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Integrated regulation of autophagy
and apoptosis by EEF2K controls cellular fate
and modulates the efficacy of curcumin
and velcade against tumor cells
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Endoplasmic reticulum (ER) stress induces both autophagy and apoptosis yet the molecular mechanisms and pathways
underlying the regulation of these two cellular processes in cells undergoing ER stress remain less clear. We report
here that eukaryotic elongation factor-2 kinase (EEF2K) is a critical controller of the ER stress-induced autophagy and
apoptosis in tumor cells. DDIT4, a stress-induced protein, was required for transducing the signal for activation of EEF2K
under ER stress. We further showed that phosphorylation of EEF2K at Ser398 was essential for induction of autophagy,
while phosphorylation of the kinase at Ser366 and Ser78 exerted an inhibitory effect on autophagy. Suppression of the ER
stress-activated autophagy via silencing of EEF2K aggravated ER stress and promoted apoptotic cell death in tumor cells.
Moreover, inhibiting EEF2K by either RNAi or NH125, a small molecule inhibitor of the enzyme, rendered tumor cells more
sensitive to curcumin and velcade, two anticancer agents that possess ER stress-inducing action. Our study indicated
that the DDIT4-EEF2K pathway was essential for inducing autophagy and for determining the fate of tumor cells under
ER stress, and suggested that inhibiting the EEF2K-mediated autophagy can deteriorate ER stress and lead to a greater

apoptotic response, thereby potentiating the efficacy of the ER stress-inducing agents against cancer.

Introduction

The endoplasmic reticulum (ER) is an organelle that plays
important roles in multiple cellular processes, including intracel-
lular calcium homeostasis, protein secretion and lipid biosynthe-
sis, all of which are required for cell survival and normal cellular
functions.! An intact ER function is critical for correct folding of
various proteins and for post-translational modifications such as
glycosylation and disulfide bond formation. A variety of stimuli
and pathological conditions can cause accumulation of unfolded
and misfolded proteins in the ER, triggering an evolutionarily
conserved response, termed the unfolded protein response (UPR),
in order to re-establish homeostasis and to restore ER function.?
The UPR is mediated by three ER membrane-associated proteins:
endoplasmic reticulum to nucleus signaling 1 (ERN1), eukary-
otic translation initiation factor 2-a kinase 3 (EIF2AK3), and
activating transcription factor 6 (ATF6).? These proteins activate
the signal-transduction pathways that alleviate the accumulation

of misfolded proteins in the ER via enhancing the protein-folding
capacity of the ER, inhibiting new protein synthesis, or accelerat-
ing the degradation of proteins. Nonetheless, if the function of
the ER fails to be re-established, extensive or sustained, ER stress
eventually induces cell death via apoptosis.

Autophagy, a cellular process mainly responsible for degrad-
ing long-lived proteins and subcellular organelles, is activated
in response to stressful conditions such as starvation, hypoxia,
irradiation and growth factor deprivation, and is involved in
numerous physiological and pathological processes including
cancer, neurodegeneration and aging.? It has been shown recently
that ER stress is also a stimulus that causes activation of auto-
phagy, which plays a critical role in alleviating ER stress,” and
ER-induced autophagy may have important implications in
therapeutic intervention of diseases such as cancer. Nevertheless,
how ER stress activates autophagy and the functional association
between autophagy and apoptosis under ER stress remain less
clear. Eukaryortic elongation factor-2 kinase (EEF2K), a calcium/
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Figure 1. Effect of tunicamycin and thapsigargin on autophagy in human glioma cells. (A) LN-229 or T98G cells were treated with Tm or Tg for 24 h. At
the end of treatment, the levels of LC3 and BECN1 were examined by western blot. TUBULIN was used as a loading control. (B) LN-229 cells were trans-
fected with a GFP-LC3 plasmid, followed by treatment with 1 wg/ml Tm or 100 nM Tg for 24 h. At the end of treatment, the cells were inspected at 60x
magnification for numbers of GFP-LC3 puncta (scale bar: 100 wM). Bars represent the percentage of cells with > 10 GFP-LC3 puncta. At least

100 cells were scored in each treatment. *p < 0.05; **p < 0.01, t-test, Tg or Tm vs. vehicle. (C) LN-229 or T98G cells were treated with 1 pg/ml Tm or

100 nM Tg for 24 h in the absence or presence of 10 nM of bafilomycin A,. At the end of treatment, the levels of LC3 and SQSTM1 were examined by

calmodulin-dependent enzyme, is a negative regulator of protein
synthesis. EEF2K phosphorylates EEF2 at Ser56, thereby dis-
abling its role in mediating ribosome elongation during mRNA
translation.® EEF2K is overexpressed in several types of malig-
nancies including brain tumors and breast cancers.”” Our recent
studies have revealed that EEF2K controls the switch between
autophagy and apoptosis in cancer cells subjected to therapeutic
stress.”” Since EEF2K is activated in response to ER stress,'!?
and ER stress-inducing agents are being tested and developed as
anticancer agents, in this study we intended to delineate the exact
roles and regulation of EEF2K in the cellular response to ER
stress, and to explore whether manipulating ER stress-induced
autophagy via EEF2K can be exploited as an approach to rein-
forcing the effectiveness of ER stress-inducing agents against can-
cer. Our study demonstrated that DDIT4-mediated activation
of EEF2K plays an important regulatory role in controlling the
switch between autophagy and apoptosis in cancer cells undergo-
ing ER stress, and that phosphorylation of the kinase at Ser398 is
necessary for induction of autophagy. We also showed that sup-
pression of EEF2K-mediated autophagy aggravates ER stress and
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shuttles more tumor cells into the apoptotic pathway, reinforcing
the cytotoxicity of curcumin and velcade against tumor cells.

Results

Autophagy is an earlier response than apoptosis in tumor cells
undergoing ER stress. To better understand the relationship
between activation of autophagy and apoptosis when tumor cells
are undergoing ER stress, we first treated T98G and LN-229
human glioma cells with ER stress inducers thapsigargin (Tg) or
tunicamycin (Tm), and then examined how ER stress caused by
these two agents affects autophagic response. Figure 1A shows
that treatment of glioma cells with Tg or Tm resulted in a dose-
dependent elevation of the level of LC3-1I, a marker of auto-
phagy. The stimulatory effect of Tg and Tm on autophagy was
confirmed by examining GFP-LC3 puncta, which showed an
increase in the GFP-LC3 dots in the cells treated with Tg or Tm
(Fig. 1B), and by detecting the level of the selective autophagy
substrate, SQSTMI, which showed a reduction by the treatments
(Fig. 1C). Since a increased level of LC3-II can be due to either

Autophagy 209

Do not distribute.

I0Science.

©2013 Landes B



LC3H
LC31 |

m
(@)
K
| e
-
=
m
(@)
K
e
-
II

A LN-229 T98G
Hour Hour Hour Hour
Tm 0 36 122448 Tg 0 36122448 Tm 0 3 612 2448 Tg 03612 2448
LC3A LC3- LC3- LC3A
LC3-ll LC3-l LC3-ll LC3-ll
scuz, /[ o2+ I o2« I o2
oL ) o [ s ] oy B
B LN-229 T98G
Hour Hour Hour Hour
Tm 0 24 48 72 96 Tg 0 24 48 72 96 (h) Tm 0 24 48 72 96 (h) Tg 0 24 48 72 96 (h)
i3 AR =T P =5 M

e
LC3I =

L3I . -

ul—u -

TUBULIN |

o
1

PErcEnt ofcEllswith
AnnExinV staining (%)

PErcEnt ofcEllswith
AnnExinV staining (%)
- NN g

o ;o ;O o;

45
40
35
30
25
20
15
10

5

0

0 12 24 48 72 0 12 24 48 T2
Tunicamycin (h) Thapsigargin (h)

T98G
—~45 =
$2u0 5 0
0235 22 40
SEN wE
8525 83 30
o~ 20 B>
5,515 5% 20
£u'g E2 10
[ og 0
9 1= 3¢ 40 52 0 12 24 48 72
Tunicamycin (h) Thapsigargin (h)

Figure 2. Activation of autophagy in tumor cells was an earlier response to ER stress than apoptosis. LN-229 or T98G cells were treated with Tm (1 g/
ml) or Tg (100 nM) for different periods of time. At the end of treatment, (A and B) the levels of LC3, BCL2L11, PARP1, p-EEF2. EIF2S1 and p-EIF2S1 were
examined by western blot. TUBULIN was used as a loading control; (C) Apoptosis was determined by flow cytometric analyses of annexin staining.

stimulation of the LC3 conversion or the inhibition of the fusion
of autophagosome with lysosome, in order to validate the effects
of Tg and Tm on autophagy, we measured autophagic flux in
the presence of bafilomycin A, an inhibitor of autophagosome-
lysosome fusion. Figure 1C illustrates that LC3-1I and SQSTM1
significantly accumulated in the presence of bafilomycin A in
the cells treated with Tg or Tm, indicating that autophagic flux
was enhanced by ER stress (Fig. 1C).

As ER stress also triggers apoptosis, we next compared the
time course of apoptosis activation with that of autophagy acti-
vation in cells treated with Tg or Tm. Figure 2A shows that the
autophagy marker, LC3-II, began to accumulate by 3 h follow-
ing the drug treatment, and reached a highest level at 48 h. In
contrast, BCL2L11 and cleaved PARP1 did not appear until
24 to 48 h following the treatment with Tg or Tm (Fig. 2A).
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These results indicated that autophagy was activated early
after the start of treatment, while apoptosis was induced at a
later stage of ER stress. Notably, the phosphorylation of EEF2,
a negative regulator of protein synthesis, and the phosphoryla-
tion of EIF2S1, an important downstream effector of ER stress,
were elevated by treatment with Tg or Tm in a time-dependent
manner (Fig. 2A), suggesting that phosphorylation of these two
proteins was likely associated with activation of autophagy and
apoptosis under ER stress. To further determine the relation-
ship between autophagy and apoptosis activated by ER stress,
we extended our observation of these two cellular processes to
96 h. We found that autophagy induced by ER stress reached a
peak at 48 h, and began to decline thereafter (Fig. 2B). Of note,
when autophagy receded, apoptosis was further activated, as evi-
denced by an increase in BCL2L11 protein level (Fig. 2B) and in

Volume 9 Issue 2

. Do not distribute.

loscience

©2013 Landes B



A T98G
siNT siEEF2K
Tm(ug/mb) 0 1 0 1

siNT SiIEEF2K
Tg(M) 0 100 0 100

Tmg/mL) 0 1 0 1

LN-229
siNT siEEF2K siNT siEEF2K

Tg(nM) 0 100 0 100

pecr: [N <~ ==~ I -~ I
LC3 LC3A LC34 LC34
LC3-I LC3-lI LC3-ll LC3-l
sas1 R sosm SR sosm1 ] sasn ERE
Tusu [ rusuLN [ TusuLy [ TusuLn [
B T98G LN-229
SiEEF2K - - - & SiEEF2ZK - - - +
BaA; - - + + BaA; - - + %
Tg - + + o+ Tg - + o+
LC3- LC34
LC3AI LC3-I
o R o S—
C MCF7 T-47D
siNT siEEF2K siNT siEEF2K
0 TgTm 0 Tg Tm 0 TgTm 0 Tg Tm
LC3H LC3H
LC3I LC34I
e [EEEEERRRE  Tusuun [

Figure 3. Effect of EEF2K expression on ER stress-induced autophagy in tumor cells. (A) LN-229 or T98G cells were transfected with a nontargeting
RNA or a siRNA targeting EEF2K, followed by treatment with Tg or Tm for 24 h. The levels of EEF2K, p-EEF2, LC3 and SQSTM1 were examined by western
blot. TUBULIN was used as a loading control. (B) LN-229 or T98G cells were transfected with a nontargeting RNA or a siRNA targeting EEF2K; followed
by treatment with Tg for 24 h in the presence or absence of bafilomycin A . The levels of EEF2K and LC3 were examined by western blot. TUBULIN was
used as a loading control. (C) MCF7 or T-47D cells were transfected with a nontargeting RNA or a siRNA targeting EEF2K, followed by treatment with
100 nM Tg or 1 g/ml Tm for 24 h. EEF2K and LC3 were examined by western blot. TUBULIN was used as a loading control.

annexin V staining (Fig. 2C). These results indicated that per-
sistent ER stress promoted a switch from autophagy to apoptosis.

EEF2K is required for induction of autophagy in tumor cells
treated with ER stressors. As treatment with Tm or Tg caused an
increase in phosphorylation of EEF2 (Fig. 2A), we next sought
to determine whether there was an association between upregu-
lation of phospho-EEF2 and activation of autophagy. EEF2K is
the enzyme that phosphorylates EEF2, thus we examined the
effects of knocking down this kinase on ER stress-induced auto-
phagy in glioma cells. Figure 3A shows that silencing of EEF2K
expression led to a loss of phospho-EEF2 and markedly blunted
autophagic response in the tumor cells treated with Tg or Tm, as
determined by a decrease in LC3-1I and an increase in SQSTMI.
To validate the effect of EEF2K on induction of autophagy, we
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measured autophagic flux in the cells with silencing of EEF2K
expression, following treatment with Tg. Figure 3B shows that
inhibition of EEF2K blocked the accumulation of LC3-II in the
presence of bafilomycin A, in the cells treated with Tg, further
supporting that the phosphorylation of EEF2 is involved in the
induction of autophagy. The effect of EEF2K expression on ER
stress-induced autophagy was also observed in the human breast
cancer cell lines MCF7 and T-47D (Fig. 3C). These experi-
ments demonstrated a regulatory role for EEF2K in autophagic
response to ER stress.

DDIT4 is essential for activation of EEF2K and induction of
autophagy under ER stress. To explore how EEF2K is activated
in response to ER stress, we tested the role of DDIT4, a stress-
induced protein that acts as a negative regulator of MTOR,"?
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Figure 4. Silencing of DDIT4 expression blocked activation of EEF2K and suppressed autophagy in tumor cells treated with Tg. (A) LN-229 or T98G cells
were transfected with a nontargeting RNA or a siRNA targeting DDIT4, followed by treatment with Tg for 24 h. The levels of DDIT4, EEF2K, EEF2, p-EEF2
and LC3 were examined by western blot. TUBULIN was used as a loading control. (B) LN-229 and T98 G cells were transfected with a nontargeting RNA
or a DDIT4-targeted siRNA, followed by treatment with Tg for 24 h in the presence or absence of MG132. The levels of DDIT4 and EEF2K were examined
by western blot. TUBULIN was used as a loading control. (C) LN-229 or T98G cells were transfected with a nontargeting RNA or a siRNA targeting DDIT4,
followed by treatment with Tg for 24 h. The levels of DDIT4, RPS6KB, p-RPS6KB, EIFAEBP1 and p-EIFAEBP1 were examined by western blot. TUBULIN
was used as a loading control. (D) LN-229 or T98G cells were transfected with a nontargeting RNA or a siRNA targeting ATF4, followed by treatment
with Tg for 24 h. The levels of ATF4, DDIT4 and LC3 were examined by western blot. TUBULIN was used as a loading control.

as the activity of EEF2K is regulated by the MTOR-RPS6KB-
mediated phosphorylation at Ser366 and Ser78. Figure 4A
shows that treatment of tumor cells with Tg not only upregu-
lated DDIT4 protein but also activated EEF2K, as determined
by the level of phosphorylation of its substrate, EEF2. Strikingly,
when Tg-induced upregulation of DDIT4 was repressed by
siRNA against this stress-induced gene, EEF2K expression and
the activity of this kinase (level of phospho-EEF2) were mark-
edly downregulated (Fig. 4A). Repression of DDIT4 by siRNA
also suppressed the autophagic response induced by Tg treat-
ment, as determined by the decreased amount of the autophagy
marker LC3-II (Fig. 4A). We further found that in the presence
of Tg, downregulation of EEF2K, when expression of DDIT4
was silenced, was rescued by MG132, an inhibitor of proteasome
(Fig. 4B), suggesting that prevention of the ER stress-induced
upregulation of DDIT4 promoted the degradation of EEF2K
by the proteasome. To demonstrate the effect of altered DDIT4
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level on MTOR activity, we next examined the phosphoryla-
tion of RPS6KB and EIF4EBP1, two down-stream effectors
of MTOR, in the cells with knockdown of DDIT4 under ER
stress. As shown in Figure 4C, suppression of DDIT4 expression
relieved the inhibition of MTOR in cells subjected to ER stress,
as evidenced by a restoration of phosphorylation RPS6KB and
EIF4EBP1. To further demonstrate the role of MTOR in regulat-
ing the DDIT4-EEF2K pathway under ER stress, we compared
the p-EEF2 level in the cells transfected with a control plasmid or
with a plasmid of RHEB, a positive regulator of MTOR, under
ER stress. Activation of EEF2K by ER stress was reduced when
MTOR activity was rescued by enforced expression of RHEB
(Fig. S1), suggesting that the effect of DDIT4 on EEF2K was
mediated through MTOR under ER stress.

To determine how ER stress upregulates DDIT4, we exam-
ined the role of ATF4, as ATF4 has been reported to play a role
in induction of DDIT4."1¢ We found that treatment of cells with
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site-directed mutagenesis. In these mutants,
the codons for Ser366, Ser78 and Ser398 are
changed to an alanine codon. We transfected
the T98G*FEFK cells with the expression
plasmids of the phosphorylation mutants,
and then measured the effects of Tg on auto-
phagy in the cells expressing these phos-

Figure 5. Phosphorylation of EEF2K at Ser78/Ser366 and Ser398 differentially regulated au-
tophagy. (A) T98G"" cells or TO8G"EF2K cells were treated with 100 nM Tg for 24 h. The levels of
EEF2K, p-EEF2 and LC3 were detected by western blot. TUBULIN was used as a loading control.
(B) T98G*"EEF2K cells transfected with a wild-type EEF2K or the phosphorylation-defective
mutants of EEF2K were treated with 100 nM Tg for 24 h. Mutant 1: the codons for Ser366 and
Ser78 were changed to an alanine codon by site-directed mutagenesis; Mutant 2: the codon for
Ser398 was changed to an alanine codon. The levels of EEF2K, p-EEF2 and LC3 were detected by
western blot. TUBULIN was used as a loading control.

phorylation-defective mutants. As shown
in Figure 5A, treatment with Tg elicited
a stronger autophagic response in T98G™ than in T98GHEFK
cells, as demonstrated by a higher level of LC3-II in T98G™
than in T98G*FE2K cells. Notably, LC3-II level was higher in
T9BG™EFK cells expressing the Ser366A/Ser78A mutant than
in T98GHFEK cells expressing a wild-type EEF2K both in the
absence or presence of Tg (Fig. 5B), suggesting that disabling
phosphorylation of EEF2K at Ser78 and Ser366 enhanced auto-
phagic activity likely through maintaining EEF2K activity. By
contrast, a defect in phosphorylation at Ser398, which is known
to be phosphorylated by PRKAA2, weakened the autophagic
response to Tg treatment (Fig. 5B), suggesting that phosphoryla-
tion at Ser366/Ser78 and Ser398 has opposite effects on auto-
phagy induced by ER stress. Indeed, PRKAA2 was activated by
ER stress, as examined by phosphorylation of PRKAA2, and
the PRKAA?2 inhibitor, Compound C, blocked the activation of
EEF2K by ER stress (Fig. S2A). MAPK14, another downstream
protein kinase activated by ER stress, did not show any effect on
EEF2K activity (Fig. S2B).

Inhibition of EEF2K aggravates ER stress and augments
ER stress-induced apoptosis in tumor cells. To further under-
stand the role of EEF2K in cellular response to ER stress, we
determined the effects of inhibiting EEF2K on DDIT3 and
phospho-EIF2S1, two downstream protein markers of ER stress.
Figure 6A shows that DDIT3 and p-EIF2S1 were induced in
tumor cells treated with Tg or Tm; when EEF2K expression
was silenced by siRNA, DDIT3 and p-EIF2S1 were further
upregulated, indicating that inhibition of EEF2K aggravated
ER stress. As DDIT3 plays an important role in inducing apop-
tosis in cells undergoing ER stress, we next assessed how inhibi-
tion of EEF2K affects ER-stress-induced apoptosis. As shown
in Figure 6B, depletion of EEF2K not only augmented apop-
tosis in glioma cells treated with Tg or Tm, as determined by
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an increased annexinannexin V staining, but also advanced the
activation of apoptosis from 48 h to 12h following ER stress.
Enhancement of ER stress-induced apoptosis by inhibition of
EEF2K was also evidenced by an increase in BCL2L11 level and
a decrease in BIRCS level, with silencing of EEF2K expression,
as compared with cells transfected with a nontargeting siRNA
(Fig. 6C). Similar effects of EEF2K on ER stress markers
DDIT3 and p-EIF2S1, and on apoptosis (BCL2L11 level and
annexin V staining) were observed in human breast cancer cell
lines MCF7 and T-47D (Fig. 6D and E). These results imply
that EEF2K plays a critical role in mitigating ER stress, and in
modulating the crosstalk between autophagy and apoptosis.
Suppression of autophagy enhances the cytotoxic effect
of ER stressors in tumor cells. It is known that activation of
autophagy is either cytoprotective or cytopathic, depending on
context. To determine whether ER stress-induced autophagy
plays a prosurvival or prodeath role, we silenced the expression
of BECNI, a key regulator of autophagy, and then compared the
viability of these cells with the cells without silencing of BECN1
expression following treatment with Tg or Tm. Figure 7A shows
that inhibition of autophagy via silencing of BECNI1 expression
enhanced the cytotoxicity of Tg or Tm against glioma cells, sug-
gesting that autophagy acts as a survival mechanism under ER
stress. Since ER stress-inducing agents have been tested and uti-
lized as therapeutics for treatment of cancer,”? we next explored
the therapeutic implication of the EEF2K-mediated autophagy.
As inhibiting EEF2K blunted the autophagy induced by ER stress
(Fig. 3), we evaluated the effects of silencing this kinase on sen-
sitivity of tumor cells to curcumin and velcade, two compounds
that possess ER stress-inducing effect and antitumor activity.?**
Figure 7B shows that the cytotoxicity of curcumin or velcade
against T98G and LN-229 cells was significantly greater when
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Figure 6A-C. Silencing of EEF2K expression augmented ER stress and resulted in increased apoptosis in tumor cells. (A) LN-229 and T98G cells were
transfected with a nontargeting RNA or a siRNA targeting EEF2K, followed by treatment with Tg or Tm for 24 h. EEF2K, DDIT3 and p-EIF2S1 were exam-
ined by western blot. TUBULIN was used as a loading control. (B) LN-229 and T98G cells were transfected with a nontargeting RNA or a siRNA targeting
EEF2K, followed by treatment with Tg or Tm for 48 h or 12 h. Apoptosis was determined by flow cytometric analyses of annexin staining. Each bar rep-
resents the mean =+ SE of three experiments. (C) LN-229 or T98G cells were transfected with a nontargeting RNA or an EEF2K-targeted siRNA, followed
by treatment with Tg or Tm. EEF2K, BCL2L11 and BIRC5 were examined by western blot. TUBULIN was used as a loading control.

EEF2K was silenced, as compared with that in the cells trans-
fected with a nontargeting RNA. Sensitization of tumor cells
to curcumin or velcade could also be achieved by cotreatment
with 0.25 wM of NH125, a small molecule inhibitor of EEF2K
(Fig. 7C). These results suggest that targeting EEF2K can rein-
force the efficacy of ER stress-inducing drugs against human
tumor cells.

Discussion

In this study, we demonstrated that ER stress-induced activation
of EEF2K and autophagy are mediated, at least in part, through
the ATF4-DDIT4 pathway, and that the regulation of EEF2K by
DDIT4 is mediated by its effect on MTOR signaling. We also
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showed that inhibition of the EEF2K-regulated autophagy dete-
riorated ER stress, promotes apoptosis, and sensitized tumor cells
to the cytotoxicity of agents that have ER stress-inducing action
(curcumin and velcade). Our results not only added new insights
into pathways involved in the regulation of ER stress-activated
autophagy and apoptosis, but also provided new clues on how to
reinforce the efficacy of the anticancer drugs whose mechanism
of action involves induction of ER stress.

Several lines of evidence suggest that under various stresses,
EEF2K activity may serve as an integrator in activating auto-
phagy. As an inhibitor of peptide elongation, EEF2K may also
participate in alleviating ER stress via shutting down protein
synthesis. Nonetheless, how ER stress activates EEF2K remains
aquestion. To explore the pathway linking ER stress and EEF2K
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Figure 6D and E. Silencing of EEF2K expression augmented ER stress and resulted in increased apoptosis in tumor cells. MCF7 or T-47D cells were
transfected with a nontargeting RNA or a siRNA targeting EEF2K, followed by treatment with Tg or Tm for 48 h. (D) EEF2K, LC3, DDIT3, p-EIF2S1, BIRC5
and BCL2L11 were examined by western blot. TUBULIN was used as a loading control. (E) Apoptosis was determined by flow cytometric analyses of

activation, we tested the role of DDIT4, which was reported
to be upregulated in response to ER stress.”'® We found that
silencing of DDIT4 expression causes a downregulation of
EEF2K, prevents the phosphorylation of EEF2 (Fig. 4A), and
blunts autophagy in tumor cells undergoing ER stress, indicat-
ing that DDIT4 is involved in transducing the signal between
ER stress and EEF2K activation. DDIT4 appears to be required
for activation of EEF2K and autophagy under other stressful
conditions, because similar effects of this stress-induced pro-
tein also were observed in the cells subjected to nutrient star-
vation (Fig. S3). Further, we found that induction of DDIT4
plays a role in prohibiting EEF2K protein from proteasomal
degradation, as the proteasome inhibitor, MG132, abolishes the
downregulation of EEF2K in the cells subjected to both silenc-
ing of DDIT4 and Tg treatment (Fig. 4B). DDIT4 is known to
negatively regulate MTOR activity;?*** indeed, the ER stress-
induced phosphorylations of RPS6KB and EIF4EBPI, two
downstream effectors of MTOR, were significantly decreased
when DDIT4 expression was repressed. Thus, the protective
effect of DDIT4 on EEF2K protein degradation may be associ-
ated with the negative regulation of MTOR activity by DDIT4.

www.landesbioscience.com

Consistently, we have found that the half-life of the EEF2K
protein is longer in cells harboring the Ser78/Ser366 mutant
of the kinase than in cells with the wild-type enzyme, sug-
gesting that the phosphorylation of EEF2K at Ser78/Ser366
by MTOR may promote the degradation of the kinase pro-
tein (unpublished data). We further found that the increase of
p-EEF2 under ER stress was reduced by the enforced expres-
sion of RHEB, a positive regulator of MTOR, suggesting that
DDIT4-MTOR-EEF2K pathway was activated in response to
ER stress. EEF2K can either be inhibited or be activated via
phosphorylation at different sites by various kinases. PRKAA2
phosphorylates EEF2K at Ser398 and activates the kinase,”
whereas phosphorylation at Ser78 and Ser366 by the MTOR-
RPS6KB pathway decreased the binding of CaM to EEF2K
and reduces its activity.”®?” Phosphorylation at Ser369 of
EEF2K by MAPK14 also causes its inactivation.?® In this study,
we demonstrated that phosphorylation of EEF2K by PRKAA2
at Ser398 was essential for induction of autophagy, but phos-
phorylation at Ser366 and Ser78 negatively regulated the cel-
lular autophagy process (Fig. 5; Fig. S2). MAPK14 did not
seem to play a role in ER stress-induced activation of EEF2K
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Figure 7. Inhibition of EEF2K increased the cytocidal activity of curcumin and velcade against tumor cells. (A) LN-229 or T98G cells were transfected
with a nontargeting siRNA or a BECNT-targeted siRNA, followed by treatment with a series of concentrations of Tg or Tm for 48 h. At the end of treat-
ment, cell viability was measured by MTT assay. (B) LN-229 or T98G cells were transfected with a nontargeting RNA or a siRNA targeting EEF2K; fol-
lowed by treatment with a series of concentrations of curcumin or velcade for 48 h. Cell viability was measured by MTT assay. (C) LN-229 or T98G cells
were treated with a series of concentrations of curcumin or velcade for 48 h in the presence or absence of 0.25 M of NH125. At the end of treatment,
cell viability was measured by MTT assay. Results shown were mean =+ SE of three experiments.

(Fig. S2). The precise mechanisms by which these phos-
phorylation sites of EEF2K influence autophagy remain to be
delineated.

ATF4, an activating transcription factor, has been reported
to play a role in the induction of DDIT4."'® Consistent with
those observations, we found that both the levels of ATF4 and
DDIT4 were elevated following Tg treatment, and silencing of
ATF4 expression blocked the induction of DDIT4 (Fig. 4D).
ATF4 is known to be upregulated when EIF2S1 is phosphory-
lated,'®? therefore, the increased phosphorylation of EIF2S1
observed in the cells treated with Tg or Tm (Fig. 2A) may
account for the induction of ATF4 in the experiments shown in
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Figure 4D. Hence, these observations may pinpoint the EIF2S1-
ATF4-DDIT4 pathway as an essential regulatory mechanism
of ER stress-induced activation of EEF2K and autophagy.
The EIF2AK-EIF2S1 pathway has been reported to mediate
the ER stress-induced autophagy,?® and this role is regulated
by ATF4, a downstream transcription factor of EIF2SI1 and
can increase the transcript of LC3.%" Therefore, there may exist
two independent pathways for the EIF2AK3-EIF2S1-ATF4-
induced autophagy: the directed regulation of autophagy by
ATF4-mediated LC3 transcription, and the indirect regulation
of autophagy by the ATF4-regulated DDIT4-EEF2K pathway
(Fig. 8).
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Autophagy can exert either prosurvival or prodeath effect,
depending on context. During ER stress, activation of auto-
phagy is believed to play a role in alleviating ER stress and in
favoring cell survival.**% Consistently, our study demonstrates
that autophagy mediated by EEF2K was cytoprotective when
tumor cells underwent ER stress, as inhibiting EEF2K blunted
the autophagic response (Fig. 3), promoted apoptotic cell death
(Fig. 6), and enhanced cytotoxicity of the drugs that have ER
stress—inducing action, such as curcumin and velcade (Fig. 7). It
is known that persistent ER stress leads to apoptosis. Recent stud-
ies also indicate that prosurvival pathways dominate the early ER
stress response, whereas activation of apoptotic pathways occurs
during the later stages of the stress.** We found that inhibition
of EEF2K shifted the time course of apoptosis induction to an
earlier stage (Fig. 6), suggesting that EEF2K played a regulatory
role in the crosstalk between autophagy and apoptosis under ER
stress, and targeting this kinase may be exploited as a means to
enhance the effects of ER stressors. Indeed, we observed that
inhibiting EEF2K sensitized tumor cells to curcumin or velcade,
two antitumor agents that that possess ER stress-inducing action
(Fig. 7). In both glioma cells and breast cancer cells, we observed
that silencing of EEF2K expression enhanced apoptotic response
under ER stress (Fig. 6), which was opposite to what was observed
in EEF2K”"" MEFs." Because tumor cells including glioma cells
and breast cancer cells overexpress EEF2K, we believe that the
antiapoptotic effect of EEF2K is specific to tumor cells.

Taken together, we report here that EEF2K was a critical
regulator of autophagy and apoptosis in tumor cells subjected to
ER stress, and that inhibiting this kinase can enhance sensitivity
of tumor cells to ER stressors through promoting apoptotic cell
death. Our study not only added new information on the regula-
tion of autophagy and apoptosis under ER stress condition, but
also provided a rationale of targeting EEF2K as a new strategy
to reinforce the anticancer efficacy of ER stress-inducing agents.

Materials and Methods

Cell lines and culture. Human glioblastoma cell lines T98G
(CRL-1690) and LN-229 (CRL-2611), and human breast cancer
cell lines MCF7 (HTB-22) and T-47D (HTB-133), were pur-
chased from American Type Culture Collection. T98GYT and
T98G™EFFK Jines were generated by our group as described previ-
ously.” LN-229, MCF7 and T-47D cells were cultured in DMEM
medium (Mediatech, Inc., 10-013-CV), and T98G, T98GVT
and T98GFEFZK cells were cultured in Ham’s F-10 (Mediatech,
Inc., 10-070-CV): DMEM (10:1) medium. The media were sup-
plemented with 10% fetal bovine serum (Invitrogen, 16000044)
and 100 x penicillin-streptomycin solution (Mediatech, Inc.,
30-002-CI) Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO,.

Reagents and antibodies. Thapsigargin (T9033), tunicamy-
cin (T7765), bafilomycin A (B1793), curcumin (C1386) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT, M2128) were purchased from Sigma. Velcade (B-1408)
was purchased from LC Laboratories. NH125 (3439) was pur-
chased from Tocris Bioscience. Antibodies to p-EEF2 (2331),
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Figure 8. Regulatory role of the EIF2AK3-EIF2S1-ATF4 pathway in
autophagy in tumor cells undergoing ER stress. ER stress induces
EIF2AK3-EIF2S1 phosphorylation and ATF4 activation, which induces
LC3 transcription and stimulates autophagy. Activation of ATF4 also
promotes autophagy by activating DDIT4, which increases EEF2K
activity by inhibiting the negative regulation of MTOR on EEF2K. When
autophagy is not sufficient to reduce ER stress, cells may undergo ER
stress-mediated cell death by apoptosis. Full line: direct regulation; dot-
ted line: indirect regulation.

EEF2 (2332), p-EIF2S1 (3398), RPS6KB (9202), p-RPS6KB
(9205), p-EIF4EBP1 (9456), EIF4EBP1 (9452), BCL2LI11
(2933), PARP1 (9542), EEF2K (3692), DDIT3 (2895),
p-PRKAA2 (2531), PRKAA2 (2532), p-MAPKI4 (9216),
MAPK14 (9212), BECNI (3738) and BIRCS (2808) were pur-
chased from Cell Signaling Technologies. LC3 (0231) antibody
was purchased from nanoTools. a-TUBULIN (sc-23948) and
ATF4 (sc-7583) antibodies were purchased from Santa Cruz.
DDIT4 (10638-1-AP) antibody was purchased from PreteinTech
Group, Inc. SQSTM1 (BML-PW 9860) antibody was purchased
from Engo Life Science. Polyclonal goat anti-mouse immuno-
globulins/HRP (P0447) and polyclonal goat anti-rabbit immu-
noglobulins/HRP (P0448) were purchased from Dako. Western
lightning plus-ECL (NEL105001EA) was purchased from
PerkinElmer.

Western blot analysis. Cells were lysed in mammalian pro-
tein extraction reagent (GenLantis, L300500) supplemented
with a protease inhibitor cocktail (Roche, 04693132001) at room
temperature for 5 min, followed by centrifugation at 14,000 x g
for 10 min. Protein concentration of cell lysates were measured
using the Pierce 660 nm protein assay reagent (Thermo scientific,
22660). Proteins (20-40 wg) were resolved on SDS-PAGE and
transferred to PVDF membrane (Bio-Rad, 1620177). The PVDF
membranes were then incubated with respective antibodies in 3%
BSA (Santa Cruz, sc-2323)/ TBST at 4°C for overnight, followed
by incubation with secondary antibody at room temperature for
1 h. The protein signals were detected by ECL method.

Autophagy 217

©2013 Landes Bioscience. Do not distribute.



siRNA transfection. siRNA duplexes targeting BECNI,
EEF2K, DDIT4, ATF4 or EIF2S1 were prepared by Dharmacon
Research, Inc.. Scrambled siRNA was used as a control.
Transfection of siRNA was performed according to the manu-
facturer’s protocol. Briefly, cells in exponential phase of growth
were plated in six-well tissue culture plates at 1 x 10° cells per
well, grown for 24 h, and then transfected with siRNA using
Oligofectamine (Invitrogen, 12252-011) and OPTI-MEM I-
reduced serum medium (Gibco, 31985-062). The concentrations
of siRNAs were chosen based on dose-response studies.

Cellular viability assay. Cell viability was measured by MTT
assay. Briefly, cells were plated at 5 x 10° cells per well in 96-well
tissue culture plates, subjected to different treatment, and incu-
bated at 37°C for 72 h in a humidified atmosphere containing
5% CO,. The formazan product, formed after 4 h incubation
with MTT, was dissolved in DMSO (Acros Organics, AC61042-
0010) and read at 570 nm on a Victor3 Multi Label plate reader
(PerkinElmer).

Apoptosis assays. Apoptosis was determined by flow cyto-
metric analysis of annexin V and 7-AAD staining. Briefly,
100 pl Guava Nexin reagent (Millipore, 4700-1140) was added
to 1 x 10° cells (in 100 pl) and the cells were incubated with the

reagent for 20 min at room temperature in the dark. At the end of
incubation, the cells were analyzed by a Guava EasyCyte™ Plus
FlowCytometry System (Millipore).

Statistical analysis. The difference between the samples with
silencing of EEF2K and the samples without silencing of the
enzyme, or the samples with inhibition of autophagy and the
samples without inhibition of autophagy, was analyzed using a
two-sample t-test.
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