These results indicated that various types
of PRRs could trigger the induction of Viperin via the activation
of IRF3 and IRF7 and suggested a potential involvement of
Viperin in the regulation of the PRR-mediated innate immune
response.

Viperin Facilitates TLR7/2-Dependent Production

of Type [ IFN

To investigate a role for Viperin in the PRR-mediated innate
immune response, we generated Viperin-deficient (Rsad2™")
mice (Figure S1A available online). Successful targeted disrup-
tion of the Viperin gene locus was confirmed by Southern blotting
analysis (Figure S1B). Neither Viperin mRNA nor Viperin protein
was detected in Rsad2™/~ embryonic fibroblasts (Figures S1C
and S1D). Rsad2~/~ mice were found at Mendelian ratios and
grew normally (Figure S1E).

We then assessed whether Viperin regulates TLR-dependent
production of type | IFN. The production of type I IFN after the
engagement of TLR7 with heat-treated Newcastle disease virus
(NDV) or TLR9 by CpG DNA was impaired in Rsad2~'~ FLT3L-
induced DCs (Figures 2A and 2B). CpG DNA-induced IFN-B
mRNA synthesis was attenuated in Rsad2~'~ FLT3L-induced
DCs, indicating that IFN-8 production is reduced at the transcrip-
tional level (Figure 2C). Viperin deficiency reduced the amount of
intracellular IFN-« protein in B220* FLT3L-induced DCs (Fig-
ure 2D). Consistent with these results, the production of IFN-a
induced by A- and D-type CpG DNA was impaired in Rsad2™/~
splenic pDCs, and the amount of IFN-a in the serum was
reduced in Rsad2~/~ mice injected with A- or D-type CpG DNA
(Figures 2E and 2F). These results indicated that Viperin
promotes TLR7 and TLR9-dependent production of type | IFN
by pDCs. However, Viperin was not involved in the production
of IL-12 p40 after TLR7 or TLRS stimulation, suggesting a selec-
tive requirement of Viperin in the TLR7 and TLR9-mediated
signaling pathway (Figures 2A-2C, 2E, and 2F). Complementa-
tion of wild-type Viperin, but not the N-terminal deletion mutant,
into Rsad2™/~ FLT3L-DCs restored IFN-B production induced by
TLR7 or TLR9 engagement (Figure 2G). Because the N terminus
of the Viperin protein is an amphipathic a-helix responsible for
membrane association, anchoring on the membrane compart-
ments is required for its function in the TLR7- or TLRS-mediated
innate immune response. Viperin was dispensable for the TLR4-
mediated IFN response because Rsad2~'~ GMCSF-induced
DCs produced normal amounts of IFN-B and CXCL10, an
IFN-inducible chemokine, in response to LPS (Figure 2H).

We also assessed the involvement of Viperin in the production
of type | IFN induced by intracellular nucleic acids. The produc-
tion of type | IFN induced by transfected dsRNA or dsDNA was
also normal in Rsad2™~ MEFs (Figure S2A). Viperin was
dispensable for the production of type | IFN induced by NDV,
encephalomyocarditis virus (EMCV), L. monocytogenes, or
herpes simplex virus 1 (HSV1) (Figures S2B and S2C). These
results indicated that Viperin does not regulate RLR- and
STING-mediated IFN-§ production.
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(A) Peritoneal macrophages from rf3*/~Irf7*/~ and Irf3™/~Irf7~/~ mice were stimulated with the indicated ligands for 5 hr. Whole-cell lysate was subjected to

immunoblotting analysis with the indicated antibodies.

(B) Splenic plasmacytoid dendritic cells from Irf3*/~Irf7*/~ and Irf3*/~Irf7~~ mice were stimulated with indicated ligands for 5 hr.

(C) GMCSF-induced bone marrow denditic cells from /r£3*/~Irf7*/~ and Irf3~/~Irf7~/~ mice were infected with live Newcastle disease virus (NDV) at a multiplicity
of infection (MOI) equal to one or heat-treated (H.T.) NDV for 24 hr or were stimulated with dsRNA (poly rl-rC) plus LF2000 or IFN-B for 8 hr.

(D) Peritoneal macrophages from If3*/~Inf7*/~ and Inf3~/~Irf7~/~ mice were infected with S. typhimurium (MOI = 0.1) or L. monocytogenes (MOI = 20) for 24 hr
or were stimulated with dsDNA (poly dA-dT) plus LF2000 for 8 hr. Data are representative of two independent experiments.

We next examined the involvement of Viperin in PRR-induced
production of inflammatory cytokines. Rsad2™'~ macrophages
produced a normal amount of TNF and IL-6 after the engage-
ment of TLR2, TLR4, TLR7, or TLR9 (Figure $2D). Viperin was
also dispensable for the production of TNF and IL-1p after the
engagement of Dectin-1 (Figure S2E). Viperin deficiency did
not affect the production of IL-18 by the activation of the
AIM2-, IPAF-, or NALP3 inflammasome (Figures S2F and S2G).
Viperin was not involved in the enhancement of IL-6 production
induced by the engagement of NOD1 or NOD2 (Figure S2H).
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These results indicated that Viperin does not regulate the
production of inflammatory cytokines.

Interaction of Viperin with IRAK1 and TRAF6

Specific involvement of Viperin in TLR7 or TLR9-dependent type
I IFN production prompted us to examine the molecular function
of Viperin. The population of Rsad2™~ B220"CD11C* cells
(generally regarded as pDCs; Blasius and Beutler, 2010; Kawai
and Akira, 2010) was normal in splenocytes and in FLT3L-
induced bone-marrow-derived cells, indicating that Viperin is
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Figure 2. Viperin Promotes TLR7 and TLR9-
Dependent Production of Type | IFNs by
Piasmacytoid Dendritic Cells
A (A and B) Rsad2*"* or Rsad2~'~ FLT3L-induced
bone marrow dendritic cells were stimulated with
TLR7 ligands (H.T. NDV and R848) or TLR9 ligands
(D19, D35 and ODN1668). Culture supernatant
was collected 24 hr after stimulation and sub-
jected to ELISA. The results shown are mean + SD
3). Statistical significance (p value) was
determined by the Student’s t test. *p < 0.01 (C)
- Rsad2** or Rsad2™’~ FLT3L-induced bone-
marrow dendritic cells were stimulated with D19
(1 uM) for 8 hr. Total RNA was isolated and sub-
jected to quantitative RT-PCR analysis for IFN-B
and IL-12 p40.
(D) Intracellular IFN-u staining of Fit3L-induced
B220* dendritic cells derived from Rsad2*/* or
Rsad2™'~ mice. The D19-stimulated cells were
stained with anti-B220 and anti-IFN-a and were
subjected to flow cytometry analysis.
(E) Rsad2** or Rsad2™~ splenic plasmacytoid
dendritic cells were stimulated with D19 for 24 hr.
(F) Rsad** or Rsad2™/~ mice were intravenously
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not necessary for the development of pDCs (Figures S3A and
S3B). Viperin does not regulate uptake of A- or D-type CpG
DNA because the population positive for the FITC-labeled CpG
DNA in Rsad2~/~ B220*CD11C* DCs was comparable to that
in wild-type DCs (Figure S3C). The expression level of LC3-1
and LCIl protein and p62 protein was not altered by Viperin
deficiency (Figure S3D), indicating that Viperin does not regulate
basal autophagy, which is required for the recognition of the viral
genome by TLR7 and TLR9 in pDCs (Lee et al., 2007).

Because Viperin anchors on the cytoplasmic face of alipid layer
of the membrane compartments, we examined whether Viperin
regulates essential signal mediators, such as IKKea, IRAK1,
IRAK4, IRF7, MyD88, TRAF3, and TRAF6 (Kawai et al., 2004;
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were cultured in the presence of FLT3L for 7 days
and then stimulated with D19 (1 uM) for 24 hr.
Culture supernatant and whole-cell lysate were
subjected to ELISA and immunoblotting analysis
respectively.

(H) Rsad2*/* or Rsad2™'~ GMCSF-induced bone
marrow dendritic cells were stimulated with LPS
(100 ng/mL]) for 24 hr, and the culture supernatant
was subjected to ELISA. Data are representative
of three independent experiments.
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Honda et al., 2004; Uematsu et al., 2005;
Hoshino et al., 2006; Hacker et al., 2006).
Viperin is dispensable for A- and D-type
CpG DNA-induced phosphorylation of
Ser176 and Ser180 residues of IKKa,
whichis an essential step for IFN response
by pDCs (Figure S3E) (Gotoh et al., 2010).
In conventional dendritic cells (cDCs), B-
and K-type CpG DNA, but not A- and
D-type CpG DNA, induces activation of the IKKa~IRF1 signaling
axis leading to IFN-B production (Hoshino et al., 2010). Viperin
was also dispensable for IKKa-mediated production of IFN-B
induced by B- and K-type CpG DNA in cDCs (Figure S3F). These
results indicated that Viperin does not regulate the activation of
IKKa. We assessed the interaction of Viperin with the remaining
essential mediators. When transiently expressed in 293 cells,
IRAK1 and TRAF6 interacted with Viperin, whereas the other
mediators, IRAK4, IRF7, MyD88, and TRAF3, appeared not to
interact with Viperin (Figures 3A and 3B). In FLT3-induced DCs
stimulated with A- andD-type CpG DNA, endogenous Viperin
interacted with endogenous IRAK1 and endogenous TRAF6
(Figures 3C and 3D). When ectopically expressed, Viperin®42
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Figure 1. Induction of Viperin after Sensing of Pathogens
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(A) Peritoneal macrophages from I3 Irf7*'~ and Irf3~/~Irf7~'~ mice were stimulated with the indicated ligands for 5 hr. Whole-cell lysate was subjected to

immunoblotting analysis with the indicated antibodies.

(B) Splenic plasmacytoid dendritic cells from Irf3*/~rf7+*/~ and Irf3*/~Irf7~'~ mice were stimulated with indicated ligands for 5 hr.

(C) GMCSF-induced bone marrow dendritic cells from /rf3*/~Irf7+/~ and Irf3~~Irf7~'~ mice were infected with live Newcastle disease virus (NDV) at a multiplicity
of infection (MOI) equal to one or heat-treated (H.T.) NDV for 24 hr or were stimulated with dsRNA (poly rl-rC) plus LF2000 or IFN-8 for 8 hr.

(D) Peritoneal macrophages from Irf3*/~Irf7*/~ and Irf3~/~Irf7~~ mice were infected with S. typhimurium (MOI = 0.1) or L. monocytogenes (MOl = 20) for 24 hr
or were stimulated with dsDNA (poly dA-dT) plus LF2000 for 8 hr. Data are representative of two independent experiments.

We next examined the involvement of Viperin in PRR-induced
production of inflammatory cytokines. Rsad2™'~ macrophages
produced a normal amount of TNF and IL-6 after the engage-
ment of TLR2, TLR4, TLR?7, or TLR9 (Figure S2D). Viperin was
also dispensable for the production of TNF and IL-1B after the
engagement of Dectin-1 (Figure S2E). Viperin deficiency did
not affect the production of IL-18 by the activation of the
AIM2-, IPAF-, or NALP3 inflammasome (Figures S2F and S2G).
Viperin was not involved in the enhancement of IL-6 production
induced by the engagement of NOD1 or NOD2 (Figure S2H).
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These results indicated that Viperin does not regulate the
production of inflammatory cytokines.

Interaction of Viperin with IRAK1 and TRAFS6

Specific involvement of Viperin in TLR7 or TLR9-dependent type
11FN production prompted us to examine the molecular function
of Viperin. The population of Rsad2™~ B220"CD11C* cells
(generally regarded as pDCs; Blasius and Beutler, 2010; Kawai
and Akira, 2010) was normal in splenocytes and in FLT3L-
induced bone-marrow-derived cells, indicating that Viperin is
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Figure 2. Viperin Promotes TLR7 and TLRO-
Dependent Production of Type § IFNs by
Plasmacytoid Dendritic Celis
(A and B) Rsad2** or Rsad2™~ FLT3L-induced
bone marrow dendritic cells were stimulated with
TLRY? ligands (H.T. NDV and R848) or TLRS ligands
(D19, D35 and ODN1668). Culture supernatant
was collected 24 hr after stimulation and sub-
jected to ELISA. The results shown are mean = SD
(n = 3). Statistical significance (p value) was
determined by the Student’s t test. *p < 0.01 (C)
- Rsad2*’* or Rsad2~/~ FLT3L-induced bone-
marrow dendritic cells were stimulated with D19
(1 uM) for 8 hr. Total RNA was isolated and sub-
jected to quantitative RT-PCR analysis for IFN-B
and IL-12 p40.
(D) Intracellular IFN-a. staining of FIt3L-induced
B220* dendritic cells derived from Rsad2** or
Rsad2™~ mice. The D19-stimulated cells were
stained with anti-B220 and anti-IFN-« and were
subjected to flow cytometry analysis.
(E) Rsad2** or Rsad2~/~ splenic plasmacytoid
dendritic cells were stimulated with D19 for 24 hr.
(F) Rsad™* or Rsad2™~ mice were intravenously
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not necessary for the development of pDCs (Figures S3A and
S3B). Viperin does not regulate uptake of A- or D-type CpG
DNA because the population positive for the FITC-labeled CpG
DNA in Rsad2™/~ B220*CD11C* DCs was comparable to that
in wild-type DCs (Figure S3C). The expression level of LC3-I
and LCIl protein and p62 protein was not altered by Viperin
deficiency (Figure S3D), indicating that Viperin does not regulate
basal autophagy, which is required for the recognition of the viral
genome by TLR7 and TLR9 in pDCs (Lee et al., 2007).

Because Viperin anchors on the cytoplasmic face of alipid layer
of the membrane compartments, we examined whether Viperin
regulates essential signal mediators, such as IKKa, IRAK1,
IRAK4, IRF7, MyD88, TRAF3, and TRAF6 (Kawai et al., 2004;
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were cultured in the presence of FLT3L for 7 days
and then stimulated with D19 (1 M) for 24 hr.
Culture supernatant and whole-cell lysate were
subjected to ELISA and immunoblotting analysis
respectively.

(H) Rsad2*™* or Rsad2™"~ GMCSF-induced bone
marrow dendritic cells were stimulated with LPS
(100 ng/mL) for 24 hr, and the culture supernatant
was subjected to ELISA. Data are representative
of three independent experiments.
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Honda et al., 2004; Uematsu et al., 2005;
Hoshino et al., 2006; Hacker et al., 2008).
3 Viperin is dispensable for A- and D-type
X 1 CpG DNA-induced phosphorylation of
Ser176 and Ser180 residues of IKKa,
which is an essential step for IFN response
by pDCs (Figure S3E) (Gotoh et al., 2010).
In conventional dendritic cells (cDCs), B-
and K-type CpG DNA, but not A- and
D-type CpG DNA, induces activation of the IKKa-IRF1 signaling
axis leading to IFN- production (Hoshino et al., 2010). Viperin
was also dispensable for IKKa-mediated production of IFN-8
induced by B- and K-type CpG DNA in cDCs (Figure S3F). These
results indicated that Viperin does not regulate the activation of
IKKa.. We assessed the interaction of Viperin with the remaining
essential mediators. When transiently expressed in 293 cells,
IRAK1 and TRAF6 interacted with Viperin, whereas the other
mediators, IRAK4, IRF7, MyD88, and TRAF3, appeared not to
interact with Viperin (Figures 3A and 3B). In FLT3-induced DCs
stimulated with A- andD-type CpG DNA, endogenous Viperin
interacted with endogenous IRAK1 and endogenous TRAF6
(Figures 3C and 3D). When ectopically expressed, Viperin®*?
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