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Abstract The interferon system plays a profound role in determining the outcome of
viral infection in mammals. Viruses induce the synthesis of interferon, which, in turn,
blocks virus replication by inducing the expression of antiviral proteins encoded by
interferon-stimulated genes. It is not widely appreciated that without the participation
of interferon, many of the same genes can also be induced by a variety of virus-related
agents, such as double-stranded RNA and viral proteins. In this chapter, we discuss
different signaling pathways, activated by these agents, that lead to the induction of
partially overlapping sets of genes, including the interferon-stimulated genes. We also
review the biochemical and cellular properties of the protein products of a selected
number of these genes including ISG56, ISG54, and ISG15.
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1
Introduction

Interferons (IFN) are defined by their ability to block virus replication. In addition to
this property, these potent cytokines have many other effects on cellular physiol-
ogy, especially in cells of the immune system (Biron and Sen 2001; Samuel 2001).
Most, if not all, of these effects are mediated by the products of cellular genes,
whose expression is highly induced by interferon treatment of cells. These IFN-
stimulated genes (ISGs) number in the hundreds, but the biochemical and cel-
lular functions of only a handful of them have been delineated as yet (Sarkar and
Sen 2004). However, much is known about how IFNs induce transcription of
these genes, the identities of the proteins that mediate and regulate the signaling
pathways and how dysregulation of these pathways in cancer cells or in virus-
infected cells contribute to pathogenesis. In this chapter, we review the observa-
tions demonstrating that many ISGs can be induced by a number of alternate
signaling pathways activated by not only IFNs, but also viral proteins, RNAs and
DNAEs, bacterial lipopolysaccharides, and most notably double-stranded RNA. In
addition, the biochemical and cellular functions of the proteins encoded by a few
most highly induced ISGs are discussed.

2
Historical Perspective

Viruses and the interferon system, especially type I IFNs, are connected at many
levels. It was clear from the time of its discovery that synthesis and secretion
of IFN can be induced by virus infection of cells (Nagano and Kojima 1954;
Isaacs and Lindenmann 1957; Watanabe 2004). Since then, much information
has been gathered regarding the biochemical pathways, activated by viruses,
which lead to IFN gene induction (Garcia-Sastre and Biron 2006). A critical
discovery was the finding that synthetic double-stranded RNA could mimic
virus infection and induce IFNs. Viral dsRNA is often produced in infected cells
as byproducts of viral genome replication (Jacobs and Langland 1996); hence,
for a long time it was thought that synthetic dsRNA serves as a surrogate of
viral dsRNA. As will be elaborated below, although partially overlapping, the
pathways activated by viruses and dsRNA are not identical, nor do they lead to
the induction of an identical set of genes. IFNs, of course, inhibit virus repli-
cation, creating the powerful loop of antiviral innate immunity: induction of
IFNs by virus infection and inhibition of virus replication by IFNs. Since with-
out going through the above IFN loop, dsRNA and virus infection can directly
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induce many of the same antiviral genes that IFN can induce, virus replication
in the primary infected cell can be directly attenuated by the proteins encoded
by these genes (Elco et al. 2005; Sen and Sarkar 2005b). Finally, many viruses,
if not all, encode RNA or proteins that can interfere with various components
of the IFN system: IFN synthesis, IFN signaling and functions of IFN-induced
proteins. Often, the same virus can block more than one such processes, thus
ensuring efficacy (Haller et al. 2006). The plethora of interplays outlined above
gives rise to the host—virus equilibrium observed in a virus-infected cell. In
vivo, additional factors, such as other virus-induced cytokines and activated
cells of the immune system, contribute to homeostasis as well.

After the discovery of the ability of dsRNA to induce IFN synthesis, the sec-
ond major discovery connecting the two was the finding that dsRNA could
activate two enzymes, PKR and 2-5 OAS, which are induced by IFNs (Lengyel
1987). Thus, for the action of these enzymes in virus-infected cells, concerted
actions of both IFN and dsRNA are needed, one inducing the synthesis of the
proteins and the other functioning as their co-factor for imparting enzyme
activity (reviewed in Sarkar and Sen 2004). Cloning of many IFN-stimulated
genes (ISGs) and subsequent identification of many more ISGs using microar-
ray analyses provided important tools for studying their modes of induction
(Der et al. 1998). Such studies surprisingly revealed that dsSRNA or virus infec-
tion could induce many ISGs directly, without the participation of IFNs (Geiss
et al. 2001). In some cell lines, dsSRNA and IFNs can synergize their induction
as well. The definitive proof of IFN-independent induction of ISGs came from
experiments that used cell lines genetically incapable of synthesizing IFNs or
responding to IFNs. For example, in human gliomas, the type I IFN locus is
often deleted during the development of the disease. Thus, cell lines derived
from these tumors cannot produce IFNs, but many ISGs can be induced in
them, upon dsRNA treatment or virus infection (Geiss et al. 2001). These genes,
although originally classified as ISGs, can be legitimately called dsRNA-stimu-
lated genes (DSGs) or viral-stress-inducible genes (VSIGs) as well.

The signaling pathways used by various agents to induce these genes are distinct,
with some overlaps. The single common feature is the cis-element in the pro-
moters of these genes that receives the signaling. It was originally identified
as the IFN-stimulated response element (ISRE), to which the IFN-activated
trimeric transcription factor, ISGF3, binds and induces transcription. ISGF3
is composed of three proteins, STAT1, STAT2, and IRF9, and it is the latter
protein that specifically recognizes ISRE (Stark et al. 1998). IRF9 is a mem-
ber of the large IFN regulatory factor (IRF) family of proteins, all of which
can bind to ISRE or ISRE-like elements. Soon it was discovered that dsRNA
or virus infection could activate other IRF members, such as IRF-3, IRF-7,
and IRF-5 (Barnes et al. 2002). Upon activation, these proteins translocate
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from the cytoplasm to the nucleus, bind to the ISRE sites in the promoters
of the target genes, and induce their transcription. Thus, the ISRE-IRF axis is
the common link of gene induction by IFNs, viruses, and dsRNA. The latter
two agents can efficiently activate other transcription factors, such as NFxB
and AP-1, as well (Sen and Sarkar 2005b). Consequently, genes regulated by
those transcription factors are induced by dsRNA or virus infection, but not by
IFNs. Certain genes, such as the human IFN-J gene, have complex promoters,
and they require for induction the co-ordinate actions of IRF-3-IRF-7, NF«B,
and AP-1 (Maniatis et al. 1998). Consequently, viruses and dsRNA can induce
their transcription, but IFNs cannot. However, induced transcription of genes
with simple promoters, such ISG56 and ISG15, is driven by ISRE only, and as a
result, all agents that can activate transcription factors containing IRF proteins
can efficiently induce these genes. Because of the ease of analysis, we have used
the latter genes extensively for delineating the signaling pathways activated by
IFNs, dsRNA, and viruses (Peters et al. 2002; Sarkar et al. 2004; Elco et al. 2005).
These studies have revealed additional cross-talks among the different inducers
of ISGs. Many genes, encoding proteins that are components of the signal-
ing pathways, are ISGs themselves. For example, synthesis of TLR3, a receptor
for dsRNA, is strongly induced by IFN (Heinz et al. 2003). Similarly, STAT1,
an essential component of the IFN-signaling pathways, is an ISG. Conversely,
some ISGs encode proteins, such as SOCS, that block the signaling pathways
and limit the duration of the gene induction process (Alexander and Hilton
2004). Thus, ISGs not only affect the antiviral state and other properties of the
cell but also regulate, both positively and negatively, their own expression.

3
IFN-Independent Induction of ISGs

Signaling pathways triggered by many viral components, or their mimics, lead
to the induction of ISGs. These pathways initiate at different points but con-
verge at various nodes and all cause activation of IRF-3 or IRF-7, the transcrip-
tion factors that are the common denominators of these pathways (Fig. 1). The
Toll-like receptors have emerged as major sensors of viral components (Akira
et al. 2006; Stetson and Medzhitov 2006). Viral nucleic acids are recognized by
TLRs present in the endosomal membranes (Kawai and Akira 2006; Meylan
and Tschopp 2006). TLR3 initiates signaling by binding dsRNA (Alexopou-
lou et al. 2001), whereas TLR7 and TLR8 recognize viral single-stranded RNA
(Diebold et al. 2004); viral DNA is recognized by TLRY (Tabeta et al. 2004).
TLR2 and TLR4, present on the cell surface, are recognized by some viral glyco-
proteins (Boehme and Compton 2004). In addition to TLR3, two cytoplasmic
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Fig.1 Signal integration for viral-stress-inducible gene (VSIG) expression. Sche-
matic diagram shows major signaling pathways stimulated by virus, IFN, and
dsRNA that induce transcription of a common set of genes. Virus, dsRNA, and viral
pathogen-associated molecular patters (PAMP) are sensed by Toll-like receptors or
RNA helicases. The signaling pathway finally leads to the induction of interferons
as well as several IFN inducible genes (ISGs). IFNs are then secreted and signals
through IFN receptor (IFNAR) and JAK/STAT pathway to induce ISGs to generate
antiviral state

RNA helicases, RIG-I and Mda-5, can recognize dsRNA and signal (Meylan
and Tschopp 2006). It is anticipated that additional cytoplasmic receptors may
recognize other viral components and start similar signaling cascades. IRF-3
activation by these pathways requires the action of the protein kinase TBK1,
which is recruited to different receptors by different adaptor proteins (Fitzger-
ald et al. 2003). For TLR3, the critical adaptor protein is TRIF (Yamamoto et al.
2002; Oshiumi et al. 2003), whereas RIG-I and Mda-5 use the mitochondrial
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protein IPS-1 (Sen and Sarkar 2005a). TLR7, TLR8, and TLR9 all require the
major adaptor of TLR pathways, MyD88. TLR4 uses both MyD88 and TRAM,
the latter recruiting TRIF to bring in TBK1 to the signaling complex (Kawai and
Akira 2006).

4
Induction of ISGs by TLR3 Signaling

TLR3 is present mostly on the endosomal membrane, although in some cell
types its presence on the plasma membrane has been noted (Matsumoto et al.
2003). Its ectodomain specifically recognizes endosomal dsRNA through ionic
interactions between the negatively charged ligand and positively charged
amino acid residues present on both sides of a canyon in which the dsRNA
perfectly fits (Bell et al. 2005; Choe et al. 2005; Bell et al. 2006). Extracellular
dsRNA has to be endocytosed to reach TLR3, as revealed by the chloroquine
sensitivity of the process (de Bouteiller et al. 2005). Because many viruses enter
the cell through endocytosis, their genomic RNAs may encounter TLR3 in the
endosome. The first step in TLR3 signaling is its dimerization, which presum-
ably leads to a conformational change of its cytoplasmic domain to initiate the
signaling process (Fig. 2).

The most novel feature of TLR3 signaling is the need for receptor Tyr-phos-
phorylation (Sarkar et al. 2003, 2004). Although phosphorylation of specific
Tyr residues located in the cytoplasmic domains of receptors for growth factors
and cytokines is quite common, this feature is unique for TLR3 among the
Toll-like receptors. There are five Tyr residues in the cytoplasmic domain of
human TLR3 and several of these residues, if not all, are phosphorylated at the
beginning of the signaling process. The functional roles of these residues have
been assessed by mutating them, individually or in combinations. At least two
of the five are essential for signaling; one of them has to be Tyr759, the other
one can be Tyr858 or Tyr733. Tyr-phosphorylation of TLR3 is a ligand-depen-
dent process, but the responsible protein kinase has not yet been identified.
Tyr759 or 858, after phosphorylation, can recruit the signaling complex. The
main adaptor protein is TRIE, but TRAF3 is needed as well (Hacker et al. 2006;
Oganesyan et al. 2006). The different branches of signaling bifurcate from
TRIF (Jiang et al. 2004). A complex containing TRAF6, TAB1, TAB2, and TAK1
activates the protein kinases JNK, P38, and IKK (Jiang et al. 2003). Another
adaptor, RIP-1, is also recruited by TRIF and it is required for NFxB activa-
tion (Meylan et al. 2004). JNK, P38, and IKK activate the transcription factors
c-Jun, ATF2, and NFxB, respectively. A separate branch of signaling originating
from TRIF is triggered by the recruitment of the protein kinases TBK1 or IKKg,
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Fig.2 Signaling pathways activated by viruses and dsRNA. Depending on cell type,
viral dsRNA can signal either through Toll-like receptor 3 or RNA helicases: RIG-
I/mda-5. Through different sets of adaptors, the signal causes activation of two
major transcription factors, IRF-3 and NF-xB, followed by induction of specific
sets of genes

which directly phosphorylate IRF-3 (Fitzgerald et al. 2003; Sharma et al. 2003).
IRF-3 phosphorylation leads to its dimerization and translocation to the
nucleus where it binds to the ISRE sites in the promoters of the target genes
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and induces their transcription. The histone deacetylase, HDACS, is required
for IRF-3 to function as a transcription factor (Nusinzon and Horvath 2006).

As mentioned above, Tyr759 of TLR3 is absolutely needed for complete sig-
naling by this receptor. When this residue is mutated to Phe, NFxB- and
IRF-3-driven genes are not induced by dsRNA. Surprisingly, in dsSRNA-treated
cells expressing the mutant receptor, NFkB is released from IkB and translo-
cated to the nucleus but it does not drive gene transcription (our unpublished
observation); similarly, IRF-3 is dimerized and translocated to the nucleus but it
is transcriptionally inactive (Sarkar et al. 2004). Investigation of the underlying
molecular mechanisms has revealed that the activation of both transcription
factors, IRF-3 and NF«kB, is a two-step process and the second step is defective
in cells expressing the Y759F mutant of TLR3. Phosphorylated Tyr759 recruits
PI3 kinase, probably indirectly, to the TLR3 complex, PI3 kinase is activated, it
phosphorylates Akt, which leads to additional phosphorylation of the TBK1-
activated IRF-3. The tyrosine kinase, Src, which is known to be activated by Akt,
may be a participant in this pathway, because Src is activated by TLR3 signaling
and its presence is needed for gene induction by TLR3 (our unpublished obser-
vation). As expected from the above description, inhibitors of PI3 kinase, Akt
and Src, both block IRF-3-mediated gene induction by TLR3. They have the
same effect as the Tyr759 mutation of TLR3, namely incomplete phosphory-
lation of IRF-3, as revealed by two-dimensional gel analysis of nuclear IRF-3
isolated from dsRNA-treated cells expressing Y759F TLR3. Chromatin immu-
noprecipitation assays demonstrate that unlike fully phosphorylated IRF-3,
underphosphorylated IRF-3 cannot bind tightly to the promoter and interact
with co-activators, such as CBP (Sarkar et al. 2004).

In the NFkB pathways, the first step of activation is mediated by the phos-
phorylation of IxB by the IKK complex and the consequent release of NFxB
and its translocation to the nucleus. TLR3 Tyr759 is not required for the
above process or for the phosphorylation of NFkB P65 protein in Ser276 and
Ser536 resides. However, it is required for additional phosphorylation of P65
as revealed by two-dimensional gel analysis of nuclear P65. Underphosphory-
lated P65 cannot bind to the promoters of the target genes tightly and drive
their transcription. Surprisingly, the PI3 kinase pathway is not required for the
second step of P65 phosphorylation (our unpublished observation). The above
studies highlight the two-step nature of the activation of both IRF-3 and NF«B,
although the details are different. The first step is initiated by the phosphory-
lation of Tyr858 of TLR3, leading to the release of NF«kB from IxB and the
dimerization of IRF-3 as a result of its partial phosphorylation. The second step
is initiated by the phosphotyrosine 759 of TLR3. It leads to further phosphory-
lation of IRF3 and its full activation and complete phosphorylation of NFxB
P65 and its full activation.
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5
Partially Overlapping Repertoire of Genes Induced by Viruses,
IFN, and dsRNA

In order to identify the primary target genes induced by viruses, type I IFNs and
dsRNA, microarray analyses have been performed by many investigators (reviewed
in Sarkar and Sen 2004). However, it is important to realize that because the dif-
ferent inducing agents can induce one another, the results of the above analyses,
unless carefully designed, are often difficult to interpret. For example, virus rep-
lication can produce both dsRNA and IFNs, and dsRNA treatment can produce
IFN, thus complicating the pictures. Mutant cell lines have helped to circumvent
this problem considerably. Human cell lines that cannot synthesize IFNs, because
of the deletion of the type I IFN locus in their genomes, have been particularly
useful to identify dsSRNA-regulated genes. Such an analysis using cDNA microar-
ray identified 175 dsRNA-stimulated genes in a human glioma cell line. On the
other hand, expression of 95 other genes was repressed by dsRNA treatment of
these cells (Geiss et al. 2001). A subset of dsSRNA-induced genes was also induced
by inflammatory cytokine, IFNs, and viruses, indicating that these genes have
broad functions (Elco et al. 2005). Induction of some of these genes required
ongoing protein synthesis, while others did not, and the dsRNA-induced genes
functionally covered all aspects of cellular metabolism. Mutant cell lines that are
incapable of responding to IFNs or dsRNA have also been effectively used to
untangle the overlapping signaling pathways. When cells from mice carrying
targeted gene disruptions are used for this purpose, the results are unequivocal.
In contrast, the results from mutagenized human cell lines, selected for IFN-
unresponsiveness or dsRNA-unresponsiveness, need cautious interpretations.
For example, the HT1080-derived U series of cells have been widely used for
examining the roles of specific components of the IFN-signaling pathways in the
cellular responses to other inducers. Using these lines, we initially concluded that
none of the components of the type I IFN signaling pathways, other than STAT1,
is needed for gene induction by dsRNA (Bandyopadhyay et al. 1995). The need
of STAT1 was based upon the observed failure of U3A cells to respond to dsRNA.
But recent in-depth analysis revealed that the original conclusion was erroneous;
STAT1 is not needed for dsRNA signaling; U3A cells cannot respond to dsRNA
because, unlike the parental line, they do not express TLR3. STAT1 restoration
in U3A cells did not restore basal TLR3 expression and dsRNA-responsiveness,
indicating that a different mutation is responsible for this phenotype. Ectopic
expression of TLR3 or induction of the resident TLR3 gene by IEN treatment
imparted dsRNA responsiveness to U3A cells (C.P. Elco and G.C. Sen, unpub-
lished observation). The same was true for HeLaM cells, providing an explanation
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for our old observation that IFN pretreatment makes these cells responsive to
dsRNA (Tiwari et al. 1987). The above example should remind investigators
that the mutagenized cell lines carry many mutations in addition to the ones for
which they have been selected and a given phenotype and the known mutation
cannot be causally connected, without rigorous testing.

A series of mutant cell lines was used to investigate the gene induction path-
ways activated by Sendai virus infection. Microarray analysis revealed that the
same genes were induced by SeV in the presence or the absence of TLR3
(Elco et al. 2005). In TLR3-expressing cells, dsSRNA and SeV did not induce
completely overlapping sets of genes, although many genes were induced by
both indicating that the two inducers have distinct properties. Induction of
some of the virally induced genes required IFN signaling, suggesting that
they are probably induced secondarily by IFN produced upon virus infection.
Induction of some genes required NFxB, others required IRF-3, whereas a
third group required both transcription factors. An unexpected observation
was that increasing levels of IRF-3 inhibited the induction of some, but not all,
NFkB-dependent genes (Elco et al. 2005). The molecular basis of this cross-talk
between the two signaling pathways remains unknown.

6
The 15656 Family

Members of the ISG56 (IFIT1) gene family are very strongly induced in response
to IFN, dsRNA, or virus infection. These genes show up at or near the top of all
microarray databases inquiring into the nature of cellular genes induced upon
infection with a variety of viruses (Sarkar and Sen 2004). Our early investigation
demonstrated that type I IFN, dsRNA, or infection with encephalomyocarditis
virus or vesicular stomatitis virus could independently induce ISG56 mRNA
and the encoded protein, P56, in human glioma cells (Kusari et al. 1987; Tiwari
et al. 1987). Because the human ISG56 gene promoter contains two ISREs and
no other identifiable transcription factor binding sites, it has been very useful
for analyzing, in isolation, the IRF-mediated signaling pathways activated by
different inducers. There are four members of the human ISG56 gene family
IFIT-1 or ISG56, IFIT-2 or ISG54, IFIT-4 or ISG60, and IFIT-5 or ISG58. In
mouse, there are three genes, ISG56 (IFIT1), ISG54 (IFIT2), and ISG49 (IFIT-
3). Phylogenetically, human/mouse ISG56, human/mouse ISG54, and human
ISG60/mouse ISG49 are the cognate genes in the two species.

Induction patterns of human and mouse ISG56 and ISG54 have been stud-
ied in vitro and in vivo (Terenzi et al. 2005, 2006; E. Terenzi et al., unpublished
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observations). Although they are usually induced with similar characteristics,
interesting and unexpected differences have been noted. In human HT1080
cells, IFN-B treatment strongly induced both mRNAs, but the level of ISG54
mRNA declined quickly, whereas the level of ISG56 mRNA remained constant
over a 24-h period. In response to dsRNA, the ISG56 mRNA was induced much
more efficiently, but the kinetics of induction of the two mRNAs was very
similar. Sendai virus infection induced both mRNAs strongly, but the levels of
both mRNAs declined rapidly. In contrast, in another cell line (HEK293), SeV
caused strong and sustained induction of both mRNAs for 24 h. These results
demonstrated inducer-specific and cell-type-specific differential regulations of
ISG56 and ISG54 induction, some of which could be functioning at a post-
transcriptional level.

The mouse ISG56 and ISG54 genes are induced by IFN f§ and dsRNA equally
well in bone-marrow-derived macrophages, but in mouse embryo fibroblasts
dsRNA cannot induce them, probably because these cells do not express
TLR3. Interesting differences were noted when IFNo., IFNB, dsRNA, or VSV
were injected to mouse tail veins. In most tissues, both genes were induced in
response to all inducers, but in spleen B cells, only ISG54 was induced. In liver,
both genes were induced by dsRNA and IFN[, whereas only ISG56 was induced
by IFNo and VSV. These results indicate that the regulation of induction of the
two closely related genes, ISG56 and ISG54, is complex and governed by both
tissue-specific and inducer-specific processes (E Terenzi et al., unpublished
observation).

All members of the ISG56 family of genes encode proteins with multiple
tetratricopeptide (TPR) motifs. These are degenerate protein—protein interac-
tion motifs and they often function in combinations. Each TPR adopts a helix-
turn-helix structure and adjacent TPR motifs pack in parallel, forming a spiral
of repeating anti-parallel helices (Lamb et al. 1995; Blatch and Lassle 1999).
Most TPR-containing proteins bind to cellular multi-protein complexes and
regulate their functions. Although human and mouse ISG56 proteins have
only 50% sequence identity, they both have six identifiable TPR motifs that
are located along the linear protein sequences at similar positions. In contrast,
the ISG54 proteins of both species have four TPR motifs located in the
N-terminal halves of the protein (Sarkar and Sen 2004).

One multi-protein complex, to which the ISG56 related proteins bind, is the
translation initiation factor eIF-3. Binding of the P56 proteins to elF3 causes
inhibition of the protein synthesis initiation (Guo et al. 2000). A 12-subunit
protein complex, elF3 catalyzes many steps of initiation of protein synthesis.
One of these steps is the stabilization of the ternary complex, elF2.GTP.tRNA-
Met; this function of eIF3 is inhibited by both HuP56 and HuP54, but not by
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the mouse homologs. Another function of eIF3 is to facilitate the formation
of the 48S complex composed of the 40S ribosomal subunit and the 20S com-
plex containing eIF3, ternary complex, eIF4F, and mRNA. The latter function
of elF3 is blocked by both mouse P56 and mouse P54; it is also blocked by
HuP54. None of these proteins blocks the formation of the 20S complex or
many other functions of eIF3. The high selectivity of the affected eIF3 func-
tions probably reflects the fact that different regions of this large protein com-
plex mediate different functions and the P56 proteins bind only to specific
regions of elF3 and affect the functions carried out by those regions. Support
for the above concept comes from the observation that different members of
the P56 family bind to specific subunits of eIF3 (Hui et al. 2003, 2005). Human
P56 binds to the elF3e protein (also known as Int-6 or P48). This protein
contains both a nuclear localization signal and a nuclear export signal and its
presence in both the cytoplasm and the nucleus has been noted (Guo and Sen
2000). Although its cytoplasmic function is easily attributable to its property
as a subunit of elF3, its nuclear function remains an enigma. In this context, it
is worth noting that this protein was discovered as the product of the mouse
Int-6 locus, whose disruption by the integration of a mouse mammary tumor
virus genome causes mammary carcinoma in mice; however, the biochemical
basis of that pathogenesis is unknown (Marchetti et al. 1995). HuP56 interacts
with the shared C-terminal domain of both the cytoplasmic and the nuclear
isoforms of elF3e. This domain contains a PCI motif that is responsible for the
P56 interaction. The PCI motif, a long 0-helix, is present in different subunits
of three large protein complexes: the regulatory subunit of proteasome (P),
the COP9/signalosome (C) complex, and the translation initiation (I) factor
3 (Hofmann and Bucher 1998). Similar to eIF3e, eIF3c contains a PCI motif,
and both mouse P56 and mouse P54 interact with eIF3c, but not with elF3e.
Human P56 does not interact with elF3c, human P54 interacts with both sub-
units, and human P58 and P60 interact with neither (Terenzi et al. 2006). The
interaction between elF3c and HuP54 is mediated by at least two domains of
elF3c: the PCI domain at the C-terminal and another domain present at its
N-terminal. In contrast, using its own N-terminal region, mouse P54 interacts
only with the PCI domain of elF3c and mouse P56 interacts only with the
N-terminal region of elF3c. Thus, different P56-family proteins can interact
with more than one region of elF3c¢ (Hui et al. 2005; Terenzi et al. 2005, 2006).
P56 can inhibit translation of not only capped cellular mRNAs but also viral
mRNAs, such as hepatitis C mRNAs, translation of which is initiated at inter-
nal ribosomal entry sites (IRESs). There is strong evidence for the regulation
of Hepatitis C protein synthesis by P56 in IFN-treated or untreated virus-
infected cells (Wang et al. 2003).
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7
Functions of ISG15

ISG15 is another human gene that is strongly induced by IFNs, dsRNA, and
viruses (Martensen and Justesen 2004). It encodes a 15-kDa ubiquitin-like
protein, P15 or ISG15. Like ubiquitin, ISG15 protein is linked to target pro-
teins by isopeptide linkages between lysine side chains of the targets and its
own carboxyl terminus. Many ISG15-conjugated proteins are present in IFN-
treated cells; some are constitutively expressed and some are IFN-induced, such
as ISG56. They functionally cover many aspects of cell metabolism (Zhao et al.
2005). Like ubiquitination, ISG15ylation of proteins requires the participa-
tion of three families of enzymes, E1, E2, and E3. These have been identified
as UbelL, UbcHS8, and HERCS, respectively (Yuan and Krug 2001; Zhao et al.
2005; Dastur et al. 2006); However, additional enzymes with the same proper-
ties may exist. The genes encoding these enzymes are IFN-inducible as well,
and the proteins themselves are targets of ISG15ylation. It is not yet known
how the target proteins of ISG15ylation are selected because they apparently
do not contain any common signature motifs. An enzyme, UBP43, which can
remove ISG15 from these target proteins has also been identified, although its
specificity is not as stringent as originally claimed (Malakhova et al. 2006).
The primary protein product of ISG15isa 17-kDa precursor, which is cleaved
to produce P15, a 15-kDa protein, upon the removal of eight carboxyl-terminal
residues (Potter et al. 1999). The functional consequences of ISG15ylation of
proteins remain elusive. Some information is available in this regard in the con-
text of cells infected with different viruses. For example, the NS1B protein of
influenza B virus specifically blocks ISGylation of proteins, suggesting that this
process allows the virus to evade an antiviral effect of ISG15 (Yuan and Krug
2001). In another study, ISG15 was implicated to be the protein that mediates
the action of IFN against HIV-1 morphogenesis (Su et al. 1995; Okumura et al.
2006). IEN inhibits the release of HIV-1 virions without affecting viral protein
synthesis and this effect can be mimicked by ectopic expression of ISG15 and
its activating enzymes. HIV-1 morphogenesis requires ubiquitination of its Gag
protein and its interaction with the cellular protein Tsgl01. ISG15 inhibits the
interaction between the two proteins as well as their ubiquitination. A potential
role of ISG15 in blocking the replication of Sindbis virus in mice was suggested
in a study utilizing a chimeric Sindbis virus to express ISG15. ISG15 expres-
sion protected mice against Sindbis virus-induced lethality and virus replica-
tion (Lenschow et al. 2005). In contrast, ISG157~ mice were perfectly capable of
mounting an IFN-induced antiviral response against vesicular stomatitis virus
and lymphocytic choriomeningitis virus (Osiak et al. 2005). In the future, further
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evaluation of these genetically modified mice, for their ability to mount antiviral
effects against other viruses, may be illuminating.

8
Future Perspectives

With the realization of the diversity of viral agents that can induce the same
genes by triggering different converging pathways, the time is right to evalu-
ate the relative contributions of these pathways in virus-infected organisms.
Already there are indications that, even for a single virus, different pathways
may be dominant in different cell types. It is conceivable that such differences
play major roles in determining pathogenesis, or the lack of it, when the same
organism is infected with the same virus, but by different routes. It is likely
that many of these viral-stress-inducible genes are induced by other infectious
agents as well. Functionally, the products of these genes are probably designed
to protect cells from many types of extracellular stresses. For limiting the spread
of viral infection, they may directly block the synthesis of viral components or
may cause premature apoptosis of the infected cell to abort virus replication.
Future investigations will reveal the individual properties of these proteins and
the evasive mechanisms that some viruses employ to counteract them.
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