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‘ J arious pattern recognition receptors
(PRRs) have been implicated in

the detection of viral RNA and sub-
sequent interferon (IFN) gene expression,
including the double-stranded RNA-
dependent proteinkinase R (PKR). Now,
a novel role of PKR has been unveiled, as
it was shown that, upon the infection
with certain viruses, PKR is crucial for
the integrity of newly synthesized IFN
mRNA, thereby generating an optimal
host antiviral immune response. There is
a need of future studies to investigate
additional roles of PKR in innate
immunity and the molecular understand-
ing of this novel function of PKR.

The immediate response to viral pathogens
relies on the innate immune system, which
becomes active long before adaptive
immune responses like neutralizing anti-
bodies and cytotoxic T lymphocytes. A key
component of innate immunity is the
production of type I interferons (IFN-ot/
B), a family of cytokines produced by
many different cell types to limit viral
replication as well as virus dissemination in
vivo. To elicit antiviral IFN responses,
mammalian cells have evolved a variety of
cellular sensors, also called pattern recog-
nition receptors (PRRs). These sensors
detect nucleic acids or other conserved
structural  components  of  invading
microbes and subsequently initiate signal-
ing cascades leading to the transcriptional
induction of IFN-a/B." Upon their pro-
duction, IFN-0t/8 are secreted and trigger
cell defense mechanisms in an autocrine or
paracrine manner through the binding to a
common IFN-a/B receptor (IFNAR).
IFNAR signaling finally results in the
transcription of hundreds of IFN-indu-
cible genes (ISGs), involved in apoptosis
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and cell growth inhibition to prevent virus
propagation. One of the ISGs with a key
role in the resistance to viral infections is
the double-stranded RNA-dependent pro-
teinkinase R (PKR), whose multiple anti-
viral actions are the focus of this article.

PKR was initially discovered due to its
ability to potently block the translation of
viral and cellular mRNAs in IFN-treated
vaccinia virus (VV)-infected cells.> The
attempt to understand the mechanism
behind the inhibition of protein synthesis
during VV replication led to the iden-
tification of another enzyme, 2', 5'-
oligoadenylate synthetase (2'-5'-OAS).?
PKR phosphorylates one of the key
regulatory factors in protein synthesis,
the eukaryotic translation initiation factor
2 o (elF2-a). Phosphorylation of elF2-o
by PKR leads to the inhibition of host and
viral mRNA translation, thereby potently
suppressing virus propagation (Fig. 1).4

PKR is a serine/threonine protein kinase
consisting of two functionally distinct
domains: an  N-terminal regulatory
domain for binding dsRNA (dsRBD)
and a C-terminal catalytic domain, which
is shared by other elF2-a kinases.” PKR is
maintained as an inactive monomer under
normal conditions and undergoes activa-
tion in response to dsRNA of viral or
synthetic origin such as poly(:C). In
addition, PKR can be activated, either
directly or indirectly, by various other
stimuli, including oxidative stress, growth
factors, cytokines and cellular proteins
such as PKR-associated activator (PACT),
or following the stimulation of Toll-like
receptors (TLRs). PKR activation by these
stimuli is believed to disrupt the auto-
inhibitory state of PKR, enabling its
homodimerization and autophosphoryla-
tion, and thereby elF2-a substrate binding
to block viral protein synthesis.®
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Figure 1. Role of PKR in IFN- induction and possible regulation of IFN-B mRNA integrity. Several stimuli such as viral origin dsRNA, pathogen ligands and
cytokines (e.g., TNF-0) activate the proteinkinase R (PKR). An induced PKR phosphorylates the eukaryotic translation initiation factor 2 (elF2-a) leading to
its inactivation, thereby suppressing protein synthesis. PKR also activates the IKKa/B/y-complex, which induces the ubiquitination and proteasomal

degradation of inhibitor of NF«kB (IkB), resulting in the liberation of active NFkB dimers [RelA/p65 and NFkB1 or 2 (p50/p52)]. Translocation of NFkB into
the nucleus leads to the transcription of several genes, including IFN-B to limit viral replication. Upon the infection of MDA5-dependent viruses such as
encephalomyocarditis virus (ECMV) and Semliki Forest virus (SFV), PKR also regulates the integrity of IFN-B mRNA by establishing or maintaining its

poly(A) tail. It is also possible that PKR positively regulates IFN transcript stability by interacting with destabilizing elements in the mRNA, such as AU-rich

elements or coding region instability determinant (CRID). Alternatively, PKR might counteract virus-encoded factors that destabilize IFN-p mRNA to
suppress the host antiviral IFN response. P indicates phosphorylation, Ub indicates ubiquitination, and dotted lines indicate indirect action of PKR.

In addition to its well-established role as
regulator of mRNA translation, PKR is
also indirectly involved in a plethora of
different signal transduction pathways,
including the activation of c¢Jun N-
terminal kinase (JNK), p38 mitogen-
activated protein kinase (MAPK), signal
transducer and activator of transcription 1
and 3 (STAT1 and 3) and the tumor
suppressor p53.° Moreover, PKR indir-
ectly activates the nuclear factor kB
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(NFxB), which has among other functions
an important role in type I IFN induction
(Fig. 1). The ability to detect viral dsSRNA
and to initiate signaling pathways that
result in IFN gene expression, has sug-
gested that PKR is a sensor for viral
infections. Recently, it has been revealed
that PKR functions through an elF-2-
mediated translational control mechanism
to indirectly enhance IFN-§ transcript
levels. It was found that transient knock-
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down of PKR impaired IFN-B transcript
induction, suggests that PKR differentially
function in the signaling response leading
to activation of IFN-8 transcription.” In
line with this, various studies within the
past 15 years found that PKR-deficient
cells are defective in IFN-a/8 production
upon stimulation with poly(I:C) or viral
infection.*"! However, this clear picture of
PKR antiviral function was complicated by
the discovery of the cytosolic viral RNA
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sensors, retinoic acid-inducible gene I
(RIG-I) and melanoma differentiation-
associated gene 5 (MDAS5). RIG-I and
MDAS5 have been shown to be the major
receptor systems for the detection of viral
RNA in the cytoplasm and subsequent
induction of type I IFN transcription.'?
Whereas RIG-I detects short dsRNA and/
or ssRNA containing a 5'-triphosphate
group, MDAS5 is thought to sense long
dsRNA. Consistent with this, in vitro as
well as in vivo studies using RIG-I or
MDAS5 knockout mice demonstrated the
critical role of RIG-I for the detection of
paramyxoviruses, influenza viruses, vesi-
cular stomatitis virus, and some flaviviruses
including hepatitis C virus (HCV). In
MDAS5
picornaviruses, including encephalomyo-
carditis (ECMV) and Theiler’s
murine encephalomyelitis virus (TMEV).

contrast, recognizes primarily

virus

While our understanding of the receptor-
signaling  systems was  substantially
advanced by the identification of RIG-I
and MDAS5, the role of PKR and its
relative contribution to antiviral IFN
production remains elusive.

An important piece to this intricate
puzzle of PKR function has recently been
added, where it was demonstrate that PKR
plays an essential role in IFN-0/3 produc-
tion in response to viral infections by
regulating the integrity of IFN-§ tran-
scripts."” By using PKR-deficient cells, the
authors show that PKR is crucial for the
IFN-0/f  production in response to
MDAS5-dependent viruses like ECMV,
TMEV and Semliki Forest virus (SFV),
but not to RIG-I-dependent viruses such
as Sendai virus or influenza. Surprisingly,
Schulz et al. (2010) observed a striking
difference between the IFN-8 mRNA and
protein levels produced by these cells:
whereas IFN-8 mRNA was highly induced
in PKR-deficient cells upon ECMV or
SFV infection, no or little IFN-$ protein
was made, supporting the idea that PKR
has an important role in the post-tran-
scriptional regulation of IFN-B produc-
tion."?

In the attempt to decipher the molecu-
lar mechanism by which PKR regulates the
synthesis of IFNs at a post-transcriptional
level, Schulz et al. (2010) observed that the
IFN-B transcripts produced in ECMV-
infected PKR-deficient cells completely
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lacked a poly(A) tail, demonstrating that
PKR is important for the integrity of IFN-
g mRNA and therefore its translation into
functional protein.’> Remarkably, the
defect in poly(A)-tailing seen in PKR-
deficient cells was specific for IFN-B
transcripts since the poly(A)-tail of other
mRNAs was fully intact. In addition, this
effect of PKR on IFN-8 mRNA stability
was only observed upon the infection with
MDAS5-dependent viruses, but not with
Sendai virus, which is detected by RIG-I.
In accordance with the in vitro experi-
ments, PKR knockout mice infected with
ECMYV exhibited significantly lower levels
of IFN-8 in the serum compared with
wild-type mice, confirming the critical role
of PKR in type I IFN production in vivo."?

While the findings by Schulz et al.
(2010) constitute an important step to
improve our understanding of PKR func-
tion, the precise molecular mechanism by
which PKR regulates IFN transcript
stability has yet to be elucidated. Several
questions remain to be answered, includ-
ing (1) what are the molecular targets of
PKR for controlling IFN mRNA stability,
(2) how does PKR exert its IFN mRNA-
specific action and (3) why is this
mechanism of PKR mRNA stabilizing
function specific for cells infected with
MDA5-dependent viruses? Given that the
translational regulator elF2-o is the best-
characterized substrate of PKR, Schulz
et al. (2010) asked whether PKR-depend-
ent IFN-0/f production requires phos-
phorylation of elF2-0."* To address this
question, mouse embryonic fibroblasts
(MEFs) expressing either wild-type eIF2-
o, or a mutant protein in which the critical
site for phosphorylation is mutated, were
either infected with ECMV or stimulated
with poly(I:C), followed by measuring
IFN-o or IFN-8 protein in the supernat-
ant. This showed that PKR-mediated IFN
production did not require phosphoryla-
tion of elF2-0, suggesting that PKR
inhibits viral translation and promotes
IFN protein synthesis through two differ-
ent mechanisms. To this end, it will be
interesting to determine in which cellular
compartment PKR exerts its effect on IFN
transcript stability. PKR has been shown
to be associated to ribosomes, and several
ribosomal proteins have been reported to
bind to PKR.' In addition, PKR protein
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expression has been described in the nuclei
of human and murine cells,' as well as in
HCV-infected patients.'® Moreover, it has
been shown that IFN-y mRNA activates
PKR through a pseudoknot in its 5'
untranslated region and controls its own
translation yield.'”” Thus, future studies
directed toward correlating PKR multiple
functions and its subcellular localizations
will give us more insights into the
molecular details of PKR antiviral activity.

The production of cytokines and in
particular of IFN-g is achieved by various
post-transcriptional mechanisms, including
the regulation of translation initiation and
mRNA decay.'® Many cellular factors have
been described to control the turnover of
cytokine-encoding mRNAs. These factors
interact with specific elements located
within the mRNA, and through multiple
mechanisms, either promote or hamper
transcript amount and stability. Recently,
several destabilizing elements were iden-
tified in the IFN-8 mRNA, including AU-
rich elements (AREs) and coding region
instability determinant (CRID). While the
presence of these motifs promotes IFN-f
mRNA deadenylation and decay, their
removal abolished the shortening of the
poly(A) tail, thereby increasing IFN-$
transcript stability and protein expression
(Fig. 1)."” The cellular factors recruited to
these destabilizing elements and their
detailed molecular mechanisms for control-
ling IFN mRNA stability have not yet been
well characterized. For other cytokine-
encoding transcripts it has been shown that
their AREs recruit specific ARE-binding
proteins (ARE-BPs), such as TIA-1 (T-cell
internal antigen-1) and AUF1/heterogen-
eous nuclear ribonucleoprotein D (hnRNP
D). Each of these ARE-BPs can individu-
ally affect the translation or decay of the
mRNA, however, in most cases it is the
combined effect of multiple ARE-BPs that
determines the final outcome of cytokine
production.”® Interestingly, the ability of
ARE-BPs to bind to AREs, as well as their
functional activity in mRNA translation or
decay, is regulated by covalent modifica-
tions, including kinase-dependent phos-
phorylation and phosphatase-dependent
dephosphorylation.'® It is therefore intri-
guing to speculate that some of the ARE-
BPs implicated in IFN-8 mRNA destabili-
zation may be the target of PKR-mediated
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phosphorylation to modulate antiviral IFN
production. Thus, determining how PKR
regulates IFN protein synthesis, as well as
the identification of new PKR interacting
partners may improve our knowledge about
the cellular machinery for controlling
mRNA stability. Alternatively to the hypo-
thesis that PKR is directly involved in IFN
transcript integrity, it is also possible that
PKR antagonizes viral factors promoting
the instability of IFN mRNAs (Fig. 1). On
the other hand, viruses have developed a
myriad of ways to suppress PKR antiviral
function, including sequestration  of
dsRNA, suppressing PKR-induced eIF2-a
phosphorylation  and  inducing PKR
degradation.”® Therefore, it would be not
surprising if some viruses have also evolved
strategies to specifically suppress the tran-
script stabilizing role of PKR.

The idea of PKR as key regulator of
IFN protein synthesis is supported by
other recent studies demonstrating that
PKR plays a non-redundant role in the
IFN response to viral infections.”’* On
the other hand, it is well-known that PKR
is a potent activator of NFkB, thereby
inducing IFN transcription in concerted
action with the interferon-regulatory fac-
tors 3 and 7 (IRF-3/7). Specially, PKR was
shown to activate the IkB kinase (IKK)-
complex, which results into the degrada-
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suggesting that the concerted action of
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be important for a successful antiviral
response.

PKR was one of the first PRR dis-
covered, and it was long believed that the
function of PKR
Studies in the past few years have led to
new insights into the multifaceted func-
tion of PKR and to the re-evaluation of
this dogma. Especially its recently iden-
tified role as IFN transcript stabilizing

is well understood.

factor substantially advances our under-
standing about PKR, and demonstrates the
crucial role of this kinase for an optimal
host antiviral IFN response.
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