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cells in a hilar lymph node (e), harvested from WT and Jmjd3~~ chimeras
9 d after N. brasiliensis inoculation. After harvesting, cells were stimulated
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Figure 3 Crucial role of Jmjd3 in the responses to N. brasiliensis infection.
(a) Macrophages and eosinophils from WT and Jmjd3~~ chimeric mice - "
inoculated with 300 third-stage larvae of N. brasiliensis. BAL fluid was o5, ]
extracted 13 d after N. brasiliensis infection, and cells were stained o
with Diff-Quik. (b) Total numbers of monocytes and macrophages and g _
eosinophils in the BAL fluid from wild-type (WT; n=7) and Jmjd3~(n=7) ) 15
chimeras O, 5 and 13 d after infection. (c) Expression of indicated mRNAs 3‘ i«
(vertical axes; refative to 18S rRNA) determined by quantitative PCRin N. =51
brasiliensis-infected or uninfected mice (WT or Jmjd3--). Infected, n=7; Jmjd3 2 5
uninfected, n=2. (d,e) Representative result of intracellular IL-4 and IFN-y 2 kt jﬁ : © o
- staining in T cells from hilar lymph nodes (d), and number of |L-4-producing © = 10% 455

oyl
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with CD3 and CD28 for 4 h, and CD4, CD8, IL-4 and IFN-y expression were determined. Boxes and numbers indicate percentages of CD4* cells in hilar
lymph node cells and {L-4-producing cells in CD4* cells. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test). Results are representative of two experiments
with four mice per group {(a,b), a single experiment with seven mice per group (c) or a single experiment with five mice (d,e) (error bars indicate s.d.).

 However, the recruitment of eosinophils was severely impaired in

]mjd3“/‘ chimeric mice (Fig. 3b). To investigate the characteristics
of recruited macrophages, we extracted RNA from lung tissue
5 d after N. brasiliensis infection. M2 markers such as Argl, Yml,

Fizzl and MR were barely expressed in Jmjd3~/~ chimeras (Fig. 3c).
Furthermore, induction of genes encoding the eosinophil-recruiting
chemokine eotaxin-2 and the Ty2-inducing cytokines IL-4 and IL-13
was severely impaired in Jmjd3~/~ chimeric mice (Fig. 3c). Thus, we
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unsupplemented control medium; stimulation (h) stimulation (h) L ‘ &Q\ 3 ég(“ &
ND, not determined. (c,d) ELISAs & & O
showing production of TNF (c) and v B

IL-6 (d) in the culture supernatants of WT and Jmjd3-- M-BMMs (M-CSF-cultured) stimulated with TLR ligands. (e) Quantitative PCR analysis showing expression
of Argl, Ym1, Fizzl, MR and IL-13 mRNAs (relative to 18S rRNA) in total RNA prepared from WT and Jmjd3~~ M-BMMs. (f) Quantitative PCR analysis showing
expression of Argl and Fizz1 mRNAs (relative to 18S rRNA) in total RNA prepared from WT and Jmjd3-"~ M-BMMs stimulated with IL-4 (10 ng/ml). (g,h) Reverse-
transcription PCR showing expression of Jmjd3 cDNA, with Actb cDNA as an expression control (g), and quantitative PCR showing expression of Argl, Ym1

and MR mRNAs (relative to empty-vector control; h), in total RNA of Jmjd3-~ M-BMMs generated from bone marrow cells infected with retroviruses expressing
WT Jmjd3 (amino acid residues 1141-1641) or its iron binding-deficient mutant. Resulis are representative of four (a-d), three (e,f) or two (g,h) independent
experiments (error bars indicate s.d.).
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Figure 5 Jmjd3 is required for the cell-cycle progression of M-BMMs. (a)

Numbers of GM-BMMs and M-BMMs generated from wild-type (WT)

and Jmjd3~'~ bone marrow cells. Bone marrow celis from WT and Jmjd3~/~ chimeras were cultured in the presence of GM-CSF for 5 d or M-CSF for
time indicated (horizontal axis), and the number of adherent CD11b* cells was counted. (b) Incorporation of BrdU in WT and Jmjd3~'~ GM-BMMs
and M-BMMs incubated in the presence of BrdU for 24 h. Incorporation was examined by intracellular staining with anti-BrdU. (c) Quantitative
PCR showing expression of mRNAs encoding c-Myc, c-Myb, cyclin D1 and cyclin D2 (relative to 18S rRNA) in WT and Jmjd3~/~ M-BMMs.

(d) Surface expression of colony stimulating receptor (CSF1R) and CD11b on WT and Jmjd3-"- M-BMMs. Boxes and numbers indicate percentages
of CSF1R-expressing M-BMMs. (e) Expression of phosphorylated (p-) and unphosphorylated Erk, p38 and Akt in WT and Jmjd3~- M-BMMs
stimulated with M-CSF (50 ng/ml). Cells were starved for 4 h before stimulation, and cell lysates were subjected to immunoblot analysis with
antibodies to p-Erk, p-p38 and p-Akt. The membrane was stripped and reprobed for expression of Erk, p38 and Akt. (f) Quantitative PCR showing
Jmjd3 mRNA expression (relative to 18S rRNA) by M-BMMs and GM-BMMs. *P < 0.05; **P < 0.01 (two-tailed Student’s f-test). Results are
representative of four (a), three (b,f) or two (c~e) independent experiments (error bars indicate s.d.).

investigated the activation of T cells in the pulmonary lymph nodes
9 d after N. brasiliensis infection. Whereas CD4* T cells prepared
from wild-type pulmonary lymph nodes expressed IL-4, but not
IFN-y, the frequency of IL-4-producing CD4* T cells was severely
impaired in pulmonary T cells prepared from Jmjd3~/~ chimeric mice,
suggesting that Jmjd3-mediated M2 macrophage activation is crucial
for N. brasiliensis to induce Ty2 responses in the lung (Fig. 3d,e).
However, histological changes in the intestine were not severely
impaired in Jmjd3~/~ chimeric mice (data not shown). Collectively,
our results demonstrate that Jmjd3 is essential for mounting immune
responses to helminth infection, directing M2 macrophage polariza-
tion in the lung but not in the small intestine.

Role of Jmjd3 in M2 macrophage generation in response to M-CSF
Numerous studies have shown that GM-CSF induces M1
macrophages from bone marrow cells and M-CSF induces
M2 macrophages from bone marrow cells!?-!5. When we used
GM-CSF to generate macrophages, similar amounts of TNF and
1L-6 were produced in wild-type and Jmjd3~/~ chimeras in response
to TLR ligands from adherent CD11b* macrophages (termed
GM-BMMs, for GM-CSF-induced bone marrow-derived macro-
phages; Fig. 4a,b). In contrast, production of IL-6, but not TNE,
in response to TLR ligand stimulation was partially impaired
in ]mjd3"‘ bone marrow cultured in the presence of M-CSF
(M-BMMs; Fig. 4c,d). Furthermore, the expression of genes encoding
Argl, Yml, Fizzl, MR and IL-13 was severely impaired in M-BMMs
from Imjd3‘/‘ chimeras (Fig. 4e), which indicates that Jmjd3 is
crucial for expression of halimark M2 genes in M-BMMs. Jmjd3

940

is involved in the response of macrophages to IL-4 stimulation®%;
nevertheless, Argl and Fizz1 gene expression were similar after IL-4
stimulation in wild-type and Jmjd3~'~ M-BMMs (Fig. 4f), suggesting
that the responses to IL-4 were not impaired in Jmjd3~/~ M-BMMs.
We then used microarray analysis to examine the gene expression
profiles in wild-type and Jmjd3~'~ M-BMM:s with or without LPS
stimulation. The expression of 1,371 genes was more than 50%
lower in unstimulated Jmjd3~/~ M-BMMs compared with wild-type
(Supplementary Table 1). In addition to Argl, Chi3l3 and Fizzl, the
expression of cytokine genes such as 112, 113, Il4, I15 and 1113, as well
as that of chemokine genes such as Ccll, Ccl17, Ccl22 and Ccl24, was
severely impaired in Jmjd3~/~ M-BMMs (Supplementary Table 1).
The expression of 2,188 genes was more than twofold higher in
wild-type M-BMM:s in response to LPS stimulation, and that of
436 genes was reduced by over 50% in LPS-stimulated Jmjd3~/~
M-BMMs (Supplementary Table 2). For example, the expression
of 116 and I112b was partially impaired in Jmjd3~/~ M-BMMs, con-
sistent with a previous report (Supplementary Table 2). Therefore,
Jmjd3 is important for inducing expression of a large set of genes,
and some of these are related to M2 macrophage polarization
in M-BMMs.

In addition to its JmjC domain, Jmjd3 contains a putative tetra-
tricopeptide repeat domain in the N terminus. We therefore examined
whether the demethylase activity of Jmjd3 is needed for the defect in
M2 macrophage marker expression. We retrovirally expressed the
C-terminal part of Jmjd3, containing the JmjC domain (amino acid
residues 1141-1641), or its iron binding-deficient mutant (A1388H)
in Jmjd3~'- bone marrow cells and then induced M-BMMs (Fig. 4g).
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mapped to transcribed regions (based on the genome-

wide RefSeq mouse gene annotations in the UCSC
database) and to their upstream and downstream
regions (30 kb each) were identified. Upstream and
downstream regions were separated into 30 bins of 1 kb
each, transcribed regions were separated into 50 bins
of equal size, and ChlIP-Seq tags mapped to each

bin were counted for both wild-type and Jmjd3-"~
M-BMMs. The ratio of tag counts in samples to those in
unimmunoprecipitated controls was calculated for each

WT

Jmjds™

Class 3

H3K27me3

irf4 Tm7sf4 Retnla Mrct

H3K27me3 H3K27me3 H3K27me3
Tsf T‘SS 58 S

bin. (b) Correlation between normalized H3K27me3
counts at the promoter regions and gene expression in
wild-type BMMs. Gene expression (robust multichip
average (RMA)) is plotted against the intensity of
H3K27me3 modification; heatmap colors indicate
number of genes. (c) Difference in gene expression

between WT and Jmjd3-"~ M-BMMs does not correlate with H3K27me3 levels. We classified RefSeq genes into 20 bins sorted by their expression
difference between WT and Jmjd3- cells. Bins are numbered from low to high WT/Jmjd3-"- expression ratio. The average H3K27 modification intensity
was calculated in each bin. (d) H3K27me3 modifications of wild-type (WT, blue) and Jmjd3~'- (red) cells on class 1 genes (Hoxa7 and Hoxa9), class 2
genes (Argl, Chi3I3 for Yml, Fizzl, Mrcl for MR) and class 3 genes (/rf4 and Tm7sf4). Gray lines indicate the threshold tag counts for WT (18 tags) and
Jmjd3-- M-BMMs (18 tags) corresponding to a false discovery rate of 1 x 106,

The A1388H mutation has been shown to abrogate the H3K27
demethylase activity of Jmjd3 (ref. 26). Expression of the C-terminal part
of Jmjd3 was sufficient to upregulate M2 marker genes such as Argl,
Chi3i3 and Mrc1 (Fig. 4h). In contrast, the expression of Jmjd3 (A1388H)
did not increase the expression of M2 marker genes, which indicates that
the H3K27me3 demethylase activity of Jmjd3 is necessary and sufficient
for expression of M2 marker genes in M-BMMs.

M-BMMs require Jmjd3 for cell cycle progression

In addition to the impaired M2 marker expression, the total number
of M-BMM cells in Jmjd3~/~ chimeras was considerably lower than in
the wild type at days 5 and 7 of culture with M-CSF (Fig. 5a), although
the number of GM-BMM cells (M1) was not altered. We found
5-bromodeoxyuridine (BrdU) incorporation, a measure of cell division,
was severely impaired in Jmjd3~/~ M-BMMs compared with wild-type
cells (Fig. 5b), whereas wild-type and jmjd3~/~ GM-BMM:s incorpo-
rated BrdU similarly. These results indicate that Jmjd3 controls cell-
cycle progression in response to M-CSF stimulation. Expression of cell
cycle-regulatory proteins (c-Myc, c-Myb, cyclin D1 and cyclin D2)
was impaired in ]mjd3'/ ~ M-BMMs at day 5 of culture (Fig. 5¢); how-
ever, the surface expression of M-CSF receptor (CSF-1R) was normal
in Jmjd3~~ M-BMMs (Fig. 5d). Furthermore, Jmjd3 deficiency did
not affect activation of the intracellular signaling molecules Erk, p38
and Akt, as indicated by their phosphorylation in M-BMM:s (Fig. 5e),
implying that the cell proliferation defects in Jmjd3~/~ M-BMMs are not
due to less activation of MAP kinases or Akt. The expression of Jmjd3 in
M-BMMs was much higher than that in GM-BMMs (Fig. 5£), suggest-
ing that differential expression of Jmjd3 in M-BMMs and GM-BMM:s

NATURE IMMUNOLOGY VOLUME 11 NUMBER 10 OCTOBER 2010

determines the contribution of Jmjd3 to their proliferation. Together,
these data indicate that Jmjd3 performs a key step in the generation of
M-BMMs, but not GM-BMMs, by controlling cell proliferation down-
stream of CSF-1R signaling.

Genome-wide analysis of H3K27me3 controlled by Jmjd3
Next we analyzed the genome-wide distribution of H3K27 trimeth-
ylation in wild-type and Jmjd3~/~ M-BMMs by chromatin immuno-
precipitation-sequencing (ChIP-Seq) analysis. We obtained an overall
picture of the H3K27me3 distribution in transcribed regions (based
on the genome-wide RefSeq mouse gene annotations in the University
of California, Santa Cruz database) and in regions 30 kb upstream
and 30 kb downstream. High levels of H3K27me3 tags were detected
surrounding TSSs in M-BMM:s from wild-type and Jmjd3~/~ chimeras
(Fig. 6a). In contrast, H3K27me3 levels were low in transcribed loci
compared with upstream and downstream regions (Fig. 6a). Notably,
H3K27me3 signals at the promoter and downstream regions were
higher in Jmjd3~/~ M-BMMs compared with wild-type cells.

We then compared the gene expression data obtained by microarray
experiments with H3K27 methylation status. Overall, H3K27me3 levels
in regions close to the TSS (-5 to +1 kb) correlated negatively with gene
expression in M-BMMs (correlation coefficient —0.441; Fig. 6b). Next,
we sorted genes by their ratio of expression in wild-type and Jmjd3~/~
M-BMMs and examined H3K27me3 levels. However, we did not detecta
correlation between H3K27me3 status and the difference in gene expres-
sion in wild-type compared with Jmjd3~/~ M-BMM:s (Fig. 6c). These data
suggest that only small numbers of genes were affected by the absence of
Jmjd3, and most loci are regulated by Utx or by both Jmjd3 and Utx.
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(relative to empty-vector control) in total RNA prepared from Jmjd3~~

M-BMMs retrovirally reconstituted with WT Jmjd3 (amino acid residues 1141~

1641) or its iron binding-deficient mutant. (c) Quantitative PCR showing

expression of M2 markers and Jmjd3 in bone marrow cells from WT and /rf4~"- mice cultured in the presence of M-CSF for 5 d. (d) Numbers of M-BMMs
obtained from wild-type and /rf4-'~ mice. (e-g) Macrophage and eosinophil recruitment (&), numbers of macrophages and eosinophils (f) and expression

of MR (g) in macrophages from chitin-elicited PECs. WT and /rf4~"~ mice were

intraperitoneally treated with chitin, and PECs were prepared 48 h after

treatment. Graph in g shows percentage of macrophages with the MR expression levels indicated on horizontal axis. (h) Quantitative PCR showing expression
of M2 markers (relative to 18S rRNA) in total RNA prepared from PECs obtained from chitin-treated WT and /rf4~"- mice. (i) Quantitative PCR showing
expression of M2 markers and Jmjd3 (relative to empty-vector control) in Jmjd3-~ M-BMMs in which Irf4 was ectopically expressed using retrovirus.

*P < 0.05; **P < 0.01 (two-tailed Student's t-test). Results are representative

Given the higher concentration of H3K27me3 tags in the region near
the TSS, and the lack of overall correlation between expression changes
and tag numbers, we focused on the promoter regions of individual
genes that showed H3K27me3 peaks. We looked for peaks in wild-
type and Jmjd3~/~ M-BMM samples and divided the genome-wide set
of genes into three different classes depending on H3K27meS3 status
(Fig. 6d). Class 1 genes harbored an H3K27me3 peak in wild-type
M-BMMs. Class 2 genes did not have an H3K27me3 peak in either
wild-type or Jmjd3~"~ M-BMMs. Class 3 genes such as Irf4 and Tm7sf4
had an H3K27me3 peak in Jmjd3™/~ but not in wild-type M-BMMs.
We generated a table of 500 genes differentially expressed in wild-type
and Jmjd3~/~ M-BMMs, comparing H3K27 methylation status and
gene expression from the microarray data (Supplementary Table 3).

Although Hox genes, such as Hoxa7, Hoxa9 and TIx1 (also called
Hox11), and Bmp2 have been reported to be regulated by Jmjd3
(ref. 26), the H3K27 of their loci were highly trimethylated in
M-BMMs both in the presence and absence of Jmjd3, and they
therefore were assigned to class 1 (Fig. 6d and Supplementary
Table 3). Furthermore, Hox and Bmp2 gene expression was not
lower in Jmjd3~~ M-BMMs (Supplementary Table 3), which
indicates that these genes are not crucially regulated by Jmjd3 in
M-BMMs. Furthermore, M2 marker genes, such as Argl, Chi3I3,
Rentla and Mrcl, were all in class 2, which indicates that their
expression is not directly regulated by Jmjd3 (Fig. 6d and
Supplementary Table 3). Thus, we proposed that transcription
factors directly regulated by Jmjd3-mediated demethylation are
responsible for the polarization of macrophages. When we searched
genes categorized in class 3, we found Irf4 and Cebpb. In particular,
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of two (a,b,i) or three (c—h) independent experiments (error bars indicate s.d.).

the promoter region close to the TSS of Irf4 had a high H3K27me3
signal in Jmjd3~/~ but not in wild-type M-BMM:s (Fig. 6d).

Identification of /rf4 as a Jmjd3 target gene
We confirmed by ChIP analysis that H3K27 at the promoter region
of If4 is differentially methylated in wild-type and Jmjd3~/~ macro-
phages (Fig. 7a). Furthermore, when we retrovirally expressed
the C-terminal region of Jmjd3 or its mutant in Jmjd3~~ macro-
phages, we found the expression of Irf4 was demethylase activity
dependent (Fig. 7b). These results demonstrate that Irf4 is one
of the Jmjd3 target genes in M-BMMs. Therefore, we examined
the contribution of Irf4 to expression of mRNAs encoding Argl,
Yml, Fizzl and MR by using Irf4~~ mice. Induction of M2-related
genes was severely impaired in Irf4~/~ M-BMMs; in contrast, the
expression of Jmjd3 was similar between wild-type and Irf4~'~
M-BMMs (Fig. 7¢). Notably, the number of M-BMM cells was
not lower in Irf4~~ mice (Fig. 7d). When chitin was administered
peritoneally, recruitment of eosinophils, but not macrophages,
was severely impaired in Irf4~~ mice (Fig. 7e.f). MR expression
in chitin-elicited peritoneal macrophages was greatly impaired in
Irf4~/~ mice (Fig. 7g). In addition, the mRNA expression of the
M2 macrophage markers encoding Argl, Ym1l, Fizzl and MR was
severely impaired in chitin-induced macrophages from Irf4~/~
mice (Fig. 7h). These results demonstrate that Irf4 is crucial for
the polarization of macrophages to M2 in M-BMMs and in vivo in
response to chitin administration.

We then retrovirally expressed Irf4 in Jjmjd3~~ M-BMMs and
examined the expression of M2 marker genes (Fig. 7i). The expression
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of Irf4 upregulated mRNAs encoding Argl, Yml, Fizzl and MR in
Jmjd3~'~ M-BMMs, though the expression of Jmjd3 was unaltered
(Fig. 7i). These results suggest that Irf4 contributes to the expression
of M2 marker genes downstream of Jmjd3.

DISCUSSION

Here we focused on the role of Jmjd3 in macrophages mounting anti-
bacterial and anti-parasitic responses. Whereas Jmjd3 was dispensable
for M1 macrophage polarization, mice lacking /mjd3 did not mount
proper M2 responses against helminth infection or chitin administration.
Furthermore, bone marrow macrophages induced by M-CSF showed
demethylase activity-dependent defects in expressing various genes,
including M2 macrophage markers. Nevertheless, only a subset of genes
had H3K27me3 levels differentially regulated by the presence or absence
of Jmjd3. Among these genes, we found Irf4 to be one of the direct targets
of Jmjd3-mediated demethylation. Finally, we found that Irf4 is a trans-
cription factor crucial for the induction of M2 macrophage responses.

Although Jmjd3 is a TLR-inducible gene, Jmjd3~/~ mice showed
vigorous M1 macrophage activation in response to Listeria inocula-
tion. These results suggest that Jmjd3 is not essential for generating
and recruiting M1 macrophages to bacterial infections. Our data are
consistent with a previous report showing that gene expression in
response to LPS stimulation is only modestly changed in macrophages
lacking /mjd3 and that Jmjd3 in this case fine-tunes the transcrip-
tional output?®. TLR signaling upregulates genes involved not only
in the promotion of inflammation, but also in termination or tissue
remodeling. For instance, ATF3 and Zc3h12a are rapidly induced
in response to TLR stimulation and inhibit inflammatory cytokine
production!'®?7. It has been shown that M2 macrophages promote
tissue remodeling as well as T42 responses. Thus, it is possible that
Jmjd3 induction functions as part of a feedback mechanism acting to
repair inflammatory damage caused by TLR stimulation.

Chitin is an abundant structural component of helminths,
crustaceans and fungi, and administration of chitin strongly induces
M2 macrophage activation. Intraperitoneal administration of
chitin recruited M2 macrophages and eosinophils in a Jmjd3- and
Irf4-dependent fashion. These results indicate that the Jmjd3-Irf4 axis
is essential for M2 macrophage polarization to helminth infection.

However, addition of chitin to the macrophage culture did not stim-
ulate the cells to upregulate M2 marker gene expression in our experi-
ments (data not shown). Although TLR2 has been reported to mediate
acute inflammation in response to chitin, another study has shown
that chitin-mediated M2 macrophage activation is independent of
MyD88, an adaptor molecule used by all TLRs (refs. 32,35). Currently,
the mechanism by which chitin activates macrophages is not well
understood. Moreover, it is still not clear what unique role Jmjd3
carries out in the generation of M2 macrophages in response to chitin
and helminth infection. The identification of the chitin receptor(s) in
the future will be vital for clarifying mechanisms of innate immune
activation in response to helminth infection.

Jmjd3~'~ mice also showed severe defects in recruiting M2 macro-
phages in response to N. brasiliensis infection, Although it is unknown
which components of N. brasiliensis activate innate immune cells,
Jmjd3-mediated H3K27me3 demethylation seems to be essential for
macrophage responses to this parasite. Further studies are needed to
identify the role of Jmjd3 in controlling infection with other helminths
pathogenic to humans. M2 macrophages are known to be important for
tumor cell survival and tissue remodeling in response to inflammation,
in addition to the response against helminth infection?. Thus, it would
be interesting to use this mouse model to explore how epigenetic regula-
tion in macrophages promotes cancer progression or wound healing.
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A previous report has found that Jmjd3 expression is upregulated
in response to IL-4 and that H3K27me3 levels decrease in response to
IL-4 stimulation®*, We observed that although M-BMMs and chitin-
induced peritoneal macrophages showed severe defects in M2 macro-
phage marker expression in the absence of Jmjd3, Jmjd3~'~ M-BMMs
were capable of upregulating expression of genes representative of M2
macrophages in response to IL-4 stimulation. These findings suggest
that IL-4 acts independently of Jmjd3-mediated H3K27 demethyla-
tion to promote M2 polarization. The same report®* showed that
H3K27me3 levels of various M2 marker genes were directly control-
led by Jmjd3 to activate transcription. In contrast, our ChIP-Seq data
demonstrate that H3K27me3 levels of most M2 marker genes, such
as Argl, are not changed in the absence of Jmjd3. Furthermore, defi-
ciency in Irf4, one of the Jmjd3 target genes, resulted in defective M2
responses to chitin administration or M-CSF culture. Thus, it is more
likely that Jmjd3 secondarily regulates M2 macrophage polarization
by controlling expression of a set of transcription factors.

In addition to M2 marker gene expression, M-BMM:s lacking Jmjd3
showed proliferation defects in response to M-CSF stimulation. This is
not due to impaired M-CSF receptor expression or defective activation
of initial signaling molecules. Although the expression of genes involved
in cell-cycle progression, such as those encoding c-Myc, cyclin D1 and
cyclin D2, was impaired in Jmjd3~/~ M-BMMs, H3K27me3 levels of
these genes did not differ between wild-type and Jmjd3~/~ M-BMMs.
Furthermore, Irf4~'~ M-BMM:s did not show a defect in cell cycling
(data not shown). Thus, it is possible that other Jmjd3 target genes are
responsible for controlling the proliferation of M-BMMs.

ChIP-Seq analysis revealed that, in general, differences between
wild-type and Jmjd3~'~ M-BMM H3K27me3 levels at gene promoter
regions were subtle. Nevertheless, gene expression profiles examined
by microarray analysis were substantially different in wild-type and
Jmjd3~"~ M-BMMs, and the responses to chitin or helminth infec-
tion in vivo were severely impaired in Jmjd3~/~ mice. Although it has
been shown that Hoxa and Bmp2 genes are potential targets of Jmjd3
(ref. 26), the expression of these genes was not lower in Jmjd3~/~ cells,
and the H3K27me3 levels were similar between wild-type and Jmjd3~/~
M-BMMs. These results suggest that other H3K27 demethylases such as
Utx and Uty compensate for the lack of Jmjd3 in macrophages.

However, we identified Irf4 as one direct Jmjd3-specific target
transcription factor. Irf4 has been shown to be involved in Ty2 cell
polarization as well as in plasma cell differentiation and class-switch
recombination in B cells?”-38, It has also been reported that Irf4
functions in regulatory T cells to regulate T2 responses. Indeed,
Irf4~'~ mice have been found to show defective Ty2 responses to
N. brasiliensis infection®®. Given that Irf4~/~ mice did not induce
M2 macrophages in response to chitin administration in our
experiments, it is likely that the defects of macrophages in Irf4~/~
mice also contribute to their abnormal responses to N. brasiliensis
infection. In macrophages, Irf4 functions as a negative regulator of
TLR signaling by associating with MyD88 (refs. 41,42).

Jmjd3~'~ mice showed neonatal death due to a developmental defect
in lung tissue. Although Jmjd3 directly regulated the expression of Irf4
in macrophages, Irf4~'~ mice did not show a developmental defect.
Thus, Jmjd3 controls genes other than Irf4 in the lung tissues for
proper tissue development, and we focused solely on the role of this
molecule in macrophages.

It is tempting to speculate that the change in epigenetic status is cru-
cial for determining macrophage polarization. Future development of
procedures to specifically regulate Jmjd3 demethylase activity might
be useful for manipulating macrophages to mount anti-helminth host
defenses and tissue repair.
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METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/natureimmunology/.

Accession codes. GEO: microarray data, GSE23180; ChIP-Seq data,
GSE23297.

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

Generation of Jmjd3~/~ mice. The Jmjd3 gene was isolated from genomic
DNA extracted from embryonic stem cells (GSI-I) by PCR. The targeting
vector was constructed by replacing a 4-kb fragment encoding the Jmjd3 open
reading frame (exons 14-21, including exons encoding the JmjC domain)
with a neomycin-resistance gene cassette (neo), and herpes simplex virus
thymidine kinase was inserted into the genomic fragment for negative
selection. After the targeting vector was transfected into embryonic stem cells,
(G418 and gancyclovir doubly-resistant colonies were selected and screened
by PCR; recombination was further confirmed by Southern blotting. These
homologous-recombinant clones were microinjected into blastocysts derived
from C57BL/6 mice and were transferred to pseudopregnant females. Matings
of chimeric male mice to C57BL/6 fernale mice resulted in transmission of the
mutant allele to the germline. Resulting Jmjd3*/~ mice were intercrossed to
generate Jmjd3~/~ mice. All animal experiments were done with the approval
of the Animal Research Committee of the Research Institute for Microbial
Diseases, Osaka University.

Mice, cells and reagents. Irf4~/~ mice were prepared as described?!. Bone
marrow-derived macrophages were generated in RPMI-1640 medium con-
taining 10% (vol/vol) FCS, 50 pM 2-mercaptoethanol and 10 ng/ml GM-CSF
(PeproTech) or 10 ng/ml M-CSF (PeproTech). Pam;CSK, and R-848 were pre-
pared as described?”. LPS (Salmonella minnesota Re595) was from Sigma.

Generation of bone marrow-chimeric mice. Fetal liver cells were prepared
from wild-type and Jmjd3~/~ embryos (embryonic day 15.5). The cell suspen-
sions were intravenously injected into lethally irradiated CD45.1 C57BL/6
mice. The chimeric mice were given neomycin and ampicillin in their drinking
water for 4 weeks. The mice were analyzed at least 8 weeks after reconstitution.
More than 90% of splenocytes from chimeric mice were CD45.2 positive.

Quantitative PCR analysis. Total RNA was isolated with TRIzol (Invitrogen),
and reverse transcription was performed with ReverTra Ace (Toyobo) accord-
ing to the manufacturer’s instructions. For quantitative PCR, cDNA fragments
were amplified by Realtime PCR Master Mix (Toyobo); fluorescence from
the TagMan probe for each cytokine was detected by a 7500 real-time PCR
system (Applied Biosystems). To determine the relative induction of cytokine
mRNA in response to various stimuli, the mRNA expression level of each gene
was normalized to the expression level of 185 rRNA. The experiments were
repeated at least twice.

Immunoblot analysis. M-BMM:s were cultured for 4 h in medium without
M-CSF (PeproTech) and then were collected and replated. M-BMMs were
stimulated with M-CSF for times indicated in Figure 5e and were lysed with
lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA and 1%
(vol/vol) Nonidet P-40) containing complete mini protease inhibitor cocktail
(Roche). Cell lysates were separated by standard SDS-PAGE and analyzed by
immunoblot. Antibodies to the following proteins were used: phosphorylated
Erk (Cell Signaling no. 9101), phosphorylated Akt (Cell Signaling 9271), phos-
phorylated p38 (Cell Signaling 9211), Akt (Cell Signaling 9272), p38 (Santa
Cruz C-20), Erk (Santa Cruz K-23) and B-actin (Santa Cruz C-11).

Flow cytometry. Antibodies for flow cytometry were purchased from BD
Biosciences and eBioscience. Cells were washed in ice-cold flow-cytometry
buffer (2% (vol/vol) FCS and 2 mM EDTA in PBS, pH 7.5), then incubated
with each antibody for 15 min and washed twice with flow-cytometry buffer.
Intracellular cytokines were stained with Cytofix/Cytoperm Plus Fixation/

doi:10.1038/ni.1920

Permeabilization Kit (BD Biosciences) according to the manufacturer’s instruc-
tions. Data were acquired on a FACSCalibur flow cytometer (BD Biosciences) -
and analyzed with FlowJo (Tree Star).

Construction of Jmjd3 expression plasmids, Jmjd3 cDNA (corresponding to
amino acid residues 1141~1641) was obtained by PCR from a mouse cDNA
library, and a point mutation resulting in the A1388H substitution in the JmjC
domain was introduced by site-directed mutagenesis (Stratagene). The full
or mutated Jmjd3 cDNAs were cloned into the pMRX-ires-puro vector for
retrovirus production®.

Retroviral transduction. Bone marrow cells were isolated from ]mjd3" ~ mice
that had been injected intraperitoneally 4 d earlier with 5 mg of 5-fluorouracil
(Nacalai Tesque). Cells were cultured in stem cell medium (RPMI supple-
mented with 15% (vol/vol) FCS, 10 mM sodium pyruvate, 2 LM L-glutamine,
50 uM B-mercaptoethanol, 100 U/ml penicillin, 100 g/ml streptomycin,
100 ng/ml stem cell factor, 10 ng/ml IL-6 and 10 ng/ml IL-3). Then, 48 h
later, these cells were transduced with retroviral supernatant (supplemented .
with stem cell factor, IL-6, IL-3 and 10 ng/ml of polybrene) on two 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) FCS, 50 pM B-mercaptoethanol, 100 U/ml penicillin, 100 pg/ml
streptomycin and 20 ng/ml M-CSF). After 3.5 d in culture, cells were washed
once and macrophage growth medium with 2.5 pg/ml puromycin (InvivoGen)
was added. The cells were cultivated for 2 d after changing of the medium and
then were analyzed.

Chitin administration. Chitin (Sigma) was washed three times in PBS
and then sonicated with a UR-20P device (Tomy) for 30 min on ice. After
filtration with 100 pM cell strainer, chitin was diluted in 50 ml PBS. About
800 ng chitin was intraperitoneally injected, and PECs were collected 2 d after
administration.

Responses to N. brasiliensis infection. Wild-type and Jmjd3~/~ fetal liver-
chimeric mice were subcutaneously inoculated with 300 third-stage larvae
of N. brasiliensis 8 weeks after fetal liver transfer. On day 5 after infection,
N. brasiliensis-inoculated mice were killed and perfused with PBS, and total
RNASs from lungs were extracted. RNA was subjected to quantitative PCR for

the analysis of expression of various genes. Nine days after infection, hilar

lymph nodes were harvested, a single-cell suspension was prepared and cell
numbers were counted. The lymph node cells were stimulated with anti-CD3
and anti-CD28. They were stained with CD4 and treated with cytofix (BD
Biosciences), then stained with anti-IL-4 and anti-IFN-y. Next, the cells
were examined by flow cytometry. BAL was performed at 5 and 13 d after
N. brasiliensis infection, and macrophages and eosinophils were enumerated
on cytospin smears stained with Diff-Quick (Baxter Healthcare).

Microarray and chromatin immunoprecipitation-sequencing analy-
sis. Microarray and ChIP-Seq protocols and data analysis are described in

Supplementary Methods.

Statistics. Statistical significance was calculated with the two-tailed Student’s
t-test.

43, Saitoh, T. et al. TWEAK induces NF-xB2 p100 processing and long lasting NF-xB
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Abstract

In virus- mfected cells, RIG I Ilke receptor (RLR) recogmzes cytoplasmlc v:ral RNA and tnggers mnate immune responses, :
~including productlon of type I and Ill interferon (IFN) and the subsequent expression of IFN- inducible genes. interferon-p
_promoter stimulator 1 (IPS-1, also known as MAVS VISA and Cardif) is a downstream molecule of RLR and is expressed on -
the outer membrane of mitochondria. While it is known that the location of IPS-1 is essential to its function, its underlying
mechanism is unknown. Our aim'in this study was to delineate the function of mitochondria so as to identify more precisely -
its role in innate immunity. In doing so we discovered that viral irifection as well as transfection with 5'ppp-RNA resulted in
the redistribution of IPS1 to form speckle-like aggregates in cells. We further found that Mitofusin 1 (MFN1), a key regulator - .
of mitochondrial fusuon and a protein associated with IPS-1 on the outer membrane of mitochondria, positively regulates
RLR-mediated innate antiviral responses. ‘Conversely, specific knockdown of MFNT abrogates both the virus-induced
redistribution of IPS-1 and IFN production, Our study suggests that mxtochondna participate in the segregatuon of IPS-1
-through their fusion processes
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Introduction in the redistribution of IPS-1, as well as in virus-induced IFN
production. Our study highlights the novel mitochondrial

Type I and III interferons (IFNs) play central roles in innate regulatory function of specifically sorting IPS-1 and providing a

immune responses to viral infections [1,2,3,4]. In a variety of
tissues, IFN production is triggered by a cytoplasmic sensor,
retinoic acid inducible gene I (RIG-I)-like Receptor (RLR), which
specifically senses viral RNA and induces antiviral signaling [5,6].
Once RLR is activated, its signal is relayed through physical
interaction to IFN-B promoter stimulator 1 (IPS-1, also known as
MAVS, VISA or Cardif) [7,8,9,10]. IPS-1 interacts with multiple
signal transducers and protein kinases that activate transcription
factors to induce IFN and other cytokine genes [11]. IPS-1 is
expressed on the mitochondrial outer membrane and this
localization is essential for signaling to occur [9]. However the
reason for this underlying mechanism is unknown. Here, we
investigated the cellular distribution of IPS-1 in virus-infected cells.
We observed that IPS-1 is usually distributed evenly in all
mitochondria in uninfected cells, however upon viral infection or
the introduction of 5'ppp-RNA, which mimics viral RNA
[12,13,14], a redistribution of IPS-1 occurred, resulting in a
speckle-like pattern on mitochondria. Furthermore, we demon-
strated that a mitochondrial GTPase, Mitofusin 1 (MFN1), which
regulates mitochondrial fission and fusion [15], plays a critical role
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signaling platform for antiviral responses.

Results

Dynamic redistribution of {PS-1 in virus-infected or
5'ppp-RNA-transfected cells

To examine the localization of IPS-1 during viral infections, we
generated HeLa cell lines stably expressing FLAG-tagged IPS-1
(IPS-1-HeLa clones, Fig. 1). Although the temporary expression of
wild type (wt) IPS-1 results in constitutive signaling (7,8,9,10], the
stable cell lines did not exhibit the constitutive activation of
downstream target genes. However, upon infection with the
Sendai virus (SeV), the cells exhibited increased expression of IFN
and chemokine genes ([FNBI, IL29, IL284, IL28B and CXCLII)
and interferon-stimulated genes (DDX58, IFIH1, DHX58, IFITI-3,
and OASL) (Fig. 1B and C). Furthermore, the IPS-1-HeLa clones
exhibited diminished susceptibility to Encephalomyocarditis virus
(EMCV) replication (1 to 2 log) (Fig. 1D). The low basal activity
and elevated signaling after SeV-infection suggest that FLAG-IPS-
1 is under a regulatory control similar to that of endogenous IPS-1.
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' Author Summary ‘

* Virus- mfectlons such as lnﬂuenza and chronxc hepatms C
~‘are prominent diseases and outbreaks of newly emerging
- viruses ‘are serious problems for. modern society. Higher
- animals, mcludmg humans, are gene’uca!ly equupped with
" mechanisms, collectively known as innate immunity, to
_ counteract. viral infections. RIG-I-like receptor (RLR), a.
: ‘cytop!asmlc sensor, contributes to immune regulation by
-detecting infections by RNA viruses and triggering a series .
- of ‘responses which results in the activation of innate
- antiviral genes. Furthermore, it has been demonstrated
*‘that IPS-1, the adaptor protein of RLR, is expressed on
- mitochondrial - outer membrane.” Mitochondrion is an
~organelle of prokaryonc cell -origin; it - requlates. energy’
- production, and is involved in cell growth and cell death.
Why 1PS-1-is located on the mitochondrial outer mem- -
" brane and how mitochondria are involved in antiviral
_signaling are yet to be explained clearly. In this report, we .
- discovered that mitochondrial fusion protein MFN1 playsa
novel function to’ mediate IPS-1 redistribution, Wthh’
appears to be a crltxcal step |n RLR SIgna!mg

‘Like endogenous IPS-1, FLAG-tagged IPS-1 is expressed on
mitochondria in uninfected cells as shown by co-staining with
MitoTracker (Fig. 2A, Mock). However, compared to the even
cytoplasmic staining in the mock-infected cells, the staining pattern
of IPS-1 became noticeably speckled in SeV-infected cells (Fig. 2A,
SeV). Quantification of the fluorescence image revealed that
mitochondria heavily stained with MitoTracker but lightly stained
with anti-FLAG antibody were produced in SeV-infected cells.
This redistribution was also observed with another mitochondrial
marker, endoplasmic reticulum-associated amyloid P-peptide-
binding protein (ERAB) (Fig. 2B), and different viruses (Newcastle
disease virus (NDV), Sindbis virus, EMCV, Influenza virus, and
Vesicular stomatitis virus (VSV)) (Fig. 3).

We also examined the distribution of IPS-1 in 5'ppp-RNA-
transfected cells. Unlike synthetic single stranded RNA (5'OH-
RNA), 5'ppp-RNA is a chemical ligand for RIG-I and is known to
mimic viral signaling [12,13,14]. Interestingly, as with a viral
infection, 5'ppp-RINA induced a redistribution of IPS-1, suggest-
ing that the redistribution was triggered through RIG-I signaling.
It is worth noting that EMCV, which selectively activates another
RLR, melanoma differentiation-associated gene 5 (MDADJ), also
caused the redistribution of IPS-1, suggesting that this effect is
common to RLRs. We suspected that IPS-1-HeLa cells exhibit
enhanced redistribution of IPS-1 due to enhanced signaling (>10
IFN-B mRNA accumulation, Fig. 1B). This led us to analyze the
distribution pattern of endogenous IPS-1 in HeLa cells, and we
observed that the distribution pattern of endogenous IPS-1
changed in SeV-infected cells, although exclusive staining by
mitochondrial marker was not observed (Fig. 4A). Similar to IPS-
1-HeLa cells, we observed that hepatocellular carcinoma SKHepl
cells NDV, SeV, Influenza virus, or Sindbis virus infection also
induced a speckled staining pattern in endogenous IPS-1 (Fig. 4B),
and displayed enhanced IRT-3 dimerization when compared with
HeLa cells {our unpublished data). This suggests that the
redistribution is not simply an artifact due to the overexpression
of FLAG-IPS-1.

Localization of viral nucleocapsid, RIG-I, and IPS-1

In order to activate RLR signaling, we used NDV to infect cells
because it is available an anti-nucleocapsid protein (NP) antibody,
a probe for the viral RNA-NP complex. NDV infection resulted in
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foci of NP in the cytoplasm and induced foci of RIG-I to form
(Fig. 5A) [16]. RIG-I was cvenly distributed in the cytoplasm,
however some of the foci co-localized with those of NP (Fig. 5A). A
similar formation of foci and co-localization with viral nucleopro-
tein complex was observed with other viruses (Ko.O. unpublished
observations). IPS-1 accurnulated on the periphery of the foci of

.~ RIG-I (Fig. 5B) and NP (Fig. 5C). We speculate that activated

RIG-I recruits IPS-1, because RIG-1 and IPS-1 interacted with
each other through CARD-CARD interaction [7,8]. IPS-1 did not
co-localize with RIG-I nor NP presumably because mitochondria
do not penetrate these foci nor is IPS-1 released from
mitochondria. Immunoelectron microscopy using the anti-NP
antibody clearly identified the NP foci (Fig. 6A), and anti-FLAG
staining (Fig. 6B) showed that mitochondrial IPS-1 accumulated
on the periphery of NP foci in NDV infected cells.

A dominant negative mutant of RIG-l does not induce
IPS-1 redistribution :

To determine if the observed redistribution of IPS-1 is
functionally relevant, we used a point mutant of RIG-I (K2704),
which normally recognizes ligand RNA but functions as a
dominant negative inhibitor (Fig. 7A) [14]. It was observed that
NDV infection induced foci of both wt and K270A RIG-I to form
(Fig. 7B), however wt but not K270A promoted the speckled
staining pattern of IPS-1 (Fig. 7C). The results indicate that the
redistribution of IPS-1 is strongly correlated with the activation of
antiviral signaling.

Mitofusin 1, but not Mitofusin 2, plays a critical role in
RiG-l-induced antiviral signaling

RIG-I was originally identified by screening an expression
cDNA library [17]. In addition to the ¢cDNA encoding RIG-I,
there were several other candidate cDNA clones which enhance
virus-responsive reporter activity. Two of the independent clones
encoded a full-length protein, Mitofusin 1 (MFN1). Human MFN1
is composed of 741 amino acids and domains of GTPase and
transmembranes (Fig. 8A). MFN1 together with its related protein

‘Mitofusin 2 (MFN2) is expressed on the outer membrane of

mitochondria and regulates mitochondrial dynamics [18,19].
Hyper- and hypo-functioning of either MFN1 or MFN2 result
in elongated/aggregated and fragmented mitochondria, respec-
tively. GTPase activity was previously shown to be essential for
mitochondrial morphological change, particularly the fragmenta-
tion of mitochondria induced by a GTP-binding-deficient mutant
of MFN1 (MFN1 T109A) [18].

Consistent with the screening results, overexpression of MFN1,
but not MFN2, augmented IFN-f promoter activity (Fig. 8B). The
GTPase activity is involved in this MFNI function, since MFN1
T109A significantly inhibited the signaling induced by NDV or
5'ppp-RNA (Fig. 8C and D). It is worth noting that overexpression
of MFN1, which results in elongated mitochondria, is not by itself
sufficient to deliver the signal. To confirm that the Increased
signaling observed by MFN1 overexpression was correlated with
RIG-I activation, we transfected cells with a combination of RIG-I
and MFNI1. The RIG-I/MFNI combination showed enhanced
IFN-B promoter activity, but the RIG-I K270A mutant/MFN1
combination [ailed to do so (Fig. 8E). MEFs derived from mice
with disrupted Mfa! or Mfn2 gene was used to confirm the specific
involvement of MFN1 in virus-induced antiviral signaling (Fig. 9A
and B). The results indicated that MFNI, but not MFN2, is
essential for the signal transduction mediated by RIG-I.

We examined other regulatory proteins for mitochondrial
fission/fusion mechanism. Optic atrophy protein 1 (OPA1) is
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Figure 1. Stable Hela cell clones expressing FLAG tagged IPS-1. A, Expression of FLAG-IPS-1 was examined in control and IPS-1-expressing
Hela clones (#2, 17, and 21) by immunoblotting using anti-FLAG antibody. B, Expression of IFNBT in control and IPS-1-Hel.a cells was examined by
quantitative real time PCR (gRT-PCR). Open and filled bars indicate mock-treated and SeV-infected cells for 12 h, respectively. Data represent means
+ s.d. (n=3). C, Expression profiles of cytokine and chemokine genes in control and 1PS-1-Hela cells. Total RNA extracted from indicated cells mock-
treated or SeV-infected for 12 h was subjected to analysis using @ DNA microarray. Relative mRNA levels using a control expression of 1.0 are shown.
D, Replication of EMCV in control and IPS-1-Hela clones. The indicated cell clones were infected with EMCV at a MOI of 1 or 10. The viral titer in the
culture medium at 24 h post-infection was determined with the plaque assay. Data represent means * s.d. (n=3).
doi:10.1371/journal.ppat.1001012.g001

@ PLoS Pathogens | www.plospathogens.org 3 July 2010 | Volume 6 | Issue 7 | e1001012

628



Redistribution of IPS-1

A
FLAG- . .
IPS-1 Mitochondria DAPI
Mock
SeV
300
2 2z = FL '
g 200 é 150 (] Mitochondria
£ k=
g " ' g 100
2 2
0 0
Mock
B
FLAG-
IPS-1 ERAB DAPI Merge
Mock
SeV

Figure 2. Redistribution of IPS-1 in SeV-infected cells. A, The IPS-1-Hela clone #2 was mock-treated or infected with SeV for 12 h and stained
with MitoTracker {Mitochondria) and anti-FLAG antibody (FLAG-IPS-1). Nuclei were visualized by staining with DAPI throughout this study. The
fluorescent image was quantified in the area indicated by blue line (right most panel). Quantification results from mock- or SeV-infected cells are
shown at the bottom. Fluorescence of DAPI corresponds to area in the nucleus. The mitochondria heavily stained with MitoTracker but lightly stained

with anti-FLAG are shown by arrows. B, IPS-1-Hela cells were mock-treated or infected with SeV for 12 h. Cells were stained with anti-FLAG antibody
(FLAG-IPS-1) and anti-ERAB antibody (ERAB).
doi:10.1371/journal.ppat.1001012.g002
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Figure 3. Redistribution of IPS-1 induced by virus-infection and 5’ppp~RNA~transfection. IPS-1-Hela cells were infected with the
indicated viruses or transfected with 5'OH-RNA or 5’'ppp-RNA chemically synthesized by in vitro transcription using T7 RNA polymerase. At 12 h post-

infection or -transfection, the cells were stained with anti-FLAG antibody and MitoTracker (Mitochondria). Arrowheads show dead cells with shrunk
nuclei in Sindbis virus-infected cells.

doi:10.1371/journal.ppat.1001012.g003
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Figure 4. Redistribution of endogenous IPS-1 in virus-infected cells. A, Hela cells were infected with Mock or SeV for 12 h. The cells were
stained with anti-IPS-1 antibody and MitoTracker (Mitochondria). B, SKHep1 cells were infected with NDV, SeV, Influenza virus, or Sindbis virus for
12 h. The cells were stained with anti-IPS-1 antibody and MitoTracker (Mitochondria).

doi:10.1371/journal.ppat.1001012.g004
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Figure 5. Localization of viral nucleocapsid, RIG-l, and IPS-1. A, Hela cells were infected with NDV for 12 h and stained with anti-RIG-I
antibody (RIG-) and anti-NP antibody (NDV NP). B and C, IPS-1-Hela cells were infected with NDV for 12 h and stained with anti-FLAG antibody and
anti-RIG-1 antibody or anti-NP antibody.

doi:10.1371/journal.ppat.1001012.g005
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Mock

NDV

Figure 6. Localization of IPS-1 and mitochondria. A, IPS-1-Hela cells infected with NDV for 9 h were fixed, stained with anti-NP antibody, and
subjected to ultrathin sectioning as shown in the Methods. The area enclosed by a red rectangle is enlarged. NP: NP foci stained with the anti-NP
antibody were visualized using gold particles. B, IPS-1-Hela cells infected with NDV for 9 h were fixed, stained with anti-FLAG antibody, and
subjected to ultra thin sectioning. The area enclosed by a red rectangle is enlarged. NP: morphologically similar structures are in A. IPS-1 was
visualized using gold particles. The arrowheads indicate boundaries between IPS-1 and NP foci.

doi:10.1371/journal.ppat.1001012.g006

expressed on, and implicated in the fusion of the mitochondrial
inner membrane [20]. Three independent siRNA targeting
OPAl, down-regulated OPAI expression (Fig. 9C) and partially
(up to 50%) blocked NDV-induced signaling (Fig. 9D). How-
ever, the knockdown of dynamin-related protein 1 (DRPI)
(Fig. 9E), which regulates mitochondrial fission [21] resulting in
elongated mitochondria, did not have a significant effect
(Fig. 9F). To explore the site where MFNI is active, we
temporarily overexpressed the dominant active RIG-I (RIG-I
CARD) [17] or IPS-1 in wt and Mfn-knockout MEFs. Unlike
the signal generated by the overexpression of IPS-1, the signal
generated by overexpression of the RIG-I tandem caspase
recruitment ‘domain (CARD) clearly required MFN1. MFNI1
however, is dispensable if IPS-1 is overexpressed (Fig. 9G).
Again, MFN2 exhibited little influence on the signaling
triggered by either stimulus. These results indicate that
MFNI, but not MFN2, is essential for signal transduction
mediated by RIG-I and IPS-1.
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Physical interaction between IPS-1 and MFN1

To explore the molecular mechanism of how IPS-1 is regulated
by MFN], co-immunoprecipitation was performed using cells
stably expressing IPS-1. FLAG-IPS-1 was precipitated by anti-
FLAG and the associated proteins were analyzed by immuno-
blotting (Fig. 10). Both MFN1 and MFN2 constitutively associated
with IPS-1 in the cells, but an unrelated mitochondrial outer
membrane protein, BCL-XL, did not associate with IPS-1.
Furthermore, OPAl and DRP1 did not co-immunoprecipitate
with FLAG-IPS-1. These data suggest that IPS-1 selectively
associates with MFN1 and MFN2.

Knockdown of MFN1 inhibits the redistribution of IPS-1
induced by viral infection -

Next, we examined what effect the knockdown of MFN1 would
have on the virus-induced redistribution of IPS-1. Three
independent siRINA efficiently knocked down MINI expression
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Figure 7. A dominant negative mutant of RIG-I fails to induce IPS-1 redistribution. A, IPS-1-Hela cells stably expressing wild-type human
RIG- (RIG-I WT) or mutant RiG-l (RIG-1 K270A) were mock-treated or infected with NDV for 12 h and expression of IFNBT mRNA was analyzed by gRT-
PCR. Open and filled bars indicate RNA samples from mock-treated and NDV-infected cells, respectively. Data represent means = s.d. (n=3). B, IPS-1-
Hela cells expressing RiG-l WT or RIG-l1 K270A were infected with NDV for 12 h and stained with anti-RIG-l antibody and anti-NP antibody. RIG-|
staining is diffuse in uninfected cells however infection by NDV produced RIG-| foci. Some RIG- foci are co-localized with NDV NP foci. C, IPS-1-Hela
cells expressing RIG-1 WT or RIG-I K270A were infected with NDV for 12 h and IPS-1 redistribution was examined. IPS-1 and NP were stained with anti-
IPS-1 antibody and anti-NP antibody, respectively. The area enclosed by the red rectangle is enlarged at the right. Although the redistributed IPS-1
surrounds NP foci in RIG-| WT cells, K270A mutation of RIG-| failed to induce the redistribution of IPS-1, but not the formation of NP foci.

doi:10.1371/journal.ppat.1001012.g007

(Fig. 11A) resulting in a strong inhibition of the NDV-induced
IFN-B gene expression in Hela cells and IPS-1-HeLa . cells
(Fig. 11B and 11C). This once again suggests that IPS-1-HeLa
cells tend to behave like normal cells. Upon NDV infection, IPS-I
displayed a speckled staining pattern in control cells, but not in the
MFN1-knockdown cells (Fig. 11D). Though the intensity of NP
staining did not increase, MFN1-knockdown significantly inhibited

@ PLoS Pathogens | www.plospathogens.org

IFN gene activation. This correlates with prior observations that
although IFN production is inhibited by LGP2 overexpression,
viral yicld does not increase [22). When control siRINA-treated
cells were infected with NDV, a redistribution of IPS-1 was
observed (69.3%£15.7% of cells positive for NP). In MFNI-
knockdown cells, although NDV infection resulted in the
formation of NP foci, IPS-1 redistribution did not occur
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Figure 8. MFN1 is involved in antiviral signaling. A, Schematic representation of the MFN1 domain. B, L929 cells were transfected with a virus-
responsive reporter gene (p-125 Luc) and either an empty vector (Empty), an expression vector for MFN1, or an expression vector for MFN2 as
indicated. 48 h after the transfection, cells were mock-treated or infected with NDV. Luciferase activity was determined at 12 h after infection. C and
D, L929 cells were transfected with a virus-responsive reporter gene (p-125 Luc) and either an empty vector (Empty) or an expression vector for MFN1
or its mutant (MFN1 T109A) as indicated. At 48 h after transfection, cells were mock-treated, infected with NDV, or transfected with 5'OH-RNA or
5'ppp-RNA. Luciferase activity was determined at 12 h (C) or 9 h (D) after induction. E, L929 cells were transfected with a virus-responsive reporter
gene (p-125 Luc) and combinations of the indicated vectors. 48 h after the transfection, cells were mock-treated or infected with NDV. Luciferase

activity was determined 12 h after infection.
doi:10.1371/journal.ppat.1001012.g008

(4.5%1.3% of cells positive for NP). A similar effect was observed
when MFNI-knockdown cells were infected with SeV (Fig. 12).
These results strongly suggest that MFNI is critical to the
redistribution of IPS-1 triggered by RIG-1.mediated sensing of
viral RNA.

Discussion

RIG-I mediated antiviral signaling is a critical antiviral response
which is initiated when the RIG-I sensor recognizes viral RNA, A
signal is relayed to IPS-1, a mitochondrial regulator which delivers
the signal downstream. Interestingly, the IPS-1-HeLa clones in this
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study exhibited very low basal expression of IFN genes, which led
us to speculate that IPS-I inhibitory protein(s) is up regulated in
these clones. We also examined the expression level of NLRX1, an
IPS-1 inhibitor {23], and noted no change in its expression level
(not shown). Similarly, levels of MFN1 and MFN2 did not change
in the IPS-1-HeLa clones. (Fig. 10, input).

We observed that the IPS-1 level did not change for up to 12 h
in virus-infected cells and no specific modification of IPS-1 was
identified up to that point. We therefore hypothesize that the
activation status of IPS-1 is determined by its localization pattern.
We speculate that the mechanism of mitochondrial fusion is
mediated by MFNI, and that IPS-1 translocates from some
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transfected with N.C. siRNA or hOPA1-targeted siRNA. 72 h after transfection, cells were infected with NDV for 12 h. IFNB7 mRNA expression was
quantified by qRT-PCR. E, Hela cells were transfected with N.C. siRNA or hDRP1-targeted siRNA (#1-#3) for 72 h, and the knockdown of
endogenous DRP1 was analyzed by Western blotting using anti-DRP1 antibody. F, Hela cells were transfected with N.C. siRNA or hDRP1-targeted
siRNA. At 72 h after transfection, cells were infected with NDV for 12 h. IFNBT mRNA expression was quantified by gRT-PCR. G, WT and Mfn1 or Mfn2-
knockout MEFs were transfected with a virus-responsive reporter gene (p-125 Luc) with either an empty vector (Empty) or an expression vector for
RIG-I CARD or IPS-1. Luciferase activity was determined 48 h after transfection. Data represent means * s.d. (n=3).

doi:10.1371/journal.ppat.1001012.g009

mitochondria and finally accumulates densely on others. On the
other hand, forced overexpression of full-length IPS-1 results in
constitutive signaling [7,8,9,10]. There is no clear explanation why
non-physiological overexpression can by-pass the virus-induced
signaling, however, it can be concluded that transient IPS-1
overexpression may quantitatively override the hypothetical
inhibitor for IPS-1 (above). Under these conditions, MFN1 is
dispensable (Fig. 9G). Consistent with this, artificial aggregation of
IPS-1 by cross-linking induced the signaling to activate IFN genes
(Tang, E. D. and Wang, C. D. {24] and our unpublished
observation). We speculate that under physiological conditions,
viral infection induces the local accumulation of IPS-1 (corre-
sponds to “active IPS-1) on mitochondria. These mitochondria
with locally accumulated IPS-1 may function as a platform to
recruit downstream molecules.

MFN1 and MFN2 are structurally similar and both occur on
the outer membrane of mitochondria. Their functions however

@ PLoS Pathogens | www.plospathogens.org

636

are not redundant, as the single knockout of either produces a
certain mitochondrial phenotype [19]. Recently two papers were
published concerning MFN function in RIG-I-mediated antiviral
responses. Yasukawa et al. reported that MFN2 strongly interacts
with IPS-1 thereby blocking its function, however MFN1 does not
interact with IPS-1 and exhibits no effect {25]. These observations
are clearly inconsistent with ours. The report by Castanier et al.
however, is consistent with our finding that MFNI, but not MFN2,
positively regulates IPS-1 [26]. Most importantly, our knockout
results are clearly consistent with their knockdown results (Fig. 9A
and B). Castanier et al. observed that a particular variant of SeV
(H4) causes clongation of mitochondria, however they did not
demonstrate whether this morphological change is common to
other viral infections. Unlike Castanier et al. we did not observe
mitochondrial elongation by viral infections nor 5'-pppRNA
transfection (Fig. 3). The knockdown of a mitochondrial inner
membrane protein  OPAl blocked virus-induced signaling
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doi:10.1371/journal.ppat.1001012.g010

(Fig. 9D); thereby indicating that mitochondrial fusion may be
necessary for the activation of IPS-1. Castanier et al. observed that
knockdown of DRP1 or FIS] causes mitochondrial elongation and
IPS-1’s association with STING, an antiviral signaling adaptor.
However, neither the mitochondrial elongation nor the IPS-1-
STING interaction is sufficient to activate the signaling.

We demonstrated that the redistribution of IPS-1 is induced by
various viral infections and 5'ppp-RINA transfection and is
dependent on a functional MFN1. The precise mechanism of the
IPS-1 redistribution is not known, however we propose a model
described in Fig. 13. In uninfected cells, MFN1 and IPS-1 associate
constitutively (Fig. 10) and distribute evenly on all mitochondria.
When a virus replicates in a specific cytoplasmic compartment,
RIG-I is recruited to this area as a result of interaction with viral
dsRNA through the C-terminal RNA-binding domain (Fig. 5A).
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Upon binding with viral RNA, CARD is exposed (activate RIG-I)
[27], and then interacts with IPS-1 at the periphery of the viral
compartment. At the same time, mitochondria surround the viral
compartment because it lacks the ability to penetrate it (Fig. 6).
Since mitochondrion is an elastic, movable organelle [28], affinity
between RIG-I and IPS-1-may be sufficient for the mitochondrial
relocalization. IPS-1/MFN1 complex may facilitate fusion between
the surrounding mitochondria. Mitochondrial fission occurs
independently to balance the fusion, however since the fusion of
IPS-1/MFN l-enriched mitochondria facilitates the redistribution of
IPS-1, IPS-1-enriched mitochondria may be generated. Further
research is necessary to elucidate if the mitochondrial fusion process
is indeed central to IPS-1 redistribution. ]

In summary, our study provides new insight into why the
mitochondrial localization of IPS-1 is essential to its function. We

July 2010 | Volume 6 | Issue 7 | e1001012
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Figure 11. Knockdown of MFN1 inhibits the redistribution of IPS-1 induced by NDV infection. A, Hela cells were transfected with
negative control (N.C) or hMFN1-targeted siRNA (#£1-#3) for 48 h, and the knockdown of endogenous MFN1 was analyzed by Western blotting
using anti-MFN1 antibody. B, Cells transfected with siRNA as shown in a were infected with NDV for 12 h, and endogenous /FNB7 mRNA expression
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