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Introduction

PDCD4 (programmed cell death 4) is an important tumor 
suppressor, inhibiting carcinogenesis, tumor progression and 
invasion,1 which has been characterized to inhibit translation 
to exert its tumor suppressive function. It inhibits translation 
by binding to eukaryotic translation initiation factor (EIF) 4A 
via two ma3 domains that are highly homologous to EIF4G2-4 
or combining directly with target gene (MYB/c-MYB) coding 
region.5 It also suppresses transcription-activator protein JUN/
AP-1-dependent transcription6 via downregulating MAP4K.7 
On the other hand, Pdcd4 transgenic mice showed significant 
resistance to tumor induction,8 whereas pdcd4−/− mice devel-
oped spontaneous lymphomas.9 In addition, loss or reduction 
of PDCD4 expression was observed in multiple types of human 
tumor cell lines and primary tumors such as lung tumor,10 
colorectal tumor,11 glioma,12 ovarian13 and liver tumor,14 and 
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was also implicated in the development and progression of these 
human tumors. Furthermore, PDCD4 suppresses the malignant 
phenotype of tumors15 and enhances the chemosensitivity of 
tumors.16 Overall, these are indications that PDCD4 is a tumor 
suppressor.

However, the mechanisms by which PDCD4 inhibits tumors 
remain unclear and conflicted in different tumors. PDCD4 was 
first discovered in a screen for genes activated during apoptosis,17 
suggesting its proapoptotic role. Indeed, research since then has 
demonstrated that PDCD4 promotes tumor cell apoptosis in 
hepatocellular,14 ovarian,15 glioma,18 breast19 and gastric tumor.20 
However, it has been observed that PDCD4 plays an antiapop-
totic role in HeLa cells via suppressing proCASP3 mRNA trans-
lation21 and has no impact on apoptosis in colon carcinoma.7 
Furthermore, PDCD4 plays inhibitory functions22 or no effect7 
on the cell cycle in some tumor cell lines. This suggests that the 
apoptotic and cell cycle roles of PDCD4 may be limited to certain 
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markers of autophagy.36 Furthermore, the decrease of LC3B-II 
levels led by forced PDCD4 expression were still observed both in 
Skov3 and U87 cell lines in the presence of pepstatin A and E64d 
(Fig. 1A). Unlike in U87 cells, in Skov3 cells PDCD4 overexpres-
sion led to a much larger increase in SQSTM1 levels after inhibi-
tion of lysosomal degradation, suggesting the effect of PDCD4 
on SQSTM1 appeared dependent on cell types. Accordingly, 
inhibition of PDCD4 on autophagy was also verified by immu-
nofluorescence to show the formation of autophagosomes labeled 
by anti-LC3 antibody, which demonstrated a decrease in the 
number of autophagosomes (Fig. 1B and C) (***p < 0.001) in 
cells overexpressing PDCD4. Furthermore, silencing of PDCD4 
expression was done in hepatic tumor cell line HepG2 and cer-
vical tumor cell line HeLa with high levels of PDCD4 expres-
sion. In contrast, knockdown of PDCD4 protein expression by 
two different PDCD4-specific siRNA sequences significantly 
led to the increases in the amount of LC3B-II and decreases in 
the amount of SQSTM1, both of which were accumulated after 
inhibition of lysosomal degradation by pepstatin A and E64d  
(Fig. 1D). Correspondingly, immunofluorescence stain-
ing showed that silencing of PDCD4 led to activated auto-
phagosomes formation in both HepG2 and HeLa cell lines  
(Fig. 1E and F) (***p < 0.001). In addition, inhibition of 
PDCD4 on autophagy was also observed in other cell lines, 
such as ovarian tumor-derived Caov3 (Fig. S1), mouse lympho-
cytes from spleen, primary peritoneal macrophages, monocyte 
macrophage leukemia-derived cell line RAW264.7 (Fig. S2A–
S2E) and human embryonic kidney 293 cells (HEK293 cell) 
under various stimuli including starvation, LPS or rapamycin  
(Fig. S2A–S2D). Taken together, the observation that PDCD4 
inhibits autophagy in multiple cell types suggests that the inhibi-
tory effect of PDCD4 is universal.

PDCD4 suppresses autophagy in murine xenograft tumors. 
To confirm the inhibitory effect of PDCD4 on autophagy in 
vivo, murine xenograft tumors were established as described 
in “Materials and Methods” and treated with mock plasmid 
and PDCD4 plasmid by intratumor injection. As our previous 
research shown, tumors in the PDCD4 group grew lower than 
that in the mock group and weight and volume of tumors in the 
PDCD4 group were also smaller than that in the mock group 
at end of experiment.16 Here, western blot analysis revealed 
that the level of LC3B-II protein expression was significantly 
decreased and the amount of SQSTM1 was increased in the 
PDCD4 group (pPDCD4) compared with the mock group 
(Mock) (Fig. 2A, *p < 0.05). The result was confirmed by 
immunofluorescence. As shown in Figure 2B, a decrease in the 
number of autophagosomes was observed in the PDCD4 injec-
tion group (pPDCD4) compared with the mock (Mock) group. 
In addition, experiments of colocalization between PDCD4 and 
LC3 were performed. As shown in Figure S3, the site where 
PDCD4 expression was higher showed lower LC3B-II expres-
sion, whereas the place where PDCD4 expression was lower 
revealed higher LC3B-II expression, which is consistent with 
inhibition of PDCD4 on autophagy in vitro. The present study 
provides further insights into the inhibitory role of PDCD4 in 
autophagy in vivo.

cell types,23 which cannot explain the suppression of PDCD4 on 
multiple tumors.

(Macro)autophagy, a conserved catabolic process whereby cel-
lular proteins and organelles are engulfed by autophagosomes, 
digested in lysosomes, and recycled to sustain cellular homeosta-
sis, has dual roles in tumors.24 Some data support the idea that 
autophagy is classified as an antioncogenic mechanism;25 how-
ever, accumulating evidence strongly suggests that autophagy 
enhances tumorigenesis and protects tumor cells from death.26 
Autophagy, as compensatory response under stresses, supplies 
recovered energy for tumor cells for survival and the reprogram-
ming of their metabolism to accommodate rapid cell growth 
and proliferation.27 Many tumor suppressors, such as TP53,28 
PTEN,29 DAPK130 and TSC1/TSC231 are involved in regulation 
of autophagy. Our aim is to determine whether tumor suppressor 
PDCD4 also affects autophagy and, if so, the mechanism(s) it 
impacts.

The process of autophagosome formation is regulated by sev-
eral autophagy-related (ATG) genes, such as ATG5, ATG6 (also 
known as BECN1), ATG8 (microtubule-associated protein 1 
light chain 3, LC3) and ATG12. ATG5 is a protein involved at 
the early stage of autophagosome formation, which is conjugated 
with ATG12 to form ATG12–ATG5 complex that contributes 
to elongation and closure of the autophagosomes in the genera-
tion of lipidated forms of LC3 (ATG8) family proteins32 and 
their localization to the autophagosome membranes.33 BECN1, 
which acts upstream of autophagosome formation, governs the 
autophagy process by regulating the activity of the PIK3C3/
VPS34-dependent generation of phosphatidylinositol-3-phos-
phate (PtdIns3P)34 and the subsequent recruitment of additional 
ATG proteins for initiating autophagosome formation.35 Since 
PDCD4 is an inhibitor of transcription and translation, we 
hypothesize that PDCD4 may interfere in the formation of the 
autophagosome by targeting autophagy-associated genes.

In our current study, the results indicate that PDCD4 inhib-
its autophagy via selectively attenuating expression of ATG5. 
Interestingly, we detected that PDCD4 inhibits autophagy 
in both tumor and nontumor cells, suggesting the inhibitory 
effect of PDCD4 on autophagy is universal. Consequently, the 
PDCD4-attenuated autophagy is a novel mechanism by which 
PDCD4 function as a tumor suppressor.

Results

PDCD4 suppresses starvation-induced autophagy in multiple 
cell types in vitro. First, we detected the effect of PDCD4 on 
autophagy by overexpression and knockdown in vitro. Our previ-
ous findings showed that ovarian tumor-derived cell line Skov3 
and glioma-derived cell line U87 expressed low levels of PDCD4. 
PDCD4 was overexpressed in these two cell lines by transfect-
ing cells with PDCD4 plasmids (pPDCD4) and empty vectors 
(Mock) as controls, and then subjecting the cells to 2 h of starva-
tion to induce autophagy. As shown in Figure 1A, autophagy was 
suppressed by overexpressed PDCD4 both in Skov3 and U87 cell 
lines, as evidenced by the decreases in the amount of LC3B-II 
and increases in the amount of SQSTM1/p62, two important 
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Figure 1. PDCD4 suppresses starvation-induced autophagy in multiple cell types in vitro. (A–C) Skov3 and U87 cells were transfected using pDsRed2-
N1 (Mock) and pDsRed2-N1-PDCD4 (pPDCD4) plasmids, 24 h later and starvation for 2 h in the absence or presence of 10 E64d and pepstatin A.  
(A) Western blot analysis demonstrated PDCD4, SQSTM1, LC3B-I/LC3B-II expression in Skov3, U87 cells. All the western blot data were quantified by  
using Quantity One software. (B) The cells were inspected under confocal laser microscopy to detect LC3 puncta by immunofluorescence. (C) LC3 
puncta number per cell was quantified using the Image J program, and 20 to 50 cells chosen in random were counted. The results shown are means 
± SD; **p < 0.01, ***p < 0.001. (D–F) HepG2 and HeLa cells were transfected with two siRNA targeting PDCD4 (siP1, siP2) or control (siC). Twenty-four 
hours after siRNA interference, cells were starved for 2 h in the absence or presence of pepstatin A and E64d. (D) PDCD4, SQSTM1 and LC3B-I/LC3B-II 
protein levels were analyzed by western blot analysis. All the western blot data were quantified. (E and F) The cells were inspected under confocal 
laser microscopy to detect LC3 puncta by immunofluorescence. LC3 puncta per cell were quantified as described above. The results shown are means 
± SD; ***p < 0.001.
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depletion of autophagy could be enhanced by overexpression 
of PDCD4 in Skov3 cells and retarded by silencing of PDCD4 
in HepG2 cells. Correspondingly, the cell viability after treat-
ment with siATG5 was similar to that of cells treated with 3-MA 
(Fig. 3H and I). Collectively, these data indicated that PDCD4-
attenuated autophagy is required for inhibition of tumor cell 
proliferation.

PDCD4 inhibits autophagy-related ATG5 protein expres-
sion in vitro and in vivo. To explore the mechanism by which 
PDCD4 inhibits autophagy, we further investigated the effect of 
PDCD4 on autophagy-related genes. BECN1, an important mol-
ecule for initiation of autophagosome formation, was first detected 
in PDCD4-forced and -silenced cells. As shown in Figure 4A and 
B and Figure S4, BECN1 was not affected by either overexpressed 
or silenced PDCD4 under autophagy-inducing conditions (star-
vation, LPS and rapamycin) (Fig. S4), indicating that PDCD4 
inhibits autophagy in a BECN1-independent manner. As shown 
in Figure 3G, the depletion of autophagy caused by siATG5 
could be enhanced by overexpression of PDCD4 and retarded 
by silencing of PDCD4, so ATG5 was taken into consideration 

PDCD4-attenuated autophagy is required for inhibition of 
tumor cell growth. We investigated the contribution of PDCD4-
mediated autophagy to tumor cell growth. First, two Skov3 
stable screened cells Skov3-Mock (Mock) and Skov3-PDCD4 
(PDCD4) were employed. As shown in Figure 3A, Skov3-Mock 
cells with high levels of autophagy grew significantly faster 
than Skov3-PDCD4 cells with attenuated autophagy in serum-
free medium over the course of 24 h. However, the blockage of 
autophagy by 3-MA (3-methyladenine), an important agent to 
block autophagy (Fig. 3B), retarded Skov3-Mock cell viability  
(Fig. 3C), suggesting attenuated autophagy is required for inhibi-
tion of tumor cell survival. Furthermore, we confirmed the role 
of PDCD4-attenuated autophagy in HepG2 cells. As shown in 
Figure 3D, knockdown of PDCD4 expression by siRNA caused 
an increase of cell viability and autophagy (Fig. 3D and E). 
Consistently, the elevated cell viability of HepG2 was inhibited 
by 3-MA-mediated blockage of autophagy (Fig. 3F). To confirm 
the data, si ATG5 treatment was performed in order to deplete 
autophagy, as shown in Figure 3G, silencing of ATG5 caused 
depletion of autophagy both in Skov3 and HepG2 cells, and the 

Figure 2. PDCD4 suppresses autophagy in murine xenograft tumors. Xenograft tumor was established and treated with N.S (Con), mock vector 
(Mock), PDCD4 plasmid (pPDCD4), respectively. (A) PDCD4, SQSTM1, LC3B-I/LC3B-II expression were analyzed by western blot. All the western data 
were quantified. The results shown are means ± SD; n = 4, n = 5; *p < 0.05. (B) Expression of PDCD4 was detected by immunohistochemistry under 
an optical microscope. LC3 puncta was detected by immunofluorescence under confocal laser microscopy. LC3 puncta was quantified as described 
above. The results shown are means ± SD; **p < 0.01.
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As shown in Figure 5C, ATG5 mRNA, but not that for ATG12, 
was enriched in the EGFP-specific immunoprecipitate compared 
with the IgG precipitate from wild-type PDCD4-transfected cells 
(***p < 0.001). Nevertheless, ATG5 mRNA was not detected in 
the EGFP4-specific immunoprecipitate from mutant PDCD4-
treated cells. This demonstrates that PDCD4 inhibits ATG5 
by binding of PDCD4-ma3 with EIF4A-ATG5 mRNA. Next, 
western blot analysis demonstrated only wild-type PDCD4, but 
not mutant PDCD4, remarkably inhibited expression of conju-
gated ATG5, conjugated ATG12, free ATG5 and LC3B-II, but 
elevated the expression of SQSTM1 and free ATG12 (Fig. 5D), 
which was verified by immunofluorescence: a decrease in the 
number of autophagosomes (Fig. 5E) was caused by only wild-
type PDCD4, but not mutant PDCD4. Moreover, HEK293 cells 
were cotransfected with both pEGFP-C1-ATG539 and pEGFP-
C1-PDCD4, and, as shown in Figure 5F, autophagy caused by 
forced ATG5 expression was suppressed remarkably by PDCD4 
overexpression. Finally, Skov3 cells were transfected with wild-
type and mutant PDCD4 vectors, and, as shown in Figure 5G, 
only wild-type, but not mutant PDCD4, suppressed Skov3 cell 
viability. All these indicated the inhibitory effect of PDCD4 on 
ATG5 protein expression, and that autophagy depended on the 
ma3 domains, on which PDCD4 functions are based, to allow 
PDCD4 to function as a tumor suppressor.

Discussion

Accumulating evidence has demonstrated that tumor suppres-
sors are involved in the regulation of autophagy. Although a 
few tumor suppressors, such as TP5340 and DAPK1,41 have been 
described as both positive and negative regulators, most, such as 
PTEN,29 CDKN2A42 and SH3GLB1,43 are positive regulators. 
Here, we demonstrate, for the first time, that tumor suppressor 
PDCD4 is only a negative regulator of autophagy by inhibiting a 
key autophagy effector protein, ATG5 and then downregulating 
ATG12–ATG5 conjugation via a ma3 domain-dependent man-
ner. Importantly, the inhibitory role of PDCD4 in autophagy 
is a universal phenomenon, independent of the cell types and 
stresses it is exposed to. In addition, our data show that PDCD4-
attenuated autophagy is required for inhibition of tumor cell 
viability, supporting the idea that autophagy promotes tumor 
growth. So our finding provides novel insights into the mecha-
nism of tumor suppression on autophagy, and autophagy nega-
tive regulation.

PDCD4 as a tumor suppressor has been well character-
ized in Pdcd4-transgenic or knockdown mice and in mul-
tiple human primary tumors as described above. The effect of 
PDCD4 on apoptosis and cell cycle has been investigated using 
in vitro and in vivo models. However, its effect on autophagy 
remains unknown. Here, we find that forced PDCD4 expres-
sion in cultured cell lines markedly inhibits autophagy specific 
marker LC3B-II expression and formation of autophagosomes in 
vitro and in vivo, while silencing of PDCD4 upregulates them  
(Figs. 1 and 2). Importantly, we showed that inhibition of 
PDCD4 on autophagy is a universal phenomenon, indepen-
dent of cell types and stimulations. PDCD4 not only inhibits 

as the potential target gene of PDCD4. As shown in Figure 4A, 
we found that forced PDCD4 expression in Skov3 remarkably 
inhibited formation of the ATG12–ATG5 complex (conj-ATG5 
detected by anti-ATG5 and conj-ATG12 by anti-ATG12 antibod-
ies) and free ATG5. Conversely, silencing of PDCD4 expression 
in HepG2 upregulated the ATG12–ATG5 complex (conj-ATG5 
and, conj-ATG12) and free ATG5 (Fig. 4B). Interestingly, free 
ATG12 in Skov3 with exogenous PDCD4 or in HepG2 with 
high levels of endogenous PDCD4 was higher than their controls, 
suggesting that ATG12 is not responsible for downregulation of 
the ATG12–ATG complex. These results suggested that PDCD4 
inhibits ATG5, but not either BECN1 or ATG12.

Previous studies have shown that there is an observable lack 
of PDCD4 in several types of malignant tumors, including 
gliomas12 and ovarian tumors,13 hepatocellular carcinomas.14 To 
obtain more clinical evidence that PDCD4 inhibits ATG5, we 
compared the relationship of PDCD4 and ATG5 expression in 
clinical samples from human liver (n = 20), ovarian cancers (n = 
20) and gliomas (n = 20). We found that the ATG5 expression 
in three kinds of tumors with negative or low PDCD4 expres-
sion (PDCD4low, n = 10) was significantly higher than that with 
higher PDCD4 expression (PDCD4high, n = 10). Moreover, the 
relationship between PDCD4 and ATG5 expression was ana-
lyzed in murine xenograft tumors. As shown in Figure 4D, 
ATG5 expression was significantly reduced in the PDCD4 group 
(pPDCD4) compared with the NS (Con) or mock (Mock) group. 
In addition, colocalization between PDCD4 and ATG5 showed  
(Fig. S5) that PDCD4 expression had an opposite relationship 
with ATG5 expression in the same part of the section. Taken 
together, our results indicated that PDCD4 inhibits ATG5 pro-
tein expression in vitro and in vivo.

PDCD4 inhibits ATG5 translation and ATG5-mediated 
autophagy via its ma3 domains. It has been known that 
PDCD4 is an inhibitor of protein transcription or translation.37 
To determine whether inhibition of PDCD4 on ATG5 occurs 
on a transcriptional level or translational level, we detected the 
effect of PDCD4 on ATG5 mRNA and protein by western blot 
and real-time PCR in the same system. As shown in Figure 5A 
and B, ATG5 protein was suppressed significantly by forced 
PDCD4 expression, while ATG5 mRNA was unaffected by 
PDCD4 expression, suggesting the inhibition of PDCD4 on 
ATG5 occurs translationally, but not transcriptionally. Previous 
research has indicated that PDCD4 inhibits protein translation 
by binding to the RNA-helicase EIF4A via two ma3 domains.2-4 
To determine whether PDCD4 inhibits ATG5 expression by this 
mechanism, a mutant PDCD4 expression vector (mutPDCD4) 
based on the pEGFP-C1-PDCD4 plasmid, which carries several 
amino acid substitutions of residues in its ma3 domains result-
ing in failure to bind with EIF4A, was constructed according to 
methods described previously.38 HEK293 cells were transfected 
with pEGFP-C1-PDCD4 and pEGFP-C1-mutPDCD4 plasmids 
respectively, and an RNA-immunoprecipitation assay was used. 
The lysates of HEK293 cells transfected with pEGFP-C1-PDCD4 
or pEGFP-C1-mutPDCD4 were coprecipitated with EGFP-
specific antibody and with isotype IgG as control, and mRNA 
in the coprecipitated complex was detected using real-time PCR. 
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peritoneal macrophages, lymphocytes in spleen) (Fig. 1; Figs. S1 
and S2), which is different from the effect of PDCD4 on apop-
tosis, cell cycle and chemosensitivity that has cell specificity. In 

the autophagy of multiple tumor-derived cells (such as HepG2, 
HeLa, Skov3, Caov3, U87 and RAW264.7) but also HEK293 
cells, and even normal primary immune cells (mouse primary 

Figure 3. For figure legend, see page 749.
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target of PDCD4 by RNA-immunoprecipitation assay and this 
action depends on ma3 domains of PDCD4 via ma3 mutation 
assay. This demonstrates that PDCD4 inhibits ATG5 to attenu-
ate autophagy by binding of PDCD4-ma3 with EIF4A-ATG5 
mRNA. Since many genes are involved in the regulation of 
autophagy, we cannot deny that other genes also contribute to 
PDCD4-attenuated autophagy in addition to ATG5. We can 
conclude that ATG5 is an essential gene required to for PDCD4-
attenuated autophagy.

Although it is still a matter of debate whether autophagy is 
ultimately a protective response or a detrimental process, it seems 
clear that autophagy can lead to adverse effects in cells under 
certain pathological conditions.26 Therefore, autophagy signal-
ing and functions are necessities, but ones that must be under 
tight negative regulation. PDCD4 is ubiquitously expressed in 
all normal tissue cells, suggesting it plays an important role in 
regulating normal level of autophagy. However, under pathologi-
cal conditions, such as tumor, loss or decrease of PDCD4 expres-
sion fails to control normal autophagy and is involved in the 
progression of tumors. It has previously been demonstrated that 
calpain negatively regulates ATG5 on post-translational level by 
mediating the cleavage of ATG5.47 We now report that PDCD4 
negatively regulates ATG5 on mRNA translation via binding of 
ma3 domain with EIF4-ATG5 mRNA, suggesting PDCD4 and 
calpain may cooperate to regulate ATG5 and then control the 
level of autophagy. Calpain-mediated cleavage of ATG5 switches 
autophagy to apoptosis. Further work is required to understand 
how PDCD4 and calpain collaborate to control autophagy and 
apoptosis.

In addition, TP53 is an important regulator for autophagy.40 
Therefore, the relationship of PDCD4 to TP53 in regulat-
ing autophagy will be an interesting issue. Our data show that 
PDCD4 is able to inhibit autophagy either in cell lines with 
wild-type TP53 (HeLa,48 U87,49 HepG250) or a cell line without 
TP53 (Skov351), suggesting that inhibition of PDCD4 on auto-
phagy is TP53-independent. However, detailing the relationship 
of PDCD4 and TP53 in autophagy should be addressed in the 
future by more experiments.

Collectively, we add a novel insight into mechanism of tumor 
suppressor on autophagy negative regulation. We demonstrate 
that, as shown in Figure 6, tumor suppressor PDCD4 is a nega-
tive regulator of autophagy by inhibiting ATG5 and then down-
regulating ATG12–ATG5 conjugation via its ma3 domains. 
Ubiquitous expression of PDCD4 and ATG5 in normal cells 
suggests that PDCD4-mediated ATG5 inhibition is important 
for negative regulation of normal autophagy and control of cell 

spite of this, the phenomenon that PDCD4 regulated SQSTM1 
appeared dependent on cell types. Unlike in U87 and others, in 
Skov3 cells PDCD4 overexpression led to a much larger increase 
in SQSTM1 levels after inhibition of lysosomal degradation  
(Fig. 1A), suggesting PDCD4 might also increase autophagic 
flux in Skov3. Since SQSTM1 is not only a target of autophagy 
but also an important negative regulator of autophagy,44 the 
effect of PDCD4 on SQSTM1 in various cells needs to be fur-
ther investigated. In addition, we speculate this is associated with 
the inhibitory effect of PDCD4 on ATG5, which is an essential 
autophagy effector molecule and widely exists in multiple cells. 
However, the detailed mechanism of this feature remains to be 
investigated.

We have now explored the mechanisms by which PDCD4 
attenuates autophagy and indicated that PDCD4 suppresses a 
key autophagy effector, ATG5. Further, we find that PDCD4-
mediated inhibition of ATG5, and that attenuation of autophagy 
depends on its ma3 domains. The process of autophagosome for-
mation is regulated by several autophagy genes. It has previously 
been observed that Atg5- or Becn1-deficient mouse embryonic 
stem cells have decreased numbers of autophagic vesicles, which 
suggests that BECN1 and ATG5 are essential for autophagy.45 The 
antiapoptotic BCL2 negatively regulates autophagy by sequester-
ing BECN1 from the complex, thereby restricting the production 
of PtdIns3P and formation of the autophagosome.46 However, 
our previous research indicates that PDCD4 has no significant 
effect on BCL2 expression16 and here results further showed that 
PDCD4 had neither direct impact on BECN1 expression, sug-
gesting PDCD4 suppresses autophagy in a BECN1-independent 
manner. Interestingly, several lines of evidence indicate that 
PDCD4 inhibits formation of ATG12–ATG5 complex by tar-
geting ATG5 (Fig. 4). First, PDCD4 overexpression markedly 
suppresses the ATG5 (conj ATG5) and free ATG5 protein expres-
sion, accompanied by free ATG12 increase, while its silencing 
reversed this effect in multiple cultured cells (Fig. 4A and B); 
Second, inhibition of PDCD4 on ATG5 protein expression is 
detected in murine xenograft tumors and a reverse of PDCD4 
with ATG5 was found in clinical tumor samples, including hepa-
tocellular, ovarian tumor and glioma (Fig. 4C and D). Third, 
suppression of PDCD4 on ATG5 occurs on proteins translation-
ally but not on the transcription level since PDCD4 has no effect 
on ATG5 mRNA (Fig. 5A). Fourth, PDCD4 is thought to sup-
press translation of mRNAs containing structured 5'-UTRs by 
interacting with translation initiation factor EIF4A and inhib-
iting its helicase activity via its ma3 domains.38 Here, we have 
identified ATG5 mRNA but not ATG12 mRNA as a translational 

Figure 3 (See opposite page). PDCD4-attenuated autophagy is required for inhibition of tumor cell growth. (A–C) Skov3 stable cell lines (Mock, 
PDCD4) were cultured in serum-free medium. (A) Cell viability was measured by CCK8 kit for 24, 48, 72 and 96 h. (B) LC3 puncta was detected treated 
with 3-MA or not cultured in serum-free medium for 24 h. (C) Cell viability was measured with or without 3-MA to block autophagy for 24 h and  
48 h. (D–F) HepG2 cells were transfected with siRNA targeting PDCD4 (siP) or control (siC) cultured in serum-free medium. The cell viability was deter-
mined using CCK8 assay and LC3 puncta level was detected by immunofluorescence with or without 3-MA treatment as described above.  
(G–I) Skov3 cells were treated with pEGFP-C1 (Mock) or pEGFP-C1-PDCD4 (pPDCD4) plasmids; HepG2 cells were transfected with siRNA targeting PDCD4 
(siP) or control (siC) respectively. All the cells were cotransfected with siATG5 (siATG5) or control (siC) and cultured in serum-free medium for 24 h and 
48 h. (G) Twenty-four hours later western blot analysis showed PDCD4, ATG5, and LC3B-I/LC3B-II expression (Skov3: left; HepG2: right), and the data 
were quantified by using Quantity One program. Twenty-four hours and 48 h later, CCK8 analysis showed cell viability in Skov3 (H) and HepG2 (I) cells. 
The results shown are means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. For figure legend, see page 751.
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growth. Loss or decrease of PDCD4 in tumor leads to abnormal 
autophagy and rapid cell proliferation.

Materials and Methods

Cell culture. Human ovarian cancer-derived cell lines Skov3, 
Caov3, human glioma-derived cell line U87, human hepatocel-
lular carcinoma-derived cell line HepG2, human cervical can-
cer-derived cell line HeLa, normal human embryonic cell line 
HEK293 cell, mice monocyte macrophage leukima-derived cell 
line RAW264.7 were purchased from the Shanghai Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China) and the 
China Center for Type Culture Collection (Wuhan, China). 
Skov3 cells were grown in McCoy’s 5A (Sigma-Aldrich, M4892) 
supplemented with 10% FBS (Gibco, 10082147); RAW264.7, 
HEK293 and RAW264.7 were grown in DMEM (Gibco, 11965-
092) supplemented with 10% FBS and all others were grown in 
RPMI 1640 medium (Gibco, 11875-093) supplemented with 
10% FBS. The stably expressing PDCD4 cells (Skov3-PDCD4) 
and control cells (Skov3-Mock) were established as described 
previously15 and were cultured in medium with 300 μg/mL G418 
(Merck, 345812). Cells were subjected to EBSS (Sigma-Aldrich, 
E7510-100ML) to induce autophagy with or without the pres-
ence of pepstatin A (Sigma-Aldrich, P5318) plus E64d (Sigma-
Aldrich, E8640). In some experiments, 3-MA (3-methyladenine) 
(Sigma-Aldrich, M9281) was used to block autophagy.

Peritoneal macrophages from pdcd4−/− and sex-matched 
C57BL/6 mice at 8-weeks-old were cultivated with DMEM 
(Gibco) supplemented with 10% FBS and incubated for 2 h 
to allow macrophage adherence. The nonadherent cells were 
removed by three washes with DMEM. The adherent cells were 
harvested and the purity of macrophages was detected by flow 
cytometry following staining with PECy5-conjugated anti-
F4/80 Ab (eBioscience, 11-4801-82) (purity > 95%). One × 106 
purified macrophage cells were incubated for an additional 24 h, 
and the next day, were stimulated with starvation (EBSS), LPS 
(Sigma-Aldrich, L2880) or rapamycin (Sigma-Aldrich, R8781).

Cancer samples. Glioma and ovarian cancer samples came 
from patients who underwent surgical operations at Qilu 
Hospital and the Second Hospital, Shandong University from 
2001 to 2007. The detailed information had been described pre-
viously.12,13 Primary hepatocellular carcinoma (n = 30) samples 
were obtained from patients aged between 30 and 82 y who under-
went operations at the Qilu Hospital of Shandong University 
from January 2005 to October 2006. PDCD4 expression was 
detected by IHC and was graded as previously described.12,13 

According to the expression intensity, samples were divided into 
two groups: PDCD4low and PDCD4high, from each group, ten 
sections were chosen randomly and stained with an anti-ATG5 
antibody (Abcam, ab78073) by IHC to show ATG5 expression.

Recombinant vector, transfection and siRNA interference. 
pDsRed2-N1 and pDsRed2-N1-PDCD4 plasmids were kindly 
provided by Dr. Ozaki (Department of Internal Medicine, Saga 
Medical School, Saga University, Saga, Japan). pEGFP-C1 or 
pEGFP-C1-PDCD4 plasmids were constructed and kindly pro-
vided by Dr. Olubunmi Afonja (New York University, New 
York, NY USA). pEGFP-C1-mutPDCD4 vector encoding a 
mutant of human PDCD4 by changing Glu249, Asp253, Asp414 
and Asp418 into Ala was constructed as previously described.38 
pEGFP-C1-ATG5 was a gift of Ohsumi (Addgene plasmid 
#22952).39 Transfection of expressive vectors was performed 
using Lipofectamine 2000 according to the manufacturer’s pro-
tocols (Invitrogen, 18292-011).

siRNA interference was performed as described previously.15 
Two different Silencer Select Predesigned siRNA targeting 
PDCD4 and nonspecific negative control were purchased from 
Ambion. For siRNA-PDCD4–1: 5'-GAG AUG GAA UUU UAU 
GUA ATT-3', and 5'-UUA CAU AAA AUU CCA UCU CCA-
3'; for siRNA-PDCD4–2: 5'-GGC UGG AAU AAU UUC CAA 
ATT-3', and 5'-UUU GGA AAU UAU UCC AGC CTT-3'. The 
siRNAs were transfected using siPORT NeoFX Transfection 
Agent (Ambion, AM4510) according to the manufacturer’s pro-
tocol. In some experiments, only siRNA-PDCD4-2 was applied. 
The Silencer Select Predesigned siRNA targeting ATG5 and 
nonspecific negative control were purchased from GenePharma 
(China, Shanghai). These were, for siRNA-ATG5: 5'-CCA UCA 
AUC GGA AAC UCA UTT-3'; and 5'-AUG AGU UUC CGA 
UUG AUG GTT-3'. siRNA interference was performed using 
Lipofectamine 2000 according to the manufacturer’s protocols.

Western blots. The extraction and detection of protein from 
cultured cells and xenocraft tumor tissues was as described.15 50 
μg quantity of protein was separated on SDS-PAGE and trans-
ferred onto PVDF membranes. Membranes were then blocked 
with 2% bovine serum albumin (BSA) in TBST containing 0.1% 
Tween-20 for 1 h. Membranes were probed overnight at 4°C with 
the following primary antibodies: rabbit monoclonal antibodies 
against human PDCD4 (9535S), LC3 (2775S), ATG5 (conj 
form, free form) (2630), ATG12 (conj form, free form) (4180S), 
and BECN1 (3738) (all 1:1000; Cell Signaling Technology, 
CST), mouse monoclonal antibody against ACTIN (1:2000; 
Santa Cruz, sc-7210), followed by secondary antibody conjugated 
(Beyotime, A0208) with peroxidase for 1 h at room temperature. 

Figure 4 (See opposite page). PDCD4 selectively inhibits autophagy-related ATG5 protein expression in vitro and in vivo. (A) Skov3 cells were trans-
fected with PDCD4 plasmid (pPDCD4) and control (Mock) treated by starvation for 0, 4 or 8 h, then PDCD4, BECN1, conjugated ATG5 (conj ATG5), free 
ATG5, conjugated ATG12 (conj ATG12), free ATG12 and LC3B-I/LC3B-II were analyzed by western blot analysis. Data were quantified. (B) HepG2 cells 
were transfected with siRNA targeting PDCD4 (siP) or control (siC), and starved for 0, 4 or 8 h, and then PDCD4, BECN1, conjugated ATG5 (conj ATG5), 
free ATG5, conjugated ATG12 (conj ATG12), free ATG12 and LC3B-I/LC3B-II were analyzed by western blot analysis. Data were quantified by Quantity 
One. (C) Samples from human liver, ovarian cancers, and glioma were divided in two groups (PDCD4low and PDCD4high) according to PDCD4 expression 
and from each group, ten sections were chosen randomly and stained with an anti-ATG5 antibody for IHC analysis and pathologically graded, guided 
by a pathologist. The relationship between ATG5 and PDCD4 expression was analyzed in liver cancer (left), ovarian cancer and glioma (right).  
(D) Xenograft tumors paraffin sections of nude mice treated by injection with N.S (Con), mock vector (Mock), PDCD4 plasmid (pPDCD4) respectively 
were inspected under optical microscope to detect ATG5 expression by IHC. The results shown are means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
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for endogenous peroxidase activity, preincubated with goat 
serum, and then stained with poly-antibody goat-rabbit anti-
ATG5 (1:300) (Abcam, ab78073) or anti-PDCD4 (1:700) by 
incubating for 1 h at room temperature. Secondary staining 
with HRP-conjugated anti-rabbit IgG was performed using a 

After washing, signals were visualized by Super Signal West Pico 
Chemiluminescent Substrate (Pierce Biotechnology). Western 
blots were performed at least three times for each sample.

Immunohistochemistry (IHC). Immunohistochemistry was 
performed as previously described.12 The slides were blocked 

Figure 5. For figure legend, see page 753.
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relative molecule expression was presented by real-time quantita-
tive PCR using the ΔΔCt model. Using the 2ΔΔCt method, our 
data were reported as the fold change in experimental group nor-
malized to an endogenous reference gene (ACTB) and relative to 
control group.

In vivo studies using a xenograft animal model. Xenograft 
animal model was performed as previously described.16 Briefly, 
Nude mice, 6 to 8 weeks old, were inoculated s.c. into the left 
flank with 5 × 106 Skov3 cells in 100 μL PBS. When reached 
approximately 100 mm3 in size 1 week later, tumors were treated 
with 20 μg Mock plasmid and PDCD4 plasmid in a total vol-
ume of 50 μL by intra-tumor injection every 4 d for a total of 
four times. All mice were killed 1 week after completion of treat-
ment and part of the tumors were then fixed in 4% formalin 

MaxVision Kit and a DAB Peroxidase Substrate Kit (Maixin, 
Kit-0017). Negative controls for the specificity of immunohis-
tochemical reactions were performed by replacing the primary 
antibody with IgG of non-immunized rabbit (Beyotime, A7016). 
Immunohistochemistry was performed twice for each sample.

Immunofluorescence (IF). Tumor cells were cultured on 
Glass Bottom Cell Culture Dishes (NEST, 801002) for detec-
tion by laser scanning confocal microscope (3.0 × 105 cells per 
35-mm dish) and then subjected to treatments as indicated. Cells 
were fixed with 4% paraformaldehyde and permeabilized with 
0.1% Triton X-100 for 15 min. After incubation for 1 h with 
anti-LC3 antibodies (1:300) (CST, 2775S) and washing with 
PBS, cells were incubated for 1 h with Alexa 488-conjugated 
(1:1000) (Beyotime, P0176) or Alexa 555-conjugated (1:500) 
(Beyotime, P0176) secondary antibodies, washed with PBS. 
Nuclei were stained by 4',6-diamidino-2-phenylindole (DAPI) 
(Beyotime, C1005) for 5 min. Xenograft tumors paraffin sec-
tions were pretreated as described in IHC. After preincubation 
with goat serum, sections were stained with anti-LC3 (1:100) by 
incubating overnight at 4°C, followed by incubation with Alexa 
488-conjugated (1:1000) secondary antibodies for 1 h, washed 
with PBS. Nuclei were stained by DAPI for 5 min. Microscopy 
was done on a confocal laser microscopy (Carl Zeiss, LSM780).

Cell proliferation assay. Stable Skov3 cell lines were seeded 
in 96-well plates at a density of 3000 cells per well. HepG2 cells 
were seeded at a density of 5000 cells per well to overnight at 
37°C, subjected to siRNA interference. All the cells were cul-
tured with serum-free media instead of the serum-containing 
medium for indicated time points and OD value was measured at 
450 nm using Cell Counting Kit-8 (Dojindo, CK04) at various 
time points according to the guidance of the manufacturer. Cell 
viability was calculated according to the formula: experimental 
OD value/control OD value × 100%.

RNA isolation and real-time PCR. Total RNA was extracted 
from cells using Trizol Reagent (Invitrogen). Real-time PCR was 
performed using UltraSYBR Mixture (CWBIO, CW0956) and 
specific primer pairs. The sequences of the sense and antisense 
primers were as follows: PDCD4: 5'-TGT AAA CCC TGC AGA 
TCC TGA TAA-3' and 5'-TGG AGG ATG CTG AAA TCC 
AA-3'; ATG5: 5'-TGT GCT TCG AGA TGT GTG GTT-3' and 
5'-ACC AAC GTC AAA TAG CTG ACT C-3'; ATG12: 5'-AGT 
AGA GCG AAC ACG AAC CA-3' and 5'-GGA AGG AGC 
AAA GGA CTG AT-3'; ACTB: 5'-AGT TGC GTT ACA CCC 
TTT C-3', and 5'-CCT TCA CCG TTC CAG TTT-3'. Data of 

Figure 5 (See opposite page). PDCD4 inhibits ATG5 translation and ATG5-mediated autophagy via its ma3 domains. (A and B) HEK293 cells were 
transfected using pEGFP-C1 (Mock), pEGFP-C1-PDCD4 (pPDCD4), 24 h after transfection, (A) PDCD4, ATG5, BECN1, LC3B-I/LC3B-II expression were ana-
lyzed by western blot analysis 2 h after starvation treatment. (B) Relative mRNA levels of PDCD4, ATG5 were examined using specific primers for PDCD4, 
ATG5. (C–E) HEK293 cells were transfected using pEGFP-C1 vector (Mock), pEGFP-C1-PDCD4 (pPDCD4), or pEGFP-C1-mutPDCD4 (mutPDCD4) plasmid, 24 
h after transfection. (C) Cell lysates were subjected to RNA-IP with EGFP-specific antibodies or IgG (right). RNA-IP with anti-SNRNP70 or IgG (negative 
control) acts as positive control (left). Purified RNA was then analyzed by real-time PCR using specific primer for ATG5, ATG12 and positive control U1 
snRNA. (D) EGFP, SQSTM1, conjugated ATG5 (conj ATG5), free ATG5, conjugated ATG12 (conj ATG12), free ATG12 and LC3B-I/LC3B-II expression were 
analyzed by western blot analysis 2 h after starvation treatment. Data were quantified by Quantity One. (E) LC3 puncta was detected by immunofluo-
rescence under confocal laser microscopy and quantified as described above. (F) HEK293 cells were treated with pEGFP-C1 (Mock) or pEGFP-C1-ATG5 
(pATG5) plasmids, and were cotransfected with pEGFP-C1-PDCD4 (pPDCD4) or control (Mock) and cultured in EBSS for 2 h. PDCD4, ATG5, and LC3B-I/
LC3B-II were analyzed by western blot analysis. Data were quantified. (G) Skov3 cells were transfected with pEGFP-C1 vector (Mock), pEGFP-C1-PDCD4 
(pPDCD4), or pEGFP-C1-mutPDCD4 (mutPDCD4) vectors respectively, and subjected to CCK8 analysis as described above. The results shown are means 
± SD; *p < 0.05; **p < 0.01, ***p < 0.001.

Figure 6. PDCD4 is a negative regulator of autophagy by selectively 
inhibiting expression of autophagy-related gene ATG5. Tumor suppres-
sor PDCD4 is a negative regulator of autophagy by inhibiting a key auto-
phagy effector protein, ATG5 and then downregulating ATG12–ATG5 
conjugation via its ma3 domains, which contributes to elongation and 
closure of the autophagosomes in the generation of lipidated forms of 
LC3 (ATG8) family of proteins.
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were performed as described above. RNA binding with positive 
control SNRNP70 by the primer for U1snRNA: 5'-GGG AGA 
TAC CAT GAT CAC GAA GGT-3' and 5'-CCA CAA ATT 
ATG CAG TCG AGT TTC CC-3'.

Statistical analysis. Statistical significance was evaluated with 
data from at least three independent experiments. Statistical anal-
ysis was performed using the unpaired t-test or one-way ANOVA 
(spss 11.0; SPSS). Data are presented as the mean ± SEM. For all 
statistical tests, significance was established at p < 0.05.
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