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PEA-15 contributes to the clinicopathology and AKT-regulated
cisplatin resistance in gastric cancer
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Abstract. Phosphoprotein enriched in astrocytes 15 (PEA-15)
plays an important role in controlling biological behaviors of
cancer cells. In the present study, we demonstrated that PEA-15
was overexpressed in gastric cancer tissues and associated
with tumor staging, differentiation, pathological types and the
prognosis of patients. Gastric cancer cells expressed variable
levels of PEA-15 and its bi-phosphorylation forms, p-PEA-15
(Ser104) and p-PEA-15 (Serl16). To gain insight into the func-
tional role of PEA-15, we generated cells stably depleted of
PEA-15 and resistant to cisplatin (CDDP) from human gastric
cancer cells. PEA-15 depletion inhibited cell proliferation
by reducing cyclin D1 expression through the extracellular
signal-regulated kinase (ERK) pathway, resulting in cell cycle
arrest at the G1 phase, and induced apoptosis by activating
caspase-8. PEA-15 depletion also enhanced the inhibitory
effect of CDDP that caused cell cycle arrest at the S phase and
also enhanced the pro-apoptotic activity of CDDP in vitro and
in animal models of tumorigenesis and therapeutic effects.
PEA-15 and its phosphorylated forms were overexpressed
in CDDP-resistant cells, which had higher levels of p-AKT.
Specific inhibition of AKT by MK2206 reduced the expres-
sion of p-PEA-15 at the Serl16 residue, resulting in sequential
downregulation of p-ERK1/2, cyclin D1 and caspase-8 activa-
tion. However, depletion of PEA-15 had little effect on AKT
expression or phosphorylation, or its downstream factors
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including p27, glycogen synthase kinase 3 and caspase-9,
indicating that the regulatory effects between PEA-15 and
AKT were unidirectional. In summary, the results indicated
that PEA-15 expression was associated with clinicopathology
and prognosis in gastric cancer and was regulated by AKT
to participate in CDDP resistance, indicating that it may be a
potential target for overcoming CDDP resistance in the treat-
ment of gastric cancer.

Introduction

Globally gastric cancer is ranked fifth in cancer mortality (1).
Despite recent progress, most patients are diagnosed at
advanced stages and are not eligible for curative surgery,
and hence chemotherapy is essential for their treatment (2).
However, conventional chemotherapies display only modest
effects on the survival of patients with advanced gastric
cancer. Cisplatin (CDDP) is one of the most commonly
used chemotherapeutic agents in the clinical management of
gastric cancer (2), and included in the first-line regimen for
advanced gastric cancer in Japan (3). Unfortunately, resistance
to CDDP largely limits its beneficial effects, representing a
major obstacle to effective treatments. Therefore, exploring
the mechanisms for this resistance is required for devising
therapeutic strategies to combat gastric cancer.

Phosphoprotein enriched in astrocytes 15 (PEA-15), also
known as phosphoprotein enriched in diabetes (PED), is
ubiquitously expressed in mammals and was originally identi-
fied in primary cultured astrocytes (4). PEA-15 was initially
found to play a prominent role in controlling cell survival
and glucose metabolism (5), and later it was demonstrated
to participate in regulating multiple biological behaviors of
cells from several types of malignancies including breast and
colorectal cancer, and hepatocellular carcinoma (HCC) (6-9).
The well-known mechanism accounting for its function is the
regulation of the activation of extracellular signal-regulated
protein kinases 1 and 2 (ERK1/2), which mediate cell prolif-
eration, migration and apoptosis (6,10). However, its role in
gastric cancer remains unknown. Therefore, the present study
was designed to examine the expression of PEA-15 in human
gastric cancer tissues and investigate its functional role in
gastric cancer cells.
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In addition, PEA-15 has recently been demonstrated to
contribute to the insensitivity of a panel of chemotherapeutic
agents including CDDP in breast cancer (11), resistance to
fluorouracil and CDDP in colon cancer (8), and sorafenib
resistance in HCC (9). However, it is unclear whether PEA-15
contributes to the mechanisms of CDDP resistance in gastric
cancer. We have previously reported that CDDP-resistant
gastric cancer cells expressed higher levels of phosphorylated
AKT (p-AKT) (12). PEA-15 features an AKT phosphoryla-
tion motif upstream from Serl116 and the phosphorylation by
AKT affects its antiapoptotic function (11,13,14). Therefore,
we hypothesized that PEA-15 may be involved in AKT
activation-regulated mechanisms of CDDP resistance in
gastric cancer cells.

Materials and methods

Patients. The general information of the patients used in the
present study has been previously described (15). Briefly, a
total of 141 consecutive patients with gastric cancer received
surgical treatments at Qingdao Municipal Hospital in China.
The diagnosis of gastric cancer was pathologically confirmed
and histological classification was performed according to the
2010 World Health Organization (WHO) histological classifica-
tion system and cell differentiation (16). The disease was staged
in accordance with the staging system of the American Joint
Committee on Cancer (16). None of the patients had received any
preoperative anticancer treatments. The study analyzing human
specimens was approved by the Ethics Committee of Qingdao
Municipal Hospital (no. 20150819), and informed consents
were obtained (Qingdao, China). The animal experiments were
approved (permit no. SYXK20020009) by the Animal Ethics
Committee of Harbin Medical University (Harbin, China).

Cell culture, antibodies and reagents. Human gastric cancer
cells MGC-803, SGC7901, BGC823, AGS, NCI-N87 and
HGC-27 were obtained from the Type Culture Collection Cell
Bank (Chinese Academy of Sciences Committee, Shanghai,
China). Cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum at 37°C in a humidified
atmosphere of 5% CO,. All cell lines were confirmed nega-
tive for mycoplasma infection using a PCR-based Universal
Mycoplasma Detection kit (American Type Culture Collection,
Manassas, VA, USA). An antibody (Ab) against PEA-15
(SAB4503451),FAST DAB (3,3'-diaminobenzidine tetrahydro-
chloride) and CoCl, enhancer tablets, and a TUNEL (Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
agent) kit were purchased from Sigma-Aldrich (Shanghai,
China). An anti-PEA-15 (Ser116) Ab (cat. no. PA5-38314)
was purchased from Thermo Fisher Scientific Inc. (Shanghai,
China). Abs against p-PEA-15 (Ser104) (cat. no. 2776), ERK1/2
(cat. no. 4695), p-ERK1/2 (Thr202/Thyr204) (cat. no. 4370),
AKT (cat. no. 4691), p-AKT (Ser473) (cat. no. 4060), caspase-3
(cat. no. 9662), p27 (cat. no. 3688), cyclin DI (cat. no. 2922),
GSK-3 (cat. no. 9315), p-GSK-3 (cat. no. 5558) and caspase-9
(cat. no. 9508) were provided by Cell Signaling Technology
(Boston, MA, USA). Abs against 3-actin (cat. no. sc-130065),
caspase-9 (cat. no. sc-56073), caspase-8 (cat. no. sc-56070),
caspase-8 (cat. no. sc-73526) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). An anti-Ki-67 Ab
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(cat. no. ab15580) and a caspase-3 activity kit (cat. no. ab39401)
were purchased from Abcam (Shanghai, China).

Immunohistochemical analysis of human specimens. The
methods have been previously described (15). Briefly, tissues
collected from patients during surgery were formalin-fixed,
paraffin-embedded, sectioned and mounted on 3-aminopro-
pyltriethoxysilane-coated slides. After antigen retrieval, the
sections were blocked and incubated with a rabbit anti-human
PEA-15 Ab (diluted at 1:250) at 4°C overnight. A standard
horseradish peroxidase staining procedure was performed
using a biotinylated secondary Ab (diluted at 1:250), and
immunoreactivity developed with Sigma FAST DAB and
CoCl, enhancer tablets. Normal rabbit sera (diluted at 1:10)
were used for blocking and dilution of Abs. Negative controls
were achieved using irrelevant goat IgG (diluted at 1:50).
Immunostaining was assessed in 20 randomly selected fields
per specimen using a semi-quantitative grading system. The
staining intensity (Value A) was graded in a four-tier grading
system: No staining (0), faint yellow (1), yellow (2) and
brown (3); while the extent of positive staining (Value B) was
graded in a four-tier grading system based on the percentage of
positive cells: <10% (1), 11-40% (2), 41-70% (3) and =70% (4).
The immunohistological score was calculated by A x B, and
each specimen was graded lower (<5) or higher level (>5).

Quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR). Total RNA was extracted from the cells, and
cDNA was synthesized. The reaction mixtures for qRT-PCR
were prepared with the primers for PEA-15 (forward, 5-AGG
AAGACATCCCCAGCGAA-3' and reverse, 5'-CCATAGTGA
GTAGGTCAGGACG-3"); and B-actin (forward, 5-"TTAGCA
CCCCTGGCCAAGG-3' and reverse, 5'-CTTACTCCTTGG
AGGCCATG-3") as previously described (17). Reaction solu-
tions were analyzed by MX3000P Real-Time PCR Systems
(Stratagene; Agilent Technologies, Inc., North Billerica, MA,
USA). Experiments were performed in triplicate, and the data
were calculated using the AACq method (18).

shRNA expression vectors. The previously reported sequences
were selected to specifically target PEA-15 (5'-GCGAAAAGA
GUGAGGAGAU-3' and 5-AUCUCCUCACUCUUUUCG
C-3") corresponding to nucleotides 611-629 of human PEA-15
(GenBank NM_001297576.1) as previously reported (19). The
oligonucleotides were introduced into the pSuppressorNeo
vector to generate PEA-shRNA. A scrambled shRNA vector
(Sc-shRNA) targeting non-specific sequences (5'-GAAGAC
GAAGAGUGAGGAU-3' and 5'-AUCUCCACUCUCUGU
UCUC-3") served as a control.

Animal experiments. A total of 46 male nude BALB/c mice
(H-2b) (aged 6-8 weeks; body weight, 20.3+2.5 g) were
obtained from the Animal Research Center, The First Affiliated
Hospital of Harbin Medical University (Harbin, China).
Animals were housed in cages under pathogen-free conditions
at a temperature of 20-25°C and 12-h light/dark cycle, and fed
commercial pellets and water ad libitum. The experimental
protocol has been previously described (12,15,20). Two sets of
experiments were designed for evaluating the functional role
of PEA-15 in gastric cancer cells in vivo.
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Table I. Association between PEA-15 expression and clinicopathology of gastric cancer.
n Lower level of PEA-15 Higher level of PEA-15 P-value
Sex 0.355
Male 87 38 49
Female 54 20 34
Age median (range): 0.387
53.4(27-82)
<60 93 32 61
<60 48 21 27
TNM stage 0.011
0 5 5 0
I 26 18 8
I 38 25 13
I 49 22 37
v 23 5 18
WHO histological classification 0.039
Tubular 67 41 26
Papillary 42 19 23
Mucinous 13 3 10
Poorly cohesive 11 2 9
Uncommon histologic variants 8 4 4
Differentiation 0.008
Well 35 28 7
Moderate 74 40 34
Poor 32 6 26

P-value was estimated by Mann-Whitney U test. PEA-15, phosphoprotein enriched in astrocytes-15; TNM, tumor-node-metastasis.

Tumorigenicity. Cells (2x10°) were subcutaneously injected
into the flanks of mice, which were monitored to check the
appearance of tumors, and tumor size was measured every
4 days. Tumor volumes were calculated according to the
following formula: 7t/6 x a* x b, where a is the short axis and b
the long axis. Mice were sacrificed 28 days later, and tumors
were harvested and weighed.

Therapeutic study. Cells (2x10°) were subcutaneously injected
into the flanks of mice. When tumors reached ~100 mm?,
the mice were assigned to 4 groups: Control (n=8), CDDP
(n=6), PEA-shRNA (n=8) and CDDP + PEA-shRNA (n=6).
Each mouse in each group received both intratumoral and
intraperitoneal injections. Normal saline (200 xl) and CDDP
(0.25 mg/mouse, dissolved in 0.9% sodium chloride 0.9%)
were intraperitoneally injected every 3 days. The shRNA
transfection solution was prepared by mixing the shRNA
vector, Lipofectamine 2000 and serum-free medium, and was
intratumorally injected at a dose of 50 ml containing 200 ug
shRNA. The doses have been previously reported (12,15).
Sc-shRNA was administered in the control and CDDP groups;
saline, in the control and PEA-shRNA groups; CDDP, in the
CDDP and CDDP +PEA-shRNA groups; and PEA-shRNA,
in the PEA-shRNA and CDDP + PEA-shRNA groups. Four
days after commencement of treatments, 2 mice from the

control and PEA-shRNA groups each were sacrificed to
examine tumoral expression of PEA-15. The other mice were
monitored and euthanized by carbon dioxide exposure on
day 20.

Establishment of stable transfectants, cell viability analysis,
bromodeoxyuridine incorporation proliferation assay, cell
cycle assessment, transfection of siRNA, CDDP-resistant
cells, immunoblotting, immunohistochemistry, in situ Ki-67
proliferation and in situ cell death detection. The detailed
methods have been previously described (21-23), and are avail-
able upon request.

Statistical analysis. The association between the expression of
PEA-15 and clinicopathology of gastric cancer was analyzed
using a Mann-Whitney U test. The Kaplan-Meier method
was used to estimate the association between the expression
levels of PEA-15 and the survival of patients, and a log-rank
test was used to compare the survival curves of 2 groups of
patients with low (grade <5) and high (grade >5) expression
levels of PEA-15. Other data were expressed as the mean
values + standard deviation, and statistical analysis was
performed using a one-way analysis of variance (ANOVA)
followed by Dunnett's test. P<0.05 was considered to indicate
a statistically significant result.
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Figure 1. The expression of PEA-15 in gastric cancer tissues and cells. (A-D) Representative images are sections from (A) gastric normal mucosa, (B) adeno-
carcinoma, (C) mucinous and (D) undifferentiated cancer, immunostained with an anti-PEA-15 antibody (magnification bar, 50 ym). (E) The association
between PEA-15 expression and the overall survival was assessed, and a log-rank test was used to analyze the survival curves of patients with lower and
higher expression levels of PEA-15. (F and G) The expression of PEA-15 (F) protein and (G) mRNA was detected in a panel of human gastric cancer cells by
immunoblotting and qRT-PCR, respectively. (H and I) The expression of PEA-15 was examined in parental SGC7901, SGC7901-Sc and SGC7901-PEA" cells
by (H) immunocytochemistry (magnification bar, 10 ym) and (I) immunoblotting. PEA-15, phosphoprotein enriched in astrocytes 15.

Results

PEA-15 expression is associated with the clinicopathology
and prognosis of gastric cancer. The expression of PEA-15
in tissues was examined using immunohistochemistry,
which revealed that normal gastric mucosa had weaker
PEA-15 expression, while gastric cancer tissues expressed
higher levels of PEA-15 (Fig. 1 A-D), although the expres-
sion levels varied (Table I). The results of Mann-Whitney
analysis revealed that the expression levels of PEA-15 were
not significantly associated with the sex or age of the patients,
but significantly associated with TNM staging, tumor differ-
entiation and pathological types according to the criteria
of WHO histological classification (Table I). These results
indicated that high PEA-15 expression may be associated
with advanced stages and poor differentiation of gastric
tumors. In addition, through a follow-up of patients after
surgery, Kaplan-Meier survival curves were used to analyze
the association between the expression levels of PEA-15 and
the prognosis of patients. We found that patients with lower
PEA-15 expression had a significantly longer overall survival
time (median 42.5 months) than those with higher PEA-15
expression (median 13.7 months) (Fig. 1E), indicating that
higher PEA-15 expression may be associated with a poor
prognosis in gastric cancer.

PEA-15 expression in gastric cancer cell lines. To gain insight
into the functional role of PEA-15 in gastric cancer, we examined

PEA-15 expression in a panel of available human gastric cancer
cell lines. PEA-15 protein expression was variable among
these cell lines, thus SGC7901 and MGC-803 cells expressed
higher levels of PEA-15, while BGC823 and AGS, lower levels
of PEA-15 (Fig. 1F). Notably, the bi-phosphorylation forms of
PEA-15, p-PEA-15 (Ser104) and p-PEA-15 (Serl16) were also
observed (Fig. 1F). In addition, we assessed PEA-15 mRNA
expression by qRT-PCR, which revealed a similar variability
to that of protein expression (Fig. 1G). Since SGC7901 cells
were revealed to express the highest level of PEA-15 among
the 6 types of gastric cells, they were selected for generating
stable transfectants. SGC7901 cells stably transfected with
PEA-15 shRNA or Sc-shRNA were termed SGC7901-PEA*
and SGC7901-Sc, respectively. Compared with the parental
SGC7901 cells, SGC7901-PEA"™ expressed significantly
lower, while SGC7901-Sc cells expressed similar, levels of
PEA-15, when examined by immunocytochemistry (Fig. 1H)
and immunoblotting (Fig. 11).

PEA-15 depletion increases the sensitivity of gastric cancer
cells to CDDP by inducing cell cycle arrest at the Gl phase.
We first demonstrated that PEA-15 depletion inhibited the
growth of gastric cancer cells in culture. As revealed in Fig. 2A,
SGC7901-PEA'" cells had a significantly lower viability,
while SGC7901-Sc cells had a similar viability, compared
with parental cells. CDDP treatment reduced the viability of
the 3 cell lines in a concentration-dependent manner (Fig. 2B).
SGC7901-PEA™ cells were more sensitive to CDDP than
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Figure 2. PEA-15 depletion enhances the sensitivity of gastric cancer cells to CDDP by inducing cell cycle arrest at phase G1 through the ERK pathway.
(A) Parental SGC7901, SGC7901-Sc and SGC7901-PEA™™ cells were cultured for 7 days, and their viability was assessed by a CCK-8 assay at the indicated
time-points. Cell viability was represented by optical density (OD) at 450 nm. (B) Cells were incubated with increasing concentrations of CDDP for 48 h, and
their percentage viability was compared to that of untreated respective cells. (C) Cells were cultured in the presence or absence of CDDP (15 yM) for 48 h,
and their viability was assessed. (D and E) The aforementioned cells were subjected to flow cytometry to assess cell cycle distribution. (D) Representative
histograms were shown and (E) the percentages of cells at the G1 and S phases were plotted. (F) Lysates from the aforementioned cells were immunoblotted.
The density of each band was measured and normalized to B-actin. "P<0.05 and *“P<0.001 indicate a significant difference. ®P<0.05 indicates a significant
increase, while *P<0.05 and #P<0.01, indicate a significant reduction, from the control. PEA-15, phosphoprotein enriched in astrocytes 15; CDDP, cisplatin;

ERK, extracellular signal-regulated kinase; CCK-8, Cell Counting Kit-8.

parental or SGC7901-Sc cells (Fig. 2B). CDDP treatment
significantly reduced the viability of both SGC7901 and
SGC7901-PEA" cells, but the viability of SGC7901-PEA"
cells was significantly lower than that of SGC7901 cells after
incubation for 48 h with CDDP (15 uM) (Fig. 2C). SGC7901
and SGC7901-Sc cells had revealed similar cell viabilities
when they were incubated in the absence or presence of
CDDP (data not shown and available upon request).

Analyses of cell cycle distribution revealed that CDDP
treatment induced more cells arrested at the S phase, while
PEA-15 depletion induced more cells arrested at the G1 phase,
compared with the controls (Fig. 2D and E). The anticancer
mechanism of CDDP mainly relies on its activity to inhibit
DNA replication, and cells in phase G1 appear to be maxi-
mally sensitive to CDDP (24). Thus, unsurprisingly PEA-15
depletion enhanced the sensitivity of SGC7901 cells to
CDDP and worked together with CDDP to further reduce cell
viability (Fig. 2C).

PEA-15 depletion and CDDP inhibits cell proliferation by
regulating ERK/cyclin DI. The results of viability and cell cycle
distribution were consistent with cell proliferation as examined
by BrdU incorporation assays. CDDP treatment and PE-15
depletion resulted in significant decreases in the percentage of
BrdU-positive cells, and CDDP treatment further reduced the
percentage of BrdU-positive SGC7901-PEA cells, compared
with the controls (data not shown and available upon request).
Previous studies have revealed that PEA-15 promotes cell
proliferation by regulating ERK phosphorylation (9,25). As
revealed in Fig. 2F, exposure of CDDP significantly increased
the expression of p-ERK1/2 though it had no effect on total
ERK1/2, resulting in a sequential upregulation of cyclin D1,
which is a well-known downstream factor of ERK1/2 and plays
key roles in cell cycle transition from the G1 to S phase (26).
PEA-15 depletion downregulated the expression of p-ERK1/2
and cyclin D1 expression and could reverse the increased
expression of p-ERK1/2 and cyclin D1 induced by CDDP,
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Figure 3. PEA-15 depletion enhances the pro-apoptotic activity of CDDP. SGC7901 and SGC7901-PEA™" cells were cultured in the presence or absence of
CDDP (15 uM) for 48 h and subjected to apoptosis assays. (A) Representative images were obtained from cells stained with Annexin V/PI and visualized under
laser scanning confocal microscopy. Magnification bar, 25 mm. (B) Apoptosis rates (%) were measured by flow cytometry. (C) Cells were lysed and caspase-3
activity was assessed. (D) Cell lysates were immunoblotted. The density of each band was measured and normalized to B-actin. "P<0.05 and “P<0.001 indicate
a significant difference. *P<0.05 and **P<0.001 indicate a significant increase from control. PEA-15, phosphoprotein enriched in astrocytes 15; CDDP, cisplatin.

in SGC7901-PEA™ cells (Fig. 2F). Notably, SGC7901 and
SGC7901-Sc cells revealed similar alterations of gene expres-
sion upon CDDP incubation (data not shown and available
upon request). The aforementioned results indicated that
PEA-15 depletion enhanced the sensitivity of gastric cancer
cells to CDDP and were confirmed using another cell line
MGC-803 (data not shown and available upon request).

PEA-15 depletion enhances the pro-apoptotic activity of
CDDP in gastric cancer cells. CDDP and PEA-15 deple-
tion significantly increased apoptosis of SGC7901 cells,
and CDDP treatment further increased the apoptosis rate of
SGC7901-PEA"" cells (Fig. 3A and B). In accordance, both
CDDP and PEA-15 increased caspase-3 activity in SGC7901
cells, and CDDP further increased caspase-3 activity in
SGC7901-PEA™ cells (Fig. 3C). CDDP had little effect on
caspase-8, but significantly increased the cleavage of caspase-3,
while PEA-15 depletion increased the cleavage of caspase-8
and caspase-3, and CDDP treatments further elevated the
cleavage of caspase-3 in SGC7901-PEA™Y cells (Fig. 3D).

PEA-15 depletion enhances the therapeutic effects of CDDP
in gastric cancer animal models. The aforementioned results

led us to investigate the function of PEA-1 in vivo. The study
of tumorigenesis revealed that tumors were observed in all
the 8 mice receiving subcutaneous injection of SGC7901
cells, but in only 5 out of 8 mice receiving SGC7901-PEA"
cells (Fig. 4A). Furthermore, SGC7901-PEA'"" tumors
grew to 782.3+x94.5 mm® (736.4+138.6 mg in weight),
significantly smaller than SGC7901 tumors whose size was
1,813.6+114.7 mm?® (1,524+187.8 mg in weight), 4 weeks
after cell inoculation (Fig. 4A and B). The tumors harvested
in Fig. 4B were subjected to immunohistochemistry to
examine PEA-15 expression, cell proliferation and apoptosis
in situ. Consistent with the in vitro results (Fig. 1F and G),
SGC7901-PEA"™ tumors expressed markedly lower levels of
PEA-1 protein than SGC7901 tumors (Fig. 4C). PEA-1 deple-
tion significantly inhibited cell proliferation and promoted
apoptosis (Fig. 4C-E). The expression of key molecules
in vivo was consistent with that obtained in vitro; and notably
p-PEA-15 at both Serl04 and Serl16 residues was also down-
regulated in SGC7901-PEA"™ tumors (data not shown and
available upon request).

In the present study, to assess the therapeutic effects, we
established subcutaneous tumors using another gastric cancer
cell line, MGC-803, which was also revealed to express
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Figure 4. Animal experiments. (A) SGC7901 and SGC7901-PEA™ cells were inoculated into mice. The appearance of palpable tumors was monitored, and
the size of tumors were assessed. (B) Tumors were harvested and weighed. (C) Representative images were from tumor sections obtained from B and immu-
nostained as indicated. (D) Tumor in situ proliferation index and (E) apoptosis index were quantified. (F and G) MGC-803 tumors were established in mice,
which were assigned to different treatment groups. (F) Representative images of MGC-803 tumor sections immunostained with an anti-PEA-15 Ab. These
tumors were harvested on day 4 after treatments started in G. (G) The size of tumors was assessed. Magnification bar, 10 ym. "P<0.05 and “P<0.001 indicate
a significant difference. PEA-15, phosphoprotein enriched in astrocytes 15.
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higher levels of PEA-15 (Fig. 1F and G). When tumors
reached ~100 mm?, they were assigned to different treat-
ments as indicated in Materials and methods. Intratumoral
delivery of PEA-shRNA resulted in downregulation of
PEA-1 in situ, compared with control tumors injected
with Sc-shRNA (Fig. 4F). MGC-803 tumors injected with
PEA-shRNA were significantly smaller (1,360.4+75.3 mm?)
than control tumors (1719.5+123.1 mm?), 20 days after the
commencement of treatments (Fig. 4G). CDDP treatment also
led to a significant reduction in the size of tumors injected
with Sc-shRNA (1,098.6+123.1 mm?®) and further reduced the
size of tumors injected with PEA-shRNA (467.9+£88.7 mm?)
(Fig. 4G).

PEA-15 regulated by AKT participates in the mechanisms
for CDDP resistance of gastric cancer cells. We previously
reported that activation of AKT contributes to the resistance
of gastric cancer cells to CDDP (12), and AKT is an upstream
factor of PEA-15 by regulating its phosphorylation (11,13,14).
Therefore, the functional role of PEA-15 in the mechanisms
of CDDP resistance was investigated using SGC7901
cells expressing higher levels of PEA-15, BGC823 cells
expressing lower levels of PEA-15, and 2 CDDP-resistant

cell lines (SGC7901-CR and BGC823-CR) that were previ-
ously established (12). As anticipated, CDDP-resistant cells
expressed a similar level of AKT but an increased level of
p-AKT, compared with respective parental cells (Fig. 5A),
in accordance with our previous study (12). CDDP-resistant
cells had higher expression of PEA-15 than their respec-
tive parental cells, but the difference was less pronounced
for SGC7901 cells which had a high baseline of PEA-15
expression (Fig. 5A). Notably, the expression of p-PEA-15
at both Serl116 and Ser104 residues was also increased in
CDDP-resistant cells (Fig. 5A). In addition, SGC7901-CR
and BGC823-CR cells had significantly lower rates of apop-
tosis, compared with respective parental cells, when they
were incubated for 48 h with CDDP (Fig. 5B). Specific inhibi-
tion of AKT by a specific AKT inhibitor (MK2206), a novel
selective inhibitor of pan-Akt (27), resulted in significantly
higher apoptosis rates of SGC7901-CR and BGC823-CR
cells (Fig. 5B). Transfection of PEA-shRNA also signifi-
cantly increased apoptosis rates of SGC7901-CR and
BGC823-CR cells. In addition, combination of MK2206 and
PEA-shRNA transfection resulted in higher apoptosis rates
of CDDP-resistant cells than either MK220 or PEA-shRNA
alone (Fig. 5B).
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In exploring the regulatory mechanisms between PEA-15
and AKT pathways, SGC7901-Sc and SGC7901-PEA™
cells were incubated with MK2206 and the expression of
key molecules involved in the 2 pathways was detected. As
revealed in Fig. 5C, MK2206 significantly inhibited the AKT
pathway, as evidenced by the reduced expression of p-AKT
and its downstream factors including p27, phosphorylated
glycogen synthase kinase 3p (p-GSK-3p), and the increased
cleavage of caspase-9 and -3. MK2206 had little effect on the
expression of PEA-15, p-PEA-15 at Serl04 residue or total
ERK1/2 however it could significantly reduce the expression
of p-PEA-15 at Serl16 residue, resulting in sequential down-
regulation of p-ERK1/2, cyclin D1 and increased cleavage of
caspase-8 (Fig. 5C). The results indicated that inhibition of
AKT could regulate the PEA-15 pathway by reducing the phos-
phorylation of PEA-15 at Serl16 residue. However, depletion
of PEA-15 by PEA-shRNA reduced the expression of PEA-15
and the phosphorylation of PEA-15 at both Serl04 and Serl16
residues but had little effect on either the expression of AKT,
or p-AKT, or AKT downstream factors including p27, GSK-3f3
and the cleavage of caspase-9 (Fig. 5C). The results indicated
that depletion of PEA-15 had little effect on the AKT pathway,
indicating the regulatory effects between PEA-15 and AKT
may be unidirectional in gastric cancer cells.

Discussion

As a multifunctional phosphoprotein, PEA-15 has displayed an
important role in several cancer entities (6-9), but its expres-
sion and function have not yet been investigated in gastric
cancer. The present study demonstrated that PEA-15 was
overexpressed in gastric cancer tissues and cells. In addition,
clinical gastric tumors with higher expression of PEA-15 had
more advanced TNM stages and poorer cell differentiation,
and the patients had a shorter survival time. PEA-15 was also
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associated with histopathological types of gastric cancer.
Similarly, it has been reported that PEA-15 overexpression is
observed in breast cancer (11,28), HCC (9), lung cancer (29),
esophageal carcinoma (30) and colorectal cancer (8). In these
tumors, PEA-15 acted as a tumor promoter and was associ-
ated with poor prognosis. Notably, PEA-15 overexpression
has been revealed to be associated with a good prognosis in
ovarian cancer, where PEA-15 exists in unphosphorylated
status (31,32). The difference of its role in tumor promotion
or suppression may depend on its phosphorylation status (9).
The present results revealed that gastric cancer cells expressed
p-PEA-15 at both Ser104 and Serl16 residues, which had also
been revealed in HCC samples (9). Therefore, the results may
indicate that PEA-15 acts as a tumor promoter in gastric cancer
similar to other types of malignancies excluding ovarian
cancer.

It has been demonstrated that p-PEA-15 enhanced cell
proliferation by activating the ERK pathway (9,14,25), which
regulates cyclin D1, a key molecule controlling cell cycle tran-
sition from the GI to S phase (26). Similarly, it was revealed
herein that PEA-15 depletion resulted in reduced expression
of p-ERK1/2, leading to downregulation of cyclin D1 and cell
cycle arrest at the G1 phase. CDDP belongs to the alkylating
agent family and its major mechanism involves inhibiting
DNA replication, thus CDDP exposure induces cell cycle
arrest at the S/G2 phases. Consistently our results revealed that
CDDP incubation induced more cells arrested at the S phase.
It has been reported that cells in phase G1 appear to be the
most sensitive to CDDP (24). This may partially explain the
mechanism involved in the enhanced activity of CDDP by
PEA-15 depletion.

CDDP displays its anticancer activity by inducing apop-
tosis and caspase-3 activation (33). However, the resistance
to CDDP largely limits its therapeutic benefits. PEA-15 has
been revealed to contribute to the insensitivity or resistance to
various chemotherapeutic agents including CDDP in various
types of cancer (8,9,11). In the present study, it was demon-
strated that PEA-15 depletion re-sensitized CDDP-resistant
gastric cancer cells to CDDP. The analysis exploring the
mechanisms revealed that PEA-15 depletion inhibited the
cleavage of caspase-8, leading to the inhibition of caspase-3
activation. Supportively it has been revealed that PEA-15
displays its anti-apoptotic activity mainly through its binding
to Fas-associated protein with death domain (FADD), which
regulates the activation of caspase-8 (9).

The AKT pathway has emerged as a potent molecular
target for overcoming acquired resistance to cancer chemo-
therapy, since AKT is a cancer multidrug resistance locus, by
phosphorylating many proteins involved in cancer hallmarks
including apoptosis resistance (34,35). We have previously
reported that CDDP-resistant gastric cancer cells expressed
higher levels of p-AKT, whose activation regulates the resis-
tance to CDDP (12). Conversely, several studies have indicated
that AKT is an upstream factor of PEA-15 by phosphorylating
it at the site of Serl16 (11,13,14). In the present study, we
further confirmed the overexpression of p-AKT and p-PEA-15
at Serl04 and Serl16 residues in CDDP-resistant gastric
cancer cells. Specific inhibition of AKT by MK2206 (27)
not only inhibited the AKT pathway, but also downregulated
p-PEA-15 at Serl16 and the related downstream factors.
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However, depletion of PEA-15 had little effect on the expres-
sion of either total AKT or p-AKT, or the related downstream
factors. Combination of AKT inhibition and PEA-15 depletion
further increased apoptosis rates of CDDP-resistant gastric
cancer cells by activating caspase cascades via both caspase-8
and -9. The results may indicate that both PEA-15 and AKT
contribute to the mechanisms of CDDP resistance but their
regulatory effect is unidirectional.

The proposed mechanisms for its functions in influencing
the proliferation and apoptosis of gastric cancer cells, involve-
ment in the mechanisms of CDDP resistance, and regulation
by AKT are summarized in Fig. 6. PEA-15 participates in
controlling cell proliferation by activating ERK, which regu-
lates the expression of cyclin D1 (9,14,25,26). PEA-15 displays
its anti-apoptotic activity by binding to FADD, resulting in the
inhibition of caspase-8 and -3 (9). Exposure to CDDP leads to
the higher expression of p-PEA-15 and p-AKT, contributing
to the mechanisms of CDDP resistance. Activated AKT regu-
lates GSK-3p, which controls cell apoptosis and proliferation
by regulating p27, cyclin D1 and caspase-9 (23,36). Activated
AKT is also able to mediate cell proliferation and apoptosis by
regulating the PEA-15 pathway.

In summary, PEA-15 is overexpressed in gastric cancer
tissues and associated with the clinicopathology and prog-
nosis, and contributes to AKT-regulated CDDP resistance.
Although not investigated in the present study, PEA-15 may
also participate in the mechanisms for drug resistance of
gastric cancer by regulating other pathways. For example,
PEA-15 was revealed to regulate autophagy by activating the
c-Jun N-terminal kinase (JNK) pathway in glioma cells and
autophagy has been revealed to be involved in drug resistance
in many types of cancer (19). It is well known that PEA-15
activates ERK1/2, which participates in many biological
behaviors and drug resistance of cancer cells (6,10). The initial
function of PEA-15 is to mediate energy metabolism (5),
which is critical for the therapy resistance of cancer cells (37).
The present results indicated that PEA-15 may be a valuable
biomarker and potential therapeutic target for gastric cancer,
particularly for patients expressing higher levels of PEA-15
and becoming resistant to CDDP.
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