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a b s t r a c t

The activation of innate immune responses is critical to host defense against microbial infections,
wherein nucleic acid-sensing pattern recognition receptors recognize DNA or RNA from viruses or bacte-
ria and activate downstream signaling pathways. In a search for new DNA-sensing molecules that regu-
late innate immune responses, we identified RNA-binding motif protein 3 (RBM3), whose role has been
implicated in the regulation of cell growth. In this study, we generated Rbm3-deficient (Rbm3-/-) mice to
study the role of RBM3 in immune responses and cell growth. Despite evidence for its interaction with
immunogenic DNA in a cell, no overt phenotypic abnormalities were found in cells from Rbm3-/- mice
for the DNA-mediated induction of cytokine genes. Interestingly, however, Rbm3-/- mouse embryonic
fibroblasts (MEFs) showed poorer proliferation rates as compared to control MEFs. Further cell cycle anal-
ysis revealed that Rbm3-/- MEFs have markedly increased number of G2-phase cells, suggesting a hitherto
unknown role of RBM3 in the G2-phase control. Thus, these mutant mice and cells may provide new tools
with which to study the mechanisms underlying the regulation of cell cycle and oncogenesis.

� 2011 Published by Elsevier Inc.
1. Introduction

Nucleic acids from viruses or bacteria potently activate immune
responses through nucleic acid-sensing pattern recognition recep-
tors (PRRs), namely, membrane-bound Toll-like receptors (TLRs)
such as TLR3, TLR7 and TLR9, and cytosolic receptors, which in-
clude retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs),
DNA-dependent activator of IRFs (DAI) [1–4]. The hallmark of the
activation of these receptors is the induction of genes encoding
type-I IFN and proinflammatory cytokine gene expression [1–4];
however, the detailed signaling pathways and mechanisms of gene
activation following activation of these receptors still remain elu-
sive. Currently, the DNA-sensing system remains less well known
than the RNA-sensing system, perhaps suggesting a more compli-
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cated system, and there is evidence for an as yet unknown cyto-
solic DNA sensor(s) that activates the signaling pathway for
proinflammatory cytokine genes [3–6]. It has also been known that
TLR9 (and also TLR7) needs to translocate from the endoplasmic
reticulum to endosomes/lysosomes upon stimulation [7–11], a
process which requires Unc-93 homolog B1 (UNC93B1) is involved
in the translocation [7,9,11]. How the trafficking signal is activated
and regulated still remains to be clarified, and it is therefore possi-
ble that another DNA-sensing molecule participates in the regula-
tion of the entire TLR9 signaling process.

To gain new insights into the complexity of the DNA-sensing
mechanisms in the cell, we searched for immunogenic DNA-bind-
ing proteins and identified RNA-binding motif protein 3 (RBM3).
RBM3 was originally described as a nuclear protein with one
RNA recognition motif [12]. The Rbm3 gene is located on chromo-
some X of mice (also Xp11.23 in humans) and is ubiquitously
expressed in a variety of cell types but is expressed at relatively
high levels in cancer cell lines [13,14]. Because of its potential role
in oncogenesis, RBM3 has been studied in relation to cell growth
activity and viability. It has been reported that the suppression of
RBM3 expression by siRNA knockdown in cancer cell lines results
in an inhibition of cell proliferation and increases susceptibility
to anti-cancer drugs, whereas the overexpression of RBM3
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promotes cell proliferation [14,15]. Thus, although these observa-
tions are intriguing, the physiological role of RBM3 in cell growth
control still remains unclear. To study the role of RBM3 in
immunity and cell growth, we newly generated Rbm3-deficient
(Rbm3-/-) mice. Our results indicate that RBM3 is not involved in
the regulation of nucleic acid-mediated cytokine gene induction,
but it does play a critical role in cell cycle regulation. We discuss
our findings in terms of the utility of these mutant mice for the
analysis of innate immune signaling, cell cycle, and oncogenesis.
2. Materials and methods

2.1. Generation of Rbm3-deficient mice

Genomic DNA containing Rbm3 gene was amplified by poly-
merase chain reaction (PCR) from 129/Sv genome DNA. An
Rbm3-targeting construct that replaces exon 3–6 with a phospho-
glycerate kinase promoter-driven neomycin-resistant gene was
transfected into E14–1 ES cells. Homologous recombinants were
injected into C57BL/6 blastocysts. The resulting chimera mice
were intercrossed heterozygous F1 progenies to obtain Rbm3-/-

mice as described previously [16]. C57BL/6J mice were purchased
from CLEA Japan.

2.2. Screening for CpG-B ODN-binding protein

The screening of CpG-B DNA-binding proteins was performed
by ZOEGENE Corporation (Japan) with the cell-free protein display
(CFPD) method that is developed on the basis of the technology
linking between mRNA and their translated protein through puro-
mycin linker [17]. For this screening, mRNA purified from bone
marrow cells cultured with the Flt3-ligand was used. CpG-B
DNA-binding proteins were enriched using a column filled with
CpG-B DNA-conjugated beads. The binding proteins were assigned
by reading the sequence of complementary DNA (cDNA) from
mRNA attached to the protein.

2.3. Pull-down assay

Pull-down assay was performed as described previously [2].
Briefly, 300 lg of Dynabea ds M-280 Streptavidin (Invitrogen)
and 60 pmol of 50-biotinylated CpG-B DNA were mixed and incu-
bated for 15 min at room temperature. After three washes with a
buffer [0.5 M Tris–HCl (pH 7.5), 2.5 M NaCl, and 0.5 M EDTA], the
Dynabeads-CpG-B DNA complex was equilibrated and resus-
pended in a lysis buffer [50 mM Tris–HCl (pH8.0), 300 mM NaCl,
20 mM b-glycerophosphate, 2 mM EDTA, 1 mM Na3VO4, 1% NP-
40, 10 lg/ml aprotinin, 10 lg/ml leupeptin, and 1 mM APMSF].
Whole cell lysate (90 lg) was mixed with 30 ll of the complex
and incubated for 30 min at room temperature. Pulled-down sam-
ples were washed with the buffer three times and subjected to
immunoblot analysis.

2.4. Fluorescence microscopy

RAW 264.7 cells and mouse embryonic fibroblasts (MEFs)
(1 � 105 cells) were plated on a 15-mm micro cover glass (Matsun-
ami Glass). RAW264.7 cells expressing YFP-tagged RBM3 were
analyzed using an Olympus FV-1000 confocal microscope (Olym-
pus). LysoTracker Red was purchased from Invitrogen. MEFs were
fixed with PBS containing 4% paraformaldehyde, permealized with
0.2% Triton X, and then stained with antibodies. Primary antibodies
for anti-mouse RBM3 (Abgent) and anti-phospho-Histone H3 at
Ser10 (H3-pS10) (Millopore) were used. Secondary antibodies for
FITC-conjugated donkey anti-mouse IgG antibody and Cy3-conju-
gated goat anti-rabbit IgG were purchased from Invitrogen. Images
were captured using an IL-X71 Applied Precision Deltavision
microscope (Olympus) and processed with DeltaVision SoftWorx
software (Applied Precision).
2.5. RNA analysis

Total RNA isolation and cDNA synthesis were performed as de-
scribed previously [2]. mRNA was purified from total RNA using
Oligotex-dT30 (TaKaRa). Quantitative real-time PCR (qRT-PCR)
analysis was carried out using LightCycler480 and the SYBRGreen
system (Roche). The primer sequences for GAPDH, IL-6, IFN-a4,
IFN-b, and TNF-a have been described [2]. The following primers
for RBM3 were used: 50-CCTTCACAAACCCAGAGCAT-30 (sense)
and 50-TAGACCGCCCATACCCATA-30 (anti-sense). All data are pre-
sented as relative expression units after normalization to GAPDH
expression level. Additional information is in Supplementary
Materials and Methods.
3. Results

3.1. Identification of RBM3 as an immunogenic DNA-associated
protein

We first sought to identify proteins involved in immunogenic
DNA recognition systems and performed biochemical screening
by the cell-free protein display (CFPD) method [17] using purified
mRNAs from dendritic cells (DCs) differentiated from bone marrow
cells cultured with the Flt3-ligand (Supplementary Fig. S1A). In this
screening, we identified RBM3 as the most prominent protein that
binds to CpG-B DNA, a TLR9 agonist (Supplementary Fig. S1B). Pre-
viously, RBM3 was studied in the context of oncogenesis but not
immune regulation [13,14,18]. We further studied the interaction
of RBM3 with CpG-B DNA by co-precipitation assay. Protein lysates
from HEK293T cells transiently expressing FLAG-tagged RBM3 was
subjected to pull-down assay with biotin-labeled CpG-B DNA and
streptavidin-conjugated magnetic beads. As shown in Fig. 1A,
RBM3 was precipitated with the DNA and this precipitation was
inhibited by an excess amount of nonconjugated CpG-B DNA. Thus,
these findings indicate that RBM3 indeed binds to immunogenic
CpG-B DNA in vitro.

It has been reported that RBM3 mainly localizes to the nucleus
when cell is at rest, but otherwise shuttles between the cyto-
plasm and the nucleus [14]. Since CpG-B DNA localizes in the
lysosomal compartment in the cytoplasm [8,10], we next exam-
ined whether the cellular localization of RBM3 is regulated
following CpG-B DNA stimulation. To test this, we stimulated
RAW264.7 cells with CpG-B DNA and measured RBM3 protein
levels in the nuclear and cytoplasmic fractions. Interestingly, the
RBM3 protein level in the cytoplasmic fraction increased after
CpG-B DNA stimulation in a time-course-dependent manner,
while that in the nuclear fraction decreased (Fig. 1B). Notably,
the accumulation of RBM3 in the cytoplasmic fraction was not in-
duced when the cells were stimulated by the TLR4 agonist lipo-
polysaccharide (LPS), suggesting that the recruitment of RBM3
into the cytoplasm specifically occurs upon CpG-B DNA stimula-
tion (Fig. 1C). We also examined the co-localization of RBM3 with
CpG-B DNA by fluorescence microscopy. YFP-tagged RBM3 co-
localized with rhodamine-labeled CpG-B DNA in RAW264.7 cells
(Fig. 1D) and also merged with LysoTracker, a lysosomes marker
(Fig. 1E), suggesting that RBM3 binds to CpG-B DNA in lysosomes,
where TLR9 signaling occurs [8,10]. Collectively, these observa-
tions suggest the potential involvement of RBM3 in the CpG-B
DNA-TLR9 signaling process.



IB:  FLAG

+ −

InputCpG-B DNA :

Biotin-CpG-B DNA :

FLAG-RBM3 :

B

C

D

RBM3
β-tubulin

USF-2

IB:

RBM3
β-tubulin

USF-2

IB:

0 1 3 6 21 42 63 0

0

3 6 21 42 63

33 216

1

Nuclear Cytoplasmic

Cytoplasmic

Cytoplasmic

Nuclear Cytoplasmic

R
el

at
iv

e 
ba

nd
 in

te
ns

ity
(R

BM
3)

0

1.0

2.0

3.0

R
el

at
iv

e 
ba

nd
 in

te
ns

ity
(R

BM
3)

0

0.2

0.4

0.6

0 1 3 6 21 42 63 0 1 3 6 21 42 63

Time after
CpG-B DNA stim. 

Time after
  stim. 

(h)

(h)

)h(33 2160

Fraction:

Fraction:

(h)

YFP-RBM3

DIC

YFP-RBM3

DIC Merge

E
LysoTrackerYFP-RBM3

DIC Merge

+ + + +

+ + + +−
−
−

− −

ROX-CpG-B

Merge

A

LPS CpG-B

LPS CpG-B

6

Time after stim.

Time after stim.

Fraction:

Fraction:

6

Control + ROX-CpG-B DNA + CpG-B DNA

Fig. 1. Identification of RBM3 as CpG-B DNA-binding protein. (A) Binding of RBM3 to CpG-B DNA. Pull-down assay was performed using biotin-conjugated CpG-B DNA,
streptavidin-conjugated magnet beads, and cell lysates from HEK293T cells expressing FLAG-tagged RBM3. Whole cell lysates (20 lg) were loaded as expression control
(Input) of FLAG-tagged RBM3. As a competitor, nonbiotinylated CpG-B DNA (15 or 30 lM) was added. (B, C) RAW264.7 cells were stimulated with CpG-B DNA (1 lM) or LPS
(100 ng/ml) for the indicated periods. Protein (20 lg) from the nuclear or cytoplasmic fraction was subjected to immunoblot analysis. b-tubulin and USF-2 are shown as the
cytoplasmic and nuclear fraction markers, respectively. The band intensity of the RBM3 protein is also shown in the lower panel. (D) RAW264.7 cells expressing YFP-tagged
RBM3 (green) were left unstimulated (left panels) or stimulated with rhodamine-conjugated CpG-B DNA (ROX-CpG-B; red) (1 lM) for 1 h (right panels). Fluorescence images
were observed by a confocal microscope. (E) RAW264.7 cells expressing YFP-tagged RBM3 (green) were stimulated with CpG-B DNA (1 lM) for 1 h, and then incubated with
LysoTracker (red) in the last 20 min of culture. Fluorescence images were observed by a confocal microscope. Scale bars indicate 10 lm. (For interpretation of the references
to colors in this figure legend, the reader is referred to the web version of this article.)

A. Matsuda et al. / Biochemical and Biophysical Research Communications 411 (2011) 7–13 9
3.2. Generation of Rbm3-deficient mice

The above observations prompted us to examine the role of
RBM3 in CpG-B DNA-mediated innate immune responses and cell
growth control by generating mice deficient in Rbm3 (Rbm3-/-

mice). The mouse Rbm3 gene comprises seven exons spanning
about 8 kb on chromosome X (Fig. 2A). In the generation of
Rbm3-/- mice, we employed the standard homologous recombina-
tion procedure to disrupt Rbm3 by deleting the exons 4 and 5,
and part of exons 3 and 6 (Fig. 2A). The absence of RBM3 was con-
firmed by Southern blot, RNA blot, and immunoblot analysis of
Rbm3-/- mouse embryonic fibroblasts (MEFs) (Fig. 2B). Rbm3-/- mice
fertilized normally and showed no significant differences in size
and behavior compared with the wild-type (WT) littermates
(Fig. 2C). When lymphocyte populations were analyzed in the thy-
mus and spleen of Rbm3-/- mice, no significant abnormalities were
found neither in CD4+ or CD8+ T cells in the thymus and spleen, nor
in conventional DCs (cDCs) (CD11c+B220�), plasmacytoid DCs
(pDCs) (CD11cintB220+), NK cells (CD3�NK1.1+), or NKT cells
(CD3+NK1.1+) in the spleen (Fig. 2D). These findings suggest that
the loss of RBM3 does not affect the development of mice and dif-
ferentiation of immune cells.
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3.3. Role of RBM3 in nucleic acid-mediated innate immune responses

Because RBM3 associates with CpG-B DNA, we next examined
the effect of RBM3 deficiency on CpG-B DNA-mediated innate im-
mune responses. When cDCs differentiated from the bone marrow
cells of Rbm3-/- mice with GM-CSF were stimulated with CpG-B
DNA, IL-6 and TNF-a mRNAs were equally induced as compared
with the WT cells (Fig. 3A). Consistently, the induction of these
cytokines by CpG-B DNA at various doses was essentially similar
between Rbm3-/- and WT cDCs as monitored by ELISA (Supplemen-
tary Fig. S2). Since pDCs produce type-I IFNs at high levels upon the
activation of TLR9 [19], we also examined Rbm3-/- and WT pDCs for
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the induction of type-I IFN mRNAs. As shown in Fig. 3B, the induc-
tion of type-I IFN mRNAs following the stimulation by CpG-A DNA
or by infection with herpes simplex virus type 1 (HSV-1), which
also activates TLR9 [20], were normally observed in Rbm3-/- pDCs
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enriched in bone marrow cells cultured with the Flt3-ligand
in vitro. As expected, type-I IFN induction by TLR7 activation by
vesicular stomatitis virus (VSV) [21] was also normal (Fig. 3B).
We further examined the contribution of RBM3 to the activation
of innate immune responses by other nucleic acid-sensing recep-
tors. We stimulated Rbm3-/- MEFs with cytosolically delivered
poly(dA-dT)Æpoly(dT-dA) (B-DNA) [22] or poly(I:C) and examined
cytokine gene induction. As shown in Fig. 3C, the activation of
type-I IFNs and proinflammatory cytokine genes was equally ob-
served in both Rbm3-/- and control MEFs. Thus, these findings show
that RBM3 deficiency does not affect cytokine gene induction by
nucleic acid-sensing PRRs (see Section 4).
3.4. Critical involvement of RBM3 in cell cycle regulation

Since RBM3 is implicated in the regulation of cell growth, we
examined whether RBM3 deficiency affects the proliferation of
MEFs. As shown in Fig. 4A, Rbm3-/- MEFs showed a markedly
delayed cell proliferation. The phosphorylation of extracellular sig-
nal-regulated kinase (ERK), one of the hallmarks of cellular events
for the initiation of cell growth [23], remained unaffected in
Rbm3-/- MEFs, which suggests that growth factor-mediated signal-
ing remains unaffected in the absence of RBM3 (Fig. 4B). When we
examined the cell cycle state of Rbm3-/- MEFs by flow cytometry, an
interesting picture has emerged; Rbm3-/- MEFs showed an in-
creased number of cells in the G2/M-phase compared with control
cells (Fig. 4C). Furthermore, immunofluorescence microscopy re-
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4. Discussion

In this paper, we report on the generation of mice deficient in
RBM3 (Rbm3-/- mice) and our initial results on the role of this pro-
tein in the context of innate immune responses and cell cycle reg-
ulation. We newly identified RBM3 as a binding protein for CpG-B
DNA that activates TLR9 (Fig. 1A) and adduced evidence that
RBM3 accumulates in lysosomes, where TLR9 signaling is reported
to occur [8,10], upon CpG-B DNA stimulation. However, our analy-
sis of cDCs and pDCs from these mice revealed that the TLR9-med-
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RBM3 (Fig. 3A, B, and Supplementary Fig. S2). Although RBM3 may
not participate in the induction of innate immune responses, our re-
sults suggesting the CpG-B DNA stimulation-specific ‘shuttling’ of
RBM3 from the nucleus to the cytoplasm and RBM3-CpG-B DNA
interaction in lysosomes (Fig. 1B, D, and E) are intriguing, hence,
it is not excluded that a redundant mechanism is operational, that
is, a related molecule(s) may compensate for the absence of RBM3.
It will also be interesting to study whether Rbm3-/- mice normally
respond to infectious pathogens, such as bacteria, that activate
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TLR9 [1,3]. Therefore, further analysis is obviously required to clar-
ify the role of RBM3 in the regulation of innate immune responses
in vitro and in vivo.

Rbm3-/- mice fertilized well with normal cellularity of immune
organs, although reports have suggested that RBM3 functions in
spermatogenesis and cell growth [25,26]. Interestingly, we found
a delayed proliferation and an increased G2/M-phase cell popula-
tion in the Rbm3-/- MEFs (Fig. 4A and B). Since we could not find
any differences in the proliferation of GM-CSF cultured bone mar-
row cells from Rbm3-/- mice (data not shown), RBM3 may have a
cell-type specific function in cell growth activity. Although previ-
ous reports have suggested that the expression of RBM3 increases
cyclooxygenase-2 (COX2) and vascular endothelial growth factor
(VEGF) mRNA expression levels through the stabilization of these
mRNAs which then promotes cell growth [14,27], no significant
difference in the expression levels of these mRNA was observed be-
tween Rbm3-/- MEFs and control cells (data not shown). Therefore,
we surmise that the defect in growth of Rbm3-/- MEFs is not due to
the decreased expression of these molecules. Since our fluores-
cence microscopy showed a smaller number of H3-pS10-positive
cells in the M-phase among Rbm3-/- MEFs (Fig. 4D), RBM3 may
have a specific role in the regulation of the G2-phase rather than
maintenance of overall mRNA stability as reported previously
[28]. Congruent with this notion is that the expression levels of cy-
clin B and cell division cycle 2 (cdc2) proteins, which are critical
regulators in the G2/M-phase transition state [29], remain unaf-
fected by the deficiency of RBM3 (data not shown). Therefore, we
surmise that RBM3 may function in a facet related to an as yet un-
known mechanism underlying the G2/M-phase regulation. Since
RBM3 is expressed highly in many cancer cell lines and is thought
to function as an oncogene [18], clarification of the precise mech-
anism by which RBM3 regulates cell growth is an interesting issue
that should be addressed in future studies.

In conclusion, the generation of Rbm3-/- mice and the initial
characterization of Rbm3-/- cells may provide new tools with which
the intricate regulatory mechanisms underlying the immune re-
sponses, cell cycle, and oncogenesis will be further studied.

Note added in proof

Currently, we have no evidence for an interaction of RBM3 with
TLR9 in CpG-B stimulated cells.
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