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Introduction

Prostate cancer remains a significant health threat to men (espe-
cially among elderly men) and there is no cure therapy yet for 
advanced (hormone-refractory) prostate cancer. Recently, his-
tone deacetylase (HDAC) inhibitors have been extensively inves-
tigated for their anti-prostate cancer activities.1 Valproic acid 
(VPA), an HDAC inhibitor that is currently used as an anticon-
vulsant and antidepressant, has attracted much attention due to 
its anticancer properties. Through specific inhibition of class I 
and class II HDACs, VPA arrests the cell cycle at the G

1
 phase, 

and inhibits tumor cell growth and replication.2,3 Consistent 
with the strong expression of HDAC1, 2 and 3 (all belong to 
class I HDACs) in prostate cancer cells,4 administration of VPA 

Autophagic responses to chemotherapeutic agents may vary greatly among different prostate cancer cells and have 
not been well characterized. in this study, we showed that valproic acid (VPA) induced conversion of Lc3-i to Lc3-ii 
and formation of Lc3 puncta, the typical markers of autophagy, in LNcaP and Pc-3 cells. however, these markers were 
undetectable in DU145 cells upon autophagic stimulation, indicating a defect of autophagy in this cell line. Among 
several critical autophagy-related proteins, ATG5 and ATG12–ATG5 conjugates, which are essential for autophagy 
induction, were absent in DU145 cells. No canonical transcripts for full-length ATG5 but only two alternatively spliced 
ATG5 transcripts were identified in DU145 cells. These alternative transcripts lack one or two exons, leading to premature 
termination of ATG5 translation. Transfection of the wild-type ATG5 gene into DU145 cells rescued the production of 
ATG5 and ATG12–ATG5 conjugates, resulting in formation of Lc3-ii conjugates and Lc3 puncta. Moreover, the levels of 
the sQsTM1 protein, which should be degradable as an autophagy adaptor, were much higher in DU145 than in LNcaP 
and Pc-3 cells, but were significantly decreased after ATG5 restoration in DU145 cells. however, expression of wild-type 
ATG5 in DU145 or knockdown of ATG5 in LNcaP and Pc-3 cells did not change the inhibitory effects of VPA on these cells. 
collectively, these results indicated that VPA-induced autophagy in prostate cancer cells depended on ATG5 and more 
importantly, that the autophagy pathway was genetically impaired in DU145 cells, suggesting caution in interpreting 
autophagic responses in this cell line.
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has shown promising antiprostate cancer activities through inhi-
bition of cancer cell growth,5,6 induction of cell differentiation7 
and prostate-specific antigen (PSA) response in clinical trials.8 
More recent studies have indicated that HDAC inhibitors may 
induce autophagy in prostate cancer cells.9 Despite these mecha-
nistic investigations for VPA and its analogs, different prostate 
cancer types may show differential characteristics of autophagic 
responses to VPA treatment,6,10 and the underlying mechanism 
has not been well understood.

Autophagy is a highly conserved, homeostatic process by 
which intracellular constituents are delivered to lysosomes for 
degradation. Depending on the mode of delivery, there are three 
different types of autophagy, including macroautophagy, chaper-
one-mediated autophagy and microautophagy. Macroautophagy, 
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was further confirmed by inhibition of the “autophagic flux” with 
lysosomotropic chloroquine (CQ), which raises the pH within 
the lumen of lysosomes and/or autolysosomes and therefore 
compromises autophagic degradation, leading to a further accu-
mulation of LC3B-II (Fig. 1B). In addition, VPA-induced accu-
mulation of LC3B-II was also time-dependent (Fig. 1C). Unlike 
LC3B, LC3A was undetectable in untreated LNCaP cells (con-
trol), but was upregulated by VPA treatment and a small frac-
tion of LC3A-I was converted into LC3A-II. In contrast, in PC-3 
cells, both LC3A-I and LC3A-II basal levels were much higher, 
indicating a high flux of LC3A-I to LC3A-II, and VPA further 
enhanced their expression levels (Fig. 1A).

Surprisingly, in contrast to the situation in LNCaP and PC-3 
cells, VPA did not induce autophagy in DU145 cells as evidenced 
by the absence of typical 16-kDa LC3A-II and LC3B-II immu-
noblot bands (Fig. 1A). Moreover, no LC3-II was observed in 
DU145 cells after serum starvation (data not shown), CQ or 
even rapamycin treatment (Fig. 1B), the latter being a mecha-
nistic target of rapamycin (MTOR) inhibitor and a potent 
autophagy inducer.23 Interestingly, a new band of LC3B with 
an MW of ~17 kDa was visible and was enhanced by VPA in 
DU145 cells in a dose-dependent manner (Fig. 1A), suggesting 
a new modification form of LC3B that has not been reported 
before. Furthermore, VPA treatment could time-depend-
ently elevate the amount of the 17-kDa LC3B band in DU145 
cells, even though these bands were barely separated from the 
LC3B-I bands when the total amount of LC3B was upregulated  
(Fig. 1D). Immunofluorescence microscopy analysis demon-
strated that VPA induced the formation of LC3B puncta in both 
LNCaP and PC-3 cells (Fig. 1E). However, such LC3B puncta 
were not observed in VPA-, CQ- or rapamycin-treated DU145 cells  
(Fig. 1E and F). These results further confirmed that VPA 
induced autophagy in LNCaP and PC-3 cells, but not in DU145 
cells. Altogether, these data indicated that the autophagy path-
way was defective in DU145 cells.

ATG5 protein and ATG12–ATG5 conjugate were undetect-
able while SQSTM1 protein was highly expressed in DU145 
cells. The post-translational modification of LC3-I during auto-
phagy includes a series of catalytic steps. Several ATG gene prod-
ucts are involved in this process. Immediately after synthesis, 
LC3 is cleaved at its C-terminus to yield the cytosolic LC3-I 
form. LC3-I is then activated by E1-like ATG7, transferred to 
E2-like ATG3, and finally conjugated to PE. By such a ubiquitin-
like modification, the 18-kDa LC3-I is converted into 16-kDa 
LC3-II (LC3–PE), allowing it to be associated with auto-
phagosomes.11 However, cup-shaped membrane isolation and 
targeting of LC3-II to phagophores needs another conjugation 
system, in which ATG12–ATG5 conjugates noncovalently asso-
ciate with ATG16L1 to form a multimeric complex.24 To investi-
gate whether the expression of ATG genes was associated with the 
impaired LC3 processing in DU145 cells, we probed the expres-
sion of BECN1, ATG3, ATG5, ATG7, ATG12 and ATG16L1 in 
the three prostate cancer cell lines. Western blot analysis showed 
that all these proteins were expressed in LNCaP and PC-3 cells 
(Fig. 2A). As expected, both free ATG12 and ATG12–ATG5 
conjugates were detected in LNCaP and PC-3 cells. However, 

simply referred to hereafter as autophagy, has been extensively 
investigated. By autophagy, redundant long-lived proteins and 
damaged organelles are degraded in autolysosomes, providing 
energy for cells to survive nutrient deprivation and to repair 
DNA damage. This is a multistep process in which the forma-
tion of the autophagosome necessitates the sequential modifica-
tion of microtubule-associated protein 1 light chain 3 (LC3). 
After synthesis, the C-terminal of LC3 is first cleaved by a cys-
teine protease ATG4, to produce LC3-I with a molecular weight 
(MW) of 18 kDa. The product is localized diffusely throughout 
the entire cytoplasm. Upon induction of autophagy, a fraction of 
LC3-I is transferred to phosphotidylethanolamine (PE) to pro-
duce a new molecule LC3-PE conjugate (also known as LC3-II) 
with an apparent MW of 16 kDa.11 LC3-II is associated with 
autophagosome and thus the amount of LC3-II and the forma-
tion of LC3 puncta are thought to be a faithful marker of the 
autophagosome.12

Recent studies indicate that autophagy has been involved 
in tumor resistance to radio- and chemotherapy.13,14 Targeting 
autophagy is thought to be a potential approach to overcome the 
therapeutic resistance of cancer.15 Indeed, inhibition of autoph-
agy potentiates the anticancer activities of HDAC inhibitors.16-18 
Although VPA has been shown to induce autophagy in many 
kinds of tumor cells, which confers resistance to apoptosis,19,20 it 
is still unknown whether it induces autophagy in the same man-
ner in prostate cancer cells of different types.

In this study, we investigated the characteristics of autophagic 
responses to VPA treatment in androgen-sensitive prostate can-
cer LNCaP cells as well as in androgen-refractory DU145 and 
PC-3 cells. The results showed that VPA induced autophagy in 
both LNCaP and PC-3 cells as evidenced by LC3-II accumula-
tion and LC3B immunofluorescent puncta formation. However, 
VPA did not induce autophagy in DU145 cells due to the absence 
of full-length ATG5 protein. Transfection of a wild-type ATG5 
gene restored autophagy and decreased SQSTM1 accumula-
tion in DU145 cells. Our results suggested that the genetically 
impaired autophagy pathway in DU145 cells should be taken 
into account when selecting this cell line as an in vitro advanced 
prostate cancer model.

Results

VPA induced autophagy in LNCaP and PC-3 cells, but not in 
DU145 cells. VPA is known as a class I HDAC inhibitor that has 
been shown to induce autophagy in a variety of tumor cells.20-

22 In line with its HDAC-inhibitory property, VPA elevated the 
levels of acetylated histone H3 in LNCaP, DU145 and PC-3 cells 
(data not shown). As conversion of LC3-I to LC3-II (LC3-PE) 
and formation of LC3 puncta have been generally used as indi-
cators of autophagy, we employed them to determine whether 
VPA treatment induced autophagy in the prostate cancer cells. 
There are three isoforms of LC3 in mammalian cells, LC3A, 
LC3B and LC3C, but LC3B is more frequently adopted as auto-
phagy marker than the other two isoforms. By using western blot 
analysis, we found that VPA induced a dose-dependent increase 
of LC3B-II levels in both LNCaP and PC-3 cells (Fig. 1A). This 
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Figure 1. For figure legend, see page 23.
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sequence is identical to previously identified transcript encoding 
wild-type ATG5 protein (GenBank accession no. NM_004849). 
However, no canonical ATG5 transcript was found in DU145 
cells. The ATG5 transcripts identified from DU145 cells lacked 
exon 6 (referred to as variant 2 in this study) or lacked both 
exon 2 and exon 6 (referred to as variant 3 in this study) (Fig. 
3B), which were likely to be generated by alternative splic-
ing. Both variant 2 and variant 3 transcripts have a premature 
stop code, leading to truncated ATG5 products lacking the 
C-terminus sequence. The variant 2 transcript encodes a trun-
cated ATG5 with 162 amino acid residues whereas the variant 3 
transcript only encodes N-terminal 44 residues of ATG5 protein  
(Fig. 3B). These sequence data have been submitted to the 
GenBank database under the accession numbers of JQ924061 
(variant 1), JQ918353 (variant 2) and JQ918354 (variant 3). On 
the other hand, the ATG16L1 transcripts in LNCaP and DU145 
cells were of the same sequence, which has been identified as 
ATG16L1 variant 2 (GenBank accession no. NM_017974). 
Remarkably, there was a point mutation (A841G, corresponding 
to site 898 of variant 1) in these ATG16L1 transcripts, resulting 
in a Thr→Ala mutation in their amino acid sequences (Fig. 3C). 
This newly identified ATG16L1 sequence has also been submit-
ted to the GenBank database under the accession no. JQ924062. 
These results suggest that the defective autophagy in DU145 
cells is due to the loss of canonical transcript encoding wild-type 
ATG5 protein.

Autophagy was restored by transfection of a wild-type 
ATG5 gene in DU145 cells. The wild-type ATG5 gene (cloned 
from LNCaP cells) was transfected into DU145 cells (referred 
to as DU145-ATG5WT cells hereafter). Transfection conditions 
were optimized by transfecting pEGFP-N1 plasmid into paren-
tal DU145 cells, which resulted in about 36% cells express-
ing EGFP, by flow cytometry analysis (Fig. 4A). Western blot 
analysis showed that ATG5 protein was transiently expressed in 
DU145-ATG5WT cells (Fig. 4B). ATG12–ATG5 conjugates were 
also observed after ATG5 rescue, although the levels of these con-
jugates in DU145-ATG5WT cells were much lower as compared 
with that in LNCaP cells (Fig. 4B). Interestingly, the 16-kDa 
LC3B-II band and LC3B immunofluorescent puncta represent-
ing the conventional LC3 modification and autophagy were also 
restored in DU145-ATG5WT cells (Fig. 4B and C). In addition, 
the 17-kDa LC3B band still existed in DU145-ATG5WT cells 
after rapamycin treatment. Although treatment of the DU145-
ATG5WT cells with rapamycin did not increase the levels of ATG5, 
ATG16L1 and ATG12–ATG5, it significantly elevated the level 
of LC3B-II protein (Fig. 4B). The rescued LC3B conjugation 

ATG5 was absent in DU145 cells, leading to a loss of ATG12–
ATG5 conjugates either in the presence or absence of VPA  
(Fig. 2A). Furthermore, ATG16L1 expression was very low in 
DU145 cells (Fig. 2A), which could only be visualized after long 
exposure (see below). Our data suggested that the loss of ATG5 
or low level of ATG16L1 contributed to the failure of LC3-I con-
version into LC3-II and the absence of LC3 puncta formation in 
DU145 cells.

The level of SQSTM1 has also been used for monitoring 
autophagy flux, since it accumulates in cells when autophagy is 
blocked.25,26 As an autophagy adaptor, SQSTM1 binds directly 
to LC3-II and mediates the targeted degradation of ubiquiti-
nated protein aggregates.27,28 We found that SQSTM1 protein 
was differentially expressed in the prostate cancer cell lines  
(Fig. 2A and B). There was a much higher level of SQSTM1 
in DU145 cells than in LNCaP and PC-3 cells. In LNCaP and 
PC-3 cells, SQSTM1 levels were increased after treatment with 
3.3 mM VPA for 24 h but were still lower than that in DU145 
cells (Fig. 2A and B). Time-course analysis of SQSTM1 levels 
demonstrated that VPA treatment led to a slight reduction of 
SQSTM1 at 6 h but a significant increase at 24 h in LNCaP cells; 
while in PC-3 cells, VPA treatment increased SQSTM1 levels 
over 2 h to 24 h (Fig. 2C and D). Upregulation of SQSTM1 by 
3.3 mM VPA in these cells was likely due to enhanced protein 
synthesis, instead of blockade of lysosome-dependent protein 
degradation, since cotreatment of VPA and CQ resulted in even 
higher levels of SQSTM1 from 6 h to 24 h as compared with 
VPA treatment alone (Fig. 2C and D). However, VPA treatment 
did not significantly change SQSTM1 levels in DU145 cells  
(Fig. 2A and B). These results suggested that the accumula-
tion of SQSTM1 protein may result from loss of autophagy in 
DU145 cells.

DU145 cells were lacking in canonical ATG5 transcript but 
had alternatively spliced variants. To assess whether ATG5 and 
ATG16L1 genes are not expressed or mutated in DU145 cells, 
we amplified the full-length coding sequences of these genes by 
reverse-transcription (RT)-PCR from total RNA extracts. The 
results showed that the ATG5 transcripts in DU145 cells were 
shorter than that in LNCaP and PC-3 cells, whereas the ATG16L1 
transcripts were of the same length (~1800 bp, as expected) in the 
three cell lines (Fig. 3A).

Next, the cDNA of ATG5 and ATG16L1 transcripts from 
LNCaP and DU145 cells were cloned into the eukaryotic expres-
sion plasmid pEGFP-N1 as non-fused genes. Sequencing analysis 
demonstrated that LNCaP cells expressed the canonical ATG5 
transcript (referred to as ATG5 variant 1 in this study), whose 

Figure 1 (See opposite page). induction of autophagy by VPA treatment in LNcaP and Pc-3 cells, but not in DU145 cells. Autophagy was measured 
by Lc3-ii western blot analysis (A–D) and Lc3B immunofluorescence microscopy (E and F). cells were treated with indicated concentrations of VPA 
for 24 h (A), or 10 mM VPA for 24 h in the presence or absence of 25 μM chloroquine (cQ) (B), or 10 mM VPA for indicated time lengths in the presence 
or absence of 25 μM cQ (C and D). Total proteins were extracted by 2× sDs-PAGe loading buffer. Lc3A and Lc3B were probed by western blotting, 
respectively. TUBB was used as loading control. The relative densitometry values under each Lc3 blot is the ratio of Lc3-ii (16 kDa) densitometry to 
that of TUBB. A dash (-) indicates that no Lc3-ii band was observed. Data are from one of three independent experiments with similar results. (E and 
F) cells were treated with 10 mM VPA and/or 25 μM cQ (E) or 2 μg/ml rapamycin (Rapa) (F) and then immunostained with Lc3B antibody followed by 
cF568-conjugated second antibody. Fluorescent images were obtained by fluorescence microscopy with a 100 × oil objective lens. Lc3B (red) fluores-
cent puncta were only observed in LNcaP and Pc-3 cells. Rapamycin treatment was included to confirm that autophagy was deficient in DU145 cells  
(B and F). Nuclei (blue) were revealed by hochest33342 staining. Arrowheads indicate 17-kDa bands of Lc3B. scale bar: 10 μm.
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Figure 2. Differential expression profiles of autophagy-related proteins (ATG) in LNcaP, DU145 and Pc-3 cells. (A) cells were treated with indicated 
concentrations of VPA for 24 h and the expression profiles of ATG proteins were probed with indicated antibodies by western blotting. One experi-
ment, representative of three independent experiments is shown. TUBB was used as a loading control. it is noteworthy that ATG5 proteins, as well as 
the ATG12–ATG5 conjugates, were absent while sQsTM1 levels were much higher in DU145 cells. (B) Quantitative analysis of sQsTM1 levels in LNcaP, 
DU145 and Pc-3 cells. The relative levels of sQsTM1 were normalized to TUBB and the value of LNcaP control was set as 1.0. **p < 0.01 vs respective 
control; ##p < 0.01 vs the same dose of VPA-treated LNcaP; #p < 0.05 vs the same dose of VPA-treated Pc-3. (C and D) Time-course analysis of sQsTM1 
levels in LNcaP (C) and Pc-3 (D) cells treated with 3.3 mM VPA and/or chloroquine (cQ) by western blotting. The relative levels of sQsTM1 were normal-
ized to TUBB and the value of respective control (VPA–/cQ–) was set as 1.0. *p < 0.05; **p < 0.01 vs respective control.
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androgen-refractory prostate cancer cells, as compared with 
androgen-sensitive ones, are more resistant to chemotherapies.30 
Consistent with these works, our results also showed that VPA 
inhibited the proliferation of LNCaP, DU145 and PC-3 cells in a 
dose-dependent manner, but LNCaP cell line was more sensitive 
to VPA than the other two cell lines (Fig. 6A). The 50% inhibi-
tory concentration (IC

50
) values of VPA for these cell lines were 

3.15 ± 0.50 mmol/L (LNCaP), 7.81 ± 0.07 mmol/L (DU145) and 
15.08 ± 0.60 mmol/L (PC-3), respectively.

To further investigate whether ATG5 was associated with the 
differential inhibitory effects of VPA on these prostate cancer cell 
lines, we examined the proliferation of these cell lines after res-
toration of ATG5 in DU145 cells or knockdown of ATG5 with 
siRNA in LNCaP and PC-3 cells. The restored ATG5 expression 
in DU145 cells (Fig. 5A) did not alter the inhibitory effect of 
VPA (Fig. 6B). Similarly, ATG5 siRNA knockdown in LNCaP 
and PC-3 cells, which reduced ~80% of ATG5 protein levels 
(Fig. 6C and D, lower panels), also had no significant effect on 
their VPA sensitivity as compared with respective mock-treated 
control (Fig. 6C and D, upper panels). These results suggest that 
the distinct splicing profiles of ATG5 may not have contributed to 
the differential inhibitory effects of VPA on these prostate cancer 
cell lines.

Discussion

In the present study, we analyzed the autophagic responses of 
human prostate cancer cells to VPA treatment by measuring accu-
mulation of LC3-PE conjugates and formation of LC3 puncta. 
The results showed that autophagy was induced in LNCaP 
and PC-3 cells, but was impaired in DU145 cells. One critical 
autophagy-related protein, ATG5 (and its ATG12–ATG5 conju-
gate form), was detected in LNCaP and PC-3 cells, but was defi-
cient in DU145 cells due to alternative splicing of ATG5 mRNA 

as well as formation of LC3B fluorescent puncta suggests that 
ATG16L1, though expressed at very low level, was functional in 
DU145-ATG5WT cells, since LNCaP cells transcribed the same 
variant mRNA of the ATG16L1 gene as DU145 cells. These 
results confirmed again that the loss of wild-type ATG5 protein 
led to the failure of autophagy in DU145 cells.

To further test whether autophagic flux was restored in 
DU145-ATG5WT cells, the cells were treated with CQ and the 
level of LC3B-II was evaluated. The result showed that CQ treat-
ment increased the level of LC3B-II (Fig. 5A), indicating that 
this lysosomotropic reagent had blocked the deconjugation and 
degradation of LC3B-II (LC3B-PE) as expected. Notably, the 
levels of SQSTM1 protein, which accumulated at a higher level 
in parental DU145 cells (Fig. 2A and B), were sharply decreased 
after ATG5 transfection (Fig. 5A). Similar to the situation in 
LNCaP and PC-3 cells (see Fig. 2), VPA (3.3 mM) treatment 
increased the expression of SQSTM1 in DU145-ATG5WT cells 
as compared with the control cells (Fig. 5A), which is in line 
with previous report indicating that induction of autophagy may 
upregulate the level of SQSTM1 protein.29 In addition, immuno-
fluorescent staining with SQSTM1 antibody demonstrated that 
SQSTM1 either diffusely distributed in the cytosol or formed 
aggregates in the so-called SQSTM1 bodies in both mock- 
and ATG5-transfected DU145 cells (Fig. 5B), but the average 
number of SQSTM1 bodies/puncta per cell were significantly 
reduced in ATG5-transfected compared with mock-transfected 
cells (Fig. 5B). These results further supported that ATG5 trans-
fection restored the autophagy pathway in DU145 cells.

Expression of wild-type ATG5 in DU145 or knockdown of 
ATG5 in LNCaP and PC-3 cells did not change the inhibi-
tory effects of VPA on these cells. LNCaP cell line is gener-
ally used as an in vitro androgen-sensitive prostate cancer 
model, while DU145 and PC-3 cell lines are used as an andro-
gen-refractory model. Previous studies have demonstrated that 

Figure 3. Analysis of transcripts of ATG5 and ATG16L1 genes in LNcaP and DU145 cells. Primers were designed to amplify ATG5 and ATG16L1 full-length 
encoding sequences by reverse transcription-polymerase chain reaction (RT-PcR). RT-PcR products were resolved by agarose gel electrophoresis (A). 
The RT-PcR products of ATG5 (B) and ATG16L1 (C) genes were cloned into the eukaryotic expression plasmid peGFP-N1. Recombinant plasmids with 
expected inserts identified by restriction enzymes were analyzed by DNA sequencing. The results showed that LNcaP cells expressed a full-length 
ATG5 transcript (variant 1), while DU145 cells expressed two alternative spliced ATG5 variants (variant 2 lacking exon 6 and variant 3 lacking exon 2 plus 
exon 6) (B). however, LNcaP and DU145 cells were identified to express the same ATG16L1 transcript (variant 2 with an A898G mutation) (C). * indicates 
stop codon position.
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Figure 4. Transfection of the wild-type ATG5 gene rescued autophagy in DU145 cells. (A) Before transfection of the wild-type ATG5 gene, peGFP-N1 
plasmid with different ratios to transfection reagent was transfected into parental DU145 cells, and the percentages of cells expressing eGFP were 
analyzed by flow cytometry. Under optimal transfection condition, about 36% cells expressed eGFP (lower panel) compared with control. (B) The 
expression of ATG5 and other proteins was probed by western blotting. cells transfected with the empty vector (mock) were recruited as a negative 
control. Remarkably, the conversion of Lc3B-i into Lc3B-ii was restored with wild-type ATG5 expression. A sample of 3.3 mM-VPA-treated LNcaP cells 
was used as a positive control of Lc3B-ii and ATG5 expression. Arrowhead indicates 17-kDa bands of Lc3B. (C) DU145 cells were transfected with mock 
or ATG5 plasmids, followed by treatment with 3.3 mM VPA or 2 μg/ml rapamycin for 24 h. The cells were then fixed and stained with Lc3B antibody, 
followed by cF568-conjugated second antibody. Fluorescent images were obtained by fluorescence microscopy with a 100× oil objective lens (scale 
bar: 10 μm). Lc3B fluorescent puncta were only observed in ATG5-rescued samples, including the ATG5-transfected control with basal autophagy. ctrl, 
control; Rapa, rapamycin.
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in DU145 cells, instead of in LNCaP and PC-3 cells. To our 
knowledge, the defect in autophagy in DU145 cells upon vari-
ous stimuli has not been reported previously. We provided solid 
evidence to show that this was due to the deficiency of a criti-
cal autophagy-related gene product, the ATG5 protein and thus 
the loss of ATG12–ATG5 conjugates. This is consistent with 
previous studies that LC3 lipidation and membrane targeting 
after cell starvation is impaired in Atg5-deficient mouse embry-
onic stem cells.12 ATG5 is critical for conversion of LC3-I to 
lipidated LC3-II (LC3-PE) since it is covalently conjugated to 
ATG12 and the conjugate shows E3-like activity in transfer of 
LC3 from LC3-ATG3 high energy conjugate to PE. ATG16L1, 
by interacting with ATG12–ATG5 conjugates, specifies the site 
at autophagosome for LC3 lipidation and membrane associa-
tion.24,31 Although PE is the only in vivo target of LC3 that has 
been currently confirmed, other lipids such as phosphatidylser-
ine (PS) can also be targets of LC3 in vitro.32 We speculate that 

leading to nonfunctional truncated products. Transfection of 
the wild-type ATG5 gene in DU145 cells restored autophagy in 
the cells. Thus, the differential autophagic responses in human 
LNCaP, DU145 and PC-3 cells are mediated by distinct splicing 
profiles of the ATG5 gene.

One major finding of this study is that no stimuli used could 
induce conversion of LC3-I into LC3-II (LC3-PE) and for-
mation of LC3 puncta in DU145 cells, indicating a defect in 
autophagy in this cell line. Interestingly, a new 17-kDa band 
of LC3B was upregulated by VPA or other stimuli in DU145 
cells. We have previously observed a similar immunoblot band 
in VPA-treated B16F10 cells, but such a band disappears when 
the cells are cotreated with VPA and cucurbitacin B.22 The pos-
sibility of a contaminant of protein degradation, resulting in 
the 17-kDa band of LC3B, could be excluded, since the total 
protein samples were directly extracted by 2 × SDS-PAGE load-
ing buffer and the band always appeared upon various stimuli 

Figure 5. Analysis of sQsTM1 levels and body numbers in mock- or ATG5-transfected DU145 cells. (A) DU145 cells were transfected with mock or ATG5 
plasmids, followed by treatment with VPA or chloroquine (cQ) for 24 h and western blot analysis were performed. A sample of LNcaP control cells 
was included in order to compare the sQsTM1 levels among DU145, LNcaP and Pc-3 cells (referred to Fig. 2A). The relative levels of sQsTM1 were 
normalized to TUBB and the value of mock-treated control was set as 1.0 (right panel). **p < 0.01 vs mock control; ##p < 0.01 vs +ATG5 control; ##p < 0.01 
vs the same group of mock. (B) DU145 cells were transfected with mock or ATG5 plasmids, followed by treatment with 3.3 mM VPA for 24 h. The cells 
were fixed and stained with sQsTM1 antibody, followed by cF568-conjugated second antibody. Fluorescent images were obtained by fluorescence 
microscopy with a 20× objective lens. enlarged views of the boxed areas are shown as insets. scale bar: 50 μm (2 μm in insets). The average numbers 
of sQsTM1 puncta were scored without prior knowledge of the experimental conditions (right panel). ctrl, control.



28 Autophagy Volume 9 issue 1

Figure 6. The inhibitory effect of VPA on cell proliferation was not changed by ATG5 rescue in DU145 cells or ATG5 knockdown in LNcaP and Pc-3 
cells (A) Valproic acid (VPA) dose-dependently inhibited the proliferation of LNcaP, DU145 and Pc-3 cells. Logarithmic phase cells were incubated with 
indicated concentrations of VPA for 48 h. (B) DU145 cells were transfected with a plasmid containing the wild-type ATG5 gene and then treated with 
indicated concentrations of VPA for 48 h. (C and D) LNcaP and Pc-3 cells were transfected with ATG5 siRNA or negative control (Nc) siRNA for 48 h, and 
then treated with indicated concentrations of VPA for another 48 h. cell proliferation was evaluated using MTs assay (A–D). One representative data 
of three independent experiments with similar results are shown as mean ± sD. The efficient knockdown of ATG5 protein in LNcaP and Pc-3 cells was 
confirmed by western blotting (C and D, lower panels; VPA = 3.3 mM). The relative levels of ATG5 were normalized to TUBB and the value of Nc siRNA-
treated control of each group was set as 1.00, respectively.
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Another issue concerns whether ATG5 expression correlated 
with VPA sensitivity in the prostate cancer cells. While a large 
body of literature has revealed that induction of autophagy con-
fers tumor cells drug resistance,15,16 our study demonstrated that 
autophagy-positive LNCaP and PC-3 cells showed differential 
sensitivity to VPA treatment, and LNCaP cells were even more 
sensitive to VPA than autophagy-null DU145 cells. Moreover, 
neither ATG5 transfection into DU145 cells nor siRNA knock-
down of ATG5 in LNCaP and PC-3 cells changed the inhibitory 
effects of VPA on cell proliferation. Therefore, the distinct splic-
ing profiles of ATG5 may not have contributed to the differential 
inhibitory effects of VPA on these prostate cancer cell lines, but 
rather other mechanism(s) may have been involved.

One possible mechanism is their differential expression of 
other genes critical for cell survival and DNA repair, such as 
TP53.39,40 It is well known that LNCaP cells express a wild-type 
TP53, while PC-3 cells are null for TP53, and DU145 cells have 
a mutated TP53 gene.41 HDAC inhibitors, including VPA, have 
been reported to increase the acetylation of TP53 and so stabi-
lize the tumor suppressor protein, leading to an increase in its 
proapoptotic function and thus sensitizing tumor cells to cell 
death stimuli.42-44 Since VPA causes DNA instability in tumor 
cells,22,45,46 expression of a wild-type TP53 in LNCaP cells may 
make them more sensitive than the other two cell lines. Yet, more 
investigations are warranted to clarify this issue, which is out of 
the scope of current study.

Interestingly, there was a point mutation (A898G) in ATG16L1 
genes in both LNCaP and DU145 cells, leading to a T300A con-
version in amino acid sequence. To our knowledge, this is the first 
time that such a T300A conversion has been reported in pros-
tate cancer cells. A large number of studies have demonstrated 
that the T300A conversion in ATG16L1 protein contributes to 
Crohn disease, a chronic inflammatory disease of the gastrointes-
tinal tract.47,48 T300A conversion in ATG16L1 may confine the 
innate immune cells to induce autophagy via pattern-recognition 
receptor NOD2 and enhance NOD2-mediated proinflamma-
tory cytokine production.49,50 However, the exact function of the 
ATG16L1 T300A conversion during the course of Crohn disease 
and prostate cancer development is largely unknown.

In summary, we demonstrated in this study that autophagy 
was differently induced in human prostate cancer LNCaP, 
DU145 and PC-3 cells due to distinct splicing profiles of the 
ATG5 gene. In particular, autophagy was genetically impaired 
in DU145 cells, which produced a 17-kDa LC3B band, instead 
of the conventional 16-kDa LC3-II, in response to VPA as well 
as other stimuli. The differences of these prostate cancer cell 
lines in autophagy induction should be taken into account when 
choosing them as in vitro prostate cancer models. Further clini-
cal investigations of ATG5 defect and ATG16L1 T/A conversion 
in human subjects will facilitate our understanding of the role of 
autophagy in prostate cancer development.

Materials and Methods

Reagents. Valproic acid sodium salt (VPA) (P4543), chloro-
quine (CQ) (C6628) and rapamycin (R8781) were bought from 

the ~17-kDa band observed in DU145 cells may be another LC3 
modification form yet unidentified. On the other hand, trans-
fection with wild-type ATG5 restored the conjugation of LC3–
PE and formation of LC3 puncta in DU145 cells. Therefore, 
blockage of LC3–PE conjugation and LC3 puncta formation in 
DU145 cells was due to lack of full-length ATG5 protein.

It is worth noting that the 17 kDa LC3B band still existed 
in DU145-ATG5WT cells after rapamycin treatment (Fig. 4B). 
This may be due to the low transfection efficiency (about 30 
~40% of the pEGFP-N1-transfected cells produced green fluo-
rescence), and thus a fraction of the cells did not express the 
wild-type ATG5. At present, we are unable to determine whether 
the 17-kDa derivative of LC3B was coexisting with LC3B-II in 
DU145-ATG5WT cells at single cell level. Although autophagy 
(in terms of bulk degradation of subcellular constituents) may be 
alternatively induced in ATG5-/- cells, without induction of LC3 
processing,33 it needs more evidence to clarify whether DU145 
cells undergo such an alternative autophagy in the presence of 
autophagy stimuli.

We also found that lack of wild-type ATG5 was associ-
ated with SQSTM1 accumulation in DU145 cells. SQSTM1 
is a specific autophagy adaptor involved in selective autophagy 
of cellular components by binding to LC3 proteins via its LIR 
(LC3-interacting region) motif.28 It is degradable in autophagy 
and may accumulate when autophagy is blocked, thus becoming 
an indicator for monitoring autophagy flux.25,26,34 In line with this 
notion, there was a higher level of SQSTM1 protein in DU145 
cells than in LNCaP and PC-3 cells. Moreover, VPA treatment 
could not significantly change the level of SQSTM1 protein in 
DU145 cells, suggesting that autophagy-dependent SQSTM1 
degradation was impaired in this cell line. As expected, ATG5 
gene rescue in DU145 cells significantly reduced the expression 
of SQSTM1 protein to a level comparable to that of LNCaP 
and PC-3 cells (Figs. 2A and 5A) and the average number of 
SQSTM1 puncta per cell was also reduced after ATG5 transfec-
tion (Fig. 5B), consistent with the restoration of autophagy in 
this cell line. Considering that SQSTM1 is degradable through 
the autophagic pathway, accumulation of SQSTM1 level and 
SQSTM1 aggregates in parental DU145 cells also supported 
that conventional autophagy was impaired and that the so-called 
alternative autophagic flux, if present, should be low in this cell 
line. Taken together, our data demonstrated that the deficiency 
of full-length ATG5 protein in DU145 cells impaired autophagy 
(at least the conventional one) in this cell line.

As a ubiquitin-binding protein, SQSTM1 may recruit ubiqui-
tinated protein inclusions or nonubiquitinated protein substrates 
into phagophores for autophagic degradation.27,35,36 In addition, 
SQSTM1 protein is also required for the formation of sequesto-
somes containing ubiquitinated protein aggregates, serving as a 
shuttle protein in targeting them for proteasome degradation.37,38 
Therefore, maintenance of high level of SQSTM1 in autophagy-
null DU145 cells may be beneficial to the degradation of pro-
tein aggregates. Indeed, large inclusion-like aggregates (so-called 
sequestosomes or SQSTM1 bodies) were observed in DU145 
cells (Fig. 5B). However, the precise role of SQSTM1 accumula-
tion in the prostate cancer cells remains largely unknown.
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protocol. Primers synthesized by Invitrogen are listed as follow-
ing: ATG5: sense: 5'-ATA GAA GCT TGC CAC CAT GAC 
AGA TGA CAA AGA TGT GCT TCG-3'; anti-sense: 5'-ATA 
GGG ATC CTC AAT CTG TTG GCT GTG GGA TGA 
TAC-3'; ATG16L1: sense: 5'-ATA GCT CGA GGC CAC CAT 
GTC GTC GGG CCT CCG CGC-3'; anti-sense: 5'-ATA GGA 
ATT CTC AGT ACT GTG CCC ACA GCA CAG C-3'. PCR 
products were excised after agarose gel electrophoresis and puri-
fied using the QIAquick gel extraction kit (Qiagen, 28706). 
Purified ATG5 and ATG16L1 products were digested with Hind 
III (Takara, D1060A) plus BamH I (Takara, D1010A) (for ATG5 
products), or Xho I (Takara, D1094A) plus EcoR I (Takara, 
D1040A) (for ATG16L1) and then inserted into eukaryotic 
expression vector pEGFP-N1 (ClonTech, 6085-1). The clones 
harboring the plasmid with inserts of expected lengths were iden-
tified by indicated restriction enzymes and then sequenced by 
Invitrogen (Guangzhou) from both orientations.

Transient expression of wild-type ATG5 gene in DU145 cells. 
Wild-type ATG5 sequences from LNCaP cells were cloned into 
pEGFP-N1 as a nonfused gene as described above. Transfection 
of recombinant plasmid into DU145 cells was mediated by 
Trans-EZ reagent (Shanghai Sunbio Medical Biotechnology, 
STP07006) as previously reported.51 Transfection efficiency was 
monitored by transfecting a pEGFP-N1 empty vector and green 
fluorescence were observed under a fluorescent microscope. After 
48 h of culture, transient gene expression was determined by 
western blotting, because the inserted sequences were ended with 
a terminal codon before the EGFP gene. The cells were further 
stimulated with rapamycin (2 μg/ml) for 4 h to probe the func-
tion of the ATG5 gene product on LC3 conversion.

Knockdown of ATG5 gene. LNCaP and PC-3 cells were 
seeded in 96-well plates (Corning, 3599) (for MTS assay), 6-well 
plates (Corning, 3516) (for western blotting) or glass bottom 
culture dishes (NEST, GBD-35-15) (for immunofluorescent 
staining) for 24 h. Knockdown of ATG5 was performed accord-
ing to the instructions provided by the manufacturers. Briefly, 
transfection regent LipofectamineTM RNAiMAX (Invitrogen, 
13778-075) and ATG5 siRNA or control siRNA was diluted in 
Opti-MEM reduced serum medium (Invitrogen, 31985-070), 
respectively. Then the diluted siRNA and transfection reagent 
was mixed thoroughly, followed by incubation at room tempera-
ture for 15 min. Cell culture medium was replaced with Opti-
MEM reduced serum medium and the siRNA mixture was 
added to each well at a final siRNA concentration of 20 nM. 
Six hours later, cells were cultured in normal medium contain-
ing 10% FBS. After being cultured for another 48 h, cells were 
treated with indicated doses of VPA or other reagents for cell 
proliferation assay or western blot analysis.

Protein extraction. Cells were washed thoroughly with ice-
cold PBS and lysed with 2× sodium dodecyl sulfate PAGE (SDS-
PAGE) loading buffer. Lysates were sonicated, boiled and clarified 
by centrifugation at 12,000× g for 20 min at 4°C. Protein con-
centration was measured by SDS-PAGE with a known sample 
determined by a BCA protein assay kit (Pierce, 23227) according 
to the manufacturer’s instructions. Samples were quickly frozen 
in liquid nitrogen and then stored at −70°C until use.

Sigma-Aldrich. Rapamycin was dissolved in dimethyl sulfoxide 
(DMSO) (Sigma, D4540) and kept at -20°C if necessary (but 
no more than 1 week). The final concentration of DMSO never 
exceeded 0.2%, which had no cytotoxicity in this study (data not 
shown). The catalog numbers of antibodies used in this study are 
listed as: Acetyl-histone H3 (Lys9) (9649), histone H3 (9717), 
BECN1 (3495), LC3B (3868), LC3A (4599), ATG3 (3415), 
ATG5 (8540), ATG7 (2631), ATG12 (4180), ATG16L1 (8089), 
SQSTM1 (5114, for western blot), SQSTM1 (7695, for immuno-
fluorescent analysis), and TUBB/β-tubulin (2128) (Cell Signaling 
Technology). ATG5 siRNA I (6345) and negative control siRNA 
(6568) were also obtained from Cell Signaling Technology.

Cell culture and treatment. Human prostate cancer DU145, 
PC-3 and LNCaP cell lines were obtained from the Cell Bank of 
the Chinese Academy of Sciences (Shanghai, China). DU145 and 
PC-3 Cells were maintained in DMEM (Invitrogen, C11995) 
supplemented with 10% fetal bovine serum (Gibco/Invitrogen, 
10099-141), 100 U/ml penicillin G and 100 μg/ml streptomy-
cin (Invitrogen, 15070-063) at 37°C in a humidified incubator 
with 5% CO

2
 and subcultured every 2–3 d. LNCaP cells were 

maintained in DMEM/F12 (Invitrogen, C11330) supplemented 
with 10% fetal bovine serum (FBS), 100 U/ml penicillin G and 
100 μg/ml streptomycin. Before LNCaP cells were seeded, the 
culture surface was precoated with poly-l-lysine (Sigma-Aldrich, 
P1274). In all experiments of this study, cells in log phase were 
subcultured for 24 h and the medium was replaced with fresh 
medium with or without reagents.

Cell proliferation assay. Cells were seeded in 96-well plates 
(3300 cells/well) for 24 h and then treated with indicated con-
centrations of reagents. Cell proliferation was determined using 
a CellTiter96 AQueous One Solution Cell Proliferation Assay 
(MTS) kit (Promega, G3580) as previously described.22 Briefly, 
20 μl of MTS reagent was added to each well and the plates 
were incubated for 2–4 h at 37°C. The absorbance at 490 nm 
was measured by a microplate reader (Model 680; Bio-Rad, 
Richmond, CA, USA), and the 50% inhibiting concentration 
(IC

50
) was determined from the dose-response curve.

Immunofluorescence microscopy. After incubation with 
indicated regents, cells were fixed in 4% paraformaldehyde 
prepared in phosphate-buffered saline (PBS), permeabilized 
with ice-cold 100% methanol, and immunostained with rab-
bit anti-LC3B antibody or anti-SQSTM1 antibody, followed 
by CF568-conjugated goat-anti-rabbit IgG (Biotium, 20103-1). 
Nuclei were revealed by Hoechst 33342 (Sigma, B2261) staining. 
Fluorescence images were observed and collected under a Leica 
DMIRB fluorescent microscope (Leica).

RNA isolation and cDNA synthesis. Total RNA samples 
were extracted from LNCaP, DU145 and PC-3 cells in logarithm 
using Trizol reagent (Invitrogen, 15596026) according to the 
manufacturer’s instruction. The total RNA products were imme-
diately transcribed into cDNA using a PrimeScript 1st strand 
cDNA synthesis kit (Takara, D6110A).

Cloning and sequencing of ATG5 and ATG16L1 genes. 
ATG5 and ATG16L1 sequences were amplified by polymerase 
chain reaction (PCR) using high-fidelity PrimeSTAR HS DNA 
polymerase (Takara, DR010A) according to the manufacturer’s 
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ANOVA followed by Newman-Keuls post-test were used to com-
pare between treatment groups and a p value < 0.05 was consid-
ered as significant.
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Western blotting. Samples containing 30 μg of total pro-
tein were separated by SDS-PAGE and transferred onto a 
PVDF membrane (Amersham, RPN303F). After incubation 
in blocking buffer (50 mM Tris-buffered saline (pH7.4) con-
taining 5% nonfat milk and 0.1% Tween-20), the membranes 
were probed with indicated antibodies, followed by a horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Jackson 
ImmunoResearch, 111-035-003) or goat anti-mouse IgG 
(Jackson ImmunoResearch, 115-035-003). Bands were revealed 
by a BeyoECL Plus kit (Beyotime, P0018) and recorded on X-ray 
films (Kodak, 6535873). The densitometry of each band was 
quantified by FluorChem 8000 (AlphaInnotech).

Statistical analysis. Data were collected from experiments 
repeated in triplicate except where indicated otherwise. Values 
were analyzed by Prism software 4.0 (GraphPad). One-way 
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