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Herpes Simplex Virus is Akt-ing
in translational control
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All viruses depend on the cellular protein synthesis ma-
chinery for the production of viral proteins. Thus, viruses
have evolved a variety of strategies to avoid innate host
responses that inhibit protein synthesis. In this issue of
Genes & Development, Chuluunbaatar and colleagues
(pp. 2627–2639) demonstrate that Herpes Simplex Virus-1
counteracts this response through viral kinase Us3, which
mimics cellular kinase Akt to phosphorylate and repress
tuberous sclerosis complex 2 (TSC2), resulting in the ac-
tivation of mammalian target of rapamycin complex 1
(mTORC1) and enhancement of mRNA translation.

Translation initiation is the rate-limiting step in protein
biosynthesis and is controlled by at least two major
mechanisms (Sonenberg and Hinnebusch 2009). One
mechanism relies on the abundance of functional initia-
tor tRNA molecules bound to eukaryotic initiation factor
2 (eIF2). For example, when eukaryotic cells encounter
heat-induced protein misfolding, nutrient starvation, or
virus infection, the a subunit of trimeric eIF2 is phosphor-
ylated by a variety of protein kinases. As a result, forma-
tion of ternary initiator tRNA–eIF2 complexes becomes
limiting and translation initiation at the AUG start codon
is inefficient (Sonenberg and Hinnebusch 2009). A second
mechanism is dependent on the phosphorylation status of
the 4E-binding proteins (4E-BPs). In particular, dephos-
phorylated 4E-BP binds the cap-binding protein eIF4E,
competing with eIF4G for eIF4E. Interaction of eIF4E with
eIF4G is important in the formation of the multicompo-
nent complex eIF4F, which recruits the 40S ribosomal
subunits to the mRNA (Fig. 1). Thus, sequestration of
eIF4E by 4E-BP inhibits cap-dependent translation initia-
tion (Sonenberg and Hinnebusch 2009).

Role of the mammalian target of rapamycin complex
(mTORC) signaling pathway in translational control

As predicted, 4E-BPs are hyperphosphorylated in actively
dividing cells when cap-dependent translation is very

efficient. There was much excitement when mTOR was
identified as the kinase that phosphorylates the 4E-BPs
and the ribosomal S6 kinase (S6K) (Ma and Blenis 2009).
mTORC is regulated by the heterodimeric tuberous
sclerosis complex (TSC1/2) and the compound rapamycin
(Ma and Blenis 2009). For example, when growth factors
are abundant, translation is promoted because TSC1/2 is
inactivated by phosphorylation by serine/threonine pro-
tein kinases Akt or ERK (Fig. 1). TSC1/2 inactivation leads
to accumulation of Ras homology-enriched in brain small
G protein (Rheb)-GTP (Tee et al. 2003), which stimulates
mTORC kinase activity, leading to the accumulation
of phosphorylated 4E-BP and formation of eIF4E–eIF4G
complexes (Fig. 1). In contrast, when ATP/AMP ratios
are low, translation is inhibited because AMP-activated
protein kinase AMPK activates TSC2 (Inoki et al. 2003),
which then acts as a GTPase-activating protein to pro-
mote GTP hydrolysis by Rheb (Tee et al. 2003). Rheb-GDP
accumulation inactivates mTORC, leading to the accu-
mulation of hypophosphorylated 4E-BP and sequestration
of eIF4E. Overall, mTORC regulates the efficiency of cap-
dependent translation by phosphorylation of 4E-BP (Fig. 1).

Interference of herpesviruses with the mTORC
signaling pathway

Herpesviruses can modulate the TSC/mTORC/4E-BP/
eIF4E signaling cascade in several ways to ensure contin-
uous viral protein synthesis in infected cells. For exam-
ple, human cytomegalovirus (HCMV) encodes UL38,
which is a TSC2-binding protein that promotes mTORC
activation (Moorman et al. 2008). Epstein-Barr virus en-
codes latency protein LMP2A, which activates Akt and
mTORC, leading to 4E-BP phosphorylation and trans-
lation activation (Moody et al. 2005). Finally, Kaposi’s
sarcoma-associated herpesvirus expresses a viral G pro-
tein-coupled receptor (vGPCR) that constitutively acti-
vates Akt, leading to phosphorylation and inactivation of
TSC2 (Sodhi et al. 2006). Yet, the role that mTORC plays
during Herpes Simplex Virus-1 (HSV-1) infection has
remained a relatively unexplored area.

The current study by Chuluunbaatar et al. (2010) re-
veals a novel, surprising mechanism by which HSV-1
modulates the phosphorylation of 4E-BPs by an Akt mi-
metic protein. First, Chuluunbaatar et al. (2010) noted that
expression of nonphosphorylatable 4E-BP, a translational
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repressor (Fig. 1), diminished viral protein synthesis. This
finding suggested that accumulation of phosphorylated
4E-BP, a substrate of mTORC, was necessary to augment
HSV-1 mRNA translation (Fig. 1).

Searching for HSV-1-induced kinases that mediate 4E-BP
phosphorylation

HSV-1 expresses two serine/threonine protein kinases:
UL13 and Us3. Therefore, it was possible that one of these
kinases regulated signaling in the mTORC pathway.
While UL13-deficient HSV-1 was still able to induce 4E-
BP1 phosphorylation, deletion of the viral Us3 protein
kinase gene resulted in a marked increase in the hypo-
phosphorylated form of 4E-BP1. Reintroduction of the
Us3 gene rescued 4E-BP1 phosphorylation in recombi-
nant virus-infected cells. Reintroduction of an Us3 mu-
tant gene with a defect in the Us3 kinase domain, how-
ever, failed to rescue the phenotype, demonstrating that
the enzymatic activity of Us3 was needed to signal 4E-
BP1 hyperphosphorylation.

Identification of the Us3 kinase substrate in the mTORC
signaling pathway

HSV-1 has been shown to activate Akt (Benetti and
Roizman 2006), which could potentially activate the

phosphorylation of 4E-BP1 by mTORC through TSC2.
However, Chuluunbaatar et al. (2010) found that specific
inhibition of Akt did not block wild-type HSV-1-induced
4E-BP1 phosphorylation. Curiously, the Akt phosphory-
lation sites in TSC2, at positions T1462 and S939, were
phosphorylated in HSV-1-infected cells. These findings
suggest that a kinase other than Akt phosphorylated
TSC2 at positions T1462 and S939. Remarkably, deletion
of the Us3 gene or elimination of Us3 kinase activity
abrogated HSV-1-stimulated TSC2 phosphorylation, ar-
guing that Us3 or an Us3-induced kinase phosphorylated
TSC2.

Us3 shares little similarity with Akt, yet Chuluunbaatar
et al. (2010) presented three lines of evidence demon-
strating that Us3 is likely a functional Akt surrogate.
First, TSC2 was phosphorylated when Us3 was expressed
in isolation, independently of HSV-1 infection. Second, in
vitro kinase assays using immunopurified Us3 and TSC2
showed that TSC2 phosphorylation depended on Us3
kinase activity and ATP. Last, direct phosphorylation of
TSC2 by the viral kinase was shown using engineered
Us3 that can use a bio-orthogonal ATPgS analog (Allen
et al. 2007). In this remarkable technique, a kinase is
engineered to specifically use N6-alkylated ATPgS to
thiophosphorylate substrates. Unengineered kinases can-
not use the alkylated thiolated ATP. Targets of the
engineered kinase are subsequently detected in Western
blots using antibodies directed against thiophosphate-
ester moieties (Allen et al. 2007). Indeed, only engineered
Us3 could thiophosphorylate TSC2, providing excellent
support that TSC2 is a direct target of the Us3 kinase.
To determine whether TSC2 phosphorylation ultimately
affected 4E-BP1, a nonphosphorylatable, constitutively
active TSC2 was expressed that prevented HSV-1-induced
4E-BP1 phosphorylation. This finding suggests that Us3
phosphorylates and inhibits TSC2 activity to allow phos-
phorylation of 4E-BP1.

To examine the biological consequences of Us3-
mediated TSC2 phosphorylation, Chuluunbaatar et al.
(2010) examined the effects of an Us3 gene deletion on
viral growth. Indeed, the Us3 deletion mutant displayed
diminished virus production. To determine whether this
was due to impaired TSC2 inhibition, TSC2 was depleted
by siRNAs. Strikingly, TSC2 depletion rescued the
growth of the Us3-deleted virus by 20-fold. These data
provide genetic evidence that Us3-mediated inhibition
of TSC2 allows for efficient HSV-1 virus production.
Nonetheless, it will be interesting to learn whether
viral growth is specifically enhanced at the level of viral
mRNA translation, or whether ongoing cellular trans-
lation is also required.

Us3 phosphorylates several cellular substrates of Akt

Chuluunbaatar et al. (2010) examined whether Us3 could
also phosphorylate known cellular Akt substrates. They
provided evidence that Akt substrates FOXO1 and GSK3
were phosphorylated by the viral kinase. Thus, it will
be interesting to explore whether phosphorylation of
FOXO1, GSK3, and other cellular substrates influences

Figure 1. Modulation of the mTORC pathway by HSV-1. See
the text for details. Factors promoting cap-dependent translation
initiation are shown in green. Proteins that inhibit cap-depen-
dent translation are shown in pink. The translational machinery
is shown in gray, and viral protein Us3 is shown in blue.
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the outcome of HSV-1 infection. In this respect, it is
noteworthy that depletion of TSC2 rescued the deleted
Us3 virus by only 20-fold, but not to wild-type levels.

Viral strategies to usurp the cellular
translation apparatus

As mentioned above, many virus infections induce the
phosphorylation of eIF2, which results in the inhibition of
both viral and cellular mRNA translation. Thus, viruses
have evolved elaborate ways to down-regulate the eIF2
kinases. In this Perspective, we briefly summarize how
viruses can modulate the mTORC pathway and the ac-
tivity of the cap-binding protein complex to ensure access
of the viral mRNAs to the translation apparatus (Fig. 2).
We refer the interested reader to an excellent recent re-
view on this topic (Roberts et al. 2009).

Poxviruses and adenoviruses activate the mTORC
pathway to enhance 4E-BP phosphorylation and stimu-
late cap-dependent mRNA translation (Roberts et al.
2009). Similarly, human papillomavirus (HPV) also in-
terferes with the mTORC pathway by a mechanism in
which the HPV16 E6 oncoprotein binds and induces the
degradation of TSC2 (Fig. 2; Lu et al. 2004). However, a
recent study by Spangle and Munger (2010) did not observe
an HPV16-induced TSC2 degradation. Rather, Spangle and
Munger (2010) noted an enhanced Akt activity, which
stimulated mTORC1 and led to a rapamycin-sensitive
increase in cap-dependent translation. Picornaviruses and
rhabdoviruses, on the other hand, can induce the dephos-
phorylation of 4E-BPs, leading to inhibition of translation
(Roberts et al. 2009).

Most viral mRNAs are capped, and must therefore com-
pete with capped, cellular mRNAs for the cap-binding
protein complex eIF4F (Figs. 1, 2). Herpesvirus and ade-
novirus infections modulate the Mnk kinase that phos-
phorylates the cap-binding protein eIF4E, enhancing its

affinity for cap structures. Several DNA and RNA viruses
modify or manipulate the eIF4F scaffolding protein eIF4G
(Fig. 2). For example, several picornaviruses proteolyze
eIF4G and the poly(A)-binding protein, which results
in the inhibition of translation of capped mRNAs. How-
ever, most picornaviral mRNAs can be translated by an
internal ribosome entry mechanism that does not require
eIF4E (Roberts et al. 2009). Interestingly, infection of
insect cells with cricket paralysis virus results in the dis-
sociation of eIF4G from eIF4F (Garrey et al. 2010), re-
sulting in the inhibition of host mRNA translation, but
allowing viral mRNA translation by an internal ribosome
entry mechanism.

Other RNA viruses have found creative ways to usurp
or circumvent cap-dependent regulation during infection,
and we point out two astonishing examples. Influenza
virus is known to employ a ‘‘cap-snatching’’ mechanism
in which 59-terminal m7G-capped RNA fragments are
‘‘stolen’’ from cellular mRNAs and attached to the viral
mRNAs (Boivin et al. 2010). Hantavirus nucleocapsid
N protein is a cap-binding protein that substitutes for all
three members of the eIF4F cap-binding complex (Mir
and Panganiban 2008). Thus, the N protein is predicted
to facilitate cap-dependent translation when 4E-BPs are
dephosphorylated.

Concluding remarks

While all of these examples point to sophisticated mech-
anisms by which viruses can hijack ribosomes from the
host, they also point to viral Achilles’ heels. It is logical to
invoke the mTORC pathway as an antiviral target to
combat HSV-1. However, most inhibitors of mTORC also
have immunosuppressive effects. Thus, targeting viral
Us3 seems to be an attractive idea, especially if specific
Us3 modulators do not affect normal functions of Akt.
Of course, it needs to be seen whether Us3 has other

Figure 2. Modulation of the mTORC pathway (A)
and the cap-binding protein complex (B) by viruses.
See the text for details.
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hitherto undetected functions that may affect virus–host
pathogenesis.
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