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Phosphorylated AKT inhibits the apoptosis induced by
DRAM-mediated mitophagy in hepatocellular
carcinoma by preventing the translocation of DRAM to
mitochondria

K Liu1,2,3, Y Shi1,2,3, XH Guo1,2, YB Ouyang1,2, SS Wang1,2, DJ Liu1,2, AN Wang1,2, N Li*,2 and DX Chen*,1

Increasing autophagy is beneficial for curing hepatocellular carcinoma (HCC). Damage-regulated autophagy modulator (DRAM)
was recently reported to induce apoptosis by mediating autophagy. However, the effects of DRAM-mediated autophagy on
apoptosis in HCC cells remain unclear. In this study, normal hepatocytes (7702) and HCC cell lines (HepG2, Hep3B and Huh7)
were starved for 48 h. Starvation induced apoptosis and autophagy in all cell lines. We determined that starvation also induced
DRAM expression and DRAM-mediated autophagy in both normal hepatocytes and HCC cells. However, DRAM-mediated
autophagy was involved in apoptosis in normal hepatocytes but not in HCC cells, suggesting that DRAM-mediated autophagy
fails to induce apoptosis in hepatoma in response to starvation. Immunoblot and immunofluorescence assays demonstrated that
DRAM translocated to mitochondria and induced mitophagy, which led to apoptosis in 7702 cells. In HCC cells, starvation also
activated the phosphatidylinositol 3-kinase (PI3K)/AKT pathway, which blocks the translocation of DRAM to mitochondria
through the binding of p-AKT to DRAM in the cytoplasm. Inactivation of the PI3K/AKT pathway rescued DRAM translocation to
mitochondria; subsequently, mitochondrial DRAM induced apoptosis in HCC cells by mediating mitophagy. Our findings open
new avenues for the investigation of the mechanisms of DRAM-mediated autophagy and suggest that promoting DRAM-
mediated autophagy together with PI3K/AKT inhibition might be more effective for autophagy-based therapy in hepatoma.
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Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide and the third most common cause of cancer
deaths.1 HCC is a common malignant tumor and causes over
100 000 HCC deaths per year in China.2 Recently, studies
have indicated that increasing autophagy is beneficial for
curing HCC.3–6 Although under conditions ofmetabolic stress,
induction of autophagy can provide nutrients and energy
required for cell viability.7,8 Autophagy has emerged as a key
regulator of death pathways.9–11 The mechanisms of auto-
phagy-dependent cell death might be partially associated with
the activation of caspase-dependent pathways.9,12 Moreover,
we recently reported that the induction of damage-regulated
autophagy modulator (DRAM)-mediated autophagy induces
apoptotic cell death in hepatoma cells.13

p53 has been reported to induce DRAM-mediated auto-
phagy, which is a pro-apoptotic factor.14 p73 has also been
identified to induce DRAM expression when p53 is deficient;
however, p73-induced DRAM is not involved in the induction
of autophagy and apoptosis.15 DRAM contains a putative
signal peptide for targeting to the endoplasmic reticulum (ER)
and six hydrophobic potential transmembrane regions.14

DRAM can localize to many different subcellular sites.16

Although the relationship between DRAM function and
subcellular localization remains unclear, our previous study
suggests that mitochondrial DRAM induces apoptosis in
hepatoma cells by mediating mitophagy.13 However, the
effect of inducing DRAM-mediated autophagy in cancer cells
has not been well studied until now.
A clear link has been established between the

phosphatidylinositol 3-kinase (PI3K)/AKT pathway and the
pathogenesis of HCC.17,18 PI3Ks primarily phosphorylate
phosphatidylinositol-4,5-bisphosphate, generating the lipid
second messenger phosphatidylinositol-3,4,5-trisphosphate
(PIP3).

19 AKT, a key factor in the PI3K pathway, can be
recruited to the membrane via binding to PIP3 through its
pleckstrin homology domains and is fully activated following
phosphorylation.20 Activation of AKT can predict poor
prognosis in HCC.21 Constitutive activation of the PI3K/AKT
signaling pathway often causes cells to proliferate in an
uncontrolled manner. The anti-apoptotic activity caused by
AKT activation has been suggested to depend on its
translocation from the cytosol to the mitochondria, where it
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inhibits opening of the permeability transition pore to maintain
mitochondrial integrity.22

In this study, we used a normal liver cell line (7702) and
three HCC cell lines (HepG2, Hep3B and Huh7) to detect the
effect of DRAM-mediated autophagy on apoptosis induced by
serum deprivation. We also assessed whether DRAM-
mediated autophagy and the PI3K/AKT pathway engage in
crosstalk that affects apoptosis.

Results

Autophagy is involved in starvation-induced apoptosis
in 7702 cells but not HCC cell lines. A normal liver cell line
(7702 (wild-type p53)) and HCC cell lines (HepG2 (wild-type
p53), Hep3B (p53 null) and Huh7 (p53 A220G)) were grown in
serum-free medium for 48 h. Using M30 immunoreactivity
and calcein AM/propidium iodide (PI) to detect early and late
apoptosis, we observed that starvation-induced apoptosis in
all cell lines (Figures 1a and b). Moreover, starvation induced
higher levels of apoptosis in 7702 cells than in HepG2,
Hep3B and Huh7 cells (Figures 1a and b). Immunoblot and
flow cytometry assays also showed that the level of
apoptosis was higher in 7702 than in three HCC cell lines
in response to starvation (Figure 1c and Supplementary
Figure 1a). The apoptosis level of HepG2, Hep3B and Huh7
cells was not significantly different in response to starvation
(Figures 1a–c and Supplementary Figure 1a). Serum
deprivation also induced autophagy in all cell lines
(Figure 1c); however, inhibition of autophagy via Bafilomycin
A1 (BafA 1) or NH4Cl decreased the apoptosis of 7702 cells
but not the three HCC cell lines (Figures 1d–g and
Supplementary Figures 1b–d). Thus, starvation-induced
autophagy induces apoptosis, which causes 7702 cells to
become more sensitive to apoptosis.

DRAM-mediated autophagy is a critical inducer of
apoptosis in 7702 cells but not in HepG2, Hep3B or
Huh7 cells in response to starvation. Crighton et al.14 and
our previous study have demonstrated that DRAM-mediated
autophagy induces apoptosis.13 In this study, we observed
that DRAM mRNA and protein levels were increased in 7702
and the three HCC cell lines in response to starvation
(Figures 2a and b). All cell lines were transfected with
GFP-microtubule-associated protein light chain 3 (LC3)
plasmids, and an immunofluorescence assay determined
that starvation induced the development of GFP-LC3 puncta
(Figure 2c). In addition, siRNA-mediated knockdown of
DRAM significantly reduced the ratio of GFP-LC3 puncta-
positive cells (Figures 2c and d). An immunoblot assay also
showed that siRNA-mediated DRAM knockdown reduced the
level of autophagy (Figure 3a). DRAM siRNA effectively
knocked down DRAM expression in all cell lines (Figure 2e),
and control siRNA had no effect on starvation-induced
autophagy (Figures 2c and d). Thus, our data suggest that
DRAM is involved in starvation-induced autophagy in normal
hepatocytes and HCC cells. Moreover, immunoblot and
immunofluorescence assays showed that knockdown of
DRAM via siRNA reduced apoptosis in 7702 cells but not
in the three HCC cell lines in response to starvation
(Figures 3a–c). Taken together, these data reveal that

DRAM-mediated autophagy contributes to starvation-induced
apoptosis in normal hepatocytes, but not in HCC cells.

p53 has a critical role in inducing DRAM-mediated
autophagy in 7702 and HepG2 cells in response to
starvation. DRAM-mediated autophagy is induced in both
7702 and HepG2 cells, which are both wild-type for p53. p53
knockdown by siRNA completely blocked DRAM expression
and significantly reduced the level of autophagy (Figure 4a);
p53 siRNA treatment did not affect the expression of p73
(data not shown), which highlights the key role of wild-type
p53 in inducing DRAM-mediated autophagy in 7702 and
HepG2 cells in response to starvation. In 7702 cells,
siRNA-induced knockdown of DRAM significantly reduced
starvation-induced apoptosis; the effect of siRNA knockdown
of both p53 and DRAM was equivalent to the effect of siRNA
knockdown of p53 alone with respect to apoptosis reduction,
suggesting that DRAM-mediated autophagic apoptosis is a
downstream effect of activated p53 in 7702 cells (Figure 4b).
In HepG2 cells, siRNA-induced p53 knockdown almost
completely blocked starvation-induced apoptosis; however,
DRAM knockdown by siRNA did not affect starvation-
induced apoptosis, suggesting that the apoptosis-inducing
role of p53 is not impaired in hepatoma cells with wild-type
p53, although p53-induced DRAM cannot induce apoptosis
by mediating autophagy.

p73 has a critical role in starvation-induced DRAM-
mediated autophagy in Hep3B (p53 null) and Huh7
(p53A220G) cells. In Hep3B cells with null p53 and Huh7
cells with an A220G mutation in p53, we determined that
starvation induced p73 expression (Figure 2b). p73 knock-
down using siRNA completely blocked DRAM expression
and significantly decreased starvation-induced autophagy,
suggesting that DRAM-mediated autophagy can be induced
in a p73-dependent manner in Hep3B and Huh7 cells
(Figure 5a). p73 is a member of the p53 family and shares
a similar structure with p53, and we determined that p73
expression contributed to apoptosis in Hep3B and Huh7 cells
(Figure 5b). However, DRAM siRNA did not affect the level of
apoptosis in Hep3B and Huh7 cells in response to starvation
(Figure 5b). These results suggest that the apoptosis-
inducing role of p73 is not impaired in Hep3B or Huh7 cells;
however, p73-induced DRAM cannot induce apoptosis by
mediating autophagy.

Although p53 overexpression induces DRAM-mediated
autophagy, the autophagy mediated by DRAM does not
induce apoptosis in Hep3B or Huh7 cells. It has been
reported that p73-dependent DRAM expression does not
induce apoptosis,15 and our previous results also showed
that p73-dependent DRAM-mediated autophagy was not
involved in apoptosis. We investigated whether p53
overexpression following infection with rAd-p53 induced
DRAM-mediated autophagic apoptosis in Hep3B and Huh7
cells. Our results revealed that p53 overexpression in these
cells induced DRAM expression and DRAM-mediated
autophagy in a p73-independent manner (Figures 5c
and d). p53 overexpression induced apoptosis in Hep3B
and Huh7 cells (Figures 5c and e and Supplementary
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Figures 2a and b); however, p53 overexpression-induced
DRAM did not induce autophagic apoptosis (Figure 5e and
Supplementary Figures 2c and d). As expected, rAd-p53
infection induced apoptosis in Hep3B and Huh7 cells,
suggesting that p53 also has a role in inducing apoptosis
(Figures 5c and e). Together with our previous results, these
data demonstrate that the failure of DRAM-mediated
autophagy to induce apoptosis in the three HCC cell lines
is not caused by impairment in p53 or p73 function.

The starvation-activated PI3K/AKT pathway inhibits the
induction of apoptosis by DRAM-mediated autophagy in
HCC cell lines but not in 7702 cells. The PI3K/AKT
signaling pathway is constitutively activated in HCC cells and
other cancer cells.19 Using immunoblot assays, we observed
that starvation induced the phosphorylation of PI3K and AKT
in the three HCC cell lines but not in 7702 cells (Figure 6a).
Inhibition of the PI3K/AKT pathway via PI3K siRNA
significantly increased apoptosis in the three HCC cell lines

Figure 1 Starvation-induced autophagy involves apoptosis in 7702 cells but not in three HCC cell lines. The 7702 (wild-type p53) and HCC cell lines (HepG2 (wild-type
p53), Hep3B (p53 null) and Huh7 (p53 A220G)) were starved (sta) for 48 h with or without pre-treatment with BafA 1 to inhibit autophagy. (a) M30 immunoreactivity and calcein
AM/PI assays were used to detect apoptosis in all cell lines in response to starvation. M30 and PI staining (red) indicated early and late apoptotic cell death, respectively. Nuclei
were stained with DAPI. Representative images of cells were obtained with a fluorescence microscope at � 40 magnification. (b) Quantitation of M30-positive and PI-positive
cells observed in (a). (c) Autophagy and apoptosis were detected in cells in response to starvation for 48 h via immunoblot analysis with the indicated antibodies (anti-LC3 and
p62 antibodies for detecting autophagy; anti-PARP antibody for detecting apoptosis). (d and e) An immunoblot assay was used to detect the effect of autophagy inhibition via
BafA 1 on starvation-induced apoptosis in cells. (f and g) Quantification of M30-positive and PI-positive cells starved for 48 h with or without autophagy inhibition using BafA 1.
The data are presented as the mean±S.D. of three independent experiments in (b), (f) and (g)
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but not in 7702 cells (Figure 6b). As activated PI3K/AKT
consistently generates survival signals and protects cancer
cells from apoptosis,19 we attempted to determine whether
activation of the PI3K/AKT pathway could inhibit the effect of
DRAM-mediated autophagy on the induction of apoptosis in
the three HCC cell lines. Immunoblot analysis showed that
blocking the PI3K/AKT pathway with PI3K siRNA or
LY294002 did not affect the autophagy level or the
expression of p53, p73 or DRAM in the three HCC cell lines
(Figure 6c and Supplementary Figure 3). Interestingly,
co-transfection of both PI3K and DRAM siRNAs into the
three HCC cell lines significantly decreased apoptosis
compared with transfection of DRAM siRNA alone
(Figure 6d). Moreover, our results revealed that the
increased level of apoptosis in the three HCC cell lines

treated with PI3K siRNA is almost identical to the level of
apoptosis in 7702 cells following starvation (Figure 6e).
Taken together, our results suggest that activation of
PI3K/AKT inhibits the induction of apoptosis triggered by
DRAM-mediated autophagy but does not inhibit p53/p73-
regulated DRAM.

Starvation-induced DRAM cannot translocate to
mitochondria to induce mitophagy in HCC cell lines. Our
previous study demonstrated that mitochondrial DRAM can
induce mitophagy, which then induces apoptosis.13 In this
study, an immunoblot assay showed that starvation-induced
DRAM and LC3 II accumulated in the extracted cytoplasm of
7702, HepG2, Hep3B and Huh7 cells; however, mitochon-
drial DRAM and LC3 II were detected in 7702 cells but not in

Figure 2 Starvation induces DRAM-mediated autophagy in 7702, HepG2, Hep3B and Huh7 cells. (a and b) The 7702, HepG2, Hep3B and Huh7 cell lines were starved for
48 h, and real-time PCR (a) and immunoblot (b) assays were used to detect DRAM expression. The immunoblot assay was also used to detect the expression of p53, p73 and
LC3I/II (b). (c) The 7702, HepG2, Hep3B and Huh7 cell lines were starved (sta) for 48 h with or without pre-transfection with DRAM siRNA (DRAM si) or control siRNA (control
si). Confocal microscopy was used to detect the formation of GFP-LC3 puncta. Magnification, � 40. (d) Quantification of cells with 45 GFP-LC3 puncta. (a and d) The data
are presented as the mean±S.D. of three independent experiments. (e) The effect of DRAM siRNA on DRAM expression in cells with or without starvation for 48 h was
determined using an immunoblot assay

p-AKT inhibits apoptosis via binding DRAM in HCC
K Liu et al

4

Cell Death and Disease



the three HCC cell lines (Figures 7a and b). Moreover, we
determined that both DRAM and GFP-LC3 puncta coloca-
lized with HSP60 in 7702 cells in response to starvation using
a confocal assay (Supplementary Figures 4 and 5). In the
three HCC cell lines, neither DRAM nor GFP-LC3 puncta
was colocalized with HSP60 in mitochondria (Supplementary
Figures 4 and 5). These data suggest that starvation-induced
DRAM could translocate to mitochondria and induce mito-
phagy in normal hepatocytes; however, in HCC cells, DRAM
failed to induce mitophagy by localizing to mitochondria.

Phosphorylated AKT inhibits the localization of DRAM
to mitochondria, thereby inhibiting DRAM-mediated
mitophagy in HCC cells. Here, using an anti-DRAM
antibody to immunoprecipitate DRAM, we identified an
interaction between p-AKT and DRAM in cytoplasm
extracted from the three HCC cell lines following starvation

(Figures 7c and d). An immunofluorescence assay also
demonstrated that DRAM colocalized with p-AKT in the
cytoplasm of the three HCC cell lines (Figure 7e). Moreover,
we identified that PI3K knockdown using siRNA or LY294002
induced the appearance of DRAM and LC3 I/II in the
mitochondria of the three HCC cell lines (Figure 7a and
Supplementary Figure 6a). An immunofluorescence assay
also revealed that inhibition of PI3K/AKT using LY294002
could induce the colocalization of either DRAM or GFP-LC3
puncta with HSP60, suggesting that activation of the
PI3K/AKT pathway blocks the translocation of DRAM to
mitochondria to induce mitophagy (Supplementary Figures
6b and c). As LY294002 treatment inhibited the PI3K/AKT
pathway, we did not observe the colocalization of p-AKT and
DRAM in the cytoplasm of the three HCC cell lines (data not
shown). Taken together, our results suggest that in normal
hepatoma cells, starvation-induced DRAM can induce

Figure 3 DRAM-mediated autophagy in response to starvation induces apoptosis only in 7702 cells and not in three HCC cell lines. The 7702, HepG2, Hep3B and Huh7
cell lines were transfected with DRAM siRNA (DRAM si) and were then starved (sta) for 48 h. (a) An immunoblot assay was used to detect LC3 I/II and cleaved PARP fragment
(p85). (b and c) Quantification of starvation-induced M30-positive and PI-positive cells with or without DRAM knockdown using DRAM si. The data are presented as the
mean±S.D. of three independent experiments

Figure 4 p53 is critical for the induction of DRAM-mediated autophagy in 7702 and HepG2 cells expressing wild-type p53. (a) The 7702 and HepG2 cell lines were
transfected with p53 siRNA (p53 si) and were then starved (sta) for 48 h. An immunoblot assay was used to detect the effect of p53 knockdown by p53 si on the expression of
DRAM, LC3 I/II, p62 and the cleaved PARP fragment (p85). (b) The 7702 and HepG2 cell lines were transfected with DRAM siRNA (DRAM si) or p53 si, or co-transfected with
DRAM si and p53 si and were then starved for 48 h. M30 immunoreactivity (red) was used to detect the effect of siRNA-induced DRAM or p53 knockdown or co-knockdown of
DRAM and p53 on apoptosis. Representative immunofluorescence images of cells were obtained with a fluorescence microscope at � 40 magnification. Nuclei were stained
with DAPI
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apoptosis by translocating to mitochondria to induce mito-
phagy; however, in hepatoma cells starvation-induced p-AKT
binds DRAM and sequesters it in the cytoplasm, thereby
inhibiting the induction of apoptosis caused by DRAM-
mediated mitophagy (Figure 7f).

Discussion

In this study, we determined that the effect of DRAM-mediated
mitophagy on apoptosis is inhibited by activation of the
PI3K/AKT signaling pathway in hepatoma cells in response to
starvation. We believe that the finding that p-AKT binding to
DRAM retards the translocation of DRAM tomitochondria is of
considerable importance, as it links DRAM-mediated auto-
phagic apoptosis to the PI3K/AKT pathway in hepatoma.
A clear relationship between the PI3K pathway and

hepatoma has been found in many studies.23 Definitive
evidence for the oncogenicity of PI3K was provided by the

isolation of a constitutively active p110 isoform from the
genome of the oncogenic avian retrovirus ASV16.24 PI3K can
also be activated by several oncogenic growth factor
receptors, such as platelet-derived growth factor and epidermal
growth factor receptors, which highlights the participation of
this pathway in the transduction of cancer-relevant cues.25,26

As a key factor in the PI3K pathway, AKT is also linked to
HCC. A recent study reported that the activation of AKT can
predict poor prognosis in HCC.21

Our study further highlights the important role of AKT in
hepatoma, as p-AKT inhibited the translocation of DRAM to
mitochondria. Many previous studies have demonstrated that
AKT can bind certain signaling proteins and translocate to
many subcellular sites to regulate signaling pathways.27

In fact, we determined that starvation-induced p-AKT can
translocate to mitochondria in HCC cells (Figure 7a). AKT can
translocate from the cytosol to mitochondria, where it inhibits
the opening of the permeability transition pore to maintain

Figure 5 Both starvation-induced p73 and rAd-p53-induced p53 overexpression can induce DRAM-mediated autophagy in Hep3B and Huh7 cells. (a) Hep3B and Huh7
cells were transfected with p73 siRNA (p73 si) and were then starved (sta) for 48 h. An immunoblot assay was used to detect the effect of p73 knockdown by siRNA on the
expression of DRAM, LC3 I/II, p62 and cleaved PARP fragment (p85). (b) Hep3B and Huh7 cells were transfected with DRAM siRNA (DRAM si) or p73 si, or co-transfected
with DRAM si and p73 si; the cells were then starved for 48 h. Starvation-induced M30-positive cells were quantified. The data are presented as the mean±S.D. of three
independent experiments. (c) Hep3B and Huh7 cells were infected with rAd-p53 and were then starved for 48 h. An immunoblot assay was used to detect the effect of p53
overexpression on the expression of p73, DRAM, LC3 I/II and cleaved PARP fragment (p85). (d) Hep3B and Huh7 cells were infected with rAd-p53 with or without
pre-treatment with DRAM siRNA and subsequently starved for 48 h. An immunoblot assay was used to detect the effect of DRAM knockdown via siRNA on autophagy.
(e) rAd-p53-infected Hep3B and Huh7 cells were pre-treated with DRAM siRNA and were then starved for 48 h. M30 immunoreactivity (red) was used to detect the effect of
siRNA-mediated DRAM knockdown on p53 overexpression-induced apoptosis. Nuclei were stained with DAPI. Representative immunofluorescence images of cells were
obtained with a fluorescence microscope at � 40 magnification
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mitochondrial integrity. Thus, AKT has an anti-apoptotic
role,28 as impaired mitochondrial integrity is an inducer of
apoptosis.29 On the basis of our results, we hypothesize that
both the p-AKT-induced prevention of DRAM translocation to
mitochondria and the translocation of p-AKT to mitochondria
partially contribute to the inhibitory effect of PI3K/AKT on
apoptosis.
The effects of autophagy on hepatoma have been demon-

strated in many studies. Mice with a heterozygous disruption
of beclin-1 have a high frequency of spontaneous hepatoma.3

Expression of several autophagic genes (Atg5, Atg7 and
Beclin-1) and their corresponding autophagic activity is
decreased in HCC cell lines compared with that in normal
hepatocytes.4 Moreover, therapeutic approaches aiming at
increasing the autophagy level have been successfully tested
in vitro and/or in mice.5,6 Our previous study suggested that
DRAM-mediated autophagy induces apoptosis in hepatoma
cells.13 This study further revealed that activated PI3K/AKT
can inhibit the induction of apoptosis by DRAM, suggesting
that promoting DRAM-mediated autophagy together with the
use of a PI3K/AKT inhibitor might be more effective for curing

hepatoma. Moreover, this study also suggests that
DRAM-mediated autophagy might be regulated by many
signaling pathways, such as the PI3K/AKT pathway; however,
further studies are needed to elucidate these complicated
regulatory networks.
A previous study reported that DRAM can induce

mitophagy based on detection of the mitophagy marker
BNIP3.30 Later, we identified DRAM and LC3 I/II in extracted
mitochondria, which suggests that DRAM translocates to
mitochondria.13 A previous study used an immunofluores-
cence assay to detect mitophagy.31 In this study, we used the
same method to determine that DRAM and GFP-LC3 puncta
colocalize with the mitochondrial marker HSP60. Taken
together, these results suggest that mitochondrial DRAM
can regulate mitochondria function. In fact, Salem et al.30

have demonstrated that DRAM overexpression can affect the
function of mitochondria. However, the means by which
DRAM regulates mitophagy and mitochondrial function
remains unclear. In addition to mitochondrial DRAM, DRAM
also translocates to other organelles, including peroxisomes,
lysosomes, the ER and autophagosomes.16 In these

Figure 6 Activation of the PI3K/AKT signaling pathway inhibits the effect of DRAM-mediated autophagy on apoptosis in HCC cell lines. (a) An immunoblot assay was used
to detect the activation of the PI3K/AKT pathway in 7702, HepG2, Hep3B and Huh7 cells starved (sta) for 48 h. (b) Cells were starved for 48 h with or without pre-treatment by
transfection with PI3K siRNA (PI3K si). The ratio of apoptotic cells was determined by quantification of M30-positive cells. (c) An immunoblot assay was used to detect the
effect of siRNA-induced PI3K knockdown on the expression of p53, p73, DRAM and LC3 I/II. (d) HepG2, Hep3B and Huh7 cells were transfected with DRAM siRNA (DRAM si)
or co-transfected with DRAM and PI3K siRNAs; the cells were then starved for 48 h. The ratio of apoptotic cells was determined by quantification of M30-positive cells. (e) Cells
were starved for 48 h with or without pre-transfection with PI3K si. The ratio of apoptotic cells was determined by quantification of M30-positive cells. The data are presented as
the mean±S.D. of three independent experiments in (b), (d) and (e)
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organelles, although the effects of DRAM on autophagy,
apoptosis and cell survival or death are still unclear, DRAM
can localize to multiple organelles, suggesting that the
function of DRAM is rather complicated. Thus, additional

studies are needed to elucidate the role of DRAM in cell fate in
response to stimuli.
Overall, our results partially explain why promoting

autophagy is effective for curing hepatoma. Our results

Figure 7 Phosphorylated AKT binds DRAM and prevents it from translocating to mitochondria in three HCC cell lines. (a) HepG2, Hep3B and Huh7 cells were starved (sta)
for 48 h with or without pre-transfection with PI3K siRNA (PI3K si). The cytoplasm (C) and mitochondria (M) were extracted using Percoll gradient centrifugation. The levels of
DRAM, LC3 I/II and p-AKT were evaluated by immunoblot assay. (b) 7702 cells were starved for 48 h, and an immunoblot assay was used to evaluate the levels of DRAM and
LC3 I/II in the extracted cytoplasm and mitochondria. Anti-VDAC and anti-b-actin antibodies were used as controls for the extracted mitochondria and cytoplasm in (a) and (b).
(c and d) p-AKT binds to DRAM in the cytoplasm but not in the mitochondria of HCC cells after starvation treatment for 48 h. HepG2, Hep3B (c) and Huh7 (d) cells were
starved for 48 h, and the mitochondria and cytoplasm were extracted using Percoll gradient centrifugation. An anti-DRAM antibody was used to immunoprecipitate DRAM in
the extracted mitochondria and cytoplasm. Total cell lysates were used as input or were immunoprecipitated with control IgG as indicated. DRAM and p-AKT were then
analyzed by immunoblot assay using anti-DRAM and p-AKT antibodies. (e) Confocal microscopy was used to detect DRAM (green) and p-AKT (red) colocalization, as shown
by the yellow sites in the cytoplasm of HepG2, Hep3B and Huh7 cells, in response to starvation for 48 h. DAPI was used to stain nuclei. Magnification, � 1000. (f) The diagram
summarizes the interactions between DRAM-mediated mitophagy and the PI3K/AKT pathway in normal hepatocytes (blue) and HCC cells (red) (details are provided in the
Results section)
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also open new avenues for investigation into the mechanisms
of autophagy-based therapy in hepatocellular cancer.

Materials and Methods
Cell culture and treatment. A human normal liver cell line (7702 (wild-type
p53)) and human HCC cell lines (HepG2 (wild-type p53), Hep3B (p53 null) and
Huh7 (p53A220G)) were grown in Dulbecco’s modified Eagle’s medium or in
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum. The cells were seeded in 6- or 24-well plates and incubated in
serum-deprived medium for 48 h. The cells were then transfected with plasmids
encoding GFP-LC3 or siRNAs targeting DRAM and class I PI3K (the sequences of
DRAM and class I PI3K siRNAs were obtained from references Crighton et al.14

and Nobukuni et al.32, respectively) using Fugene HD (Promega, Madison, WI,
USA). BafA 1 (10 nM, Sigma Inc., St. Louis, MO, USA) and NH4Cl (10 mM, Sigma
Inc.) were used to inhibit the autophagy flux. Cells were pre-treated with LY294002
(100mM, Cell Signaling Inc., Beverly, MA, USA) for 2 h to inhibit PI3K activity; the
medium was then replaced with normal culture medium for the following
experiments.

Immunoblot assay. Cell lysates were subjected to western blot analysis as
previously described.33 Briefly, total cellular lysates were separated on 10–15%
SDS-PAGE gels, and the separated proteins were then transferred to a PVDF
membrane. The protein blots were blocked with 5% milk and probed sequentially
with specific primary antibodies and horseradish peroxidase-conjugated secondary
antibodies. The detection of specific proteins on the blots was achieved with
enhanced chemiluminescence (Pierce SuperSignal, Thermo Fisher Scientific Inc.,
Rockford, IL, USA), and images were captured on X-ray films. The primary
antibodies were obtained from Abcam Inc. (Cambridge, MA, USA) (rabbit anti-
DRAM polyclonal antibody (cat. no. ab68987)), Santa Cruz Inc. (Dallas, TX, USA)
(goat anti-VDAC polyclonal antibody (N-18) and mouse anti-b-actin monoclonal
antibody (C-2)), Cell Signaling Inc. (mouse anti-AKT monoclonal antibody (11E7),
rabbit anti-p-AKT monoclonal antibody (D9E), rabbit anti-PI3K monoclonal
antibody (C73F8) and rabbit anti-p-PI3K polyclonal antibody (cat. no. 4228)),
Novus Biologicals Inc. (Littleton, CO, USA) (mouse anti-p62 monoclonal antibody
(2C11)), Sigma Inc. (rabbit anti-LC3 polyclonal antibody (cat. no. L8918))
and Trevigen Inc USA. (Gaithersburg, MD, USA) (mouse anti-PARP monoclonal
antibody (C2–10)).

Fluorescence microscopy and confocal assay. Frozen cells were
fixed with 10% paraformaldehyde/PBS, incubated in 1% Triton X-100/PBS for
5 min, blocked with 3% BSA/PBS and probed with primary antibody. Alexa Fluor
488- or 594-conjugated secondary antibodies were used to amplify the signal.
DAPI was used to stain nuclei. M30 immunoreactivity and calcein AM/PI were
used to detect early and late apoptosis. Quantitative apoptosis analysis was
performed by counting 41000 cells in each sample. The primary antibodies were
obtained from Santa Cruz Inc. (mouse anti-DRAM monoclonal antibody
(M3-P4B4)), Abcam Inc. (goat anti-HSP60 polyclonal antibody (cat. no.
ab109873)) and Cell Signaling Inc. (rabbit anti-p-AKT monoclonal antibody
(D9E)). The M30 mouse antibody was produced by our laboratory and was used
to detect cleaved keratin 18 in early apoptotic cells. Confocal microscopy was
used to detect mitochondrial DRAM and mitophagy based on the colocalization of
DRAM or GFP-LC3 puncta with HSP60.31

Flow cytometry. The cells were fixed and stained with PI and analyzed on a
Becton Dickinson FACScan (San Jose, CA, USA) as described previously.34

The percentage of cells with sub-G1 DNA content was used as a measure
of apoptotic rate.

Real-time PCR. The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to
isolate total RNA. Reverse transcription was performed using the SuperScript II
First-Strand Synthesis System for RT-PCR (Invitrogen) to synthesize first-strand
cDNA. SYBR green was used to detect dsDNA product during the real-time PCR
reaction. The mRNA content was normalized to the housekeeping gene b-actin.13

The specific primer sequences used for real-time PCR were as follows: for DRAM,
50-TCAAATATCACCATTGATTTCTGT-30 (forward) and 50-GCCACATACGGATG
GTCATCTCTG-30 (reverse) (the sequences of DRAM primers were obtained from
reference Crighton et al.14); for b-actin, 50-GCCCTGAGGCACTCTTCCA-30

(forward) and 50-CGGATGTCCACGTCACACTT-30 (reverse).

Extraction of mitochondria and cytoplasm. The cytoplasm and
mitochondria were isolated using Percoll gradient centrifugation based on previous
methods.35 Briefly, the cells were Dounce homogenized on ice in M-SHE buffer
(0.21 mol/l mannitol, 0.07 mol/l sucrose, 10 mmol/l HEPES-KOH (pH 7.4), 1 mmol/l
EDTA, 1 mmol/l EGTA, 0.15 mmol/l spermine, 0.75 mmol/l spermidine and 1 mmol/
l DTT) with freshly added protease inhibitors (1 mg/ml leupeptin, aprotinin,
pepstatin A and 1 mmol/l phenylmethylsulfonyl fluoride). The nuclei were pelleted
at 1200� g, and the supernatant was centrifuged at 10 000� g for 15 min at 4 1C
to pellet mitochondria. After the 10 000� g centrifugation step, the cytoplasmic
fraction remained in the supernatant. The mitochondrial pellets were resuspended
in 3% Ficoll 400/0.5� M-SHE buffer, layered over 6% Ficoll 400/1� M-SHE
buffer and centrifuged at 10 400� g for 25 min at 4 1C. The pellets were
resuspended in M-SHE-0.3 mg/ml digitonin buffer at 4 1C for 15 min, centrifuged
again at 10 500� g for 15 min and subsequently washed once in M-SHE buffer.
Extracts prepared by solubilizing mitochondria for 30 min on ice in lysis buffer
(20 mmol/l HEPES (pH 7.4), 400 mmol/l KCL, 1 mmol/l EDTA, 5% glycerol, 0.5%
Triton X-100, 2 mmol/l DTT and fresh protease inhibitors). Lysates were clarified
by centrifugation at 16 000� g at 4 1C for 1 h, concentrated to 10 mg/ml protein
and stored at � 80 1C or used immediately.

Immunoprecipitation assay. Cell lysates, extracted mitochondria and
cytoplasm were pre-cleared with protein A/G PLUS-agarose beads (Santa Cruz
Inc.) and were incubated with mouse anti-DRAM monoclonal antibody (M3-P4B4)
(Santa Cruz Inc.) at 4 1C overnight. Immunocomplexes were separated by
incubation with protein A/G agarose beads and were resolved by SDS-PAGE.
Immunoblot assay was performed with rabbit anti-p-AKT monoclonal antibody
(D9E) (Cell Signaling Inc.) and rabbit anti-DRAM polyclonal antibody (Abcam Inc.,
cat. no. ab68987).

Statistical analysis. All data are the result of at least three independent
experiments and are expressed as the mean±S.D. The differences between
groups were compared using Student’s t-test. Differences were considered
significant at confidence levels of Po0.05, Po0.01 and Po0.001.
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