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Protein synthesis, including the translation of specific messenger RNAs (mRNAs), is regulated
by extracellular stimuli such as hormones and by the levels of certain nutrients within cells.
This control involves several well-understood signaling pathways and protein kinases, which
regulate the phosphorylation of proteins that control the translational machinery. These path-
ways include the mechanistic target of rapamycin complex 1 (mTORC1), its downstream
effectors, and the mitogen-activated protein (MAP) kinase (extracellular ligand-regulated
kinase [ERK]) signaling pathway. This review describes the regulatory mechanisms that
control translation initiation and elongation factors, in particular the effects of phosphoryla-
tion on their interactions or activities. It also discusses current knowledge concerning the
impact of these control systems on the translation of specific mRNAs or subsets of mRNAs,
both in physiological processes and in diseases such as cancer.

The control of protein synthesis plays key roles
in cell growth and proliferation and in

many other processes, via shaping the cellular
proteome. The importance of translational con-
trol is underscored, for example, by the lack of
concordance between the transcriptome and the
proteome—which, among other factors, reflects
the differing efficiencies with which different
messenger RNAs (mRNAs) are translated into
polypeptides (Schwanhausser et al. 2011; Li
et al. 2014)—and the role of dysregulation of
translation in human diseases, including cancer
(Robichaud et al. 2018a), virus infection (Stern-
Ginossar et al. 2018), and many others (Tahma-
sebi et al. 2018). Furthermore, since mRNA
translation consumes a substantial fraction of
cellularmetabolicenergyandanevenhigherpro-
portion of amino acids, it is crucial that cells
match the rate of protein synthesis to the avail-
ability of nutrients.

Accordingly, sophisticated control mecha-
nisms exist to allow extracellular stimuli (e.g.,
hormones, growth factors), intracellular metab-
olites (essential amino acids, nucleotides) and
cues, such as energy status, to regulate protein
synthesis. These mechanisms include control of
the translation of specific mRNAs, via signaling
pathways that impinge on components of the
initiation or elongation machinery, which is
mainly achieved through protein kinases that
phosphorylate and thereby regulate translation
initiation or elongation factors, and certain
other proteins.

CAVEATS

Studies on the role of specific signaling pathways
or their target phosphoproteins rely heavily on
the use of smallmolecule inhibitors, especially of
protein kinases, and on testing proteins in which
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a givenphosphorylation site has beenmutated to
one that cannot be phosphorylated ora negative-
ly charged one, which may mimic a phosphory-
lated residue.There are important caveats toboth
approaches. Compounds that inhibit protein
kinases are often not specific for a single type
of enzyme because the ATP-binding sites of
many kinases are similar. For example, the com-
pounds often used as inhibitors of the mitogen-
activated protein (MAP) kinase-interacting ki-
nases (MNKs, which phosphorylate eukaryotic
initiation factor [eIF]4E), CGP57380 (Tschopp
et al. 2000), and cercosporamide (Konicek et
al. 2011), affect other protein kinases (Bain et
al. 2007; Beggs et al. 2015), several of them
more potently than their effects on MNK1 and
MNK2. It is, therefore, important to test chemi-
cally distinct entities that affect the kinase of in-
terest and, wherever possible, to complement
such work with genetic studies using cells in
which the enzyme of interest has been knocked
out. Genetic studies have beenmademuchmore
tractable by the advent of clustered regularly in-
terspaced short palindromic repeats (CRISPR)/
Cas9 genome editing, which can be applied to
cell lines as well as to studies in animals.

Rapamycin is a macrolide compound that is
a highly specific inhibitor of the protein kinase
complex termed mechanistic (or mammalian)
target of rapamycin complex 1 (mTORC1). Ra-
pamycin is specific largely because it does not
target the active site of mTOR, but instead binds
(together with its partner, FKBP12, an immu-
nophilin) to another domain, thereby partially
occluding access to the active site for some
protein substrates (Yang et al. 2013). Although
in the short term its effects are limited to inhib-
iting mTORC1, longer-term exposure of cells
to rapamycin also impairs mTORC2 signaling
by interfering with assembly of this complex
(Sarbassov et al. 2006).

The effects of mutating a phosphorylation
site of interest must also be treated with caution.
Nonphosphorylatable mutants are generally
created by mutating the relevant serine or
threonine to alanine, which, because it lacks
a hydroxyl group, cannot accept a phosphate.
However, alanine also differs from serine and
threonine in being unable to form H-bonds.

Conversely, phosphomimetic mutants of Ser
or Thr to Glu or Asp may sometimes mimic
the addition of a phosphate, but since the
geometry (tetrahedral vs. planar) and charge
(double vs. single) of phospho-Ser/Thr and
Glu/Asp differ, phosphomimicry is by nomeans
guaranteed.

mTORC1 SIGNALING

One major pathway that regulates the transla-
tional machinery in several ways is the mTOR
pathway. mTOR forms two types of multi-
subunit complexes, mTORC1 and mTORC2.
mTORC1 phosphorylates proteins that directly
regulate the translational apparatus as well as
protein kinases that phosphorylate and regulate
translation factors (Saxton and Sabatini 2017).

In addition to mTOR, mTORC1 contains
Raptor, mLst8, and Rheb, a GTPase (Ben-Sahra
andManning 2017). Raptor and Rheb are found
only in mTORC1, not in mTORC2. Raptor
binds substrate proteins, conferring specificity,
whereas Rheb activates mTORC1 when it is
bound to GTP. Rheb provides a key link to ex-
tracellular stimuli through the phosphatidylino-
sitide 3-kinase (PI3K) or classical MAP kinase
(extracellular ligand-regulated kinase [ERK])
signaling pathways (Fig. 1) (Saxton and Sabatini
2017). Rheb is regulated by the tuberous sclero-
sis complex (TSC), which includes the proteins
TSC1, TSC2, and TBC1D7 (Dibble et al. 2012).
TSC2 acts as a GTPase activator protein for
Rheb, promoting its conversion to its inactive
GDP-bound state. Protein kinases within or
downstream of these pathways, Akt (also called
protein kinase B [PKB]), ERK, or the ERK-
substrates termed RSKs, phosphorylate the
TSC complex and impair its ability to promote
GTP hydrolysis on Rheb. This allows stimuli
that switch on PI3K or ERK signaling to en-
hance the levels of Rheb-GTP and thereby acti-
vate mTORC1.

Several components of the PI3K and ERK
pathways undergo gain-of-function oncogenic
mutations in cancers, whereas others are tumor
suppressors whose function is lost in some
cancers. These pathways, and hence mTORC1
signaling, are constitutively activated in a high
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percentage of human cancers, estimated at 70%
or higher (Saxton and Sabatini 2017).

mTORC1 signaling is also activated by ami-
no acids, at the surface of the lysosome (Fig. 1),
by sophisticated sensing and signaling mecha-
nisms involving a distinct set of GTPases, the
Rags (Wolfson and Sabatini 2017). Interestingly,
another nutrient-regulated signaling pathway,
the AMP-activated protein kinase (AMPK),
also impinges on mTORC1 at the lysosomal

surface, where AMPK can be activated (Lin
and Hardie 2017). This happens, for example,
when cellular ATP levels fall and levels of ADP,
or especially AMP, rise. Recent studies have
identified an additional, novel link between
intermediary metabolism and the control of
AMPK, whereby levels of the glycolytic inter-
mediate fructose 1,6-bisphosphate also control
AMPK activity (Lin and Hardie 2017). When
AMPK is switched on, it inactivates mTORC1
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Figure 1.Major signaling connections to the translational machinery. This simplified schematic shows the main
signaling links to the translational machinery. Solid lines depict direct links and dashed lines indirect ones
(involving multiple components, for example). (P) indicates phosphorylation events, green indicates activation,
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by phosphorylating TSC2 and/or Raptor, there-
by restraining energy-using biosynthetic pro-
cesses that are normally driven by mTORC1,
including protein and ribosome biosynthesis
(Ben-Sahra and Manning 2017).

mTORC1 PHOSPHORYLATES PROTEINS
THAT REGULATE THE TRANSLATIONAL
MACHINERY

Among the many substrates for mTORC1, two
classes are particularly relevant for this review.
The first class comprises the small phosphopro-
teins termed eIF4E-binding proteins (4E-BPs)
that bind to and sequester eIF4E (Figs. 1 and
2) (Merrick and Pavitt 2018). (“eIF4E” is used
here tomean eIF4E1; its paralogs bind to 4E-BPs
less strongly [in the case of eIF4E2, also termed
eIF4E-homologous protein, 4EHP] or not at all
[eIF4E3]) (Joshi et al. 2004). The second class
comprises the S6 kinases (S6Ks; Fig. 2), which
are named for their ability to phosphorylate
ribosomal protein (rp) S6, a component of the
small ribosomal subunit.

MAP KINASE SIGNALING

The MAP kinase (ERK) pathway regulates
mTORC1, for example, through the phosphor-
ylation of TSC1/2 (Huang and Manning 2008)

or Raptor (Carriere et al. 2011). This pathway
is activated by a range of extracellular stimuli
and by oncogenic mutations (e.g., in the GTPase
Ras or its GTPase-activator protein, neurofibro-
min 1). Thus, ERK signaling is activated in a
high proportion of cancers.

ERK also phosphorylates and activates sev-
eral other protein kinases, including the RSKs,
whose original name (ribosomal S6 kinases)
may cause confusion with the S6Ks (Fig. 1).
They phosphorylate S6 at a subset of the sites
targeted by S6Ks reflecting the fact that S6Ks
and RSKs (as well as Akt) act at similar, but
not identical, consensus recognition sequences.
RSKs and S6Ks phosphorylate rpS6 on Ser235/
236, whereas S6Ks additionally phosphorylate
Ser240 and Ser244 (Pende et al. 2004), phos-
phorylation of which provides a useful readout
of mTORC1 signaling. RSKs and S6Ks also
phosphorylate the same sites in other proteins
that regulate translation, including eIF4B (Shah-
bazian et al. 2006) and the eEF2 kinase (eEF2K)
that regulates elongation (Wang et al. 2001).

ERKs are not the only members of the MAP
kinase family relevant to control of the transla-
tional machinery; others include the p38 MAP
kinases, which are turned on by distinct stimuli
(such as cytokines) and include p38 MAPKs
α and β, which can activate MNK1 (Fig. 1)
(Waskiewicz et al. 1997; Wang et al. 1998). p38
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MAPK δ (whose control is poorly understood)
also phosphorylates eEF2K (see below and
Dever et al. 2018; Fig. 3).

PHOSPHORYLATION OF COMPONENTS
OF THE INITIATION MACHINERY

Several eIFs are subject to regulatory phosphor-
ylation. The first example to be discovered was
the α subunit of the trimer eIF2. This phosphor-
ylation event inhibits general translation and the
inputs to this system are primarily intracellular
stresses rather than extracellular stimuli (Wek
2018).

eIF2 is active only when bound (via its
γ subunit) to GTP. The GTP is hydrolyzed
during initiation. Because regeneration of active
eIF2•GTP is slow, an additional factor is re-
quired, the GDP-dissociation stimulator protein
(Williams et al. 2001), eIF2B, also referred to as
a guanine nucleotide exchange factor (GEF).
eIF2B is a decamer of five subunits (α2β2γ2δ2ε2)
(Gordiyenko et al. 2014; Wortham et al. 2014).
Its largest subunit, ε, which houses the catalytic
domain (Gomez et al. 2002), is subject to
phosphorylation at several sites. These include
Ser540 (in human eIF2Bε), which is a substrate

for GSK3 (Welsh et al. 1998), a kinase that
is inactivated by stimuli such as insulin, which
stimulate protein synthesis. Because phosphor-
ylation of this site impairs eIF2B’s GEF function
(Welsh et al. 1998), this link provides a potential
mechanism by which agents such as insulin
can activate translation initiation (alongside a
number of other events discussed below).

mTORC1 can interact with eIF3 (Holz et al.
2005; Harris et al. 2006), as can its substrate
S6K1 (Holz et al. 2005), which in turn phos-
phorylates components of initiation complexes,
such as eIF4B (Figs. 1 and 2). mTORC1 signal-
ing also leads to increased binding of eIF3 to
eIF4G, which is induced by insulin (Harris
et al. 2006). As eIF3 interacts with the 40S
subunit, this interaction likely helps to promote
recruitment of ribosomes to eIF4F and thus
to mRNAs, although it remains unclear how
mTOR modulates eIF3/eIF4G binding.

mTORC1 phosphorylates the 4E-BPs, im-
pairing their ability to interact with eIF4E
(Figs. 1 and 2). Phosphorylation occurs at mul-
tiple sites, Thr37, Thr46, Ser65, and Thr70, in
human 4E-BP1. Phosphorylation of the first two
sites promotes subsequent phosphorylation at
the other sites, which in turn seem to be most
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important for the release of 4E-BP1 from eIF4E.
mTORC1 can phosphorylate all four sites. The
properties and regulation of 4E-BP2 and 3 are
much less well studied than 4E-BP1. Binding
to a 4E-BP prevents eIF4E from interacting
with the scaffold protein eIF4G, which in turn
interacts with several other proteins involved
in translation initiation (Fig. 2) (Gingras et al.
1999). The binding sites on eIF4E for 4E-BPs
and eIF4G overlap, and indeed these proteins
possess similar linear sequence motifs involved
in their binding to eIF4E (Mader et al. 1995).
This mechanism therefore allows mTORC1
signaling to promote the formation of eIF4F
complexes (Merrick and Pavitt 2018), and
thus (through additional protein:protein inter-
actions; Fig. 2) the recruitment of 40S subunits
to the 50-end of mRNAs.

MNK1 and MNK2 phosphorylate eIF4E
on Ser209 (Fig. 1), which remains their only
validated in vivo substrate (Ueda et al. 2004;
Buxade et al. 2008); moreover, MNKs are the
only kinases that act on this site. MNKs interact
with eIF4G, bringing them close to their sub-
strate eIF4E (Pyronnet et al. 1999).

It should be noted that eIF4E is not, as some-
times stated, always the least abundant initiation
factor, although this varies between organisms
and cell types (see, for example, Rau et al. 1996;
von der Haar and McCarthy 2002; Schwan-
hausser et al. 2011); some others may occur at
lower levels (Merrick and Pavitt 2018). When
one copy of the eIF4E gene is deleted in mice,
they show no adverse effects (Truitt et al. 2015).
However, the 4E-BPs regulate eIF4E availability
and it is this parameter, rather than the absolute
levels of eIF4E, that can limit the factor’s activity.

Rapamycin generally has little effect on the
phosphorylation of 4E-BP1, and therefore does
not impair eIF4E:eIF4G binding (e.g., Choo
et al. 2008; Huo et al. 2012). As one would
expect, the phosphorylation of 4E-BP1 is effi-
ciently blocked by compounds that interfere
with the catalytic activity of mTOR (mTOR ki-
nase inhibitors; mTOR-KIs). Thus, rapamycin
is expected to have less impact on the control of
translation initiation by 4E-BPs than mTOR-
KIs do. The reason why rapamycin has little
effect on the phosphorylation of 4E-BPs reflects

its mode of action. Structural studies indicate
that the FKBP12:rapamycin complex partially
occludes but does not completely obstruct the
active site cleft (Yang et al. 2013), thereby re-
stricting substrate access. Detailed studies sug-
gest that rapamycin inhibits the ability of mTOR
to phosphorylate “weak” substrates such as the
S6Ks mentioned above, but not “strong” sub-
strates such as 4E-BPs (Kang et al. 2013).

IMPACT OF mTORC1 SIGNALING
ON TRANSLATION

The fact that rapamycin only affects phosphor-
ylation of some of the substrates of mTORC1
is important when evaluating the effects of
rapamycin versus mTOR-KIs on overall pro-
tein synthesis and on the translation of specif-
ic mRNAs. Rapamycin has a lesser inhibitory
effect compared to the much stronger effect of
mTOR-KIs, and they have differential effects on
the synthesis of specific proteins (Huo et al.
2012). One example is provided by the 50-ter-
minal oligopyrimidines (TOP) mRNAs, which
possess a run of pyrimidine nucleotides at the
extreme 50 end and include those encoding
all cytoplasmic ribosomal proteins and several
translation elongation factors (Meyuhas and
Kahan 2014). Synthesis of these proteins is
impaired by rapamycin and more strongly
inhibited by mTOR-KIs. This is presumably
because mTOR-KIs inhibit mTORC1 signaling
more strongly than rapamycin but one cannot
formally rule out a contribution frommTORC2
signaling, which is also inhibited by mTOR-
KIs. The regulation of TOP mRNA translation
by mTORC1 provides a mechanism by which
nutrient-activated signaling can also promote
ribosome biogenesis, along with promoting
rRNA transcription (Iadevaia et al. 2014) and
nucleolar function (Chauvin et al. 2013) to in-
crease the cellular capacity for protein synthesis.
The control of this interesting and important set
of mRNAs is discussed further below.

Several studies have examined the effect that
interfering with mTOR signaling has on mRNA
translation and protein synthesis. Such effects
could be exerted through 4E-BP-mediated con-
trol of the availability of eIF4E; the associated
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effects on the recruitment of eIF4A (via eIF4G)
to the 50-end of mRNAs; the regulation of
eIF4A by eIF4B, which is an indirect target of
mTORC1 signaling (see later section); the effect
of mTORC1 on the elongation machinery; or
other mechanisms.

Larsson et al. (2012) used polysome profiling
(i.e., sucrose gradient centrifugation) to assess
which mRNAs were associated with larger poly-
somes. They studied the effects of treatmentwith
rapamycin, PP242 (an mTOR-KI) or metfor-
min, an agent that causes activation of AMPK
and therefore inhibits mTORC1 signaling. Be-
cause AMPK has diverse substrates (Lin and
Hardie 2017), it may impact translation in addi-
tional ways that do not occur in response to in-
hibition ofmTOR.The data from their polysome
profiling analysis revealed that the three agents
theyuseddecreased theassociationof almost 600
mRNAs with “large” polysomes; some were af-
fectedbyall stimuli andothers byonlyoneor two
of them. The great majority of mRNAs affected
by PP242 were also influenced by rapamycin
(with some exceptions), and two-thirds of them
were also affected by metformin, although, in-
terestingly, almost half the mRNAs whose poly-
somal association was decreased by metformin
were not affected by mTOR inhibition, consis-
tent with additional actions of this drug, likely
through other AMPK targets. Gene ontology
(GO) analysis revealed distinct functional cate-
gories of mRNAs that were affected by the dif-
ferent treatments. For example, those selectively
affected by PP242 and by metformin, but not
rapamycin, includedmany involved in cell-cycle
control, whereas the set affected only by PP242
was enriched in mRNAs encoding proteins in-
volved in mitochondrial functions and mRNA
translation; those affected only by metformin
included many involved in RNA processing.

Thoreen et al. (2012) and Hsieh et al. (2012)
used ribosome profiling technology (Ingolia
et al. 2018) to assess which mRNAs were asso-
ciated with ribosomes under different condi-
tions, in combination with pharmacological in-
hibition of mTOR/mTORC1 using mTOR-KIs
or rapamycin. These studies concluded that
mTOR inhibition predominantly reduces ribo-
some footprints on TOP mRNAs. Hsieh et al.

(2012) also identified several mRNAs for pro-
teins involved in metastasis or invasion as being
regulated by mTOR, including Y-box protein 1
(YB1), a posttranscriptional regulator of genes
involved in these processes. A distinct feature, a
pyrimidine-rich translational element distinct
in make-up and position from TOP elements,
was present in many mTOR-regulated mRNAs.
The importance of this feature for transla-
tion initiation, and its mode of action, remain
unknown.

Many of the differences in the conclusions
drawn by the ribosome profiling studies as com-
pared to the polysome profiling work (Larsson
et al. 2012) likely arise for methodological rea-
sons (Gandin et al. 2016). Ribosome profiling
provides data on the positions of ribosomes on
mRNAs and, as performed by Thoreen et al.
(2012) and Hsieh et al. (2012), detects big shifts
in ribosome occupancy on highly expressed
mRNAs, whereas polysome profiling can detect
more modest shifts of mRNAs from larger
to smaller polysomes. TOP mRNAs are abun-
dant, and as discussed in Masvidal et al. (2017),
next-generation sequencing (NGS) reads corre-
sponding to them therefore tend to make up a
high proportion of the data from such ribo-
some-profiling experiments. High-read “depth”
is necessary to obtain quantifiable data for less
abundant mRNAs.

Gandin et al. (2016) extended polysome-
profiling studies to examine the impacts both
of inhibiting mTOR and depleting the helicase
eIF4A on the set of mRNAs found in larger
polysomes and coupled this with analysis of
transcription start sites. This study identified
two distinct subsets of “mTOR-sensitive”
mRNAs, with quite distinct features in their 50

untranslated regions (UTRs) (Fig. 1). One sub-
set has long 50UTRs and includes mRNAs for
proteins involved in cell survival (such as that
for Mcl1 or survivin [Birc5]) or proliferation
(e.g., cyclin D3, ODC). This subset was antici-
pated given that translation of such mRNAs is
expected to require eIF4A’s helicase function
and thus assembly of the eIF4F complex on
them. Consistent with this, the polysomal asso-
ciation ofmembers of this set is also impaired by
depleting cells of eIF4A1. The effect of mTOR
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signaling on the translation of these mRNAs
very likely reflects the control of eIF4F assembly
by mTOR (through 4E-BPs) and perhaps also
the input from mTORC1 via S6Ks to eIF4B
(Figs. 1 and 2).

In contrast, mRNAs in the second subset of
mTOR-sensitive transcripts possess very short,
unstructured 50UTRs and, presumably as a
consequence, their translation is not impaired
by depletion or chemical inhibition of eIF4A
(Gandin et al. 2016). These mRNAs have been
described as containing translation initiator of
short 50UTR (TISU) elements (Elfakess et al.
2011; Kwan and Thompson 2018), although
the brevity of the 50UTR rather than a specific
sequence element may be the key feature for
their translational control. Translation of these
mRNAs requires eIF4E-eIF4G binding and is
regulated by 4E-BPs (Fig. 1) (Morita et al.
2013; Sinvani et al. 2015). Many such mRNAs
encode proteins involved in mitochondrial
function, the vast majority of mitochondrial
proteins being encoded by nuclear genes.

The ability ofmTORC1 signaling to promote
the translation of mRNAs for mitochondrial
proteins likely represents part of a concerted
program through which this pathway upregu-
lates mitochondrial biogenesis. This program
also involves the transcription factor PGC-1α,
which drives the transcription of many genes
involved in mitochondrial function or biogene-
sis (Cunningham et al. 2007; Duvel et al. 2010).
This mechanism may serve to increase the
mitochondrial capacity for ATP production to
support the many anabolic processes that are
turned on by mTORC1 signaling, such as pro-
tein synthesis and ribosome biogenesis.

A LIMITATION OF RIBOSOME AND
POLYSOME PROFILING TECHNIQUES

A limitation of both ribosome profiling and
polysome profiling approaches concerns the
control of elongation. mRNAs whose rate of
elongation is slower under a given condition
will shift into larger polysomes as ribosomes
build up on them, so that in both analyses these
mRNAs will appear to be “more translated,”
whereas in fact the opposite is true. Methods

such as bioorthogonal noncanonical amino
acid tagging (BONCAT), involving the labeling
of newly synthesized polypeptideswith chemical
and mass tags (Dieterich et al. 2006), report the
rate of accumulation of new polypeptides and
thus the rate of synthesis of proteins rather
than the association of their mRNAs with
ribosomes/polysomes. These approaches have
been used to study global proteome dynamics
(Schwanhausser et al. 2011), the role of eEF2K
in the synthesis of new proteins in primary neu-
rons (Kenney et al. 2016), and the impact of
mTOR signaling on the synthesis of specific
proteins (Huo et al. 2012). The latter study
concluded that mTOR-KIs and rapamycin
have differing effects on the synthesis of many
proteins. In particular, in agreement with other
studies, rapamycin inhibits the synthesis of pro-
teins encoded by 50TOP mRNAs rather less
strongly than mTOR-KIs. Interestingly, the syn-
thesis of certain other proteins shows a similar
pattern of inhibition; the mRNAs for some of
themmay belong to the TOP class although oth-
ers evidently do not. The fact that the annotation
of the 50 end of mRNAs is often incorrect makes
interpretation more difficult, an issue that is
addressed by Gandin et al. (2016).

REGULATION OF THE TRANSLATION
OF TOP mRNAs

Although the translation (polysomal associa-
tion) of TOP mRNAs has been known to be
promoted by mTORC1 signaling for almost
three decades, and despite extensive work in
several laboratories, the mechanisms that link
mTORC1 signaling to control of TOP mRNA
translation still remain to be definitively clarified
(Meyuhas and Kahan 2014). At one time, S6K-
catalyzed phosphorylation of S6 was thought
to be involved but there is now unequivocal
evidence against this idea, for example, from
data obtained using cells in which S6Ks have
been knocked out or the phosphorylation sites
in S6 have been mutated (reviewed in Meyuhas
and Kahan 2014). The phosphorylation of S6 is
discussed in more detail below.

As mTORC1-regulated repressors of trans-
lation initiation, the 4E-BPs appear well-placed
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to regulate TOP mRNA translation, and data
show that they do indeed play such a role
in response to pharmacological inhibition of
mTOR. Thoreen et al. (2012) concluded that,
by interfering with eIF4E-eIF4G binding,
mTOR inhibitors cause a greater dissociation
of eIF4E from TOP mRNAs than from other
mRNAs, thereby reducing the translation of
the TOP mRNAs. However, several lines of
evidence indicate that 4E-BPs are not the key
regulators of TOPmRNA translation under con-
ditions such as amino acid deprivation or hy-
poxia, both of which impair mTORC1 signaling
(Meyuhas and Kahan 2014; Miloslavski et al.
2014).

Recent studies have identified a new poten-
tial regulator of TOP mRNA translation, La-
related protein 1 (LARP1) (Fig. 1), although
the data for the role of LARP1 in controlling
TOP mRNA translation are conflicting. Tcher-
kezian et al. (2014) used a proteomic screen to
identify proteins that associate with the 50 cap
of mRNAs in an mTORC1-dependent manner;
one of them was LARP1, which also binds
poly(A)-binding protein (PABP) and mTORC1
itself. Their data indicate that LARP1 is a posi-
tive regulator of mRNA translation based on the
observation that knockdown of LARP1 reduced
polysome levels, suggesting impaired translation
initiation. The degree of polysome size reduc-
tion of TOP mRNAs was greater than that
of mRNAs in general, although the effect was
clearly not restricted to TOP messages.

Fonseca et al. (2015) agree that LARP1 in-
teracts with mTORC1 but provide evidence that
it acts as a repressor of TOP mRNA translation
and interacts with TOP elements. Their data
show a “preferential” association of LARP1
with TOP mRNAs and that such association is
increased in response to rapamycin or Torin1,
an mTOR-KI. In particular, the repression of
TOP mRNA translation caused by amino acid
starvation is attenuated when LARP1 is knocked
down, consistent with LARP1 being a repressor
rather than an activator of TOP mRNA transla-
tion. It should be noted that the effect of amino
acid starvation on TOP mRNA translation also
involves the RNA-binding proteins T-cell intra-
cellular antigen 1 (TIA1) and TIA-R (Damgaard

and Lykke-Andersen 2011), although, again,
this appears not to be a general mechanism for
their control.

Further studies have provided additional
evidence that LARP1 acts as a repressor of
TOP mRNA translation, although the mecha-
nisms proposed differ. Two studies reported
that LARP1 directly binds the cap of TOP
mRNAs, thus impeding access for eIF4E (Lahr
et al. 2017; Philippe et al. 2017). Lahr et al.
solved structures of the carboxy-terminal
DM15 domain of LARP1, including structures
of co-complexes with nucleotides 4-11 of the 50

end of the TOP mRNA encoding rpS6 (i.e.,
without the initial cytosine and the next two
nucleotides) and m7GTP-C (analog of the ex-
treme 50 end of a TOP mRNA). This revealed
binding pockets in the DM15 domain of LARP1
for the 7-methylated GTP, the first C, and a
TOP. Philippe et al. (2017) also reported that
LARP1 binds the cap and TOP sequence, that
LARP1 represses TOP mRNA translation in vi-
tro, and that this ability is enhanced using
LARP1 from cells pretreated with Torin1. A re-
cent report shows that LARP1 is phosphorylated
by mTORC1; this causes LARP1 to dissociate
from the 50UTRs of TOP mRNAs and relieves
its inhibitory effect on their translation (Hong
et al. 2017). Puzzlingly, however, the binding
sites for LARP1 on these mRNAs generally did
not match the TOP elements at their 50-termini.

Overall, these data suggest a model whereby
(1) LARP1 is regulated bymTORC1 such that its
ability to bind TOP mRNAs is somehow en-
hanced when mTORC1 signaling is inhibited,
and (2) association of LARP1 with the cap and
50 end of a TOP mRNA blocks access for eIF4E
and thus ribosomes, leading to impairment of
initiation on such mRNAs. It remains unclear
precisely how mTORC1 regulates LARP1—
presumably by phosphorylation—and given
that LARP1 binds Raptor, perhaps direct phos-
phorylation by mTORC1. LARP1 contains nu-
merous phosphorylation sites, but it is not yet
known which are regulated by mTORC1 signal-
ing and which control LARP1’s ability to bind
TOP mRNAs. It should be noted that overex-
pression of eIF4E failed to outcompete a repres-
sor activity that represses the translation of TOP
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mRNAs (Shama et al. 1995), which appears to
argue against roles for 4E-BPs or LARP1.

eIF4E PHOSPHORYLATION BY THE MNKs

Phosphorylation of eIF4E was discovered early
in studies on translation factor modifications
(Duncan et al. 1987) but the function of this
regulated modification remains obscure. Phos-
phorylation occurs at a single site, Ser209 (Flynn
and Proud 1995; Joshi et al. 1995), and is not
required for animal viability, as mice carrying
a homozygous Ser209Ala mutation are viable
(Furic et al. 2010). Furthermore, mice lacking
both copies of both genes for the relevant ki-
nases, the MNKs, are also viable and fertile
(Ueda et al. 2004). However, as described below,
there are now a number of examples of the con-
trol of the translation ofmRNAs requiring phos-
phorylation of eIF4E and/or MNK function.
eIF4E2/4EHP and eIF4E3 do not contain an
equivalent of Ser209.

In humans (but apparently not mice), each
MNK gene gives rise to two distinct mRNA
species caused by alternative splicing (Buxade
et al. 2008); this results in two protein isoforms
each for MNK1 and MNK2 termed “a” and “b,”
which differ at their carboxyl termini. All
isoforms contain the complete kinase domain
and an amino-terminal polybasic region that
interacts with eIF4G, which also serves as a nu-
clear localization signal (Parra-Palau et al. 2003;
Scheper et al. 2003). MNK1a also contains a
nuclear export signal and is therefore mainly
cytoplasmic; MNK2a does not have this feature
and is largely nuclear.MNK1a andMNK2a each
contain a carboxy-terminal sequence that inter-
acts withMAP kinases; this motif is absent from
the shorter MNK1b and MNK2b isoforms. The
MAP kinase-binding sequences differ however,
such that although MNK1a interacts with ERK
and p38 MAP kinase αβ, MNK2a only binds
ERK (Waskiewicz et al. 1997). Indeed, unlike
MNK1a, MNK2a can bind active phosphory-
lated ERK, which likely explains its high basal
activity. In contrast, in unstimulated cells,
MNK1a activity is low but can be markedly in-
creased by stimuli that switch on ERK signaling
(e.g., serum, some growth factors, various recep-

tor agonists) or p38 MAP kinase α/β (some cy-
tokines, certain “stress” conditions). The control
of MNK1b and MNK2b, which lack the MAP
kinase interaction site, is not well understood
(see O’Loghlen et al. 2007; Buxade et al. 2008).

MNK signaling intersects with mTORC1
signaling in several ways. First, as noted, MNKs
interact with eIF4G, facilitating the phosphory-
lation of eIF4E (Pyronnet et al. 1999). A conse-
quence of this is that agents that promote the
phosphorylation of 4E-BPs and their release
from eIF4E, allowing increased eIF4E-eIF4G
binding, should facilitate eIF4E phosphoryla-
tion. Second, rapamycin treatment can para-
doxically enhance eIF4E phosphorylation and
the activity of MNK2 (rather than MNK1
[Stead and Proud 2013]). Third, MNKs were
recently reported to stimulate signaling through
mTORC1 by phosphorylating TELO2, a partner
for mTORC1 that promotes interactions be-
tween mTORC1 and its substrates (Brown and
Gromeier 2017).

WHAT ROLE DOES eIF4E
PHOSPHORYLATION PLAY IN
CONTROLLING mRNA TRANSLATION?

To date, no comprehensive datasets have been
published for the effects of inhibiting phosphor-
ylation of eIF4E on the translation of specific
mRNAs of the kind published for mTOR or
eIF4A (e.g., Hsieh et al. 2012; Thoreen et al.
2012; Gandin et al. 2016). However, a set
of data was reported by Furic et al. (2010)
for embryonic fibroblasts from wild-type and
eIF4ESer209Ala knock-in mice; this polysome-
profiling study identified 35 mRNAs whose as-
sociation with polysomes was reduced in the
latter cells, implying that eIF4E phosphorylation
promotes the initiation of their translation.

It remains unclear how phosphorylation of
eIF4E influences the translation of specific tran-
scripts, for example, whether a feature of these
mRNAs (and, if so, which feature) confers
sensitivity to eIF4E phosphorylation. Several
studies, using compounds that inhibit MNKs,
MNK-knockout (KO) cells, or cells where the
eIF4E phosphorylation site has been changed
(Ser209Ala), show that MNKs and/or the phos-
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phorylation of eIF4E positively regulate the
translation of mRNAs for proteins involved
in a range of processes, including migration/
invasion, the epithelial–mesenchymal transition
(EMT), cell proliferation and survival, immune
responses, and circadian rhythms. A handful of
other MNK substrates has been reported, two of
which, heterogeneous nuclear ribonucleoprotein
(hnRNP) A1 and polypyrimidine tract-binding
protein-associated splicing factor (PSF) (Buxade
et al. 2008), are nucleic acid-binding proteins.
Their phosphorylation may affect gene expres-
sion, although it remains to be shown that they
are indeed substrates for the MNKs in vivo.

Structural data for eIF4E reveal that Ser209
is located near the “channel” through which
the mRNA exits the cap-binding site on eIF4E
(Marcotrigiano et al. 1997; Matsuo et al. 1997);
it is therefore not close to this binding site, or
indeed to the region of the surface of eIF4E
for 4E-BPs/eIF4G. Biophysical studies (Scheper
et al. 2002; Zuberek et al. 2004; Slepenkov et al.
2006) indicate that phosphorylation of eIF4E
decreases its affinity for a cap analog or short
capped RNAs. The consequences for transla-
tional control of the reduced affinity and lower
affinity of the eIF4E-cap interaction when eIF4E
is phosphorylated remain unclear.

Reflecting both the ability of eIF4E overex-
pression to transform cells (Lazaris-Karatzas
et al. 1990) and the fact that MNKs are activated
by the oncogenic Ras/Raf/ERK pathway, initial
studies focused on the role of the MNKs
and phosphorylation of eIF4E in cancers. This
work and other studies revealed requirements
for the MNKs and/or Ser209 in eIF4E for cell
transformation and tumor progression (Wendel
et al. 2004, 2007; Furic et al. 2010; Ueda et al.
2010; Proud 2015). Key to understanding the
mechanistic basis of these observations will
be to identify which mRNAs’ translation is
regulated by MNK-mediated phosphorylation
of eIF4E. A modest number of candidates has
been identified as being positively controlled in
this way, including those for Mcl1 and other
prosurvival proteins, certain cyclins, chemo-
kines, matrix metalloproteinases, and vascular
endothelial growth factor C (VEGF C), a proan-
giogenic factor (Wendel et al. 2007; Furic et al.

2010, and references therein; Proud 2015; Robi-
chaud et al. 2018b).

PHOSPHORYLATION OF eIF4E CAN
INDIRECTLY INFLUENCE THE
TRANSCRIPTIONAL MACHINERY

Lim et al. (2013) discovered that eIF4E phos-
phorylation favors signaling through the Wnt/
β-catenin pathway in blast crisis chronic mye-
loid leukemia. Of particular relevance here is
that eIF4E and its phosphorylation promote
translation of the mRNA for β-catenin and
also, by an unknown mechanism, the transloca-
tion of β-catenin into the nucleus where it me-
diates Wnt regulation of gene transcription.

eIF4E phosphorylation regulates the trans-
lation of mRNAs for regulators of transcription
in cells of the immune system. For example, the
translation of the mRNA for IκBα (inhibitor of
κBα), a negative regulator of the key transcrip-
tion factor NF-κB, is reduced in cells that ho-
mozygously express the nonphosphorylatable
eIF4ESer209Ala mutant (Herdy et al. 2012), allow-
ing greater activation of NF-κB and enhanced
production of interferon β. In other words,
reduced eIF4E phosphorylation can enhance
antiviral responses, a device that may be used
in virus-infected cells to limit viral spread. How-
ever, the regulation of eIF4E phosphorylation
during infection differs between viruses (Cuesta
et al. 2000; Walsh andMohr 2004; Stern-Ginos-
sar et al. 2018). The control of the IκBα/NF-κB
system by the MNKs may also be important in
inflammatory responses (Joshi and Platanias
2014; Bao et al. 2017).

MNKs and/or eIF4E phosphorylation also
promote the translation of positive regulators
of transcription in immune cells (i.e., interferon
regulatory factor [IRF]-8; Xu et al. 2012), which
supports the induction of genes involved in
host defenses against pathogen infection and
the development of lymphoid and myeloid cell
lineages. MNKs may also regulate cytokine
expression through translational control of the
expression of RANTES factor of late-activated T
lymphocytes-1 (RFLAT-1), which in turn drives
production of the cytokine RANTES/CCL5
(Nikolcheva et al. 2002).
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Taken together, these and other data (Buxade
et al. 2005; Su et al. 2015; Brace et al. 2017) sug-
gest that the MNKs play multiple, and to some
extent opposing, effects in immune and inflam-
matory responses by modulating the translation
of mRNAs for transcriptional regulators.

ROLES FOR eIF4E PHOSPHORYLATION
IN NEUROLOGICAL PROCESSES

In neurons of the suprachiasmatic nucleus (SCN),
translational control of proteins such as period
1 and 2 (Per1/2) and cryptochrome (Cry) plays
a key role in establishing circadian rhythms
as part of sophisticated and highly conserved
feedback mechanisms. Cao et al. (2015) showed
that brief exposure to light activates MNK
signaling and promotes the translation of the
mRNAs for Per1 and Per2. Interestingly, 4E-
BP1 regulates the translation of another mRNA,
Vip1, in the SCN, where its product, vasoactive
intestinal peptide, plays a key role in the SCN in
maintaining circadian synchrony (Cao et al.
2013).

The protein Arc plays a crucial role in long-
term synaptic plasticity and memory formation.
Its levels are subject to rapid regulation via
translational control mechanisms that require
eIF4E phosphorylation (and therefore MNK1,
the main MNK in neurons) as well as other
events (Panja et al. 2009, 2014). Although brain-
derived neurotrophic factor (BDNF) normally
promotes eIF4E-eIF4G binding in synaptoneur-
osome preparations from cells of the dentate
gyrus (part of the hippocampal formation that
plays a key role in memory), it fails to do so
when MNK1 has been knocked out (Panja
and Bramham 2014). BDNF normally causes
the release from eIF4E of another partner,
cytoplasmic fragile Xmental retardation protein
(FMRP)-interacting protein 1 (CYFIP1), but
does not do sowhen eIF4E cannot be phosphor-
ylated (e.g., in MNK1-KO cells; see Panja and
Bramham 2014). CYFIP1 also binds FMRP
mutations, which are the most frequent cause
of inherited autism (Hagerman et al. 2017).
FMRP binds subsets of mRNAs to repress their
translation; thus, the lack of eIF4G-eIF4E bind-
ing and the sustained eIF4E-CYFIP1-FMRP

association likely work together to prevent en-
gagement of the proper translational program
in MNK1-KO cells. In primary neurons from
MNK1-KO mice, BDNF fails to activate protein
synthesis and, in particular, the synthesis of
proteins involved in neurotransmission and
synaptic plasticity is impaired. Many of the cor-
responding mRNAs interact with FMRP (Gen-
heden et al. 2015).

ROLES FOR eIF4E PHOSPHORYLATION
IN EMT AND TUMOR METASTASIS

FMRP also binds mRNAs for proteins that are
involved in the EMT, a process that is critical
for tumor cells to migrate, invade, and metasta-
size (Luca et al. 2013). Consistent with this, the
phosphorylation of eIF4E augments the transla-
tion of themRNAs for SNAIL andmatrixmetal-
loproteinase-3 (MMP3), proteins important for
EMT and metastasis (Furic et al. 2010; Robi-
chaud et al. 2015).MNKs also positively regulate
cell migration and the translation of the mRNA
for vimentin, a protein that is characteristic of
mesenchymal cells (Beggs et al. 2015).

Two major questions yet to be addressed are
(1) how does the phosphorylation of eIF4E,
which occurs at a location in eIF4E adjacent
only to the extreme 50 nucleotides of eIF4E-
associated mRNAs, regulate the translation of
specific transcripts; and (2) which othermRNAs
are translationally regulated through phosphor-
ylation of eIF4E? Published studies have gener-
ally focused on only single mRNAs or small
numbers of messages.

PHOSPHORYLATION OF OTHER
TRANSLATION INITIATION FACTORS

In mammalian cells, several other initiation fac-
tors are phosphorylated, including eIF4G, eIF4B
and several subunits of eIF3, some of which
are modified at high stoichiometry, suggesting
that at least some may play roles in the control
of translation (Andaya et al. 2014). However,
information on the consequences of the phos-
phorylation of these translation factors on pro-
tein synthesis remains sparse, and discussion
here focuses on examples where there is some

C.G. Proud

12 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a033050



information on the functional consequences of
phosphorylation of specific sites.

Mammalian eIF3 consists of 13 different sub-
units, some of which form a “core” complex
(Merrick and Pavitt 2018). The phosphorylation
of eIF3f at Ser46 by cyclin-dependent kinase 11
(CDK11p46) (Shi et al. 2009) is reported to en-
hance its associationwith the core complex.How-
ever, the consequences of this for translation are
unclear. Phosphorylation of Ser183 in eIF3h is
implicated in oncogenesis; overexpressing eIF4h
is oncogenic,whereas expressing a Ser-to-Alamu-
tant of this phosphorylation site is not. In con-
trast, when Ser183 is mutated to Asp, eIF3H re-
tains its oncogenic properties (Zhang et al. 2008).

The genomes of yeast (Saccharomyces cere-
visiae) and mammals encode two different
forms of eIF4G; here, the mammalian proteins
are termed eIF4GI and eIF4GII (rather con-
fusingly, and they are curated as eIF4G1 and
eIF4G3). Human eIF4GI contains more than a
dozen phosphorylated residues (Andaya et al.
2014), although the functional significance
of most of them is not known. Protein kinase
Cα phosphorylates eIF4GI at Thr1186 in the
linker region between two of eIF4GI’s domains
and this phosphorylation promotes binding
of eIF4GI to MNK1 even though the MNK1-
binding site is at the far carboxyl terminus of
eIF4GI (i.e., not adjacent to Thr1186; Dobrikov
et al. 2011). This effect would be expected
to promote the phosphorylation of eIF4E by
MNK1. The linker region also contains phos-
phorylation sites that are stimulated by serum
in a rapamycin-sensitive manner (Raught et al.
2000); their function is unclear.

eIF4GI is also phosphorylated on Ser896 by
a stress-activated protein kinase termed p21-
activated kinase 2 (Pak2), and this modification
impairs cap-dependent translation (Ling et al.
2005).

eIF4GII undergoes phosphorylation during
mitosis and eIF4GII hyperphosphorylation is
associated with its reduced association with
eIF4E (Pyronnet et al. 2001). This effect may
contribute to the impairment of cap-dependent
mRNA translation, which occurs during mito-
sis. In budding yeast, both isoforms of eIF4G are
phosphorylated during glucose starvation by the

protein kinase Ksp1 (Chang and Huh 2018).
Interestingly, data obtained using a mutant of
Tif4631 (encoding eIF4GI in yeast) indicate a
role for phosphorylation of eIF4GI in modulat-
ing the stability of mRNAs encoding enzymes of
glycolysis when cells are deprived of glucose
(Chang and Huh 2018).

Further studies are clearly needed to deter-
mine the regulation and functional conse-
quences of other known phosphorylation events
in eIF4G isoforms, eIF3 subunits, and other
translation factors.

PHOSPHORYLATION OF ELONGATION
FACTORS

In mammalian cells, there are two main trans-
lation elongation factors, eEF1A and eEF2. A
third multimeric factor, eEF1B, acts as a GEF
for eEF1A, to regenerate active eEF1A•GTP,
the form of this factor that is competent to
bind aminoacyl-tRNAs and recruit them to the
ribosomal A site (Dever et al. 2018). eEF2 is
required for the translocation step of elongation
where the ribosomemoves by one codon relative
to the mRNA and the tRNA carrying the na-
scent chain shifts from the A site to the P site.

eEF1A and all four subunits of eEF1B are
subject to phosphorylation, with CDKs phos-
phorylating eIF1Bβ and δ (Sasikumar et al.
2012). However, the role of phosphorylation in
regulating the activities of eEF1A and eEF1B and
in modulating translation elongation remains to
be established.

eEF2 is subject to phosphorylation at Thr56
(residue 57 of its encoded sequence, before the
initial methionine is removed [Price et al. 1991;
Redpath et al. 1993]). This impairs its binding
to ribosomes and thus its activity, but in a non-
dominant way; phosphorylated eEF2 is inactive
and removed from the active pool of this factor
but it does not interfere with the function of
nonphosphorylated eEF2. Thus, phosphoryla-
tion of eEF2 slows elongation, as shown by
“transit time” measurements (Redpath et al.
1996a); this should conserve energy (the equiv-
alent of at least four ATPs being needed to add
each amino acid to a polypeptide) and, of course,
amino acids.
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eEF2K IS AN ATYPICAL PROTEIN KINASE
AND IS SUBJECT TO DIVERSE
REGULATORY INPUTS

Phosphorylation of Thr56 in eEF2 is catalyzed
by the specific and unusual kinase, eEF2K (Rya-
zanov et al. 1988; Mitsui et al. 1993; Redpath
et al. 1996b). Such phosphorylation is entirely
lost in cells lacking eEF2K, showing it is the only
enzyme involved (although AMPK had previ-
ously been reported to phosphorylate Thr56
[Hong-Brown et al. 2007]). AMPK can phos-
phorylate and activate eEF2K (Browne et al.
2004; Johanns et al. 2017), providing a mecha-
nism by which low energy levels can slow down
rates of elongation and thus reduce the con-
sumption of ATP/GTP.

eEF2K is not a member of the main protein
kinase superfamily comprising almost 500
genes but is one of only six α-kinases present
in mammals (Ryazanov et al. 1997). The cata-
lytic domains of α-kinases show no sequence
homology with the main superfamily (Drennan
and Ryazanov 2004), although there are similar-
ities at the 3D structural level (Yamaguchi et al.
2001; Drennan and Ryazanov 2004; Ye et al.
2010; Galan et al. 2014). eEF2K activity is nor-
mally dependent on Ca2+-ions and calmodulin
(CaM), and it is activated in contracting muscle
where Ca2+-ions trigger contraction. Because
contraction uses a great deal of ATP, coordinat-
ing eEF2K activity with contraction could help
ensure that contraction is not affected by re-
duced ATP levels caused by protein synthesis.
Consistent with this model, eEF2 phosphoryla-
tion rises very quickly in muscle after the onset
of exercise (Rose et al. 2005).

eEF2K is also subjected to other regulatory
inputs linked to nutrients, extracellular stimuli,
or other cues (Fig. 3) (Liu and Proud 2016). In
brief, eEF2K is switched off by signaling through
mTORC1, which promotes the phosphorylation
of eEF2K at several sites including one (Ser78)
near its CaM-binding site, which inhibits acti-
vation by CaM (Browne and Proud 2004). An-
other inhibitory site, Ser366 (Wang et al. 2001),
is a target for S6Ks (which are activated by
mTORC1). Ser78 and also Ser396 are direct sub-
strates for mTORC1, whereas other sites appear

to be regulated indirectly by this pathway. Sig-
naling through the MAP kinase pathway also
inhibits eEF2K, via direct phosphorylation by
ERK at Ser359 and by the RSKs at Ser366 (Fig.
3) (Wang et al. 2001, 2014).

The CaM-binding site also acts as a locus for
regulation of eEF2K by hypoxia, because a neigh-
boring proline is subject to oxygen-dependent
hydroxylation that impairs eEF2K activity (Fig.
3) (Moore et al. 2015). This binding site contains
several histidines, whose protonation at pH val-
ues associated with acidosis enhances CaM bind-
ing and thus eEF2K activity (Xie et al. 2015).

Taken together, these inputs allow eEF2K to
be activated under conditions where energy re-
quirements are high or energy is depleted, where
amino acids are in short supply, or where levels
of oxygen (needed to efficiently generate ATP in
many cell types) are inadequate (Fig. 1). Inhib-
iting elongation rather than initiation when
nutrients are scarce could have two advantages:
(1) by preserving polysomes, rather than caus-
ing their disaggregation, it will allow translation
to resume quickly once conditions improve;
and (2) the continued association of mRNAs
with polysomes may protect them against deg-
radation. Conversely, under favorable condi-
tions such as the presence of anabolic hormones
or growth factors, eEF2K is switched off to re-
move a potential limitation on elongation rates.

WHAT IS THE ROLE OF CONTROL
OF ELONGATION?

Early studies indicated that chemical inhibition
of elongation could, paradoxically, enhance the
synthesis of certain proteins (Fig. 1) (Walden
and Thach 1986; Scheetz et al. 2000). eEF2K
regulates the synthesis of certain proteins in
neurons (Kenney et al. 2016), where it under-
goes transient activation in response to stimula-
tion of cells with a neurotransmitter receptor
antagonist and controls the synthesis of micro-
tubule-associated proteins. It remains unclear
how slowing elongation promotes translation
of some mRNAs; one suggestion is that for
“weak”mRNAs (ones for which initiation is in-
efficient and thus limiting), slowing elongation
results in initiation no longer being the limiting
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event, enabling these transcripts to compete bet-
ter in recruiting ribosomes. Two aspects of this
model are puzzling: (1) slow moving ribosomes
near the beginning of the coding region would be
expected to impede access for initiating ribo-
somes, and (2) it also requires an adequate supply
of free (“spare”) ribosomes that could be recruited
onto these mRNAs when elongation is slowed.
Conversely, the levels of certain short-lived pro-
teins, such as some antiapoptotic regulators, may
drop when elongation is inhibited; this mecha-
nism is suggested to explain the role of eEF2K in
ensuring oocyte quality by promoting the apopto-
tic elimination of defective cells (Chu et al. 2014).

Several lines of evidence indicate that eEF2K
helps to protect cancer cells against nutrient
deprivation or other insults including some che-
motherapeutic agents (Kenney et al. 2014). Mice
lacking eEF2K or bearing a “kinase-dead” mu-
tation in its gene are viable and fertile under
vivarium conditions, indicating that eEF2K is
not an essential gene (Chu et al. 2014; Moore
et al. 2015). Thus, eEF2K appears to be an at-
tractive target for novel anticancer agents. How-
ever, the picture is clouded by the observation
that eEF2K actually restrains the development of
colon tumors in a well-characterized mouse
model (Faller et al. 2014), raising the prospect
that inhibiting it might promote development of
some tumors. This “double-edged sword” situa-
tion also applies to other pathways that are con-
sidered or used as targets in anticancer therapy,
such as autophagy (White and DiPaola 2009)
and indeed mTORC1 (Palm et al. 2015), inhibi-
tion of which can exert both pro- and antitumor
effects depending on the stage in tumor devel-
opment or the setting. Inhibition of eEF2K may
be most effective for treating established solid
tumors that are poorly vascularized. Reported
connections between eEF2K and other diseases
have recently been reviewed (Liu and Proud
2016).

PHOSPHORYLATION OF RIBOSOMAL
PROTEIN S6

Several ribosomal proteins are subject to phos-
phorylation but by far the most attention has
focused on S6; that said, the function of its phos-

phorylation is still not understood. As men-
tioned above, S6Ks phosphorylate several sites
in the carboxyl terminus of S6, whereas RSKs act
on two of them. Increased S6 phosphorylation is
seen under conditions where cell growth and/or
proliferation are enhanced, giving rise to the
early idea that S6 phosphorylation promoted
these outcomes. Indeed, mice lacking S6K1
(Shima et al. 1998) or fruit-flies lacking theDro-
sophila ortholog (Montagne et al. 1999) are
smaller than control animals, revealing a role
for S6K signaling in cell and organismal growth.

One possible explanation for these observa-
tions would be that phosphorylation of S6 pro-
motes protein synthesis and/or the translation
of specific mRNAs whose products are impor-
tant for cell growth. One such class of mRNAs,
once thought to be controlled by S6Ks, is the
TOP mRNAs, which are well placed to control
cell growth as they encode components of the
translational machinery (Meyuhas and Kahan
2014). However, their association with active
polysomes is still reduced by rapamycin in
S6K-KO cells (Pende et al. 2004) and in cells
where the phosphorylation sites in S6 have
been mutated to nonphosphorylatable alanine
residues (Ruvinsky et al. 2005).

Further studies on cells in which the phos-
phorylation sites in S6 aremutated revealed faster
rates of cell division and protein synthesis, and
smaller cell size, which was not further decreased
by rapamycin (Ruvinsky et al. 2005). Thus, S6
phosphorylation appears to be a positive regula-
tor of cell size but not of general protein synthesis
or TOP mRNA translation. Intriguingly, pan-
creatic β cells from mice expressing nonphos-
phorylatable S6 are resistant to transformation
by active Akt (which, among the effects, turns
on mTORC1 signaling) and also to genotoxic or
“proteotoxic” stress (Wittenberg et al. 2016).
Probing themolecular mechanisms that underlie
these effects should reveal much-needed insights
into the function(s) of S6 phosphorylation.

OTHER S6K SUBSTRATES RELEVANT
TO TRANSLATION

S6Ks phosphorylate a number of other sub-
strates relevant to mRNA translation. These in-

Signaling and Translational Control

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a033050 15



clude eEF2K (Figs. 1 and 3) and eIF4B, which
interacts with eIF4F and eIF4G and promotes
the helicase activity of its eIF4A subunit (Fig.
2) (Raught et al. 2004; Shahbazian et al. 2006).
The S6K site in eIF4B, Ser422, is also phosphor-
ylated by the RSKs, downstream of MAP kinase
(ERK) signaling (Shahbazian et al. 2006); it, and
a second site Ser406, are also targets for the
related kinase Akt (van Gorp et al. 2009). The
effects of phosphorylation of eIF4B at this site,
Ser422, are unclear, with one report concluding
that phosphorylation impairs translation initia-
tion (Raught et al. 2004) and a second that it
enhances the association of eIF4B with eIF3
(Shahbazian et al. 2006). Mutation of either
Ser406 or Ser422 to alanine abolished the ability
of eIF4B to promote translation initiation when
overexpressed (van Gorp et al. 2009), suggesting
that both sites positively regulate eIF4B function
(Shahbazian et al. 2006; van Gorp et al. 2009).

S6Ks also phosphorylate the programmed
cell death 4 protein (PDCD4), promoting its
release from eIF4A (and its degradation), there-
by allowing eIF4A to bind eIF4G (Yang et al.
2003; Dorrello et al. 2006). The availability of
small-molecule inhibitors of eIF4A has permit-
ted studies on the impact of eIF4A function on
the translation of specific mRNAs in mammali-
an cells (Rubio et al. 2014; Wolfe et al. 2014),
revealing roles in tumor biology.

Both eIF4B (Figs. 1 and 2) and PDCD4 are
also phosphorylated by RSKs (Shahbazian et al.
2006; Galan et al. 2014). S6Ks also regulate
other proteins involved in RNA biology, includ-
ing SKAR (S6K1 Aly/REF-like substrate), which
plays a role in splicing and whose phosphoryla-
tion enhances the translation of newly made,
spliced mRNAs, perhaps by recruiting S6K
(Ma et al. 2008).

S6Ks also help promote the transcriptional
program of ribosome biogenesis, an effect that
seems to require phosphorylation of S6; again,
the mechanism is not known (Chauvin et al.
2013). This role of the S6Ks in the function of
the nucleolus, where ribosomes are assembled,
may well be related to the observations linking
S6Ks with cell size, as ribosome biogenesis is a
key factor controlling cell growth (Rudra and
Warner 2004).

WHAT DON’T WE KNOW?

Recent years have seen substantial progress is
identifying the links between signaling pathways
and the translational machinery, such as phos-
phorylation events. Further examples remain to
be discovered. Our understanding of the impact
of signaling pathways on the translation of spe-
cific mRNAs is greatly helped by the advent of
new technologies such as ribosome profiling
and stable-isotope labeling methods to monitor
new protein synthesis. However, further work
is clearly needed to elucidate the molecular
mechanisms by which events such as the phos-
phorylation of eIF4E, or the control of elonga-
tion, modulate the synthesis of specific proteins.
Conversely, it is unclear how the features of
subsets of mRNAs, such as TISU elements,
confer translational control. mTOR signaling
modulates translation of many mRNAs that
are not TOP messages; how does it do this?

One study has indicated that theMNKs neg-
atively modulate the expression of eIF4E3 and
that loss of MNK function is associated with
enhanced eIF4E3-dependent translation of a
subset of mRNAs (Landon et al. 2014). Al-
though this is just a single report, it does raise
the possibility that signaling pathways modulate
the use of isoforms of translation factors. For
example, the roles of eIF4E2, which has been
reported to be involved both in repressing and
promoting translation of different subsets of
mRNAs (Cho et al. 2005; Uniacke et al. 2012;
Chapat et al. 2017; Jafarnejad et al. 2018), and of
eIF4E3 remain to be fully elucidated. What role
do signaling events play in modulating their ef-
fects on gene expression?

Control of translation under different condi-
tions almost certainly involves the combined ef-
fects of several signaling pathways and control of
multiple translation factors. How do these inputs
work together to modulate protein synthesis?

LARP1 appears to provide an example of an
RNA-binding protein that is regulated by phos-
phorylation and controls the translation of a
specific subset of mRNAs (TOP mRNAs). Do
other RNA-binding proteins serve similar roles,
linking signaling pathways to regulation of the
translation of certain mRNAs?
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Lastly, the signaling pathways that control
the translational machinery are dysregulated in
diseases such as cancer. How can modulating
these pathways or the translational components
they control be exploited to prevent, manage, or
treat human disease?
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