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Abstract | Interferons are cytokines that have antiviral, antiproliferative and immunomodulatory

effects. Because of these important properties, in the past two decades, major research efforts
have been undertaken to understand the signalling mechanisms through which these cytokines
induce their effects. Since the original discovery of the classical JAK (Janus activated kinase)—
STAT (signal transducer and activator of transcription) pathway of signalling, it has become clear
that the coordination and cooperation of multiple distinct signalling cascades — including the
mitogen-activated protein kinase p38 cascade and the phosphatidylinositol 3-kinase cascade
— are required for the generation of responses to interferons. It is anticipated that an increased
understanding of the contributions of these recently identified pathways will advance our current

thinking about how interferons work.

Interferons (IFNs) are widely expressed cytokines that
have potent antiviral and growth-inhibitory effects.
These cytokines are the first line of defence against
viral infections and have important roles in immuno-
surveillance for malignant cells. The IFN family
includes two main classes of related cytokines: type I
IFNs and type II IFN"2. There are many type I [FNs, all
of which have considerable structural homology. These
include IFN-o. (which can be further subdivided into
13 different subtypes, IFN-a.1, -012, -04, -0.5, -0.6, -0.7,
-08, -0, -0u13, -0.14, -a16, -a117 and -0.21), IEN-J3,
IFN-9, IFN-¢, IFN-k, IFN-T and IFN-©'". IFN-q.,
IFN-B, IFN-¢, IFN-k and IFN-® exist in humans,
whereas IFN-8 and [FN-t have been described only
for pigs and cattle, respectively, and do not have human
homologues?. The genes that encode type I IFNs are
clustered on chromosome 9 in humans? and on chro-
mosome 4 in mice®. All type I IFNs bind a common
cell-surface receptor, which is known as the type I IFN
receptor' (FIG. 1). By contrast, there is only one type II
IEN, IEN-y'-. The gene that encodes this cytokine is
located on chromosome 12 in humans and chromo-
some 10 in mice, and the protein does not have marked

structural homology with type I IFNs'-%. IFN-y binds a
different cell-surface receptor, which is known as the
type II IFN receptor”® (FIG. 1). IFN-y is a markedly dif-
ferent cytokine than the type I IFNs, but it was origi-
nally classified in the IFN family because of its ability to
‘interfere’ with viral infections, which is consistent with
the original definition of IFNs?°. Recently, a new class
of IFNs or IFN-like molecules? has emerged, the IFN-A
molecules: IEN-A1, -A2 and -A3, which are also known
as interleukin-29 (IL-29), IL-28A and IL-28B, respec-
tively'. They also have antiviral properties'’, but they
are distinct from the type I and type II IFNs and bind
a different cell-surface receptor, which is composed of
two chains, IFNLR1 (also known as IL-28 receptor-o.,
IL-28Ro) and IL-10RB". IEN-A molecules might ulti-
mately be classified and accepted as type III IFNs. They
are not discussed further in this Review because they
do not transduce signals through the classical type I
or type II IEN receptors and because we do not know
much about the signalling pathways that they mediate.

Both the type I IFN receptor and the type II IFN
receptor have multichain structures, which are com-
posed of at least two distinct subunits: IFNAR1 and
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IFNAR? for the type I IFN receptor, and IFNGR1 and
IFNGR2 for the type II IFN receptor (FIG. 1). Each of
these receptor subunits interacts with a member of the
Janus activated kinase (JAK) family'"'2. In the case of
the type ITFN receptor, the IFNAR1 subunit is constitu-
tively associated with tyrosine kinase 2 (TYK2), whereas
IFNAR?2 is associated with JAK1 (REFS 4,11-13) (FIG. 1).
In the case of the type II IFN receptor, the IFNGR1
subunit associates with JAK1, whereas IFNGR?2 is con-
stitutively associated with JAK2 (REFS 4,8) (FIG. 1). The

Type | IFN:
IFN-0., IFN-B,
IFN-g, IFN-x Type Il IFN:
or IFN-® IFN-y
IFNART é IFNAR2 é
Plasma IFNGR1 IFNGR2
membrane
(el oAy QakTifuAkd)
STAT1 or ®
STAT2
® ®
(5) (5)

/'I'I'C/ANNNG/TAA

AGTTTCNNTTONC/T
Nucleus

Figure 1 | Interferon receptors and activation of classical
JAK-STAT pathways by type | and type Il interferons.

All type | interferons (IFNs) bind a common receptor at the
surface of human cells, which is known as the type | IFN
receptor. The type | IFN receptor is composed of two
subunits, IFNAR1 and IFNAR2, which are associated with the
Janus activated kinases (JAKSs) tyrosine kinase 2 (TYK2) and
JAK1, respectively. The only type Il IFN, IFN-y, binds a distinct
cell-surface receptor, which is known as the type Il IFN
receptor. This receptor is also composed of two subunits,
IFNGR1 and IFNGR2, which are associated with JAK1 and
JAK2, respectively. Activation of the JAKs that are associated
with the type | IFN receptor results in tyrosine phosphorylation
of STAT2 (signal transducer and activator of transcription 2)
and STAT1; this leads to the formation of STAT1-STAT2-IRF9
(IFN-regulatory factor 9) complexes, which are known as
ISGF3 (IFN-stimulated gene (ISG) factor 3) complexes.

These complexes translocate to the nucleus and bind
IFN-stimulated response elements (ISREs) in DNA to initiate
gene transcription. Both type | and type Il IFNs also induce the
formation of STAT1-STAT1 homodimers that translocate to
the nucleus and bind GAS (IFN-y-activated site) elements that
are present in the promoter of certain ISGs, thereby initiating
the transcription of these genes. The consensus GAS element
and ISRE sequences are shown. N, any nucleotide.

initial step in both type-I- and type-II-IFN-mediated
signalling is the activation of these receptor-associated
JAKs, which occurs in response to a ligand-dependent
rearrangement and dimerization of the receptor sub-
units, followed by autophosphorylation and activation
of the associated JAKs. As well as activation of classical
JAK-STAT (signal transducer and activator of trans-
cription)-signalling pathways (discussed later), activa-
tion of IFN-receptor-associated JAKs seems to regulate,
either directly or indirectly, several other downstream
cascades. Such diversity of signalling is consistent with
the pleiotropic biological effects of IFNs on target cells
and tissues.

It is well established that IFNs induce the expres-
sion of hundreds of genes, which mediate various bio-
logical responses'®. Some of these genes are regulated
by both type I and type II IFNs, whereas others are
selectively regulated by distinct IFNs. For example,
expression of the 9-27 gene (also known as IFITM1)
is induced by all IFNs, whereas expression of the gene
encoding 2’,5"-oligoadenylate synthetase 1 is selec-
tively induced by IFN-o and IFN-f but not [FN-y*.
Also, expression of the IFN-regulatory factor 1 (IRFI)
gene is preferentially induced by IFN-y, whereas expres-
sion of the gene that encodes hypoxia-inducible factor 1
is relatively selectively induced by IFN-B'.

The first signalling pathway shown to be activated
by IFNs was the JAK-STAT pathway'*'%. The origi-
nal discovery of this pathway in the 1990s (REFS 15-18)
provided a simple model for IFN-mediated signalling,
involving rapid nuclear translocation and initiation of
gene transcription by STATSs that have been activated
at the plasma membrane in response to JAK-mediated
phosphorylation. This model remains important, and
itis clear that this mechanism is required for the induc-
tion of many of the effects of IFNs. In fact, the JAK-
STAT-signalling cascade is the most extensively studied
IFN-dependent pathway, and its functional relevance
in the IFN system has been firmly established by many
experimental approaches. However, it has now become
apparent that the activation of JAK-STAT pathways
alone is not sufficient for the generation of all of the
biological activities of IFNs. There is accumulating
evidence that several other IFN-regulated signalling
elements and cascades are required for the generation
of many of the responses to IFNs. Some of these path-
ways operate independently of the JAK-STAT pathway,
whereas others cooperate with STATS to optimize the
transcriptional regulation of target genes. This article
provides a brief overview of recent discoveries and
developments regarding IFN-activated JAK-STAT
pathways, but the main focus is the mechanisms
of activation and the functional roles of non-STAT
pathways in IFN-mediated signalling, an area in
which important developments have occurred in the
past few years.

IFN-activated STATs and their cellular partners

The importance of JAK-STAT pathways in both type-I-
and type-II-IFN-mediated signalling continues to
ignite research efforts that aim to better understand
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the mechanisms that regulate the activation of JAKs and
STATs by IFNs. Recent studies have uncovered some
additional regulatory mechanisms that are required for
optimal activation and function of JAK-STAT pathways.
Such developments are discussed in the next section,
after a brief review of the well-established knowledge
about classical JAK-STAT pathways.

Classical pathways. The binding of IFN-a or other
type I TENS to the type I IEN receptor results in the rapid
autophosphorylation and activation of the receptor-
associated JAKs TYK2 and JAKI (REFS 10,18), which
in turn regulate the phosphorylation and activation of
STATs!". The STATSs that are activated in response to
type I IFNs include STAT1, STAT2, STAT3 and STAT5
(REFS 11,19-22). The activation of such STATs is a common
response to different type I IFNs, consistent with all of
these IFNs binding the same receptor and thereby acti-
vating a common pathway that involves the same JAKs,
TYK2 and JAK1 (REFS 11,19-22). STAT4 and STAT6 can
also be activated by IFN-a, but such activation seems
to be restricted to certain cell types, such as endothelial
cells or cells of lymphoid origin®¢. After phosphoryla-
tion by JAKSs, the activated STATs form homodimers or
heterodimers that translocate to the nucleus and initiate
transcription by binding specific sites in the promoters
of IFN-stimulated genes (ISGs)*''*-22,

An important transcriptional complex that is induced
by type I TFNs is the ISG factor 3 (ISGF3) complex>®'-!
(FIG. 1). The mature ISGF3 complex is composed of the
phosphorylated (activated) forms of STAT1 and STAT2,
together with IRF9, which does not undergo tyrosine
phosphorylation'-*'. This complex is the only complex
that binds specific elements known as IFN-stimulated
response elements (ISREs) that are present in the pro-
moters of certain ISGs, thereby initiating their trans-
cription. Other STAT complexes that are induced by
type I IFNs include STAT1-STAT1, STAT3-STATS3,
STAT4-STAT4, STAT5-STAT5 and STAT6-STAT6
homodimers, as well as STAT1-STAT2, STAT1-STAT3,
STAT1-STAT4, STAT1-STAT5, STAT2-STAT3 and
STAT5-STAT6 heterodimers>*'*?!. Such IFN-induced
complexes bind another type of element — known as an
IFN-y-activated site (GAS) element— that is present in
the promoter of ISGs*"-?"%>%*, Of the hundreds of known
ISGs, some have only ISREs or only GAS elements in
their promoters, whereas others have both elements;
therefore, combinations of different STAT-containing
complexes might be required for the optimal trans-
criptional activation of a particular gene. There is also
emerging evidence that modulation of the function of
distinct STATs might account for specific responses. For
example, a recent report showed that IFN-o.- or IFN-f3-
mediated activation of STAT4 is required for IFN-y pro-
duction during viral infections”, whereas surprisingly,
STAT1 negatively regulates IFN-o.-dependent induction
of IFN-y expression”. So, it seems that different combi-
nations of STATSs can be induced by type I IFN to target
the transcription of functionally distinct genes, but the
mechanisms defining such differential STAT usage and
specificity are not understood.

The transcription of type II IFN (IFN-y)-dependent
genes is regulated by GAS elements, and STAT1 is the
most important IFN-y-activated transcription factor for
the regulation of these transcriptional responses. After
engagement of the type II IFN receptor by IFN-v, JAK1
and JAK2 are activated and regulate downstream phos-
phorylation of STAT1 on the tyrosine residue at position
701 (Tyr701)"*"* (k1G. 1). Such phosphorylation results
in the formation of STAT1-STAT1 homodimers, which
translocate to the nucleus and bind GAS elements to ini-
tiate transcription'**. In contrast to type I IFNs, IFN-y
does not induce the formation of ISGF3 complexes and
thereby cannot induce the transcription of genes that
have only ISREs in their promoter.

Serine phosphorylation of STATs. The phosphory-
lation of tyrosine residues in STATSs by activated
JAKSs is a crucial step in IFN-mediated signalling, as
it is required for the formation of the various STAT
complexes and for their translocation to the nucleus.
However, several other events that involve biochemi-
cal modification of STATS, or the interaction of STATs
with other proteins that function as transcriptional co-
activators, are also required for optimal IFN-regulated
gene transcription. Both type I and type II IFNs induce
phosphorylation of STAT1 and STAT3 on the serine
residue at position 727 (Ser727), which is located in
their carboxy (C)-terminal domain®**. Such phospho-
rylation is not required for their translocation to the
nucleus or for their binding to the promoters of ISGs,
but it is essential for full transcriptional activation®**.
The biological relevance of such phosphorylation was
recently established by the generation of gene-targeted
mice expressing a mutant STAT1 in which Ser727 was
replaced with an alanine residue®. These mice had
increased mortality after infection with Listeria mono-
cytogenes, and induction of expression of ISGs in mac-
rophages was considerably reduced, establishing that
serine phosphorylation of STAT1 has an important
role in IFN-y-dependent innate immune responses®.

The identification of the serine kinase(s) that regu-
lates the phosphorylation of Ser727 has been an area of
considerable research effort in the past few years. One
serine kinase that interacts with STAT1 (REFS 32-34) and
regulates Ser727 phosphorylation in response to either
type I (REE 32) or type II (REE 33) IFNs is a member of
the protein kinase C (PKC) family, PKC-d. There is
also evidence that additional IFN-dependent serine
kinases might be activated in a cell-type-restricted
manner and that these kinases are involved in the
regulation of STAT1 Ser727 phosphorylation. This
has been implied by studies showing that PKC-€* and
calcium/calmodulin-dependent protein kinase II
(REE. 36) can also regulate IFN-y-dependent STAT1
Ser727 phosphorylation.

Interactions of STATs with co-activators. STATs
interact, in the nucleus, with several co-activator pro-
teins that have important roles in the regulation of
transcription. These include p300 and CBP (cAMP-
responsive-element-binding protein (CREB)-binding
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HISTONE ACETYLTRANSFERASE
A protein that acetylates core
histones, which results in
important regulatory effects

on chromatin structure and
assembly, and on gene
transcription.

VIRAL CRK

(VCRK). The product of an
oncogene encoded by the
CT10 avian sarcoma virus.
The oncogene transforms
cells and can induce tumours
in newborn chickens.

SRC-HOMOLOGY-2 DOMAINS
(SH2 domains). Protein
domains that are commonly
found in signal-transduction
molecules. They specifically
interact with phosphotyrosine-
containing protein sequences.

SH3 DOMAINS
(SRC-homology-3 domains).
Protein domains that are
commonly found in signal-
transduction molecules. They
specifically interact with certain
proline-containing protein
sequences. Classically, they
contain either (Arg/Lys)-X-X-
Pro-X-X-Pro or Pro-X-X-Pro-
X-Arg motifs, where X denotes
any amino acid.

GUANINE-NUCLEOTIDE-
EXCHANGE FACTORS
Proteins that stimulate

the exchange of guanine
diphosphate (GDP) for
guanine triphoshate (GTP)
in small GTPases, resulting in
activation of the GTPase.

IFNAR1 IFNAR2

Type | IFN 6

Plasma
membrane

g@ ) Transcription %

N4 GAS NN\
'TTCTAGGAA

Nucleus

Figure 2 | Activation of CRKL during engagement of

the type | interferon receptor, and the role of CRKL in
type-l-interferon-mediated signalling. CRKL is present

in a latent cytoplasmic form that constitutively associates

with the guanine-nucleotide-exchange factor (GEF) C3G.

A member of the STAT (signal transducer and activator of
transcription) family of proteins, STAT5, is associated with
tyrosine kinase 2 (TYK2) that is bound to the type | interferon
(IFN) receptor subunit IFNAR1. After engagement of the type |
IFN receptor by an IFN, CRKL associates with TYK2 and
undergoes rapid tyrosine phosphorylation. The activated form
of CRKL forms a signalling complex with STAT5, which also
undergoes TYK2-dependent tyrosine phosphorylation. The
CRKL-STAT5 complex translocates to the nucleus and binds
specific GAS (IFN-y-activated site) elements that are present
in the promoters of certain IFN-stimulated genes (ISGs),
which initiates transcription of these genes. The specific GAS-
element sequence that is bound by CRKL-STAT5 complexes
is shown. The IFN-dependent phosphorylation (activation) of
CRKL also results in induction of the GEF activity of C3G. C3G
subsequently regulates guanine-nucleotide exchange of the
small G-protein RAP1, resulting in activation of this GTPase,
which might then promote growth-inhibitory responses.

JAK, Janus activated kinase.

protein)**, and minichromosome maintenance defi-
cient 5 (MCMS5), and the recruitment of each of these
depends on STAT1 Ser727 phosphorylation®"*.,
p300 and CBP are co-activators that have nistone-
ACETYLTRANSFERASE activity*, which is important for the
regulation of chromatin remodelling that increases
IFN-0- or IFN-y-inducible transcription®*.
IFN-activated STATs have also been shown to
interact with other proteins that might increase their
transcriptional capacities. These other proteins include
the transcriptional co-activator general control non-
depressible 5 (GCN5)* and the chromatin-remodelling

factor brahma-related gene 1 (BRG1)*, which interact
with STAT?2, and they also include NMI (nMYC and
STAT interactor), which interacts with all STATS, except
STAT?2 (REE 44), and enhances their association with the
co-activators CBP or p300. Surprisingly, recent stud-
ies have also shown that histone-deacetylase activity
is required for IFN-dependent gene transcription**,
and histone deacetylase 1 has been shown to associate
with both STAT1 and STAT2 (REE 45). It seems that the
function of enzymes that promote or impede histone
acetylation can modify the transcriptional capacity of
STATs, underscoring the complexity of the process.
Further work in this area is necessary to clarify the pre-
cise sequence of events that regulates IFN-dependent
histone acetylation and chromatin remodelling in the
promoters of STAT-regulated ISGs.

It is probable that additional interactions of STATSs
with co-activator molecules, and possibly co-repressor
molecules, will be identified in future studies, and these
efforts should lead to a more complete understanding
of the mechanisms of STAT regulation and function.
Nevertheless, at present, there is accumulating evidence
that certain pathways that do not involve STATs have
important roles in IFN-mediated signalling (discussed
in the following sections).

CRK proteins in IFN-mediated signalling

The CRK family of adaptor proteins has three members
— CRKL, CRKI and CRKII — all of which are cellu-
lar homologues of viraL crc*®. CRKI and CRKII result
from differential splicing of the same gene, whereas
CRKL is encoded by a distinct gene>*’. These proteins
contain srRC HOMOLOGY 2 (SH2) DOMAINS and sH3 DOMAINS,
and they function as adaptors, facilitating the forma-
tion of various signalling complexes in response to
diverse stimuli**. Both CRKL and CRKII contain one
SH2 domain and two SH3 domains (one in the amino
(N)-terminus and one in the C-terminus), whereas
CRKIT lacks one of the SH3 domains>*. The SH2
domains of these proteins interact either with upstream
protein-tyrosine-kinase-receptor substrates, such as
p130°%S, paxillin, insulin-receptor substrate (IRS) pro-
teins, CBL (Casitas B-lineage lymphoma) or CBL-B*,
or with non-receptor tyrosine kinases, such as TYK2
(REE 5). By contrast, their SH3 domains interact with
downstream GUANINE-NUCLEOTIDE-EXCHANGE FACTORS
(GEFs) and other signalling components™*.

The first evidence for an involvement of CRK
proteins in IFN-mediated signalling was the find-
ing that CRKL interacts with TYK2 and is tyrosine
phosphorylated in response to treatment of cells with
IFN-0, IFN-B or IFN-®® (FIG. 2). Subsequent studies
showed that CRKL is also tyrosine phosphorylated
during IFN-y-mediated signalling®'. This provided
evidence for a link between the IFN receptors and the
GEF C3G, with which CRKL associates through its
N-terminal SH3 domain®*. C3G is a GEF for RAP1,
a small GTPase that is related to RAS*>*. In response
to hormones and cytokines, RAP1 participates in the
regulation of a broad spectrum of biological activities,
including cellular proliferation, differentiation and
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Box 1 | Mitogen-activated protein kinases

Mitogen-activated protein
kinases (MAPKs) are widely
expressed serine/threonine

kinases that mediate

signals for the regulation of
important cellular functions,
including gene transcription,

post-transcriptional

regulation, apoptosis and
13,66-70

cell-cycle progression
These kinases have been
conserved throughout

evolution and are classified

|y

| 1l
=

Small GTPases MAPKKs

|—> MAPKKKs 4’

Effector kinases

into three main groups®"’: the extracellular-signal-regulated kinases (ERKs), ERK1
and ERK2; the p38 family, p380., p38, p38yand p389; and the JUN amino-terminal
kinases (JNKs), JNK1, JNK2 and JNK3. There are also additional MAPKs, such as
ERK3, ERK5, ERK7 and ERKS (REFS 66-70), which are atypical and cannot be classified
into any of these groups. The activation of the different MAPKSs is regulated by
upstream dual-specificity kinases, which are known as MAPK kinases (MAPKKs; also
known as MKKs) (see figure), and these phosphorylate MAPKs on both threonine
and tyrosine residues in Thr-X-Tyr motifs that are specific for the distinct MAPK
families: Thr-Glu-Tyr for ERKs, Thr-Pro-Tyr for JNKs and Thr-Gly-Tyr for p38-family

members®7°

. The activation of MAPKKs is regulated by other upstream kinases,

known as MAPKK kinases (MAPKKKSs; also known as MKKKSs). Activation of
MAPKKKSs or MAPKKs usually occurs downstream of small GTPases, the function
of which is regulated by guanine-nucleotide-exchange factors (GEFs), which in turn
are frequently substrates for receptor or non-receptor tyrosine kinases. Through
their various downstream effectors, MAPKs regulate diverse functional responses,
depending on the stimulus and cellular context.

BCR-ABL ONCOGENE

A fusion gene that results from
an abnormal chromosomal
translocation in which the
breakpoint-cluster region
(BCR) is fused to the Abelson
leukaemia virus (ABL) tyrosine-
kinase gene. In humans, this
oncogene is involved in the
pathogenesis of chronic myeloid
leukaemia and some cases of
acute lymphoblastic leukaemia.

adhesion®*®. Interestingly, RAP1 was originally iden-
tified as a small G protein that opposes the function
of RAS and blocks RAS-mediated transformation of
cells®, and there is some direct evidence that RAP1
can mediate suppression of cell growth®*. However,
it can also promote cellular proliferation, so it seems
that its effects on cell growth depend on the stimuli
and cell type that are involved®’.

Both type I and type II IFNs have been shown to
rapidly and transiently activate RAP1 (REE 51) in a
CRKL-dependent manner®®. The activation of RAP1
downstream of CRKL by both type I and type II IFNs
implies that this is a mechanism by which IFNs can gen-
erate growth-inhibitory responses. Consistent with this,
it has been shown that CRKL and the related protein
CRKII are required for the growth-inhibitory effects
of IEN-o and IFN-y on human haematopoietic pro-
genitors®. However, the precise mechanisms by which
RAP1 could augment the induction of IFN-regulated
antiproliferative responses remain to be determined. In
other systems, RAP1 has been shown to regulate the
activation of mitogen-activated protein kinase (MAPK)-
signalling cascades®>*, including the p38-signalling
pathway*, which transmits signals that are essential
for the generation of the antiproliferative effects of
IFNs (discussed later). It is therefore possible that the
CRKL-RAPI1 pathway mediates growth-inhibitory
responses through regulating the activation of p38, but
this needs to be examined directly. It is also of interest
to determine whether RAPL, a downstream effector of

RAP1 that was recently shown to have crucial roles in
lymphocyte and dendritic-cell trafficking®, is involved
in the generation of the immunomodulatory effects
of IFNs.

As well as the downstream activation of RAPI,
CRKL has additional important roles in type-I-IFN-
mediated signalling (FIG. 2). In response to treatment
of cells with IFN-o or IFN-B, the SH2 domain of
CRKL binds to the IFN-activated form of STATS5,
resulting in the formation of a CRKL-STATS5 sig-
nalling complex that translocates to the nucleus and
binds a GAS element (TTCTAGGAA) that is present
in the promoter of certain ISGs®* (FIG. 2). Such a
function for CRKL, as a nuclear adaptor for STATS5,
has been also shown in chronic myeloid leukaemia
(CML)-derived, Bcr-ABL-ONCOGENE-expressing, IFN-
sensitive cell lines®®. CRKL-STAT5 complexes were
also detected by gel-shift assays using elements
from the promoter of the promyelocytic leukemia
(PML) gene®, an IFN-a-inducible gene that medi-
ates growth-inhibitory responses®. The formation of
CRKL-STAT5 complexes seems to be crucial for gene
transcription regulated by GAS elements, as shown by
defective transcription of type-I-IFN-inducible genes
by CRKL-deficient mouse embryonic fibroblasts
(MEFs)*. MEFs that are deficient in both STAT50
and STAT5p have similar defects in IFN-o-inducible,
GAS-element-driven gene transcription®, underscoring
the functional relevance of CRKL-STAT5 complexes
in the generation of responses to type I IFNs.

MAPKSs in IFN-mediated signalling

p38 and type-I-IFN-inducible transcription. Of the
various MAPK pathways (BOX 1), it seems that the p38-
signalling cascade has the most important role in the
generation of IFN-mediated signals. This group of
kinases includes several isoforms (p38c., p38f3, p38y
and p389), which are encoded by distinct genes' but
have considerable structural homology'>**-"°. It was
initially shown that p38c. is phosphorylated and acti-
vated in a type-I-IFN-dependent manner in several
IFN-sensitive cell lines”"”2 In addition, in studies using
SB203580, a pharmacological inhibitor of p38, or over-
expression of a kinase-inactive p38c. mutant, it was
shown that inhibition of p38 activity blocks IFN-o-
dependent transcription of genes that are regulated
by ISREs”'. However, inhibition of p38 activity did not
block tyrosine phosphorylation of STAT1 or STAT?2, or
formation of the mature ISGF3 complex and the binding
of this complex to ISREs, indicating that mechanisms
that are independent of STAT activation account for
the effects on ISRE-driven transcription”. In further
studies, it was established that p38 is also required for
type-I-IEN-driven gene transcription through GAS
elements”. As in the case of ISRE-driven transcrip-
tion, this was unrelated to effects on the tyrosine
phosphorylation of STAT1, STAT3 or STATS5, or the
formation of sis-inducible factor (SIF) complexes (that
is, STAT1-STAT1, STAT1-STAT3 and STAT3-STAT3)
or CRKL-STAT5 DNA-binding complexes”. In addi-
tion, although Ser727 in both STAT1 and STAT3 is in
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Figure 3 | Mechanisms of activation of the mitogen-
activated protein kinase p38 and its downstream
effectors by type | interferons. Interferon (IFN)-activated
Janus activated kinases (JAKs) regulate the phosphorylation
(activation) of VAV or other guanine-nucleotide-exchange
factors (GEFs), resulting in the downstream activation

of RAC1 and, possibly, other small G proteins (SGPs)

that can regulate the signalling pathway of the mitogen-
activated protein kinase (MAPK) p38. A MAPK kinase
kinase (MAPKKK) is subsequently activated and regulates
downstream activation of the MAPK kinases MAPKK3 and
MAPKK®, which directly phosphorylate p38, resulting in its
activation. Activated p38 subsequently regulates activation
of multiple downstream effectors, including MAPK-activated
protein kinase 2 (MAPKAPK?2), MAPKAPK3, mitogen- and
stress-activated kinase 1 (MSK1) and MAPK-interacting
protein kinase 1 (MNK1). IFNAR1, type | IFN receptor
subunit 1; IFNAR2, type | IFN receptor subunit 2;

TYK2, tyrosine kinase 2.

a consensus phosphorylation motif for MAPKs, exten-
sive studies have established that p38 does not function
as a serine kinase towards STAT1 in response to type I
(REE 73) or type II (REE 74) IFNs. Other studies have
shown that disruption of the p38c gene results in defec-
tive transcription of genes that are regulated by ISREs
and/or GAS elements” but that IFN-a-dependent ser-
ine phosphorylation of STAT1 and formation of DNA-
binding complexes are intact in p38a-deficient cells™,
which firmly establishes that the regulatory effects of the
p38-signalling pathway on type-I-IFN-dependent tran-
scriptional regulation are not linked to any direct effects
on the function of STATs. In contrast to type I IFNs,
gene transcription induced by IFN-y, driven by GAS ele-
ments, is not defective in p38ct-deficient cells™>’¢, indi-
cating that p38o. does not have direct regulatory effects
on type-II-IFN-dependent transcription.

Upstream effectors of the type-I-IFN-activated p38-
signalling pathway. The important role of p38 in
type-I-IFN-dependent transcriptional regulation has

prompted extensive studies attempting to identify the
mechanisms of its activation by signalling through
the type I IFN receptor. The small GTPase RAC1
is activated by type I IFNs”?, and overexpression of
a dominant-negative RAC1 mutant blocks IFN-
dependent activation of p38 (REE 73). Although this
finding does not exclude the possibility of involve-
ment of other small GTPases as upstream regulators
of p38, it indicates that RAC1 has a crucial role in the
activation of this pathway by IFNs. Interestingly, it
is known that RACI is a substrate for the guanine-
nucleotide-exchange activity of VAV”’, an SH2- and
SH3-domain-containing protein’® that is activated
by type I IFNs” and mediates IFN-induced growth-
inhibitory responses®. So, it is probable that the initial
step in the activation of the p38-signalling pathway
by type I IFNs is tyrosine phosphorylation of VAV by
TYK2 (REE 81), followed by VAV-dependent exchange
of GDP for GTP in RAC1, ultimately leading to acti-
vation of downstream MAPK kinases (MAPKKs;
also known as MKKs) that phosphorylate p38 (FIG. 3).
Indeed, recent studies have shown that both MAPKK3
and MAPKKG® are rapidly activated during treatment
of cells with type I IFNs, which regulates downstream
activation of p38 (REE 82). Interestingly, the IFN-
dependent activation of p38 is preserved in MEFs
that are deficient in either MAPKK3 or MAPKKS®,
indicating that these kinases have redundant roles in
IFN-mediated signalling®>.

Downstream effectors of the type-I-IFN-activated p38-
signalling pathway. The identification of effector kinases
that are activated downstream of p38 and mediate its
regulatory effects on gene transcription and on the gen-
eration of IFN-induced biological properties is of consid-
erable interest. There is evidence that, during treatment
of cells with type I IFNs, the kinase MAPK-activated
protein kinase 2 (MAPKAPK?2) is rapidly activated in
a p38-dependent manner”. Such activation seems to
be important for IFN-dependent transcriptional acti-
vation, as shown by the requirement for this kinase in
IFN-dependent transcription of Isgl5 (IFN-stimulated
protein of 15 kDa)*? and in induction of the antiviral
properties of type I IFNs”. The potential role of the
related kinase MAPKAPK3, which is also activated by
type I IFNs’!, in the generation of responses to IFNs
remains to be examined. It should be pointed out that
studies with mice that are deficient in MAPKAPK2 have
established that this kinase has an important role in the
post-transcriptional regulation of expression of various
cytokine genes at the level of mRNA stability®*. It will be
interesting to examine whether MAPKAPK?2 also has
such a role in IFN-mediated signalling and, if this is the
case, to dissect which IFN-mediated responses require
its transcriptional regulatory effects compared with its
post-transcriptional regulatory effects.

Other kinases that might be activated by the p38-
signalling pathway in response to type I IFNs include
mitogen- and stress-activated kinase 1 (MSK1) and
MSK2 (REFS 84,85). These kinases are activated in
response to stress and are engaged downstream of
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CAP-DEPENDENT
TRANSLATION

An important step for the
initiation of mRNA translation.
It involves a complex process
in which the Met-tRNAi
initiator and the 40S and

608 ribosomal subunits are
all assembled by eukaryotic
translation-initiation factors
into the 80S ribosome at the

start codon of a specific mRNA.

both the p38- and the extracellular-signal-regulated
kinase (ERK)-signalling cascades®. The kinase activ-
ities of MSK1 and MSK2 are required for phosphory-
lation of histone H3, which is important for
immediate early gene expression®. Recent studies
have established that MSK1 is activated by IFN-o,
and such activation is decreased in cells that have a
targeted disruption of the p38cr gene”. It is therefore
possible that the regulatory effects of the p38-signalling
pathway on the transcription of ISGs are, at least in
part, mediated by MSK1- and/or MSK2-dependent
phosphorylation of histone H3, but this remains to be
clarified. Finally, another putative p38-dependent
effector for the generation of responses to IFNs is the
MAPK-interacting protein kinase 1 (MNK1) (FIG. 3),
which is also phosphorylated in a type-I-IFN-dependent
manner (Y. Li and L.C.P,, unpublished observations).
This kinase, and the related MNK2, are serine kinases
that phosphorylate the eukaryotic translation-initiation
factor 4E (EIF4E), an important regulator of mRNA
translation, and they are activated downstream of
MAPK-signalling cascades®. Interestingly, MNK1 and
MNK?2 have been implicated in the negative regulation
of cap-DEPENDENT TRANsLATION, and it remains to be
seen whether they have similar roles in regulating
IFN-mediated signalling.

Role of the p38-signalling pathway in type-I-IFN-
mediated biological responses. After the original
study showing that p38 is activated by IFNs, extensive
studies were carried out to determine the functional
relevance of this signalling cascade in the generation
of the biological effects of type I IFNs on normal
and malignant cells. p38 was found to be activated
in a type-I-IFN-dependent manner in BCR-ABL-
expressing cell lines and in primary cells from
patients with CML¥. Importantly, pharmacological
inhibition of p38 was found to reverse the suppres-
sive effects of IFN-ot on leukaemic progenitors from
the bone marrow of patients with CML*, showing
that p38 is essential for the antileukaemic properties
of this cytokine. Other studies have also established
that p38 and its downstream effector MAPKAPK2
are activated in a type-I-IFN-dependent manner in
primitive haematopoietic precursors, to mediate
haematopoietic-suppressive signals®.

In addition to the apparent requirement of the
p38-signalling pathway for the growth-inhibitory
effects of type I IFNs, there is evidence that its
function is essential for the induction of antiviral
responses by type I IFNs. Pharmacological inhibi-
tion of p38 (REE. 89) or overexpression of a dominant-
negative p38 mutant’? has been found to abrogate
the antiviral properties of IFN-o. against vesicular
stomatitis virus and encephalomyocarditis virus.
Similarly, p38 mediates IFN-o.-dependent antiviral
activities against hepatitis C virus (HCV) in vitro®,
indicating that the p38-signalling pathway has an
important role in the induction of the therapeutic
effects of IFN-o in patients who have HCV-induced
hepatitis®.

Roles of other MAPKSs in type-I- and type-II-IFN-medi-
ated signalling. In addition to the induction of the p38-
signalling pathway, there is evidence that other
MAPK-signalling pathways are activated by IFNs.
Previous studies have shown that the MEK-ERK path-
way is activated by IFN-o, IFN-% and IFN-y**, and
there is also evidence that this pathway is activated in
response to viral infection and regulates activation of
IRF3 and production of type I IFNs*. An important
function of ERK cascades in IFN-mediated signalling is
the regulation of IFN-y-dependent transcription by
CCAAT/enhancer-binding protein-§ (C/EBP-B)*, a
transcription factor that binds response elements known
as IFN-y-activated transcriptional elements (GATEs),
which are present in the promoters of particular ISGs™?".
There is also evidence that the IFN-activated MEK-
ERK-signalling pathway mediates additional signals,
such as phosphorylation of peroxisome-proliferative-
activated receptor-y (PPAR-y), which increases the
targeting of PPAR-Y for degradation by the ubiquitin—
proteasome system®®. However, in certain situations,
IFNs can also block the constitutive activation of the
MEK-ERK-signalling pathway. For example, IFN-o.
blocks the MEK-ERK-signalling cascade in basal-cell-
carcinoma cells, which results in induction of CD95
(also known as FAS) expression and apoptosis®™.

Regarding the JUN N-terminal kinase (JNK) path-
way, little is known about the potential involvement
of this group of MAPKSs in IFN-mediated signalling.
Recent evidence indicates that JNKs regulate the induc-
tion of signals during the IFN response to viral infec-
tion, leading to elimination of virus-infected cells by
apoptosis'®. However, at present, it is unclear whether
JNKs are directly activated by ligation of IFN receptors
and whether they have direct roles in IFN-mediated
signalling.

PI3K in IFN-mediated signalling

Mechanisms of IEN-dependent activation of PI3K.
The first evidence implicating the phosphatidyl-
inositol 3-kinase (PI3K)-signalling pathway (BOX 2)
in IFN-mediated signalling was the finding that sev-
eral type I IFNs (IFN-q, IFN-f and IFN-m) induce
tyrosine phosphorylation of IRS1 and that the p85
regulatory subunit of PI3K associates, through its
N- and C-terminal SH2 domains, with IRSI in an
IFN-dependent manner'. Such interaction was found
to result in activation of the p110 catalytic subunit of
PI3K'. IRS1 is a member of the IRS family of multi-
site docking proteins, a group of proteins with several
tyrosine-phosphorylation sites. These tyrosine residues
are present in specific motifs such that, when phosphory-
lated, they function as binding sites for various signalling
proteins that contain SH2 domains, including the p85
regulatory subunit of PI3K>!*2. Other members of this
family include IRS2, IRS3, IRS4, GAB1 (growth-factor-
receptor-bound protein 2 (GRB2)-associated binding
protein 1) and GAB2 (REFs 5,102). In addition to IRS1,
IRS2 was subsequently shown to undergo phosphoryla-
tion in a type-I-IFN-dependent manner and to provide
docking sites for PI3K'**'%, So, type I IFNs activate the
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Box 2 | The phosphatidylinositol 3-kinase signalling pathway

The main function of "

the phosphatidylinositol ‘ Cytokine, hormone and growth-factor receptors
3-kinase (PI3K)-signalling

pathway is the 1
phosphorylation of —
phosphatidylinositol lipids
at the D3 position of the 1

inositol ring'**'*. Such

phosphorylation occurs in PI3K

response to various stimuli, ® p85 regulatory subunit
including cytokines, growth ® p110 catalytic subunit

factors and hormones'**'* / / \ \

(see figure). It is regulated

only by class Ia PI3Ks and not
by class Ib, class IT or class ITI

-

‘ PDK1 :
kinases

AKT‘

‘ PKC ‘ ‘TEC

PI3Ks'**. The class Ia PI3Ks are composed of a regulatory subunit, which contains
SRC homology 2 (SH2) and SH3 domains, thereby allowing interactions with other
signalling proteins, and an associated catalytic subunit, which has enzymatic activity

that regulates phosphorylation of the D3 position of the inositol ring

134135 There are

several isoforms of the regulatory subunit (p850., p8583, p550., p55yand p500.),
which are encoded by three genes, and there are three isoforms of the catalytic
subunit (p110c;, p110f and p1103), which are each encoded by a separate gene'*.
The induction of PI3K activity results in the phosphorylation of the membrane
lipid phosphatidylinositol-4,5-bisphosphate to generate phosphatidylinositol-
3,4,5-trisphosphate, to which PLECKSTRIN-HOMOLOGY DOMAINS of signalling proteins
bind'**'*. Binding of 3-phosphoinositides also occurs through PHOX-HOMOLOGY
DOMAINS, which are present in certain proteins'>*'*. Several downstream effectors of
the PI3K-signalling pathway have been identified, and these lead to the activation of
various downstream signalling cascades. These effectors include the serine/
threonine kinases AKT and 3-phosphatidylinositol-dependent protein kinase 1
(PDK1), various isoforms of protein kinase C (PKC), and members of the TEC
family of tyrosine kinases, including TEC, BTK (Bruton’s tyrosine kinase), ITK
(interleukin-2-inducible T-cell kinase) and RLK (resting lymphocyte kinase)'*.

PLECKSTRIN-HOMOLOGY
DOMAINS

Amino-acid sequences that are
present in several signalling
proteins that mediate their
function through binding
phosphatidylinositols. A subset
of these domains selectively
binds phosphatidylinositol
3-kinase products. Pleckstrin-
homology domains also anchor
proteins to membranes by
binding membrane lipids.

PHOX-HOMOLOGY DOMAINS
Amino-acid sequences that are
present in certain signalling
proteins and that target

these proteins to organelle
membranes. Such targeting
occurs through interactions
between conserved motifs in
the PHOX-homology domains
and specific phosphoinositides.
These domains have a
structure that is distinct from
pleckstrin-homology domains.

PI3K-signalling pathway downstream of JAKs, in an
IRS-dependent'*1%1% but STAT-independent'*>'* man-
ner. In addition to induction of phosphatidylinositol-
kinase activity, activation of PI3K results in induction
of serine-kinase activity'®, and one substrate for such
serine-kinase activity is IRS1 itself'"1%.

In contrast to type I IFNs, which use IRS proteins
to activate the PI3K pathway, IFN-y does not induce
phosphorylation of IRS1 or IRS2 (REE. 103). However,
PI3K activity can be detected in IFN-y-treated cells'®,
indicating that other unknown phosphoproteins have
analogous roles in type-II-IFN-mediated signalling to
those of IRS proteins in type-I-IFN-mediated signal-
ling. One candidate for having such activity is CBL,
which has binding sites for the SH3 domain of p85 and
is phosphorylated in an IFN-y-dependent manner®.

Regulation of serine phosphorylation of STATI by
PI3K. The activation of PI3K by IFN-y seems to have
important functional consequences in IFN-y-inducible
transcriptional regulation. It was originally shown that
the pharmacological inhibition of PI3K blocks the
IFN-y-dependent phosphorylation of STAT1 on Ser727
and reduces STAT1-driven transcription'”, indicating
that a downstream effector of PI3K phosphorylates
STAT1 on Ser727. Subsequent studies showed that a

member of the PKC family of proteins, PKC-39, is acti-
vated by treatment of cells with either type I (IFN-a.,
IFN-B or IFN-)* or type II (IFN-7)* IFNs and asso-
ciates with STAT1 (REFS 32,33). Inhibition of the kinase
activity of PKC-8 was found to block phosphorylation
of STAT1 on Ser727, as well as STAT1-mediated gene
transcription through ISREs or GAS elements, indi-
cating a crucial role for this kinase in IFN-dependent
gene transcription. Moreover, it was shown that the
IFN-y-dependent activation of PKC-§ is PI3K depend-
ent®, strongly indicating that PKC-§ is a downstream
effector of the PI3K pathway that functions as a serine
kinase towards STAT1. Interestingly, after the original
finding that PKC-§ is an IFN-activated serine kinase
for STAT1 (REE 32), other studies showed that such
PKC-8-mediated phosphorylation of STAT1 on Ser727
mediates chemotherapy-induced apoptosis, indicat-
ing that this event is required for the transcription of
pro-apoptotic genes'’.

So, consistent with its growth-inhibitory and
tumour-suppressor properties!!*12, PKC-§ seems to
have an important role in IFN-mediated signalling,
by functioning as a serine kinase for STAT1 (FIG. 4). It
should be pointed out that the relative tissue-specific
distribution of various PKC isoforms indicates that,
in certain situations, other PKC isoforms might also
contribute to the regulation of serine phosphorylation
of STAT1 and/or of IFN-dependent transcriptional
activity. Consistent with this hypothesis, recent stud-
ies have shown that PKC-¢ is activated downstream of
PI3K and functions as a serine kinase towards STAT1
in mesangial cells®>. Other studies have shown that
PKC-6, which is closely related to PKC-9, is activated
by type I IFNs in T cells and is required for optimal
IFN-0-dependent transcriptional activation'".

Regulation of apoptosis by IFN-activated PI3K. As well
as its effects on the regulation of IFN-dependent trans-
criptional activation by STAT1, the PI3K-signalling
pathway seems to have other roles in IFN-mediated
signalling. It is well established that AKT, a down-
stream effector of PI3K, mediates anti-apoptotic and
pro-survival signals'*. Therefore, it is not surprising
that the IFN-inducible PI3K-AKT-signalling pathway
can also mediate survival signals in a cell-type-restricted
manner. For example, IFN-B has been shown to pro-
mote survival of primary astrocytes through activation
of the PI3K-AKT-signalling pathway'"®. Such a function
of PI3K might be important for the therapeutic effects of
IFN-B in the setting of multiple sclerosis, because such
effects depend, in part, on the ability of IFN-f3 to protect
astrocytes from the apoptotic cell death that is seen in the
early stages of this disease''. Similarly, activation of this
pathway seems to promote IFN-o-dependent survival of
primary B cells"', neutrophils'” and lymphoblastoid cell
lines'*®. Conversely, there is also evidence that activation
of the PI3K-signalling pathway is required for IFN-o.-
induced apoptosis of U266 myeloma cells'"®. Taken
together, these findings indicate that, during responses
to IFNGs, the PI3K-signalling pathway can mediate either
pro-apoptotic or anti-apoptotic signals, depending on
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Figure 4 | Activation of phosphatidylinositol 3-kinase and
protein kinase C-3 by the type Il interferon receptor and
crosstalk with the STAT-signalling pathway. After binding
of interferon-y (IFN-v) to the type Il IFN receptor, Janus activated
kinase 1 (JAK1) and JAK?2 are activated and phosphorylate
STAT1 (signal transducer and activator of transcription 1)

on the tyrosine residue at position 701 (Tyr701). The tyrosine-
phosphorylated form of STAT1 forms homodimers that
translocate to the nucleus and bind GAS (IFN-y-activated site)
elements, which are present in the promoters of IFN-y-regulated
genes. The IFN-y-activated JAKs also regulate, through as-
yet-unknown intermediates, activation of the catalytic subunit
(p110) of phosphatidylinositol 3-kinase (PI3K). The activation

of PIBK ultimately results in downstream activation of protein
kinase C-8 (PKC-d), which in turn regulates phosphorylation

of STAT1 on the serine residue at position 727 (Ser727). The
phosphorylation of Ser727 is not essential for the translocation
of STAT1 to the nucleus or for the binding of STAT1 to DNA,

but it is required for full transcriptional activation. IFNGR1, IFN-y
receptor subunit 1; IFNGR2, IFN-yreceptor subunit 2.

the cellular context and, probably, the simultaneous acti-
vation or absence of activation of other IFN-dependent
signalling pathways.

Other functions of PI3K in IFN-mediated signal-
ling. Finally, several other IFN-dependent biological
effects have been ascribed to PI3K, underscoring the
importance of this cascade in IFN-mediated signal-
ling. These include IFN-y-stimulated expression of
inducible nitric-oxide synthase by microglial cells'®,
IFN-stimulated adhesion of monocytes'?' and regu-
lation of IFN-3-dependent phosphorylation of the p65
subunit (also known as REL-A) of nuclear factor-xB
(NF-xB)'2 Importantly, as discussed in the next sec-
tion, activation of the PI3K-signalling cascade also
regulates IFN-inducible activation of the mammalian
target of rapamycin (MTOR), which mediates the
initiation of mRNA translation.

IFN-mediated signals for mRNA translation

It is well established that IFNs inhibit the translation of
viral mRNAs, and such inhibition is an important mech-
anism by which IFNs mediate their antiviral effects'?.
However, little is known about the mechanisms by
which type I and type II IFNs regulate the initiation
of mRNA translation for specific ISGs in IFN-sensitive
cells and thereby regulate the generation of proteins that
mediate the biological effects of IFNs. The activation of
MAPKAPK2 and MNK1 indicates a role for p38 in the
regulation of IFN-dependent mRNA translation. There
is also evidence that, in bovine myometrial cells, the
p38-signalling pathway regulates the IFN-T-dependent
induction of prostaglandin G/H synthase 2 at the post-
transcriptional level'*. So, downstream effectors of p38
might be regulating signals for the initiation of mRNA
translation, but their precise roles are unknown.

It has recently been shown that MTOR is activated
during treatment of cells with either type I (REE 125)
or type II (REE 126) IFNs (FIG. 5). Such IFN-dependent
activation of MTOR was found to result in downstream
activation of p70 S6 kinase (p70-S6K)'*>'** and phos-
phorylation of the S6 ribosomal protein'*, indicating
that there is an IFN-mediated pathway for the regula-
tion of 5’-terminal oligopyrimidine tract (TOP) mRNA
translation'””. The IFN-inducible activation of MTOR
and/or p70-S6K was inhibited by pharmacological
inhibition of PI3K'*'%, It was also defective in MEFs
that were deficient in both the o.- and B-subunits of the
P85 regulatory subunit of PI3K, establishing that this
MTOR-signalling pathway requires PI3K activity to be
induced by IFN-mediated signalling'*>'*%. Treatment
of cells with IFN-o. or IFN-[3 was also found to result
in phosphorylation of the repressor of mRNA trans-
lation ETF4E-binding protein 1 (4EBP1; also known as
EIF4EBP1) at multiple sites, including on the threonine
residue at position 37 (Thr37) and/or Thr46, Ser65 and
Thr70 (REE 125), leading to the de-activation of 4EBP1
and its dissociation from EIF4E, and the initiation of
translation'”"'? (FIG. 5). Similar findings were observed
for the type II IFN (IFN-y) receptor'?, and the phos-
phorylation of 4EBP1 in response to both type I and
type II IFNs was shown to be PI3K and MTOR depend-
ent'?>'%, Activation of the MTOR-signalling pathway
by IFNs had no effect on the phosphorylation of STATs
or on gene transcription''®'>'%, indicating that it selec-
tively regulates IFN-induced mRNA translation but
not gene transcription.

A role for MTOR in the induction of apoptosis by
IFNs has already been described', but its potential
roles in the induction of antiviral responses and in
the regulation of cell-cycle progression remain to be
defined. Further studies using additional biochemical
and genetic approaches are necessary to firmly estab-
lish the roles of this pathway in the generation of the
biological effects of IFNs. Nevertheless, the finding that
MTOR is involved in IFN-mediated signalling'?*'%,
together with the more recent finding that it is involved
in all-trans-retinoic-acid-mediated signalling in leukae-
mia cells', raises questions about whether the origi-
nal perception of the MTOR-signalling pathway as a
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Box 3 | Clinical uses of interferons

Interferons (IFNs) have been used in various clinical settings®'**~'*%. The diseases or
syndromes in which different IFNs have shown clinical activity are summarized here.

IEN-a

Haematological malignancies. Chronic myeloid leukaemia | cutaneous T-cell
lymphoma | hairy-cell leukaemia | multiple myeloma
Solid tumours. Malignant melanoma | renal-cell carcinoma | AIDS-related Kaposi’s

sarcoma

Viral syndromes. Hepatitis C | hepatitis B | severe acute respiratory syndrome

IFN-B
Multiple sclerosis

IEN-y

Chronic granulomatous disease | severe malignant osteopetrosis

‘mitogenic’ signalling cascade is accurate. There is no
doubt that the PI3K-AKT-MTOR-signalling pathway
is activated by growth factors and other mitogenic stim-
uli to transduce pro-survival and growth-promoting
signals'?~'?. However, because this signalling cascade
is also activated by IFNs, which suppress growth and
can mediate pro-apoptotic effects'?, this indicates that
differential regulation of the cascade by various stimuli
can lead to divergent biological responses. The precise
mechanisms that might determine such specificity
remain to be identified, so caution should be taken in
the development of new anticancer treatments that tar-
get MTOR™!, particularly in cases in which such drugs
might be administered together with IFNs.

Conclusions

There is accumulating evidence that multiple signalling
pathways are activated by IFNs and that the coopera-
tive function of several signalling cascades is required
for the generation of responses to these IFNs. In addi-
tion to the signalling pathways described here, the list
of newly identified IFN-regulated signalling pathways
is rapidly growing and includes elements that seem
to have important roles in the induction of biological
responses, despite their precise biochemical functions
in IFN-mediated signalling not yet being determined.
For example, there is evidence that IFN-y-inducible
transcription of certain genes is STAT1 independent'?,
and recent studies have shown that expression of a sub-
set of IFN-y-regulated genes requires the function of
the IKK (inhibitor of NF-xB (IkB) kinase) complex, as
shown by experiments using MEFs that were deficient
in both IKK-ot and IKK-B'*. Although the IKK com-
plex is a regulator of the NF-kB-signalling pathway,
its effects on IFN-y-inducible gene transcription are
independent of NF-xB'*, indicating that these kinases
have additional signalling functions.

It is probable that the list of new elements involved
in IFN-mediated signalling will continue to grow dur-
ing the next few years, whereas the contributions of
known pathways might need to be re-evaluated. At
present, it seems that activation of more than one
signalling pathway is required for the generation of
the different biological properties of IFNs, and no

signalling cascade alone is sufficient for the genera-
tion of any given biological end-point. For example,
the functions of both the STAT- and p38-signalling
pathways are required for the antiviral effects of IFNs,
but activation of either pathway alone is not sufficient
to elicit an antiviral response’®. Such a requirement
for multiple signalling pathways also seems to be the
case for IFN-dependent antiproliferative responses,
and it might reflect the synergistic effects of various
signals at the levels of gene transcription and mRNA
translation.

The complexity of the IFN system leaves no doubt
that extensive effort will be required to precisely define
the hierarchical structure of the IFN-mediated signalling
machinery. IFNs have had a considerable impact on clin-
ical medicine, and their use has changed the outcome of
various malignancies, viral infections and autoimmune
disorders (BOX 3). Filling in the gaps in our understand-
ing of IFN-mediated signalling mechanisms should
provide important insights for developing new agents
that target similar pathways and have similar biological
properties but are more potent and more specific.
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IFNAR1 C) IFNAR2
membrane

o ¥
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Figure 5 | Type-l-interferon-activated signalling
pathways that mediate initiation of mRNA translation.
Activated tyrosine kinase 2 (TYK2) and Janus activated
kinase 1 (JAK1) regulate tyrosine phosphorylation of insulin-
receptor substrate 1 (IRS1) and IRS2, which provide docking
sites for the SRC homology 2 (SH2) domains of the regulatory
subunit (p85) of phosphatidylinositol 3-kinase (PI3K). PI3K is
subsequently activated and regulates downstream activation
of mammalian target of rapamycin (MTOR). In turn, MTOR
regulates phosphorylation (activation) of p70 S6 kinase
(p70-S6K), which then phosphorylates ribosomal protein S6
(RPSB), resulting in the initiation of MRNA translation. MTOR
also regulates phosphorylation of the translational repressor
4EBP1 (eukaryotic translation-initiation factor 4E (EIF4E)-
binding protein 1). Such phosphorylation results in its
de-activation and subsequent dissociation from EIF4E,
allowing the initiation of cap-dependent mRNA translation.
IFN, interferon; IFNART, type | IFN receptor subunit 1;
IFNAR2, type | IFN receptor subunit 2.

PIBK

384 MAY 2005 [ VOLUME 5

© 2005 Nature Publishing Group

www.nature.com/reviews/immunol



REVIEWS

20.

21,

22.

23.

24,

25.

26.

27.

Pestka, S., Langer, J. A., Zoon, K. C. & Samuel, C. E.
Interferons and their actions. Annu. Rev. Biochem.

56, 727-777 (1987).

Pestka, S., Krause, C. D. & Walter, M. R. Interferons,
interferon-like cytokines, and their receptors. Immunol.
Rev. 202, 8-32 (2004).

Pestka, S. The human interferon o species and hybrid
proteins. Semin. Oncol. 24, S9-4-S9-17 (1997).

Chen, J., Baig, E. & Fish, E. N. Diversity and relatedness
among the type | interferons. J. Interfon Cytokine Res.

24, 687-698 (2004).

Platanias, L. C. &Fish, E. N. Signaling pathways activated
by interferons. Exp. Hematol. 27, 1583-1592 (1999).
Parmar, S. & Platanias, L. C. Interferons: mechanisms

of action and clinical applications. Curr. Opin. Oncol.

15, 431-439 (2003).

Pestka, S. et al. The interferon vy (IFN-y) receptor:

a paradigm for the multichain cytokine receptor.

Cytokine Growth Factor Rev. 8, 189-206 (1997).

Bach, E. A, Aguet, M. & Schreiber, R. D. The IFN y
receptor: a paradigm for cytokine receptor signaling.
Annu. Rev. Immunol. 15, 563-591 (1997).

Isaacs, A. & Lindenmann, J. Virus interference. |. The
interferon. Proc. R. Soc. Lond. B 147, 258-267 (1957).
Kotenko, S. V. et al. IFN-As mediate antiviral protection
through a distinct class Il cytokine receptor complex.
Nature Immunol. 4, 69-77 (2003).

Darnell, J. E., Kerr, I. M. & Stark, G. R. Jak-STAT pathways
and transcriptional activation in response to IFNs and other
extracellular proteins. Science 264, 1415-1420 (1994).

A comprehensive review of the IFN-activated JAK-
STAT-signalling pathways.

Ihle, J. N. The Janus protein tyrosine kinase family and

its role in cytokine signaling. Adv. Immunol. 6, 1-35 (1995).
Platanias, L. C. The p38 mitogen-activated protein kinase
pathway and its role in interferon signaling. Pharmacol.
Ther. 98, 129-142 (2003).

Der, S. D., Zhou, A., Williams, B. R. & Silverman, R. H.
Identification of genes differentially regulated by interferon c,
B, or yusing oligonucleotide arrays. Proc. Natl Acad.

Sci. USA 95, 15623-15628 (1998).

Schindler, C., Shuai, K., Prezioso, V. R. & Darnell, J. E.
Interferon-dependent tyrosine phosphorylation of a latent
cytoplasmic transcription factor. Science 257, 809-813
(1992).

Fu, X. Y., Schindler, C., Improta, T., Aebersold, R. &

Darnell, J. E. The proteins of ISGF-3, the interferon o.-
induced transcriptional activator, define a gene family
involved in signal transduction. Proc. Natl Acad. Sci. USA
89, 7840-7843 (1992).

Shuai, K., Schindler, C., Prezioso, V. R. &

Darnell, J. E. Activation of transcription by IFN-y: tyrosine
phosphorylation of a 91-kD DNA binding protein.

Science 258, 1808-1812 (1992).

Silvennoinen, O., Ihle, J. N., Schlessinger, J. & Levy, D. E.
Interferon-induced nuclear signaling by Jak protein tyrosine
kinases. Nature 366, 533-585 (1993).

Stark, G. R., Kerr, I. M., Wiliams, B. R. G., Silverman, R. H. &
Schreiber, R. D. How cells respond to interferons. Annu. Rev.
Biochem. 67, 227-264 (1998).

Darnell, J. E. Stats and gene regulation. Science 277,
1630-1635 (1997).

An excellent review of the mechanisms of STAT
activation and the regulatory effects of STATs on
gene transcription.

Aaronson, D. S. & Horvath C. M. A road map for those who
don’'t know JAK-STAT. Science 296, 1653-1655 (2002).
Meinke, A., Barahmand-Pour, F., Wohrl, S., Stoiber, D. &
Decker, T. Activation of different Stat5 isoforms contributes
to cell-type-restricted signaling in response to interferons.
Mol. Cell. Biol. 16, 6937-6944 (1996).

Farrar, J. D., Smith, J. D., Murphy, T. L. & Murphy, K. M.
Recruitment of Stat4 to the human interferon-o/p receptor
requires activated Stat2. J. Biol. Chem. 275, 2693-2697
(2000).

Torpey, N., Maher, S. E., Bothwell, A. L. & Pober, J. S.
Interferon o but not interleukin 12 activates STAT4 signaling
in human vascular endothelial cells. J. Biol. Chem.

279, 26789-26796 (2004).

Matikainen, S. et al. Interferon-o. activates multiple

STAT proteins and upregulates proliferation-associated
IL-2Ro., c-myc, and pim-1 genes in human T cells.

Blood 93, 1980-1991 (1999).

Fasler-Kan, E., Pansky, A., Wiederkehr, M., Battegay, M. &
Heim, M. H. Interferon-o. activates signal transducers and
activators of transcription 5 and 6 in Daudi cells.

Eur. J. Biochem. 254, 514-519 (1998).

Nguyen, K. B. et al. Critical role for STAT4 activation by
type 1 interferons in the interferon-y response to viral
infection. Science 297, 2063-2066 (2002).

28.

29.

30.

31.

32.

38.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Boehm, U., Klamp, T., Groot, M. & Howard, J. C. Cellular
responses to interferon-y. Annu. Rev. Immunol. 15,
749-795 (1997).

Wen, Z., Zhong, Z. & Darnell, J. E. Maximal activation

of transcription by Stat1 and Stat3 requires both tyrosine
and serine phosphorylation. Cell 82, 241-250 (1995).
Wen, Z. & Darnell, J. E. Mapping of Stat3 serine
phosphorylation to a single residue (727) and evidence that
serine phosphorylation has no influence on DNA binding of
Stat1 and Stat3. Nucleic Acids Res. 25, 2062-2067 (1997).
Varinou, L. et al. Phosphorylation of the Stat1
transactivation domain is required for full-fledged IFN-y-
dependent innate immunity. Immunity 19, 793-802 (2003).
Uddin, S. et al. Protein kinase C-8 (PKC-9) is activated by
type linterferons and mediates phosphorylation of Stat1
on serine 727. J. Biol. Chem. 277, 14408-14416 (2002).
The first identification of PKC-3 as an IFN-activated
kinase that regulates the phosphorylation of STAT1
on Ser727.

Deb, D. K. et al. Activation of protein kinase C & by IFN-y.
J. Immunol. 171, 267-273 (2003).

Kristof, A. S., Marks-Konczalik, J., Billings, E. & Moss, J.
Stimulation of signal transducer and activator of
transcription-1 (STAT1)-dependent gene transcription

by lipopolysaccharide and interferon-y s regulated by
mammalian target of rapamycin. J. Biol. Chem. 278,
33637-33644 (2003).

Choudhury, G. G. Alinear signal transduction pathway
involving phosphatidylinositol 3-kinase, protein kinase C-¢,
and MAPK in mesangial cells regulates interferon-y-induced
STAT1a transcriptional activation. J. Biol. Chem. 279,
27399-27409 (2004).

Nair, J. S. et al. Requirement of Ca?* and CaMKl! for Stat1
Ser-727 phosphorylation in response to IFN-y. Proc. Nat!
Acad. Sci. USA 99, 5971-5976 (2002).

Zhang, J. J. et al. Two contact regions between Stat1

and CBP/p300 in interferon y signaling. Proc. Nat/ Acad.
Sci. USA 93, 15092-15096 (1996).

Bhattacharya, S. et al. Cooperation of Stat2 and p300/CBP
in signaling induced by interferon-a.. Nature 383, 344-347
(1996).

Zhang, J. J. et al. Ser727-dependent recruitment of MCM5
by Stat1a:in IFN-y-induced transcriptional activation.
EMBO J. 17, 6963-6971 (1998).

DaFonseca, C. J., Shu, F. & Zhang, J. J. Identification of
two residues in MCMS5 critical for the assembly of MCM
complexes and Stat1-mediated transcription activation in
response to IFN-y. Proc. Natl Acad. Sci. USA 98,
3034-3039 (2001).

Hebbes, T. R., Thorne, A. W. & Crane-Robinson, C. A direct
link between core histone acetylation and transcriptionally
active chromatin. EMBO J. 7, 1395-1402 (1988).

Paulson, M., Press, C., Smith, E., Tanese, E. &

Levy, D. E. IFN-stimulated transcription through a TBP-
free acetyltransferase complex escapes viral shutoff.
Nature Cell Biol. 4, 140-147 (2002).

Huang, M. et al. Chromatin-remodelliing factor BRG1
selectively activates a subset of interferon-o-inducible
genes. Nature Cell Biol. 4, 774-781 (2002).

Zhu, M., John, S., Berg, M. & Leonard, W. J. Functional
association of Nmi with Stat5 and Stat1 in IL-2- and IFNy-
mediated signaling. Cell 96, 121-130 (1999).

Nusinzon, |. & Horvath, C. M. Interferon-stimulated
transcription and innate antiviral immunity require
deacetylase activity and histone deacetylase 1.

Proc. Natl Acad. Sci. USA 100, 14742-14747 (2003).
The first evidence that histone-deacetylase activity
is required for IFN-dependent transcription.

Chang, H. M. et al. Induction of interferon-stimulated

gene expression and antiviral responses require protein
deacetylase activity. Proc. Natl Acad. Sci. USA 101,
9578-9583 (2004).

Sakamoto, S., Potla, R. & Larner, A. C. Histone deacetylase
activity is required to recruit RNA polymerase Il to the
promoters of selected interferon-stimulated early response
genes. J. Biol. Chem. 279, 40362-40367 (2004).

Mayer, B. J., Hamaguchi, M. & Hanafusa, H. A novel viral
oncogene with structural homology to phospholipase C.
Nature 332, 272-275 (1988).

Feller, S. M. Crk family adaptors — signaling complex
formation and biological roles. Oncogene 20, 6348-6371
(2001).

Ahmad, S., Alsayed, Y., Druker, B. J. & Platanias, L. C. The
type | interferon receptor mediates tyrosine phosphorylation
of the CrkL adaptor protein. J. Biol. Chem. 272,
29991-29994 (1997).

Alsayed, Y. et al. Interferon-y activates the C3G/Rap1
signaling pathway. J. Immunol. 164, 1800-1806 (2000).
Stork, P. J. Does Rap1 deserve a bad Rap? Trends
Biochem. Sci. 28, 267-275 (2003).

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Bos, J. L., de Rooij, J. & Reedquist, K. A. Rap1 signaling:
adhering to new models. Nature Rev. Mol. Cell Biol.

2, 369-377 (2001).

Kitayama, H., Sugimoto, Y., Matsuzaki, T., lkawa, Y. &
Noda, M. A ras-related gene with transformation
suppressor activity. Cell 56, 77-84 (1989).

Schmitt, J. M. & Stork, P. J. Cyclic AMP-mediated inhibition
of cell growth requires the small G protein Rap1. Mol. Cell.
Biol. 21, 3671-3683 (2001).

Lahlou, H. et al. sst2 Somatostatin receptor inhibits cell
proliferation through Ras-, Rap1-, and B-Raf-dependent
ERK2 activation. J. Biol. Chem. 278, 39356-39371 (2003).
Hattori, M. & Minato, N. Rap1 GTPase: functions, regulation
and malignancy. J. Biochem. 134, 479-484 (2003).
Lekmine, F. et al. The CrkL adapter protein is required

for type | interferon-dependent gene transcription and
activation of the small G-protein Rap1. Biochem. Biophys.
Res. Commun. 291, 744-750 (2002).

Platanias, L. C. et al. CrkL and CrKll participate in the
generation of the growth inhibitory effects of interferons

on primary hematopoietic progenitors. Exp. Hematol. 27,
1315-1321 (1999).

Huang, C. C., You, J. L., Wu, M. Y. &Hsu, K. S. Rap1-
induced p38 mitogen-activated protein kinase activation
facilitates AMPA receptor trafficking via the GDIeRab5
complex. Potential role in (S)-3,5-dihydroxyphenylglycene-
induced long-term depression. J. Biol. Chem. 279,
12286-12292 (2004).

Katagiri, K. et al. Crucial functions of the Rap1 effector
molecule RAPL in lymphocyte and dendritic cell trafficking.
Nature Immunol. 5, 1045-1051 (2004).

Fish, E. N. et al. Activation of a CrkL-Stat5 signaling
complex by type | interferons. J. Biol. Chem. 274, 571-573
(1999).

The first report that CRKL forms DNA-binding
complexes with STAT5 and functions as a nuclear
adaptor for STAT5 in type-I-IFN-mediated signalling.
Grumbach, I. M. et al. Engagement of the CrkL adapter

in interferon o signaling in BCR-ABL expressing cells.

Br. J. Haematol. 112, 327-336 (2001).

Takahashi, Y., Lallemand-Breitenbach, V., Zhu, J. &

de The, H. PML nuclear bodies and apoptosis. Oncogene
23, 2819-2824 (2004).

Uddin, S. et al. Role of Stat5 in type | interferon-signaling
and transcriptional regulation. Biochem. Biophys. Res.
Commun. 308, 325-330 (2003).

Schaeffer, H. J. & Weber, M. J. Mitogen-activated protein
kinases: specific messages from ubiquitous messengers.
Mol. Cell. Biol. 19, 2435-2444 (1999).

Chang, L. & Karin, M. Mammalian MAP kinase signaling
cascades. Nature 410, 37-40 (2001).

Dong, C., Davis, R. J. & Flavell, R. A. MAP kinases in the
immune response. Annu. Rev. Immunol. 20, 55-72 (2002).
Hazzalin, C. A. & Mahadevan, L. C. MAPK-regulated
transcription: a continuously variable gene switch?

Nature Rev. Mol. Cell Biol. 3, 30-40 (2002).

Platanias, L. C. Map kinase signaling pathways and
hematologic malignancies. Blood 101, 4667-4679 (2003).
Uddin, S. et al. Activation of the p38 Map kinase by type |
interferons. J. Biol. Chem. 274, 30127-30131 (1999).
Goh, K. C., Haque, S. J. & Wiliams, B. R. p38 MAP
kinase is required for STAT1 serine phosphorylation and
transcriptional activation induced by interferons. EMBO J.
18, 5601-5608 (1999).

Uddin, S. et al. The Rac1/p38 Map kinase pathway is
required for IFNo-dependent transcriptional activation but
not serine phosphorylation of Stat-proteins. J. Biol. Chem.
275, 27634-27640 (2000).

Kovarik, P. et al. Stress-induced phosphorylation of Stat1
at Ser727 requires p38 mitogen-activated protein kinase
whereas IFN-y uses a different pathway. Proc. Nat/ Acad.
Sci. USA 96, 13956-13961 (1999).

Li, Y. et al. Role of p38a. Map kinase in type | interferon
signaling. J. Biol. Chem. 279, 970-979 (2004).

Definitive evidence that the type-I-IFN-activated
p38-signalling pathway is required for transcriptional
regulation.

Ramsauer, K. et al. p38 MAPK enhances STAT 1-dependent
transcription independently of Ser-727 phosphorylation.
Proc. Natl Acad. Sci. USA 99, 12859-12864 (2002).
Crespo, P, Schuebel, K. E., Ostrom, A. A., Gutkind, J. S. &
Bustelo, X. R. Phosphotyrosine-dependent activation of
Rac-1 GDP/GTP exchange by the vav proto-oncogene
product. Nature 385, 169-172 (1997).

Bustelo, X. R. Regulatory and signaling properties of the
Vav family. Mol. Cell. Biol. 20, 1461-1477 (2000).
Platanias, L. C. & Sweet, M. E. Interferon o induces

rapid tyrosine phosphorylation of the vav proto-oncogene
product in hematopoietic cells. J. Biol. Chem. 269,
3143-3146 (1994).

NATURE REVIEWS|[IMMUNOLOGY

© 2005 Nature Publishing Group

VOLUME 5 [ MAY 2005 | 385



REVIEWS

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91,

92.

93.

94.

95.

96.

97.

98.

99.

Micouin, A., Wietzrbin, J., Steunou, V. & Martyre, M. C.
P95 is associated to the IFNo/B receptor and contributes
to the antiproliferative effect of IFNa. in megacaryocytic cell
lines. Oncogene 19, 387-394 (2000).

Uddin, S., Sweet, M. E., Colamonici, O. R., Krolewski, J. J.
& Platanias, L. C. The vav proto-oncogene product interacts
with the Tyk-2 tyrosine kinase. FEBS Lett. 403, 31-34
(1997).

Li, Y. et al. Activation of Mkk3 and Mkk6 by type |
interferons. J. Biol. Chem. 280, 10001-10010 (2005).
Kotlyaroy, A. & Gaestel, M. Is MK2 (mitogen-activated
protein kinase-activated protein kinase 2) the key for
understanding post-transcriptional regulation of gene
expression? Biochem. Soc. Trans. 30, 959-963 (2002).
Deak, M., Clifton A. D., Lucocg, L. M. & Alessi, D. R.
Mitogen- and stress-activated protein kinase-1 (MSK1)

is directly activated by MAPK and SAPK2/p38, and may
mediate activation of CREB. EMBO J. 17, 4426-4441
(1998).

Soloaga, A. et al. MSK2 and MSK1 mediate the mitogen-
and stress-induced phosphorylation of histone H3 and
HMG-14. EMBO J. 22, 2788-2797 (2003).

Clayton, A. L. & Mahadevan, L. C. MAP kinase-mediated
phosphoacetylation of histone H3 and inducible gene
regulation. FEBS Lett. 546, 51-58 (2003).

Waskiewicz, A. J., Flynn, A., Proud, C. G. &

Cooper, J. A. Mitogen-activated protein kinases activate
the serine/threonine kinases Mnk1 and Mnk2. EMBO J.

16, 1909-1920 (1997).

Knauf, U., Tschopp, C. & Gram, H. Negative regulation

of protein translation by mitogen-activated protein kinase-
interacting kinases 1 and 2. Mol. Cell. Biol. 21, 5500-5511
(2001).

Mayer, |. A. et al. The p38 MAPK pathway mediates

the growth inhibitory effects of interferon-o.in BCR-ABL-
expressing cells. J. Biol. Chem. 276, 28570-28577
(2001).

Verma, A. et al. Activation of the p38 Map kinase pathway
mediates the suppressive effects of type | interferons and
transforming growth factor 8 on normal hematopoiesis.

J. Biol. Chem. 277, 7726-7735 (2002).

Ishida, H. et al. Involvement of p38 signaling pathway in
interferon-a-mediated antiviral activity towards hepatitis C
virus. Biochem. Biophys. Res. Commun. 321, 722-727
(2004).

Katze, M. G., He, Y. & Gale, M. Viruses and interferon:

a fight for supremacy. Nature Rev. Immunol. 2, 675-687
(2002).

An excellent review of the mechanisms by which IFNs
mediate antiviral effects.

David, M. et al. Requirement for MAP kinase (ERK2)
activity in interferon a- and interferon B-stimulated
gene expression through STAT proteins. Science

269, 1721-1723 (1995).

Hu, J. et al. ERK1 and ERK2 activate CCAAAT/enhancer-
binding protein-B-dependent gene transcription in
response to interferon-y. J. Biol. Chem. 276, 287-297
(2001).

Wang, F. et al. Disruption of Erk-dependent type | interferon
induction breaks the myxoma virus species barrier. Nature
Immunol. 5, 1266-1274 (2004).

Roy, S. K. et al. MEKK1 plays a critical role in activating
the transcription factor C/EBP-B-dependent gene
expression in response to IFN-y. Proc. Natl Acad. Sci. USA
99, 7945-7950 (2002).

Roy, S. K., Wachira, S. J., Weihua, X., Hu, J. &
Kalvakolanu, D. V. CCAAT/enhancer-binding protein-B
regulates interferon-induced transcription through a novel
element. J. Biol. Chem. 275, 12626-12632 (2000).

Floyd, Z. E. & Stephens, J. M. Interferon-y-mediated
activation and ubiquitin-proteasome-dependent
degradation of PPARy in adipocytes. J. Biol. Chem.

277, 4062-4068 (2002).

Li, C. et al. IFNo induces Fas expression and apoptosis in
hedgehog pathway activated BCC cells through inhibiting
Ras—Erk signaling. Oncogene 23, 1608-1617 (2004).

100.

10

102.

10

@

104.

106.

106.

107.

108.

100.

110.

"

"

N

"

w

ih

116.

116.

7.

118.

119.

120.

&

Li, G., Xiang, Y., Sabapathy, K. & Silverman, R. H. An
apoptotic signaling pathway in the interferon antiviral
response mediated by RNase L and c-Jun NH2-terminal
kinase. J. Biol. Chem. 279, 1123-1131 (2004).

. Uddin, S. et al. Interferon-o. engages the insulin receptor

substrate-1 to associate with the phosphatidylinositol
3-kinase. J. Biol. Chem. 270, 15938-159341 (1995).
White, M. F. Insulin signaling in health and disease. Science
302, 1710-1711 (2003).

. Platanias, L. C. et al. The type | interferon receptor mediates

tyrosine phosphorylation of insulin receptor substrate 2.

J. Biol. Chem. 271, 278-282 (1996).

Burfoot, M. S. et al. Janus kinase-dependent activation

of insulin receptor substrate 1 in response to interleukin-4,
oncostatin M, and the interferons. J. Biol. Chem.

272, 24183-24190 (1997).

Uddin, S. et al. The IRS-pathway operates distinctively from
the Stat-pathway in hematopoietic cells and transduces
common and distinct signals during engagement of the
insulin or interferon-o. receptors. Blood 90, 2574-2582
(1997).

Uddin, S. et al. Interferon-dependent activation of the serine
kinase PI 3’-kinase requires engagement of the IRS
pathway but not the Stat pathway. Biochem. Biophys.

Res. Commun. 270, 158-162 (2000).

Uddin, S. et al. Activation of the phosphatidylinositol
3-kinase serine kinase by IFN-o. J. Immunol. 158,
2390-2397 (1997).

Cengel, K. A. & Freund, G. G. JAK1-dependent
phosphorylation of insulin receptor substrate-1 (IRS-1) is
inhibited by IRS-1 serine phosphorylation. J. Biol. Chem.
274, 2796927974 (1999).

Nguyen, H., Ramana, C. V., Bayes, J. & Stark, G. R. Roles
of phosphatidylinositol 3-kinase in interferon-y-dependent
phosphorylation of STAT1 on serine 727 and activation of
gene expression. J. Biol. Chem. 276, 33361-33368 (2001).
DeVries, T. A., Rachelle, L., Kalkofen, A., Matassa, A. &
Reyland, M. E. Protein kinase Cd regulates apoptosis via
activation of STAT1. J. Biol. Chem. 279, 45603-45612
(2004).

. Lu, Z. et al. Tumor promotion by depleting cells of protein

kinase C-8. Mol. Cell. Biol. 17, 3418-3428 (1997).

. Redding, P. J. et al. Transgenic mice overexpressing protein

kinase C & in the epidermis are resistant to skin tumor
promotion by 12-O-tetradecanoylphorbol-13-acetate.
Cancer Res. 59, 5710-5718 (1999).

. Srivastava, K. K. et al. Engagement of protein kinase C-6

in interferon signaling in T-cells. J. Biol. Chem. 279,
29911-29920 (2004).

Vivanco, |. & Sawyers, C. L. The phosphatidylinositol
3-kinase AKT pathway in human cancer. Nature Rev.
Cancer 2, 489-501 (2002).

Barca, O. et al. Interferon § promotes survival in primary
astrocytes through phosphatidylinositol 3-kinase.

J. Neuroimmunol. 139, 155-159 (2003).

Ruuth, K., Carlsson, L., Hallberg, B. & Lundgren, E.
Interferon-o. promotes survival of human primary
B-lymphocytes via phosphatidylinositol 3-kinase.
Biochem. Biophys. Res. Commun. 284, 583-586
(2001).

Wang, K. et al. Inhibition of neutrophil apoptosis by type 1
IFN depends on cross-talk between phosphoinositol
3-kinase, protein kinase C-3, and NF-kB signaling
pathways. J. Immunol. 171, 1035-1041 (2003).

Yang, C. H. et al. Interferon o/f§ promotes cell survival by
activating nuclear factor kB through phosphatidylinositol
3-kinase and Akt. J. Biol. Chem. 276, 13756-13761
(2001).

Thyrell, L. et al. Interferon a-induced apoptosis in tumor
cells is mediated through the phosphoinositide 3-kinase/
mammalian target of rapamycin signaling pathway.

J. Biol. Chem. 279, 24152-24162 (2004).

Hwang, S. Y. et al. LY294002 inhibits interferon-y-
stimulated inducible nitric oxide synthase expression in
BV2 microglial cells. Biochem. Biophys. Res. Commun.
318, 691-697 (2004).

12

. Navarro, A., Anand-Apte, B., Tanabe, VY., Feldman, G. &
Larner, A. C. A PI-3 kinase-dependent, Stat1-independent
signaling pathway regulates interferon-stimulated monocyte
adhesion. J. Leukoc. Biol. 73, 540-545 (2003).

122. Rani, M. R., Hibbert, L., Sizemore, N., Stark, G. R. &

Ransohoff, R. M. Requirement of phosphoinositide

3-kinase and Akt for interferon-B-mediated induction of the

B-R1(SCYB11) gene. J. Biol. Chem. 277, 38456-38461

(2002).

Marcus, P. I. & Salb, J. M. Molecular basis of interferon

action: inhibition of viral RNA translation. Virology

30, 502-516 (1966).

Doualla-Bell, F. & Koromilas, A. E. Induction of PG G/H

synthase-2 in bovine myometrial cells by interferon-t

requires the activation of the p38 MAPK pathway.

Endocrinology 142, 5107-5115 (2001).

125. Lekmine, F. et al. Activation of the p70 S6 kinase and
phosphorylation of the 4E-BP1 repressor of mRNA
translation by type | interferons. J. Biol. Chem. 278,
27772-27780 (2003).

The first report that type | IFNs activate pathways
for the initiation of mMRNA translation that are
downstream of MTOR.

126. Lekmine, F. et al. Interferon-y engages the p70 S6 kinase
to regulate phosphorylation of the 40S S6 ribosomal
protein. Exp. Cell Res. 295, 173-182 (2004).

127. Hay, N. & Sonenberg, N. Upstream and downstream

of mTOR. Genes Dev. 18, 1926-1945 (2004).

A comprehensive review of MTOR and the regulation

of signals for mMRNA translation.

Bjornsti, M. A. & Houghton, P. J. The TOR pathway: a target

for cancer therapy. Nature Rev. Cancer 4, 335-348 (2004).

129. Gingras, A. C. et al. Hierarchical phosphorylation of the

translation inhibitor 4E-BP1. Genes Dev. 15, 2852-2864

(2001).

Lal, L. et al. Activation of the p70 S6 kinase by all-trans-

retinoic acid in acute promyelocytic leukemia cells. Blood

105, 1669-1677 (2005).

. Garber, K. Rapamycin’s resurrection: a new way to target
the cancer cell cycle. J. Natl Cancer Inst. 93, 1517-1519
(2001).

132. Ramana, C. V., Gil, P. M., Schreiber, R. D. & Stark, G. R.
Stat1-dependent and -independent pathways in IFNy-
dependent signaling. Trends Immunol. 23, 96-101 (2002).

133. Sizemore, N. et al. Inhibitor of kB kinase is required to
activate a subset of interferon y-stimulated genes.

Proc. Natl Acad. Sci. USA 101, 7994-7998 (2004).

134. Cantley, L. C. The phosphoinositide 3-kinase pathway.
Science 296, 16551657 (2002).

135. Deane, J. A. & Fruman, D. A. Phosphoinositide 3-kinase:

diverse roles in immune cell activation. Annu. Rev. Immunol.

22, 563-598 (2004).

Malik, A. H. & Lee, W. M. Chronic hepatitis B virus infection:

treatment strategies for the next millennium. Ann. Intern.

Med. 132, 723-731 (2000).

137. Liang, T. J., Rehermann, B., Seeff, L. B. & Hoofnagle, J. H.
Pathogenesis, natural history, treatment, and prevention of
hepatitis C. Ann. Intern. Med. 132, 296-305 (2000).

138. Loutfy, M. R. et al. Interferon alfacon-1 plus corticosteroids

in severe acute respiratory syndrome: a preliminary study.

JAMA 290, 3222-3228 (2003).

12

]

12

B

12

©

13

©

13

=

13

o

Competing interests statement
The author declares no competing financial interests.

&) Online links

DATABASES

The following terms in this article are linked online to:
Entrez Gene: http://www.ncbi.nim.nih.gov/entrez/query.
fcgi?db=gene

CRKL | IFN-0t | IFN-B | IFN-y | IFN-g | IFN-k | IFN-o | IFNART |
IFNAR2 | IFNGR1 | IFNGR2 | IRF9 | JAK1 | JAK2 | p38 | p85 |
p110| STAT1 | STAT2 | STATS | TYK2

Access to this interactive links box is free online.

386 | MAY 2005 [ VOLUME 5

© 2005 Nature Publishing Group

www.nature.com/reviews/immunol



	Mechanisms of type-I- and type-II-interferon-mediated signalling
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




