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a b s t r a c t

Eukaryotic elongation factor-2 kinase (eEF-2K) is a Ca2+/calmodulin-dependent enzyme that negatively
regulates protein synthesis. eEF-2K has been shown to be up-regulated in cancer, and to play an impor-
tant role in cell survival through inhibition of protein synthesis. Post-translational modification of protein
synthesis machinery is important for its regulation and could be critical for survival of cancer cells
encountering stress. The purpose of our study was to examine the regulation of eEF-2K during stress with
a focus on the roles of phosphorylation in determining the stability of eEF-2K. We found that stress con-
ditions (nutrient deprivation and hypoxia) increase eEF-2K protein. mRNA levels are only transiently
increased and shortly return to normal, while eEF-2K protein levels continue to increase after further
exposure to stress. A seemingly paradoxical decrease in eEF-2K stability was found when glioma cells
were subjected to stress despite increased protein expression. We further demonstrated that phosphor-
ylation of eEF-2K differentially affects the enzyme’s turnover under both normal and stress conditions, as
evidenced by the different half-lives of phosphorylation-defective mutants of eEF-2K. We further found
that the eEF-2K site (Ser398) phosphorylated by AMPK is pivotal to the protein’s stability, as the half-life
of S398A mutant increases to greater than 24 h under both normal and stress conditions. These data indi-
cate that eEF-2K is regulated at multiple levels with phosphorylation playing a critical role in the
enzyme’s turnover under stressful conditions. The complexity of eEF-2K phosphorylation highlights
the intricacies of protein synthesis control during cellular stress.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Elongation factor-2 kinase (eEF-2K) is a member of the calcium/
calmodulin-dependent kinase (CaMK) family of serine/threonine
protein kinases. eEF-2K is responsible for the phosphorylation of
eukaryotic elongation factor 2 (eEF-2) [1]. eEF-2 promotes peptide
elongation, and its phosphorylation at Thr56 decreases its affinity
for the ribosome resulting in termination of peptide elongation
[2,3]. As an important regulator of protein synthesis, eEF-2K is nor-
mally expressed at varying levels in human and vertebrate tissues
[4]. Increased eEF-2K activity has been observed in a variety of cir-
cumstances including cellular differentiation [5], cell cycle pro-
gression [6], cell growth [7], and neuronal functions [8,9].

Previous studies have shown that eEF-2K plays a critical role in
cell survival through its inhibition of protein synthesis and that the
enzyme’s protein levels are increased in cancer cell lines and
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tumors, including human glioblastoma [10–12]. eEF-2K can act as
an energy sensor, inducing a cytoprotective effects [13]. Association
with cell survival was first seen in hibernating squirrels, where pEF-
2 and eEF-2K were increased in their brain and liver samples during
stressful environmental conditions that reduced oxygen profusion
and nutrient availability [14]. eEF-2K has also been shown to play
a role in energy homeostasis through its regulation of autophagy
during ER-stress [15] and amino acid deprivation [16]. Inhibition
of eEF-2K in cancer cells during stress can inhibit autophagy and
lead to cell death during various stresses including metabolic stress
[16,17] and growth factor inhibition [18].

eEF-2K activity is regulated by multiple upstream signaling cas-
cades through its phosphorylation. The mTOR/S6 kinase pathway
phosphorylates eEF-2K on Ser78 and Ser366 to inhibit the en-
zyme’s activity [19,20], while the AMPK pathway phosphorylates
it at Ser398 activating eEF-2K [21]. These pathways tie into cellular
stress and energy homeostasis, as the mTOR/S6 kinase signals dur-
ing nutrient-rich conditions while AMP kinase signals during times
of low ATP and stress [22].

While phosphorylation is known to regulate eEF-2K activity, the
precise role of the modification is largely unknown. Protein turnover
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is necessary to conserve the integrity of the cellular proteins. Con-
tinual turnover of cellular proteins also creates a homeostasis in
protein amounts and activity, and a delicate balance exists between
breakdown of proteins and their synthesis. eEF-2K has been shown
to be degraded by the ubiquitin–proteasome pathway, with a half-
life of approximately 6–8 h in human glioma cells [23]. A recent
study by Kruiswijk et al. revealed that autophosphorylation of
eEF-2K at Ser445 can affect the enzyme’s degradation to promote
translation after genotoxic stress [24]. Since nutrient deprivation
has been shown to increase eEF-2K protein levels in addition to
altering the phosphorylation status of the kinase, here we intended
to determine the effects of phosphorylation on eEF-2K protein sta-
bility. Rapid changes in eEF-2K protein expression have been impli-
cated in regulating crucial processes within the cell [25–27]; thus,
examining the effects of phosphorylation on the enzyme’s stability
will be critical for a better understanding how eEF-2K works within
the cell and promotes cancer cell survival.

2. Materials and methods

2.1. Cell lines and culture

The human glioma cell lines T98G and LN299 were purchased from
American Type Culture Collection. T98G(shEF2K) and LN299(shEF2K) cells
were stably transfected with a shRNA against eEF-2K in a pcDNA 3.1
vector. T98G cells were cultured in Ham’s F-10/DMEM (10:1);
LN229 cells were cultured in DMEM. The cell culture media were sup-
plemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin
and 100 lg/ml streptomycin. Cells were maintained at 37 �C in a
humidified atmosphere containing 5% CO2/95% air.

2.2. Reagents and antibodies

All cell culture media and reagents were purchased from Hy-
clone. Cycloheximide was purchased from Sigma. Antibodies to
eEF-2K, phospho-eEF-2K (Ser366), S6K, pS6K (Thr389), AMPK,
pAMPK (Thr172), and b-actin were purchased from Cell Signaling
Technologies while p-eEF-2K (Ser78) was supplied by Santa Cruz.
eEF-2K mutants in pcDNA 3.1 vectors were generated by Genewiz.

2.3. Stress conditions

Serum conditions contained 10% FBS. For transient transfections
with expression vectors containing phosphorylation mutants eEF-
2K at Ser78/Ser366 and Ser398, T98G(shEF2K) cells were transfected
with 1 lg of Qiagen-purified DNA and 5 ll of Roche Fugene 6 as
previously described [28]. Stress experiments were conducted
24 h after plating or 24 h after transfection. Media was changed to
serum-free, glutamine-free, or oxygen-depleted media for serum,
amino acid, and oxygen deprivation experiments, respectively. Oxy-
gen deprivation was conducted in a hypoxia chamber at 1% oxygen.

2.4. Real time RT-PCR

Total RNA from T98G cells were extracted using Trizol system
according to manufacturer instructions. cDNA was made from har-
vested total RNA of T98G and LN229 cells (Roche). RT-PCR was per-
formed using TaqMan Gene Expression Assays. GAPDH was used to
normalize samples for comparison.

2.5. eEF-2K phosphorylation-defective mutants

Mutation variants of the three eEF-2K phosphorylation sites
were generated by site-directed mutagenesis. Phosphorylation-
defective mutants were created by exchanging serine coding
sequences with alanine coding sequences: eEF-2K Ser78 (TCC)
was converted to Ala78 (GCC); Ser366 (TCT) was converted to
Ala366 (GCT); and Ser398 (TCT) was converted to Ala398 (GCT).
eEF-2K mutant sequences were cloned into Invitrogen
pcDNA3.1(+) plasmid vectors.

2.6. Preparation of cellular extracts and Western Blot analysis

Cells were lysed with M-PER mammalian protein extraction re-
agent (Pierce Biotechnology) which was supplemented with prote-
ase inhibitor cocktail (Roche) and a phosphatase inhibitor cocktails
1 and 2 (Sigma) followed by centrifugation. Protein (30 lg) was re-
solved by SDS–PAGE, and protein signals were detected by ECL
method (Perkin Elmer).

2.7. Mining of mRNA functional elements

Web-based tool, RegRNA – A Regulatory RNA Motifs and Ele-
ments Finder, was used to find predicted regulatory RNA motifs
and elements in eEF-2K [29]. eEF-2K gene accession number
NM_013302 was used for database query. 50- and 30-UTR regula-
tory elements of eEF-2K were examined.
3. Results

To determine how cellular stresses affect eEF-2K activity and
expression, we first determined the effects of nutrient or oxygen
deprivation on the expression of eEF-2K mRNA and protein.
Fig. 1A shows that incubation of human glioma cells lines, T98G
and LN229, with nutrient-deprived media for 48 h increased eEF-
2K protein expression. These stressful conditions also increased
eEF-2K activity, as indicated by an increased phosphorylation of
its substrate, eEF-2 (Fig. 1A).

A time course of serum deprivation demonstrates a time-
dependent increase of eEF-2K protein levels from 24 to 48 h
(Fig. 1B). Analysis of eEF-2K mRNA expression revealed that while
mRNA levels transiently increased at 24 h, mRNA levels reverted to
baseline by 48 h (Fig. 1C). However, eEF-2K protein levels contin-
ued to increase at 48 h despite having a previously reported half-
life of �8 h. These results suggest that enhanced stability of eEF-2K
protein could be responsible for the increased eEF-2K expression
during stress. Therefore, we next examined the effects of various
stresses on eEF-2K protein turnover in human glioma cells. Sur-
prisingly, eEF-2K turnover was increased when glioma cells were
subjected to various stresses, with half-lives averaging from 2 to
4 h as opposed to �8–12 h under normal culture conditions
(Fig. 2A).

As multiple pathways are known to signal and phosphorylate
eEF-2K, we examined the effects of stress on upstream signaling
of eEF-2K. The mTOR pathway deactivates eEF-2K by phosphory-
lating the enzyme at Ser78 and Ser366, while the AMPK pathway
activates eEF-2K through phosphorylation at Ser398 during cellu-
lar stress. Fig. 2B shows that cellular stress decreased mTOR signal-
ing and thus S6K phosphorylation while it increased AMPK
activation. Since both mTOR/S6K and AMPK are regulators of
eEF-2K through its phosphorylation, we created the phosphoryla-
tion-defective mutants for S78A/S366A and S398A phosphoryla-
tion sites on eEF-2K, and then examined the effects of eEF-2K
phosphorylation on the enzyme’s stability during stress. Fig. 2C
shows that mutation of the mTOR/S6 kinase sites (S78/366A) re-
sulted in an increased stability of eEF-2K (t1/2 > 24 h) under normal
culture conditions. Turnover rates for S78/366A mutants measured
during stress conditions decreased to the basal level seen for wild-
type eEF-2K under normal culture conditions (t1/2 � 8 h). AMPK
phosphorylation-site mutants (S398A) of eEF-2K also show
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Fig. 1. Cellular stresses increase eEF-2K expression while decreasing eEF-2K protein stability. (A) T98G and LN229 cells were cultured in media deficient in serum, glutamine,
or oxygen for 24 h. (B) T98G and LN229 cells were cultured in serum-containing or serum-free media for 24, 48, or 72 h. (C) T98G cells were subjected to various stresses for
24 or 48 h. At the end of treatment, eEF-2K protein and mRNA levels were measured. LN229 results (not shown) were similar. The bars represent the mean value ± SD from
three independent experiments.
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increased stability under normal conditions (t1/2 > 24 h), and this
stability of eEF-2K continued under all the stress conditions (t1/

2 > 24 h) (Fig. 2D). These observation indicate that phosphorylation
of eEF-2K at these two sets of sites differentially affects the pro-
tein’s turnover in glioma cells.

To verify the effects of upstream signaling pathways on eEF-2K
stability, we used pharmacological inhibitors of these cascades to
compare with the results of mutating their respective phosphory-
lation sites. Fig. 3A shows that the mTOR inhibitor rapamycin de-
creased phosphorylation of S6K under all culture conditions
including stress. Rapamycin treatment differed from the mTOR/
S6 kinase phosphorylation-site mutants of eEF-2K as it decreased
the turnover of eEF-2K under both normal and stress conditions
(t1/2 > 24 h) (Fig. 3B). Pharmacological inhibition of AMPK activa-
tion by Compound C decreased phosphorylation of AMPK
(Fig. 4A). eEF-2K stability was decreased under all culture condi-
tions with Compound C treatment (t1/2 < 4 h), which was the oppo-
site result of mutating the AMP kinase phosphorylation-sites of
eEF-2K (Fig. 4B). These results indicate that eEF-2K is regulated
not only by their known phosphorylation sites but by additional
mechanisms.

To explore the mechanism by which cellular stress increases
eEF-2K expression, an effect not fully accounted for in eEF-2K
mRNA levels, we examined the eEF-2K mRNA transcript sequence
for RNA functional elements. Using RNA regulatory motifs and
element predictions, we revealed that eEF-2K’s 5-UTR region is
predicted to contain multiple internal ribosome entry sites (IRESs)
starting at basepairs 181, 387, 551, 1255, and 1470. IRESs are
responsible for the initiation of translation by internal ribosome
binding of the mRNA when 50-cap-dependent translation is inhib-
ited [30]. Numerous upstream open reading frames (uORFs) were
predicted as well in the 50UTR of eEF-2K; uORFs can initiate and en-
hance translation during specific conditions [31]. These two types
of RNA functional elements may elucidate the mechanism behind
increased eEF-2K protein levels despite a decrease in mRNA levels.
4. Discussion

We report here that post-translational modification of eEF-2K, a
critical regulator of protein synthesis, is pivotal in regulating the
enzyme’s protein levels during periods of cellular stress, including
nutrient and oxygen deprivation. After determining that cellular
stresses can increase eEF-2K protein levels without an increase in
eEF-2K mRNA levels (Fig. 1), we were surprised to find that cellular
stress decreased eEF-2K protein stability in human glioma cells
(Fig. 2A). This surprising result led us to investigate the role of
phosphorylation-status of eEF-2K in determining its stability.

Phosphorylation control of eEF-2K is a complex process, with a
variety of signaling pathways converging on eEF-2K in a seemingly
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Fig. 2. Phosphorylation sites on eEF-2K differentially affect its turnover. (A) T98GshVector and LN229shVector cells were subjected to various stresses for 24 h, followed by
treatment with 20 lM of cycloheximide (CHX). Cell samples were collected at time points from 0 to 24 h. LN299 results (not shown) are similar. (B) T98G shVector and
LN229shVector cells were treated with various stresses for 24 h. The levels of the respective proteins were examined by Western Blot. (C) LN229shEF2K and T98GshEF2K cells were
transfected with the S78A/S366A eEF-2K phosphorylation-defective mutants for 24 h, followed by 24 h of various stress treatments. Cells were then treated with 20 lM of
cycloheximide (CHX) and collected at time points from 0 to 24 h. (D) LN229shEF2K and T98GshEF2K cells were transfected with the S398A eEF-2K phosphorylation mutants for
24 h, followed by 24 h of various stress treatments. Cells were then treated with 20 lM of CHX and collected at time points from 0 to 24 h. ⁄p < 0.05.
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paradoxical way. Sites Ser78 and Ser366 are phosphorylated by
mTOR [19,20], but stress proteins like AMPK can also phosphory-
late this site [21]. In fact, AMPK phosphorylation of its main site,
Ser398, can actually induce phosphorylation of mTOR sites Ser78
and Ser366 on eEF-2K [32]. In some types of cells, autophosphory-
lation is overshadowed by stronger phosphorylation signals, while
autophosphorylation of eEF-2K seems to play a role in others. A re-
cent study reveals that eEF-2K autophosphorylation at Ser445 is
involved in the degradation of enzyme after genotoxic stress re-
lease [24]. eEF-2K can also be phosphorylated by a variety of other
proteins including PKA, stress-activated proteins, and cdc2-cyclin B
at other phosphorylation sites [33–35]. Contradictory results on
the effects of eEF-2K phosphorylation have been found, perhaps
partially due to the use of different cell systems including cardio-
myocytes, HEK293 cells, and cancer cells. The discrepancy between
studies highlights the importance of cell types, culture conditions,
and the complex regulation and balance of eEF-2K phosphorylation
sites.

Our results revealed that mutations at the mTOR phosphoryla-
tion sites, Ser78 and Ser366, increased stability of the eEF-2K pro-
tein under normal conditions; however, stress conditions
decreased the stability of eEF-2K back to normal levels (Fig. 2C).
Thus, it appears that phosphorylation at the mTOR sites decreases
eEF-2K stability under normal conditions, but has no effect on eEF-
2K under stress conditions. When the AMPK’s phosphorylation
sites on eEF-2K were mutated (S398A), stability of the kinase
was increased; and this stability is not affected by culture condi-
tions including stress (Fig. 2D). These results indicate that the
AMPK site, Ser398, is pivotal to eEF-2K stability, regardless of con-
ditions; phosphorylation at this site appears to decrease stability of
eEF-2K. The mTOR mutants might still be reactive to stress, due to
the fact that AMPK can still affect the phosphorylation of the kinase
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Fig. 3. Inhibition of the mTOR pathway with rapamycin increases eEF-2K stability regardless of stress. (A) T98G shVector and LN229shVector cells were treated with 100 ng/ml
rapamycin and exposed to various stresses for 48 h. eEF-2K protein expression was then examined. (B) T98G shVector and LN229shVector cells were treated with 100 ng/ml
rapamycin and exposed to various stresses for 24 h. Cells were then treated with 20 lM of CHX and collected at time points from 0 to 24 h. Results shown are the
representative of three similar experiments.
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at Ser398; this might explain results showing that the mTOR-site
mutants reduced the stability of eEF-2K under stress conditions.
Because we show that all of our stress conditions activate AMPK,
and AMPK is known to phosphorylate Ser78 and Ser366 in addition
to Ser398 [32], our results showing that the stability of S398A mu-
tants are not affected during stress indicate that Ser78 and Ser398
phosphorylations might not be as important as phosphorylation at
Ser398. This reduced stability of eEF-2K under stress signaling by
Ser398 is unexpected; however, quick turnover of a regulatory pro-
tein is not unheard of for translational factors [36]. The tight regu-
lation would allow elongation to vary with the fluctuations in
global translation rate.

The unmatched levels of mRNA, protein levels, and protein
turnover found in this study of eEF-2K are uncommon, but discor-
dant mRNA levels and protein stability have been found previously
in cells, such as with c-myc [37] and stabilization of mRNAs in-
volved in reduction of global translation during ER-stress [38].
These findings could be keys to understanding the seemingly par-
adoxical changes in eEF-2K protein levels and stability. We propose
that the unexpected decrease in eEF-2K protein stability during
stress may be a compensatory mechanism for an additional level
of regulation at the post-transcriptional level that increases eEF-
2K translation. Due to the importance of translation regulation
during stress, it is reasonable to have increased translation of a
regulator of protein synthesis while decreasing the same protein’s
stability in order to quickly adapt to changing nutrient levels. Upon
mining databases of RNA functional elements, we found that eEF-
2K contains multiple predicted IRESs and uORFs in its 50-UTR,
which would regulate the rate and specific translation of eEF-2K
protein. Thus, it is possible that eEF-2K mRNA and protein levels
are carefully regulated by the cell, which may quickly and effi-
ciently increase eEF-2K translation during stress while destabiliz-
ing both the protein and its mRNA in order to allow for fast
resumption of global protein synthesis when favorable conditions
return. Further studies will examine the post-transcriptional regu-
lation of EF-2K during stress as these data demonstrate its complex
and tight regulation.

The differential regulation of eEF-2K stability by phosphoryla-
tion in response to upstream signaling and stress should be care-
fully considered when studying protein synthesis. The results
presented here, including the pharmacological and mutation dis-
crepancies (Figs. 3 and 4), indicate that eEF-2K stability and phos-
phorylation are delicately balanced by numerous upstream
pathways, and the field would benefit from further studies of up-
stream signaling and phosphorylation eEF-2K. Ser398 appears to
be a pivotal phosphorylation site regulating eEF-2K turnover, so
exploring the different pathways that affect this site could be crit-
ical for understanding the complex regulation of translation. The
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Fig. 4. Inhibition of AMPK pathway with compound C decreases eEF-2K stability under both stressful and non-stressful conditions. (A) T98G shVector and LN229shVector cells
were treated with 10 lM of compound C and exposed to various stresses for 48 h. eEF-2K protein expression was then examined. (B) T98G shVector and LN229shVector cells were
treated with 20 lM compound C and exposed to various stresses for 24 h. Cells were then treated with 20 lM of CHX and collected at time points from 0 to 24 h. Results
shown are the representative of three similar experiments.
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discordant levels eEF-2K mRNA and protein demonstrate the com-
plexity of protein synthesis control and the ability of stress to alter
phosphorylation and genetic expression at multiple levels. Our
findings on the effect of phosphorylation on eEF-2K stability in re-
sponse to stress give further insight into how cells balance and reg-
ulate protein synthesis machinery under varied cellular conditions.
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