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Introduction

It has been observed that docosahexaenoic acid (DHA), a mem-
ber of the omega-3 family polyunsaturated fatty acids, causes 
cancer cell death and that apoptosis is the mechanism of DHA-
induced cytotoxicity in tumor cells.1-3

Autophagy or autophagic process is characterized by the 
sequestration of bulk cytoplasm and organelles in double- or 
multi-membrane autophagic vesicles and their subsequent deg-
radation by lysosomes for macromolecular synthesis and ATP 
generation.4 Autophagy is a dynamic process highly controlled 
by autophagy-related (ATG) genes which encode proteins neces-
sary for autophagosome formation, cargo degradation and reuse 
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of degraded materials contained in autophagosomes.5,6 Upstream 
of the ATGs, mammalian target of rapamycin (mTOR) kinase 
has the most potent impact on autophagy. It integrates and 
coordinates different sensory inputs from upstream pathways 
to regulate the autophagic process.6,7 Once mTOR is activated, 
it inhibits autophagy via phosphorylation of the Atg proteins.8 
Recently, it has been shown that AMP-activated protein kinase 
(AMPK) activation leads to autophagy through negative regu-
lation of mTOR and that many other factors involved in the 
autophagic process govern autophagy through AMPK/mTOR 
signaling.6,9-11 For example, the tumor suppressor protein p53 
was recently found to trigger autophagy by phosphorylation of 
AMPK at Thr172 and further inactivation of mTOR.12-15
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time-dependent accumulation of numerous lamellar structures 
with cytosolic autophagic vacuoles in SiHa cells starting at 6 h 
after treatment with 50 μM DHA (Fig. 1B).

Since autophagic vesicles also accumulate when autophagic 
vesicle turnover (autophagosome-lysosome fusion or/and down-
stream cargo degradation) is inefficient,21 we asked whether 
DHA might induce autophagic vacuolization by impairing auto-
phagic vesicle turnover. We therefore first assessed the mRNA 
level of LC3 (a reliable marker of autophagy induction) and the 
amount of p62 protein, which is associated with the completed 
autophagosomes and whose decrease reflects the lysosomal deg-
radation of autophagosomes6,21 in response to DHA. As shown 
in Figure 1C, LC3 mRNA expression was increased after treat-
ment with DHA and the increase was significant when com-
pared with the controls. In contrast, DHA induced a dose- and 
time-dependent reduction in the expression level of p62 (Fig. 
1D). These findings imply that autophagic vesicle turnover is 
not impaired by DHA treatment. To confirm this, we initially 
labeled the GFP-LC3 transfected cells with a pH-dependent dye 
that becomes fluorescent in acidic lysosomes,22 Lysotracker, to 
monitor autophagosome-lysosome fusion. Untreated SiHa cells 
demonstrated very few GFP-LC3 dots and Lysotracker-positive 
vesicles, whereas DHA-treated cells displayed a marked increase 
in the number of GFP-LC3 puncta and Lysotracker-positive ves-
icles (Fig. 1E). Importantly, we found that the colocalization of 
GFP-LC3 with Lysotracker markedly increased in DHA-treated 
cells (Fig. 1F), thus suggesting that the fusion between auto-
phagosomes and lysosomes is enhanced in response to DHA. To 
assess autophagic vesicle turnover more precisely, SiHa cells were 
treated with DHA in the presence of chloroquine (CQ), which 
inhibits autophagic cargo degradation and leads to the accumula-
tion of ineffective autophagosomes.22 CQ further promoted the 
DHA-triggered induction of LC3-II (Fig. 1G), in accordance 
with the idea that DHA stimulates autophagy without impair-
ing autophagic vesicle turnover. Together, these results strongly 
indicate that DHA-induced autophagic vacuolization is a conse-
quence of autophagic flux activation.

Decreased expression of p53 in response to DHA. Given 
that SiHa cells possess the wild-type tumor suppressor p53 and 
that recent reports have suggested the involvement of p53 in 
the autophagic pathway,14,23,24 we elucidated the underlying 
mechanism of DHA induced-autophagy by examining the lev-
els of p53 and LC3-II protein. In addition, cleaved poly(ADP-
ribose) polymerase (PARP), a widely used apoptotic marker,1 
was also examined to confirm the ability of DHA to induce 
apoptosis.

Protein gel blot assay revealed that DHA treatment caused 
dose- and time-dependent increases in LC3-II and cleaved PARP 
compared with control cells (Fig. 2A and B, left). These results 
are consistent with our previous finding that DHA induced 
not only apoptosis but also autophagy and suggest that DHA 
enhances apoptosis and autophagy simultaneously in SiHa cells. 
Along with the upregulation of autophagy as indicated by LC3-II 
accumulation, a dose-dependent decrease in p53 expression was 
noted after 24 h of DHA treatment (Fig. 2A). It was surprising, 
however, that in the time-course experiments, a transient increase 

Although autophagy is induced as a survival response to 
either growth factor or nutrient deprivation, it is also an impor-
tant mechanism of tumor cell death.5 One of the first lines of 
evidence suggesting the role of autophagy in cancer cell death 
comes from the study of Atg5, an ATG product required for 
autophagosome formation, which also provokes apoptotic cell 
death in cancer cells.16 Moreover, an increasing number of stud-
ies demonstrate that apoptosis and autophagy share some com-
mon signaling pathways and are mutually regulated.17 Although 
it is strongly believed that DHA kills tumor cells by apoptosis, 
the role of DHA in the induction of the autophagic pathway in 
cancer cells has not yet been examined. It is not known whether 
autophagy is induced in DHA-caused cancer cell death and, if 
so, how autophagy contributes to cell death. In the present study, 
we investigated the modes and molecular mechanisms of cell 
death that are involved in the cytotoxic effect of DHA on cancer 
cells. To the best of our knowledge, this study provides the first 
evidence that autophagy is induced in tumor cells treated with 
DHA. We showed that DHA treatment leads to autophagy via 
p53-mediated AMPK/mTOR signaling and that DHA-induced 
autophagy sensitizes tumor cells to apoptosis. Overall, our results 
develop a better understanding of a unique mechanism of the 
anticancer action of DHA.

Results

DHA induces caspase-3-mediated apoptosis as well as auto-
phagic activation in SiHa cells. Studies have shown that DHA 
induces apoptosis in cancer cells by activating both intrinsic and 
extrinsic apoptotic pathways.18 We confirmed the ability of DHA 
to induce apoptosis using SiHa cervical cancer cells. TUNEL 
(terminal deoxyribonucleotidyl transferase-mediated dUTP 
nick-end labeling) staining was performed to detect apoptotic 
nuclear DNA breaks in cells due to DHA treatment. As shown 
in Figure S1A, DHA treatment significantly increased the num-
ber of TUNEL-positive cells. Since caspase activity is necessary 
to induce apoptosis,19 using a fluorometric assay we assessed the 
activity of caspase-3, an executor caspase that is activated through 
both intrinsic and extrinsic pathways.20 DHA treatment induced 
dose- and time-dependent activation of caspase-3 in SiHa cells 
(Fig. S1B). Once the proapoptotic effect of DHA was estab-
lished, we quantified apoptosis by flow cytometry. There was at 
least a 10-fold increase in the number of apoptotic cells at 24 h 
after supplementation with 75 μM DHA in relation to control 
cells (Fig. S1C).

Recently, interesting functional links have been revealed 
between cell death and autophagy.5,17 To determine whether 
autophagy is involved in DHA-induced cell death, SiHa cells 
were transfected with green fluorescent protein-microtubule-
associated protein 1 light-chain 3 (GFP-LC3), a specific marker 
of autophagic vesicles and autophagic activity,4 and then treated 
with 50 μM DHA. After DHA treatment, the number of 
GFP-LC3 fluorescent dots dramatically increased (Fig. 1A), 
suggesting that autophagic vacuolization occurs in response to 
DHA treatment. To confirm this, transmission electron micros-
copy was used to visualize autophagic vacuoles. We observed a 
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and A549 cancer cells, which both express wild-type p53.23 DHA 
induced increases in GFP-LC3 dots in both MCF-7 and A549 
GFP-LC3-transfected cells (Fig. 2C). Importantly, protein gel 
blot analysis showed that DHA also increased LC3-II protein 
levels and diminished p53 expression in both cell lines (Fig. 2D). 
These results are in agreement with our previous observations 
in SiHa cells, indicating that p53 downregulation is involved in 
DHA-induced autophagy.

in p53 activity was detected at 8 h after treatment, which declined 
to a barely detectable level after 24 h (Fig. 2B and left). We per-
formed additional dose-response experiments and confirmed this 
upregulation of p53 at 8 h after DHA treatment (Fig. 2B and 
right), which is probably explained by nonspecific stress caused 
by DHA treatment.

To confirm our observation, we tested the degree of autophagy 
induction and p53 expression after DHA treatment in MCF-7 

Figure 1. Autophagy is induced in SiHa cells after treatment with DHA. (A) GFP-LC3 puncta induced by DHA. Top part, representative images of GFP-
LC3 staining in SiHa cells with or without 50 μM DHA treatment (scale bar, 10 μm); bottom part, the number of GFP-LC3 dots per transfected cells was 
quantified. Each bar represents the mean of 10 determinations repeated in three separate experiments. *p < 0.05. (B) Left, representative electron 
micrographs of cells incubated with 50 μM DHA for 0, 6, 12 or 24 h. Bottom part (e–h) is taken from the top part insets (a–d), respectively. Autophago-
some (ap) and late autophagic compartment (ac) including partially degraded material are visible in DHA-treated cells. N indicates nucleus; arrow 
indicates autophagosome including the lamellar structure. Also, note the presence of nuclear envelope blebbing (b–d) and the formation of nuclear 
fragments (h), which are characteristic features of cells undergoing apoptosis. Scale bar, 2 μm (a–d); 1 μm (e–h); right, morphometric analysis of au-
tophagic vacuoles per cell was performed. More than 20 cells were analyzed for each condition. (C) Expression of LC3 mRNA following DHA treatment. 
Time course (top part; 50 μM DHA) and dose course (bottom part; 6 h) of LC3 mRNA expression in response to DHA were examined by quantitative 
real-time PCR and RT-PCR analysis. Each bar represents the mean of four determinations repeated in two separate experiments. *p < 0.05. The insets 
shown are representative of three similar ones analyzed by agarose gel electrophoresis after RT-PCR. (D) DHA decreases p62 expression in a dose- (top 
part; 24 h) and time-dependent (bottom part; 50 μM DHA) manner as examined by protein gel blotting. (E) Representative images of Lysotracker Red 
staining in GFP-LC3-transfected SiHa cells with or without DHA treatment. SiHa cells were transfected with GFP-LC3 plasmids for 18 h and then incu-
bated for an additional 24 h with 50 μM DHA followed by Lysotracker Red (50 nM) staining before counterstaining with DAPI. Insets show the higher 
magnification view of the boxed area. Arrows point to ring-shaped autophagic vesicles that retain GFP staining and Lysotracker Red fluorescence 
(scale bar, 10 μm). (F) Colocalization of the autophagic marker GFP-LC3 and Lysotracker Red in SiHa cells treated without or with 50 μM DHA. The de-
gree of colocalization was determined by ImageJ software as described in the Materials and Methods. *p < 0.05. (G) SiHa cells treated with 50 μM DHA 
in the presence or absence of 5 μM CQ for 24 h were analyzed by protein gel blotting with antibodies against LC3 and actin.
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initiate autophagy and that p53 downregulation is responsible, at 
least partially if not completely, for DHA-induced autophagy in 
cancer cells harboring wild-type p53.

DHA induces autophagy through p53-mediated AMPK/
mTOR signaling. A pivotal role in the control of autophagy 
is played by mTOR, which integrates input information from 
multiple upstream signal transduction pathways and negatively 
regulates autophagy.6 More recently, AMPK, which is a protein 
complex that responds to change in cellular AMP/ATP ratios, 
was found to stimulate autophagy via inhibition of mTOR.11 
In addition, Tasdemir et al.14 have revealed that p53 mediates 
autophagy through an AMPK/mTOR-dependent pathway, lead-
ing us to hypothesize that AMPK/mTOR signaling would be 
involved in p53 loss and autophagy activation induced by DHA 
in cancer cells.

To test our hypothesis, alterations in AMPK/mTOR signaling 
molecules were first examined after p53 inactivation. As shown 
in Figure 4A, in both SiHa and A549 cells, after p53 inhibi-
tion with PFTα, AMPK and acetyl coA carboxylase (ACC), 
an AMPK substrate, were phosphorylated. The level of the 
cyclin-dependent kinase inhibitor p27, whose upregulation indi-
cates mTOR inhibition,26,27 was enhanced. We also performed 
immunofluorescence staining experiments to verify the associa-
tion between AMPK/mTOR signaling and p53-controlled auto-
phagy. After PFTα treatment, GFP-LC3-transfected SiHa cells 

p53 inactivation triggers autophagy and prevention of p53 
degradation attenuates DHA-induced autophagy. As DHA 
treatment downregulated p53, we investigated whether loss 
of p53 might cause DHA-induced autophagy using SiHa and 
MCF-7 cells. GFP-LC3-transfected cells showed a significant 
accumulation of GFP-LC3 puncta when p53 was inhibited with 
pifithrin-α (PFTα), a pharmacological p53 inhibitor25 (Fig. 3A 
and PFTα), or knocked down with a specific p53 microRNA 
(Fig. 3D and miR-p53). More importantly, p53 inhibition or 
knockdown followed by DHA treatment augmented the num-
ber of GFP-LC3 dots (Fig. 3A and PFTα + DHA and Fig. 3D, 
miR-p53 + DHA) and the level of LC3-II (Fig. 3B and C) com-
pared with that observed with DHA treatment alone, though the 
increase in the number of GFP-LC3 dots and LC3-II expression 
level was not remarkable, which indicates that autophagy may 
reach a maximal level and/or that p53 inhibition-mediated auto-
phagy induced by PFTα and DHA may act on a similar signaling. 
Next, since the p53 inactivation-triggered autophagy is mediated 
by proteasomes,14 to further address the issue of whether DHA-
induced autophagy is regulated through p53 downregulation, 
GFP-LC3-transfected SiHa cells were treated with DHA in the 
presence or absence of MG132, a protease inhibitor to prevent 
p53 degradation. As shown in Figure 3E, MG132 indeed signifi-
cantly inhibited the accumulation of GFP-LC3 puncta induced 
by DHA. Collectively, these results show that p53 loss is able to 

Figure 2. Decreased expression of p53 in response to DHA. (A) Protein gel blot analysis of the expression levels of p53, autophagic protein LC3, apop-
totic protein PARP and actin in SiHa cells treated with the indicated dose of DHA for 24 h. (B) Left, protein gel blot analysis of p53, LC3, PARP and actin 
in SiHa cells treated with 50 μM DHA for the indicated time periods; right, protein gel blot analysis of p53 in SiHa cells treated with the indicated dose 
of DHA for 8 h. (C) A549 and MCF-7 cells were transfected with GFP-LC3 plasmids for 18 h and then incubated with 50 μM DHA for another 24 h before 
analysis by fluorescence microscopy. Left, representative images of GFP-LC3 staining in A549 and MCF-7 cells with or without DHA treatment (scale 
bar, 10 μm); right, quantification of the number of GFP-LC3 dots per transfected cells. Each bar represents the mean of 10 determinations repeated in 
three separate experiments. *p < 0.05. (D) Protein gel blot analysis of p53, LC3, PARP and actin levels in A549 and MCF-7 cells treated with or without 
50 μM DHA for 24 h. The blots shown are representative of two independent experiments with similar results.
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and then subjected to DHA treatment. As shown in Figure 4D, 
DHA enhanced AMPK phosphorylation and attenuated mTOR 
activity, as indicated by p27 upregulation in the PFTα-primed 
cells as compared with that in the nonprimed cells. Similar 
results were also observed in A549 cell lines (Fig. S2B). Together 
with our above-mentioned observation that p53 regulated DHA-
induced autophagy (Fig. 3), these correlative data indicate that 
DHA shares the similar signaling with PFTα and induces auto-
phagy through p53-mediated AMPK/mTOR signaling.

Autophagy enhances DHA-induced apoptosis and inhibi-
tion of autophagy partially prevents DHA-induced apoptotic 
cell death. Taken together, the results showed that DHA trig-
gered apoptotic cell death and simultaneously activated the 
p53/AMPK/mTOR autophagic pathway in cancer cells. We 
were interested in investigating whether autophagy affected 
DHA-induced apoptotic cell death. Having found that p53 
inactivation led to autophagy, SiHa and A549 cells were first 
treated with DHA in the presence or absence of PFTα and the 
contribution of autophagy to the DHA-induced apoptosis was 
examined. Pharmacological inhibition of p53 with DHA treat-
ment resulted in a higher percentage of cells in the Sub G

1
 phase 

were stained with anti-phospho-AMPK or anti-p27 antibodies. 
Figure 4B clearly shows that the staining intensity of phospho-
AMPK and p27 increased and became more distinct within the 
nucleus of the autophagic cells that exhibited LC3 aggregation in 
response to p53 inhibitor. These results strongly suggest that p53 
also regulates autophagy via AMPK/mTOR signaling under our 
experimental conditions.

Accordingly, in view of our above findings, we sought to 
determine whether DHA treatment enhances AMPK activity, 
which in turn inhibits mTOR. As expected, SiHa cells treated 
with DHA exhibited increased phospho-AMPK and phospho-
ACC expression and upregulated p27 expression (Fig. 4C and 
left). Similarly, in A549 and MCF-7 cells, DHA treatment cor-
related with elevated AMPK activity and decreased mTOR activ-
ity (Fig. 4C and middle and right). This observation was also 
confirmed by the time-course experiments in A549 cells treated 
with DHA (Fig. S2A).

To obtain direct evidence for the interconnection between 
alterations in AMPK/mTOR signaling and the p53-mediated 
autophagic process in cells treated with DHA, SiHa cells were 
preincubated in the presence or absence of the p53 inhibitor PFTα 

Figure 3. p53 inhibition/knockdown triggers autophagy and prevention of p53 degradation attenuates DHA-induced autophagy. (A) SiHa cells were 
transfected with GFP-LC3 plasmids for 18 h, incubated for 2 h in the presence or absence of 20 μM PFTα, and then incubated for an additional 24 h 
with 50 μM DHA. Left, representative images of GFP-LC3 staining in SiHa cells (scale bar, 10 μm); right, the number of GFP-LC3 dots per transfected 
cells was scored after analysis by fluorescence microscopy. Each bar represents the mean of 10 determinations repeated in three separate experi-
ments. *p < 0.05. (B) SiHa cells were incubated for 2 h in the presence or absence 20 μM PFTα and then treated for 24 h with 50 μM DHA. After cell 
lysis, the levels of p53 and LC3 were analyzed by protein gel blotting. (C) p53 knockdown with the miR RNAi expression system. SiHa and MCF-7 cells 
were infected with adenovirus expressing microRNA negative control (miR-NC) or p53 microRNA (miR-p53) and then treated with 50 μM DHA. LC3 and 
p53 levels were analyzed by protein gel blot analysis. (D) SiHa and MCF-7 cells were first transfected with GFP-LC3 plasmids for 18 h and then infected 
with adenovirus harboring miR-NC or miR-p53, followed by 24 h incubation with 50 μM DHA. Left, representative images of GFP-LC3 staining in SiHa 
and MCF-7 cells with or without treatment (scale bar, 10 μm); right, number of GFP-LC3 dots per transfected cells. Each bar represents the mean of 10 
determinations repeated in three separate experiments. *p < 0.05. (E) SiHa cells were transfected with GFP-LC3 plasmids for 18 h and then incubated 
with 0.5 μM MG132 for 1 h before 50 μM DHA was added as described in the Materials and Methods. Left, representative images of GFP-LC3 staining 
in DHA-treated SiHa cells in the presence or absence of MG132 (scale bar, 10 μm); right, quantification of the number of GFP-LC3 dots per transfected 
cells. Each bar represents the mean of ten determinations repeated in three separate experiments. *p < 0.05.
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(Fig. S2D) and cleaved PARP formation (Fig. S2E) compared 
with that observed in A549 cells treated with DHA only. On the 
basis of these findings, we conclude that autophagic response 
promotes DHA-induced apoptosis.

To confirm the role of autophagy in DHA-induced apop-
totic cell death, apoptotic levels were measured in SiHa cells 
treated with DHA in the presence or absence of 3-methyladenine 
(3-MA), a widely used inhibitor of autophagy.28 Inhibition of 
autophagy by 3-MA partially blocked DHA-induced apoptosis, 
as determined by the decreased levels of caspase-3 activity (Fig. 
5E) and cleaved PARP (Fig. 5F) and the lower percentage of cells 
in the Sub G

1
 phase (Fig. 5G). Since 3-MA might induce nonspe-

cific effects, SiHa were also subjected to small interfering RNA 
(siRNA) specific for two essential genes for autophagy, ATG5 and 
ATG7,6 to determine the effect of autophagy inhibition on DHA-
induced apoptosis. While siATG5 or siATG7 had no major 
effects on cellular morphology and cleaved PARP formation after 

(Figs. 5A and S2C) and increased levels of caspase-3 activity 
(Fig. 5B) and cleaved PARP (Fig. 5C) compared with either 
treatment alone, suggesting that p53 loss-mediated autophagy 
contributes to apoptosis in cancer cells treated with DHA. To 
further ascertain this, SiHa cells were primed with MG132 to 
inhibit p53 loss-induced autophagy and the degree of apoptosis 
induced by DHA was determined by protein gel blot analysis. 
As shown in Figure 5D, MG132 remarkably attenuated DHA-
induced apoptosis, as evidenced by a clear reduction in cleaved 
PARP. In addition, as our results implicated p53/AMPK-
mediated mTOR inactivation as a mechanism underlying 
PFTα- and DHA-induced autophagy, one would expect that, 
by analogy with the effect of PFTα, mTOR inhibition would 
also strengthen DHA-induced apoptosis. Indeed, rapamycin, 
an mTOR inhibitor which is also widely used to induce auto-
phagy,21 significantly augmented DHA-triggered apoptotic cell 
death as indicated by an increase in the Sub G

1
 cell population 

Figure 4. DHA induces autophagy through p53-mediated AMPK/mTOR signaling. (A) Protein gel blot analysis of the AMPK/mTOR signaling molecules 
in SiHa and A549 cells in the presence or absence of PFTα. Phosphorylation of AMPK (P-AMPK) and ACC (P-ACC) and upregulated p27 expression were 
detected in cells exposed to 20 μM PFTα for 24 h, compared with that in the nontreated control cells. The blots depicted are representative of three in-
dependent experiments with similar results. (B) Left, representative images of immunofluorescence staining with anti-P-AMPK and anti-p27 antibod-
ies in GFP-LC3-transfected SiHa cells with or without p53 inhibitor treatment. SiHa cells were transiently transfected with GFP-LC3 plasmids prior to 
treatment with 20 μM PFTα for 24 h and then immunofluorescently stained as described in the Materials and Methods section (scale bar, 10 μm); right, 
relative fluorescent intensity analysis of P-AMPK and p27 staining in PFTα-treated SiHa cells compared with control cells, as described in Materials 
and Methods. (C) Elevated AMPK and blocked mTOR signaling in cancer cells treated with DHA. SiHa (left), A549 (middle) and MCF-7 (right) cells were 
treated with the indicated dose of DHA for 24 h before the protein lysates were normalized and immunoblotted with anti-AMPK, anti-P-AMPK, anti-P-
ACC and anti-p27 antibodies. (D) SiHa cells were incubated for 2 h in the presence or absence 20 μM PFTα and then treated for 24 h with 50 μM DHA. 
After cell lysis, the levels of AMPK/mTOR signaling molecules were analyzed by protein gel blotting. Actin levels were analyzed as a control for equal 
loading. Blots are representative of two independent experiments with similar results.
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that DHA also induces autophagy and this autophagic process 
contributes to the cytotoxic activity of DHA against wild-type 
p53 harbored cancer cells by enhancing apoptosis. As a pro-
cess of consuming cellular components and generating energy, 
autophagy engages in a complex interconnection with apoptosis 
according to the nature of stimulus and cell type. It suppresses 
apoptosis by eliminating damaged organelles under cellular stress 
response to cancer therapy, or it sensitizes cells to apoptosis, 
which is ATP-dependent, by acting as an energy source.29-32 We 
showed that autophagy and apoptosis occurred simultaneously 

transfection, they strongly reduced DHA-induced autophagy and 
apoptosis as assessed by the level of LC3-II and cleaved PARP 
(Fig. 5H and I), respectively. Thus, these findings reveal that 
autophagy inhibition diminishes the DHA-dependent induction 
of apoptotic cell death.

Discussion

DHA predominantly exerts its anticancer effect by triggering the 
apoptotic cell death process.1,18 Here, we report for the first time 

Figure 5. Autophagy enhances DHA-induced apoptosis and inhibition of autophagy partially prevents DHA-induced apoptotic cell death. (A–C) Induc-
tion of autophagy by PFTα enhances DHA-induced apoptosis. SiHa cells were incubated for 2 h with or without 20 μM PFTα before incubation for 24 h 
with 50 μM DHA. The percentage of cells in the Sub G1 phase (A) and caspase-3 activity (B) were measured as described in the Materials and Methods 
section. Each bar represents the mean of more than four determinations repeated in three separate experiments. *p < 0.05. The levels of PARP, LC3 and 
actin were assessed by protein gel blotting (C). (D) Inhibition of autophagy by MG132 attenuates DHA-induced apoptosis. SiHa cells were incubated for 
1 h with or without 0.5 μM MG132 before incubation for 24 h with 50 μM DHA. The levels of PARP, p53 and actin were assessed by protein gel blotting. 
(E–G) Inhibition of autophagy by 3-MA prevents DHA-induced apoptosis. SiHa cells were pretreated with 10 mM 3-MA for 1 h and then incubated with 
75 μM DHA for 5 h. Caspase-3 activity (E) and the percentage of Sub G1 fraction (G) were analyzed as described in the Materials and Methods section. 
Each bar represents the mean of more than four determinations repeated in three separate experiments. *p < 0.05. The levels of PARP, LC3 and actin 
were assessed with a protein gel blot assay (F). (H) SiHa cells were seeded in six-well plates. After 24 h, the cells were treated with nontargeting control 
siRNA (siNC), ATG5 siRNA (siATG5) and ATG7 siRNA (siATG7). At 36 h after transfection, ATG5 and ATG7 mRNA expression levels were examined by RT-
PCR analysis. The data shown are representative of three similar ones analyzed by agarose gel electrophoresis after RT-PCR. (I) SiHa cells were seeded 
in six-well plates. After 24 h, the cells were treated with siNC, siATG5 and siATG7. At 36 h after transfection, cells were treated for 24 h with 50 μM DHA. 
Light microscope images were captured (left) and cells were harvested and protein gel analysis was performed using the following antibodies: PARP, 
LC3 and actin as a loading control (right). The data shown are representative of two independent experiments with similar results.
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phenomenon, since p53 knockdown fails to enhance autophagy 
in skeletal muscle cells.14,24 One possible explanation for this is 
the different genetic background of the cell models. Likewise, 
considering that the DHA-induced autophagy is mediated by 
p53 and that some cancer cells are p53 deficient/mutant, it is rea-
sonable to assume that the p53-mediated autophagy induced by 
DHA is dependent on cell type as well. Indeed, when we treated 
PC3 (p53 null) and DU145 (p53 mutant) prostate cancer cells23 
with DHA, an increase in LC3-II was also detected (Fig. S3A). 
In addition, PFTα pretreatment neither influenced the basal level 
of LC3-II nor the increased LC3-II level induced by DHA in 
both cell lines (Fig. S3B). These results indicate that p53 loss-
mediated autophagy induced by DHA is relatively important and 
not essential in some cell types and that besides the p53 pathway, 
DHA may also trigger autophagy through other mechanisms. 
However, although p53 is not required for autophagy induction, 
cancer cells harboring wild-type p53 may have an advantage to 
undergo autophagy via p53 inactivation after DHA treatment 
and in p53 deficient/mutant cells, DHA may still be able to 
induce autophagy by directly targeting downstream signaling 
events involved in p53-regulated autophagy, such as mTOR. The 
evidence supporting this hypothesis is that DHA, a highly poly-
unsaturated fatty acid susceptible to peroxidation, can accumu-
late ROS in cancer cells1,18 and ROS has been shown to induce 
autophagy by inhibiting mTOR directly.6,36 It is possible that 
DHA may induce autophagy through inhibiting mTOR directly 
by producing ROS in p53 deficient/mutant cells. Studies are cur-
rently underway to test this hypothesis.

The signaling by which p53 induces autophagy has been sug-
gested to be a direct action of mTOR through AMPK activa-
tion.14,15,37 As a central signal integrator, mTOR receives signals 
arising from nutrients, growth factors and many cellular kinases 
including AMPK.26 Phosphorylation of AMPK activates down-
stream signaling that leads to mTOR inhibition and triggers 
autophagy,38 which is consistent with the AMPK function of ini-
tiating catabolic processes.11 Our data are in line with a recent 
finding by Tasdemir and colleagues14 that inactivation of p53 
inhibits mTOR activity via AMPK activation. Additionally, we 
showed that treatment with the combination of p53 inhibitor and 
DHA had a stronger effect on the activation of AMPK/mTOR 
signaling than treatment with either drug alone, indicating that 
p53/AMPK/mTOR signaling is involved in DHA-induced auto-
phagy. It is worth noting that, downstream of mTOR, p27 was 
assessed to indicate mTOR activity, since mTOR phosphoryla-
tion does not imply its activation.26 p27 inhibits cyclin-depen-
dent kinase, resulting in cell cycle arrest.39 It has also been shown 
that p27 is sufficient to induce autophagy.40 Therefore, our obser-
vation of a marked increase in p27 in cells treated with DHA 
suggests that p27 may somewhat correlate with the autophagic 
activation governed by p53 loss. This is supported by the fact that 
p27 arrests cell cycle in the G

1
 and S phase41 and that p53 loss 

induces autophagy in a cell cycle-dependent fashion, with a pref-
erence for the G

1
 and S phases.42 Since both p27 and ATGs are 

located downstream of mTOR,26 it is possible that the autophagy 
and the cell cycle arrest induced by p53 attenuation in cancer 
cells treated with DHA occur in parallel via mTOR inactivation. 

and acted cooperatively to induce cell death in DHA-treated can-
cer cells, as DHA treatment increased both LC3-II and cleaved 
PARP in dose- and time-dependent manners (Fig. 2A and B, 
left). In addition, the fact that morphological features of both 
autophagy and apoptosis were observed in the same cells treated 
with DHA (Fig. 1B) confirms the above results.

The finding that DHA induces both autophagy and apoptosis 
prompted us to closely investigate the interconnection between 
these two cellular processes. The evidence that further autophagy 
induction promoted apoptosis in cells treated with DHA (Figs. 
5A–C and S2C) indicates that autophagy contributes to the 
apoptosis caused by DHA. In this respect, autophagy seems to 
facilitate the occurrence of apoptosis. This notion is supported by 
the observation that autophagy inhibition by MG132, 3-MA or 
ATG siRNA decreased cell sensitivity to DHA-mediated apopto-
sis (Fig. 5D–I). Furthermore, the form of cell death initiated by 
autophagy (autophagic cell death) is caspase independent.33 In 
our system, we observed significant changes in caspase-3 activ-
ity in cells preincubated with autophagy inducer or inhibitor 
(Fig. 5B and E) and subsequently treated with DHA, which also 
implies that autophagy, rather than directly causing cell death, 
assists DHA-induced apoptotic cell death. Indeed, it has been 
reported that autophagy can function upstream of apoptosis 
and participate in the process of membrane blebbing, one of the 
characteristics of apoptotic cell death, by maintaining cellular 
ATP levels.32,34,35 Whether this is the role played by autophagy 
in DHA-induced apoptosis needs to be addressed by further 
investigation. Additionally, although further autophagy induc-
tion by PFTα and rapamycin resulted in a statistically significant 
enhancement of apoptosis in DHA-treated cells, the increase was 
modest, which is not unexpected since these autophagic inducers 
share the same signaling with DHA to trigger autophagy and, 
compared with DHA, they have less potent effect on autopha-
gic induction. Meanwhile, it is also worth noting that autophagy 
inhibition and knockdown failed to completely block apoptosis 
in cancer cells treated with DHA, suggesting that DHA-induced 
apoptosis is not exclusively based on mTOR-mediated autoph-
gay activation and that other signaling pathways may participate 
in the apoptotic process caused by DHA treatment. At least the 
mechanisms involving accumulation of reactive oxygen species 
(ROS) and β-catenin have been reported.1-3

Another question we addressed in this study is the mecha-
nism underlying DHA-induced autophagy. Prompted by the 
observation of p53 loss in cancer cells treated with DHA (Fig. 
2), we further evaluated the specific involvement of p53 in the 
autophagic process induced by DHA. Based on the finding that 
p53 inhibition or knockdown led to autophagy and prevention 
of p53 degradation decreased DHA-induced autophagy (Fig. 3), 
we therefore propose that p53 may regulate the onset of auto-
phagy induced by DHA in tumor cells harboring wild-type 
p53. Although p53 is best known as a transcriptional factor that 
controls cell cycle and apoptosis, increasing evidence suggests 
that p53 inactivation also triggers autophagy in normal cells, 
transformed cells and cancer cells.13,14 Despite obtaining simi-
lar results in our experimental systems (SiHa, A549 and MCF-7 
cancer cells), the effect of p53 on autophagy is not a general 
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Protein gel blot analysis. Protein gel blot analysis was done as 
described previously in reference 43. Briefly, cell lysates (15–30 
μg) were separated by 8–12% sodium dodecyl sulfate-PAGE 
and electroblotted onto a polyvinylidene difluoride membrane 
(Millipore, ISEQ00010). The blots were blocked in 5% (w/v) 
skimmed-milk protein and incubated with a 1:2,000 dilution 
of primary antibodies overnight at 4°C, followed by incubation 
with goat anti-rabbit or anti-mouse peroxidase-conjugated sec-
ondary antibody. The blots were then visualized by enhanced 
chemiluminescence (Millipore, WBKLS0100).

Electron microscopy. Cells were harvested, pelleted, fixed 
in 2.5% glutaraldehyde (MP Biomedicals, 195199) in PBS for 
24 h at 4°C, post-fixed in 1% osmium tetroxide (Sigma, 75632) 
and 0.5% potassium ferricyanide (Electron Microscopy Sciences, 
20150) in cacodylate buffer (Electron Microscopy Sciences, 
11650) for 1 h, and then embedded in straight resin (Agar 
Scientific, R1045). The solidified blocks were cut into 60-nm-
thick sections, which were stained with uranyl acetate (Agar 
Scientific, R1260A) and lead citrate (Agar Scientific, R1210) 
and then examined under a Zeiss EM 900 transmission electron 
microscope (Carl Zeiss).

Transfection and transduction. Transient transfection was 
performed with GFP-LC3 expression vector (a kind gift from Dr. 
Tamotsu Yoshimori, National Institute of Genetics, Mishima, 
Japan), using Lipofectamine 2000 reagent (Invitrogen, 11668-
019) as recommended by the vendor. After 18 h of transfection, 
cells were subjected to different treatments. For knockdown 

Nevertheless, considering that only p27 was used to reflect 
mTOR activity, we could not exclude the possibility that 
p27 activation may also account for a substantial portion 
of autophagy induced by DHA.

Collectively, this study highlights the significance 
of autophagy in DHA-induced cancer cell death. DHA 
initially triggers a p53-mediated autophagic process via 
AMPK/mTOR signaling and the DHA-induced auto-
phagy, alongside other signaling sensitizes tumor cells to 
apoptosis (Fig. 6). Our finding that DHA-induced auto-
phagy contributes to cancer cell death may have important 
implications in developing future strategies to use DHA in 
cancer prevention and therapy.

Materials and Methods

Cells and cell culture. Human cervical cancer SiHa cells, 
human lung cancer A549 cells and human breast cancer 
MCF-7 cells were purchased from American Type Culture 
Collection (HTB-35, CCL-185 and HTB-22). Cells 
were maintained in Dulbecco’s modified Eagle’s medium 
(GIBCO, 31600-034) supplemented with 10% heat-inac-
tivated fetal bovine serum (GIBCO, 10082147), penicil-
lin and streptomycin (GIBCO, 15140-122). The cells were 
cultured in a humidified 5% CO

2
 atmosphere at 37°C.

Chemical treatment and antibodies. DHA (Cayman 
Chemical, 90310) dissolved in absolute ethanol (MERCK, 
1009831011), PFTα (Sigma, P4359) dissolved in dimethyl 
sulfoxide (DMSO, Sigma, D2650), CQ (Sigma, C6228) 
dissolved in phosphate-buffered saline (PBS, Sigma, D8537), 
rapamycin (Tocris, 1292) dissolved in DMSO, MG132 (Tocris, 
1748) dissolved in DMSO and 3-MA (Sigma, M9281) dissolved 
in PBS were added to the medium to final concentrations as 
described in each experiment. Cells grown to 60% confluency 
were switched to serum-free medium and the culture was allowed 
to expand for 24 h before giving any treatment. For PFTα plus 
DHA treatment, cells were first incubated with 20 μM PFTα 
for 2 h; then DHA was added and the cells were incubated for 
24 h. For 3-MA plus DHA treatment, cells were pretreated with 
10 mM 3-MA for 1 h in Hanks’ balanced salt solution (Sigma, 
H8264) and then incubated with DHA for 5 h. For MG132 
plus DHA treatment, cells were first incubated with 0.5 μM 
MG132 for 1 h; then DHA was added and the cells were incu-
bated for 24 h. To label lysosomes, cells were treated with 50 μM 
DHA for 24 h followed by Lysotracker Red DND-99 (50 nM, 
Molecular Probes, L-7528) staining according to the manufac-
turer’s instructions.

The antibodies used and their sources are as follows. LC3B, 
phospho-ACC (Ser79), AMPK and phospho-AMPK (Thr172) 
(Cell Signaling Technology, 2775, 3661, 2532 and 2535); anti-
p53 (DO-1) (sc-126), anti-p27 (C-19) (sc-528) and anti-PARP 
(F-2) (sc-8007) (Santa Cruz Biotechnology); anti-actin (A5441) 
and anti-p62 (P0067) (Sigma); goat anti-rabbit (401315) and 
goat anti-mouse (401215) secondary antibodies (Calbiochem) 
and secondary antibodies conjugated with Texas red (goat anti-
rabbit) (Santa Cruz Biotechnology, sc-2708).

Figure 6. Proposed mechanism of DHA-induced autophagy and apoptosis 
in human cancer cells harboring wild-type p53. DHA-induced autophagic 
activation is mediated by the p53/AMPK/mTOR pathway and contributes to 
apoptotic cell death. DHA causes the phosphorylation of AMPK at Thr172 and 
activates AMPK by decreasing the expression of the tumor suppressor protein 
p53. This leads to inhibition of mTOR signaling, which negatively regulates 
autophagy, a process defined by the sequestration of bulk cytoplasm and 
organelles in autophagosomes and their subsequent lysosomal degradation. 
This p53-controlled autophagy induced by DHA decreases the viability of 
cancer cells harboring wild-type p53 by promoting apoptosis. Of note, other 
signaling cascades may also contribute to the apoptosis induced by DHA.
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The primers used to amplify the LC3, ATG5 and ATG7 genes 
are 5'-ATG CCG TCG GAG AAG ACC TT-3' (forward) and 
5'-TTA CAC TGA CAA TTT CAT CCC G-3' (reverse), 5'-CCT 
GAC CAG AAA CAC TTC GCT G-3' (forward) and 5'-TGG 
AGG AAA GCA GAG GTG ATG C-3' (reverse), 5'-GTC GTC 
TTC CTA TTG ATG GAC ACC-3' (forward) and 5'-CAA 
AGC AGC ATT GAT GAC CAG C-3' (reverse), respectively. 
The expression levels of the LC3, ATG5 and ATG7 genes were 
normalized against the expression levels of the housekeeping gene 
gapdh.

Immunocytochemistry. After treatment, SiHa cells were fixed 
in 4% paraformaldehyde (Fisher, NC9245948), blocked with 1% 
bovine serum albumin (Bovogen, BSAL0.1) in PBS, stained with 
rabbit anti-p27 (1:300) or rabbit anti-phospho-AMPK (1:500) 
primary antibodies, visualized using an anti-rabbit IgG conju-
gated with Texas red and counterstained with DAPI. These fluo-
rescently stained cells were then observed under a fluorescence 
microscope as previously described using DP Controller software 
(Olympus) for image acquisition. Final images were a noncon-
trast-adjusted merge of two or three channels. At least 15 fields 
from each coverslip were examined and more than two experi-
ments were performed for each condition. To determine the 
percentage of colocalization, untransfected cells in each image 
were masked using ImageJ software prior to analysis. Then, the 
regions of interest within images from three experiments were 
automatically analyzed with ImageJ Colocalization Plugin and 
at least 50 cells were analyzed for each condition. For fluorescent 
intensity analysis, the average fluorescent intensity was quantified 
with ImageJ software to correct for the differences in cell number 
followed by the relative fluorescent intensity calculation.

Statistical analysis. Multiple comparisons were analyzed 
using one-way analysis of variance and individual differences 
then tested by the Fisher’s protected least-significant difference 
test after demonstrating the existence of significant intergroup 
difference by one-way analysis of variance. Two-group compari-
sons were performed using Student’s t-test. Results are shown as 
mean ± SD values, with a minimum of two separate experiments 
for each issue addressed. p values of less than 0.05 were consid-
ered significant.
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experiments using microRNA, adenoviruses containing a 
microRNA expression cassette for p53, prepared with the 
BLOCK-iT miR RNAi expression system (a gift from professor 
Chang Deok Kim, Department of Dermatology and Research 
Institute for Medical Sciences, College of Medicine, Chungnam 
National University, Korea), were employed to infect the cells. 
After 12 h, the cells were treated with either PFTα or DHA, or 
both. The sequence used to knock down p53 is 5'-CGA TAT 
TGA ACA ATG GTT CAC TGA A-3'. For knockdown experi-
ments using siRNA (Invitrogen), 100 nM siRNA was transfected 
into cells using Lipofectamine 2000 reagent for 36 h before cells 
were subjected to 50 μM DHA treatment for another 24 h. 
siRNA against the following human genes were used: ATG5 (5'-
AUC CCA UCC AGA GUU GCU UGU GAU C-3') and ATG7 
(5'-CCA AGG AUG GUG AAC CUC AGU GAA U-3').

Apoptosis assays. For the TUNEL assay, SiHa cells 
plated on glass coverslips were grown for 24 h and then incu-
bated with or without 50 μM DHA for 24 h; the cells were 
stained using the DeadEndTM Fluorometric TUNEL System 
(Promega, G3250), according to the manufacturer’s instruc-
tions. Apoptosis was determined as the percentage of positive 
cells per 1,000 4',6-diamidino-2-phenylindole (DAPI, Roche, 
10236276001)-stained nuclei. These glass coverslips were then 
visualized under a fluorescence microscope (Olympus iX70). 
For the caspase-3 activity assay, protein lysates (15–30 μg) were 
added to a 200 μM reaction mixture containing 50 μmol/L 
fluorogenic Asp-Glu-Val-Asp (DEVD) substrate (Fluorogenic, 
C-1133) and the mixture was incubated for 1–4 h at 37°C as 
described previously in reference 44. Caspase-3 activity was 
obtained by measuring the fluorescence emission in a fluorom-
eter (Fluoroscan Ascent Labsystems). For the flow cytometry 
assay, both floating and attached cells were collected after drug 
treatment, washed in PBS, fixed with 70% ethanol for 24 h, 
treated with 500 μg/mL RNase A (Sigma, R4642) and then 
stained with 50 μg/mL propidium iodide (PI, Sigma, P4170) 
for 10 min at 37°C. DNA staining with PI was analyzed with a 
FACSCalibur flow cytometer (BD Biosciences).

RT-PCR and quantitative real-time PCR. Total RNA was 
isolated with Trizol reagent (Invitrogen, 10296-010) and 1 μg of 
the total RNA was reverse-transcribed into cDNA with M-MLV 
reverse transcriptase (ElpisBio, EBT-1501) in the presence of 
anchored oligo (dT) (ElpisBio, EBT-1523). For PCR, 1 μL of the 
cDNA was used for each 20 μL of HiPi PCR PreMix reaction 
system (ElpisBio, EBT-1202) for the amplification of different 
genes, following the instructions of the manufacturer. Varying 
cycles of PCR were performed to determine the linear ranges 
of PCR products. PCR products were analyzed by electropho-
resis on a 2% agarose gel (Genosapiens, 21500) with ethidium 
bromide staining and photographed under UV transillumina-
tion (Spectroline). Real-time PCR was performed in triplicate 
with SYBR Green master mix (Invitrogen, 4367659) for 15 min 
at 95°C for initial denaturation, followed by 40 cycles of seg-
ments of 95°C for 30 sec and 60°C for 30 sec in the 7000 Applied 
Biosystems Sequence Detection System (Applied Biosystems). 
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