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Aim: Our previous research showed that AKT inactivation via small molecule inhibitors did
not induce significant apoptosis, but rather markedly increased autophagy in nasopharyngeal
carcinoma (NPC). The purpose of the current study was to determine whether autophagy inhibi-
tion can enhance the anticancer efficacy of an AKT inhibitor (MK-2206).

Materials and methods: NPC cell lines CNE-2 (Epstein—Barr virus negative) and C666-1
(Epstein—Barr virus positive) were used to conduct the research. Autophagy induction effects
were evaluated via Western blotting. Eukaryotic elongation factor-2 (eEF-2) kinase was specifi-
cally and stably knocked down using shRNA. The growth and proliferation of the cells were
assessed by Cell Counting Kit-8. In CNE-2 xenograft tumors, the antitumor effects of an AKT
inhibitor (MK-2206) combined with an eEF-2 kinase inhibitor (NH125) were tested.
Results: MK-2206 induced eEF-2 kinase-dependent autophagy in NPC cell lines. Knockdown
of eEF-2 kinase using shRNA blunted the autophagy activated by MK-2206. Compared with
treatment with MK-2206 alone, shRNA or NH125 suppressed eEF-2 kinase and increased the
growth-inhibitory effect of MK-2206 on the human NPC cell lines. The synergistic effects of eEF-2
kinase inhibition and MK-2206 were similar to those of the combination of hydroxychloroquine
and MK-2206. Moreover, NH125 showed good synergistic effects with MK-2206 in vivo.
Conclusion: ¢EF-2 kinase-mediated autophagy induced by AKT inhibition played a protective
role in NPC cells. Inhibition of eEF-2 kinase may be an effective method for increasing the
efficacy of an AKT inhibitor such as MK-2206 in NPC.
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Introduction
Nasopharyngeal carcinoma (NPC) is a cancer that arises from the epithelium of
nasopharynx. NPC is rare throughout most of the world, but frequently occurs in certain
geographic areas, such as Southeast Asia and southern China with an incidence rate
varying from 20 to 50 cases per 100,000 people."* Although early-stage NPC can be
cured by radiotherapy, a significant number of patients still show local recurrence and
distant metastases, decreasing the 5-year overall survival rate from 100% to 86.1%
for Stage I-1I disease to 50.7% for Stage IV disease.? In the metastatic setting, despite
the relative chemosensitivity of NPC, resistance to chemotherapy inevitably develops
with median overall survival generally <24 months.* Therefore, it is necessary to gain
a better understanding of the molecular mechanisms underlying therapeutic failure
and to develop an effective strategy for NPC therapy.’

AKT, a serine—threonine kinase, plays a central role in the PI3K/AKT/mammalian
target of rapamycin (mTOR) signaling pathway.® The PI3K/AKT pathway is emerging
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as possibly one of the most important pathways in head and
neck squamous cancers and is constitutively activated in
the NPC tissue.”® However, our previous preclinical study
demonstrated that AKT inhibition by MK-2206 had a modest
antitumor effect on NPC both in vitro and in vivo.” Meanwhile,
the Phase II study of MK-2206 in recurrent or metastatic
NPC was terminated due to limited activity.'® As shown in
our results, AKT inactivation with small molecule inhibitors
did not induce significant apoptosis, but markedly increased
autophagy by regulating the mTOR and the S6 kinase path-
way, which is a critical regulator of autophagy.® Autophagy is
characterized by the formation of double membrane vacuoles
(autophagosome) in the cytoplasm, which support cell survival
during metabolic stress and maintain normal homeostasis.!!
However, in cancer, autophagy is considered to have dual
functions as both a tumor suppressor and a protector of tumor
cell survival.'? Increasing evidence shows that autophagy
causes cell resistance to antineoplastic therapies; it has also
been demonstrated to support cell survival.'3 Thus, autophagy
may serve as a mechanism by which the cell escapes therapy-
induced cell death, and in these situations, the inhibition of
autophagy may be a good therapeutic strategy.'*

We hypothesized that the modest activity of MK2206
alone could be due to the presence of autophagy, which is
induced by AKT inhibition. As a result, we conducted this
study to investigate whether suppressing autophagy can
enhance the effectiveness of MK-2206 against NPC.

Materials and methods

Cell lines and culture

NPC cell lines, including CNE-2 (Epstein—Barr virus nega-
tive) and C666-1 (Epstein—Barr virus positive), were supplied
by the State Key Laboratory of Oncology in South China,
People’s Republic of China. Both cell lines were maintained
in RPMI-1640 medium (Thermo Fisher Scientific, Waltham,
MA, USA) containing 10,000 U/mL penicillin and 10 pg/mL
streptomycin. The concentration of fetal bovine serum
(Thermo Fisher Scientific) used in the medium was 10%
for CNE-2% and 20% for C666-1. Cells were incubated in
a humidified atmosphere at 37°C with 5% carbon dioxide
and 95% air.

Reagents and antibodies

The AKT inhibitor MK-2206 was obtained from Merck &
Co., Inc. (Whitehouse Station, NJ, USA). Bafilomycin Al
(Bafil A1), NH125 and hydroxychloroquine sulfate (HCQ)
were purchased from Selleck Chemicals (Houston, TX,
USA). The working stocks were dissolved to 10 mM, 50 uM

and 1 mM using dimethyl sulfoxide (DMSO) for MK-2206,
Bafil A1 and NH125, respectively. All reagents were stored
at —20°C and diluted in fresh culture medium before experi-
ments. The concentration of DMSO in the final solution did
not exceed 1% (v/v). The stock solution of HCQ was formu-
lated to 50 mM with ultrapure water. In vivo, 30% Captisol
(CyDex Pharmaceuticals, Inc., Lenexa, KS, USA) was used
to dose the MK-2206. LC3 I/II, B-actin, phospho-eEF2
(Thr56), eEF2, eEF2K, SQSTM1/p62 (D5SE2) and cleaved
caspase-3 (Aspl75) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Anti-hypoxia-inducible
factor-1o antibody was purchased from BD Biosciences (San
Diego, CA, USA).

RNA-mediated gene knockdown

Tumor cells were seeded at a density of 8.0x10* cells/well
for CNE-2 and at 1.6x10° cells/well for C666-1 in six-well
plates, grown overnight and transfected with siRNA or
shRNA or control. Eukaryotic elongation factor-2 (eEF-2)
kinase siRNA (eEF-2K siRNA) and control siRNA (NT)
were synthesized by Shanghai Gene-Pharma Co. (Shanghai,
China). Lentivirus-based shRNA targeting eEF-2 kinase
(eEF-2K shRNA) and nontargeting shRNA control (vector)
were obtained from Genechem Co., Ltd. (Shanghai, China).
Target sequence for eEF-2K siRNA was as follows: forward
primer 5-CCUGGAAGUGCAAAGGCUUTT-3" and
reverse primer 5’-AAGCCUUUGCACUUCCAGGTT-3".
Detailed transfection steps were performed following the
manufacturer’s instructions.

Western blot analysis

Cells were lysed for 30 minutes in RIPA lysis buffer (Thermo
Fisher Scientific), which contained protease (Sigma-Aldrich
Co., St Louis, MO, USA) and phosphatase inhibitor cocktail
PhosSTOP (Hoffman-La Roche Ltd., Basel, Switzerland).
The lysates were centrifuged at 13,000 rpm for 20 minutes
to collect the supernatant. The protein concentration was
measured by a Thermo Protein Assay Reagent (Thermo
Fisher Scientific). Next, 30—-100 ug protein was loaded
into a 6%—15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel and electrophoretically transferred to
polyvinylidene difluoride membranes (Bio-Rad Laboratories
Inc., Hercules, CA, USA). The membranes were incubated
overnight at 4°C with primary antibodies, followed by further
incubation with secondary antibodies at room temperature
for 1 hour. Bands were detected using super signal West
Dura Luminol/Enhancer solution (Thermo Fisher Scientific)
according to the manufacturer’s protocol.
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Cell viability analysis

Briefly, CNE-2 (3.0x10° cells/well) and C666-1 (1.5x10*
cells/well) were seeded in 96-well plates and incubated with
different treatments for 72 hours. After 1-4 hours of incu-
bation, the cell viability was evaluated using Cell Counting
Kit-8 (CCK-8) (Dojindo Co., Kumamoto, Japan) according
to the manufacturer’s instructions. The viability of the control
group was normalized to 100%. Cell survival rate (%) = (OD
value of treatment group/OD value of control group) x100%.
All experiments were performed in triplicate in at least three
independent experiments.

Animal study

Male BALB/c nude mice weighing 15-18 g were subcuta-
neously inoculated with CNE-2 cells (5x10° cells/0.2 mL/
injection). After inoculation, the mice whose tumor volume
reached ~100-200 mm?® were randomized into the following
groups'>'¢ (eight mice per group): 1) control; 2) MK-2206
alone; 3) NH125 alone and 4) combination of MK-2206 and
NH125. MK-2206 (120 mg/kg, dissolved in 30% Captisol,
oral gavage three times a week), NH125 (500 ug/kg, dis-
solved in PBS with 2% DMSO, intraperitoneal injection
every day) and vehicle control (30% Captisol 10 mL/kg by
oral gavage three times a week and PBS with 2% DMSO
injected intraperitoneally daily) were administered for
2 weeks. Tumor growth was measured with calipers every
other day, and the tumor volume was calculated by the fol-
lowing formula: volume (mm?®) = length x width? x 0.5.'¢

Statistical analysis

All the in vitro experiments were repeated at least three
times. The representative results were displayed as the
mean value + SD of the mean. Student’s #-test was used to
compare the mean, and P-values <0.05 were considered
statistically significant. Data were analyzed by GraphPad
Prism 5 software (GraphPad Software Inc., La Jolla, CA,
USA). Kolmogorov—Smirnov and Shapiro—Wilk tests were
used to test normality of our data. When tumor volumes,
body weights and tumor weights were normally distributed,
comparisons for mean tumor volumes, mean body weights
and mean tumor weights in the xenograft studies were
analyzed by one-way analysis of variance, and P-values of
pairwise comparisons were adjusted with Dunnett correction
or Bonferroni correction. Two-sided P<<0.05 was considered
statistically significant. When data were not normally distrib-
uted, Kruskal-Wallis test was used to test the differences.
We estimated that compared with the control group, tumor
volume in the combined treatment group was reduced by 50%

after treatment. Eight mice in each group would be required
to achieve an 80% power to detect the difference at an alpha
level of 0.05. Statistical analysis was performed using SPSS
version 16.0 software (SPSS Inc., Chicago, IL, USA).

Ethics

All animal experiments were performed in accordance with
the rules of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and the UK Coordi-
nating Committee on Cancer Research. The protocols of
the animal experiments and the use of the cell lines were
approved by the Animal Care and Use Committee of Sun
Yat-sen University Cancer Center.

Results
MK-2206 induces an eEF-2 kinase-
dependent autophagy in NPC cells under

both normoxic and hypoxic conditions
Inaprevious study, we found that the AKT inhibitor, MK-2206,
did not clearly induce apoptosis, but caused autophagy in
NPC cell lines as evidenced by an increase in the amount of
LC3 II and double- or multi-membrane vacuoles in the cyto-
plasm when visualized by electron microscopy.’ As shown
in Figure 1A and C, the effect of MK-2206 on autophagy
was confirmed in this study. MK-2206 increased the level of
LC3-II in a concentration-dependent manner in the human
NPC cell lines CNE-2 and C666-1. Bafil A1 is an inhibitor of
autophagosome-lysosome fusion and LC3 II degradation.’
When MK-2206 was combined with Bafil Al, the level of
LC3 II was further enhanced, indicating that autophagic flux
was enhanced by this AKT inhibitor (Figure 1A). Several
lines of evidence suggest that eEF-2 kinase may be a regulator
of autophagy.'® Therefore, we tested whether eEF-2 kinase
was involved in autophagy induced by AKT inhibition. As
shown in Figure 1B, MK-2206 activated eEF-2 kinase in a
concentration-dependent manner by increasing the phospho-
rylation of eEF-2, the substrate for the enzyme. The results
suggested that eEF-2K participated in the autophagy induced
by MK-2206. The hypoxic microenvironments of solid tumors
are believed to be linked to malignant features, including poor
response.'’ The effect of MK-2206 in NPC cells lines under
hypoxia was also assessed. Hypoxia-inducible factor-1o
expression was measured to confirm hypoxia by Western
blotting (Figure 1C). The Western blot results demonstrated
that MK-2206 induced a stronger autophagic response and
higher eEF-2 kinase activity under a hypoxic condition than
under a normoxic condition (Figure 1C).
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Figure | Effects of MK-2206 on autophagy in human NPC cell lines.
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Notes: (A) CNE-2 and C666-1 cells cultured in medium supplemented with 10% and 20% FBS were treated with MK-2206 for 24 hours in the absence or presence of 5 nM
(nmol/L) Bafil Al, and the level of LC3 was examined by Western blotting. (B) CNE-2 and C666-1 cells were treated with a series of concentrations of MK-2206 for 24
hours, and P-eEF-2 and eEF-2 were examined by Western blotting. (C) CNE-2 and C666-1 cells were treated with 2.5 and 5 mmol/L MK-2206 under normoxia or hypoxia
(1% O,) for 24 hours. HIF-1a, P-eEF-2, eEF-2 and LC3 were examined by Western blotting. B-Actin was used as a loading control.

Abbreviations: Bafil, bafilomycin; FBS, fetal bovine serum; HIF, hypoxia-inducible factor; eEF-2, eukaryotic elongation factor-2; NPC, nasopharyngeal carcinoma; P-eEF-2,

phospho-eEF-2.

Silencing of eEF-2 kinase expression
blunts autophagy activated by MK-2206
in NPC cell lines

To further verify whether eEF-2 kinase plays a regulatory
role in MK-2206-induced autophagy in NPC cells, we applied
RNA interference techniques to specifically and stably knock
down eEF-2 kinase using shRNA in CNE-2 and C666-1 cells.
Figure 2A shows that compared with cells without silencing
of the kinase, NPC cells transfected with an eEF-2 kinase
shRNA exhibited decreased autophagy, with a considerable
decrease in LC3-II and increases in p62/sequestosomel
(SQSTM1) protein levels in Western blot analysis. These
results indicate that autophagic response to MK-2206 treat-
ment was blunted by inactivation of eEF-2 kinase and further
support a role for eEF-2 kinase in activating autophagy in
NPC cells. Under hypoxic condition, knockdown of eEF-2

kinase blunted autophagy activated by MK-2206 and hypoxia
(Figure 2B).

Suppression of autophagy via inhibiting
eEF-2 kinase enhances the cytocidal
effect of MK-2206 in human NPC cells

To further test our hypothesis that autophagy plays a prosur-
vival role in response to AKT inhibitors, we knocked down
eEF-2 kinase via shRNA in the CNE-2 and C666-1 cell lines.
After treatment with a series of concentrations of MK-2206,
we compared the growth and survival of these autophagy-
deficient cells with those of the cells transfected with a non-
targeting RNA using a CCK-8 colorimetric assay. As shown
in Figure 3A, the suppression of autophagy via knockdown
of eEF-2 kinase genes caused more death together with
MK-2206 in the NPC cell lines. NH125 is a potent and rela-
tively specific inhibitor of eEF-2 kinase.® We observed that
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Figure 2 AKT inhibition induced eEF-2 kinase-dependent autophagy.
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Notes: (A) CNE-2 and C666-1 cells were transfected with a nontargeting RNA (Vector) or an shRNA targeting eEF-2 kinase (eEF-2K shRNA), followed by treatment with
MK-2206 for 24 hours. eEF-2 kinase, LC3 and p62 were examined by Western blotting. B-Actin was used as a loading control. (B) CNE-2 and C666-1 cells were transfected
with a nontargeting RNA or an eEF-2 kinase-targeted shRNA, followed by treatment with MK-2206 for 24 hours under hypoxia (1% O,). HIF-1c, eEF-2 kinase and LC3 were

examined by Western blotting. B-Actin was used as a loading control.

Abbreviation: HIF, hypoxia-inducible factor; eEF-2, eukaryotic elongation factor-2.

compared with treatment with MK-2206 alone, the combined
treatment of MK-2206 with NH125 significantly increased
the growth-inhibitory effect of MK-2206 on the human NPC
cell lines CNE-2 and C666-1 (Figure 3B). Inhibition of eEF-2

A CNE-2 72 hours
120
1 Vector
1004 ¢= Bl eEF-2K shRNA
é Y
o 801 T
o
s %
= 60 1
2 .
2 40+
=
(77}
20 I-ll_
0 LJ L L]
0 125 25 5 10

Concentration of MK-2206 (uM)

Figure 3 (Continued)
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HCQ, a drug with a favorable and well-defined toxicity

profile, is commonly used to treat autoimmune diseases
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Figure 3 Suppression of autophagy increases the cytocidal activity of MK-2206 in NPC cell lines.

Notes: (A) CNE-2 and C666-1 cells were transfected with a nontargeting RNA or an shRNA targeting eEF-2 kinase (eEF-2K shRNA), followed by treatment with a series
of concentrations of MK-2206 for 72 hours in fully supplemented medium. (B) CNE-2 and C666-1 cells cultured in medium supplemented with 10% FBS and 20% FBS
were treated with a series of concentrations of MK-2206 for 72 hours in the presence or absence of 0.25 tM NH125. (C) CNE-2 and C666-1 cells cultured in medium
supplemented with 10% FBS and 20% FBS were treated with a series of concentrations of MK-2206 for 72 hours in the presence or absence of 20 UM HCQ. At the end
of treatment, cell viability was measured via the CCK-8 assay. The results shown represent the mean + SD of quadruplicate determinations from one of three identical
experiments; *P<0.05, **P<<0.01, **P<0.001. (D) CNE-2 cultured in medium supplemented with 10% FBS was treated with a series of concentrations of MK-2206 for 72
hours in the presence or absence of 20 tM HCQ and 0.25 uM NH125. Cleaved caspase-3 was measured by Western blotting, and 3-actin was used as a loading control.
Abbreviations: CCK-8, Cell Counting Kit-8; FBS, fetal bovine serum; HCQ, hydroxychloroquine; NPC, nasopharyngeal carcinoma; eEF-2, eukaryotic elongation factor-2.
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and is a known inhibitor of autophagy.”’ We used HCQ as
a control, and the results showed that HCQ increased the
sensitivity of the NPC cell lines to MK-2206, similar to
that with the eEF-2 kinase inhibitor (Figure 3C). Inhibition
of autophagy using an autophagy inhibitor also increased
MK-2206-induced cell death.

Western blot analysis was subsequently performed to
analyze the levels of cleaved caspase-3, a marker of apop-
tosis in NPC cell lines. There was an increase in the level
of cleaved caspase-3 in cells treated with the combination
treatment, suggesting an increase of apoptosis in NPC cell
lines (Figure 3D).

Effect of the combined treatment with MK-
2206 and NH 125 on NPC growth in vivo

In our previous study, using an NPC xenograft model with
CNE2 cells, we observed that MK-2206 alone can inhibit
tumor growth, and the dose of MK-2206 in the present study
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was determined according to the previous results.” Here, we
evaluated the therapeutic benefit of the combined treatment
of MK-2206 with the eEF-2 kinase inhibitor NH125 in
CNE-2 xenograft in nude mice. MK-2206 was dosed with
30% Captisol. The tumor-bearing mice were treated with the
vehicle, MK-2206 or NH125 alone, and a combination of
MK-2206 and NH125. Figure 4A and D shows that compared
with the vehicle, MK-2206 alone exhibited tumor-inhibitory
effects. However, the combination of MK-2206 and NH125
caused a greater inhibition of tumor growth than did
MK-2206 alone. At the end of the experiment, we obtained
identical results by directly measuring tumor weights. The
tumor weights were much lighter in the MK-2206 and NH125
combination group than in the other three groups (P£<<0.05;
Figure 4B). Body weight reduction was observed in the
MK-2206 and NH125 co-administration group (Figure 4C).
Tumor volumes, body weights and tumor weights were
normally distributed; statistical differences were tested by

C
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Figure 4 Combined treatment with MK-2206 and NH 125 suppressed the growth of human CNE-2 xenografts in nude mice.

Notes: The tumor-bearing mice were divided into four groups: I) control; 2) MK-2206 alone; 3) NH 125 alone and 4) combination of MK-2206 and NH125. The treatments
began on day | after grouping and continued for 2 weeks. MK-2206 (120 mg/kg, dissolved in 30% Captisol) three times a week by oral gavage; NH125 (500 pg/kg, dissolved
in PBS with 2% DMSO) injected intraperitoneally daily; vehicle for control group (30% Captisol |0 mL/kg by oral gavage three times a week and PBS with 2% DMSO injected
intraperitoneally daily). Points: mean of tumor volume; bars: SD. *P<<0.05 compared with vehicle control; **P<<0.01 compared with vehicle control. (A) Tumor volume,
(B) tumor weight, (C) body weight and (D) images of the tumors.

Abbreviation: DMSO, dimethyl sulfoxide.
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one-way analysis of variance. Two mice died in the control
and the combination groups, respectively, during the treat-
ment. No other obvious toxicity was observed in the mice.

Discussion

Our previous study demonstrated that an AKT inhibitor
(MK-2206) induced GO/G1 cycle arrest without significant
apoptosis in NPC, which is in accordance with another study
reported by Ma et al.>?* Additionally, we showed that the
activity of the TSC2/mTOR/S6 kinase pathway was inhibited
following AKT inhibition.® Since this pathway is a known
inhibitor of autophagy, we hypothesized that its inhibition
may induce autophagy. This hypothesis was confirmed
in our previous study and in the present study (Figure 1).
AKT inhibition can induce autophagy in NPC, which is
similar to previous studies reporting that AKT knockdown
or inactivation with small molecule inhibitors did not induce
significant apoptosis, but markedly increased autophagy.?
eEF-2 kinase, also known as calmodulin-dependent protein
kinase II1, is a unique calcium/calmodulin-dependent enzyme
that regulates protein synthesis.?* The only known substrate
of this kinase is eEF-2, and eEF-2 kinase phosphorylates
eEF-2 on Thr56.2* eEF-2 kinase can act as a positive regula-
tor of autophagy under environmental or metabolic stress,?
the activity of which was reported to be controlled via the
mTOR/S6 kinase pathway.? Consequently, in this study,
we sought to determine whether eEF-2 kinase was involved
in the autophagy induced by AKT inhibition. Figure 1B and
C shows that eEF-2 kinase was activated and that phospho-
rylation of eEF-2 was increased following the induction of
autophagy triggered by AKT inhibitor.

Next, we aimed to determine if inhibition of eEF-2 kinase
can inhibit autophagy caused by AKT inhibitors. Our results
showed that inactivation of eEF-2 kinase blunted autophagy
activated by MK-2206 and hypoxia (Figure 2). In cancer,
increasing evidence shows that autophagy causes cell resistance
to antineoplastic therapies. In these situations, the inhibition of
autophagy may be a good therapeutic strategy.'* Autophagy
inhibition via chloroquine derivatives can enhance the cyto-
toxicity of several chemotherapies and targeted therapies.”’
Phase I clinical trials evaluating HCQ as an autophagy
inhibitor in combination with cytotoxic chemotherapy?%
and cell signaling inhibitors*” have shown encouraging early
results. Therefore, in our study, we further investigated
whether autophagy suppression can increase the sensitivity
of MK-2206. As shown in Figure 3, using the eEF-2 kinase-
targeted shRNA or NH125 sensitized the NPC cancer cells to
the AKT inhibitor in vitro. The synergistic effect is similar to

the effect with HCQ combined with the AKT inhibitor. In the
NPC xenograft model with CNE2 cells, NH125 showed good
synergistic effects with MK-2206 in vivo (Figure 4). All these
results demonstrated that blocking autophagy could enhance
the sensitivity of NPC to AKT inhibitors.

More recently, it was reported that inhibition of eEF-2
kinase sensitizes human NPC cell lines to lapatinib.’! In breast
cancer, suppression of eEF-2 kinase-regulated autophagy
augments the efficacy of growth factor inhibitors such as
trastuzumab, gefitinib and lapatinib.* The results of all these
studies suggested that activation of eEF-2 kinase-mediated
autophagy played a protective role in cancer cells, and that
targeted autophagic survival may enhance the effectiveness
of growth factor inhibitors.

In summary, the results of this study provide experi-
mental evidence that the eEF-2 kinase-mediated autophagy
induced by AKT inhibition plays a protective role in NPC
cells. Targeting autophagic survival may represent a novel
approach to enhance the effectiveness of growth factor inhibi-
tors. These findings also suggest that inhibition of ¢EF-2
kinase may be an effective method for increasing the efficacy
of AKT inhibitors such as MK-2206 in NPC.
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