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The interferon-stimulated genes (ISGs) ISG56 and ISG54 are strongly induced in cultured cells by type I
interferons (IFNs), viruses, and double-stranded RNA (dsRNA), which activate their transcription by various
signaling pathways. Here we studied the stimulus-dependent induction of both genes in vivo. dsRNA, which is
generated during virus infection, induced the expression of both genes in all organs examined. Induction was
not seen in STAT1-deficient mice, indicating that dsRNA-induced gene expression requires endogenous IFN.
We further examined the regulation of these ISGs in several organs from mice injected with dsRNA or IFN-�.
Both ISG56 and ISG54 were widely expressed and at comparable levels. However, in organs isolated from mice
injected with IFN-� the expression of ISG54 was reduced and more restricted in distribution compared with
the expression level and distribution of ISG56. When we began to study specific cell types, splenic B cells
showed ISG54 but not ISG56 expression in response to all agonists. Finally, in livers isolated from mice
infected with vesicular stomatitis virus, the expression of ISG56, but not ISG54, was induced; this difference
was observed at both protein and mRNA levels. These studies have revealed unexpected complexity in
IFN-stimulated gene induction in vivo. For the first time we showed that the two closely related genes are
expressed in a tissue-specific and inducer-specific manner. Furthermore, our findings provide the first evidence
of a differential pattern of expression of ISG54 and ISG56 genes by IFN-� and IFN-�.

The interferon (IFN) system is the first line of defense
against virus infection in mammalian cells (15, 44). The anti-
viral effects of interferons are mediated by proteins encoded by
IFN-stimulated genes (ISGs), whose transcription is induced
by the Jak-STAT pathway (9, 10, 36, 49). The binding of type
I IFNs, IFN-� and IFN-�, to their cell surface receptor
(IFNAR) leads to Jak1- and Tyk2-mediated tyrosine phosphor-
ylation of STAT1 and STAT2, which heterodimerize, bind to
IFN regulatory factor 9 (IRF-9, or p48) to form the IFN-
stimulated gene factor 3 (ISGF3) and translocate to the nu-
cleus (8, 30). Once in the nucleus, ISGF3 binds to the inter-
feron-stimulated response element (ISRE) present in the
promoter regions of all ISGs and activates their transcription
(7, 29, 37). IRF-9 is the component of ISGF3 which recognizes
ISREs, and these elements can be recognized by other mem-
bers of the IRF family, most notably IRF-3 and IRF-7 (16, 42,
45). As such, signaling pathways which lead to the activation of
other IRFs can induce transcription of ISRE-containing genes
without the involvement of IFNs. These viral stress-inducible
genes (VSIGs) are induced by many viruses and other infec-
tious agents, even in the absence of functional Jak-STAT sig-
naling (46). Among the most highly induced VSIGs are the
members of the ISG56 gene family. Four members of the
family have been identified in humans, (ISG56/IFIT-1, ISG54/
IFIT-2, ISG58/IFIT-5, and ISG60/IFIT-4), whereas in the
mouse there are three members (ISG56/IFIT-1, ISG54/IFIT-2,
and ISG49/IFIT-3) (5, 11, 29, 41, 57). These genes are phylo-
genetically related, clustered on the same chromosomes, and

often coordinately induced in response to IFNs, dsRNA, or
viral infection (12, 18, 27, 38, 48, 52, 56).

Several partially overlapping signaling pathways involved in
antiviral defense can activate IRF-3 or IRF-7, resulting in the
induction of VSIG transcription. Toll-like receptor 3 (TLR3) is
a receptor for dsRNA located on endosome membranes (2).
Downstream of TLR3 the adaptor protein TRIF recruits the
protein kinase TBK-1, which phosphorylates IRF-3, causing its
dimerization and nuclear translocation (31, 33). Complete ac-
tivation of IRF-3 requires its additional phosphorylation by a
phosphatidylinositol 3-kinase-mediated pathway (40). Viral
single-stranded RNA can bind to TLR7 or TLR8 to activate
similar pathways to TLR3 (19, 53). Viral CpG DNA or glyco-
proteins can trigger TLR9 or TLR4, respectively, to activate
similar signaling pathways (20, 22). Signaling by all of these
receptors converges on TBK-1 and IRF-3/IRF-7. Several cyto-
plasmic dsRNA-binding proteins, such as PKR, RIG-I, and
Mda-5, have also been implicated in dsRNA-mediated and
antiviral signaling (43, 58, 59). Among these alternative path-
ways, the ones initiated by the cytoplasmic RNA helicases
RIG-I and Mda-5 appear most important for induction of
IRFs (3, 14, 59). They use the adaptor protein IPS-1 to recruit
TBK-1 and activate IRF-3 (25).

The most highly homologous proteins encoded by the ISG56
family members show only 70% sequence identity. However,
they all contain multiple tetratricopeptide repeat motifs, which
are degenerate protein interaction modules facilitating specific
interactions with other cellular proteins (47). Human and
mouse p56 and p54 inhibit initiation of translation by binding
to various subunits of the translation initiation factor, eIF3, a
large multisubunit protein complex with multiple functions in
translation initiation (21, 34). Binding of these proteins to
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different subunits of eIF3 has diverse functional consequences.
Human p56 and p54, both of which bind to the e subunit, block
eIF3-mediated stabilization of the eIF2 � GTP � Met-tRNA
ternary complex (17, 23, 51). In contrast, mouse p56 and p54
and human p54, all of which bind to the c subunit of eIF3,
block the ability of eIF3 to promote the formation of the 48S
preinitiation complex containing the 40S ribosomal subunit,
the ternary complex, eIF4F, and mRNA (24, 51, 52). The
translation-inhibitory effect of human p56 has been suggested
to be one of the major antiviral mechanisms used by IFNs to
block the replication of hepatitis C virus (50).

Little is known about the regulation of expression of the
ISG56 family of genes in vivo. Recently, Wacher et al. (55)
examined their expression in the brains of mice infected with
lymphocytic choriomeningitis virus or West Nile virus. Using in
situ hybridization, they demonstrated that these genes are
widely expressed in the neurons and other brain cells of virus-
infected mice. In the current study, we have investigated the
induction patterns of mouse p56 and p54 in vivo, in response to
intravenous injection of dsRNA, IFN-�, IFN-�, or vesicular
stomatitis virus (VSV). Newly developed antisera to the two
proteins were used to examine various mouse tissues for the
presence of the two proteins. Our study revealed an unexpected
and interesting complexity of tissue-specific and inducer-specific
noncoordinate regulation of expression of the two proteins.

MATERIALS AND METHODS

Mice. Unless otherwise indicated, all experiments were performed with male
FVB mice obtained from Taconic Farms. Age-matched wild-type (wt) and
stat1�/� mice (129Sv background) were obtained from G. M. Chisolm (The
Lerner Research Institute, Cleveland, OH). The wt control, tlr3�/�, pkr�/�, and
tlr3�/� pkr�/� (double knockout [DKO]) mice were in a C57BL/6/129Sv mixed
background. All mice were used at 8 to 10 weeks of age.

Injections. Where indicated, mice were injected intravenously (i.v.) for 8 h with
2 � 105 U of recombinant murine IFN-�1, 100 �g dsRNA [poly(I) � poly(C);
Pharmacia], 12 � 105 U rat IFN-� (generous gift from D. Lindner, The Lerner
Research Institute, Cleveland, OH), or 4 � 106 PFU VSV (Indiana strain), a gift
from A. Banerjee (The Lerner Research Institute, Cleveland, OH), each in 100 �l
of phosphate-buffered saline (PBS). As controls, we also injected mice i.v. with 100
�l of PBS.

Antibodies. Polyclonal antibodies to murine p56 and p54 were raised at the
Hybridoma Core, Lerner Research Institute (Cleveland, OH), against the puri-
fied bacterially expressed full-length murine p56 or p54 proteins (52). Sera from
injected rabbits were collected and tested for their anti-murine p56 or p54
activity by Western blotting.

Protein extraction and Western blotting. Eight hours after i.v. injection, mice
were sacrificed by CO2 inhalation and the organs were removed and immediately
frozen in liquid nitrogen. Whole-cell protein extracts from the organs were made
as previously described (32). Briefly, the organs were resuspended in 1 ml of lysis
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholic
acid, 0.1% sodium dodecyl sulfate, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, and protease inhibitor), homogenized using a Dounce
homogenizer on ice, and then centrifuged at 14,000 rpm for 10 min at 4°C. The
supernatant was collected, and protein was measured. A 60-�g aliquot of extract
was subjected to electrophoresis through a 10% denaturing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel. Western blotting was performed
with a 1:2,000 dilution of a polyclonal anti-murine p56 antibody and 1:20,000
dilution of a polyclonal anti-murine p54 antibody.

All the experiments were done three times unless otherwise indicated in the
figure legends. Since the results obtained showed similar induction patterns,
representative experiments are shown in the figures.

RNase protection assay. Frozen tissues were homogenized in a Dounce ho-
mogenizer on ice with 1 ml of TRIzol reagent (Invitrogen) and then RNA was
isolated according to the manufacturer’s protocol. RNase protection assays
(RPAs) were performed with the RPA III kit (Ambion) following the manufac-
turer’s protocol. The antisense probes to ISG56 and ISG54 were generated first

by cutting the cDNAs with MboII and StuI, respectively, and then transcribing
both with SP6 RNA polymerase. For each sample, 20 �g of total RNA was used
for RPAs, and protected mRNA levels were visualized by autoradiography and
quantified by a phosphorimager using Molecular Dynamics ImageQuant soft-
ware (Amersham Bioscience). Levels of cyclophilin mRNA were used as an
internal control.

Immunofluorescence and immunohistochemistry. Mouse embryonic fibroblast
(MEF) cells were grown on coverslips in six-well tissue culture plates and stim-
ulated with or without 1,000 U/ml IFN-� for 16 h. Immunofluorescence assays
were performed as described previously (35). Cells were fixed with 4% parafor-
maldehyde for 30 min and permeabilized with 0.2% Triton X-100 for 15 min. The
cells were then blocked with PBS containing 0.02% Tween 20, 3% bovine serum
albumin, and 3% goat serum at 4°C overnight and then incubated with primary
antibody (1:1,500) for 2 h at room temperature. Cells were washed and further
incubated with secondary antibody anti-rabbit–AlexaFluor 488 (1:1,500; Molec-
ular Probes) for 1 h at room temperature. After incubation, cells were washed
and covered with Vectashield containing 4�,6�-diamidino-2-phenylindole (DAPI;
Vector Labs). Thereafter, the slides were resolved on a Leica digital fluorescent
microscope.

For immunohistochemistry, the organs were Histochoice preserved and par-
affin embedded, cross-sectioned, and deparaffined as described previously (26).
Following paraffin removal, the slides were incubated in 10 mM sodium citrate
pH 6 at 100°C for 10 min, and then in PBS for 5 min and in blocking solution at
4°C overnight. For antibody staining, the same conditions as reported above were
followed except for the dilutions used for the primary antibody (1:1,000) and
secondary antibody (anti-rabbit–AlexaFluor 488 from Molecular Probes, used at
1:200).

Flow cytometry. Following harvest of spleens and bone marrow, single-cell
suspensions were prepared by passing spleens through a 0.7-�m sieve (Falcon)
and bone marrow through a 23-gauge needle. Following Tris-ammonium chlo-
ride lysis of red blood cells and washing with PBS, 106 cells per sample were
stained. To stain splenocytes with cell surface markers, cells were incubated with
an antibody to block Fc receptors (clone 2.4G2; BD Pharmingen) before addi-
tion of antibodies against CD4, CD8, or B220 (clones RM4-5, 53-6.7, and RA3-
6B2, respectively; BD Pharmingen). Cells were washed twice with PBS before
intracellular staining. For intracellular staining of splenocytes and bone marrow
cells to study p54 and p56 induction, cells were fixed by incubation with 1%
paraformaldehyde (Fisher Scientific). This was followed by washing with a flu-
orescence-activated cell sorter (FACS) buffer of PBS containing 2% fetal bovine
serum (Atlanta Biologicals) and 10 mM sodium azide (Sigma). Cells were incu-
bated with anti-murine p54 or p56 antibodies in FACS buffer plus 0.3% saponin
(Sigma) before being washed twice in FACS buffer plus 0.03% saponin. Cells
were then incubated with goat anti-rabbit immunoglobulin G conjugated to
AlexaFluor 488 (Molecular Probes) followed by washing with FACS buffer plus
0.03% saponin and resuspended in FACS buffer for analysis. Flow cytometry was
conducted on a FACScan flow cytometer (Becton Dickinson), and data were
analyzed using FlowJo software (TreeStar Inc.).

Cells and cell transfection. H1080 human fibrosarcoma cells (28) were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were
transfected with Myc-pcDNA3 vector containing murine p56 or p54 or vector
alone (52) using Fugene 6 (Boehringer Mannheim Co.). After 18 h, cells were
collected and lysates were used for Western blotting.

RESULTS

Characterization of p54 and p56 antibodies. New polyclonal
rabbit antibodies were raised against bacterially expressed, pu-
rified mouse p54 and p56. They specifically and efficiently
recognized the cognate proteins in Western analysis (Fig. 1A).
The two antisera were titrated to give equally strong signals
with equal amounts of the two antigens; when equimolar
amounts of the two recombinant proteins were analyzed, the
anti-p54 serum was 10 times more potent than the anti-p56
serum (Fig. 1B). Both sera were assessed for use in immuno-
fluorescence analyses (Fig. 1C and D); as expected, both pro-
teins were absent in untreated MEFs and strongly induced by
IFN-�, primarily in the cytoplasm. The p54 antiserum was also
tested for use in immunohistochemistry. Mice were injected
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with dsRNA or PBS, and colonic sections were stained with
anti-p54 serum (Fig. 1E). Low levels of p54 staining were
present in the sample from the PBS-injected mouse (Fig. 1E,
right), whereas strong signals were observed in the luminal
epithelium in the mouse injected with dsRNA (Fig. 1E, left).

In vivo induction of p54 and p56 by VSV and dsRNA. To
examine the induction patterns of p54 and p56 in virus-infected
mice, tissues were harvested 8 h after intravenous injection
with VSV or PBS and subjected to Western blotting analysis.
VSV induced p56 in all tissues except heart and kidney. In-
duction of p54 was less than p56 in all tissues. Strikingly, in the
liver, p54 was hardly induced, although p56 was strongly in-
duced (Fig. 2A).

To investigate if the expression patterns of p54 and p56
induced by VSV were mediated by dsRNA, a by-product gen-
erated by virus infection, we intravenously injected dsRNA or
PBS alone in mice and performed Western blotting on tissue
harvested 8 h postinjection. While neither protein was detected
in most of the tissues analyzed from PBS-treated mice, we
observed that a low level of p56, but not p54, was expressed in
the small intestine. However, both proteins were strongly in-
duced in most tissues of mice injected with dsRNA (Fig. 2B).
A notable exception was the heart, in which induction of p56
but not p54 was observed.

Genetically modified mice were used to investigate the po-
tential role of TLR3 and PKR, two dsRNA-binding proteins,

in mediating gene induction in response to dsRNA in vivo.
Both p56 and p54 were strongly induced by dsRNA in the liver,
the lung, and other tissues of both tlr3�/� and pkr�/� mice
(Fig. 3A and data not shown). To investigate whether TLR3
and PKR can substitute for each other in mediating dsRNA-
elicited signaling, a tlr3�/� pkr�/� DKO mouse strain was
generated. Both proteins were induced in the DKO mouse as
well, demonstrating conclusively that neither PKR nor TLR3
was required for gene induction in mice by intravenous injec-
tion of dsRNA (Fig. 3A).

To investigate the role of the IFN system in mediating in
vivo gene induction by dsRNA, a different mouse strain was
used. Because STAT1 is required for signal transduction by
both type I and type II IFN, but not dsRNA, we chose stat1�/�

mice to test whether gene induction was a direct result of
dsRNA signaling or dependent on IFN produced in response
to dsRNA. Neither protein could be induced by dsRNA in the
liver, lung, or other tissues of stat1�/� mice (Fig. 3B and data
not shown), indicating that at least in the tissues examined,
IFN signaling was required for p54 and p56 induction by
dsRNA.

Induction of p54 and p56 by type I IFNs in vivo. Induction
of p54 and p56 by type I IFNs in different tissues of mice was
investigated next. Because pure mouse IFN-� was not avail-
able in large quantities, we used rat IFN-�. In vitro testing
of this IFN-� preparation revealed that it was about six

FIG. 1. Characterization of anti-murine p56 and p54 polyclonal antibodies. (A) Antibodies raised against murine p54 and p56 proteins were
tested in an immunoblot assay using extracts from HT1080 cells transfected with expression vector encoding mouse p54 or mouse p56 or with vector
alone. (B) Purified proteins (50 ng) were immunoblotted with antibody against p56 (1:2,000) and p54 (1:20,000). (C and D) Intracellular
localization of p54 and p56 proteins. MEF cells were treated with IFN-� for 16 h or PBS (nt), and then immunofluorescence with antibody to
murine p54 or murine p56 was performed. Nuclei stained with DAPI are also shown. (E) Slides from the colons of mice injected with dsRNA or
PBS for 8 h were immunostained with antibody against murine p54.
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times less active in mouse cells then in rat cells; we therefore
used six times more rat IFN-� in vivo to compare its gene-
inducing activity with that of mouse IFN-�. Interestingly, a
low level of p56 but not p54 was expressed in the colon and
small intestine, even in the absence of IFN treatment.
IFN-�, injected intravenously, induced both proteins effi-
ciently 8 h postinjection (Fig. 4A). In all tissues examined,
both p54 and p56 were induced by IFN-�, although in some
tissues, such as the liver, they were induced more strongly
than in others, such as the heart, Surprisingly, injected
mouse IFN-� produced different results (Fig. 4B). When we
administered IFN-� by the same route as IFN-�, a variety of
induction patterns were observed in different mouse tissues.
In the heart, neither p54 nor p56 was induced by IFN-�,
whereas in the lung and the spleen both were induced sub-
stantially. In contrast, in the colon, the small intestine, and
the liver, p56 was induced very strongly but p54 was barely
induced. In the kidney, p56 induction was barely detectable
and p54 was not induced. These results demonstrated that
different mouse tissues respond differently to intravenous
IFN-� and IFN-�. Moreover, p54 and p56 are not always
coordinately induced in all tissues.

FIG. 3. Levels of dsRNA-induced p54 and p56 protein expression
in tlr3�/�, pkr�/�, and stat1�/� mice. Eight hours after injection with
PBS or dsRNA, livers and lungs were isolated from wt, tlr3�/�, pkr�/�,
and tlr3�/� pkr�/� mice (A) or wt and stat1�/� mice (B). Extracts were
prepared from the organs and used for Western blot assays with an-
tibodies against murine p54 and p56.

FIG. 2. Profiles of p54 and p56 protein expression following VSV and dsRNA injection. Mice were injected with PBS or VSV (A) or dsRNA
(B), and after 8 h multiple organs were removed and protein extracts subjected to Western blotting with murine p56 and p54 polyclonal antibodies.
The number at the bottom of each lane shows the mean and standard deviation of the relative p54/p56 value. Two independent experiments for
panel A and three independent experiments for panel B were done.
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Induction of p56 and p56 in T and B cells. Induction of the
p54 and p56 proteins in CD4� and CD8� T cells and B220� B
cells was examined by intracellular staining and flow cytometry.
Cells were harvested for analysis 8 h after intravenous injection
of dsRNA, IFN-�, or vesicular stomatitis virus. In bone mar-
row cells, all stimuli induced both p56 and p54, whereas cells
from PBS-injected mice expressed very little of the two pro-
teins (Fig. 5A). In T cells derived from the spleen, p54 was
strongly stimulated by all three inducers (Fig. 5B). In contrast,
p56 was less strongly induced, especially by VSV (Fig. 5C). On
the other hand, in B cells derived from the spleen, p56 was
scarcely induced by dsRNA, IFN-�, and VSV, whereas p54 was
strongly stimulated by all inducers (Fig. 5C and D). These
results revealed a clear discordance between the induction
patters of p56 and p54 proteins in B cells.

Differential inducer- and tissue-specific induction of ISG54
and ISG56 mRNAs. To document the characteristics of differ-
ential induction patterns of the two proteins and determine the
molecular basis, we focused on two tissues, liver and spleen. In
the spleen both VSV and dsRNA induced p54 and p56 pro-
teins at comparable levels (Fig. 6B). On the contrary, in the

liver dsRNA induced both proteins to a similar extent while
VSV induced only p56 (Fig. 6A). The same patterns were
reflected at the mRNA level. The levels of ISG54 mRNA and
ISG56 mRNA were quantified by RNase protection assays
using the cyclophilin mRNA level as the internal control. In
the spleen, both mRNAs were induced by both stimuli (Fig.
6D), whereas in the liver, VSV induced only ISG56 mRNA
(Fig. 6C). These results demonstrated that differential induc-
tion of the two ISGs is regulated at the mRNA level.

DISCUSSION

An antiserum previously generated against a p56 peptide
(52) also interacted with several other cellular proteins and
therefore was not useful for immunofluorescence or histo-
chemical analyses of tissues. In contrast, the new antisera were
produced against purified recombinant p56 and p54 and could
be used at high dilutions with little nonspecific signal. The
anti-p54 serum was more potent and, at a 10-fold higher dilu-
tion, it produced a signal similar to that of the anti-p56 serum
(Fig. 1B). As expected, neither antiserum produced any immu-

FIG. 4. Profiles of p54 and p56 protein expression following IFN-� and IFN-� injection. Mice were injected with PBS, IFN-� (A), or IFN-�
(B), and after 8 h multiple organs were removed and protein was extracted. p54 and p56 protein levels were analyzed by Western blotting. Data
are means � standard deviations of relative values of the p54/p56 ratio after stimulation. Results shown are means of three independent
experiments.
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FIG. 5. Patterns of p54 and p56 protein expression in bone marrow and splenocytes upon injection of dsRNA, IFN-�, and VSV. Eight hours
after i.v. injection of PBS, dsRNA, IFN-�, or VSV, cells from bone marrow and spleen were isolated and analyzed by flow cytometry. (A) p54 and
p56 protein expression levels in bone marrow. Flow cytometry data were analyzed as for panel D, and the percentage of cells showing induction
of p54 or p56 was determined. (B and C) p54 (B) and p56 (C) protein expression in CD4� T cells, CD8� T cells, and B220� B cells from spleens
of mice treated as for panel A. Whole spleen preparations were stained with antibodies to CD4, CD8, or B220 followed by intracellular staining
for p54 and p56 as described in Materials and Methods. Flow cytometry data were analyzed as for panel D, and the proportion of cells which
induced p54 or p56 in gated CD4�, CD8�, or B220� populations was determined. The CD4� population contained at least 5,000 cells, the CD8�

population contained at least 2,000 cells, and the B220� population contained at least 10,000 cells, in line with the proportions of these cell types
in the spleen. (D) Induction of p54 but not p56 in response to stimuli in B220� cells. Quadrant gates were set using preimmune serum controls
to determine background levels of staining, and the percentage of lymphocytes in each quadrant is shown. Panels A to C show means � standard
deviations of three experiments. Density plots in panel D are representative of three experiments.

VOL. 81, 2007 DIFFERENTIAL INDUCTION OF ISG54 AND ISG56 IN MICE 8661



nofluorescence signal in untreated cells (Fig. 1C and D), con-
firming their high specificity. The p54 antiserum also gave a
specific signal when used in immunohistochemistry (Fig. 1E).
The development of these reagents will greatly facilitate bio-
chemical studies of p54 and p56.

The two antisera were extensively used for Western blot
analyses of tissues isolated from mice treated with various
inducers of antiviral and type I IFN signaling. Unlike VSV,
dsRNA potently induced these proteins in many tissues (Fig.
2B). Surprisingly, neither TLR3 nor PKR was required for
their in vivo induction (Fig. 3A), most probably because the
injected dsRNA was internalized in cells and detected by
RIG-I or Mda5 to trigger the signaling pathways that led to
p54 and p56 induction. Moreover, we observed no induction of
the two proteins in stat1�/� mice (Fig. 3B), indicating that IFN
signaling was required for their induction by dsRNA in vivo.
This observation is consistent with those of Wacher et al. (55),
who noted blunted and cell-restricted induction of these genes
in brains from lymphocytic choriomeningitis virus-infected
stat1�/� mice. Combined interpretation of the results shown in

Fig. 3 suggests that in some cells, possibly dendritic cells or
macrophages which have high endocytic capacity, injected
dsRNA is recognized by the cytoplasmic RIG-I/Mda-5 signal-
ing systems and causes rapid production of IFN, which circu-
lates and induces p54 and p56 in the majority of tissues. In the
absence of IFN signaling in the stat1�/� mouse, this secondary
induction arm was eliminated.

Consistent with the above model, direct injection of IFN-�,
the main class of IFN induced by poly(I) � poly(C) (4), stimu-
lated the expression of both proteins in all tissues examined
(Fig. 4A). However, the magnitude of induction was variable,
being the strongest in the liver and the weakest in the heart.
This variability may result from differences in the bioavailabil-
ity of injected IFN-� to different tissues. Tissue response dif-
ferences were more prominent in mice injected with IFN-�
(Fig. 4B). Moreover, there was a strong discordance between
p54 and p56 induction levels in many tissues. In the lung and
spleen, both proteins were induced to similar levels, whereas in
several other tissues, including the liver, p56 was induced much
more strongly than p54. A similar tissue-specific differential

FIG. 6. Differential expression of p54 and p56 proteins upon VSV and dsRNA injection. Livers and spleens were isolated 8 h after injection
of dsRNA or VSV. (A and B) Proteins were extracted, and expression of p54 and p56 proteins was detected by Western blotting. (C and D) RNA
was extracted, and ISG54 and ISG56 mRNAs were measured by RPA. Cyclophilin mRNA levels were used as internal controls (upper panels).
Protected mRNA levels were quantified by phoshorimager (lower panels). The values are means � standard deviations of two independent
experiments.
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induction of the two proteins was observed in mice injected
with VSV, which induces primarily IFN-� (Fig. 2A and 6). In
the spleen, both proteins were induced by VSV and dsRNA,
but in the liver, VSV induced only p56. This difference was
reflected at the mRNA level, indicating that differential pro-
tein synthesis or turnover was not responsible for the phenom-
enon (Fig. 6).

The unexpected and interesting differences in the tissue-
specific gene induction patterns are summarized in Fig. 7.
Bone marrow, whole spleen, spleen T cells (Fig. 7, bottom
three lines), and many other tissues qualitatively behaved as
expected; both p56 and p54 were induced by all four inducers.
In contrast, this concordance was not seen in several other
tissues. The liver, the heart, and B cells were useful examples
of different types of discordance. In B cells, p54 was efficiently
induced in response to all stimuli, whereas we could not detect
p56 protein expression in response to any inducer tested. In the
heart, dsRNA could induce p56 but not p54, and in spite of the
fact that IFN-� could induce both genes, neither of them was
expressed when we injected IFN-�. In the liver, the situation
was even more complex: poly(I) � poly(C) and IFN-� induced
both proteins, whereas VSV and IFN-� induced only p56.
Although these differences were not absolute, they were quan-
titatively highly significant. Our results are strongly supportive
of the notion that signaling by all type I IFNs in various tissues
or cells does not occur by identical pathways.

Three major mechanistic questions arise from these obser-
vations: how does a tissue such as the colon respond differently
to related stimuli, such as IFN-� and IFN-�? How and why do
tissues such as the spleen and kidney respond differently to
IFN-�? Finally, how are two closely related genes, ISG56 and
ISG54, differentially induced by the same stimulus in a given
tissue, such as the liver or B cells? Published reports have
shown that genes such as �-R1 (39) and CXCLII are selectively
induced by IFN-�, but not IFN-�, in cell cultures (6). Here we
report, for the first time, that in vivo another gene, ISG54, is
preferentially induced by IFN-� compared to IFN-� in the

liver. The primary Jak-STAT pathway cannot explain entirely
the biological response to type I IFN; cell-specific and IFN
class-specific ancillary signaling pathways may contribute to
the ultimate constellations of genes induced. Different re-
sponses to IFN-� and IFN-� may also result from variations in
stability of signaling complexes downstream of these inducers
that are modulated by proteins such as TYK2 (13), variations
in STAT activation patterns in response to these two stimuli
(54), or alternative tyrosine phosphorylation patterns of the
common IFNAR (1). Alternatively, the difference may not be
at the transcriptional level but instead at the level of mRNA
stability. The p54 mRNA may be inherently much less stable
than p56 mRNA, and IFN-�, but not IFN-�, may provide an
additional p54 mRNA stabilizing signal. These mechanisms for
creating different responses to IFN-� and IFN-� within a given
tissue may also be responsible for the different responses to a
particular stimulus seen in various tissues. However, these
mechanisms do not explain why both p54 and p56 are induced
in some tissues but not others. It is possible that requirements
for p54 and p56 vary between tissues depending on factors such
as the protein turnover rate, accessibility to viral infection, or
sensitivity to apoptotic death of cells in the organ as a conse-
quence of translation inhibition. Finally, how would ISG54 and
ISG56 behave differently in some tissues? Although the two
genes are clustered on the same mouse chromosome and have
the same promoter elements (5), it is tempting to speculate
that in B cells, ISG56 is not accessible to transcription factors
because of its location in a silent region of the chromatin and
therefore cannot be induced. It remains to be seen whether the
same is true for B cells infected with other viruses or treated
with IFNs ex vivo. For productively pursuing the above mech-
anistic questions, we need to reproduce the critical phenomena
in cell culture models. Only in this way can appropriate ana-
lytical experiments be executed. The in vivo study reported here
has provided us with interesting observations that raise important
questions, but the complexity of the in vivo system is not condu-
cive to the necessary mechanistic experiments regarding regula-
tion of gene expression. The current study, however, has high-
lighted several new physiological aspects of the IFN system,
namely, that IFN-� and IFN-� are not equivalent, two closely
related ISGs are not always regulated similarly, and different cell
types respond quite differently to different inducers.
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