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Multiple signaling pathways are engaged by the type I and II IFN
receptors, but their specific roles and possible coordination in the
generation of IFN-mediated biological responses remain unknown.
We provide evidence that activation of Akt kinases is required for
IFN-inducible engagement of the mTOR/p70 S6 kinase pathway.
Our data establish that Akt activity is essential for up-regulation of
key IFN-�- and IFN-�-inducible proteins, which have important
functional consequences in the induction of IFN responses. Such
effects of the Akt pathway are unrelated to regulatory activities on
IFN-dependent STAT phosphorylation/activation or transcriptional
regulation. By contrast, they reflect regulatory activities on mRNA
translation via direct control of the mTOR pathway. In studies using
Akt1 and Akt2 double knockout cells, we found that the absence
of Akt kinases results in dramatic reduction in IFN-induced antiviral
responses, establishing a critical role of the Akt pathway in IFN
signaling. Thus, activation of the Akt pathway by the IFN receptors
complements the function of IFN-activated JAK–STAT pathways, by
allowing mRNA translation of IFN-stimulated genes and, ulti-
mately, the induction of the biological effects of IFNs.

The type I (�, �, �, �, �) and II (�) interferons (IFNs) exhibit
a wide spectrum of biological activities in target cells,

including antiviral, immunomodulatory, antiangiogenic, and
growth inhibitory effects (1–6). Because of such effects, certain
IFN subtypes have been extensively used over the years in clinical
medicine for the treatment of various malignancies, viral infec-
tions, and neurologic disorders (7–9). Such extensive use of these
cytokines for the treatment of human diseases underscores their
importance and emphasizes the need to better understand the
mechanisms by which they generate their pleiotropic biological
effects.

Beyond the classic JAK–STAT pathways, a plethora of evi-
dence has emerged over recent years implicating other signaling
cascades in the transmission of signals generated by the type I
and II IFN receptors. Among them, MAPK pathways, and in
particular the p38 MAPK signaling cascade, appear to play key
roles in the optimal transcriptional regulation in response to
IFNs, in the absence of direct effects on the activation or nuclear
translocation of STAT proteins (10, 11). Such functions of p38
and its effectors have important biological implications and are
required for generation of both antiviral and growth inhibitory
responses in response to IFNs (12, 13). Another signaling
cascade, the mTOR/p70 S6 kinase pathway is also regulated by
both the type I (14) and II (15) IFN receptors, whereas the
downstream target of mTOR, translational repressor 4E-BP1,
exhibits a negative regulatory role in the generation of the
antiviral effects of IFN-� (16), raising the possibility that mTOR-
mediated signals participate in the optimal generation of IFN-
induced signals and biological effects.

Previous work had shown that the catalytic subunit of the
PI3-kinase is induced during the IFN-dependent interaction of
its p85 regulatory subunit with insulin receptor substrate pro-
teins (17, 18). Subsequent studies demonstrated that Akt, a
known downstream effector of the PI3-kinase (19, 20), is acti-

vated by IFNs in different cell types (21–24), but the functional
relevance of this pathway and its downstream effectors in IFN
signaling remains unknown. In fact, there has been conflicting
evidence in the literature on the role of Akt in type I IFN
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Fig. 1. Type I IFN-dependent phosphorylation/activation of Akt. (A and B)
Akt1�/�2�/�, Akt1�/�2�/�, and Akt1�/�2�/� MEFs were treated with mouse
IFN-� for the indicated times. Equal protein aliquots were processed for
immunoblotting with antibodies against phosphorylated forms of Akt on
Ser-473 (A) or Thr-308 (B). Respective blots were stripped and reprobed
with a pan anti-Akt antibody as indicated. (C) Akt1�/�2�/� and Akt1�/�2�/�

MEFs were treated with mouse IFN-� for the indicated times. (Top) Equal
protein aliquots were immunoblotted with an antibody against the phos-
phorylated form of Akt on Ser-473. (Middle) Equal protein aliquots from
the same experiment were resolved on separate gels and probed with an
anti-Akt antibody. (Bottom) The blot shown in Top was reprobed with an
anti-tubulin antibody to control for protein loading.
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signaling. Some studies have suggested that this kinase plays a
negative regulatory role in the generation of IFN responses, by
blocking IFN-dependent apoptosis (21) and/or promoting cell
survival (22). On the other hand, other work has suggested that
Akt is a positive regulator of IFN-stimulated adhesion of mono-
cytes (23) and a positive regulator of IFN-�-dependent induction
of the �-R1 (SCYB11) gene (24). Such discrepancies in defining
the role of Akt kinase in IFN signaling apparently reflects the
inherent difficulties of working with pharmacological inhibitors
that exhibit relative lack of specificity.

In the current study, we used cells with targeted disruption of
the Akt1 and Akt2 genes to definitively establish their roles in
IFN signaling. Our data demonstrate that IFN-dependent en-
gagement of Akt is required for downstream activation of mTOR
and the p70 S6 kinase (p70 S6K) pathway and phosphorylation/
deactivation of 4E-BP1. Importantly, we found that Akt activa-
tion is required for mRNA translation of IFN-stimulated genes

(ISGs) and generation of the antiviral effects of IFNs. Alto-
gether, these studies establish an important complementary role
for Akt1 and Akt2 to the function of the classic IFN-regulated
STAT pathway, involving control of mRNA translation of ISGs
via activation of mTOR and its effectors.

Results
We examined the effects of different type I IFNs on the
phosphorylation/activation of Akt. We used immortalized
mouse embryonic fibroblasts (MEFs) obtained from parental
Akt1�/� (25) and Akt1�/�Akt2�/� mice (26). Treatment of
wild-type MEFs with mouse IFN-� resulted in phosphorylation
of Akt on Ser-473 (Fig. 1A), whereas a weaker signal was still
detectable in the single knockout Akt1�/� MEFs, apparently
reflecting phosphorylation of Akt2 (Fig. 1 A). Such phosphory-
lation was defective in double Akt1�/�2�/� cells (Fig. 1 A). The
weak residual phospho activity noted in some experiments in

Fig. 2. Requirement of Akt1 and Akt2 for type I and II IFN-dependent engagement of mTOR-regulated signaling cascades. (A) Akt1�/�2�/� and Akt1�/�2�/�

MEFs were treated with mouse IFN-� or mouse IFN-� for the indicated times. Equal protein aliquots were processed for immunoblotting with an antibody against
the phosphorylated form of p70 S6 kinase on Thr-389. The same blot was reprobed with an anti-tubulin antibody. (B and C) Akt1�/�2�/� and Akt1�/�2�/� MEFs
were treated with mouse IFN-� (B) or mouse IFN-� (C) for the indicated times. Equal protein aliquots were processed for immunoblotting with antibodies against
the phosphorylated forms of the S6 ribosomal protein on Ser-235/236 or Ser-240/244. The respective blots were reprobed with anti-GAPDH antibody as indicated.
Equal protein aliquots from the same experiments were resolved on separate gels and immunoblotted with an antibody against rpS6. (D and E) Akt1�/�2�/� and
Akt1�/�2�/� MEFs were treated with mouse IFN-�, and equal protein aliquots were processed for immunoblotting with an antibody against the phosphorylated
form of p70 S6 kinase on Thr-389 (D Upper) or with an antibody against the phosphorylated form of rp S6 on Ser-235/236 (E Upper). Respective blots were
reprobed with an anti-tubulin antibody (D Lower) or an anti-GAPDH antibody (E Lower). (F and G) Akt1�/�2�/� and Akt1�/�2�/� MEFs were treated with mouse
IFN-� (F) or mouse IFN-� (G) for the indicated times. Equal protein aliquots were processed for immunoblotting with antibodies against the phosphorylated forms
of 4EBP1 on Thr-70 or Thr-37/46, as indicated. The same blots were reprobed with GAPDH to control for protein loading.
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these cells likely reflects the presence of the Akt3 isoform.
Treatment of parental cells with IFN-� also resulted in Akt
phosphorylation on Thr-308 (Fig. 1B), the PDK1 phosphoryla-

tion site (20). Treatment of parental MEFs with another type I
IFN, IFN-�, also resulted in phosphorylation of Akt in wild-type
cells (Fig. 1C), but no signal was detectable in Akt1�/�2�/� cells
(Fig. 1C). Altogether, these studies established that Akt is
phosphorylated in a type I IFN-dependent manner on key sites
required for its activation.

We subsequently proceeded to determine whether type I
IFN-inducible phosphorylation/activation of p70 S6K (14) is
Akt-dependent. Both IFN-� and IFN-� induced strong phos-
phorylation of p70 S6K in wild-type MEFs, but this phosphor-
ylation was defective in Ak1/Akt2 double knockout MEFs (Fig.
2A). In addition, the phosphorylation of the downstream effector
of p70 S6K, S6 ribosomal protein (rpS6), was defective in the
absence of Akt1/Akt2 (Fig. 2 B and C). Such defects were seen
in the phosphorylation of the protein on both Ser-235/236 and
Ser-240/244 (Fig. 2 B and C) whether IFN-� (Fig. 2B) or IFN-�
was used (Fig. 2C).

Beyond type I IFNs, activation of the mTOR pathway occurs
during the engagement of the type II (IFN-�) receptor (15). In
similar experiments using IFN-�, we also found defective phos-
phorylation of p70 S6K (Fig. 2D) and downstream phosphory-
lation of rpS6 (Fig. 2E), establishing that Akt activity is a
common requirement for the activation of the mTOR/p70 S6K
pathway, in response to both type I and II IFNs. In other
experiments, we assessed the requirement of Akt activity in type
I IFN-inducible phosphorylation of the translational repressor
4E-BP1 (14), an event that is known to be mTOR-dependent, but
p70 S6K-independent (19). Although IFN-�- or IFN-�-induced
phosphorylation of 4E-BP1 on Thr-70 and Thr-37/46 was clearly
detectable in Akt1�/�2�/� MEFs, such phosphorylation/
deactivation (16) of the protein was not observed in the Akt1/
Akt2 double knockout cells (Fig. 2 F and G), establishing that
engagement of Akt is required for regulation of both major
pathways downstream of mTOR.

In subsequent experiments, we sought to determine whether
the function of Akt is required for expression of protein products
known to participate in the generation of IFN-dependent bio-
logical effects. Initially, we determined the effects of targeted
disruption of the Akt1/Akt2 genes on the expression of ISG15,
a type I IFN-induced protein product that participates in the
generation of IFN responses by regulating ISGylation (27, 28).
In addition, we assessed the requirement of Akt activity on the
expression of CXCL10 (IP10), a type II IFN-induced chemokine
known to regulate IFN-�-dependent proapoptotic responses
(29). Akt1�/�2�/�, Akt1�/�2�/�, and Akt1�/�Akt2�/� MEFs
were incubated in the presence or absence of mouse IFN-�, and
cell lysates were resolved by SDS/PAGE and immunoblotted
with an anti-ISG15 antibody. There was strong induction of
ISG15 protein expression in parental MEFs, but such expression
was decreased in Akt1�/� cells (Fig. 3A). Moreover, induction of
ISG15 protein expression was even more suppressed and only
barely detectable in the double knockout Akt1/Ak2 knockout
cells (Fig. 3A). Similar to what we observed in the case of ISG15
expression by IFN-�, there was defective IFN-�-inducible ex-
pression of the CXCL10 protein in cells with targeted disruption
the Akt1 and Akt2 genes (Fig. 3B), suggesting that Akt kinases
are common elements in the signaling pathways for both type I
and II IFNs. To definitively establish the requirement of Akt
kinase activity on IFN-dependent ISG15 expression, we per-
formed experiments in which a kinase-defective/dominant-
negative Akt mutant was overexpressed in U2OS cells, and the
effects of such overexpression on IFN-dependent ISG15 induc-
tion were examined. As shown in Fig. 3C, overexpression of the
Akt dominant negative mutant suppressed ISG15 protein ex-
pression, further demonstrating the importance of Akt kinases in
the process.

Our data suggested that the Akt pathway is required for type I
and II IFN-inducible protein expression for genes that are known
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Fig. 3. Akt is required for IFN-dependent ISG15 and CXCL10 protein expres-
sion. (A) Akt1�/�2�/�, Akt1�/�2�/�, and Akt1�/�2�/� MEFs were treated with
mouse IFN-� as indicated. Equal protein aliquots were processed for immu-
noblotting with an anti-mouse ISG15 antibody. The same blot was reprobed
with an anti-tubulin antibody as indicated. The signals for ISG15 and tubulin
from three independent experiments (including the one shown) were quan-
titated by densitometry, and the intensity of ISG15 relative to tubulin was
calculated. Data are expressed as means of ratios of ISG15/tubulin � SE for
each experimental condition. (B) Akt MEFs were treated with mouse IFN-� as
indicated. Equal protein aliquots were processed for immunoblotting with an
anti-mouse IP10 antibody. Same blot was reprobed with anti-tubulin antibody
as indicated. The signals for IP10 and tubulin from two independent experi-
ments (including the one shown) were quantitated by densitometry, and the
intensity of IP10 relative to tubulin was calculated. Data are expressed as
means of ratios of IP10/tubulin � SE for each experimental condition. (C) U20S
cells were transfected with either the control empty vector or a dominant-
negative Akt mutant and treated with human IFN-� as indicated. Equal
protein aliquots were processed for immunoblotting with anti-ISG15 anti-
body. The blot was stripped and probed with anti-GAPDH antibody. Lysates
from the same experiment were resolved separately and immunoblotted with
an anti-Akt antibody. Also shown is longer exposure of the same blot to
demonstrate the presence of endogenous Akt protein.
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to be regulated by the classic JAK–STAT pathway (2, 3, 5). To
determine whether such effects reflect regulatory activities of Akt
on events that control IFN-dependent gene transcription, luciferase
reporter assays were carried out to determine the effects of Akt on
type I IFN-dependent transcription via IFN-stimulated response
element (ISRE) elements or type II IFN-dependent transcription
via IFN-� activation site (GAS) elements. There were no defects in
IFN-�-inducible transcription via ISRE elements (Fig. 4A) or
IFN-�-inducible transcription via GAS elements (Fig. 4B) in
Akt1�/�2�/� cells, indicating that Akt activity is not essential for
transcriptional regulation of IFN-�- or IFN-�-inducible genes.
Consistent with these results, when IFN-dependent mRNA expres-
sion for the Isg15 and Cxcl10 genes was directly assessed, there were
no significant differences in the induction seen in Akt1�/�2�/�

MEFs compared with Akt1�/�2�/� MEFs (Fig. 4 C and D),
suggesting that decreased expression of these proteins in
Akt1�/�2�/� cells does not reflect effects on the transcription of
respective genes. Furthermore, the lack of Akt1/Akt2 expression
did not result in defective phosphorylation of Stat1 on Tyr-701 or
Ser-727 in response to either IFN-� (Fig. 4 E and G) or IFN-� (Fig.
4 F and H). Thus, although induction of ISG15 and CXCL10
protein expression by type I and II IFNs is defective in the absence
of Akt1/Akt2, targeted disruption of the genes for these kinases
does not alter IFN-inducible transcription, suggesting that IFN-
dependent engagement of Akt selectively regulates mRNA trans-
lation of IFN-target genes.

In further studies we directly examined the role of the Akt
pathway in the type I IFN-dependent mRNA translation of the
Isg15 gene. Akt1�/�2�/� and Akt1�/�2�/� cells were treated with
IFN-�, polysomal mRNA was isolated (Fig. 5A), and the induc-

tion of Isg15 mRNA in the polysomal fractions was determined.
As shown in Fig. 5, mRNA translation for the Isg15 gene was
defective in Akt1/2 knockout cells (Fig. 5B), directly establishing
that the Akt1/2 activity ultimately regulates type I IFN-inducible
mRNA translation, apparently via regulatory control on the
activation of the mTOR pathway.

We subsequently sought to evaluate the functional relevance of
the IFN-activated Akt pathway in the generation of IFN responses.
A common and universal characteristic of all different IFNs is their
ability to protect cells from viral infections. We examined the
antiviral properties of mouse IFN-�4 against encephalomyocarditis
virus (EMCV) infection in wild-type and Akt1/Akt2 knockout
MEFs as compared with parental wild-type MEFs. Cells expressing
Akt1/Akt2 exhibited the expected sensitivity to the antiviral effects
of IFN-�4, with small amounts of the cytokine resulting in signif-
icant protection from the cytopathic effects of EMCV (Fig. 5C).
However, Akt1�/�2�/� MEFs were far less sensitive to the antiviral
effects of IFN-�4, establishing that engagement of Akt kinases is
required for IFN-induced antiviral responses on target cells.

Discussion
It is now well established that the function of STAT proteins is
required for IFN-dependent gene transcription of ISGs, and that
tyrosine phosphorylation of STATs by activated JAKs is re-
quired for the nuclear translocation of STATs and binding to
ISRE or GAS elements in the promoters of ISGs (1–6). In
addition, phosphorylation of Stats on Ser-727 is also required for
its full transcriptional activity (2–6). Such IFN-dependent serine
phosphorylation of Stat1 appears to be mediated primarily by the
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Fig. 4. IFN-dependent gene transcription and STAT activation is intact in the absence of Akt. (A and B) Akt1�/�2�/� or Akt1�/�2�/� MEFs were transfected with
a �-galactosidase expression vector and either ISRE (A) or GAS (B) luciferase plasmids. Triplicate cultures were either left untreated or treated with IFN-� (A) or
IFN-� (B) for 6 h, and luciferase reporter assays were performed. The data are expressed as relative luciferase units for each condition, normalized for
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serine kinase activities of members of the protein kinase C family
of proteins, including PKC� (30–33) and PKC� (34).

Although the signaling pathways that mediate transcription
of IFN-targeted genes have been studied extensively, the
events that account for mRNA translation and protein expres-
sion of specific gene products remain largely unknown. We
have recently provided evidence that type I and II IFNs induce
activation of mTOR and the p70 S6 kinase (14–16), raising the
possibility that this signaling cascade accounts for IFN-
dependent mRNA translation. However, the precise mecha-
nisms of activation of this pathway have remained unknown. A
confounding issue is the fact that by inducing antiproliferative
effects, IFNs affect global suppression of mRNA translation,

whereas a major mechanism by which IFNs generate antiviral
responses involves suppression of viral RNA translation
(35–37).

In the present study, we provide evidence that establishes that
the major role of the Akt pathway in type I or II IFN signaling
is downstream engagement of mTOR-regulated pathways and
control of mRNA translation. Using cells with targeted disrup-
tion of the genes for the two major Akt isoforms, Akt1 and Akt2,
we directly demonstrate an important role of Akt kinases in
IFN-dependent mRNA translation and induction of antiviral
responses. These findings establish that Akt plays a positive role
in IFN signaling and address an outstanding issue of how signals
generated at the type I or II IFN receptor ultimately lead to
generation of protein products that mediate the biological effects
of IFNs. Our findings support a model in which, in parallel to the
activation of the classic JAK–STAT pathway, the IFN receptors
engage a signaling cascade involving sequential engagement of
Akt, mTOR, and its effectors. Such engagement of the Akt/
mTOR pathway subsequently leads to selective and targeted
mRNA translation of specific ISGs, such as Isg15, the transcrip-
tion of which is controlled by IFN-activated STAT complexes.
Our data strongly suggest that the role of Akt in IFN signaling
is selective and specific in the control of mRNA translation. A
previous study had demonstrated that activation of the PI3-
kinase pathway plays a key role in phosphorylation of Ser-727 of
Stat1 (38). Such data had raised the possibility that Akt may be
the downstream regulator of PI3- kinase that mediates Stat1
serine phosphorylation (38, 39). Consistent with these results,
our previous studies show that PI3-kinase activity is required for
IFN-�-dependent serine phosphorylation of Stat1 (31). How-
ever, our studies using Akt1�/�2�/� MEFs demonstrate that
Akt1/Akt2 activity is not required for Stat1–Ser-727 phosphor-
ylation and suggest that different kinase regulates Stat1 serine
phosphorylation downstream of the PI3-kinase. The lack of Akt
involvement in the process is consistent with PKC� acting as the
primary serine kinase for Stat1, as its activation by IFN-� is
PI3-kinase-dependent (30–33).

Akt is activated in response to various growth factors and cell
survival signals and phosphorylates and regulates the activity of
several downstream targets, including Tsc2, GSK3, FoxO tran-
scription factors, PRAS40, and Bad (39–41). In general, the
primary functions of Akt appear to be promotion of cell survival,
growth, and proliferation, whereas Akt isoforms also play key
roles in the promotion of angiogenesis and control of cellular
metabolism (41). Our findings that the function of Akt is
required for the generation of IFN-dependent antiviral re-
sponses and complements the function of the IFN-activated
STAT pathway indicate that Akt plays a novel and important role
in IFN signaling. In addition, they suggest that Akt exhibits
divergent biological effects in a cytokine-dependent manner,
depending on the context of its activation. It is of particular
interest that several viruses activate and use the PI3-kinase/Akt
pathway to promote cell survival and virus replication (42, 43).
The fact that the same pathway is used by IFNs to generate
antiviral responses raises the intriguing possibility that IFN
receptors compete with viruses for the use of Akt kinases and
potentially deprive them from a pathway essential for their
replication. Although the validity of such a hypothesis remains
to be established, our data provide definitive evidence that the
Akt pathway is essential for the induction of IFN responses and
complements the function of the STAT pathway.

Materials and Methods
Cell Lines and Reagents. Immortalized MEFs from Akt knockout mice (25, 26)
were cultured in DMEM containing 10% FCS and antibiotics. The dominant
negative K179M Akt mutant has been described (44, 45).
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Fig. 5. Engagement of Akt is essential for IFN-dependent mRNA translation
and generation of antiviral responses. (A) Akt1�/�2�/� and Akt1�/�2�/� MEFs
were either left untreated or treated with mIFN-�. Cell lysates were separated
on 10–50% sucrose gradient, and OD at 260 nm was recorded. The OD260 is
shown as a function of gradient depth for each treatment. (B) Polysomal
fractions were collected as indicated in A, and RNA was isolated. Subse-
quently, quantitative real-time RT-PCR assays to determine Isg15 mRNA ex-
pression in the polysomal fractions was carried out, using GAPDH for normal-
ization. Data are expressed as fold increase over IFN-�-untreated samples and
represent means � SE of three independent experiments. Paired t test analysis
comparing induction of Isg15 mRNA in polysomal fractions of Akt1�/�2�/�

MEFs versus Akt1�/�2�/� MEFs showed a paired P value � 0.0087. (C) Akt1�/�

2�/� and Akt1�/�2�/� MEFs were incubated in triplicate with the indicated
doses of mouse IFN-�. The cells were subsequently challenged with EMCV, and
the cytopathic effects (CPE) were quantified 4 days later. Data are expressed
as percent protection from CPE of EMCV.
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Cell Lysis and Immunoblotting. Cells were treated, lysed, and prepared for
immunoblotting as described (16, 46). For short time treatments (up to 60
min), MEFs were serum-starved overnight before treatment with 104 units/ml
of mouse IFN-�4 or IFN-� or 5 � 103 units/ml of IFN-� .

Luciferase Reporter Assays. Luciferase reporter assays were performed as
described (10, 16).

Quantitative RT-PCR. Cells were treated with 5 � 103 units/ml of IFN-� or
2.5 � 103 units/ml of IFN-� for 6 h, and quantitative RT-PCR was carried out
as described (16). Real-time RT-PCR to determine expression of Isg15
and Ip10 mRNAs was carried out by using commercially available FAM-
labeled probes and primers (Applied Biosystems). GAPDH was used for
normalization.

Isolation of Polysomal RNA. Akt WT and Akt 1�/�2�/� MEFS were treated with
mIFN-� for 40 h, and polysomal fractionation was performed by using slight
modifications of previously described protocols (47, 48). The polysomal frac-
tions were pooled, and total RNA from polysomal fractions was isolated with
a Rnaqeous-micro kit from Ambion.

Antiviral Assays. The antiviral effects of mouse IFN-� in MEFs were determined
in assays using EMCV as the challenge virus as described (16).

Further experimental details are listed in supporting information (SI) Text.
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