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Summary

Type I interferons (IFNs) are cytokines that induce multiple biological effects on target
cells, including antiviral, antiproliferative, and immunomodulatory activities. Consistent
with the pleiotropic nature of these cytokines, multiple signaling pathways are activated
during binding of IFNs to the type I IFN receptor. An important signaling cascade acti-
vated by type I IFNs is the Jak-Stat pathway. Activation of the Tyk-2 and Jak-1 kinases,
and downstream formation of various Stat complexes, mediates IFN-dependent gene
transcription for IFN-stimulated genes. In addition to the classic Jak-Stat pathway, type 1
IFNs activate multiple other pathways, including the insulin receptor substrate-phos-
phatidylinositol 3’-kinase cascade, the CBL-CrkL pathway, and mitogen-activated protein
kinase pathways. There is accumulating evidence that non-Stat IFN-regulated signaling
pathways play important roles in the generation of the antiproliferative effects of type I
IFNs. In this review, the regulation of various signaling cascades by the type I IFN recep-
tor is summarized and an update on recent advances in the field is provided.
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INTRODUCTION

The family of type I interferons (IFNs) includes sev-
eral cytokine members, all of which are characterized
by their ability to induce antiviral responses and
growth inhibitory effects on normal and malignant
cells’'>4, There are at least 4 different subtypes of
type I IFNs: IFNa, IFNB, IFNw, and IFNT, all of
which share substantial homology with each other’’-
34,3668 Several different IFNa subtypes exist, while
there is only one IFN, one IFNw, and one IFNT>!-%4,
The genes encoding the distinct type I I[FNs are clus-
tered on chromosome 9 and include 14 distinct IFNa
genes, 4 IFNa pseudogenes, one IFN[3 and one IFNw
gene?!,

All type I IFNs share a common receptor, the type I
IFN receptor (IFN-R) #>30:34 65 whose function is
essential for the generation of the biological activi-
ties of all the different type I IFNs. The type I IFN-R
has a multisubunit structure!® -39 6% % and is com-
posed of at least two different chains: IFNaR1 (pre-
viously called the a subunit)® and IFNaR2 (previ-
ously called the B subunit)?® > %, Two different
forms of IFNaR2 exist, resulting from differential
splicing of the same gene, IFNaR2b* and
IFNaR2¢?> 42, After binding of type I IFNs to the
type I IFN-R, signaling is initiated by the activation
of tyrosine kinases of the Janus family (reviewed in*®
3). The two kinases that associate with the type I
IFN-R have been identified as the Tyk-2 and Jak-1
tyrosine kinases. Tyk-2 and Jak-1, along with Jak-2
and Jak-3, comprise the family of Janus kinases® 3%
66,9295 During IFNa or IFNB stimulation of cells,
Tyk-2 and Jak-1 are autophosphorylated/activated'®
13,46, 73, 79 and regulate phosphorylation of the
IFNaR1 and IFNaR2 subunits of the type I IFN-R"
37,6263 Tt should be pointed out that all type I IFNs
(IFNa, IFNR, IFNw) induce activation of both Tyk-2
and Jak-1 and phosphorylate the receptor sub-
units®?. However, IFNP induces a distinct alteration
in the conformation of the type I IFN-R complex,
not seen in response to other type I IFNs (IFNq,
IFNw). This is evidenced by the detection of an
IFNB-dependent in vitro association of IFNaR1 and
IFNaR2 in co-immunoprecipitation studies using
specific antibodies'”> ©. Such an interaction is not
seen in response to other type I IFNs!7 9, strongly
suggesting that IFNB-specific signals are generated
at the receptor level. Despite this important initial
observation, no other clear-cut differences in signal-
ing events by different type I IFNs have been identi-
fied thus far. The identification of the signaling
mechanisms that define specificity to distinct type I
IFNs remains an important outstanding issue in the
field of IFN signaling.

SIGNALING PATHWAYS THAT REGULATE TYPE |
IFN-DEPENDENT GENE TRANSCRIPTION

The Jak-Stat pathway

The Jak-Stat signaling cascade is a major pathway
utilized by the type I IFN-R to initiate transcription
of genes for proteins that mediate the biological
effects of type I IFNs. The activated Jaks regulate
phosphorylation of signal transducer and activator of
transcription (Stat) proteins, which subsequently
form homodimers or heterodimers with other Stats.
Such complexes translocate to the nucleus where
they bind to specific sequences present in the pro-
moters of IFN-stimulated genes to initiate transcrip-
tion!3-17.32.40,58.75.78 'There are several Stat-complex-
es formed during IFNa-stimulation of cells (Table 1).
Among them is the IFN-stimulated gene (ISGF3)
complex (Stat2:Stat1:IRF-9), which involves the asso-
ciation of tyrosine phosphorylated Statl and Stat2
with IRF-9 (also called p48). The mature ISGF3
complex subsequently translocates to the nucleus,
where it regulates gene transcription via binding to
IFN-stimulated response elements (ISREs) in the
promoters of ISGs!>-17.32 40,56, 78 Several other Stat-
-containing complexes are formed during engage-
ment of the type I IFN-R, resulting from association
of distinct combinations of Stat proteins (Table 1).

Table 1. Different type | IFN-inducible Stat complexes that bind
to ISRE or GAS elements

Stat complex Promoter elements
Stat1:Stat2:IRF-9 (ISGF3) ISRE
Stat1:Stat1 GAS
Stat2:Stat1 GAS
Stat1:Stat3 GAS
Stat3:Stat3 GAS
Stat5;Stat5 GAS
CrkL:Stat5 GAS

The tyrosine phosphorylated form of Stat3 forms
either Stat3:Stat3 homodimers that bind to GAS ele-
ments in the promoters of certain ISGs , or associates
with the tyrosine phosphorylated form of Statl and
forms heterodimers that also bind to GAS ele-
ments!?-17. 3240, 58,75, 78 Tt ig of interest that CrkL, a
protein with SH2 and SH3 domains”, undergoes type
I IFN-dependent tyrosine phosphorylation® and asso-
ciates with Stat5 to form a signaling complex that
translocates to the nucleus?. This CrkL: Stat5 com-
plex plays an essential role in the regulation of gene
transcription via GAS elements by the type I IFN-R3®
82, Altogether, the binding of distinct Stat-containing
complexes to different elements in the promoters of
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various IFN-regulated genes is essential for gene
transcription by type I IFNG.

Tyrosine phosphorylation of Stat proteins plays
a critical role in the generation of IFN signals, as
such phosphorylation is essential for the transloca-
tion of Stat proteins to the nucleus and the binding
to the promoters of target genes. In particular, phos-
phorylation of tyrosine 701 in Statl and the corre-
sponding tyrosine 705 in Stat3 have been identified
as the critical residues in the C-terminal domains of
these proteins'® 323, However, there is accumulating
evidence that, in addition to tyrosine phosphoryla-
tion, Stat proteins require phosphorylation on serine
residues in order to be fully transcriptionally activat-
ed® % 9. 97 Extensive studies over the years have
demonstrated that phosphorylation of serine 727 in
the C-terminal regions of Statl and Stat3 is essential
for type I IFN-inducible transcriptional activation®
94,96,97 The phosphorylation on this serine residue is
not required for nuclear transport of Statl and, in
fact, does not appear to exhibit any regulatory effects
on the translocation of Statl to the nucleus.
Nevertheless, it is necessary for full transcriptional
activation (reviewed in?’). An outstanding issue in
the field of type I IFN-signaling has been the identi-
fication of the serine kinase that is activated down-
stream of Jak kinases to phosphorylate Statl and/or
Stat3. A recent study from our group established
that protein kinase C (PKC)-d is activated by IFNa
or IFN and associates with Stat1%. Furthermore, it
was shown that pharmacological and/or molecular
inhibition of PKC-d-kinase activity results in loss of
IFN-dependent serine phosphorylation of Statl and
gene transcription via ISRE or GAS elements®.
Based on these observations, it appears that PKC-&
acts as a serine kinase for Statl during engagement
of the type I IFN-R. Interestingly, the type II IFN-R
also activates this serine kinase and utilizes it for the
serine phosphorylation of Statl on residue 727, sug-
gesting that type I and I IFNs utilize similar or com-
mon signals to regulate Stat-serine phosphoryla-
tion'.

It remains to be seen whether other members of the
PKC family of proteins also exhibit regulatory effects
on IFN-dependent Stat-phosphorylation. The high
degree of homology that members of this family have
with in their structures, and the relative tissue-specif-
ic distribution of distinct isoforms, suggests that this
may be the case. It is also likely that additional serine
kinases, distinct from the PKC-family, also play roles
on the regulation of serine 727 phosphorylation of
Statl, as evidenced by the recent implication of
CAMKII on IFNy-dependent serine 727 phosphory-
lation of Stat14.

The p38 Map kinase pathway

There is strong evidence that members of the mito-
gen-activated protein (Map) family of kinases play
important roles in the generation of biological
responses by IFNs. The p38 Map kinase family of
kinases includes 4 members (a, {3, y, 9, all of which
have significant homology to each other and are all
mammalian homologues of the HOG-1 Map kinase in
Saccharomyces cereviciae (reviewed in” 23243755, 67,71)

These kinases mediate important biological respons-
es in a variety of cells and tissues. Their function has
been implicated in the regulation of cytokine produc-
tion, phosphorylation of transcription factors, tran-
scriptional regulation, apoptosis, cell differentiation,
and organization of the actin cytoskeleton” 23 2 37,55,
6771 There is evidence that diverse stimuli can acti-
vate the p38 Map kinase pathway, including stress
stimuli, as well as growth factors and other cytokines”
23,24, 37,55, 67. 71 However, most of the studies on the
role of these kinases and signaling pathways have
been examined in response to stress, which is the
classic activator and regulator of this pathway.

An interesting observation has been the finding that
p38 Map kinase pathway is activated by type I IFNs?*
84,86 QOriginally, it was shown that IFNa and IFNf
induce phosphorylation of p38 and activation of its
kinase domain. This activation was linked to regula-
tory effects on gene transcription via ISRE ele-
ments®> 8. Subsequent studies demonstrated that
gene transcription via GAS elements is also regulat-
ed by p38, as evidenced by the fact that pharmaco-
logical inhibitors of p38 or a dominant-negative p38
mutant (p38AGF) inhibit IFN-dependent gene tran-
scription in luciferase promoter assays®®. One study
had originally demonstrated that p38 mediates IFN-
-dependent serine 727 phosphorylation of Statl in
HeLa cells®®. However, subsequent studies failed to
confirm such a potential function of p38 in several
other cell types®:386 indicating that there is a disas-
sociation between the effects of p38 on IFN-depen-
dent gene transcription and activation of Stat pro-
teins.

The mechanisms of activation of the p38 pathway by
the type I IFN-R have been under investigation. The
small G-protein Racl has been identified as an
upstream effector of p38 in the IFN system®. It has
been shown that type I IFN stimulation of cells
induces the transition of Racl from its GDP-bound
form to its GTP-bound/activated form. Racl subse-
quently appears to regulate activation of a MAP
kinase kinase kinase, which ultimately mediates p38
activation via intermediate engagement of one or
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more MAP kinase kinase. This has been evidenced by
experiments in which overexpression of a dominant-
negative Racl mutant was found to block IFN-de-
pendent activation of p38%. It should be pointed out
that, although the precise mechanisms by which Rac
1 is activated by the IFN-R are not fully understood,
it is likely that, at least in hematopoietic cells, such
activation is mediated by the vav proto-oncogene
product (p95'#)S. This protein is tyrosine phosphory-
lated in an IFN-dependent manner by activated Jak
kinases> ® 87 and participates in the induction of
growth inhibitory responses by IFNo*. An important
signaling function of Vav appears to be its activity as
a guanine exchange factor for Rac1'43% % suggesting
that during its tyrosine phosphorylation by type I
IFNs it regulates Racl activation and downstream
P38 activation.

An issue of substantial interest has been the identifi-
cation of the mechanisms by which the p38 Map
kinase pathway exerts regulatory effects on IFN-
-inducible gene transcription without modifying the
Stat pathway. There are now three kinases that have
been identified as downstream effectors of p38 in the
IFN system. These are MapKapK-2, MapKapK-3,
and Msk14: 8, MapKapK-2 and the related
MapKapK-3 are widely expressed serine threonine
kinases whose activation by type I IFNs was original-
ly demonstrated in in vitro kinase assay experiments
using Hsp25 as an exogenous substrate®. Such acti-
vation is inhibited by pretreatment of the cells with
pharmacological inhibitors of p38, such as SB203580,
demonstrating that their activation in the IFN system
is p38-dependent®. Msk1 is another kinase regulated
by the IFN-activated p38 Map kinase pathway*'. This
nucleosomal kinase has been previously shown to be
activated in response to stress'® and to play an impor-
tant role in stress-dependent serine phosphorylation
of histones H3 and HMG-14% 747077 Recent studies
have established that this kinase is phosphorylated on
residues Ser376 and Thr581 in response to IFN-treat-
ment*'. Furthermore, IFNa induces activation of its
kinase domain, as shown by immune-complex kinase
assay experiments*'. As phosphorylation of H3 and
HMG-14 has been implicated in the regulation of
chromatin remodeling and immediate early gene
transcription® 77, it is possible that IFNa-dependent
activation of this kinase plays a role in p38-dependent
transcriptional activation. However, the validity of
such a hypothesis remains to be directly established
in future studies.

Independently of the precise downstream mecha-
nisms involved, there is now definitive evidence that
p38a is essential for IFN-dependent gene transcrip-
tion independently of activation of Stat proteins. This

was recently established using p38a knockout mouse
embryonic fibroblasts*. In such cells there is a defec-
tive induction of gene transcription of ISRE and
GAS elements by either IFNa or IFNf compared
with wild-type p38a*/* cells*’. On the other hand,
IFNy-dependent transcription via GAS elements is
intact in the absence of p38a, indicating that the p38
pathway selectively mediates signals important for
transcription by the type I IFN-R, but not the type 11
(IENy) IFN-R. The activation of MapKapK-2,
MapKapK-3, and Msk1 is also defective in p38a~-
cells, while Stat activation is intact, further demon-
strating the lack of a relationship between the effects
of p38 on IFN-dependent gene transcription and Stat
activation*!.

There have been studies aimed at directly addressing
the functional relevance of p38 in the generation of
the specific biological activities of type I IFNs on nor-
mal and malignant cells. p38 is phosphorylated and
activated by IFNa in chronic myologenous leukemia
(CML)-derived cell lines and primary granulocytes
from patients with CML*. Pharmacological inhibi-
tion of its activity using SB203580 or SB202190 abro-
gates the induction of IFN-dependent growth inhibi-
tion on CML-derived primary leukemic CFU-GM
progenitors®. These findings have strongly suggested
that activation of p38 is essential for the induction of
the antileukemic effects of IFN, underscoring the
importance of this pathway in IFN signaling. Other
studies have also demonstrated that the p38 Map
kinase and MapKapK-2 are activated by IFNa and
IFNP treatment of primary hematopoietic progeni-
tors obtained from the bone marrow of normal
donors’'. Such activation of the p38/MapKapK-2
pathway appears to be essential for normal
hematopoiesis, as evidenced by the fact that pharma-
cological inhibition of p38, using SB203580 or
SB202190, abrogates the suppression of erythroid
(BFU-E, CFU-E) and myeloid (CFU-GM) precur-
sors by IFNs’!. On the other hand, pharmacological
inhibition of the MEK/Erk pathway does not reverse
such suppression, indicating the specificity of the p38
response in normal hematopoietic progenitors.

Another important function of IFNs is the generation
of antiviral responses* >3 72, Because of this activity,
IFNs are currently used as agents for the treatment of
certain viral infections and syndromes. As a major
mechanism by which IFNa mediates its antiviral
effects is the induction of transcription of genes for
proteins that mediate antiviral responses, it is not
surprising that p38 plays a critical role in the induc-
tion of such antiviral effects. Recent studies have
established that SB203580 reverses the induction of
IFN responses against encephalo-myocarditis virus
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(EMCV) infection®’. It also appears that the
MapKapK-2 is a downstream mediator of such
effects, as MapKapK-27~ MEFs are resistant to the
antiviral activity of IFNa against EMCV*!,

SIGNALING PATHWAYS THAT REGULATE TYPE |
IFN-DEPENDENT mRNA TRANSLATION

Despite the substantial advances in the mechanisms
that regulate gene transcription of IFN-stimulated
genes, the signaling pathways utilized by type I IFNs
to initiate mRNA translation for protein products
that mediate their responses have not been elucidat-
ed. Recent studies have attempted to define whether
the IFN-activated phosphatidylinositol (PI)3’-kinase
pathway participates in the induction of translational
responses. It is well known that IFNa, IFN[, and
IFNw induce phosphorylation of insulin receptor
substrate (IRS)-1 and IRS-26% 80. 81, 83,88 "which are
multisite docking proteins for the SH2 domains of
various signaling elements*’. Previous studies have
demonstrated that one of the type I IFN-regulated
SH2-containing proteins that bind to IRS-1 and IRS-2
is the p85 regulatory subunit of the PI3’-kinase®* 8183
8, Such binding occurs via the interaction of the SH2
domain of p85 and results in activation of the p110
catalytic subunit of the PI3’-kinase. This subunit
exhibits both serine and PI kinase activities, both of
which are induced in a type I IFN-dependent man-
ner®’ 8, Despite these important original observa-
tions, the precise role that the IRS/PI3’-kinase path-
way plays in IFN signaling and the functional
responses that it mediates had been unknown until
very recently. Recent studies demonstrated that
IFNa and IFNf induce phosphorylation of the p70
S6 kinase and that such activation is PI3’-kinase- and
mammalian target of rapamycin (mTOR)-depen-
dent®. This finding implicated the IRS/PI3’-kinase
pathway in the regulation of mRNA translation, as
p70 S6 kinase plays roles in the regulation of mRNA
translation in various cellular systems® ». p70 S6
kinase is a serine kinase that has been shown to phos-
phorylate the 40S ribosomal S6 protein® %, an impor-
tant cellular event for translation of mRNAs that
have oligopyrmidine tracts in their 5-untranslated
region® . Interestingly, phosphorylation/activation
of the p70 S6 kinase is rapamycin sensitive, indicating
that the FKBP12 rapamycin-associated protein
(FRAP)/mTOR is required for such activation®. On
the other hand, rapamycin did not exhibit any regula-
tory effects on the induction of Stat-serine phospho-
rylation or formation of IFN-dependent ISGF3 or
SIE DNA-binding complexes®. Consistent with the
lack of an effect of mMTOR inhibition on Stat activa-
tion, IFN-dependent gene transcription via ISRE
or GAS elements was found to be mTOR indepen-

dent in luciferase reporter assays®. Thus, the
IRS/PI3’-kinase-mTOR pathway appears to selec-
tively regulate events required for mRNA transla-
tion, but not gene transcription, in response to type I
IFNs.

Another major mechanism by which cytokines regu-
late initiation of mRNA translation is deactivation of
repressors of mRNA translation. In particular, the
4E-binding protein 1 (4E-BP1) is deactivated when it
is phosphorylated by various cytokine receptors. This
results in its disassociation from the eukaryotic initia-
tion factor 4E (eIF4E) complex?. In studies to define
whether deactivation of 4E-BP1 occurs during IFN
treatment of cells, we found that IFNa and/or IFNf(3
induce the phosphorylation of 4E-BP1 on threonines
37/46 and threonine 70. It should be pointed out that
phosphorylation on all these sites is required for the
dissociation of the protein from eIF4E and the initia-
tion of translation®. As expected, such a type I IFN
inducible phosphorylation of 4E-BP1 leads to its dis-
sociation from the eIF4E complex®, allowing the ini-
tiation of mRNA translation. Although the precise
sequence of events that lead to the generation of this
important signaling event remain to be defined, it
appears that PI3’-kinase and FRAP/mTOR play
important roles in such responses. This has been
demonstrated in experiments in which the effects of
the PI3-kinase inhibitor L'Y294002 and the FRAP/
/mTOR inhibitor rapamycin on the phosphorylation
of 4E-BP1 were studied. Both inhibitors were found
to block IFN-dependent phosphorylation of 4E-BP1,
demonstrating the requirement of the PI3’-kinase/
/mTOR pathway for the deactivation of this repressor
of mRNA translation®.

CONCLUSIONS

It is becoming evident that the signaling mechanisms
by which type I IFNs mediate the induction of their
biological activities are complex. In addition to the
classic Jak-Stat pathway, multiple additional signal-
ing cascades are activated by the type I IFN-R and
appear to play important roles in the generation of
IFN signals. Furthermore, there is now evidence for
a cross-talk between the Jak-Stat pathway and other
cascades, with a prime example being the interaction
of the CrkL adapter with activated Stat5 and the
binding of the CrkL:Stat5 complex to GAS elements.
As it stands now, the Jak-Stat pathway remains the
major pathway that regulates transcriptional respons-
es (Fig. 1). However, IFN-dependent transcriptional
regulation also requires an intact p38 Map kinase
pathway, which appears to function as an auxiliary
pathway, likely via modification of nuclear histone
phosphorylation and chromatin remodeling. Much
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Figure 1. Pathways activated by the type | interferon receptor
(IFN-R) to regulate gene transcription and mRNA translation.

less is known regarding the mechanisms of IFN-de-
pendent initiation of mRNA translation, although
based on recent studies, the principal regulatory
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logical properties of IFNs. Such clarification of the
mechanisms of action of IFNs is of high importance,
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immune response in humans, and have important
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neoplastic diseases.
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