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The interferon-stimulated gene 56 (ISG56) family is induced strongly in response to virus infection, inter-
ferons (IFNs) and double-stranded RNA (dsRNA). In the mouse, this family comprises three members, ISG56,
ISG54, and ISG49, which are clustered on chromosome 19 and encode the corresponding proteins p56, p54,
and p49. Here, we report differential properties of these proteins and their distinct induction patterns in
different cell types. All three murine proteins bound to the c-subunit of the translation initiation factor eIF3,
but unlike the other members, p49 did not inhibit protein synthesis. Using a newly raised antibody, we
demonstrated that both in vitro and in vivo, p49 expression was strongly induced by IFN, dsRNA, and Sendai
virus. However, in kidney mesangial cells, as opposed to podocytes, encephalomyocarditis virus, vesicular
stomatitis virus, or extracellular dsRNA did not induce any of the p56 family proteins, although they were
robustly expressed after Sendai virus infection or dsRNA transfection. Furthermore, protein-specific differ-
ences in the regulation of p56 family members became evident in various leukocyte types: all three proteins
were induced by IFN in T cells, but in B cells p56 and ISG56 mRNA could not be detected. Similarly, p56 was
selectively uninducible in plasmacytoid dendritic cells, whereas in myeloid dendritic cells, all three family
members were expressed. These results revealed novel cell type-, inducer-, and gene-specific regulation of the
ISG56 family of genes.

The innate immune response to virus infections largely de-
pends on the action of type I interferons (IFN), a group of
cytokines mainly consisting of IFN-� and more than 10 sub-
types of IFN-�, which induce expression of a large number of
genes referred to as IFN-stimulated genes (ISGs) (6, 31, 38),
whose respective protein products mediate numerous cellular
functions, including antiviral effects (14, 33, 35, 36). The in-
duction of ISGs is predominantly triggered by the IFN-medi-
ated activation of the JaK-Stat pathway. Binding of type I IFN
to the IFN-�/� receptor leads to the activation of the receptor-
associated kinases, Jak1 and Tyk2, which in turn phosphorylate
STAT1 and STAT2. The heterodimer of STAT1/2 then binds to
IFN regulatory factor 9 (IRF-9), forming the transcription fac-
tor complex ISGF3 (ISG factor 3), which in the nucleus binds
to the IFN-stimulated response element (ISRE) in the pro-
moters of ISGs, inducing their transcription (31, 38).

The triggering of the type I IFN system by viruses depends
on the detection of viral molecular patterns such as double-
stranded RNA (dsRNA) by cellular receptors, resulting in the
induction of IFN-�/� genes (20, 34). Examples of such recep-
tors, detecting different forms of RNA as an intermediate or
by-product of viral replication, are the endosomal transmem-
brane protein Toll-like receptor 3 (TLR3) (1) and the cyto-
plasmic RNA helicases RIG-I and MDA-5 (3, 11, 44, 45).
Binding of dsRNA to TLR3 or RIG-I/MDA-5 triggers mutual
signaling pathways, leading to the activation of several tran-
scription factors such as IRF-3 and IRF-7 (17), whose activa-
tion requires phosphorylation by their kinases TBK1 or IKKε,

followed by dimerization and nuclear translocation (9, 27, 37).
In the nucleus, IRF-3/7 engage transcription of type I IFNs via
binding to promoter elements highly similar to the ISREs of
IFN-stimulated genes. Not surprisingly, a large number of
ISGs have been found to be inducible not only via IFN-acti-
vated ISGF3 but also directly by virus-activated IRF-3 (2, 8,
12). This group of genes is referred to as viral stress-inducible
genes (VSIGs) (36).

Among the most strongly induced VSIGs (by either IFN or
virus infections) is the ISG56 family of genes, comprising four
human members (ISG54/IFIT2, ISG56/IFIT1, ISG58/IFIT5,
and ISG60/IFIT3) and three members in mice (ISG49/Ifit3,
ISG54/Ifit2, and ISG56/Ifit1), clustered on chromosomes 10
and 19, respectively (4, 7, 23, 25, 36, 43). All encoded proteins,
designated p54, p56, etc., contain arrays of multiple tetratri-
copeptide repeats, which are degenerate helix-turn-helix mod-
ules mediating protein-protein interactions, often with larger
protein complexes (5, 36). Human and mouse p54 and p56
interact with different subunits of translation initiation factor 3
(eIF3), achieving an inhibition of translation. However, since
eIF3 is composed of 13 subunits and has multiple functions in
translation initiation (15, 16), the mechanisms of inhibition are
diverse. Human p54 and p56 bind eIF3e, thereby inhibiting the
stabilization of the eIF2/GTP/Met-tRNA ternary complex (13,
18, 40). Mouse p54 and p56, and in addition, human p54, bind
to eIF3c and block the formation of the 48S preinitiation
complex consisting of the 40S ribosome subunit, the ternary
complex, eIF4F, and mRNA (19, 40, 41). Antiviral functions of
p56 proteins, exemplified by studies with hepatitis C virus (39),
Sindbis virus (46), and human papillomavirus (F. Terenzi, P.
Saikia, and G. C. Sen, unpublished results) have only begun to
emerge.

We recently reported an unexpected complexity of murine
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p54 versus p56 protein expression in vivo, depending on stim-
ulus (IFN, dsRNA, or virus infection), tissue type and cell type
(42). For example, whereas tail vein injection of dsRNA in-
duced p54 and p56 in the liver and spleen, injection of VSV
induced p54 in the spleen but not in the liver, a phenomenon
observed at both protein and mRNA levels. Furthermore, the
relative induction of p54 versus p56 in organs such as the heart
or lungs varies depending on the inducing stimulus. To date,
nothing is known about murine p49 protein expression and
function due to a lack of reagents in the past. In order to
expand our knowledge about p49 and the other murine family
members, we first raised an antibody against p49 and examined
the expression and inducibility of the protein in vitro and in
vivo. In addition, we found p49 not to be a translation inhibi-
tor, although it is capable of interacting with eIF3c. Further-
more, we discovered cell type- and gene-specific differences in
the inducibility of p56 family proteins, revealing that murine
p56 is not inducible by IFN in B cells and plasmacytoid den-
dritic cells (pDCs).

MATERIALS AND METHODS

Cell culture. HT1080 human fibrosarcoma cells (32), RAW 264.7 murine
macrophages, wild-type murine embryonic fibroblasts (MEFs), Stat1�/� MEFs
(G. Stark, Lerner Research Institute, Cleveland, OH), IRF3�/� MEFs (T. Tan-
iguchi, University of Tokyo, Tokyo, Japan) were all maintained in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(Atlanta Biologicals), 100 U of penicillin/ml, and 100 �g of streptomycin/ml.

Mesangial cell and podocyte culture. Primary mouse mesangial cells were
cultured from isolated glomeruli as described previously (22). Conditionally
immortalized murine podocytes, which were isolated from mice that express the
temperature-sensitive simian virus 40 T antigen (Immortomouse), were as pre-
viously described (29).

B- and T-cell isolation. Single cell suspensions were prepared from murine
peripheral blood, which was obtained by cardiac puncture followed by the lysis of
red blood cells with Tris ammonium chloride. Then, 106 cells per sample were
stimulated with 1,000 U of IFN-�/ml for 24 h and stained for flow cytometry with
antibodies to B220, CD3, and p56 family proteins. B cells were isolated from
single cell splenocyte suspensions by negative depletion using MACS beads
(Miltenyi Biotech) according to the manufacturer’s instructions. Briefly, this
involved coating non-B cells with biotinylated antibodies (Miltenyi Biotech),
followed by binding of these cells to streptavidin-coated beads (Miltenyi Bio-
tech). These bead-covered cells were removed from the culture with a magnet,
while B cells flowed through and were collected. Non-B cells (predominantly T
cells) adhered to magnetic beads during the B-cell isolation protocol. Following
the retention of beads in the B-cell purification column, the column was removed
from the magnet, and the bead-bound non-B cells were eluted. Although the
purity of the B cells was generally �97%, non-B-cell preparations were less pure,
averaging 73% CD3� cells, both determined by labeling with CD3 and B220
antibodies (BD Pharmingen). Afterward, cells were treated with 1,000 U of
IFN-� (Calbiochem)/ml for 24 h.

Dendritic cell culture. Dendritic cells were generated from precursors in
murine bone marrow by culture for 10 days in the presence of 100 ng of
Flt3-ligand (Peprotech)/ml to generate cultures containing a mix of myeloid
dendritic cells (mDCs) and pDCs, or they were cultured for 10 days in the
presence of 20 ng of granulocyte-macrophage colony-stimulating factor (Pepro-
tech)/ml to produce a culture containing predominantly mDCs. After stimulation
with 1,000 U of IFN-�/ml for 16 h, flow cytometry was used to distinguish pDCs
(CD11clo B220� CD11b�) and mDCs (CD11chi B220� CD11b�) in conjunction
with intracellular flow cytometry (described below) (10, 26).

Flow cytometry. To stain cells with cell surface markers for flow cytometry,
cells were incubated with an antibody to block Fc� receptors (clone 2.4G2; BD
Pharmingen) before the addition of antibodies to CD4, CD8, B220, CD3,
CD11b, or CD11c (clones RM4-5, 53-6.7, RA3-6B2, M1/70, 145-2C11, or HL3,
respectively, from BD Pharmingen). For intracellular staining, surface-labeled
cells were fixed in 1% paraformaldehyde, followed by permeabilization with
saponin. Cells were incubated with antibodies to p49, p54, or p56, which were
detected with goat anti-rabbit immunoglobulin G labeled with Alexafluor 488
(Molecular Probes). Flow cytometry was conducted on a FACScan flow cytom-

eter (Becton Dickinson), and the data were analyzed by using FlowJo software
(TreeStar, Inc.).

Treatments and virus infections. Recombinant murine IFN-� or IFN-� (Cal-
biochem) was used at 500 or 1,000 U/ml for the times indicated. Synthetic
dsRNA [poly(I)-poly(C) � poly(IC); GE Amersham] was added to the media at
100 �g/ml or cells were transfected at 1 �g/ml using FuGENE 6 (Roche) for 8 h.
Virus infections were usually performed at a multiplicity of infection of 10 in
DMEM containing 2% fetal bovine serum for 1 h, followed by two washes with
phosphate-buffered saline (PBS) and incubation with DMEM plus 10% fetal
bovine serum for 8 h. The viruses were encephalomyocarditis virus (EMCV; a
gift from R. Silverman, The Lerner Research Institute, Cleveland, OH), vesicular
stomatitis virus (VSV; Indiana strain; a gift from A. Banerjee, The Lerner
Research Institute, Cleveland, OH), and Sendai virus (SeV; Cantell strain,
Charles River, SPAFAS).

Plasmids. The full-length cDNA of murine ISG49/Ifit3 was obtained by re-
verse transcription-PCR (RT-PCR) using RNA extracted from IFN-�-treated
RAW 264.7 cells and was cloned into Myc-pcDNA3, expressing N-terminally
Myc-tagged p49. The ISG49 cDNA was subcloned into pET-15b by PCR for
bacterial expression. Expression vectors for murine p56 (41), murine and human
Myc-p54 (40, 41), eIF3c (41), and eIF3e (13) were described before. The cDNA
of human ISG60/IFIT3 was cloned into Myc-pcDNA3 by RT-PCR of RNA from
IFN-treated HT1080 cells. All plasmid transfections were mediated by FuGENE
6 (Roche) according to the manufacturer’s instructions.

Protein purification. Briefly, Escherichia coli BL21(DE3)/pLysS (Novagen)
were transformed with pET-15b/ISG49 or ISG56, and expression of His-tagged
p49 or p56 was induced by 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside)
for 6 h at 30°C. Protein purification was done as described previously (41) using
Ni-NTA Superflow beads (Qiagen).

Antibodies. Polyclonal antibody to murine p49 was raised at the Hybridoma
Core, The Lerner Research Institute (Cleveland, OH), by injecting bacterially
expressed, purified full-length p49 into rabbits. Antibodies to murine p54 and
p56 were raised similarly (42). Anti-c-Myc monoclonal antibody 9E10, anti-Flag
clone M2 beads, and antibodies to actin/�-actin were from Sigma.

Mice. Experiments were performed with FVB mice (tissue screenings and
kidney immunohistochemistry) and C57BL/6 mice (B and T cells, fluorescence-
activated cell sorting analysis) obtained from Taconic Farms. BALB/c mice (for
primary mesangial cell preparation) were from The Jackson Laboratory. All mice
were used at 8 to 12 weeks of age. Where indicated, mice were injected intra-
venously (i.v.) 8 h before sampling with 2 	 105 U of recombinant murine IFN-�
or 100 �g of dsRNA [poly(IC)], each in 100 �l of phosphate-buffered saline
(PBS) or with PBS alone. For kidney immunohistochemistry, mice were injected
i.v. with 107 PFU of SeV 8 h before sampling or the same volume of PBS. For
mouse organ tissue extraction, mice were sacrificed by CO2 inhalation, and the
organs were removed and immediately frozen in liquid nitrogen. Protein extracts
from the organs were made as previously described (28), and relative expression
levels of p49 and p56 were quantified by using ImageQuant software (Molecular
Dynamics).

Immunoprecipitation and immunoblotting. For immunoprecipitation of p49,
50 �g of whole-cell extract of Myc-p49- or Myc-p56-expressing MEFs were mixed
with 2 �l of anti-p49 antibody in 500 �l of radioimmunoprecipitation assay buffer
and subjected to immunoprecipitation (40). Immunoprecipitation of Flag-tagged
protein has been described before (40). Cell lysis and immunoblotting were done
as described previously (24), using lysis buffer with Complete protease inhibitor
cocktail (Roche).

Immunofluorescence. MEFs were grown in four-well chamber slides (LabTek
II; Nunc) and treated with 1,000 U of murine IFN-� (Calbiochem)/ml for 16 h.
Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.2%
Triton X-100 for 15 min, and blocked with 10% fetal bovine serum in PBS for 60
min. p49 was labeled using 1:2,000 dilutions of primary anti-p49 and secondary
goat anti-rabbit antibodies (Gibco-BRL) labeled with fluorescein isothiocyanate
in 1% fetal bovine serum, and cells were examined by using inverted fluorescence
microscopy (Leica DM IRB).

Immunohistochemistry. Kidneys were collected 8 h after i.v. injection with
SeV, fixed in 10% formaldehyde, and embedded in paraffin. For antigen re-
trieval, 4-�m-thick deparaffinized sections were digested in 0.0025% trypsin plus
0.1% CaCl2 in 0.05 M Tris (pH 7.6) at 37°C for 30 min. After blocking with 1%
bovine serum albumin in PBS for 60 min, the sections were incubated with
anti-p54 antibody (1:2,000) at 4°C overnight. For detection and visualization, the
Envision� kit (Dako) was used, followed by nuclear staining by Mayer’s hema-
toxylin solution (Sigma) and mounting with Cytoseal 60 mounting medium
(Richard-Allan Scientific).

In vitro translation inhibition assay. Using the rabbit reticulocyte lysate sys-
tem (Promega), 0.5 �g of luciferase mRNA (Promega) was translated in the
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presence or absence of purified p49 or p56 proteins in 25-�l reactions containing
reticulocyte lysate, amino acids, RNase inhibitor, and [35S]cysteine. After 2 h at
30°C, newly synthesized luciferase protein was resolved by subjecting a 5-�l
reaction to sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis and
quantifying the radioactive luciferase signals with a Storm 820 phosphorimager
(Molecular Dynamics) using ImageQuant software.

RT-PCR. B cells were stimulated for 4 h with 1,000 U of murine recombinant
IFN-� (Calbiochem)/ml, followed by RNA isolation using TRIzol (Invitrogen)
according to the manufacturer’s instructions; DNA was removed by using
DNAfree (Ambion). RT of RNA was performed with a Superscript III kit
(Invitrogen); PCRs were driven by Hot Start Taq polymerase (Denville). The
RT-PCR primers used (annealing temperature, 52°C) were as follows: ISG49,
5
-GCCGTTACAGGGAAATACTGG and 3
-CCTCAACATCGGGGCTCT;
ISG54, 5
-GGGAAAGCAGAGGAAATCAA and 3
-TGAAAGTTGCCATAC
AGAAG; ISG56, 5
-CAGAAGCACACATTGAAGAA and 3
-TGTAAGTAG
CCAGAGGAAGG; and 18S rRNA, 5
-ATTGACGGAAGGGCACCACCAG
and 3
-CAAATCGCTCCACCAACTAAGAACG.

RESULTS

p49 binds to eIF3c but does not inhibit translation. We
previously reported murine p54 and p56 as being inhibitors of
protein translation initiation, an effect mediated via direct
binding to eIF3c (19, 41). We extended our studies by exam-
ining these properties of p49. HT1080 cells were cotransfected
with expression vectors for Myc-p49 or Myc-p54 as a positive
control and Flag-eIF3c (Fig. 1A). Both p49 and p54 were
coprecipitated with eIF3c in a Flag immunoprecipitation, dem-
onstrating that like its murine relatives, p49 was capable of
binding to eIF3c. Next, interaction between p49 and eIF3e was
tested by a similar approach, with human P54 as a positive
control (Fig. 1B). In this experiment, p49 did not precipitate

with eIF3e, again sharing the binding preferences with its mu-
rine relatives. To test the functional consequence of the ob-
served binding of p49 to eIF3c, we used an in vitro translation
inhibition assay (40), translating luciferase mRNA in reticulo-
cyte lysate in the presence of various amounts of purified p49
protein (Fig. 1C). Whereas suitable amounts of purified p56
strongly inhibited translation, increasing amounts of p49 had
no inhibitory effect at all. These results demonstrated that p49
can bind to eIF3 but does not inhibit its functions in translation
initiation in vitro.

Specificity of a newly raised p49 antibody. In order to allow
for further p49 protein-level experiments in cell culture and in
vivo, we raised an antibody by injection of bacterially ex-
pressed, purified full-length p49 into rabbits. The specificity of
the antiserum was initially tested by immunoblotting of lysates
from IFN-�-treated MEFs or RAW 264.7 macrophages (Fig.
2A), yielding a single clean band of the expected molecular
mass of 47 kDa in IFN-�-treated lysates, with minor or no
constitutive expression of p49. Next, the suitability of the p49
antibody for immunoprecipitation was tested with lysates of
MEFs stably expressing Myc-p49 or Myc-p56 (Fig. 2B). The
p49 antibody selectively precipitated p49, but not p56. Further
confirmation of specificity against other p56 family members
was obtained by expressing Myc-tagged p49, p54, p56, and
human P60 in HT1080 cells and comparing immunoblots la-
beled to detect Myc or p49 (Fig. 2D). In the murine family, the
p49 antibody recognized exclusively p49, and among the hu-
man proteins it recognized, to a minor extent, human P60,
which represents the human homolog of p49. These results
established the newly raised p49 antibody as a very specific and

FIG. 1. p49 binds to eIF3c but does not inhibit translation.
(A) HT1080 cells were cotransfected with expression vectors for Myc-
tagged murine p49 or murine p54 and Flag-tagged eIF3c. After Flag-
immunoprecipitation, coprecipitated Myc-tagged proteins were de-
tected by immunoblotting. (B) HT1080 cells were cotransfected with
expression vectors for Myc-tagged murine p49 or human p54 and
Flag-tagged eIF3e. After Flag immunoprecipitation, coprecipitated
Myc-tagged proteins were detected by immunoblotting. (C) Transla-
tion inhibition by p49 and p56 was quantified in vitro by using reticu-
locyte lysate-driven luciferase mRNA translation in the presence of
[35S]cysteine. Densitometric averages of polyacrylamide gel electro-
phoresis-resolved luciferase signal are shown.

FIG. 2. Specificity of p49 antibody and cellular localization of p49.
(A) The newly raised p49 antibody was used to detect endogenous p49
by immunoblotting after 18 h treatment of MEFs or RAW 264.7 cells
with 1,000 U of IFN-�/ml. (B) Immunoprecipitation of p49 was done
with cell lysates of MEFs stably expressing Myc-p49 or Myc-p56. Pre-
cipitated protein was detected by Myc-immunoblotting. (C) Specificity
of p49 antibody was demonstrated with cell lysates from HT1080 cells
transfected with vectors for expression of Myc-p49, -p54, or -p56 or
Myc-human P60, the homolog of murine p49. (D) Cellular localization
of endogenous p49, induced in MEFs by 16 h of treatment with IFN-�,
was examined by immunofluorescence.

VOL. 82, 2008 p56 FAMILY PROTEIN INDUCTION AND FUNCTION 11047



versatile reagent. Its first use was to determine the subcellular
localization of IFN-induced p49 in MEFs (Fig. 2D). Treatment
with IFN-� for 18 h resulted in a clearly detectable expression
of p49, displaying a diffuse cytoplasmic distribution.

Induction of p49 by SeV infection requires IFN. In order to
further characterize inducibility of p49 expression by various
stimuli, MEFs were infected with SeV (representing a RIG-I
activator) or treated with IFN-�. The macrophage line RAW
264.7 was treated with 100 �g of floating dsRNA (representing
a TLR3 activator)/ml (Fig. 3A). Both SeV infection and IFN-�
treatment induced expression of substantial amounts of p49
starting at 6 h postinfection or after 4 h of treatment, respec-
tively. In RAW 264.7 cells, which displayed a weak constitutive
expression of p49, dsRNA treatment led to an elevation of p49
expression by severalfold. Since ISG49 expression is driven by
an ISRE in its promoter, we sought to find out whether induc-
tion in case of SeV infection could be directly mediated by
RIG-I-activated IRF-3, qualifying ISG49 as a VSIG (36). First,
wild-type and IRF3�/� MEFs were infected with SeV, and p49
expression was examined (Fig. 3B). In IRF3�/� cells, p49 ex-
pression was completely abolished, as expected. Next, wild-
type and Stat1�/� MEFs were infected with SeV or treated
with IFN-� as a control (Fig. 3C). Whereas IFN-� did not
induce expression of either p49 or p56 in Stat1�/� cells, p56
was still inducible by SeV, but surprisingly, p49 was not, dem-
onstrating the requirement for IFN signaling (via the JaK-Stat
pathway) for the induction of p49 expression and implying
differences in the regulation of p49 and p56 expression.

Induction of p49 in vivo. In order to determine whether p49
and p56 were coordinately induced in mouse organs, mice were
injected with IFN-�- or dsRNA; 8 h later, the animals were
sacrificed, and tissue extracts were examined for p49 and p56
expression (Fig. 4). Organs included the lungs, heart, kidney,
liver, spleen, small intestine, colon, brain, and muscles (Fig. 4

and data not shown). In all tissues or organs tested, both
stimuli resulted in coordinated expression of both p49 and p56;
however, inducer-dependent differences were observed in p56
levels relative to p49. For example, in the spleens and colons of
dsRNA-injected mice, the ratios of p56 expression over p49
expression (0.36 and 0.29) were much lower compared to the
same ratios (0.83 and 0.87) in IFN-injected mice. On the other

FIG. 3. Induction of p49 by SeV infection requires IFN. (A) p49 expression was detected by immunoblotting of cell lysates of either MEFs, after
infection with 80 hemagglutinating units (HAU) of SeV/ml or treatment with 1,000 U of IFN-�/ml for the indicated times, or of RAW 264.7 cells,
after the addition of dsRNA [100 �g of poly(IC)/ml] to the medium for 12 h. (B) IRF-3 dependence of virus-induced p49 expression was
demonstrated by infecting wild-type or IRF3�/� MEFs with 80 HAU of SeV/ml for 16 h and immunoblotting cell lysates, detecting protein
expression with p49 or actin antibodies. (C) IFN dependence of virus-induced p49 but not p56 expression was demonstrated by treating wild-type
or Stat1�/� MEFs with IFN-� or infecting the cells with 80 HAU of SeV/ml for 16 h and immunoblotting the cell lysates.

FIG. 4. Induction of p49 and p56 in mice injected with IFN or
dsRNA. At 8 h after i.v. injection of IFN-� (A) or dsRNA (B) or PBS,
mice were sacrificed and organs were homogenized. Organ extracts (40
�g in panel A and 20 �g in panel B) were examined for expression of
p49, p56, or actin by immunoblotting.
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hand, in other tissues, such as the lung and liver, these differ-
ences were not so prominent (Fig. 4).

The global inducibility of expression of p56 family members
in the mouse prompted us to take a closer look at different cell
types rather than whole organs by examining the kidneys of
dsRNA- or SeV-injected mice for p49 expression using immu-
nohistochemistry (Fig. 5). The key structures in the renal cor-
tex are the spherical glomeruli, which serve as blood filters.
Apart from capillaries, the glomeruli consist of two adjacent
cell types, the supporting mesangial cells and the podocytes,
which form the plasma filter. The glomeruli are surrounded by
tubuli, which convey the plasma filtrate toward the kidney core.
Whereas the majority of renal tubular cells, the predominant
cell type in the renal cortex, were positive for p49 (Fig. 5, upper
panel), within the glomeruli only podocytes were positive for
p49 expression after tail vein injection of dsRNA or SeV (Fig.
5, black arrowheads, middle panel); the mesangial cells (Fig. 5,
white arrowheads) and capillary cells did not express p49.
When kidney sections were stained with p54 or p56 antibody,
again only podocytes stained positive for expression, whereas
mesangial were negative for both p54 and p56 (Fig. 5, lower
panel and data not shown). Similar positive staining for all
three proteins in podocytes and tubular cells, but not mesan-
gial cells, was observed after injection of IFN into mice as well
(data not shown).

Selective inducibility of p56 family members in mesangial
cells. In our in vivo experiments (Fig. 5 and data not shown),

mesangial cells did not display expression of p49, p54, or p56
after any of the stimuli used. Therefore, we examined both
mesangial cells and podocytes more closely in vitro. Murine
podocytes were treated with IFN-�, infected with different
viruses (EMCV, SeV, or VSV), or transfected or treated with
dsRNA (Fig. 6A). Cell lysates were prepared, and the expres-
sion of p49, p54, and p56 was assessed by immunoblotting. In
podocytes, all stimuli led to an upregulation of all three pro-
teins, adding to a low constitutive expression level. However,
when mesangial cells were treated likewise, expression of the
three p56 family proteins was not induced by infection with
EMCV or VSV or by treatment with floating dsRNA (Fig. 6B).
However, they were robustly induced by IFN-� treatment or
SeV infection.

Lack of induction of p56 by IFN in B cells in vitro. We
previously reported that in vivo, B cells do not express p56
after i.v. IFN injection, whereas p54 is induced (42). We
wanted to confirm this finding in vitro and examine the induc-
ibility of p49. Peripheral blood cells were isolated from mice;
treated with IFN-� for 24 h; and stained with p49, p54, or p56
antibody for flow cytometry, distinguishing B cells (B220�) and
T cells (CD3�) (Fig. 7A). Whereas all three proteins were
inducibly expressed in �75% of CD3� cells, p56 was not de-
tected in B220� B cells. Confirmation for this finding was
obtained by immunoblotting of the B-cell extracts with anti-
bodies for all three p56 family members (Fig. 7B) and, indeed,
both p49 and p54 were present, but p56 was absent in IFN-�-

FIG. 5. Induction of p49 and p54 in the glomeruli of murine kidneys. At 8 h after i.v. injection of dsRNA, SeV, or PBS, mice were sacrificed,
kidneys were collected, fixed, and processed for immunohistochemistry to detect p49 (upper and middle panel) and p54 (lower panel). White
arrowheads indicate mesangial cells, black arrowheads indicate podocytes in the blood-filtrating glomeruli, located in the renal cortex. Magnifi-
cations are 	200 (upper panel) and 	400 (middle and lower panels). Scale bar, 25 �m.
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treated B cells. The underlying regulatory mechanism was at
the transcriptional level, since the mRNAs for ISG49 and
ISG54, but not ISG56, were present in IFN-treated B cells
(Fig. 7C).

p56 is induced in mDCs but not pDCs. To extend our ob-
servation of differential behavior of B cells and T cells to other
cells of the immune system, we tested by flow cytometry for
p49, p54, and p56 expression in IFN-�-stimulated in vitro-
differentiated dendritic cells. We noticed that only a subpopu-
lation of dendritic cells expressed p56, whereas p49 and p54
were expressed in virtually all cells (Fig. 8A). Since the den-
dritic cells used in these experiments represented a mixture of
mDCs and pDCs, we next designed an experiment in which
these subtypes were distinguishable. The murine bone-marrow
derived precursor cells were in vitro differentiated in the pres-
ence of Flt3 ligand, treated with IFN-�, and stained for den-
dritic cell surface markers in addition to staining for intracel-
lular p56 (Fig. 8B). In virtually all mDCs, p56 expression was
detectable, but pDCs were incapable of expressing p56 after
treatment with IFN-�, demonstrating profound differences in
the regulation of p56 expression in pDCs from that of the other
family members.

DISCUSSION

We have been studying the inducibility and the functions of
the human and murine genes of the ISG56 family (13, 18, 19,
40–42). Historically, these genes have been used by many lab-
oratories as sentinel ISGs for analyzing signaling pathways
activated by IFNs, dsRNA, and virus infection. Because these
genes are clustered and homologous in sequence, the general
assumption has been that they are always coordinately induced

and hence the induction properties ascribed to one of these
genes are freely applicable to others as well. The results pre-
sented here have demonstrated that this simplistic assumption
is wrong and that there is profound inducer- and cell type-
specific differential regulation of different members of this
gene family. Both biosynthetic and functional analyses of the
p56 family of proteins have been greatly facilitated by the
production of recombinant proteins and raising antibodies
against them. We have previously reported the properties of
two murine members, p56 and p54 (41, 42); the present study
of the third member, p49, completes the basic characterization
of all members of the murine ISG56 family.

Antibodies to these murine proteins have been used to mon-
itor their induction in vivo in response to various inducers.

FIG. 6. Selective inducibility of p56 family members in mesangial
cells. Differentiated podocytes (A) and mesangial cells (B) were either
treated with 500 U of IFN-�/ml or infected at a multiplicity of infection
of 10 with EMCV, SeV, or VSV for 8 h. Expression of p49, p54, and
p56 was detected by immunoblotting. Alternatively, cells were exposed
to dsRNA [poly(IC)] by either FuGENE 6-mediated transfection (cy-
topl.) or by adding poly(IC) to the medium (float). In mesangial cells,
infection by VSV was verified by detection of P-protein and EMCV
infection by observation of development of the cytopathic effect (not
shown).

FIG. 7. Lack of induction of p56 by IFN in B cells in vitro. (A) Pe-
ripheral blood cells were isolated from mice and stimulated with 1,000
U of IFN-�/ml (106 cells/sample). After stimulation (24 h), cells were
harvested and stained for flow cytometry. (B) Murine B cells isolated
from spleens were untreated or treated with IFN-� for 24 h, and
extracts were immunoblotted for the indicated proteins. (C) After 4 h
of stimulation of isolated B or T cells with 1,000 U of IFN-�/ml, RNA
was isolated. cDNA produced from this RNA provided the template
for PCR using primers for ISG49, ISG54, ISG56, and 18S rRNA.
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They are induced widely in mice infected with various viruses
or injected with IFN or dsRNA (42). Functionally, both human
and mouse p56 and p54 inhibit translation initiation by binding
to different subunits of the translation initiation factor eIF3
(13, 18, 19, 40, 41). Their inhibitory effect on viral protein
synthesis has major roles in the antiviral effects of IFN against
hepatitis C virus (39; M. Gale, unpublished data) and West
Nile virus (Gale, unpublished; M. Diamond, unpublished data)
among others. We show here that, in contrast to p56 and p54,
p49 does not inhibit translation, although, like the others, it
can bind to eIF3c. Further investigation will be required to
provide the molecular basis for the observed differential con-
sequences on translation initiation, upon binding of these pro-
teins to eIF3c. Mapping of the respective binding domains may
reveal that the differential effect is due to their binding to
different regions of eIF3c. This is not an unlikely scenario,
considering that p56 and p54 bind to two different regions of
eIF3c (41). For identifying cellular functions of p49, we may
have to search for additional cellular or viral proteins with
which it interacts. Such a search for human p56 has led us to
the discovery of its interaction with the human papillomavirus
(HPV) E1 protein, which results in a block of replication of the
viral DNA (Terenzi et al., unpublished results). As noted by us,
the binding specificities of the members of the p56 family are
high; for example, HPV E1 does not bind to the other mem-
bers of the p56 family. Thus, it is reasonable to expect that in
the future, we will observe member-specific antiviral effects of
these proteins.

The murine ISG56-related genes are clustered on chromo-
some 19 in a locus of about 100 kb. One copy of ISG54 gene is
followed by two alleles of ISG49 gene, a pseudogene of ISG56
and the ISG56 gene. The 5
 promoter-proximal region of all of
these genes contains two ISRE elements which respond to the
transcriptional induction signals from IFNs, dsRNA, and virus

infection. Their physical proximity and the similarity of their
promoters led to the expectation that their transcriptional in-
ductions are coordinately regulated. Although this expectation
was largely fulfilled by the results presented here, there were
notable exceptions, indicating further complexity in the regu-
lation of expression of these genes. The first example of dif-
ferential regulation is their induction pattern upon SeV infec-
tion of MEFs (Fig. 3). As expected, IRF-3 was needed for the
induction of p49 (and p56 and p54 [data not shown]), but p49,
in contrast to p56, depended on Stat1 as well. The simplest
interpretation of our data is that IRF-3 is required for IFN
induction, which in turn induces both p56 and p49. However,
as reported before, p56 could also be induced by IRF-3 directly
in Stat1�/� MEFs, which are unresponsive to IFN (41). Most
probably, the induced level of p56 in wild-type MEFs is a
composite of the product of direct induction and the product
of indirect induction by IFN produced by the infected cells;
consequently, the level of p56 in infected Stat1�/� cells was
lower than that in wild-type cells. More importantly, our data
suggest that SeV-activated IRF-3 cannot induce p49 (Fig. 3C).
Further investigation will be needed to examine whether IRF-3
activated by other viruses or dsRNA also fails to induce p49. If
this is indeed the case, it will indicate that the ISG49 promoter
can respond to type I IFN signaling, which uses ISGF3 as the
relevant transcription factor, but not to other signaling path-
ways, such as RIG-I or TLR3, which use IRF-3 as the tran-
scription factor. Appropriate analyses in the future will reveal
whether this property is imparted by the ISREs of ISG49 itself,
compared to the ISREs of ISG56. It has been noted before
that minor sequence differences in the ISRE can render it
unrecognizable by IRF-3, but not ISGF3 (2, 30).

The second notable difference was in the ratios of p56 and
p49 induced in specific organs of mice injected with dsRNA.
For example, in the colon and in the spleen, the relative in-

FIG. 8. p56 is induced in mDCs but not pDCs. (A) Dendritic cells were differentiated from mouse bone marrow using granulocyte-macrophage
colony-stimulating factor. Cells were stimulated for 16 h with 1,000 U of IFN-�/ml before analysis by flow cytometry using antibodies to p49, p54,
and p56. (B) Dendritic cells differentiated from bone marrow using Flt3-ligand were stimulated for 16 h with 1,000 U of IFN-�/ml before analysis
by flow cytometry. pDC and mDC populations were distinguished by using surface markers, and the p56 expression was detected.
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duction of p49 was stronger compared to p56 (Fig. 4B). In
contrast, in the same tissues, IFN-� induced both proteins with
almost equal ratios (Fig. 4A). These observations point out
inducer-specific differential regulation of p49 and p56 both in
vitro and in vivo. More impressive differential regulation was
observed in B cells and pDCs. IFN-� or IFN-� could induce
p56, p54, and p49 and their corresponding mRNAs equally
well in T cells (Fig. 7 and data not shown). In contrast, p56 and
its mRNA were poorly induced by IFN in B cells, although the
other two members of the family were as strongly induced as in
T cells. The possibility of a kinetic difference in gene induction
was ruled out by performing a time course experiment (data
not shown). Similarly, in mDCs all three proteins were induced
by IFN but in pDCs, p56 was poorly induced (Fig. 8). These
results demonstrate that in specific cells of the immune system
IFN cannot induce p56, although the transcriptional signal is
generated and two other closely related genes are strongly
induced. To our knowledge, this is the first example of clearly
cell-specific differential regulation of related ISGs.

In kidney mesangial cells, a different type of differential
regulation was observed. In these cells, transfected dsRNA or
SeV infection, both of which signal through the cytoplasmic
receptors RIG-I/MDA-5, and IFN-�, could induce all three
proteins efficiently. However, TLR3, activated by dsRNA
added to the culture medium, or infection with VSV or EMCV
could not induce any of the three proteins in mesangial cells,
although in podocytes, which surround the mesangial cells in
the glomeruli of the kidney, the latter inducers were very effective.
We know that the mesangial cells express TLR3 and respond
to added dsRNA by activating p38 and c-Src and we also know
that VSV and EMCV can infect these cells (data not shown).
Thus, the observed defects are probably not at the signal ini-
tiation stages but at the level of the lack of expression or
functional defects in signaling proteins required further down-
stream of specific signaling pathways. Again, these defects are
cell type specific and inducer specific.

Future investigation should explore the molecular basis for
the different kinds of differential induction we documented
here. Why is ISG56 not induced in B cells or pDCs, when the
neighboring ISG54 and ISG49 are strongly induced? It is un-
likely that any signaling defects or transcriptional inaccessibil-
ity of the ISG56 chromosomal region are responsible, because
closely located genes were induced well. Determination of the
mechanism of the observed ISG56-specific gene silencing will
surely reveal unknown regulatory aspects of the IFN system.
The mesangial cells revealed a different aspect of viral signal-
ing pathways that lead to the induction of ISGs. Why were
these cells, but not the podocytes, unresponsive to dsRNA,
EMCV, and VSV? Observations of this kind question the
validity of generalizing information about the specific pathway
a virus uses to induce IFN and ISGs. It is not unlikely that in
different cell types the same virus uses predominantly different
signaling pathways. Indeed, our earlier studies, using mutant
mice, showed that influenza A virus uses exclusively TLR path-
ways to induce IFN in pDCs, but in mDCs the cytoplasmic
receptors are used exclusively (21). Similar scenarios may be
true for other viruses, in other cell types. Studies, such as the
one presented here, should increase our awareness of this
additional level of complexity of the IFN system.
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