
Abstract. Retinoic acid inducible gene-I (RIG-I) is a member
of the DExH box family of proteins. RIG-I acts as a sensor of
viral infections through the recognition of viral double-stranded
RNA (dsRNA). Recently, it was demonstrated that polyinosinic
acid:polycytidylic acid [poly(I):poly(C)], a synthetic dsRNA
analogue, induced the expression of RIG-I in various cell types,
such as vascular endothelial cells and gingival fibroblasts.
However, it remains unclear whether RIG-I is induced in osteo-
blasts in response to poly(I):poly(C). In the present study, we
investigated the effects of poly(I):poly(C) on the expression of
RIG-I in mouse osteoblastic MC3T3-E1(E1) cells. We found
that poly(I):poly(C) increased the expression level of RIG-I in
E1 cells, and that recombinant interferon-ß (IFN-ß) induced the
expression of RIG-I mRNA in E1 cells. An anti-IFN-ß neu-
tralizing antibody partially inhibited poly(I):poly(C)-induced
RIG-I expression. These results indicate that RIG-I production
is induced by poly(I):poly(C)-provoked IFN-ß in mouse osteo-
blastic E1 cells. We suggest that osteoblasts are involved in
antiviral defense as well as in bone metabolism. Results of
further studies will provide more clues regarding the molecular
function of osteoblasts in viral infection.

Introduction

Retinoic acid inducible gene-I (RIG-I), which has been
classified as a member of the DExH box protein family,
contains a C-terminal helicase domain and two caspase

recruitment domains (CARDs) at its N-terminus. The helicase
domain is involved in recognizing viral double-stranded
RNA (dsRNA), while the CARDs apparently mediate signals
leading to the activation of NF-κΒ and interferon regulatory
factor-3 (IRF-3) on binding with dsRNA (1,2). Recently, it
was demonstrated that polyinosinic acid:polycytidylic acid
[poly(I):poly(C)], a synthetic dsRNA analogue, induced the
expression of RIG-I in various cell types, such as vascular
endothelial cells and gingival fibroblasts (3,4).

Osteoblasts are specialized cells responsible for bone
formation in vertebrates. They produce bone matrix proteins
including type I collagen, osteocalcin, osteopontin and bone
sialoprotein. Most of these bone matrix proteins are secreted
and deposited by mature osteoblasts (5,6).

Toll-like receptor 3 (TLR3) recognizes double-stranded
RNA and its mimic poly(I):poly(C) (7). RIG-I is also defined
as a dsRNA-binding protein, but its functions are independent
of TLR3 (1,8). We recently demonstrated that TLR3, which
was up-regulated by poly(I):poly(C), was expressed in the
mouse osteoblastic cell line MC3T3-E1 (E1), and that poly(I):
poly(C) increased the expression levels of interferon-ß (IFN-ß)
mRNA in E1 cells (9). However, it remains unclear whether
RIG-I is induced in osteoblasts in response to poly(I):poly(C).

In the present study, we investigated the effect of poly(I):
poly(C) on the expression of RIG-I in mouse osteoblastic E1
cells. We demonstrated that poly(I):poly(C) increased the
expression level of RIG-I in E1 cells. Therefore, we examined
the effect of IFN-ß on RIG-I expression in E1 cells.

Materials and methods

Reagents. Poly(I):poly(C) was obtained from GE Biosciences
(Piscataway, NJ). Recombinant mouse IFN-ß and rabbit
polyclonal antibody against mouse IFN-ß were purchased
from PBL Biomedical Laboratories (New Brunswick, NJ).

Cell culture. Osteoblastic E1 cells from mouse calvaria were
cultured in α-minimum essential medium (α-MEM; Wako
Pure Chemical Industries Ltd., Osaka, Japan) supplemented
with 10% fetal bovine serum (FBS; ICN Biomedicals Inc.,
OH), ascorbic acid (50 μg/ml) and kanamycin (60 μg/ml;
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Meijiseika, Tokyo, Japan). Cultures were maintained at 37˚C
in a humidified atmosphere with 5% CO2. After confluence,
E1 cells were treated with poly(I):poly(C) or IFN-ß.

RT-PCR. Total RNA from E1 cells was prepared using Trizol
solution (Invitrogen, Carlsbad, CA) according to the manu-
facturer's protocol. First-strand cDNA was synthesized from
total RNA with ReverTra Ace (Toyobo, Osaka, Japan) and
was subjected to PCR amplification with AmpliTaq Gold
DNA polymerase (Roche Molecular Systems, Braunchburg,
NJ). Sequences of the primers used for PCR were as follows:
RIG-I, 5'-GCA TAT TGA CTG GAC GTG GCA-3' and 5'-
CAG TCA TGG GTG CAG TTC TGT C-3'; and glyceralde-
hyde-3-phosphate dehydrogenase (G3PDH), 5'-CGG AGT
CAA CGG ATT TGG TCG TAT-3' and 5'-AGC CTT CTC
CAT GGT GGT GAA GAC-3'. Amplification was conducted
for 23-32 cycles. All PCRs were within the exponential ampli-
fication range. The annealing temperatures of RIG-I and
G3PDH were 55 and 60˚C, respectively. After amplification,
the synthesized PCR products were separated by electro-
phoresis on a 1% agarose gel and visualized by ethidium
bromide staining. The level of expression of RIG-I mRNA was
analyzed with Scion Image (Scion Corp., Frederick, MD) and
normalized with G3PDH mRNA expression.

Western blot analysis. After stimulation with poly(I):poly(C)
for various time intervals, E1 cells were washed twice with
PBS and then treated with lysis buffer [10 mM HEPES-KOH
(pH 7.5), 100 mM KCl and 0.1% NP-40]. Protein concentra-
tion in the cell lysate was measured using a BioRad Protein
Assay Kit (BioRad, Hercules, CA). Each sample containing
equal amounts of protein was separated by 10% SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to
a polyvinylidene difluoride membrane (Millipore, Bedford,
MA). After being blocked with 5% skim milk in Tris-buffered
saline containing 0.1% Tween-20 (TBST), the membrane
was incubated with anti-RIG-I antibodies and subsequently
with HRP-conjugated anti-mouse or anti-rabbit IgG antibody.
Immunoreactive proteins were visualized with Western blot
chemiluminescence reagents (Perkin Elmer Life Sciences,
Boston, MA) following the manufacturer's instructions.

Results

Polyinosinic acid:polycytidylic acid increases RIG-I mRNA
expression levels in osteoblastic E1 cells. We examined the
induction of RIG-I mRNA expression in E1 cells by poly(I):
poly(C). As shown in Fig. 1A, poly(I):poly(C) markedly
increased the RIG-I mRNA expression level in E1 cells. The
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Figure 1. Poly(I):poly(C) induced the expression of RIG-I mRNA in
MC3T3-E1 cells. (A) E1 cells were cultured in α-MEM with 100 μg/ml
poly(I):poly(C) for the indicated periods, and total RNA was analyzed by
RT-PCR with specific primers described in Materials and methods. G3PDH
was used as an internal control. Fold increase at the bottom of the signals
represents the intensity of RIG-I mRNA expression relative to G3PDH. (B)
E1 cells were exposed to various concentrations of poly(I):poly(C) for 6 h.
Levels of RIG-I and G3PDH mRNA were determined as described in (A). 

Figure 2. E1 cells were stimulated with 100 μg/ml poly(I):poly(C) for
various periods, and whole cell lysates were extracted and subjected to 10%
SDS-PAGE. RIG-I protein was visualized with anti-RIG-I antibody and an
enhanced chemiluminescence system. Values at the bottom of the signals
indicate the intensity of RIG-I protein expression.

Figure 3. Exogenous IFN-ß induced the expression of RIG-I mRNA in E1
cells. (A) E1 cells were cultured in α-MEM with 1000 U/ml recombinant
mouse IFN-ß, and total RNA was analyzed by RT-PCR with specific primers
described in Materials and methods. (B) E1 cells were cultured with various
concentrations of IFN-ß for 6 h, and then RIG-I and G3PDH mRNA were
analyzed by RT-PCR. Fold increase at the bottom of the signals represents
the intensity of RIG-I mRNA expression relative to G3PDH. 

Figure 4. E1 cells were cultured with or without various concentrations of
neutralizing antibody against IFN-ß and 100 μg/ml poly(I):poly(C) for 6 h.
RIG-I and G3PDH mRNA expression was analyzed by RT-PCR using
specific primers described in Materials and methods. Values at the bottom of
the RIG-I mRNA images were normalized against expression of the G3PDH
gene. 
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increase was apparent as early as 6 h after adding poly(I):
poly(C) to the culture and peaked at 12 h. As shown in Fig. 1B,
the effect of poly(I):poly(C) on RIG-I mRNA was dose-
dependent. The increase in RIG-I mRNA level was slightly
enhanced at 10 μg/ml poly(I):poly(C), and the maximal
response was obtained at 100 μg/ml.

Polyinosinic acid:polycytidylic acid up-regulates production
of RIG-I protein in osteoblastic E1 cells. To determine
whether poly(I):poly(C) induces the production of RIG-I
protein by E1 cells, total cellular protein was isolated at
various times after stimulation with poly(I):poly(C), and the
expression of RIG-I protein was analyzed by Western blotting.
Concomitant with the induction of RIG-I mRNA expression,
the results of Western blot analysis reveal that the expression
level of RIG-I protein in E1 cells was markedly increased by
poly(I):poly(C) treatment (Fig. 2).

Interferon-ß induces expression of RIG-I mRNA in osteoblastic
E1 cells. In a recent study, we demonstrated that poly(I):
poly(C) induced IFN-ß mRNA in osteoblastic E1 cells (9).
Therefore, we now investigated whether exogenous IFN-ß
could increase levels of RIG-I mRNA in osteoblastic cells.
As shown in Fig. 3A, exogenous IFN-ß markedly induced
RIG-I mRNA expression levels in E1 cells, increasing them
3 h after stimulation. Moreover, RIG-I mRNA expression
was clearly observed at 100 U/ml; the maximal level was
obtained at 1000 U/ml IFN-ß (Fig. 3B).

Anti-mouse interferon-ß antibody partially inhibits polyinosinic
acid:polycytidylic acid-induced RIG-I mRNA expression in
osteoblastic E1 cells. To determine whether IFN-ß was respon-
sible for poly(I):poly(C)-induced RIG-I expression, E1 cells
were incubated with 100 μg/ml poly(I):poly(C) for 6 h in the
presence or absence of anti-IFN-ß neutralizing antibody. Fig. 4
shows that anti-IFN-ß antibody reduced poly(I):poly(C)-
induced RIG-I mRNA expression levels, indicating that
poly(I):poly(C)-induced endogenous IFN-ß was responsible
for this effect.

Discussion

Osteoblasts are responsible for bone metabolism. Recently, we
demonstrated that they are also involved in antiviral innate
immunity through TLR3 (9). RIG-I is a cytoplasmic RNA
helicase that contains tandem motifs near its N-terminus with
limited homology to the CARD and a downstream DExH box
helicase domain. Like TLR3, RIG-I recognizes viral dsRNA.
The binding of viral dsRNA leads to a conformational change
that exposes the N-terminal CARDs, a process essential if
RIG-I is to function as a signal transducer (1,10). Viral
signaling through RIG-I and its adaptor protein, IFN promoter-
stimulator 1 (IPS-1), activates IFN regulatory factor-3 (IRF-3)
and the host IFN-α/ß response that limits viral infections (11).
Recently, it was demonstrated that poly(I):poly(C) induced the
expression of RIG-I in various cell types, such as vascular
endothelial cells and gingival fibroblasts (3,4). However, in
osteoblasts there have been no reports on the relation between
dsRNA and RIG-I. Therefore, we examined the effect of
poly(I):poly(C) on mouse osteoblastic E1 cells. RIG-I mRNA
and protein expression were induced in poly(I):poly(C)-

stimulated mouse osteoblastic E1 cells. This suggests that
RIG-I may play an important role in antiviral response in
osteoblasts. Moreover, double-stranded RNA-dependent
protein kinase (PKR) and melanoma differentiation-associated
gene 5 (MDA-5) recognize dsRNA (12,13). The relationship
between PKR and osteoblasts has been previously studied
(14,15). However, the effects of poly(I):poly(C) on the expres-
sion of MDA-5 in osteoblasts have not yet been elucidated.
Further studies on MDA-5 are needed to clarify the ability of
osteoblasts in an antiviral response.

Sirén et al revealed that RIG-I gene and protein expression
was greatly enhanced by IFN-α or -ß stimulation of A549
epithelial cells (16). Moreover, we demonstrated that poly(I):
poly(C) markedly increased IFN-ß mRNA expression levels
in osteoblastic E1 cells (9). Thus, we investigated whether
IFN-ß could increase the level of RIG-I mRNA in osteoblastic
cells. In the present study, we demonstrated that recombinant
IFN-ß induced expression of RIG-I mRNA in E1 cells, and that
poly(I):poly(C)-induced RIG-I mRNA was partially inhibited
by an anti-IFN-ß neutralizing antibody. These results indicate
that the release of IFN-ß from E1 cells by poly(I):poly(C)
stimulation up-regulates RIG-I in an autocrine manner. One
classic mechanism employed by IFNs is the JAK-STAT
signaling pathway for inducing cellular response (17). In a
recent study, we found that poly(I):poly(C) induced STAT1
activation, which was blocked by anti-IFN-ß neutralizing
antibody in osteoblastic E1 cells (9). Thus, subsequent
investigation of whether poly(I):poly(C)-induced RIG-I in
osteoblastic cells is dependent on STAT1 activation is required.

In summary, we demonstrated the effects of polyinosinic
acid:polycytidylic acid on the expression of retinoic acid
inducible gene-I in mouse osteoblastic MC3T3-E1 cells. It is
possible that poly(I):poly(C) first induces interferon-ß in
response to viral infection, and that endogenous IFN-ß enhan-
ces RIG-I expression in mouse E1 cells. We suggest that
osteoblasts are involved in antiviral defense through Toll-like
receptor 3 and RIG-I, as well as through bone metabolism.
Results of further studies will provide more clues regarding
the molecular function of osteoblasts in viral infection.
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