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Abstract

Hyperthermia is one of the most effective adjuvant treatments for various cancers with few side effects. However, the
underlying molecular mechanisms still are not known. N-myc downstream-regulated gene 2 (NDRG2), a tumor suppressor,
has been shown to be involved in diverse cellular stresses including hypoxia, lipotoxicity, etc. In addition, Ndrg2 has been
reported to be related to progression of gastric cancer. In the current study, our data showed that the apoptosis rate of MKN28
cells increased relatively rapidly to 13.4% by 24 h after treatment with hyperthermia (42°C for 1 h) compared to 5.1% in control
cells (P < 0.05). Nevertheless, there was no obvious change in the expression level of total Ndrg2 during this process. Further
investigation demonstrated that the relative phosphorylation levels of Ndrg2 at Ser332, Thr348 increased up to 3.2- and 1.9-
fold (hyperthermia group vs control group) at 3 h in MKN28 cells, respectively (P < 0.05). We also found that heat treatment
significantly increased AKT phosphorylation. AKT inhibitor VIII (10 uM) decreased the phosphorylation level of Ndrg2 induced
by hyperthermia. Accordingly, the apoptosis rate rose significantly in MKN28 cells (16.4%) treated with a combination of AKT
inhibitor VIl and hyperthermia compared to that (6.8%) of cells treated with hyperthermia alone (P < 0.05). Taken together,
these data demonstrated that Ndrg2 phosphorylation could be induced by hyperthermia in an AKT-dependent manner in
gastric cancer cells. Furthermore, AKT inhibitor VIII suppressed Ndrg2 phosphorylation and rendered gastric cancer cells
susceptible to apoptosis induced by hyperthermia.
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Introduction

Gastric cancer is the second most common cause of
cancer-related death in the world, and it remains difficult to
cure. Over the last decades, surgical resection has been used
as the main treatment to cure local gastric cancer. Recently,
postoperative hyperthermia has been used as a strong
adjuvant therapy to improve the prognosis of cancer (1).

Mild hyperthermia is a type of hyperthermia, which treats
the cancer by exposing the malignant tumor to controlled
temperature up to 40-43°C. Apart from cell necrosis resulting
from severe hyperthermia (>45°C), the main function of mild
hyperthermia is to induce apoptosis of tumor cells. In
addition, the anti-tumor effect of mild hyperthermia also
includes disrupting cytoskeleton components, changing

membrane permeability, and inhibiting tumor cell growth.
However, despite the multiple positive therapeutic effects of
hyperthermia, the detailed molecular mechanisms under-
lying this process have not been elucidated.

The N-myc downstream-regulated gene 2 (NDRG?2)
belongs to the NDRG family, a new family of differentiation-
related genes consisting of four members named NDRG1,
NDRG2, NDRG3, and NDRG4 (2). Compared to other
family members, highly structural homology and functional
redundancy have been revealed for Ndrg2 and Ndrg1 (3,4).
Besides contributing to cellular differentiation, Ndrg2 was
extensively studied as a tumor suppressor in various types
of cancer (5-9). Recent accumulating evidence has
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demonstrated that Ndrg2 played an important role in
cellular stress. For instance, Ndrg2 was involved in AKT-
mediated protection of (3 cells against lipotoxicity (10). The
phosphorylation of Ndrg2 could be induced by different
stress conditions in skeletal muscle (11). Moreover,
expression of Ndrg2 was markedly up-regulated in tumor
cell lines that were exposed to hypoxic conditions. Further
investigation indicated that Ndrg2 contributed to hypoxia-
induced radioresistance of Hela cells (12). Although
several studies have shown that NDRG2 is a stress-
related gene, little information is available regarding the
role of Ndrg2 in hyperthermia-induced heat stress.

In the present study, we found that AKT mediated
phosphorylation of Ndrg2 induced by hyperthermia in gastric
cancer cells. Further study revealed that AKT inhibitor VIII
suppressed Ndrg2 phosphorylation and enhanced
hyperthermia-induced apoptosis. The effects of the AKT
inhibitor on heat sensitivity are discussed in relation to the
phosphorylation of Ndrg2 in gastric cancer cells.

Material and Methods

Chemicals

AKT inhibitor VIII, glycogen synthase kinase 3 (GSK-3)
inhibitor CT99021 and phosphoinositide 3-kinase (PI3K)
inhibitor LY294002 were obtained from Calbiochem (EMD
Biosciences Inc., Germany). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and trypan blue
were purchased from Sigma-Aldrich, Inc. (USA). The
5-ethynyl-2-deoxyuridine (EdU) Cell Proliferation Assay
Kit was obtained from Rui BO Bio Co. (China).

Cell culture and treatment

The human gastric cancer cell lines MKN45 and
MKN28 (Riken Cell Bank, Japan) were cultured in RPMI
1640 medium (Invitrogen, USA) supplemented with 10%
fetal bovine serum. Cell cultures were maintained at 37°C
in a 5% CO,/95% air atmosphere. For heat treatment, the
cells were seeded onto 24- or 6-well plates for 24 h to
allow exponential growth and were subjected to heat
shock at 42°C in a precision water bath for 1 h. The cells
were then re-incubated at 37°C for the indicated times.

Cell growth analysis

Cells were seeded at an initial density of 2 x 10* cells/
mL on 96-well plates for 24 h and exposed to hyperthermia.
Six wells from each group were selected for the MTT assay.
MTT was added to each well at a final concentration of
0.5 mg/mL at the indicated times and dissolved in 150 pL
dimethylsulfoxide and measured using a multiscanner
reader (TECAN-spectra mini Grodig, Austria) at a wave-
length of 490 nm. Cell growth curves were drawn by using
average absorbance at 490 nm from three independent
experiments. Percent inhibition was calculated using the
formula: % inhibition = 1 - (absorbance test [ absorbance
control) x 100%.

www.bjournal.com.br

395

EdU analysis

The cells were seeded on 96-well plates and exposed
to the media. All cells were treated with 50 uM EdU for 4 h
at 37°C. After fixation with 4% paraformaldehyde for
15 min, the cells were treated with 0.5% Triton X-100 for
20 min and rinsed with PBS three times. The cells were
then exposed to 100 uL 1X Apollo® reaction cocktail for
30 min and incubated with 5 ug/mL Hoechst 33342 to
stain cell nuclei for 30 min. Images were observed under
a microscope. The percentage of EdU-positive cells was
calculated from 5 random fields per well each seeded in
triplicate. About 200 cells were observed in each well. The
EdU-labeled (red) and unlabeled cells (blue) were
counted. EdU-labeling index (%) = labeled (red) cells /
[labeled (red) cells + unlabeled cells (blue)] x 100%.
Three independent experiments were performed.

Analysis of apoptosis

The cells were collected at the indicated times:
washed twice with PBS and incubated in the dark for
15 min with binding buffer (10 mM HEPES/NaOH, pH 7.4,
140 mM NaCl and 2.5 mM CacCl,), Annexin V-FITC
(200 mg/mL; BD Pharmingen, USA) and propidium iodide
(Pl, 1 mg/mL; Sigma-Aldrich Co.). The fluorescence of
Annexin V-FITC and Pl was measured by flow cytometry
using an Epics Elite apparatus (USA). Data were
analyzed using the CellQuest software (Becton
Dickinson, USA).

Trypan blue exclusion test

The cells were collected at the indicated times: 0.5 mL
of a suitable cell suspension (cells diluted in medium
without serum to an approximate concentration of 1 x 10°
to2 x 10° cells/mL) was placed in a screw-cap test tube.
A 0.4% solution of trypan blue was prepared in buffered
isotonic salt solution and 0.1 mL 0.4% trypan blue was
added to the tube. After 5 min at 15° to 30°C (room
temperature), the stained cell suspension was loaded into
a hemocytometer and examined immediately under a
microscope at low magnification. The number of blue-
staining cells and the number of total cells were counted.
Non-viable cells were stained and viable cells were
excluded. Percentage of trypan blue-stained cells (%)
was calculated as (number of blue cells / number of total
cells) x 100.

Western blot analysis

The cell lysates were prepared with RIPA buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) containing 2 pug/mL
protease inhibitors (protease inhibitor cocktail Cat. No.
4693116001, Roche, Germany) and 0.1% phosphatase
inhibitor (phosphatase inhibitor cocktail, Phosphatase
Inhibitor Cocktail 1l, Sigma-Aldrich). The protein samples
were loaded on a 12% SDS polyacrylamide gel for
electrophoresis and subsequently transferred to polyviny-
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lidene difluoride membranes. After blocking with 5% non-
fat dry milk, the membranes were probed with the various
primary antibodies overnight at 4°C followed by the
primary antibody for 1 h. The secondary antibodies were
previously conjugated to IRDye™ 800 (1:20,000 dilution;
Rockland Inc., USA) and detected using the Odyssey
infrared imaging system (LI-COR Inc., USA). The primary
antibodies were used against the following antigens:
Ndrg2, Caspase-3 and o-tubulin antibody (Santa Cruz
Biotechnology, USA), Ndrg2-pSer332 and Ndrg2-
pThr348 antibodies (Kinasource, UK), AKT and pAKT
(Cell Signaling, USA). The intensity of individual bands
was quantified by image analysis using NIH Image 1.62.
The amount of Western product for Ndrg2-pSer332 and
Ndrg2-pThr348 was normalized according to the corre-
sponding total Ndrg2 Western product.

Immunofluorescence

This procedure was adapted from Ref. 7. Briefly, for
Ndrg2 subcellular localization, the cells were fixed in a
freshly prepared solution of 4% paraformaldehyde, rinsed,
and permeabilized with 0.1% Triton X-100 in PBS. After
blockage with goat serum, the cells were incubated
overnight at 4°C with the anti-Ndrg2 antibody (diluted
1:100; Abnova, USA) followed by the Cy3-conjugated
anti-mouse antibody (diluted 1:400; Sigma) at room
temperature for 1 h. The nuclei were visualized using
DAPI and fluorescence was detected using an Olympus
fluorescence microscope.

Statistical analysis

All experiments were performed in triplicate. Data are
reported as means + SD. The statistical significance of
differences between groups was determined by one-way
analysis of variance (ANOVA) followed by the Dunnett
test for multiple comparisons, unless otherwise stated. In
all comparisons, P < 0.05 was considered to be
statistically significant. Statistical analysis was performed
using SPSS version 13.0 (SPSS Inc., USA).

Results

Hyperthermia inhibited cell viability of MKN45 and
MKN28 cells

Many reports have shown that cancer cells are
susceptible to hyperthermia. To detect the effects of
hyperthermia on gastric cancer cells, MKN45 and MKN28
cells were exposed to hyperthermic (42°C) conditions for
1 h and then recovered at 37°C for 0, 12, 24, 48, and
72 h. Cell viability was measured by the MTT assay.
Hyperthermia significantly inhibited the growth of MKN45
gastric cancer cells compared to control. The inhibitory
rates of MKN45 were 26.1, 24.1, 31.2, and 27.5% at 12,
24, 48, and 72 h, respectively. MKN28 cells showed an
even greater reduction of growth rate, with inhibitory rates
of 69.1, 60.6, 37.9, and 58.2% at the indicated times
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(Figure 1A). Although inhibitory rates were different, the
trend of inhibited viability was similar in both MKN28 and
MKN25 cells. The differences between these two cell
types may be attributed to cell type specificity. Cell
proliferation was measured by the EdU assay. Compared
to control, the proliferation of MKN28 cells was signifi-
cantly inhibited by hyperthermia (42°C for 1 h; Figure 1B),
coinciding with that observed in the MTT assay. We
further determined whether cell death also contributed to
the decreased number of MKN28 and MKN45 cells. Cell
death was analyzed by flow cytometry and trypan blue
staining. Compared to control, the apoptosis rate started
to increase to 13.4% at 24 h, reaching a higher value of
17.5% at 72 h in MKN28 cells after heat treatment. The
increased apoptosis and inhibited proliferation of cells
may have contributed to the reduction of MKN28 viability
with 72 h. Apoptosis rates of MKN45 were 17.3, 17.6 and
22.3% at 24, 48 and 72 h, respectively (Figure 2A). The
percentage of trypan blue-positive necrotic cells ranged
from 3.6% at 24 h to 4.5% at 72 h in MKN28 cells. A
similar trend was observed in MKN45 cells (Figure 2B).
These data indicate that hyperthermia inhibited cell
proliferation and induced cell apoptosis. Apoptosis but
not necrosis is the main form of cell death induced by
hyperthermia in gastric cancer cells.

Hyperthermia increased Ndrg2 phosphorylation in
gastric cancer cells

Several studies have revealed that Ndrg2 was
involved in various stress responses, such as lipotoxicity
(10), radiation and hypoxia (12,13), and probably played
distinct roles in stress-induced apoptosis. To address
whether Ndrg2 was involved in the process of hyperther-
mia-induced heat stress, expression of Ndrg2 was
detected in MKN28 cell from 0 to 24 h after the cells
were treated with hyperthermia. There was no obvious
change in the expression of total Ndrg2 during this
process (Yurong Tao, Yan Guo, Wenchao Liu, Jing
Zhang, unpublished data). We further detected phosphor-
ylation of Ndrg2 and found that Ndrg2 phosphorylation at
both Ser332 and Thr348 increased significantly within 6 h
in both MKN28 and MKN45 cells compared to control
(Figure 3A and B). In MKN28 cells, phosphorylation of
Ndrg2 at Ser332 increased immediately up to 2.5-fold,
peaking to 3.2-fold at 3 h after hyperthermia, whereas
phosphorylation of Thr348 was increased to 1.9-fold at
3 h and remained at 1.5-fold at 6 h after hyperthermia
(Figure 3A). A similar trend was observed in MKN45 cells
(Figure 3B). In addition, we observed the effect of
hyperthermia on the cellular location of Ndrg2 and found
that Ndrg2 is exclusively located in the cytoplasm of
MKN45 cells, suggesting that hyperthermia did not
change the cytosolic distribution of Ndrg2 (Figure 3C).
These findings suggest that hyperthermia induced phos-
phorylation of Ndrg2. However, Ndrg2 phosphorylation
probably does not significantly impact the localization of
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Figure 1. Hyperthermia (HT) inhibited cell viability and cell proliferation in gastric cancer cells. MKN28 and MKN45 cells were treated
with HT (42°C for 1 h) and gastric cancer cells cultured at 37°C were used as control (Con). A, Cell growth curve. Cell viability was
determined by the MTT assay at the indicated times after 1 h of HT. B, Cell proliferation of MKN28 cells after 1 h of hyperthermia.
The cell proliferation rate was detected by EdU incorporation for up to 72 h after HT. Scale bars = 40 um. Results are reported as
means + SD for 3 independent experiments. *P < 0.05 compared to control (Dunnett test).

Ndrg2 in gastric cancer cells.

AKT inhibitor attenuated hyperthermia-induced
Ndrg2 phosphorylation in gastric cancer cells
Recent studies have shown that Ndrg2 might be a
substrate for AKT (14) or other protein kinases (15) under
distinct conditions. To identify which kinase was related to
Ndrg2 phosphorylation during hyperthermia, MKN28 and
MKN45 cells were pretreated for 1 h with the GSK-3
inhibitor CT99021 or AKT inhibitor VIII and then subjected
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to heat treatment for 1 h at 42°C. After recovery for 3 h at
37°C, total and phosphorylated Ndrg2 was detected. We
found that Ndrg2 phosphorylation was increased at 3 h
after hyperthermia at both Ser332 and Thr348.
Phosphorylation of Ndrg2 at Ser332 was decreased by
52.4 and 81.0% by the AKT inhibitor in MKN28 and
MKN45 cells, respectively, compared to the hyperthermia
group (Figure 4A and B). A similar trend was found for the
phosphorylation of Thr348 in MKN28 and MKN45 cells,
which was reduced by 73.9 and 15.9% with AKT inhibitor
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Figure 2. Hyperthermia (HT) induced apoptosis in gastric cancer cells. MKN28 and MKN45 cells were treated with HT (42°C for 1 h)
and gastric cancer cells cultured at 37°C were used as control (Con). A, Apoptosis rate in MKN28 and MKN45 cells at 0, 12, 24, 48, and
72 h after 1 h of HT. The apoptotic cells were stained with Annexin V/PI and analyzed by flow cytometry. The data are shown in
histograms. B, Cell necrosis rates of MKN28 and MKN45 cells were determined using the trypan blue exclusion test for up to 72 h after
1 h of HT. Results are reported as means + SD for 3 independent experiments. *P < 0.05 compared to control (Dunnett test). Pl =
propidium iodide; FITC = fluorescein isothiocyanate.

Figure 3. Hyperthermia (HT) increased phosphorylation of Ndrg2 but did not change the localization of Ndrg2 in gastric cancer cells.
MKN28 (A) and MKN45 (B) cells were treated by HT (42°C for 1 h) and then harvested at the indicated times. Gastric cancer cells
cultured at 37°C were used as control. The cell lysates were immunoblotted with antibodies against Ndrg2, phospho-Ndrg2 (pNdrg2)
(Ser332), pNdrg2 (Thr348) and a-tubulin (A, left panel; B, left panel). Western blots were quantified for pNdrg2 (Ser332) or pNdrg2
(Thr348) expression after normalization to Ndrg2 using NIH Image. Results are reported as means + SD for 3 independent
experiments (A, right panel; B, right panel). *P < 0.05 compared to control (Dunnett test). C, Localization of Ndrg2 in MKN45 cells 12 h
after HT (42°C for 1 h). DAPI staining (blue) was used to label the cell nuclei. Scale bars = 10 um.
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Figure 4. AKT inhibitor attenuated hyperthermia-induced Ndrg2 phosphorylation in gastric cancer cells. MKN28 (A) and MKN45 (B)
cells were assigned to 5 groups according to treatment. Gastric cancer cells treated with hyperthermia (1 h at 42°C) were named HT
group. Gastric cancer cells incubated for 1 h with 2 uM CT99021 (CT), 50 uM LY294002 (LY) or 10 uM AKT inhibitor VIII (AKTi), then
subjected to hyperthermia (1 h at 42°C) were named CT-HT, LY-HT and AKTi-HT group, respectively. Gastric cancer cells cultured at
37°C were used as control. Western blot analysis was performed to detect total and phosphorylated (pNdrg2) at 3 h after recovery at
37°C (A, left panel; B, left panel). The histograms of the quantitative analysis of Western blot results showed the relative density of
pNdrg2 (Ser332) or pNdrg2 (Thr348) compared to total Ndrg2 (A, right panel; B, right panel). Data are reported as means + SD of at
least 3 independent experiments. *P < 0.05 compared to the HT group (Student t-test). C, MKN28 cells were treated with hyperthermia
(42°C for 1 h). Cells cultured at 37°C were used as control. Western blot analysis was performed to detect total and phosphorylated
AKT (pAKT), and total and pNdrg2 at 6 h after the treatment. D, MKN28 cells were assigned to 4 groups according to treatment. Gastric
cancer cells were incubated for 1 h with 10 uM AKTi, and then subjected to HT (1 h at 42°C). Western blot analysis was performed to

detect total and pAKT, total and pNdrg2 and caspase-3 at 6 h after the treatment.

treatment, respectively (Figure 4A and B). However, the
GSK-3 inhibitor CT99021 probably did not significantly
impact Ndrg2 phosphorylation in MKN28 or MKN45 cells.
Following treatment with LY294002, which inhibited the
activation of phosphoinositide 3-kinase and hence the
activation of AKT, the phosphorylation of Ser332 was
decreased dramatically to 34.8 and 41.5% in MKN28 and
MKN45 cells, while the phosphorylation of Thr348
remained unchanged in both cell lines (Figure 4A and
B). We further detected phosphorylation of AKT in
hyperthermia-treated MKN28 cells. As show in Figure
4C, compared to the untreated cells, heat treatment
significantly increased AKT phosphorylation. In addition,
phosphorylation of Ndrg2 increased correspondingly.
These data demonstrate that Ndrg2 phosphorylation
could be induced by hyperthermia in an AKT-dependent
manner in gastric cancer cells. Ndrg2 Ser332 could be
phosphorylated by activation of the classical PI3K/AKT
pathway, whereas the ability of AKT to stimulate
phosphorylation of Thr348 was partially independent of
phosphoinositide 3-kinase activation.

AKT inhibitor promoted hyperthermia-induced
apoptosis in gastric cancer cells

We have previously shown that activated AKT
enhanced Ndrg2 phosphorylation and abolished the
apoptosis induced by free fatty acids in b-TC3 cells (10).
In the current study, our data demonstrated that Ndrg2 is
a potential substrate of the protein kinase AKT in
hyperthermia-treated gastric cancer cells. We further
examined the effect of AKT inhibitor on protein expression
of the apoptosis marker caspase-3 in heat-treated gastric
cells. As shown in Figure 4D, after treatment with the AKT
inhibitor, the phosphorylation of AKT and Ndrg2 was
suppressed. Meanwhile, AKT inhibitions resulted in an
increase in caspase-3 expression levels (Figure 4D).

We further detected the effect of the AKT inhibitor on
hyperthermia-induced apoptosis in MKN28 and MKN45
cells. In the hyperthermia group, the percentage of
apoptotic cells was 4.4% at 12 h and 14.5% at 24 h,
while the apoptosis rate steadily increased from 16.4% at
12 h to 23.1% at 24 h in the AKT inhibitor-hyperthermia
group (Figure 5A and B), while it increased slightly to
8.1% in the LY294002-hyperthermia group, and remained
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unchanged in the control-hyperthermia group. These data
demonstrate that the AKT inhibitor, which suppressed
phosphorylation of Ndrg2 at both Ser332 and Thr348,
enhanced cell apoptosis induced by hyperthermia in
MKN28 cells; while the cell apoptosis was only partly
increased by pretreatment of cells with PI3K inhibitors,
which suppressed phosphorylation of Ndrg2 only at the
Ser332 site. In contrast, the GSK inhibitor, which had no
effects on Ndrg2 phosphorylation, did not impact the
apoptosis rate of MKN28 cells. Similar results were
observed in MKN45 cells (Figure 5A). These results
suggest that AKT inhibitor VIII suppressed phosphoryla-
tion of Ndrg2 and enhanced hyperthermia-induced apop-
tosis in gastric cancer cells. Moreover, phosphorylation of
Ndrg2 is negatively related to hyperthermia-induced
apoptosis.

Discussion

In this study, we showed that hyperthermia promoted
apoptotic cell death in gastric cancer cells 24 h after
treatment (Figure 1). Although the expression level of
Ndrg2 did not change significantly, phosphorylation of
Ndrg2 increased during this process (Figure 3A and B).
Further investigation showed that AKT inhibitor VIII
attenuated Ndrg2 phosphorylation and enhanced
hyperthermia-induced apoptosis (Figures 4 and 5).

Ndrg2 has been reported to be a substrate for several
serine-threonine protein kinases including AKT, PKC,
SGK1, RSK1, S6K1, and GSK-3 under different experi-
mental conditions (14,15). In the present study, our data
showed that hyperthermia increased phosphorylation of
AKT and Ndrg2 in gastric cancer cells (Figures 3A,B and
4C). In addition, AKT inhibitor VIII resulted in the
attenuation of Ndrg2 phosphorylation at both Ser332
and Thr348. Only phosphorylation of Ser332 was reduced
after the cell was pretreated with LY294002, a PI3K
inhibitor. Furthermore, the GSK-3 inhibitor had no effect
on Ndrg2 phosphorylation (Figure 4A). These data
suggest that AKT, but not GSK, mediated the phosphor-
ylation of Ndrg2 induced by hyperthermia. Furthermore,
we found that AKT-regulated phosphorylation of Ndrg2
was partially independent of PI3K activation. This out-
come, however, is not rare, as a growing number of
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Figure 5. AKT inhibitor promoted hyperthermia-induced apoptosis in gastric cancer cells. A, MKN28 and MKN45 cells were assigned to
5 groups according to the treatment mentioned in Figure 4: HT group; CT-HT group; LY-HT group; AKTi-HT group, and control group.
The apoptotic cells were stained with Annexin V/propidium iodide (PI) 12 h after the treatment, and apoptosis rate was determined by
flow cytometry. The results are shown as histograms. Data are reported as means = SD of at least 3 independent experiments. B,
MKN28 cells were assigned to 4 groups according to treatment. The apoptotic cells were stained with Annexin V/PI at 0 and 24 h after
treatment, and apoptosis rates were detected by flow cytometry. *P < 0.05 compared to the HT group (Student t-test).

studies have reported mechanisms of PI3K-independent
induction of AKT activity (16-18). Moreover, it has been
demonstrated that AKT was responsible for the phos-
phorylation of GST-Ndrg2 at both the Ser332 and Thr348

Braz J Med Biol Res 46(4) 2013

sites in vitro (15). However, another study suggested that
Ndrg2 could be phosphorylated by AKT mainly in Thr348
in C2C12 skeletal muscle cells. In the present study, our
results showed that the AKT inhibitor reduced Ndrg2
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phosphorylation induced by hyperthermia at both Ser332
and Thr348 (Figure 4A). These differences in AKT-
mediated site-specific changes of phosphorylation in
Ndrg2 may be due to different experimental conditions
or different cell types.

Numerous studies have implied that Ndrg2 plays a
tumor suppressor role in many types of cancer cells
(19-21). NDRG2 has also been identified as a stress
response gene in several studies (13,22). Based on these
reports, we had predicted that Ndrg2 might be induced by
hyperthermia and might mediate hyperthermia-induced
apoptosis. Contrary to our hypothesis, the expression
level of Ndrg2 did not change obviously at 24 h when
hyperthermia-induced apoptosis occurred in MKN28 cells
(Figures 1, 2 and 3). Further investigation revealed that
Ndrg2 phosphorylation increased within 6 h after
hyperthermia. Intriguingly, we noticed that, compared to
the control group, the percentage of apoptotic cells did not
change in either cell line during this process (Figure 1).
Using a set of kinase inhibitors, we found that AKT-
mediated hyperthermia induced Ndrg2 phosphorylation,
while the AKT inhibitor suppressed Ndrg2 phosphoryla-
tion and enhanced heat stress-induced apoptosis during
the early stage of hyperthermia (Figures 3A,B and 4).
Thus, these data indicated that AKT-mediated Ndrg2
phosphorylation might be involved in the tolerance of
gastric cancer cells to heat-induced stress during the early
stage of hyperthermia. Previous studies have demon-
strated that the inhibition of the PKB/AKT-dependent
survival pathway could promote apoptosis and thermo-
sensitization in breast cancer cells (23-25). Although we
were unable to gain insights into the function of
phosphorylated Ndrg2 in hyperthermia-induced apopto-
sis, we did find evidence that AKT inhibitor VIIl rendered
gastric cancer cells susceptible to hyperthermia-induced
apoptosis, partially related to the inhibition of Ndrg2
phosphorylation.

Recent findings also showed that Ndrg2 phosphoryla-
tion is involved in the AKT-mediated protection of 3 cells
against lipotoxicity (10). In addition, our previous studies on
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