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Abstract Objective: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is thought to be a promising

anti-neoplastic agent because of its ability to selectively induce apoptosis in cancer cells.However, some cancer

cells are resistant to TRAIL. Themechanisms underlying this resistance are unclear. The aim of this study was

to explore the role of programmed cell death 4 (PDCD4) in regulatingTRAIL sensitivity in gastric cancer cells.

Methods: PDCD4 complementary DNA and PDCD4-specific short-hairpin RNA (shRNA) fragments were

transfected into TRAIL-sensitive and -resistant gastric cancer cells. Expression of PDCD4 and Akt was

detected via western blot. Cell survival and apoptosis were measured using 3-(4,5-dimethylthiazolyl)-

2,5-diphenyltetrazolium bromide (MTT) and flow cytometry (FCM) assays.

Results: We found that upregulation of PDCD4 enhanced TRAIL sensitivity in gastric cancer cells.

Downregulation of PDCD4 decreased TRAIL sensitivity. Inhibition of Akt by the phosphoinositide

3-kinase (PI3K) inhibitor LY294002 induced PDCD4 activity and enhanced TRAIL sensitivity in TRAIL-

resistant gastric cancer cells.

Conclusion:We demonstrated that PDCD4 regulates TRAIL sensitivity in gastric cancer cells by inhibiting

the PI3K/Akt signaling pathway.

Background

Tumor necrosis factor-related apoptosis-inducing ligand

(TRAIL) selectively induces apoptosis in a wide variety of

cancer cells but not in normal cells.[1,2] However, many cancer

cells are resistant to TRAIL or develop resistance during

therapy.[3] Different molecular factors have been proposed to

confer TRAIL resistance, including decoy receptors, FLICE-

inhibitory protein (FLIP), nuclear factor (NF)-kB, and acti-

vation of anti-apoptotic kinases.[4] It has been reported that

TRAIL resistance in many types of cancer cells can be reversed

by treatment with chemotherapeutic agents,[5] RNA synthesis

inhibitors, and protein synthesis inhibitors.[6] Thus a combi-

natorial treatment using TRAIL or TRAIL receptor agonists

and TRAIL-sensitizing agents could make up the molecular

basis of a successful cancer treatment regimen.

Programmed cell death 4 (PDCD4) is a novel tumor sup-

pressor that inhibits tumorigenesis, tumor progression, and

tumor invasion.[7-9] It has also been found that PDCD4 inhibits

neoplastic transformation.[10] Overexpression of PDCD4 in-

hibits 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced

transformation in P+ cells and development of a tumor phe-

notype in transformed JB6 cells.[11,12] Expression of PDCD4

protein and/or messenger RNA is downregulated in advanced

carcinomas in the lung, breast, colon, prostate,[13] brain,[14] and

liver,[15] compared with adjacent normal tissues. Loss of

PDCD4 in advanced tumors correlates with pathological

grading and prognosis.[13,16] In addition, PDCD4 suppresses

carcinoma cell invasion by inhibiting transactivation of the

transcription factor activator protein-1 (AP1). It also promotes

transforming growth factor-b (TGFb)-induced apoptosis in the
Huh7 human hepatocarcinoma cell line[15] and inhibits growth
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of tumor cells by suppressing carbonic anhydrase type II.[13,17]

Furthermore, PDCD4 acts as a target for tumor therapy by

inducing apoptosis, inhibiting angiogenesis, and enhancing

sensitivity to antitumor drugs or radiotherapy.[18,19] However,

the effect of PDCD4 on apoptosis induction in TRAIL-

resistant gastric cell lines is poorly understood.

There aremany factors contributing to resistance to TRAIL-

induced apoptosis. Akt (protein kinase B), a serine/threonine
protein kinase, is one of the important survival factors that

contributes to TRAIL resistance.[20-22] Akt is activated by a

phosphoinositide-3-kinase (PI3K)-dependent translocation to

the cell membrane and subsequent phosphorylation at amino

acids Thr308 and Ser473.[23,24] Akt then specifically phos-

phorylates Ser67 and Ser457 of PDCD4. Phosphorylation of

PDCD4 by Akt causes nuclear translocation of PDCD4.[25]

The PI3K/Akt pathway regulates a number of normal cel-

lular processes – including cell proliferation, survival, and

motility – through phosphorylation of multiple downstream

targets.[26] Dysregulation of the PI3K/Akt pathway has been

found to be involved in the pathogenesis of several human

cancers, such as breast, colon, ovarian, pancreas, and prostate

cancer.[27-29] PI3K/Akt-dependent signaling pathways serve to

regulate hypoxia-induced epithelial-mesenchymal transition in

hepatocellular carcinoma cells.[30] Dysregulation of the PI3K/
Akt/PTEN pathway is relevant to prognoses in node-negative

breast carcinoma.[31]

The effects of PI3K/Akt signaling on PDCD4-mediated

regulation of TRAIL-induced apoptosis in gastric cancer cells

have not been studied. Here, we demonstrate that PDCD4

sensitizes TRAIL-resistant BGC823 gastric cancer cells to

TRAIL-induced apoptosis. In contrast, TRAIL sensitivity is

reduced after short-hairpin RNA (shRNA) knockdown of

PDCD4. Furthermore, Akt inhibition by the PI3K inhibitor

LY294002 enhances PDCD4 activity. This study is the first to

demonstrate PDCD4-mediated regulation of TRAIL-induced

apoptosis in TRAIL-resistant BGC823 gastric cancer cells,

probably through inactivation of the PI3K/Akt pathway. This

model may provide a novel framework for overcoming TRAIL

resistance in other cancers.

Materials and Methods

Cell Lines and Antibodies

Human gastric carcinoma cell lines MKN28, BGC823, and

SGC7901 were maintained in Dulbecco’s Modified Eagle

Medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented

with 10% fetal bovine serum at 37�C in a humidified 5% CO2

atmosphere. Soluble recombinant human (rh)TRAIL was

purchased from ProSpec-Tany TechnoGene (Rehovot, Israel).

PI3K inhibitor (LY294002) was obtained from Sigma-Aldrich.

Anti-PDCD4, anti-TRAIL, and anti-phosphorylated-Akt (anti-

p-Akt) antibodies were purchased from Santa Cruz Bio-

technology (Santa Cruz, CA, USA). Anti-b-actin and anti-

rabbit horseradish peroxidase (HRP)-coupled antibody,

nitrocellulose membranes, anti-mouse HRP-coupled antibody,

and enhanced chemiluminescence (ECL) solutions were ob-

tained from Boster Biological Technology (Wuhan, China).

Plasmid Construction and Transfection

PDCD4 complementaryDNA (cDNA)was excised from the

pBluescriptR-PDCD4 vector (Invitrogen, Carlsbad, CA,USA)

using BamHI and EcoRI. The resulting fragment was sub-

cloned into a pIRES-EGFPplasmid and transfected intoDH5a
Escherichia coli and maintained on LB plates supplemented

with 30 mg/mL kanamycin, 20 mL x-gal, and 2 mL IPTG. Single

white clones were selected and expanded in LB broth. Plasmid

DNA was extracted, sequenced, and transfected into gastric

cancer cells with Lipofactamine2000 according to the manu-

facturer’s protocol. PDCD4-overexpressing cell lines were est-

ablished after screening with G418 (800 mg/mL) for 3 weeks.

Targeted Downregulation of Programmed Cell Death 4

(PDCD4) by Short-Hairpin RNA

An shRNA fragment targeting PDCD4 (50GTGCTTCTG

AGTTCTA30) was obtained from a database of shRNA gene-

silencing constructs.[32] ShRNAwas subcloned into the p-RNAT-

U6.1/Neo carrier and transfected into MKN28 cells with

Lipofactamine2000. Uninfected cells and control shRNA-

infected cells were used as negative controls. After screening

for 3 weeks with G418, a PDCD4-knockdown cell line was

established.

Western Blot Analysis

Cells were lysed on ice for 30 minutes in lysis buffer

(50mmol/L Tris-HCL, 150mmol/L NaCl, 5mmol/L EDTA,

1mmol/L phenylmethylsulfonyl fluoride, and protease inhibi-

tor). Approximately 50 mg of whole protein was denatured in

2 · loading buffer at 100�C for 5minutes, separated on an SDS-

PAGE gel, and transferred to nitrocellulose membranes. Pro-

teins were detected using specific antibodies and appropriate

secondary antibodies, and visualized using ECL with X-films.
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Cell Viability Assays and Assessment of Apoptosis

Cell viability was determined by 3-(4,5-dimethylthiazolyl)-

2,5-diphenyltetrazolium bromide (MTT) assay. Gastric carci-

noma cells were plated on 96-well plates at 15 · 103 cells per

well. After the indicated treatments, cells were incubated for

2–3 hours with 0.5mg/mL of MTT reagent and lysed with di-

methyl sulfoxide. Absorbance was measured at 490 nm in a

microplate reader (Bio-Rad, Richmond, CA, USA). Cell sur-

vival rates were determined by dividing the absorbance of

treated cells by that of untreated cells. Tumor cells were grown

and stained with annexin V/propidium iodide (PI). The apop-

totic index was detected by flow cytometry (FCM) analysis

according to the manufacturer’s protocol. Briefly, cells from

the medium supernatant were collected and pelleted at

1200U/min. The pellets were washed twice with cold PBS and

then re-suspended in a binding buffer at a concentration of

1 · 106 cells/mL, and 100 mL of the solution (1 · 105 cells) was
transferred to each of two 5mL culture tubes. Five microliters

of Annexin V-FITC and 5 mLof PI were added into each 100 mL
solution, and the cells were gently vortexed and incubated for

15 minutes at room temperature in the dark. Four hundred

microliters of 1 · binding buffer was added to the sample and

analyzed by FCM within 1 hour.

Statistical Analysis

The data were expressed as means – SDs of three or more

independent experiments. Statistical analysis was performed

using a two-tailed Student’s t-test for paired data. A p-value of

< 0.05 was considered statistically significant.

Results

PDCD4 Expression Correlates with the Sensitivity of Gastric

Cancer Cells to rhTRAIL

First, we investigated PDCD4 expression in the BGC823,

SGC7901, and MKN28 gastric carcinoma cell lines by

western blot analysis. We found that PDCD4 expression

was lowest in BGC823 cells but highest in MKN28 cells

(figure 1a). We also tested the cytotoxic effects of TRAIL

on the three cell lines by MTT assay. We found that BGC823

cells were resistant to TRAIL in a dose- and time-dependent

manner, whereas MKN28 cells were sensitive to TRAIL

(figure 1b). To ascertain whether cell death occurred via

apoptosis, we used AnnexinV/PI staining with FCM to deter-

mine the apoptotic index. The data showed that MKN28

cells were sensitive to TRAIL-induced apoptosis, but

BGC823 were resistant in a time- and dose-dependent manner

(figure 1c).

Upregulation of PDCD4 Enhances the Sensitivity of BGC823

Cells to TRAIL

Having demonstrated that PDCD4 expression was lower

in BGC823 cells than in the other two cell lines, we trans-

fected pIRES2-PDCD4 into BGC823 cells. After screening

for 3 weeks with G418, a single-cell clone was selected to

β-actin

PDCD4

42KD

56KD

MKN28 SGC7901 BGC823
a

S
ur

vi
va

l r
at

e

0
0

0.2

0.4

0.6

0.8

1.0

2 4 8 12 16 24

Time (h)

0 10 20 30 40 50 60 70 80 90
0

0.2

0.4

0.6

0.8

1.0

TRAIL (ng/mL)

BGC823
SGC7901
MKN28

b

0 0
0

0.2

0.4

0.6

0.8

1.0

0

0.2

0.4

A
I 0.6

0.8

1.0

2 4 8 12 16 2410 20 30 40 50

TRAIL (ng/mL) Time (h)
60 70 80 90 10

0

BGC823
SGC7901
MKN28c

Fig. 1. Expression of programmed cell death 4 (PDCD4) protein and sen-

sitivity of gastric cancer cells (MKN28, SGC7901, and BGC823) to tumor

necrosis factor-related apoptosis-inducing ligand (TRAIL). (a) Western blot

analyses were performed with anti-PDCD4. Anti-b-actin was used as a con-

trol. (b) MKN28 cells were sensitive to TRAIL in a time- and dose-dependent

manner, while BGC823 cells were resistant to TRAIL. Cell survival

was measured by 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide

(MTT) assay at different times or with different doses of TRAIL. The data are

presented asmeans–SDs. (c) TRAIL induces apoptosis in a time- and dose-

dependentmanner inMKN28 cells but not in BGC823 cells. The cell apoptotic

index (AI) was detected by flow cytometry. The data are presented as

means–SDs.
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generate a cell line that stably overexpressed PDCD4 (figure 2a

and 2b). After TRAIL treatment, the viability of trans-

fected BGC823 cells was tested by MTT assay. Surprisingly,

we found that PDCD4-overexpressing BGC823 cells were

more sensitive to TRAIL than control cells (figure 2c).

Moreover, the AI was significantly increased in transfected

BGC823 cells (figure 2d). These data suggest that PDCD4

overexpression enhances the sensitivity of BGC823 cells to

TRAIL.

Inhibition of PDCD4 by shRNA Knockdown Reduces the

Sensitivity of MKN28 Cells to TRAIL

Next, we used shRNA to specifically inhibit PDCD4

expression. We transfected PDCD4-specific shRNA into

TRAIL-sensitive MKN28 cells, which express high levels of

PDCD4, using the pRNAT-U6.1/Neo carrier vector. A cell

line stably expressing PDCD4-specific shRNA was estab-

lished (figure 3a and 3b). After TRAIL treatment, cell viability

was determined by MTT assay, and the AI was measured

by FCM. We found that TRAIL sensitivity and the AI of

c
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Fig. 2. BGC823 cells transfected with programmed cell death 4 (PDCD4)

showed increased sensitivity to tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL). (a) BGC823 cells were observed by fluorescence

microscopy. PDCD4-expressing cells display detectable levels of green

fluorescent protein (GFP). (b) Expression of PDCD4 is upregulated in

transfected BGC823 cells. Western blot analyses were performed with anti-

PDCD4 antibody. Anti-b-actin was used as a control. (c) Overexpression of

PDCD4 enhances TRAIL sensitivity of BGC823 cells in a time- and dose-

dependent manner. Cell survival was measured by 3-(4,5-dimethylthiazolyl)-

2,5-diphenyltetrazolium bromide (MTT) assay at different times orwith different

doses of TRAIL. The data are presented asmeans–SDs. (d) Overexpression

of PDCD4 enhances TRAIL-induced apoptosis in BGC823 cells. The apop-

totic index (AI) was measured by flow cytometry. The data are presented as

means–SDs.
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Fig. 3. Inhibition of programmed cell death 4 (PDCD4) by PDCD4-specific

short hairpin RNA (shRNA) decreases tumor necrosis factor-related apop-

tosis-inducing ligand (TRAIL) sensitivity in MKN28 cells. (a) MKN28 cells

were observed by fluorescence microscopy. Transfected cells (shPDCD4)

show detectable levels of green fluorescent protein (GFP). (b) PDCD4 ex-

pression is downregulated in transfectedMKN28 cells.Western blot analyses

were performed with anti-PDCD4 antibody. Anti-b-actin was used as a

control. (c) Inhibition of PDCD4 decreases TRAIL sensitivity in MKN28 in

a time- and dose-dependent manner. Cell survival was measured by 3-(4,5-

dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay at different

times or with different doses of TRAIL. The data are presented as means–
SDs. (d) Downregulation of PDCD4 inhibits TRAIL-induced apoptosis in

MKN28 cells. The apoptotic index (AI) was measured by flow cytometry. The

data are presented as means–SDs.
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shRNA-transfected MKN28 cells were reduced (figure 3c and

3d). These data demonstrated that inhibition of PDCD4 ex-

pression inhibited the sensitivity of MKN28 cells to TRAIL.

PDCD4 is Regulated by the PI3K/Akt Signaling Pathway

in Gastric Cancer Cells

Finally, we attempted to identify regulators upstream of

PDCD4. First, we examined Akt activity by western blot, using

phospho-specific anti-Akt antibody in BGC823, SGC7901, and

MKN28 gastric cancer cells. BGC823 cells showed maximal

expression of active Akt among the cell lines tested, SGC7901

cells showed moderate expression, and MKN28 cells had

minimal active Akt expression (figure 4a). We found that Akt

activity was negatively correlated with PDCD4 expression in

gastric cancer cells. Since BGC823 cells possess high levels of

active Akt but low levels of PDCD4, we sought to examine

whether inhibition of Akt could enhance PDCD4 expression

and make cancer cells sensitive to TRAIL. To this end, we

examined PDCD4 activity following inhibition of Akt activity

using a PI3K inhibitor (LY294002). We found that PDCD4

expression was enhanced following Akt inhibition (figure 4b).

These data suggest that expression of PDCD4 is regulated by

the PI3K/Akt signaling pathway.

Discussion

Although TRAIL is a potent inducer of apoptosis in cancer

cells, many cancers are resistant to TRAIL. Many successful

approaches have been devised to overcome this resistance, such

as combining TRAIL treatment with reagents such as DNA-

damaging agents,[33,34] ionizing radiation,[35] or viruses ex-

pressing wild-type tumor protein p53 (TP53).[36] In this study,

we tested the effect of PDCD4 on TRAIL-induced apoptosis in

TRAIL-resistant gastric cancer cell lines. First, we assessed the

expression of PDCD4 and TRAIL sensitivity in different gas-

tric cancer cells. We found that MKN28 cells were most sen-

sitive to TRAIL and possessed the highest level of PDCD4;

however, BGC823 cells were resistant to TRAIL and expressed

minimal amounts of PDCD4. We found that restoring PDCD4

expression can sensitize TRAIL-resistant BGC823 cells to

TRAIL-induced apoptosis. However, inhibition of PDCD4

expression by PDCD4-specific shRNA decreased TRAIL

sensitivity in TRAIL-sensitive MKN28 cells. Our results sug-

gest that PDCD4 is important in regulating the TRAIL sensi-

tivity of gastric cancer cells and may be a suitable target

molecule for drug-resistant gastric cancers. However, the me-

chanism by which PDCD4 enhances the sensitivity of gastric

cancer cells to TRAIL-induced apoptosis is not clear.

The present study demonstrates that PDCD4 is down-

regulated in TRAIL-resistant gastric cancer cells. This down-

regulation is not only a marker of drug sensitivity but also

contributes to decreased TRAIL sensitivity in BGC823 gastric

cancer cells. TRAIL sensitivity increased significantly in

TRAIL-resistant BGC823 cells expressing PDCD4 cDNA.

Increased TRAIL sensitivity was accompanied by enhanced

cell cytotoxicity and apoptosis. One primary mode of PDCD4

inactivation in gastric cancer appears to involve downregulated

protein expression. This downregulation results in decreased

sensitivity to TRAIL cytotoxicity. Thus upregulating PDCD4

expression may be promising for TRAIL-based combination

therapy.

The Akt pathway is an important intracellular signal

transduction pathway involved in drug resistance.[37] Increased

expression of phosphorylated Akt (p-Akt) was frequently
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Fig. 4. Programmed cell death 4 (PDCD4) expression is regulated by the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway in gastric cancer cells

(MKN28, SGC7901, and BGC823). (a) Akt expression varies in gastric cancer cell lines. Western blot analyses were performed with anti-PDCD4 and anti-

phosphorylated-Akt antibodies. Anti-b-actin was used as a control. (b) Inhibition of Akt activity enhances PDCD4 expression. Western blot analyses were

performed after adding PI3K inhibitor LY294002. Anti-b-actin was used as a control.
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detected in gastric cancer and was correlated with increased

vascular endothelial growth factor (VEGF) expression, angio-

genesis, and poor prognosis.[38-40] In the present study, we

showed that Akt activity differs in gastric cancer cells with

different levels of TRAIL sensitivity. The activity of Akt in

TRAIL-resistant BGC823 cells is much lower than in TRAIL-

sensitive MKN28 cells, suggesting that Akt is a regulator of

TRAIL sensitivity in gastric cancer.

PI3K is a major signaling component downstream of many

growth factor receptor-associated tyrosine kinases.[41] PI3K

activation leads to phosphorylation of Akt, which regulates a

wide range of target proteins that control cell proliferation,

survival, and cell growth.[23,29] Some previous studies have

demonstrated that PDCD4 was phosphorylated by Akt,[42,43]

and suppression of Akt enhanced PDCD4 expression.[44-47]

Moreover, another study showed that expression of PDCD4

correlated inversely with p-Akt in colorectal cancer.[48] In this

study, we found that PDCD4 expression can be inhibited by the

PI3K/Akt signaling pathway and that inhibition of PI3K by

LY294002 induces PDCD4 expression, indicating that PDCD4

enhances TRAIL sensitivity in gastric cancer cells by inhibiting

the PI3K/Akt signaling pathway.[49]

Conclusion

Our study provides insight into the association between the

PI3K/Akt pathway and TRAIL sensitivity in human gastric

cancer cells. Inhibition of this pathway by LY294002, an in-

hibitor of PI3K, results in increased sensitivity to TRAIL.

Additionally, we also demonstrated that PDCD4 enhances

TRAIL sensitivity in gastric cancers by inhibiting the PI3K/Akt

signaling pathway. Better understanding of the mechanism that

regulates TRAIL sensitivity may help identify targets for gas-

tric cancer therapy.
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