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Interferons (IFNs) are released by cells on exposure to various stimuli, including viruses, double-stranded RNA,
and other cytokines and various polypeptides. These IFNs play important physiological and pathophysiological
roles in humans. Many clinical studies have established activity for these cytokines in the treatment of several
malignancies, viral syndromes, and autoimmune disorders. In this review, the regulatory effects of type I and II
IFN receptors on the translation-initiation process mediated by mechanistic target of rapamycin (mTOR) and
mitogen-activated protein kinase (MAPK) pathways and the known mechanisms of control of mRNA trans-
lation of IFN-stimulated genes are summarized and discussed.

Introduction

The original hypothesis by Nagano and Kojima re-
garding the existence of ‘‘interferon’’ almost 60 years

ago (Nagano and Kojima 1954) and the subsequent dis-
covery of ‘‘interferon’’ and demonstration of its antiviral
properties in 1957 by Lindenmann and Isaacs (Lindenmann
and others 1957; Isaacs and Lindemann 1957; Isaacs and
others 1957) dramatically transformed the fields of immu-
nology, virology, infectious diseases, oncology, and hema-
tology (Parmar and Platanias 2003; Borden and others 2007;
Pestka 2007; Tarhini and others 2012). Extensive subse-
quent research studies over the last several decades led to
the identification of many other cytokines and growth fac-
tors and advanced our overall understanding of the functions
of the immune system.

There are 3 known types of interferon (IFNs): type I (a, b,
o, e, t), type II (g), and type III (l) all of which utilize
distinct receptors, which are specific for each group (Darnell
and others 1994; Stark and others 1998; Platanias and Fish
1999; Kotenko and Langer 2004; Pestka and others 2004;
Platanias 2005a; Borden and others 2007; Pestka 2007;
Donelly and Kotenko 2010; MacMicking 2012). The dif-
ferent type I IFNs bind to the type I IFN receptor, which is
composed of 2 receptor subunits (IFNAR1 and IFNAR2)
with which the tyrosine kinases Tyk2 and Jak1 are associ-
ated, respectively (Darnell and others 1994; Stark and others
1998; Platanias 2005a; Borden and others 2007; Pestka and
others 2007). Similarly, the type II IFNR is also composed
of 2 distinct subunits (IFNGR1 and IFNGR2) that are as-

sociated with the Jak1 and Jak2 kinases (Darnell and others
1994; Stark and others 1998; Platanias 2005a; Borden and
others 2007). On the other hand, the type III cell surface
IFNR includes the IFNlR1 and IL10R2 subunits that in-
teract with Jak1 and Tyk2 (Kotenko and Langer 2004;
Pestka and others 2004; Ank and others 2006). Engagement
of the distinct receptors by the respective ligands results in
activation of the associated Janus family kinases and sub-
sequent engagement and activation of different combina-
tions of Stat proteins (Darnell and others 1994; Boehm and
others 1997; Stark and others 1998). After undergoing ty-
rosine phosphorylation by the IFNR-associated Jaks, Stat
proteins move to the nucleus and activate transcription via
binding to IFN-stimulated response elements and/or IFN-g-
activated sequences in the promoters of responsive genes
(Darnell and others 1994; Boehm and others 1997; Stark and
others 1998). Thus, IFN-inducible gene transcription is
primarily regulated by Jak-Stat pathways, and such tran-
scriptional activation of IFN-stimulated genes (ISGs) is
critical for the generation of the biological effects of IFNs.
There is also evidence that IFN-auxiliary pathways, such as
the p38 Map kinase pathway (Uddin and others 1999, 2000;
Platanias 2003a, 2003b), and protein kinase C (PKC) path-
ways (Uddin and others 2002; Redig and others 2009) play
important and essential complementary roles in IFN-
inducible gene transcription.

Activation of the Jak-Stat pathway alone is not sufficient
for the generation of the biological effects of IFNs, and
several other cellular signals appear to be essential for the
achievement of IFN responses (Platanias 2005a, 2005b). An
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important step for the induction of IFN-dependent responses
is the mRNA translation of ISGs, so protein products that
account for biological effects can be generated (Platanias
2005a, 2005b). It is intriguing that although the signaling
mechanisms required for ISG transcriptional regulation had
been extensively defined for a long time, the signals needed
for ISG mRNA translation were until up to recently com-
pletely unknown. As discussed next, 2 different cellular
pathways, the mechanistic target of rapamycin (mTOR)
pathway and the mitogen-activated protein kinase (MAPK)
interacting kinase (Mnk) kinase pathway, play critical and
essential roles in this process.

Cellular Pathways Required for Translation
Initiation and Their Roles in IFN Signaling

Several previous studies in other systems have defined the
components of the mRNA translational machinery and have
established the basic principles of their functions. It should
be noted that control of mRNA translation is an important
adaptive response mechanism to environmental changes,
stress responses, nutritional alterations, and cytokine and
hormonal responses (Sheikh and Fornace 1999; Sonenberg
and Hinnebusch 2009; Hershey and others 2012; Kong and
Lasko 2012). The cap-dependent mRNA translation in eu-
karyotes requires the formation of the eukaryotic translation
initiation factor 4F (eIF4F) complex on the 5¢ methyl gua-
nosine cap structure of mRNA that recruits the small ribo-
somal subunit (40S) to mRNA (Sheikh and Fornace 1999;
Richter and Sonenberg 2005; Ma and Blenis 2009; Sonen-
berg and Hinnebusch 2009; Hershey and others 2012; Kong
and Lasko 2012). The eIF4F complex includes eIF4E,
eIF4G, and eIF4A (Richter and Sonenberg 2005; Sonenberg
and Hinnebusch 2009; Hershey and others 2012). eIF4E
binds to the 5¢ cap and recruits eIF4G and eIF4A, while the
translational repressor 4E-BP1, in its non-phosphorylated
form, inhibits eIF4G binding to eIF4A (Richter and So-
nenberg 2005; Sonenberg and Hinnebusch 2009; Hershey
and others 2012). eIF4A, a protein with RNA helicase ac-
tivity, can unwind the secondary structure of mRNA
(Parsyan and others 2011). Such helicase activity can be
enhanced by eukaryotic translation initiation factor 4B
(eIF4B) (Grifo and others 1984; Gingras and others 1999b;
Kroczynska and others 2009). The 40S ribosome subunit
along with eIF2 in the GTP bound form associate with the
initiator methionyl-tRNA, eIF3, eIF5, and eIF1A, forming
the 43S initiation complex that associates with eIF4F and,
subsequently, forms the 48S complex (Richter and Sonen-
berg 2005; Sonenberg and Hinnebusch 2009; Hershey and
others 2012).

Signaling to the translation initiation machinery by IFNs
is significant for the control of IFN-protein synthesis and the
generation of IFN-dependent biological effects, as outlined
next. While many signaling pathways intersect to control
protein synthesis and expression, the mTOR/S6K and MEK/
ERK pathways appear to be the key and essential players.
Previous work in other systems has established that mem-
bers of these 2 pathways have been found in close proximity
to the translation initiation cap complex that can enable
phosphorylation of multiple substrates (Mendoza and others
2011). For instance, activated mTORC1 interacts with the
eIF3 complex, and such an interaction correlates with
phosphorylation of S6K1 at Thr389 and subsequently, the

release of S6K from the eIF3 complex (Holz and others
2005). Other studies have shown that non-phosphorylated
ribosomal S6 kinase 1 (RSK1) can also interact with 4E-
BP1 in a cell-type specific manner (Kroczynska and others
2011), underscoring the functional relevance of the inter-
actions between MAPK and mTOR pathways in the control
of mRNA translation (Mendoza and others 2011).

PI3K/Akt/mTOR Pathway

After the original reports that the phosphatidylinositol-3-
kinase (PI3K) is activated by IFNs (Uddin and others 1995,
1997), several studies established that such activation is
important for regulation of the AKT kinase and its down-
stream mediators mTOR, S6K, rpS6, and 4E-BP1 (Lekmine
and others 2003; Thyrell and others 2004; Kaur and others
2007, 2008a, 2008b; Panaretakis and others 2008; Gonch-
arova and others 2010). The AKT/mTOR pathway is es-
sential for mRNA translation of genes in various systems
(Hay and Sonenberg 2004; Platanias 2005a; Zoncu and
others 2011; Laplante and Sabatini 2012). It should be noted
that, in addition to controlling mTOR signals for mRNA
translation, the PI3K pathway plays an important role in
mediating IFN-dependent gene transcription (Uddin and
others 1997; Kaur and others 2008b). There is also some
recent evidence implicating AKT in transcriptional activa-
tion of ISGs via phosphorylation of EMSY, a transcriptional
repressor of ISGs (Ezell and others 2012).

Due to such important regulatory functions, the PI3K/
AKT pathway is essential for type I IFN-induced antiviral
activity (Kaur and others 2008a, 2008b), underscoring the
relevance and importance of the pathway in IFN signaling.
Other studies have also suggested an important role for the
PI3K pathway as an upstream mTOR regulator in the in-
duction of antiviral responses by another type I IFN, IFN-o
(Seo and others 2011). However, mTOR has been also im-
plicated in the generation of IFN-antiviral responses against
hepatitis C virus (HCV) in certain systems, independently of
PI3K and Akt (Matsumoto and others 2009), while there is
also recent evidence that the HCV can promote autophagy
by inhibiting the TSC-mTORC1 cascade (Huang and others
2013). Recently emerging evidence suggests that there are
differences in the regulation of mTOR signals for mRNA
translation of ISGs in the IFN system, as compared with
growth factors and pro-oncogenic signals (Kaur and others
2012). Next. we discuss in detail what is known these days
about the function of unique effectors downstream of IFN-
activated Akt/mTOR.

Regulation of IFN-Dependent mRNA
Translation and Protein Synthesis
by 4E-BP1 Phosphorylation

The translational repressor 4E-BP1 is a key mTORC1
effector in IFN signaling (Kaur and others 2007). It has been
established by extensive previous work in other systems that
4E-BP1 functions as a translational repressor. 4E-BP1 binds
constitutively to eIF4E and competitively inhibits the
binding of eIF4G to eIF4E and formation of the eIF4F
complex (Richter and Sonenberg 2005; Platanias 2005a). On
phosphorylation by mTORC1, 4E-BP1 is released from the
mRNA cap complex, enabling initiation of translation
(Richter and Sonenberg 2005; Platanias 2005a). Previous
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work has shown that 4E-BP1 is phosphorylated on Thr37/
Thr46, Ser65, and Thr70 in response to a variety of stimuli
and cellular receptor ligands (Richter and Sonenberg 2005;
Platanias 2005a). Similarly, type I and II IFNs induce
phosphorylation on these sites, resulting in de-activation of
the 4E-BP1, to enable initiation of mRNA translation
(Lekmine and others 2003, 2004; Thyrell and others 2004;
Kaur and others 2007) (Table 1). Induction of key IFN-a- or
IFN-g-inducible proteins are enhanced in 4E-BP1 (4E-
BP1 - / - ) knockout mouse embryonic fibroblast cells
(MEFs), as compared with MEFs usually expressing 4E-
BP1 (Kaur and others 2007). The importance of mTOR-
mediated phosphorylation of 4E-BP1 in the generation of
type I IFN-induced biological responses has been shown
both in in vitro studies (Kaur and others 2007) and more
recently, in in vivo studies (Burke and others 2011) using
mice with targeted disruption of 4E-BP1. The in vivo studies
demonstrated that 4E-BP1 - / - mice were more sensitive to
the antiviral effects of IFNb against coxsackie virus B3, a
known cause of myocarditis (Burke and others 2011).

It should be noted that the Thr37/Thr46 phosphorylation
of 4E-BP1 is not always blocked by rapamycin, suggesting
that a rapamycin-insensitive kinase may contribute to this
event (Gingras and others 1999a). In a previous work
(Kroczynska and others 2011), we have shown that the non-
active form of RSK1 interacts with 4E-BP1. Induction of
phosphorylation/activation of RSK1 by IFN-l results in its
dissociation from 4E-BP1, while pharmacological blocking
of the RSK1 activity or down-regulation of RSK1 using

RNAi results in blocking the phosphorylation of 4E-BP1 on
Thr37/Thr46 (Kroczynska and others 2011). Such IFN-l-
dependent activation of RSK1 and phosphorylation/deacti-
vation of 4E-BP1 is essential for translational up-regulation
of p21 WAF/CIP1, suggesting a mechanism for the gener-
ation of growth-inhibitory responses (Kroczynska and others
2011).

IFN Signaling and eIF4B Phosphorylation

eIF4B is a regulator of the helicase activity of eIF4A (Bi
and others 2000). These 2 proteins unwind complex sec-
ondary structures that are associated with the 5¢-UTR of
some mRNAs, to enable the 40S ribosomal subunit to scan
for the start codon ( Jaramillo and others 1991; Richter and
Sonenberg 2005). Ser422 of eIF4B is phosphorylated by
S6K, and this phosphorylation promotes its association with
the eIF3 complex (Méthot and others 1996; Raught and
others 2004; Shahbazian and others 2006). We have pro-
vided evidence that eIF4B is phosphorylated on Ser422 in
an IFN-a and IFN-g-inducible manner, suggesting its in-
volvement in IFN signaling (Kroczynska and others 2009)
and raising questions on which kinase accounts for such
phosphorylation. Earlier work had shown that eIF4B is not a
substrate for the kinase activity of protein kinase R (PKR)
in vitro (Berry and others 1985). Our studies demonstrated
that such phosphorylation is cell-type dependent, mediated
by either S6K or RSK depending on the cellular context
(Kroczynska and others 2009) (Table 1). This results in

Table 1. Elements of Cellular Pathways That Regulate Translation-Initiation in the Interferon System

Initiation
regulators Kinase Site and sequence Function References

4E-BP1 mTOR, RSK1 Thr37/T46 Repressor of mRNA
translation and negative
regulator of IFN-antiviral
responses. Dissociation
from eIF4E enables mRNA
translation to proceed,
leading to induction of
expression of certain ISG
products

Lekmine and others (2003);
Lekmine and others (2004);
Thyrell and others (2004);
Kaur and others (2007);
Burke and others (2011);
Kroczynska and others
(2011)

YSTT*PGGTLFSTT*PGG
Thr70
NSPVTKT*PPR
Ser65
LMECRNS*PVT

eIF4E MNKs Ser209 Requirement for mRNA
expression of certain ISGs
and generation of IFN-
growth inhibitory responses

Joshi and others (2009); Joshi
and others (2011);
Mehrotra and others (2013)

TATKSGS*TTK

eIF4B S6K1, RSK1 S422 Increase interaction with
eIF3A, ATPase activity,
and anti-leukemic effects of
IFNs

Kroczynska and others (2011)
ERSRTGS*ESS

PDCD4 S6K1, RSK S67 Suppressive effects on mRNA
translation of certain ISGs.
Negative regulation on
IFN-antileukemic
responses

Kroczynska and others (2012)
RRLRKNS*SRD

rpS6 S6K1, S6K2,
RSK

S235/S236 Not well-defined role in
mRNA translation

Lekmine and others (2003);
Lekmine and others (2004);
Kaur and others (2008a);
Goncharova and others
(2010)

AKRRRLS*S*LRA,
S240/S244, S247
LSSLRAS*TSKS*ESS*QK

Indicated phosphorylation sites and sequences are for human proteins.
eIF4B, eukaryotic translation initiation factor 4B; eIF4F, eukaryotic translation initiation factor 4F; IFN, interferon; mTOR, mechanistic

target of rapamycin; RSK, ribosomal S6 kinase; MNK, MAPK interacting kinase.
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enhanced interaction of eIF4B with eIF3A promoting
eIF4B-associated ATPase activity (Kroczynska and others
2009). We have also found that mTOR-mediated signals
regulating S6K/eIF4B or ERK-mediated signals regulating
RSK/eIF4B are necessary for optimal mRNA translation of
ISGs. siRNA-mediated knockdown of either eIF4B or
eIF3A was found to result in decreased ISG15 protein ex-
pression, further supporting the significance of both trans-
lation initiation factors in IFNs responses (Kroczynska and
others 2009). Importantly, the RSK1/eIF4B cascade is
necessary for the growth-suppressing activity of IFN-a on
KT-1-derived leukemic progenitors (Kroczynska and others
2009). Altogether, these studies have suggested an impor-
tant role for eIF4B phosphorylation and its upstream regu-
latory effectors, S6K and RSK, in the generation of IFN
responses. Notably, some antiviral agents inhibit S6K ac-
tivity (Petkovic and others 2013), underscoring the com-
plexity of the regulatory networks required for optimal
responses and raising questions on whether different anti-
viral agents that could be theoretically used in combination
with IFNs may ameliorate their effects.

IFN-Dependent Phosphorylation
and Degradation of the Translation
Initiation Inhibitor PDCD4

Previous studies have shown that PDCD4 binds eIF4A
and can be a substrate for AGC kinases (Palamarchuk and
others 2005; Frescas and Pagano 2008; Lankat-Buttgereit
and Göke 2009). PDCD4 binds eIF4A via both its MA3
domains and competes with the MA3 domain of eIF4G for
eIF4A binding (Frescas and Pagano 2008; Suzuki and others
2008; Lankat-Buttgereit and Göke 2009). In 2006, the Pa-
gano group demonstrated for the first time that PDCD4 is
phosphorylated by S6K1 at Ser67, resulting in the recruit-
ment of SCF bTRCP ubiquitin ligase complex and the
subsequent degradation of PDCD4, relieving the negative
effects of the protein on translation-initiation (Dorrello and
others 2006). In the IFN system, it has been shown that the
activity of S6K is required for phosphorylation of PDCD4 in
MEFs, while RSK1 is the kinase responsible for the phos-
phorylation of PDCD4 in U266 and KT1 human hemato-
poietic cells (Kroczynska and others 2012) (Table 1).
Degradation of the phosphorylated PDCD4 facilitates IFN-
induced eIF4A activity and binding to eIF4G to promote
mRNA translation of ISG15, p21, and Schlafen5 (SLFN5)
(Kroczynska and others 2012), all of which play important
roles in the generation of IFN responses (Katsoulidis and
others 2009, 2010; Joshi and others 2010; Borden and
Williams 2011; Schoggins and Rice 2011; Wang and Fish
2012; Mavrommatis and others 2013). Moreover, engage-
ment of the ERK/RSK/PDCD4 pathway is required for the
suppressive effects of IFN-a on normal CD34 + hemato-
poietic precursors and induction of type I IFN antileukemic
effects in vitro (Kroczynska and others 2012).

Phosphorylation of Ribosomal Protein S6

rpS6, a component of the 40S ribosomal subunit, was the
first identified member of the family of S6K substrates
(Flotow and Thomas 1992). S6K1 and S6K2 are required for
full control of phosphorylation of rpS6, yet such targeting is
predominantly carried out by S6K2 (Pende and others

2004). Furthermore, phosphorylation of rpS6 at Ser235/
Ser236 can be still detected in cells lacking both of these
kinases, and such residual phosphorylation of these sites is
carried out by the MEK/ERK pathway, via RSK engage-
ment (Roux and others 2007). It has been shown in vitro that
phosphorylated rpS6 binds with a greater affinity to mRNA
and the 5¢-cap ( Jefferies and others 1997). Both type I and
type II IFN signaling via mTOR leads to activation of S6K
and, subsequently, phosphorylation of rpS6 (Lekmine and
others 2003, 2004; Goncharova and others 2010) (Table 1).
Remarkably, in contrast to what is seen in response to
growth factor receptors and serum, IFN-induced phosphor-
ylation of rpS6 requires the activity of both mTORC1
and mTORC2 complexes, which is consistent with IFN-
inducible mTORC2-dependent engagement of AKT and
subsequent activation of mTORC1 and S6K (Kaur and
others 2012). Despite the recent advances in the field, the
precise biochemical role of rpS6 in the mRNA translation in
response to not only IFN, but also other cytokines and
stimuli, still remains to be defined, and additional work will
be necessary in the future.

MEK/ERK Pathway

Previous work has established that Ras and the ERK/
MAPK pathway are activated by growth factors, hormones,
cytokines, neurotransmitters, and phorbol esters (Schaeffer
and Weber 1999; Kolch 2005; Rosner and others 2006;
Rozengurt 2007). The activation occurs frequently through
engagement of the receptor with tyrosine kinase activity and
G protein-coupled receptors (Rozengurt 2007). The com-
ponents of this pathway are Ras and the protein kinases Raf,
MEK, and ERK (Carriere and others 2008; Mendoza and
others 2011). The activated form of ERK phosphorylates
p90 RSK, and this pathway mediates signals that promote
cell survival (Anjum and Blenis 2008; Carriere and others
2008; Mendoza and others 2011). Previous work has es-
tablished that the ERK pathway is involved in the regulation
of ISG transcription (David and others 1995). Recent evi-
dence indicates that IFN-mediated activation of ERK1/2
plays an essential role in RSK-dependent phosphorylation of
eukaryotic translation factor 4B (eIF4B) (Kroczynska and
others 2009), and activation of the Mnk1 and 2 ( Joshi and
others 2009), ultimately controlling the phosphorylation of
the eukaryotic cap-binding protein eIF4E on serine 209
( Joshi and others 2009, 2011; Mehrotra and others 2013).

Phosphorylation of eIF4E by Mnk Kinases
and Its Significance in Generation of IFN
Antiproliferative Responses

The Mnk1 and Mnk2 directly phosphorylate eIF4E on
Ser209 (Waskiewicz and others 1997; Joshi and others
2010; Joshi and Platanias 2012). eIF4E is an oncogene with
important roles in post-transcriptional gene regulation
(Carroll and Borden 2013). The role of eIF4E phosphory-
lation on serine 209 in the control of translation is still not
well understood, but there is earlier evidence that Mnk ki-
nases are recruited to the translation initiation complex by
binding to eIF4G (Dobrikov and others 2011). Both type I
and II IFNs induce the activation of Mnk1 and phosphory-
lation of its effector eIF4E via engagement of Mek/Erk
( Joshi and others 2009, 2011) (Fig. 1). Mnk kinases are
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important for mRNA translation of ISGs during the regu-
lation of normal hematopoiesis by type I and II IFNs ( Joshi
and others 2009, 2011). In addition, it was recently shown
that the induction of Mnk kinase activity is required for the
suppressive effects of type I IFNs on malignant hemato-
poietic progenitors from patients with Polycythemia Vera
(PV) and generation of the antineoplastic effects in
Jak2V617F-transformed cells (Mehrotra and others 2013).
Other recent studies have shown that IFNs induce up-
regulation of Sprouty (Spry) proteins 1, 2, and 4, in an
Mnk-dependent manner and that these proteins exhibit sup-
pressive effects on IFN-dependent activation of the p38 Map
kinase and transcriptional regulation of ISGs (Sharma and
others 2012). Importantly, knockdown of Spry proteins en-
hanced the antileukemic effects of type I IFNs and promoted
IFN responses on malignant progenitors from patients with
Polycythemia Vera (Sharma and others 2012). Thus, beyond
effects on mRNA translation of ISGs, Mnk kinases appear to
mediate IFN responses, in part, by modulating IFN-dependent
gene transcription via their effects on Spry-p38 MAPK sig-
naling (Sharma and others 2012). Altogether, there is now
extensive evidence that Mnk kinases are important for IFNR-
inducible mRNA translation and generation of the effects of
IFNs on normal and malignant hematopoiesis.

Conclusions

IFNs generate their biological effects by inducing the
expression of ISGs and their protein products. Activation
of the AKT/mTOR pathway results in the engagement
of various effectors phosphorylation that control cap-
dependent mRNA translation and regulate the translation of
ISGs. The MEK/ERK MAPK pathway plays an important
role in modulating the translation of ISGs by controlling
IFN-mediated phosphorylation of eIF4E via Mnk kinases, as
well as eIF4B, and PDCD4 via RSK in certain cell types.
Although there have been major advances in recent years in
the field of mRNA translation of ISGs, a substantial amount
of additional work will be required in the future to complete

our overall understanding of the mechanisms of translational
regulation and control of the expression of ISGs in the IFN
system. Better understanding of these pathways and mech-
anisms may well provide the basis for approaches that could
ultimately enhance the clinical efficiency of IFNs and ad-
vance our overall understanding of the mechanisms of in-
nate immunity.
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