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Figure 1 Expression of ES-specific genes in mouse melanoma B16 cells. (A) Total RNA was extracted from B16-F10 cells cultured in 10-cm
dishes and RT-PCR was performed with primers listed in Table 1. Total RNA from excised C57BL/6 mice skin was used as control. B16-F10 cells
expressed mRNA of Sall4, Dppa5, Ecat1, c-Myc, Grb2, B-catenin, and Stat3, which were not expressed in control C57/BL6 skin samples. (B, C) B16-
F1 (B) or B16-F10 cells (C) were injected subcutaneously into C57BL/6 mice. Seven days after the injection, the tumor was excised. Total RNA was
extracted and RT-PCR was performed. Two additional experiments resulted in similar profiles to that shown here.
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Figure 2 Expression kinetics of Ecat1, Dppa5, and GDF3 during tumorigenesis. B16-F1 and B16-F10 cells were injected subcutaneously into
C57BL/6 mice. Tumors were excised on the indicated day. Total RNA was extracted from the tumor and RT-PCR (A-D) or RT-gPCR (E, F) was
performed to detect Ecat1, Dppa5, and GDF3. (A, B) RT-PCR analyses revealed that mRNA of Ecal and Dppa5 decreased during tumorigenesis. (C,
E) In B16-F1 cells, GDF3 peaked at day 7 after tumor injection and then gradually decreased. (D, F). In contrast, GDF3 expression in B16-F10 cells
increased 7 days after tumor injection and maintained a high level until 14 days after injection.
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the expression of GDF3 in mouse hepatoma G1 and G5
cell lines [29]. Unlike the mouse melanoma B16-F1 and
B16-F10 cell lines, GDF3 expression was not observed
in G1 or G5 cells in culture dish or in the cells during
tumorigenesis (Figure 4A and data not shown).

To examine whether GDF3 promotes tumorigenesis of
not only GDF3-expressing B16 melanomas but also
tumors with no expression of GDF3, we transfected the
mouse hepatoma G1 or G5 cell lines with empty or
GDF3-expressing vectors, and injected the transfected
cells into inbred BALB/c mice. Control transfected G1

or G5 cells formed tumors and the tumor size increased
for 25 days (Figure 4B). Unlike B16 melanoma cells,
forced expression of GDF3 did not result in acceleration
of tumor growth in G1 or G5 cells (Figure 4B), indicat-
ing that the ability of GDF3 to promote tumorigenesis is
specific to B16 melanoma that expresses GDF3 during
s.c. progression.

Expression of genes encoding melanoma CSCs markers
We examined the mechanism by which GDF3 acceler-
ates tumor growth. GDF3 inhibits bone morphogenetic
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tumor diameters were measured on the indicated day.
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Figure 3 Effect of GDF3 expression on B16 melanoma tumorigenesis. B16-F1 and B16-F10 cells were transfected with empty or GDF3-
expressing vectors. Twenty-four hours after transfection, 1 x 10° (A) or 1 x 10° (B) cells were injected subcutaneously into C578L/6 mice and the

protein (BMP) signaling. Id1 is one of the transcription
factors regulated by BMP signaling and its abnormal
expression is observed in human cancers [27,30,31].
Therefore, we examined whether the GDF3 expression
alters the Id1 expression; but no changes in Id1 expres-
sion was observed (Figure 5A).

ABCBS is a marker of human melanoma CSCs, and
CSCs with ABCB5 have a strong ability to generate
tumors in xenotransplantation assays. Previously, Ning

Gu and his colleagues showed that CD133-, CD44-, and
CD24-positive B16-F10 cells show CSC-like feature and
have strong ability to generate tumors [16]. We examined
the expression of CD133, CD44, CD24, and ABCB5 dur-
ing tumorigenesis of B16 melanoma cells transfected
with empty or GDF3-expressing vectors. In B16-F1 cells,
expression of ABCB5, CD44, and CD24 increased during
tumorigenesis but CD133 expression was not observed at
any time points (Figure 5B). Similar to B16-F1 cells,
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Figure 4 Effect of GDF3 expression on mouse hepatoma G1 or G5 cells. (A) Total RNA was extracted from G5 cells cultured in 10-cm dishes
and BALB/c mouse liver, and RT-PCR analyses were carried out with primers listed in Table 1. (B) G1 and G5 cells were transfected with empty or
GDF3-expressing vectors. Twenty-four hours after transfection, cells were injected subcutaneously into BALB/c mice and tumor diameters were
measured on the indicated days. Two experiments with n = 4 were statistically analyzed.

CD24 and CD44 expression increased during B16-F10
tumorigenesis but ABCB5 expression was not observed
(Figure 5C). In contrast, CD133 expression was observed
during B16-F10 tumorigenesis (Figure 5C). Production of
GDF3 did not affect CD133, ABCB5, and CD44 expres-
sion. However, CD24 expression was higher in GDF3-
transfected B16-F1 and B16-F10 cells compared to that
of empty vector-transfected B16-F1 and B16-F10 cells
(Figure 5B and 5C). These data indicate that GDF3
expression leads to increased CD24 mRNA expression or
an increase in the fraction of cells expressing CD24
mRNA.

Next, we performed FACS analysis to detect CD24-
and CD44-positive cells. B16-F10 cells transfected with
empty or GDF3-expressing vector were injected subcu-
taneously into C57BL/6 mice. Seven days after injection,
the tumor was excised, and the tumor cells were stained
with anti-CD24 and -CD44 antibodies. FACS analysis
showed that tumor cells with GDF3-expressing vector
contained more CD24 and CD44 double-positive cells
than those transfected with the empty vector (Figure 5D
and 5E). These data indicate that the expression of
GDF3 increase the number of CD24 and CD44 double-
positive cells during tumorigenesis.
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Figure 5 (A) B16-F1 cells transfected with an empty vector or a GDF3-expressing vector. Twenty-four hours after the transfection total
RNA was extracted and RT-qPCR was performed to measure the Id1 expression. "N.S." stands for not statistically significant. (8, ) B16-F1 (B) or
B16-F10 (C) cells were transfected with empty or GDF3-expressing vectors. Twenty-four hours after transfection cells were injected
subcutaneously into C57BL/6 mice. Tumors were excised 7, 10, and 14 days after injection. Total RNA was extracted from tumors or cell from
culture (day 0) and RT-PCR was performed. (D, E) B16-F10 cells were transfected with empty (D) or GDF3-expressing vectors (E) and 24 hours
after the transfection cells were injected subcutaneously into C57BL/6 mice. The B16-F10 tumor was excised 7 days after injection. Cells were
stained with a FITC-conjugated anti-CD24 antibody and a PE-conjugated anti-CD44 antibody. Cells were analyzed by FACS. One of three similar
experiments is shown.
Y
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Expression levels of GDF3 in implant tumor cells

We finally confirmed that GDF3-transfected F1 and F10
cells continued to express GDF3 in implant tumors. RT-
PCR analyses of excised tumors suggested that the trans-
fected F1/F10 cells expressed the mRNA of GDF3 10 days
after implantation although the levels of GDF3 mRNA
decreased after 10 days compared to day O (Figure 6A). A
negative control Soxl5 and a positive control B-actin were
not affected by GDF3 transfection. Protein expression of
GDF3 in F1 and F10 cells was examined by Western blot-
ting using antibody against GDF3. A representative blot-
ting profile is shown in Figure 6B. The protein as well as
mRNA amounts of GDF3 were similar in F1 and F10 cells
(Figure 6A,B). The results infer that the GDF3 message is
translated into functional protein in these tumor cells and
forced expression of GDF3 are still minimally expressed
10 days after transfection in these cells.

Discussion

We have shown that GDF3 mRNA increased during
tumorigenesis in mouse melanoma B16-F1 and B16-F10
cells. Although the genotypic and phenotypic differences
of these sublines of the same cell line origin was
described earlier [32], genes responsible for their
tumorigenic difference have not been fully elucidated.
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We found that GDF3 overexpression promotes tumori-
genesis of mouse melanoma by B16-F1 and B16-F-10
cells but not hepatoma by G1 or G5 cells. Moreover,
ectopic expression of GDF3 increased CD24 expression
in both B16-F1 and B16-F10 cells. Human GDF3 is pri-
marily expressed in embryonal carcinomas, testicular
germ cell tumors, seminomas, and breast carcinomas.
However, the role of GDF3 in tumorigenesis has not
been shown yet. This is the first report that establishes a
positive role of GDF3 in tumorigenesis.

Mouse melanoma CSC-like cells have a high degree of
tumorigenicity and express CD133, CD44, and CD24
[16]. The expression of these three genes increased dur-
ing B16-F10 tumorigenesis, and B16-F1 cells expressed
CD44, CD24, and ABCB5 during tumorigenesis. We
were unable to isolate the cells expressing CD44, CD24,
and CD133 (or ABCB5) from B16 tumors injected into
syngenic mice because of the low percentage of these
cells in the overall population. However, the expression
of CD24, CD44 and CD133 (or ABCB5) in melanoma
B16 cells implies that CSC-like cells emerge during
tumorigenesis. Indeed, we observed more CD24 and
CD44 double-positive cells in GDF3-expressing B16-F10
cells than in control B16-F10 cells during tumorigenesis.
But we have not yet shown the mechanism by which

(A) (B)

_B16F1 B16F10
0 10 0 10 day

@DF3 _ _ WB: anti-GDF3
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Figure 6 (A) RT-PCR analysis of the GDF3 message in F1/F10 cells. F1/F10 cells were transfected with the plasmid for expression of GDF3
(upper panel). Cells just before inoculation (indicated as O day) and cells isolated from tumors on day 10 after inoculation (indicated as day 10)
were prepared and adjust the cell numbers. These cells were lysed and total RNA was extracted from the lysates. RT-PCR was performed to
detect GDF3 as well as SoxI5 (nagative control, center panel) and B-actin (positive control, lower panel). PCR cycles are 32 rounds, 3 times less in
those shown in Fig. 2C,D (B) Cell lysate (day 0) was subjected to SDS-PAGE (left 10% gel, right 8% gel) followed by immunoblotting. Lower
panel- Commassie brilliant blue (CBB) staining of the blot. Upper panel- blots GDF3 band visualized by treating with anti-GDF3 mAb and then
HRP-labeled 2™ Ab. No relevant band of GDF3 was detected by CBB staining.

B16F1 B16F10
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GDF3 promotes turmorigenesis. The secondary effect of
GDF3 expression on other genes should not be ruled
out. One possible hypothesis is that GDF3 expression
leads to an increase of some genes in CSC-like cells and
these cells have a strong tumorigenic activity thus con-
tributing to high GDF3 tumortigenicity.

Yamanaka and his colleagues firstly showed that the
expression of four ES-specific genes, KlIf4, Oct3/4, Sox2,
and c-Myc, induces pluripotent stem cell proliferation
from mouse embryonic and adult fibroblast cultures [10].
Another report also showed that another ES-specific
gene Sall4 plays a positive role in the generation of pluri-
potent stem cells from blastocysts and fibroblasts [33]. In
the current CSC theory, CSCs are derived from normal
stem cells. Although several papers support this model, it
is still unknown whether all CSCs are derived from nor-
mal stem cells [13]. In general, cancer cell genome
becomes unstable because caretaker tumor suppressor
genes are mutated during carcinogenesis [34]. Genome
instability causes the expression of genes that are sup-
pressed in normal tissues. In human ES cells, GDF3 sup-
ports the maintenance of the stem cell markers, Oct4,
Nanog, and Sox2 [8,9]. Therefore, it is possible that some
fraction of cancer cells may come to express these four
genes in vivo leading to CSC formation from differen-
tiated cancer cells, and GDF3 may promote this process.
Another possibility of GDF3 role in tumorigensis is that
GDF3 modulates TGF-mediated signaling, since it
belongs to the TGF-B superfamily [8]. However, this
model cannot explain why GDF3 expression increased
only CD24 expression and not Id1 expression.

CD24 is a GPI-anchored sialoglycoprotein and is
expressed in a variety of malignant cells [35]. CD24 par-
ticipates in cell-cell contact and cell-matrix interaction
and plays a role in cell proliferation. It is currently
accepted that absence of CD24 on the tumor cell sur-
face inhibits proliferative response and induces apoptosis
in tumor cells, while up-regulation of CD24 promotes
cell proliferation to increase tumor growth and metasta-
sis [35,36]. Thus, the high CD24 level on tumor cells
may predict poor prognosis in patients with cancer. In
hepatocellular carcinoma CD24 level is actually corre-
lated with patients’ prognosis [36]. Our present finding
furthers this notion and suggests that constitutive or
forced expression of GDF3 in melanoma cells links the
high CD24 expression accelerating tumor growth. By
what mechanism TGF-B-like GDF3 induces up-regula-
tion of CD24 on tumor cells, however, remains
unknown.

In this regard, ectopic expression of GDF3 did not
promote tumorigenesis of mouse hepatoma G1 and G5
cells. The expression profiles of CD24 in B16 melanoma
sublines were parallel to those of GDF3, but hepatoma
lines G1 and G5 had impaired the ability to induce
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GDF3-mediated CD24 expression. CD24 is rarely
expressed on normal cells. Only limited subsets of mye-
loid cells are CD24-positive [36]. As the signal axis of
this GDF3-derived CD24-inducing pathway is undeter-
mined, it remains unsettled as to what is the molecular
discrepancy between B16 F1/F10 melanoma cells and
G-1/G5 hepatoma cells. Furthermore, the physiological
role of the GDF3 signal and its downstream targets has
not been elucidated. Yet the GDF3-CD24 pathway fre-
quently turns positive when the cells are malignantly
transformed [37] which may support the notion that
CD24, when complexed with other molecules, alters its
function for discrimination of danger signals [37].

Although possible experiments are in progress,
another report suggests that CD24 is associated with
Siglec-10 in humans or Siglec-G in mice serve as an
innate immune receptor for endogenous self ligands
named damage associated molecular pattern (DAMP)
[38]. Accumulating evidence indicates that in tumor
progression DAMP is released from damaged tissue or
tumor cells and modulates both tumor and immune
cells. Recent report suggested that the host inflamma-
tory response to DAMP is partly controlled by a
DAMP-CD24-Siglec axis [38]. We favor the speculation
that the CD24 signals the presence of DAMP in a
tumor micro environment, thereby augmenting inflam-
matory response to facilitate pathological tumor pro-
gression in GDF3-CD24 pathway-positive B16 F1/F10
but not -negative G-1/G-5 cells. Either way, this is the
first report on the embryonic antigen GDF3 which is an
inducer of CD24 and joins tumor cell proliferation.
Further study may clarify the link between the CD24-
Siglec G pathway and innate inflammatory response
which occurs in invading tumor and facilitates to estab-
lish tumorigenesis.

Materials and methods

Cell lines and mice

B16-F1 and B16-F10 melanoma cells, G1 and G5 hepa-
toma cells were grown in RPMI1640 with 10% fetal
bovine serum. These cell lines were transfectable, and
transfection efficiencies were checked using the pEFBOS
vector for expression of GFP. The transfection efficien-
cies were ~25% in F1 and F10 cells and ~20% in G-1
and G-5 cells (data not shown). We tried to establish
stable clones constitutively expressing GDF3 in F1 and
F10 cells, but failed to establish them. C57BL/6 and
BALB/c mice (10-20 weeks of age) were purchased from
Hokudo Co. (Sapporo, Japan). All mice were maintained
under specific pathogen-free conditions in the animal
facility of the Hokkaido University Graduate School of
Medicine. Animal experiments were performed accord-
ing to the guidelines set by the animal safety center,
Japan.
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RT-PCR

Total RNA from cells, tumors and normal tissues was
isolated using the TRIZOL reagent (Invitrogen) accord-
ing to the manufacturer’s standard instructions. Reverse
transcription was performed with random primers using
the High Capacity cDNA reverse transcription kit (ABI).
PCR was performed using primers listed in Table 1.
These primer sets are applicable to the detection of the
messages in mouse ES cells [10]. PCR cycles were
usually 35 rounds, and otherwise described. We avoided
quantitative interpretation of the results of RT-PCR ana-
lysis. The amplified DNA fragments were analyzed with
1% agarose gel and stained with etidium bromide.

Quantitative PCR

We used the following PCR primers: GDF3-F1, GDF3-
R1, B-actin-F1, and B-actin R1 for quantitative PCR.
Their sequences for GDF3 gene are listed in Table 1,
and those of B-actin are a follows: B-actin-F1: TTT
GCA GCT CCT TCG TTG C, and B-actin-R1: TCG
TCA TCC ATG GCG AAC T. Quantitative PCR was

Table 1 Primer sequences

Primer Primer sequence Primer sequence
name (F: forward) (R: reverse)

Dppa2 agaagccgtgcasagaaaaa gttaaaatgcaacgggctgt
Fthl17 actttgggactgtgggactg ttgatagcatcctcgeactg
Sall4 geccctcaactgtetctetg gggagctgttttctecactg
Rex1 caggttctggaagcgagttc gacaagcatgtgcttcctca
Utf1 ttacgagcaccgacactctg cgaaggaacctcgtagatge
Tch caccatgagggacaagacct cttacaccgctctgcaatca
Sox2 atgggctctgtggtcaagtc cccteccaatteccttgtat
Dppa3 ctitgttgtcggtgctgaaa tccegticaaactcatttee
Gdf3 acctttccaagatggcetect cctgaaccacagacagagca
Ecat8 tgtgtactggcaaccaaaa ctgaggteccatcagetctc
Dnmt3l caagcctcgtgactttecte ccatggcattgatcctctct
Eras atcctaacccccaactgtec caagcctcgtgactttectc
Fbxol5 ctatgattggctgcgacaga gtagtgtcgggaggcaatgt
Dppa5 cagtcgctggtgctgaaata tccatttageccgaatcttyg
Ecatl gaatgcctggaagatccaaa aaatctcagcetegectttca
Dppa4 agggctttcccagaacaaat gcaggtatctgctectctgg
SoxI5 cggcgtaagagcaaaaactc tgggatcactctgagggaag
Oct3/4 ccaatcagcttgggctagag ctgggaaaggtgtccctgta
Nanog cacccacccatgctagtctt accctcaaactectggtect
c-Myc gcccagtgaggatatcttgga atcgcagatgaagcetctggt
Grb2 tcaatgggaaagatggcttc gagcatttettctgecttgg
B-catenin gtgcaattcctgagctgaca cttaaagatggccagcaage
Stat3 agactacaggccctcageaa cctetgtcaggaaaggcttg
CD133 ctcatgcttgagagatcaggc cgttgaggaagatgtgcacc
cD24 actctcacttgaaattgggce gcacatgttaattactagtaaagg
CD44 gaaaggcatcttatggatgtgc ctgtagtgaaacacaacacc
ABCBS gtggctgaagaagecttgte tgaagccgtagecctcttta
GDF3 aaatgttigtgttgcgagtca tctggcacaggtgtcttcag
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performed by Step One real-time PCR system (ABI).
The statistical comparisons were performed using the
Student’s ¢ test between two groups.

Tumor transplantation

B16 melanoma cells or G1, G5 hepatoma cells were cul-
tured in 10-cm dishes and harvested with 0.02% EDTA
solution. Cells were washed two times with D-PBS.
Mice were anesthetized with diethyl ether and tumor
cells were injected subcutaneously into C57BL/6 or
BALB/c mice. Tumor volumes were measured using a
caliper every 1 or 2 days. Tumor volume was calculated
using the formula: Tumor volume (cm®) = (long dia-
meter) x (short diameter) x (short diameter) x 0.4.
Plotted data represent mean + standard deviation (SD.).

Flow cytometry

Flow cytometry (FACS) was performed using FACS cali-
ber. Excised B16-F1 and B16-F10 tumors were treated
with collagenase D for 30 minutes and then suspended
in RPMI 1640 medium. Cells were washed two times
with FACS buffer (1 x PBS, 1% BSA, 2 mM EDTA). 1 x
10° cells were suspended in 50 pl of FACS buffer. Anti
mouse CD22 and CD 44 mouse antibody (eBioscience)
were added into the cell suspension, and the cells were
incubated at 4°C for 45 minutes. After the incubation
cells were washed twice with PBS, and analyzed by
FACS caliber.

Western blot analysis

Cells were lysed in lysis buffer (20 mM Tris-HCI pH7 4,
150 mM NaCl, 1% NP-40, 10 mM EDTA, 25 mM
iodoacetamide, 2 mM PMSEF, protease inhibitor mixture
(Roche)) and subjected to SDS-PAGE (8~10% gel) under
reducing conditions followed by immunoblotting with
anti-mouse GDF3 mADb or anti-p actin mAb (R&D Sys-
tems, Inc., Minneapolis, MN).
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DEAD/H BOX 3 (DDX3) helicase binds the RIG-I adaptor
IPS-1 to up-regulate IFN-p-inducing potential

Hiroyuki Oshiumi, Keisuke Sakai, Misako Matsumoto and Tsukasa Seya

Department of Microbiology and Immunology, Hokkaido University Graduate School
of Medicine, Kita-ku, Sapporo, Japan

Retinoic acid-inducible gene-I (RIG-I)-like receptors (RLR) are members of the DEAD box
helicases, and recognize viral RNA in the cytoplasm, leading to IFN-p induction through the
adaptor IFN-B promoter stimulator-1 (IPS-1) (also known as Cardif, mitochondrial antiviral
signaling protein or virus-induced signaling adaptor). Since uninfected cells usually harbor
a trace of RIG-I, other RNA-binding proteins may participate in assembling viral RNA into
the IPS-1 pathway during the initial response to infection. We searched for proteins
coupling with human IPS-1 by yeast two-hybrid and identified another DEAD (Asp-Glu-Ala-
Asp) box helicase, DDX3 (DEAD/H BOX 3). DDX3 can bind viral RNA to join it in the IPS-1
complex. Unlike RIG-I, DDX3 was constitutively expressed in cells, and some fraction of
DDX3 is colocalized with IPS-1 around mitochondria. The 622-662 a.a DDX3 C-terminal
region (DDX3-C) directly bound to the IPS-1 CARD-like domain, and the whole DDX3 protein
also associated with RLR. By reporter assay, DDX3 helped IPS-1 up-regulate IFN-p promoter
activation and knockdown of DDX3 by siRNA resulted in reduced IFN-p induction. This
activity was conserved on the DDX3-C fragment. DDX3 only marginally enhanced IFN-§
promoter activation induced by transfected TANK-binding kinase 1 (TBK1) or I-kappa-B
kinase-¢ (IKKs). Forced expression of DDX3 augmented virus-mediated IFN-B induction and

host cell protection against virus infection. Hence, DDX3 is an antiviral IPS-1 enhancer.

Key words: DDX3 - IFN-B . IPS-1 - RIG-I-like receptors -

Viral infection

See accompanying Commentary by Mulhern and Bowie

Introduction

Retinoic acid-inducible gene-I (RIG-I) and melanoma differentia-
tion-associated gene 5 (MDAS) are cytoplasmic RNA helicases
[1-3], which signal the presence of viral RNA through the
adaptor, IFN-B promoter stimulator-1 (IPS-1) (also known as
mitochondrial antiviral signaling protein/caspase recruitment
domain (CARD) adaptor inducing IFN-B (Cardif)/virus-induced
signaling adaptor) to produce IFN-B [4-7]. IPS-1 localizes on the
outer membrane of the mitochondria via its C-terminus [6]. Its N-
terminus consists of a CARD domain, which interacts with the
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CARD domains of RIG-I and MDAS. Viral RNA resulting from
penetration or replication are believed to assemble in the CARD-
interacting helicase complex to activate the cytoplasmic IFN-
inducing pathway. Although non-infected cells usually express
minimal amounts of RIG-I/MDAS, the final output of type I IFN is
efficiently induced at an early stage of infection to protect host
cells from viral spreading.

Once IPS-1 is activated, the kinase complex consisting
of TANK-homologous proteins and virus-activated kinases
induce nuclear translocation of IFN regulatory factor-3 (IRF-3) to
activate the IFN promoter [8]. NAK-associated protein 1, TANK-
binding kinase 1 (TBK1) and I-kappa-B kinase-¢ (IKKe) are
components of the kinase complex that phosphorylates IRF-3 to
induce type I IFN [9, 10]. RIG-I recognizes products of various
RNA viruses, while MDAS recognizes products of picornaviruses
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(1, 11]. RIG-I and MDAS share the helicase domain, which is
classified into the DEAD (Asp-Glu-Ala-Asp) box helicase
family, and the domain can bind to various RNA structures.
5'-triphosphate RNA or short dsRNA is a ligand of RIG-I, whereas
long dsRNA is a ligand of MDAS [1, 12]. However, these RIG-1-
like receptors (RLR) are usually up-regulated to a sufficient
level secondary to IFN stimulation, suggesting that other mole-
cular mechanisms are responsible for the initial sensing of viral
RNA.

Here, we looked for molecules that bind IPS-1 by yeast two-
hybrid, and found a DEAD box helicase, DDX3 (DEAD/H BOX 3),
as a component of the complex of IPS-1. DDX3 facilitated IPS-1-
mediated IFN-B induction to confer high antiviral potential on
early infection phase of host cells. This is the first report showing
that DDX3 is an IPS-1 complement factor for antiviral IFN-B
induction in host infectious cells.

Results
Involvement of DDX3 in the IPS-1 complex

IPS-1 is constitutively present on the mitochondrial membrane
and plays a central role in the cytoplasmic IFN-inducing pathway.
We searched for proteins that bind IPS-1 in yeast. Using bait
plasmids with the IPS-1 CARD region (aa 6-136), we screened a
human lung cDNA library to isolate IPS-1 CARD-interacting
proteins. We identified one clone, #62 that encodes the
DDX3 C-terminal region (aa 276-662), which included
partial DEAD box and helicase superfamily C-terminal regions
(Fig. 1A). Their interaction was confirmed in HEK293FT cells by
immunoprecipitation (IP), where DDX3 and IPS-1 were coupled
(Fig. 1B). We confirmed that the C-terminal fragments of DDX3,
at least 622-662 a.a, bound IPS-1 (data not shown). Taken
together with the results of the yeast two-hybrid assay, the
C-terminal portions of DDX3 directly bind the CARD-like region
of IPS-1.

RIG-I and MDAS helicases also bind the IPS-1 CARD domain
[4]. In general, RNA helicases make a large molecular complex,
and sometimes form homo- or hetero-oligomers. RIG-I binds to
LGP2 helicase, and forms homo-oligomers during Sendai virus
infection [11]. Hence, we examined whether DDX3 was asso-
ciated with the RLR proteins by i.p. RIG-1 and MDAS co-precipi-
tated with DDX3 (Fig. 2A), suggesting that DDX3 is involved in
the complex of IPS-1 that interacts with RIG-I and/or MDAS5.
DDX3 bound the C-terminal helicase domain including the RD
region of RIG-I (Fig. 2B). Thus, additional interaction may occur
between DDX3 and RIG-I/MDAS. IPS-1 localizes to the
membrane of mitochondria [6]. Three-color imaging analysis
indicated that DDX3 in part co-localized to the IPS-1-mitochodria
complex in non-stimulated resting HeLa cells, which express
undetectable amounts of RLR (Fig. 2C and data not shown).
These results together with accumulating evidence infer that non-
infected cells harbor the complex of DDX3 and IPS-1 with mini-
mal amounts of RIG-I/MDAS.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. DDX3 binds IPS-1. (A) DDX3 partial cDNA fragment (aa
276-662) isolated by the yeast two-hybrid screening interacted with the
IPS-1 CARD region (aa 1-103) in yeast. Tryptophan- and leucine-
depleted synthetic dextrose medium plate (SD-WL) is non-selective,
and tryptophan-, leucine- and histidine-depleted synthetic dextrose
medium plate (SD-WLH) and tryptophan-, leucine-, histidine- and
alanine-depleted synthetic dextrose medium (SD-WLHA) plates are
selective plates. Empty bait plasmid (pGBKT7) was used for a negative
control. (B) FLAG-tagged IPS-1 and HA-tagged DDX3 expression vectors
were transiently transfected into HEK293FT cells by FuGeneHD
reagent. 24h after transfection, cell lysates were prepared, and IP
was carried out using anti-HA Ab. The immunoprecipitates were
analyzed by western blot using anti-HA or FLAG Ab. Data are
representative of three independent experiments.

DDX3 promotes IPS-1-mediated IFN-p promoter
activation

Forced expression of IPS-1 causes the activation of transcription
from the IFN-B promoter. To ascertain the role of DDX3 in IFN-B
production, we carried out reporter gene analysis to see the
enhancing effect of DDX3 on IPS-1-mediated IFN-B promoter
activation. Overexpression of DDX3 alone caused little activation of
the promoter; however, the promoter activation was more
augmented by minimal addition of DDX3 to IPS-1 than by
overexpressed IPS-1 alone (Fig. 3A). This suggested that DDX3
enhanced IPS-1-mediated signaling despite the lack of RIG-I
overexpression. To establish which region of DDX3 is important
for IFN-B enhancer activity, partial DDX3 fragments were over-
expressed with [PS-1, and IFN-B promoter activation was examined.
The N-terminal region (aa 1-224, aa 224-487, aa 488-621) barely
enhanced promoter activation (data not shown), but the C-terminal
region (622-662) activated the promoter (Fig. 3B). These data
indicated that the C-terminal region of DDX3 is important for the
binding to IPS-1 and potentiation of the IPS-1 pathway.

www.eji-journal.eu

— 143 —



942

Hiroyuki Oshiumi et al.

A ooxana e+ %
FLAGRIGH - + - + -«
FLAG-MOAS - - 4 - =
MPAS * WB: FLAG
B Ha | RIGH -
DDX3 .. i i |WB HA
MDAS 'Yy
wee | RiGH €« 4 WB: FLAG
ooxs @B e

B ooxaua

+ & o+ #
FLAG-IRIG- . - - - -
FLAG-RIG-IC s % s
FLAG-RIGHBD - - +
DDX3
worLag]  TeC
dRIG-
RiG-t RD
DOX3
WCE RIGIC _
ARG WB: FLAG
RAGIRD

C Hela cef (po stimutation) Hela call {pedylC stimutation}

Figure 2. DDX3 joins the complex of RIG-I, MDAS5 and IPS-1. (A) RIG-I
and MDAS co-precipitate with DDX3. HA-tagged DDX3 was expressed
in HEK293FT cells, together with FLAG-tagged MDAS or RIG-I, and 24h
after transfection, IP was performed using anti-HA Ab and
analyzed by western blotting. (B) The C-terminal region of RIG-I
participates in complex formation with DDX3. FLAG-tagged RIG-I
fragments and HA-tagged DDX3 were expressed in HEK293 cells, and
24h after transfection, IP was performed using anti-HA Ab and
analyzed by western blotting. (C) DDX3 colocalizes with IPS-1. Flag-
tagged IPS-1 and HA-tagged DDX3 were transfected into Hela cells
together with or without polyl:.C. After 24h, cells were fixed with
formaldehyde and stained with anti-HA polyclonal and anti-FLAG
monoclonal Ab. Alexa488 (DDX3-HA) or Alexa633 Ab was used for
second Ab. Mitochondria was stained with Mitotracker Red. DDX-3
partially colocalized with IPS-1. Data are representative of three
independent experiments.

DDX3 as a component of initial RNA sensor

RIG-I1 and MDAS are IFN-inducible proteins, only traces of which
exist in an early phase (<2h) in the cytoplasm where viral RNA
replicate. Previous reports showed that DDX3 binds RNA of poly
rA or duplexed RNA [13, 14], and our protein analysis solidified
this issue: DDX3 efficiently bound polyl:C and stem-loop RNA of
viral origin in a solution (data not shown). DDX3 as well as IPS-1
were expressed even without any stimulation (Fig. 2C and 4A and
B) and bound each other in the cytoplasm (Fig. 2C). Hence,
DDX3 is a cytoplasmic molecule that can detect viral RNA
produced in infected cells.
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Knockdown studies suggested that polyl:C-mediated IFN
promoter activation was abrogated in DDX3-deficient cells
even in the presence of overexpressed RIG-I or MDAS
(Fig. 5). DDX3 silencing happened with two different siRNA.
Thus, DDX3 may enable RIG-1 and IPS-1 to confer activation
of the cytoplasmic RNA-sensing pathway on virus-infected
cells.

The IFN-B-inducing pathway involves IRF-3 kinases TBK1 and
IKKe, which may be targets of DDX3 [15, 16]. By in vitro reporter
analysis, increasing amounts of DDX3 barely affected IFN-f
promoter activation by TBK1 and IKKe (Fig. 6A and B). Slight
TBK1-enhancing activity could manage to be detected with DDX3
when decreasing amounts of TBK1 was used in the assay (Fig. 6C
and D).

HelLa cells induced the mRNA of RIG-I and IFN-f in response
to polyl:C stimulation within 1h (Fig. 4A). More exactly, IFN-
induction was ~ 30 min faster than RIG-I induction in response to
polyl:C. IFN-B mRNA induction was peaked around 3h post
stimulation, while RIG-I induction continued to increase>3h
(Fig. 4A). When HEK293 cells were infected with vesicular
stomatitis virus (VSV) (a RIG-I-stimulating virus), the IFN-f
mRNA was induced from 6h, and by that time no RIG-I message
was generated (Fig. 4B-D). The RIG-I message began to
appear>8h and was markedly increased (Fig. 4B and D). In
either case, no up-regulation was observed with DDX3 but suffi-
ciently present in the cytoplasm (Fig. 4C). Furthermore, over-
expression of DDX3 in HeLa cells resulted in potential prevention
of VSV propagation (Fig. 7). However, the distribution profiles of
DDX3 and IPS-1 were barely altered in response to polyl:C
stimulation (Fig. 2C). The results allow us to interpret that
when viral RNA enter the cytoplasm of infected cells, the
RNA first induce a small amount of IFN-f in conjunction
with the complex containing trace RIG-I and then the
induced IFN-B fosters intensive RIG-I/MDAS induction. The
complex is reconstituted together with upcoming RIG-I/MDAS5
to amplify the cytoplasmic IFN-inducing pathway. Although
the molecular reconstitution was not visible with overexpressed
proteins by confocal analysis, DDX3 may act as an
enhancing factor for initial RNA-sensing by the IPS-1 complex
and conducts the rapid response to viral RNA to facilitate the
IPS-1 signaling.

Discussion

We identified DDX3 as a protein that bound to the IPS-1 CARD
region, duplexed RNA and RLR. Although the DDX3 helicase
domain is a DEAD box type similar to those of RIG-I and MDAS5,
DDX3 does not have a signaling domain corresponding to the
CARD domain. Therefore, DDX3 may not act as a signal sensor of
RNA viruses, as RIG-I and MDAS do. Considering the role of
DDX3 in host RNA metabolism, it is more likely that DDX3 acts as
a scaffold for RIG-I (even under the presence of low copy
numbers of RIG-I) and intensifies IPS-1 signaling similar to LGP2
[11, 17]. RNA molecules usually form a complex with various
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Figure 3. The C-terminal region of DDX3 participates in enhancing IPS-1-mediated IFN-B promoter activation. (A) Activation of IFN-B promoter
was examined by reporter gene assay. HEK293 cells were transfected with DDX3- (100, 200 or 300ng) and/or IPS-1 (100 ng)-encoding plasmids,
together with reporter (p125luc) and control plasmids (Renilla luciferase) into 24-well plates. (B) The plasmids for expression of DDX3 (622-662 aa)
and IPS-1 or the former only were transfected into HEK293 cells in 24-well plates together with p125luc reporter plasmid. After 24 h, the activation
of reporter was measured. Data show mean fold induction+SD of three independent assays. *p<0.05, Student’s t-test.
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Figure 4. Earlier induction of IFN- than RIG-I in virus-infected cells. (A) Early induction of IFN-B in response to polyl:C. HeLa cells were stimulated
with 50ug/mL of polyl:C for indicated hours. Total RNA was extracted with TRIZOL and RT-PCR was carried out to examine the kinetics of
expressions of DDX3, IFN-f, RIG-I and GAPDH (control). (B) IFN-B mRNA induction by VSV infection. HEK293 cell were infected with VSV at MOI = 1,
and then total RNA was extracted with TRIZOL reagents at indicated times. The reverse transcription with random primers and PCR at 33 cycle
were performed to detect RIG-I, DDX3 or IFN-f expression. Data are representative of three independent experiments. (C) Marked induction of
RIG-1in VSV-infected cells. HEK293 cells were infected with VSV at MOI = 1, and then the total RNA was extracted with TRIZOL reagent at indicated
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proteins, such as 5’-end capping enzymes or translation initiation
factors. Viral RNA also tends to couple with host proteins to
replicate and translate RNA. DDX3 capturing RNA may function
either in the molecular complex of RIG-I/MDA5/IPS-1 or in the
complex of the translation machinery.

Recently, DDX3 was reported to up-regulate IFN-B induction
by interacting with IKKe in the kinase complex [18]. IKKe is an
NF-kB-inducible gene, whereas the DDX3-IPS-1 complex is
constitutively present prior to infection. DDX3 may bind IKKe
after IKKe is generated secondary to NF-xB activation [15].
Another report suggested that DDX3 interacts with TBK1 to
synergistically stimulate the IFN-B promoter [16]. The report
further suggested that DDX3 is recruited to the IFN promoter
and acts like a transcription factor [16]. These reports also
show that not C-terminal but N-terminal region of DDX3 is
required for enhancing the IKKe- or TBK1-mediated IFN promoter
activation. We showed that unlike these previous reports,
the C-terminal region of DDX3 is important for the IPS-1 acti-
vation. These observations indicate that DDX3 is involved
in RIG-I signaling at multiple steps. The involvement of DDX3 at
several steps is not surprising, because DDX3 plays several
roles in RNA metabolisms, such as RNA translocation or mRNA
translation.

In cytoplasm, there are large amounts of DDX3 and only trace
amounts of RIG-I in resting cells. Therefore, when the virus
initially infects human cells, the viral RNA would encounter
DDX3 before RIG-I capture the viral RNA. We demonstrated that
the initial IPS-1 complex for RNA-sensing involves DDX3 in
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addition to trace RIG-I to cope with the early phase of infection.
This IPS-1 complex activates downstream signal by involving a
minute amount of viral RNA. What happens in actual viral
infection is to first induce IFN-B and then RIG-I (Fig. 4B),
suggesting that the initial IFN-B mRNA arises independent of the
virus-induced RIG-1. Once IFN-p and RIG-I mRNA are up-regu-
lated by viral RNA, the IPS-1 complex turns constitutionally
different: the complex contains high amounts of RIG-I, which
may directly capture viral RNA without DDX3. Our results indi-
cate that the early IPS-1 complex formed in the early stages of
virus-infected cells induce minute IFN-B with a mode different
from the conventional IPS-1 pathway that RIG-I solely capture
viral RNA and activates IPS-1. By retracting DDX3 from the
complex by siRNA, only a minimal IFN-B response emerges
merely with preexisting RIG-1 and IPS-1, suggesting DDX3 to be a
critical signal enhancer in the early IPS-1 complex. Development
of a method to chase endogenous DDX3 will be required to test
our interpretation.

The RIG-I generation occurring>8h post RNA virus challenge
makes the complex direct the conventional IFN-inducing
pathway harboring sufficient RIG-I/MDAS. Previous reports
[13, 14] and our RNA-binding analysis also speculated that one
of the RNA-capture proteins is DDX3 since DDX3 tightly binds
polyl:C and dsRNA in fluid phase. These RNA-capture proteins may
have a role in the IPS-1-involving molecular platform in cells with
early virus infection when only a trace RIG-I protein is expressed.
This interpretation fits the result that DDX3 acts predominantly on
an early phase of virus infection (Fig. 4B and 7).
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Figure 5. Knockdown of DDX3. (A) Negative control or DDX3 targeting siRNA (20 pmol), DDX3 si-1, -2 or -3, were transfected into HEK293 cells in
24-well plates, together with HA-tagged DDX3 or FLAG-tagged RIG-I expression plasmids, and after 48, cell lysates were prepared and analyzed
by western blotting with anti-HA or anti-FLAG Ab, and the same membrane was stained with CBB. (B) DDX3 si-1, -3 or control siRNA was
transfected into HEK293 cells, and after 48 h, expression of endogenous DDX3 mRNA was examined by RT-PCR. (C) DDX3 si-1, -3 or control siRNA
was transfected into HEK293 cells with reporter plasmids and RIG-I- or MDAS5 expression plasmid (100 ng). Forty-eight hours after transfection,
cells were stimulated with polyl:C (20 pg/mL) with dextran for 4h, and activation of the reporter was measured. siRNA for DDX3 reduced RIG-I- or
MDAS-mediated p125luc activation. Data are representative of three independent experiments (A,B). Data show mean fold increase+SD pooled
from three independent experiments (C). *p<0.05, Student’s t-test.
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Figure 6. TBK1 and IKKe are not main targets for DDX3-mediated IFN-$
up-regulation. (A-D) The activation of IFN-f promoter was examined
by reporter gene assay. HEK293 cells were transfected in 24-well plates
with DDX3 (0, 100 or 300ng)-, TBK1 (0, 50 or 100ng)- or IKKe (0, 10 or
100 ng)-encoding plasmid together with reporter (p125luc) and control
plasmid. After 24h, the cell lysate was prepared and the luciferase
activities were measured. Data show mean+SD of three independent
experiments.
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Figure 7. VSV infection is suppressed by overexpressed DDX3. (A) HeLa
cells were transfected with DDX3, RIG-I or empty vector. After 24 h, the
transfected cells were infected with VSV at indicated MOIL. 24h after
VSV infection, the cells were fixed with formaldehyde and stained with
crystal violet. (B) The VSV titers of culture supernatant of HelLa cells
infected with VSV at MOI =1 or 10 were measured by plaque assay.
Data show mean+SD of three independent experiments. *p<0.05,
Student’s t-test.

Proteins involved in type I IFN induction are found ubiquiti-
nated for their functional regulation. It has been reported that
TRIM25 [19] and Riplet/RNF135 [20] act as ubiquitin
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ligases to activate RIG-I for IFN-P induction in their different sites
of RIG-1 ubiquitination. Another ubiquitin ligase RNF125 poly-
ubiquitinates RIG-I through Lys48, leading to degradation of
RIG-I [21]. The RIG-I level is highly susceptible to not only IFN
but also ubiquitination in host cells. In addition, many viral
factors may suppress the RIG-I function. It remains unknown
what factor maintains a minimal level of RIG-I/MDAS in resting
cells. We favor the interpretation that DDX3 can be an alternative
factor for compensating the low RLR contents in a certain
infectious situation such that RIG-I is degraded or poorly up-
regulated by other viral factors.

DDX3 is functionally complicated since its protective role
against viruses may be modulated after the synthesis of viral
proteins. DDX3 couples with the HCV core protein in HCV-
infected cells and promotes viral replication [22]. This alternative
function of DDX3 is accelerated by the HCV core protein, since
the core protein withdraws DDX3 from the IFN-B-inducing
facility, leading to suppression of IFN-B induction and positive
regulation of HCV propagation in infected cells. DDX3 is also
involved in HIV RNA translocation [14]. The DDX3 gene is
conserved among eukaryotes, and Dedl is a budding yeast
homolog [23]. Dedl helicase is essential for initiation of host
mRNA translation, and human DDX3 can complement the leth-
ality of Ded1-null yeast cells [24, 25]. Hence, another function of
DDX3 is to bind viral RNA to modulate RNA replication and
translocation. It is not surprising that DDX3 is implicated in
various steps of RNA metabolism in cells with both host and
viral RNA.

Cell culture and reagents

HEK293 cells and HEK293FT cells were maintained in Dulbecco’s
Modified Eagle’s low or high glucose medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-inactivated
FBS (Invitrogen) and antibiotics. HeLa cells were maintained in
MEM (Nissui, Tokyo, Japan) supplemented with 10% heat-
inactivated FBS. Anti-FLAG M2 mAb, anti-HA polyclonal Ab, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Alexa
Fluor®-conjugated secondary Ab were from Invitrogen.

Plasmids

DDX3 cDNA encoding the entire ORF was cloned into pCR-blunt
vector using primers, DDX3N F-Xh (CTC GAG CCA CCA TGA GTC
ATG TGG CAG TGG AA) and DDX3C R-Ba (GGA TCC GTT ACC
CCA CCA GTC AAC CCC) from human lung cDNA library. To
make an expression plasmid, HA tag was fused at the C-terminal
end of the full length DDX3 (pEF-BOS DDX3-HA). pEF-BOS DDX3
(1-224 aa) vector was made by using primers DDX3 N-F-Xh and
DDX3D1 (GGA TCC GGC ACA AGC CAT CAA GTC TCT TTT Q).
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pEF-BOS DDX3-HA (225-662) was made by using primers
DDX3D2-3 (CTC GAG CCA CCA TGC AAA CAG GGT CTG GAA
AAA C) and DDX3C R-Ba. To make PpEF-BOS DDX3-HA
(225-484) and pEF-BOS DDX3-HA (485-663), the primers
DDX3D2 R-Ba (GGA TCC AAG GGC CTC TTC TCT ATC CCT C)
and DDX3D3 F-Xh (CTC GAG CCA CCA TGC ACC AGT TCC GCT
CAG GAA AAA G) were used, respectively. Reporter and internal
control plasmids for reporter gene assay are previously described
[26].

RNAIi

Knockdown of DDX3 was carried out using siRNA, DDX3 siRNA-
1: 5-GAU UCG UAG AAU AGU CGA ACA-3/, siRNA-2: 5-GGA
GUG AUU ACG AUG GCA UUG-3/, siRNA-3: 5-GCC UCA GAU
UCG UAG AAU AGU-3' and control siRNA: 5-GGG AAG
AUC GGG UUA GAC UUC-3. Twenty picomoles of each
siRNA was transfected into HEK293 cells in 24-well plates
with Lipofectamin 2000 according to manufacture’s protocol.
Knockdown of DDX3 was confirmed 48h after siRNA transfec-
tion. Experiments were repeated twice for confirmation of the
results.

Yeast two-hybrid assay

The yeast two-hybrid assay was performed as described
previously [27]. The yeast AH109 strain (Clontech, Palo Alto,
CA, USA) was transformed using bait (pGBKT7) and prey
(pGADT7) plasmids. The transformants were streaked onto
plates and incubated for 3-5 days. The IPS-1 CARD vector was
constructed by inserting IPS-1 partial fragment encoding from 6
to 136 aa region into pGBKT7 multicloning site. Yeast two-hybrid
screening was performed using human lung ¢DNA libraries. We
obtained four independent clones, and one encoded DDX3 partial
cDNA. SD-WLH is a yeast synthetic dextrose medium that lacks
Trp, Leu and His aa. SD-WLHA lacks adenine in addition to Trp,
Leu and His. SD-WL lacks Trp and Leu and thus non-selective
plate.

Reporter assay

HEK293 cells (4 x 10* cells/well) cultured in 24-well plates
were transfected with the expression vectors for IPS-1, DDX3
or empty vector together with the reporter plasmid (100 ng/well)
and an internal control vector, phRL-TK (Promega) (2.5 ng/well)
using FuGENE (Roche) as described previously [28]. The
p-125 luc reporter containing the human IFN-B promoter
region (-125 to +19) was provided by Dr. T. Taniguchi
(University of Tokyo, Tokyo, Japan). The total amount
of DNA (500ng/well) was kept constant by adding empty
vector. After 24h, cells were lysed in lysis buffer (Promega),
and the Firefly and Renella luciferase activities were determined
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using a dual-luciferase reporter assay kit (Promega). The
Firefly luciferase activity was normalized by Renella luciferase
activity and is expressed as the fold stimulation relative to the
activity in vector-transfected cells. Experiments were performed
three times in duplicate (unless otherwise indicated in the
legends).

Polyl:C stimulation

Polyl:C was purchased from GE Healthcare company, and solved
in milliQ water. For polyl:C treatment, polyl:C (50 ug/mL) was
mixed with DEAE-dextran (0.5mg/mL) (Sigma) in the culture
medium, and the cell culture supernatant was replaced with the
medium containing polyl:C and DEAE-dextran. Using DEAE-
dextran, polyl:C is incorporated into the cytoplasm to activate
RIG-I/MDAS.

Virus preparation and infection

VSV Indiana strain or poliovirus type 1 Mahoney strain were used
for virus assay. Vero derived cell (Vero-SLAM) was used for
propagation and plaque assay for VSV indiana strain or poliovirus
type 1 Mahoney strain. HEK293 cells were infected with viruses
at MOI=0.001 in a 24-well plate. The virus titers of culture
media at indicated hours post infection in the figures were
determined by plaque assay using Vero-SLAM cells. In some
experiments that require rapid virus propagation, high MOI
(0.1 ~1) was used for infection.

Immunoprecipitation

HEK293FT cells were transfected in a 6-well plate with plasmids
encoding DDX3, IPS-1, RIG-1 or MDAS as indicated in the figures.
Twenty-four hours after tranfection, the total cell lysate was
prepared by lysis buffer (20mM Tris-HCl (pH 7.5) containing
125 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, 30 mM NaF,
5mM Na3Vo4, 20 mM IAA and 2 mM PMSF), and the protein was
immunoprecipitated with anti-HA polyclonal (Sigma) or anti-
FLAG M2 mADb (Sigma). The precipitated samples were resolved
on SDS-PAGE, blotted onto a nitrocellulose sheet and stained
with anti-HA (HA1.1) monoclonal (Sigma), anti-HA polyclonal or
anti-FLAG M2 mAb.

Confocal analysis

HeLa cells were plated onto cover glass in a 24-well plate.
In the following day, cells were transfected with indicated
plasmids using Fugene HD (Roch). The amount of DNA was
kept constant by adding empty vector. After 24h, cells were
fixed with 3% of paraformaldehyde in PBS for 30min,
and then permeabilized with PBS containing 0.2% of Triton
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X-100 for 15min. For the polyl:C stimulation, 100ng of polyl:C
were transfected into Hela cell in 24-well plates together
with IPS-1 or DDX3 expressing vectors, and 24h after the
transfection, the cells were fixed and stained for confocal
microscopic analysis. Permeabilized cells were blocked with
PBS containing 1% BSA and were labeled with anti-Flag
M2 mAb (Sigma), anti-HA polyclonal Ab (Sigma) or Mitotracker
in 1% BSA/PBS for 1h at room temperature. The cells were then
washed with 1% BSA/PBS and treated for 30min at room
temperature with Alexa-conjugated Ab (Molecular Probes).
Thereafter, micro-cover glass was mounted onto slide glass using
PBS containing 2.3% DABCO and 50% of glycerol. The stained
cells were visualized at x 60 magnification under a FLUOVIEW
(Olympus, Tokyo, Japan).
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Toll-like receptors (TLRs) have been identified as pivotal sensors recognizing microbial pattern molecules
in vertebrates. Whole genome analysis of the teleost Takifugu rubripes supports the existence of a fun-
damental family of TLR genes in fish. However, the role of the innate immune system in the context
of raising acquired immunity in jawless fish remains unclear. In this study, we annotated 16 lamprey
TLR genes predicted from the latest genome assembly of lamprey on the basis of homology, and iden-
tified their cDNAs from Japanese lamprey, Lethenteron japonicum. Phylogenetic analyses indicated that
the repertoire of lamprey TLRs consisted of both fish (F)- and mammalian (M)-type TLRs, and it was also
demonstrated that lamprey TLRs are constitutively expressed in various organs. Our results suggest that
lampreys protect against microorganisms using the innate system consisting of a similar set of M- and
F-type TLRs, despite possessing a unique acquired immune system. In addition, type I interferon (IFN),
interferon regulatory factor (IRF)-3, and IRF7 were not identified in the lamprey genome although TLR
adaptor and signal transduction genes were highly conserved upstream of (IRF)-3/7 and type | IFN in
most vertebrates. This is the first report to describe the TLR repertoire and IFN system in one of the most

primitive vertebrates, the lamprey.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Many pathogens possess their own genomes that can change
the nature of the host, while vertebrates defend against microbial
invasion using sophisticated microbial recognition systems. The
representative recognition systems for signaling the presence of
invading pathogens are known as innate and acquired immunity.
In jawed vertebrates, including mammals, these systems have been
characterized at the molecular level, with details of the acquired
immune system having first emerged from ancient cartilaginous
fish (Flajnik and Kasahara, 2001; Litman et al., 1999). The acquired
immune system is characterized by the actions of highly variable
peptide-antigen receptors, such as immunoglobulins and T-cell
receptors. Recent progress on the study of the innate immune
system, involving dendritic cells (DCs) and pattern-recognition
receptors (PRRs), has revealed that its activation precedes the
acquired immune system. PRRs are now a focus of study due to
recent elucidation of the ligand properties of foll-like receptors
(TLRs) and TLR-mediated DC maturation. Accumulating evidence
regarding TLR-mediated DC maturation has helped us solidify the
current understanding that TLRs facilitate driving effector cells
by maturation of antigen (Ag)-presenting DCs. Accordingly, Ags
determine the object toward which immune cells are proliferated

* Corresponding author. Tel.: +81 11 7065073; fax: +81 11 7067866.
E-mail address: seya-tu@pop.med.hokudai.acjp (T. Seya).
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whereas microbial patterns determine which effectors are selected
for immunological output (Seya and Matsumoto, 2009).

Recent findings have inldicated that lamprey possesses a unique
acquired immune system involving variable lymphocyte receptors
(VLRs) and the lymphoid system (Pancer and Cooper, 2006). In
agnathans, which includes lamprey and hagfish, clonally diversed
receptors are generated by the assembly of genes for VLRs, which
are comprised of leucine-rich repeat (LRR) subunits similar to
TLRs. The variable VLR gene products consist of soluble forms and
GPI-anchored membrane forms similar to antibodies and antigen
receptors (Pancer and Cooper, 2006). However, no rela§onship
between lamprey TLRs and VLR-based acquired system has yet
been reported.

TLRs with similar host-defense functions to Drosophila toll
protein (Lemaitre et al., 1996) have been ideritified in mam-
mals (Medzhitov et al.,, 1997). TLR is a type-1 membrane protein
consisting of an LRR extracellular domain, a transmembrane
domain,anda C—terminarl{{olll IL-1 receptor homology domain (TIR).
TLRs recognize pathogeni-associated molecular patterns (PAMPs),
which are characteristic of microbial structures, and induce anti-
microbial responses (Takeda et al., 2003). In the human genome,
10 TLR members have been indentified and their functions deter-
mined from analyses of TLR-deficient mice (Takeda et al., 2003):
the TLR2 subfamily recognizes bacterial céll wall peptidoglycan
and acylated lipopeptides, TLR4 recognizes Gram-negative bacte-
rial lipopolysaccharides, TLR5 recognizes bacterial flagellin, while
TLR3, 7, 8, and 9 recognize microbial nucleic acids.
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Mouse TLR stimulation results in signal through one of five adap-
tor proteins (MyD88, TIRAP/MAL, TICAM-1, TICAM-2 and SARM)
}\L}iew et al., 2005). All TLRs with the exception of TLR3, can signal
through the adaptor molecule MyD88. MyD88 recruits members of
the interleukin-1 peceptor-associated kinase (IRAK) family which
in turn activate the key ubiquitin E3 ligase, tumour necrosis fac-
tor receptor-associated factors (TRAFs) and transforming growth
factor-p (TGF-B)-activating kinase (TAK1), leading to the activa-
tion of the transcription factor NF-kB (Takeda et al., 2003; Liew et
al., 2005). The activated NF-B is translocated to the nucleus and
induces expression of inflammatory cytokine genes such as IL-13
and IL-6. In contrast, TLR3 recruits the adaptor molecule TICAM-1,
leading to activation of interferon (IFN) regulatory factor-3 (IRF-
3) and induces an antiviral response through expression of type I
IFN and IFN-inducible genes (Liew et al., 2005; Seya et al., 2009).
Although the MyD88 pathway is conserved in a wide range of verte-
brates, whether or not the TICAM-1 pathway is conserved in lower
vertebrates is still controversial (Seya et al., 2009).

Advances in whole genome $equencing and annotation have
enabled the identification of TLRs from several vertebrates, includ-
ing osteichthyes fish (fugu)}\Oshiumi et al., 2003a), amphibian,
(frog) (Ishii et al., 2007a), bird (chicken) (Boyd et al., 2007) and
mammals (human and mouse). Comparison of the TLR families
across the vertebrate species has revealed that water-living verte-
brates possess TLR14, 21 and 22, in addition to the mammalian-type
TLRs (Roach et al., 2005; Oshiumi et al., 2008). Our earlier studies
speculate that the TLR repertoire was established during evolution
in a species-specific manner in jawed vertebrates depending upon
their living environment, such as water or land (Oshiumi et al.,
2003a; Ishii et al., 2007a; Higuchi et al., 2008). On the other hand,
some invertebrates, the sea urchin and amphioxus, possess a large
number of TLRs (Hibino et al., 2006; Rast et al., 2006; Holland et al.,
2008; Huang ef dl., 2008), while Ciona intestinalis has only 2 func-
tional TLRs (Irvine et al., 2002) from their genome projects. Thus,
what happéns in the TLR system lamprey is of interest in tems of
the evolution.

Our previous study identified two lamprey TLRs, named
laTLR14a and 14b, by PCR-based cloning using sequences of TLR2
from various animal_sr&shii et al., 2007b). However, no conclu-
sive identification of s in the lamprey genome had been made
until recently. Here, we surveyed the amino acid sequences of pre-
dicted TIR-containing proteins from the latest Petromyzon marinus
genome database (Pre-Ensemble Lamprey Genome Browser) and
NCBI trace archive, and the predicted protein sequences of the
lamprey TLRs and their respective TIR domains were subjected
to comparative analyses using the NCBI non-redundant protein
database and BLASTP search. Ultimately, we determined the reper-
toire of predicted lamprey TLRs in this report.

2. Materials and methods

2.1. Identification of TLR and innate immune genes in the Jj\
marinus genome

Sea lamprey (P. marinus) EST sequences were retrieved from the
NCBI trace archive (http://www.ncbi.nim.nih.gov/Traces/trace.cgi)
and a private database was constructed using the GENETYX-
PDB program package (version 5, GENETYX Corporation). This
database, and the EST database from NCBI, was searched with
the TBLASTN program using putative amino acid sequences of
lamprey TLRs and innate immunity genes from previously anno-
tated human and fugu TLRs}\Oshiumi et al., 2003a). The genes
that were not found by these analyses were searched with the
TBLASTN program using the Pre Ensembl genome browser
(http://pre.ensembl.org/Petromyzon_marinus/Info/Index).

Domain structures of the P. marinus TLR (pmTLR) proteins
were analyzed by the SMART program (http://smart.embl-
heidelberg.de). An unrooted phylogenetic tree based on the amino
acid sequences was constructed by the Neighbor-joining (NJ)
method in the ClustalX version 2 program}\Larkin et al., 2007) and
the MEGA version 4 program (Tamura et dl., 2007). The distance
matrix was obtained by calculating p-distances for all pairs of
sequences. Sites containing gaps were excluded from the analysis
using the pairwise deletion option. The reliability of branching
patterns was assessed by bootstrap analysis (1000 replications).
The accession numbers of the sequences used for gene-searching
and phylogenetic analysis are listed in Table 1.

2.2. Expression analysis of TLRs and their adaptor genes in
Lethenteron japonicum

An adult Japanese lamprey (L. japonicum) was used to analyze
the differential expression of L. japonicum TLR (LjTLR) mRNAs in
various tissues. This is because 1. we have no sea lamprey (P. mar-
inus) in Japan, and 2. L. japonicum belongs to Petromyzoninae, the
same family as P. marinus. Although we have no genome database
of L. japonicum, it is expected that the genome of L. japonicum has
highly homologous to that of P. marinus. For the analysis, 100 mg of
each frozen tissue was homogenized and total RNA was extracted
using an RNeasy mini kit (Qiagen). One p.g of total RNA was treated
with RQ1 RNase-free DNase (Promega) and /{everse transcribed
with M-MLV RTase (Promega) using random’primers. For ampli-
fication of TLR and innate immunity gene cDNA fragments, PCR
reactions were typically performed by denaturation at 94°C for
2 min followed by 30-45 cycles of 94<C for 305, 50-60°C for 305,
and extension at 72Q for 30 s using Ex-Taq polymerase (Takara)
(each primer set and PCR condition are listed in Table 3). The size
of the cDNA fragments was confirmed using electrophoresis with
3% agarose gels. All am’p\licons were cloned into vectors using the
pPGEM®-T Easy Vector System (Promega) or TOPO TA Cloning Sys-
tem (Invitrogen) and their sequences were determined using an
automated sequencer.

2.3. Lamprey blood cell stimulation

Blood cells were separately collected from each individual of
lampreys (L. japonicum) one day after arrival. Peripheral blood
leukocytes (PBLs) were drawn from the severed tails of fish into
PBS containing 30 mM EDTA. Buffy-coat leukocytes were collected
by centrifugation for 30 min at 1500 rpm. The cells were incubated
with polyl:C and heat killed Escherichia coli (E. coli) as indicated
in Fig. 5 and allowed to stand for 3 h or 6 h. Then, total RNA was
extracted using an RNeasy mini kit (Qiagen). RT-PCR was performed
as described above. .

3. Results
3.1. Identification of TLRs in the }\amprey genome

A typical TLR consists of multiple LRRs at the N-terminus, a
transmembrane domain, and a TIR domain in the C-terminus.
The TIR domain is important for signal transduction and recruits
adaptor molecules which also contain a TIR domain }\Takeda et
al., 2003). We attempted to identify genes encoding TLRs and
their adaptors from the EST and genome databases of sea lamprey
(Pre-Ensemble Lamprey Genome Browser) using human TLR1-10,
TICAM-1, MyD88, TICAM-2, TIRAP, and SARM (Liew et al., 2005),
mouse TLR12 and 13, and Fugu TLR21 and Zzﬁshii et al., 2007a)
as query sequences. Ultimately, 20 genes predicted to encode typ-
ical TIR domains were identified (Table 2), of which 16 harbored
multiple LRRs and were therefore defined as lamprey TLR proteins
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