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It is largely recognized that PDCD4 is frequently lost in tumors of various origins, including lung cancer, and 
its loss contributes to tumor progression. However, its role and molecular mechanism remain largely unex-
plored in non-small cell lung cancer (NSCLC). In this study, downregulated PDCD4 mRNA expression was 
found in NSCLC tissues compared to their corresponding paracarcinoma tissues and distal paracarcinoma tis-
sues. Induced expression of PDCD4 inhibited cell growth and proliferation and cell cycle transition in vitro. 
Conversely, knocking down PDCD4 expression promoted cell growth and proliferation. Mechanistically, 
PDCD4 inactivated PI3K/Akt signaling and its downstream cell cycle factors CCND1 and CDK4 to regulate 
cell growth in NSCLC. Additionally, PI3K-specific inhibitor Ly294002 suppressed the expression of pPI3K 
(Tyr458), pAkt (Ser473), CCND1, and CDK4 in PC9-shPDCD4 and A549-shPDCD4 cells. Furthermore, Akt-
specific inhibitor MK2206 inhibited the expression of pAkt (Ser473), CCND1, and CDK4 in PC9-shPDCD4 
and A549-shPDCD4 cells. Taken together, our study provides evidence that PDCD4 inhibits cell growth 
through PI3K/Akt signaling in NSCLC and may be a potential therapeutic target for NSCLC.
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INTRODUCTION

Lung cancer is the most common cancer in the world, 
with a survival rate of 15% (1), of which 80% are non-small 
cell lung cancer (NSCLC). Surgical resection is known to be 
the most effective treatment for NSCLC. However, due to 
the fact that most diagnoses are confirmed in an advanced 
stage because of its deep location with no specificity of 
symptoms in its early stage, only a few patients can be cured 
by surgical treatment. Therefore, there is an urgent need to 
search for valuable factors allowing early diagnosis, predic-
tion of prognosis, and novel therapeutic strategies.

Programmed cell death 4 (PDCD4) is localized to 
chromosome band 10q24 with two basic domains, at the 
N-terminus and C-terminus involving nuclear localiza-
tion signals, and two conserved-helical MA-3 domains 
associated with the ATP-dependent RNA helicase 
eIF4A proposing the repression of translation initiation 
(2,3). PDCD4 expresses ubiquitously in normal tissues 
with highest levels in liver and is first identified as an 
upregulated gene during investigation of apoptosis (2). 

Accumulating evidence has shown that PDCD4 is fre-
quently lost in tumors of various origins including lung 
cancer (4–9), and its loss contributes to tumor progres-
sion. Furthermore, PDCD4 is confirmed as a new tumor-
suppressor gene involved in the apoptotic machinery, 
which suppresses cell transformation (6,10), tumorigen-
esis (2,11–13), cell growth (8,11,14–16), cell apoptosis 
(5,8), and tumor invasion at present (7). However, its roles 
and molecular mechanism are still unclear in NSCLC.

Thus, this study was designed to investigate the function 
and possible molecular basis of PDCD4 in the pathogenesis 
of NSCLC. Here we demonstrated that PDCD4 inhibited 
cell growth through PI3K/Akt signaling and its downstream 
cell cycle factors CCND1 and CDK4 in NSCLC, which in 
turn contributed to the pathogenesis of NSCLC.

MATERIALS AND METHODS

Cell Culture, Sample Collection, and Ethics Statement

NSCLC PC9 and A549 cells were maintained in 
DMEM medium supplemented with 10% fatal bovine 
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serum (FBS) (PAA Laboratories, Inc, Pasching, Austria) 
and were incubated in a humidified chamber with 5% 
CO

2
 at 37°C. Twenty-eight fresh NSCLC tissues, and 

their corresponding paracarcinoma tissues (2–5 cm) and 
distal paracarcinoma tissues (³5 cm), were obtained at the 
time of diagnosis before any therapy from the Affiliated 
Hospital of Guangdong Medical College, Zhanjiang City, 
China. Clinical processes were approved by the Ethics 
Committees of Affiliated Hospital of Guangdong Medical 
College. Patients provided informed consents.

RNA Isolation, Reverse Transcription, and qRT-PCR

RNA was extracted from 28 NSCLC tissues and their 
corresponding paracarcinoma tissues and distal paracar-
cinoma tissues using TRIzol (Takara, Shiga, Japan). For 
PDCD4 qRT-PCR, RNA was transcribed into cDNA and 
amplified with specific sense/antisense primers, which 
have been reported in our previous study (8). Assays 
were performed in accordance with manufacturer’s 
instructions (Takara, Shiga, Japan). PCR reaction for 
each gene was repeated three times. mRNA expression 
was normalized to ARF5, respectively, using the 2−DDCt 
method (8,17).

Establishment of NSCLC PC9 and A549 Cells With 
Stable Overexpression of PDCD4 or PDCD4 Short 
Hairpin RNA

PC9 and A549 cells were infected by lentiviruses with 
pGC-FU-PDCD4-GFP vector or pLVTHM-shPDCD4-
GFP vector, which have been well established in our pre-
vious study (8). Polyclonal cells with GFP signals were 
selected for further experiments using FACS flow cytom-
eter assay.

Transient Transfection With PI3K Inhibitor Ly294002 
or Akt Inhibitor MK2206

PI3K inhibitor Ly294002 and Akt inhibitor MK2206 
were bought from Sigma-Aldrich (St. Louis, MO, USA). 
Twenty-four hours prior to transfection, PC9-shPDCD4 
and A549-shPDCD4 cells were plated onto a six-well 
plate or a 96-well plate (Nest, Biotech, China) at 30–50% 
confluence. PI3K inhibitor Ly294002 or Akt inhibitor 
MK2206 was then transfected at a working concentration 
of 50 nM or 5 µM according to the manufacturer’s pro-
tocol. Cells were collected after 48–72 h for the further 
experiments.

MTT Assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] assay was used to evaluate in vitro cell 
proliferation. Briefly, 1 × 103 cells were seeded into a 
96-well plate with quadruplicate repeat for each condition. 
For pGC-FU-PDCD4 and shRNA-PDCD4, cells were 
incubated for 1, 2, 3, 4, 5, 6, and 7 days. For inhibitors, 
cells were incubated for 1, 2, and 3 days. Twenty microli-
ters of MTT (5 mg/ml) (Sigma-Aldrich) was added to each 
well and incubated for 4 h. At the end of incubation, the 
supernatants were removed, and 150 µl of DMSO (Sigma-
Aldrich) was added to each well. The absorbance value 
(OD) of each well was measured at 490 nm. Experiments 
were performed three times.

Edu Incorporation Analysis

Edu (5-ethynyl-2¢-deoxyuridine) assay was also used 
to measure in vitro cell proliferation. Briefly, 4 × 103 
cells were seeded into a 96-well plate with quadruplicate 
repeat for each condition. Cells were labeled with 50 µM 
Edu (RiboBio Inc, Guangzhou, China) for 2 h before they 

Figure 1. PDCD4 was markedly decreased in 28 fresh NSCLC 
tissues compared to their corresponding paracarcinoma tissues 
and distal paracarcinoma tissues.

FACING PAGE
Figure 2. Overexpressed PDCD4 suppressed cell growth, proliferation, and cell cycle transition. (A) Restoration of PDCD4 protein 
expression was examined in polyclonal and scramble cells by Western blot. Because of the fusion protein from PDCD4 and green fluo-
rescent protein (GFP), the fusion protein of scramble cannot be detected. b-Actin served as the internal control. (B) MTT cell viability 
assay was performed on PD4-OE and scramble cells of PC9 and A549. (C) Edu proliferation assay of PD4-OE and scramble cells of 
PC9 and A549. (D) Colony formation assay was performed on PD4-OE and scramble cells of PC9 and A549. (E) Cell cycle analysis 
of PD4-OE and scramble cells of PC9 and A549. Data were presented as mean ± SD for three independent experiments.
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were formalin fixed and processed following the manu-
facturer’s instructions. Stained cells were observed under 
a fluorescent microscope.

Colony Formation Assay

Cells were plated in six-well culture plates at a density 
of 100 cells/well. Each cell group had two wells. After incu-
bation for 14 days at 37°C, cells were washed twice with 
PBS and stained with the Giemsa solution. The number of 
colonies containing ³50 cells was counted under a micro-
scope. The colony formation efficiency was calculated as 
(number of colonies/number of cells inoculated) × 100%.

Cell Cycle Analysis

For cell cycle analysis, cells were seeded in 10-cm-
diameter plates in DMEM containing 10% FBS. After 

incubation for 48 h, a total of 5 × 106 cells were harvested, 
rinsed with cold PBS, and fixed with 70% ice-cold etha-
nol for 48 h at 4°C. Fixed cells were rinsed with cold 
PBS followed by incubation with PBS containing 10 µg/
ml propidium iodide and 0.5 mg/ml RNase A for 30 min 
at 37°C. The DNA content of labeled cells was acquired 
using FACS cytometry assay (BD Biosciences). Each 
experiment was performed in triplicate.

Western Blot Analysis

Cells were lysed in RIPA buffer (Beyotime, Beijing, 
China), and protein concentration was determined using 
the BCA assay (Beyotime). Total protein (30 µg) was 
resolved using a 10% SDS-polyacrylamide gel electro-
phoresis (PAGE) gel and electro-transferred to poly-
vinylidene fluoride membranes (Invitrogen, USA). 

Figure 3. Knocking down PDCD4 expression by shRNA promoted cell growth and proliferation. (A) Inhibition of PDCD4 protein 
expression was examined in polyclonal and scramble cells by Western blot. b-Actin served as the internal control. (B) MTT cell 
viability assay was performed on shPDCD4 and sh-scramble cells of PC9 and A549. (C) Edu proliferation assay of shPDCD4 and 
sh-scramble cells of PC9 and A549. (D) Colony formation assay was performed on shPDCD4 and sh-scramble cells of PC9 and A549. 
Data were presented as mean ± SD for three independent experiments.
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Membranes were blocked with 5% non-fat dry milk (for 
phosphorylation antibody, adding BSA) in Tris-buffered 
saline (pH 7.5), followed by immunoblotting overnight 
at 4°C with anti-PDCD4 (1:500; Proteintech), anti-
pPI3K (Tyr458), PI3K, pAkt (Ser473), and Akt antibody 
(1:1,000; Cell Signaling Technology), anti-CCND1 and 
CDK4 antibody (1:400; Santa Cruz Biotechnology), and 
anti-b-actin antibody (1:1,000; Proteintech). A HRP-
conjugated anti-rabbit or anti-mouse IgG antibody was 
used as the secondary antibody (1:1,000; Proteintech). 
Signals were detected using enhanced chemilumines-
cence reagents (Merk Millipore).

Statistical Analysis

All data were analyzed for statistical significance 
using SPSS 13.0 software. One-way ANOVA was applied 
to evaluate PDCD4 expression levels among differ-
ent lung cancer tissues. Two-tailed Student’s t-test was 
used for comparisons of two independent groups. One-
way ANOVA was used to determine differences between 
groups for all in vitro analyses. A value of p < 0.05 was 
considered statistically significant.

RESULTS

PDCD4 Is Lowly Expressed in NSCLC

We measured the expression of PDCD4 transcripts and 
found that it was significantly decreased in NSCLC tissues 
compared to their corresponding paracarcinoma tissues 
and distal paracarcinoma tissues (p = 0.027) (Fig. 1). The 

data were similar to a previous study (9). PDCD4 was lost 
in human lung cancer and correlated with tumor progres-
sion and prognosis.

PDCD4 Inhibits Cell Growth, Proliferation, and Cell 
Cycle Transition

To study the biological functions of PDCD4, we intro-
duced PDCD4 into PC9 and A549 cells using lentivi-
ruses containing PDCD4 gene, and the polyclonal cells 
with GFP signals were selected for further experiments 
using FACS flow cytometer assay. Further, expression 
of PDCD4 protein was confirmed by Western blot in 
these cells compared to scramble (Fig. 2A). The growth 
curves, Edu assay, and colony formation assay showed 
that PDCD4 significantly inhibited cell growth and 
proliferation of PC9-PD4-OE and A549-PD4-OE cells 
in comparison to their corresponding scramble cells  
(Fig. 2B–D). Furthermore, we also observed that PDCD4 
blocked cell cycle transition from G

1
 to S and G

2
 phase in 

PC9-PD4-OE and A549-PD4-OE cells in comparison to 
their corresponding scramble cells (Fig. 2E).

To further confirm the inhibitory biological functions of 
PDCD4, we did the loss-of-function study. We used shRNA 
specifically and stably knocking down the expression of 
PDCD4 in PC9 and A549 cell lines (Fig. 3A). Interestingly, 
inversed results were also observed that suppressing PDCD4 
significantly elevated cell growth and proliferation in PC9-
shPDCD4 and A549-shPDCD4 cells in comparison to their 
corresponding shScramble cells (Fig. 3B–D).

Figure 4. PDCD4 modulated PI3K/Akt signaling and its downstream cell cycle factors CCND1 and CDK4 in NSCLC cells. 
(A) Overexpressed PDCD4 suppressed the expression of pPI3K (Tyr458), pAkt (Ser473), CCND1, and CDK4 in PD4-OE compared 
to scramble cells of PC9 and A549, whereas total levels of PI3K and Akt remained unchanged. b-Actin served as the internal control. 
(B) Reduced PDCD4 elevated the expression of pPI3K (Tyr458), pAkt (Ser473), CCND1, and CDK4 in shPDCD4 PC9 and A549 cells 
compared to their respective controls, whereas total levels of PI3K and Akt remained unchanged. b-Actin served as the internal control.
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PDCD4 Regulated PI3K/Akt Signaling and its 
Downstream Cell Cycle Factors CCND1 and  
CDK4 in NSCLC Cells

Attributed to the fact that PDCD4 suppressed cell 
cycle progression, we examined the expression of cell 
cycle G

1
 to S checkpoint proteins CCND1 and CDK4, in 

both PDCD4-overexpressed and PDCD4-knocked down 
cells. We found that introduction of PDCD4 or knocking 
down endogenous PDCD4 expression blocked or induced 
the expression of CCND1 and CDK4 (Fig. 4A, B).

Many studies indicate that cell cycle is a downstream 
target of the PI3K/Akt signaling pathway (8). In this study, 
we also examined the effect of PDCD4 on PI3K/Akt sig-
naling pathway and found that introduction of PDCD4 or 
knocking down endogenous PDCD4 expression reduced 
or induced the expression of pPI3K (Tyr458) and pAkt 
(Ser473), respectively (Fig. 4A, B), whereas their total 
levels remained unchanged (Fig. 4A, B).

Subsequently, we used specific inhibitor Ly294002 of 
PI3K to suppress the expression of PI3K and observed 
that the protein expression of pPI3K (Tyr458), pAkt 
(Ser473), CCND1, and CDK4 was decreased in PC9-
shPDCD4 and A549-shPDCD4 cells (Fig. 5).

Furthermore, Akt-specific inhibitor MK2206 was used 
to inhibit the expression of Akt, and the protein expression 
of pAkt (Ser473), CCND1, and CDK4 was downregulated 
in PC9-shPDCD4 and A549-shPDCD4 cells (Fig. 6).

Taken together, our results demonstrated that PDCD4 
inhibited cell growth through PI3K/Akt signaling and 
its downstream cell cycle factors CCND1 and CDK4 
in NSCLC.

DISCUSSION

PDCD4, a cytoplasmic and nuclear expression pro-
tein, plays a significant role in suppression tumor growth 
(8,18). However, its role and molecular mechanism remain 
largely unknown in NSCLC.

In this study, we measured the expression of PDCD4 
transcripts in NSCLC and found that PDCD4 was sig-
nificantly downregulated in NSCLC tissues compared 
to their corresponding paracarcinoma tissues and distal 
paracarcinoma tissues, which was similar to a previous 
study that PDCD4 is lost in human lung cancer and corre-
lates with tumor progression and prognosis (9). Our data 
also hinted that lost expression of PDCD4 was involved 
in the pathogenesis of NSCLC.

Figure 5. PI3K inhibitor Ly294002 reduced the expression of pPI3K, pAkt, CCND1, and CDK4 in PC9-shPDCD4 and A549-
shPDCD4 cells. PI3K inhibitor Ly294002 reduced the expression of pPI3K (Tyr458), pAkt (Ser473), CCND1, and CDK4 in PC9-
shPDCD4 and A549-shPDCD4 cells, but did not change the expression of Akt. b-Actin served as the internal control.
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Subsequently, we presented the evidence that PDCD4 
inhibited cell growth and proliferation in NSCLC. To 
specifically determine the contributions of PDCD4 pro-
tein in the regulation of NSCLC cell phenotypes, stably 
increased PDCD4 expression in NSCLC PC9 and A549 
cells by lentiviral-delivered PDCD4 markedly reduced 
the cell growth, proliferation and retarded cell cycle pro-
gression. On the contrary, stably knocking down PDCD4 
expression in PC9 and A549 cells significantly elevated 
cell growth and proliferation. These results together sug-
gested that PDCD4 suppressed cell growth and prolifera-
tion in NSCLC. Biological functions of PDCD4 found in 
this study were consistent to previous studies (8,13,15).

Biological functions of PDCD4 found in this study pro-
vide a mechanistic basis for NSCLC. It is well known that 
high proliferative activity of tumor cells is associated with 
the increased cell cycle transition (19). CCND1, a classic 
oncogenic protein of cell cycle signal, promoted cell pro-
liferation and the beginning of S phase in the cell cycle in 
many cancers (20,21). CDK4, part of the cyclin-dependent 
kinase family, is important for cell cycle G

1
–S phase pro-

gression (22). Here we found that PDCD4-mediated growth 
suppression attributed to cell cycle transition obstacle by 
repressing the expression of cell cycle G

1
/S checkpoint 

proteins CCND1 and CDK4. Our results were consistent 
with some reports about knocking down PDCD4-induced 
Myc and CCND1 expression in tumor cells (8,23).

PI3K/Akt, a classical signal pathway, induces cell 
cycle progression (8,24). In this study, we found that 
introduction of PDCD4 or knocking down endogenous 
PDCD4 expression reduced or induced the expression of 
pPI3K, pAkt, CCND1, and CDK4, respectively.

In order to validate the effects of PI3K and Akt on 
PDCD4-mediated cell growth suppression, experiments 
were performed wherein PI3K inhibitor Ly294002 or 
Akt inhibitor Mk2206 was used in PC9-shPDCD4 and 
A549-shPDCD4 cells. We observed that PI3K inhibitor 
Ly294002 suppressed the expression of pPI3K, pAkt, 
CCND1, and CDK4, and Akt-specific inhibitor Mk2206 
inhibited the expression of pAkt, CCND1, and CDK4 in 
PC9-shPDCD4 and A549-shPDCD4 cells.

Taken together, this study provided evidence that 
PDCD4 suppressed cell growth by inactivating PI3K/Akt 
signaling and its downstream cell cycle signals CCND1 
and CDK4 in NSCLC.
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b-Actin served as the internal control.
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