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CHOPmediates ASPP2-induced autophagic apoptosis
in hepatoma cells by releasing Beclin-1 from Bcl-2 and
inducing nuclear translocation of Bcl-2

K Liu1,2,3, Y Shi1,2,3, X Guo1,2, S Wang1,2, Y Ouyang1,2, M Hao1, D Liu1,2, L Qiao1,2, N Li1, J Zheng*,1 and D Chen*,1,2

Apoptosis-stimulating protein of p53-2 (ASPP2) induces apoptosis by promoting the expression of pro-apoptotic genes via

binding to p53 or p73; however, the exact mechanisms by which ASPP2 induces apoptotic death in hepatoma cells are still

unclear. Here, we show that the transient overexpression of ASPP2 induces autophagic apoptosis in hepatoma cells by

promoting p53- or p73-independent C/EBP homologous protein (CHOP) expression. CHOP expression decreases the expression

of Bcl-2; this change releases Beclin-1 from cytoplasmic Bcl-2-Beclin-1 complexes and allows it to initiate autophagy. However,

transient overexpression of Beclin-1 can induce autophagy but not apoptosis. Our results show that ASPP2 induces the

expression of damage-regulated autophagy modulator (DRAM), another critical factor that cooperates with free Beclin-1 to

induce autophagic apoptosis. The effect of CHOP on the translocation and sequestration of Bcl-2 in the nucleus, which requires

the binding of Bcl-2 to ASPP2, is also critical for ASPP2-induced autophagic apoptosis. Although the role of nuclear ASPP2–Bcl-2

complexes is still unclear, our results suggest that nuclear ASPP2 can prevent the translocation of the remaining Bcl-2 to the

cytoplasm by binding to Bcl-2 in a CHOP-dependent manner, and this effect also contributes to Beclin-1-initiated autophagy.

Thus, CHOP is critical for mediating ASPP2-induced autophagic apoptosis by decreasing Bcl-2 expression and maintaining

nuclear ASPP2–Bcl-2 complexes. Our results, which define a mechanism whereby ASPP2 overexpression induces autophagic

apoptosis, open a new avenue for promoting autophagy in treatments to cure hepatocellular carcinoma.
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Apoptosis-stimulating protein of p53-2 (ASPP2) belongs to

the evolutionarily conserved ASPP family. Members of this

family are characterized by the presence of ankyrin repeats,

an SH3 domain, and a protein-rich region.1,2 ASPP2 was

previously identified as an interacting partner for several

proteins, for example, Bcl-2 and p53.3 ASPP2 binds to p53

through its C terminus to stimulate the transactivation function

of p53 on the promoters of pro-apoptotic genes, such as

the genes encoding Bax, PIG3 and PUMA. ASPP2 is a

haploinsufficient tumor suppressor; ASPP2þ /� mice are

prone to developing cancer.4 Recently, ASPP2 has been

reported to bind RAS and to regulate autophagy by binding

Atg5 via its N terminus.5,6

Autophagy is an evolutionarily conserved pathway for

maintaining cellular homeostasis through the targeting of

proteins and organelles to lysosomes for degradation.7 Upon

induction, a small vesicular sac elongates and subsequently

encloses a portion of the cytoplasm, forming a double-

membrane structure known as an autophagosome. The

autophagosome then fuses with a lysosome to form an

autolysosome in which the enclosed materials are degraded.8

The release of Beclin-1 from Bcl-2–Beclin-1 complexes is

critical for inducing autophagy as free Beclin-1 is needed to

interact with VPS34 and initiate autophagosome formation.9

Therapeutic approaches for hepatocellular carcinoma (HCC)

that aim to increase the amount of autophagy have been

successfully tested in vitro and in vivo.10 Furthermore, mice

with heterozygous disruption of Beclin-1 have a high

frequency of spontaneous HCC.11 These data suggest that

maintaining and increasing autophagy is beneficial for

preventing and curing HCC.

The transcription factor C/EBP homologous protein

(CHOP) regulates certain aspects of the cellular response

to stress.12,13CHOP has been implicated in the regulation of

energy metabolism, cellular proliferation and differentiation

and the expression of cell type-specific genes.14 CHOP

expression is low in non-stressed conditions but is markedly

increased in response to ER stress, amino-acid starvation

and adipocytic differentiation.15–17 The overexpression of

CHOP promotes apoptosis in several cell lines.18 CHOP

reduces the expression of Bcl-2, an antiapoptotic factor that

prevents the translocation of Bax to the mitochondria, which

results in the induction of apoptosis.16 Bcl-2 is known to

interact with Beclin-1, an initiator of autophagy.9 Autophagy

is also regarded as an inducer of apoptosis, and a previous

study reported that damage-regulated autophagy modulator

(DRAM) expression is critical for inducing autophagic

apoptosis.8
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The relationship between autophagy and apoptosis is still

unclear, and the detailed mechanisms of ASPP2 function in

autophagy and apoptosis have not been fully elucidated. In

this study, we observed that transient overexpression of

ASPP2 induces CHOP-mediated autophagic apoptosis in

hepatoma cells.

Results

ASPP2 overexpression induces CHOP in a p53- or

p73-independent manner; however, CHOP is still

involved in ASPP2 overexpression-induced apoptosis

in hepatoma cells. HCC cell lines (Hep1-6, HepG2,

Hep3B and Huh7) were transfected with a plasmid

expressing ASPP2 for 24 h. We used immunofluorescence

to observe that ASPP2 overexpression induced the

expression of CHOP (Figures 1a and b, Supplementary

Figure 1a). ASPP2 overexpression-induced CHOP was

located mostly in the nucleus (Figure 1a). The vector did

not induce CHOP expression in every hepatoma cell line

(data not shown). The results of immunoblotting, M30

immunofluorescence and flow cytometry showed that

ASPP2 overexpression promoted apoptosis in all cell lines

(Figures 1c–e and Supplementary Figures 1b and f). An

MTT assay further showed that ASPP2 overexpression

promoted cell death in all cell lines (Supplementary

Figure 1c). Thus, ASPP2 overexpression induces apoptotic

cell death in hepatoma cells.

Figure 1 ASPP2 overexpression induces p53-independent CHOP-mediated apoptosis in Hep1-6 cells. Hep1-6 cells were transfected with a plasmid encoding ASPP2
(ASPP2 Pl) for 24 h. (a) Immunofluorescence detection of the expression of ASPP2 and CHOP. Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI). Magnification,
� 400. (b) Quantification of cells positive for CHOP expression as seen in a. Data are shown as the mean±S.E.M. of three independent experiments. (c) Immunoblot assay
was used to evaluate the level of CHOP and cleaved PARP fragment (p85) in Hep1-6 cells using the indicated antibodies. (d) Immunofluorescence detection of M30-positive
Hep1-6 cells. Nuclei were stained with DAPI. (e) Quantification of M30-positive cells as seen in d. Data are shown as the mean±S.E.M. of three independent experiments.
(f) Immunoblot assay was used to detect the effect of CHOP knockdown via siRNA (CHOP si) on apoptosis in Hep1-6 cells using the indicated antibodies (top panel). The ratio
of p85 to b-actin was calculated from densitometry scanning data. Data are shown as the mean±S.E.M. of three independent experiments (bottom panel). (g) Immunoblot
assay was used to detect the effect of p53 knockdown via siRNA (p53 si) on CHOP expression and apoptosis in Hep1-6 cells using the indicated antibodies
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The inhibition of CHOP expression via siRNA decreased

the level of cleaved PARP fragment (p85) in Hep1-6, HepG2

and Hep3B cells, suggesting that ASPP2 overexpression can

induce apoptosis in HCC by promoting CHOP expression

(Figure 1f, Supplementary Figures 1d and f). We used p53

siRNA to inhibit p53 expression and observed that p53

knockdown failed to downregulate CHOP expression in

Hep1-6 (Figure 1g) and HepG2 cells (Supplementary

Figure 1e). We also failed to detect that p73 could mediate

CHOP expression in Hep3B and Huh7 cells transfected with

the ASPP2 plasmid (Figure 6b and Supplementary Figure 1f).

However, knockdown of p53 in Hep1-6 and HepG2 cells or

knockdown of p73 in Hep3B and Huh7 cells decreased

ASPP2 overexpression-induced apoptosis (Figures 1g and

6b, Supplementary Figures 1e and f). Thus, although ASPP2

overexpression induces CHOP expression in a p53- or

p73-independent manner, CHOP is still involved in

ASPP2-induced p53- or p73-mediated apoptosis.

ASPP2-induced CHOP mediates autophagic apoptosis

in hepatoma cells. Bcl-2 is a classic antiapoptotic factor in

cells. Previous studies have shown that CHOP can down-

regulate the level of Bcl-2 expression.19 In this study, ASPP2

overexpression decreased the levels of Bcl-2 mRNA and

protein in Hep1-6 cells (Figures 2a and b). Bcl-2 is also

reported to inhibit autophagy via binding to Beclin-1. Here,

we failed to detect that ASPP2 overexpression significantly

affected the levels of Beclin-1 mRNA and protein in Hep1-6

cells (Figures 2a and b). However, ASPP2 overexpression

increased LC3 II expression, upregulated the ratio of LC3 II/I

and decreased p62 level in Hep1-6 cells (Figures 2b and e

and Supplementary Figure 2a). Exposure to BafA 1, an

inhibitor of autophagic flux, increased the accumulation of

LC3 II and p62 and upregulated the ratio of LC3 II/I in Hep1-6

cells with ASPP2 overexpression compared with cells that

did not receive treatment with BafA 1 (Figure 2c and

Supplementary Figure 2a). BafA 1 treatment had no effect

on the expression of ASPP2 and CHOP (Figure 2c and

Supplementary Figure 2c). We also detected that Atg5

knockdown via siRNA inhibited ASPP2-induced autophagy

as shown by decrease of LC3 II and increase of p62

(Figure 2f). These data suggest that ASPP2 overexpression

can induce autophagy in hepatoma cells.

Interestingly, using immunofluorescence, we observed that

ASPP2 overexpression-induced GFP-LC3 II puncta were

present in HCC cells positive for CHOP expression (Figure 3b

and Supplementary Figure 2e). Knockdown of CHOP via

siRNA significantly decreased the number of cells with GFP-

LC3 II puncta (Supplementary Figure 2e and f). Immunoblot

assay also indicated that knockdown of CHOP via siRNA

inhibited ASPP2 overexpression-induced autophagy in

Hep1-6 cells (Figure 2d and Supplementary Figure 2b).

Knockdown of CHOP via siRNA had no effect on the

expression of ASPP2 and Beclin-1 in Hep1-6 cells with or

without ASPP2 overexpression (Figure 2d and Supplementary

Figure 2d). Thus, CHOP is an ASPP2 overexpression-induced

modulator of autophagy. As inhibition of autophagy via BafA 1

or Atg5 siRNA decreases ASPP2-induced apoptosis and cell

death (Figures 2f and g and Supplementary Figure 2g), and

CHOP knockdown via siRNA decreases ASPP2-induced

autophagy and apoptosis, our data suggest that CHOP

expression-induced autophagy is involved in ASPP2 over-

expression-induced apoptosis. Furthermore, transfection with

a plasmid encoding Bcl-2 inhibited ASPP2 overexpression-

induced autophagy and apoptosis but had no effect on CHOP,

Beclin-1 and ASPP2 levels (Figure 2e). We failed to detect

that ASPP2 overexpression suppressed the AKT/mTOR

axis (Supplementary Figure 4a). In addition, we also failed

to detect that ASPP2 overexpression induced Tribbles

homologue 3 (TRIB3) expression and that TRIB3 bound to

AKT directly (Supplementary Figure 4b).

Taken together, our data suggest that ASPP2 overexpres-

sion induces CHOP expression, which mediates autophagic

apoptosis in hepatoma cells. Themechanism by which CHOP

induces autophagic apoptosis is associated with downregula-

tion of Bcl-2 expression.

ASPP2 overexpression releases Beclin-1 from

Bcl-2–Beclin-1 complexes and the released Beclin-1

initiates ASPP2-induced autophagy. Using immunofluo-

rescence, we determined that ASPP2 overexpression

reduced Bcl-2 expression and that, in the cytoplasm of

Hep1-6 cells, localization of Bcl-2 and Beclin-1 did not

overlap (Figure 3a) as remaining Bcl-2 translocated to the

nucleus (Supplementary Figure 3a). Autophagy was induced

in ASPP2- and CHOP-positive cells (Figure 3b). In

Supplementary Figure 3b, we further identified that Beclin-1

colocalized with GFP-LC3 puncta in ASPP2-overexpressed

cells, and Beclin-1 knockdown via siRNA reduced ASPP2-

induced GFP-LC3 puncta and GFP-LC3 puncta-positive cells

(data not shown). Moreover, after transfection of Hep1-6

cells with a plasmid encoding Bcl-2, we observed that

Bcl-2 overexpression rescued the colocalization of Bcl-2

and Beclin-1 in the cytoplasm and inhibited autophagy

(Supplementary Figures 3b and c). Immunoblot assays

showed that Beclin-1 knockdown via siRNA reduced the

levels of LC3 II and the ratio of LC3 II/I and increased the

accumulation of p62 (Figures 3c and d). These data suggest

that the released Beclin-1 is involved in ASPP2 overexpres-

sion-induced autophagy. We also identified that knockdown

of Beclin-1 via siRNA reduced ASPP2 overexpression-

induced cleavage of PARP (p85; Figures 3c and e); however,

Beclin-1 siRNA treatment itself had no effect on apoptosis

(Figure 3f). Control siRNA treatment also had no effect on

autophagy and apoptosis (Figure 3f). These data suggest

that the downregulation of Bcl-2 expression promotes the

release of Beclin-1 from Bcl-2–Beclin-1 complexes; the

released Beclin-1 then initiates ASPP2-induced autophagy,

which induces apoptosis in hepatoma cells with ASPP2

overexpression.

CHOP is important for maintaining nuclear ASPP2–Bcl-2

complexes and for releasing Beclin-1 from Bcl-2–Beclin-1

complexes by downregulating Bcl-2 expression. Previous

results indicate that the remaining Bcl-2 translocates to the

nucleus in Hep1-6 cells after the overexpression of ASPP2.

As the majority of ASPP2 also translocated to the nucleus

when overexpressed, we investigated whether ASPP2

could bind Bcl-2 in the extracted nuclei. Using an immuno-

precipitation assay, we determined that ASPP2 overexpression
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increased the level of ASPP2–Bcl-2 complexes in the

extracted nucleus of Hep1-6 cells, although CHOP expres-

sion dramatically decreased the overall level of Bcl-2

(Figure 4a). Using an immunoblot assay to detect Bcl-2

levels in the extracted nucleus and cytoplasm, we further

identified that ASPP2 overexpression promoted the translo-

cation of the remaining Bcl-2 to the nucleus (Figure 4b).

These data suggest that the majority of the transiently

overexpressed ASPP2 binds Bcl-2 in the nucleus. A targeted

siRNA knockdown of CHOP increased the total level of Bcl-2

(Figure 2d); however, CHOP inhibition decreased the level of

nuclear Bcl-2 and increased the level of cytoplasmic Bcl-2

(Figure 4c). Moreover, immunoprecipitation results showed

that the inhibition of CHOP expression decreased the level of

nuclear ASPP2–Bcl-2 complexes and restored the level of

cytoplasmic Bcl-2–Beclin-1 complexes (Figures 4d and e).

Knockdown of CHOP did not affect the expression (Figure 2d

and Supplementary Figure 2d) and distribution of ASPP2

(data not shown). Thus, CHOP is important for maintaining

the interaction of ASPP2 and Bcl-2 in the nucleus and for

preventing the formation of Bcl-2–Beclin-1 complexes in the

cytoplasm. Cytoplasmic Bcl-2 is an antiapoptotic factor,

whereas nuclear Bcl-2 can promote apoptosis. This suggests

that the distinct distributions of Bcl-2 have differing func-

tions.20 Moreover, we did not detect that CHOP could directly

bind to ASPP2, Bcl-2 or Beclin-1 (Supplementary Figure 5).

Figure 2 CHOP expression decreases BCL-2 expression and induces autophagic apoptosis. (a) Real-time PCR was used to detect Bcl-2 and Beclin-1 mRNA levels in
Hep1-6 cells with or without transfection with a plasmid encoding ASPP2 (ASPP2 Pl) for 24 h. (b) Immunoblot showing the effects of ASPP2 overexpression on Bcl-2, Beclin-1
and LC3 I/II levels in Hep1-6 cells (top panel). The ratio of LC3 II/I was calculated from densitometry scanning data (bottom panel). (c) Immunoblot showing autophagy
inhibition via Bafilomycin A1 (BafA 1) on the expression levels of PARP, CHOP and ASPP2 in Hep1-6 cells (top panel). The ratio of LC3 II/I was calculated from densitometry
scanning data (bottom panel). (d) Immunoblot showing the effects of CHOP knockdown via siRNA (CHOP si) on Bcl-2, Beclin-1, LC3 I/II and ASPP2 levels in Hep1-6 cells (top
panel). The ratio of LC3 II/I was calculated from densitometry scanning data (bottom panel). (b–d) Data of the ratio of LC3 II/I are shown as the mean±S.E.M. of three
independent experiments. (e) Immunoblot assay was used to detect the effect of Bcl-2 overexpression on the levels of LC3 I/II, p62, ASPP2, CHOP and Beclin-1 in Hep1-6
cells with or without transfection of the ASPP2 plasmid. (f) Immunoblot assay was used to detect the effect of Atg5 knockdown via siRNA (Atg5 si) on the level of autophagy
and apoptosis in Hep1-6 cells with or without transfection of ASPP2 Pl. (g) MTT assay was used to detect the effect of BafA 1 (upper panel) or Atg5 si pre-treatment (lower
panel) on cell viability in Hep1-6, HepG2, Hep3B and Huh7 cells with or without transfection of the ASPP2 plasmid
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Thus, our results suggest that the transient overexpression of

ASPP2 can suppress cytoplasmic Bcl-2 by binding to it in the

nucleus in a CHOP-dependent manner.

Beclin-1-initiated autophagy is involved in ASPP2-induced

apoptosis but is not sufficient for its induction. We have

shown that Beclin-1 is released from cytoplasmic

Bcl-2–Beclin-1 complexes and can then initiate ASPP2

overexpression-induced autophagy in HCC cells. Accord-

ingly, the transient overexpression of Beclin-1 enhanced

ASPP2 overexpression-induced apoptosis by promoting

increased autophagy development in Huh7 and Hep1-6 cells

in a CHOP-independent manner (Figures 5a, b, d and e).

These results suggest that Beclin-1-initiated autophagy is

necessary for ASPP2-induced apoptosis. However, when

Huh7 and Hep1-6 cells were transfected with the Beclin-1

plasmid solely, Beclin-1 overexpression induced autophagy

but not apoptosis, suggesting that promoting Beclin-1-

initiated autophagy is not sufficient for the induction of

apoptosis (Figures 5c and f). Moreover, as knockdown

of p53 in Hep1-6 cells and knockdown of p73 in Hep3B

cells decrease ASPP2 overexpression-induced autophagic

apoptosis (Figure 1g, Supplementary Figures 1f and g), we

believe that other factors might be involved in ASPP2-

induced autophagic apoptosis and these factors might be

regulated by p53 or p73.

ASPP2 induces CHOP-independent expression of

DRAM, and the ASPP2-induced DRAM promotes

autophagic apoptosis. Previous studies have shown that

DRAM expression induces autophagy and that DRAM-

induced autophagy is an inducer of apoptosis.8,21 In this

study, we observed that ASPP2 overexpression increased

DRAM mRNA and protein in Hep1-6, Huh7 and Hep3B cells

(Figures 6a and b and Supplementary Figure 1f). By using

siRNA to knockdown DRAM expression, we detected

decreased levels of ASPP2-induced apoptosis and auto-

phagy, suggesting that DRAM is involved in ASPP2-induced

autophagic apoptosis (Figures 6c and d and Supplementary

Figure 1f). Moreover, we detected that ASPP2-induced

DRAM expression was p53-dependent in Hep1-6 and HepG2

cells and was p73-dependent in Huh7 and Hep3B cells

(Figure 6b, Supplementary Figures 1e–g). Immunoblot assay

showed that DRAM knockdown via siRNA did not affect

Figure 2 (Continued)
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CHOP expression in Hep1-6, Huh7 and Hep3B cells with or

without ASPP2 overexpression, suggesting that CHOP

expression is independent of DRAM (Figure 6c and

Supplementary Figure 1f). The results of immunoblotting

and immunofluorescence assays also showed that CHOP

did not affect DRAM expression in Hep1-6 and Huh7 cells

Figure 3 ASPP2 overexpression releases Beclin-1 from cytoplasmic Bcl-2–Beclin-1 complexes and then the released Beclin-1 induces autophagy. Hep1-6 cells were
transfected with a plasmid encoding ASPP2 for 24 h. (a and b) Fluorescence microscopy was used to detect the colocalization of ASPP2 (blue), Bcl-2 (green) and Beclin-1
(red) (a) or the colocalization of ASPP2 (blue), GFP-LC3 puncta (green) and CHOP (red) (b). Magnification, � 1000. (c) Hep1-6 cells were transfected with a plasmid
encoding ASPP2 (ASPP2 Pl) or co-transfected with the ASPP2 Pl and Beclin-1 siRNA (Beclin-1 si) for 24 h. Immunoblot assay was used to detect levels of LC3 I/II, p62, PARP
and ASPP2. (d and e) The ratio of LC3 II/I (d) and p85/b-actin (e) was calculated from densitometry scanning data in c. Data of the ratio of LC3 II/I and p85/b-actin are shown
as the mean±S.E.M. of three independent experiments. (f) Immunoblot assay was used to detect the effects of Beclin-1 si (left panel) or control siRNA (control si, right panel)
treatment on autophagy, apoptosis and ASPP2 expression in Hep1-6 cells
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with or without transfection with the ASPP2 plasmid, implying

that DRAM expression is independent of CHOP (Figures 7a–e).

We also did not detect that DRAM could affect the interaction

of Bcl-2 with Beclin-1 or the interaction of ASPP2 with Bcl-2

(Supplementary Figures 6a and b). Moreover, simultaneous

knockdown of p53 and CHOP in Hep1-6 cells or simulta-

neous knockdown of p73 and CHOP in Hep3B cells could

produce a stronger inhibition of autophagy and apoptosis

than knockdown of p53/p73 or CHOP alone, suggesting

that both CHOP and p53/p73 have a major role in

inducing autophagic apoptosis in response to ASPP2 over-

expression (Supplementary Figure 7). Taken together, we

suggest that p53- or p73-mediated DRAM expression and

CHOP-released Beclin-1 act in concert to induce autophagic

apoptosis in hepatoma cells when ASPP2 is transiently over-

expressed. In addition, CHOP promotes the interaction between

ASPP2 and Bcl-2 in the nucleus, which also contributes to

ASPP2-induced autophagic apoptosis (Figure 7f).

Discussion

ASPP2, an important inducer of apoptosis, has been reported

to inhibit the growth of hepatoma cells in vitro and in vivo.22

Here, we show that ASPP2 can induce apoptosis via the

induction of autophagy. Conversely, a recent study on the

relationship between ASPP2 and autophagy concluded that

ASPP2 inhibits autophagy by binding Atg5 via its N terminus.6

This discrepancy may be explained by a difference in the

genetic backgrounds of the cell lines studied. The contra-

dictory results highlight the complex relationship between

ASPP2 expression and autophagy.

Our results show that ASPP2-mediated autophagy is

dependent on CHOP expression. To our knowledge, few

studies have focused on the relationship between ASPP2 and

CHOP. We show that transfecting hepatoma cell lines with an

ASPP2 plasmid induces CHOP expression and nuclear

localization regardless of the cellular p53 status, suggesting

that CHOP expression occurs in a p53-independent manner.

As a multifunctional transcription factor, CHOP mediates

gene expression by complex mechanisms. As a member of

the C/EBP family, CHOP binds to other members of the

C/EBP family to form heterodimers that promote or inhibit

gene expression.16,17,23 CHOP can also modulate the activity

of other bZIP transcription factors that do not belong to the

C/EBP family.24 Many studies have demonstrated that CHOP

promotes apoptosis by decreasing Bcl-2 expression,16 and

our data also support this hypothesis.

As a classic antiapoptotic factor, Bcl-2 prevents Bax

oligomerization in the mitochondrial outer membrane.25 How-

ever, the translocation of Bcl-2 to the nucleus is reported to

induce apoptosis.20 Correspondingly, our results show that,

although the level of Bcl-2 significantly decreases following the

expression ofCHOP, the remainingBcl-2 does translocate to the

nucleus, where it binds to ASPP2. Moreover, the persistence of

Figure 4 CHOP is critical for maintaining nuclear ASPP2–Bcl-2 complexes. (a) Hep1-6 cells were transfected with the ASPP2 plasmid (ASPP2 Pl) for 24 h and then nuclei
were extracted. Anti-ASPP2 antibody was used to immunoprecipitate ASPP2 in the extracted nuclei. Total cell lysates were used as input or were immunoprecipitated with
control IgG as indicated. Bcl-2 and ASPP2 were then analyzed using immunoblot assay. (b and c) Hep1-6 cells were transfected with the ASPP2 Pl (b) or co-transfected with
ASPP2 Pl and CHOP siRNA (CHOP si) for 24 h (c). Nuclei and cytoplasm were then extracted. Immunoblot assay was used to detect Bcl-2 level in the extracted nuclei and
cytoplasm. (b) Anti-lamin B1 and anti-b-actin antibodies were used as controls for the extracted nuclei and cytoplasm, respectively. (d and e) Hep1-6 cells were transfected
with ASPP2 Pl or co-transfected with ASPP2 Pl and CHOP si for 24 h, and then the nuclei (d) and cytoplasm (e) were extracted. In the extracted nuclei, anti-ASPP2 antibody
was used to immunoprecipitate ASPP2. Bcl-2 and ASPP2 were then analyzed using immunoblot assay (d). In the extracted cytoplasm, anti-Beclin-1 antibody was used to
immunoprecipitate Beclin-1. Bcl-2 and Beclin-1 were then analyzed using immunoblot assay (e)
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CHOP is critical for maintaining nuclear-localized Bcl-2.

Although we do not know the role of nuclear ASPP2–Bcl-2

complexes, retaining Bcl-2 in the nucleus by binding to ASPP2

prevents the cytoplasmic translocation of Bcl-2, where it

functions as a well-known antiapoptotic factor.20

The translocation of Bcl-2 to the nucleus also down-

regulates the level of cytoplasmic Bcl-2–Beclin-1 complexes.

Beclin-1 is an initiator of autophagy and an inhibitor of

tumorigenesis; it is thought to be a haploinsufficient tumor

suppressor.26 Our results show that ASPP2 overexpression

does not affect Beclin-1 expression levels but does result in

the release of Beclin-1 from cytoplasmic Bcl-2–Beclin-1

complexes and allows released Beclin-1 to initiate ASPP2-

induced autophagy. Previous studies of Beclin-1þ /� mutant

mice have demonstrated that Beclin-1 is a tumor-suppressor

gene.11,27 Further studies of mice with depletion of Atg5 or

Atg7 also found that autophagy deficiency induces liver

tumors.28 In our study, we determined that transient over-

expression of Beclin-1 initiates autophagy but that this

autophagy does not promote apoptotic cell death. We also

demonstrated that Beclin-1-initiated autophagy participates in

ASPP2-induced apoptosis regardless of CHOP status. These

data show that the relationship between Beclin-1-induced

autophagy and apoptosis is complicated and suggest that the

induction of apoptosis involves additional factors.

The exact mechanisms by which autophagy induces

apoptosis or protects cells from stress are still unclear.

To our knowledge, DRAM is one of the first genes reported to

be associated with autophagic apoptosis. Inducing DRAM

expression promotes autophagic apoptosis in a p53-depen-

dent manner.8 In a previous study, we demonstrated that

DRAM-mediated autophagy is involved in fatty acid-induced

apoptosis in hepatoma cells.21 However, the exact

mechanisms of apoptosis induction by DRAM-mediated

autophagy are still unclear. In this study, we showed that the

transfection of hepatoma cells with an ASPP2 plasmid

promotes DRAM expression and that the resulting DRAM-

mediated autophagy promotes apoptosis. Another study

demonstrated that DRAM expression can be induced by p73

when p53 is deficient but that p73-dependent DRAM expres-

sion does not induce autophagic apoptosis.29 Our results

show that ASPP2 overexpression induces DRAM expression

by activating p53 in HepG2 and Hep1-6 cells or by activating

p73 in Hep3B and Huh7 cells, which is then able to induce

autophagic apoptosis. Although the exact mechanisms of

autophagy-induced apoptosis in hepatoma cells require

further study, our results uncover a new relationship

between ASPP2 and autophagic apoptosis. ASPP2-induced

autophagic apoptosis via the promotion of CHOP expression

should be investigated further as it is a novel, targetable, signaling

Figure 5 Beclin-1-initiated autophagy is involved in ASPP2-induced apoptosis but is not sufficient for its induction. (a, b, d and e) Huh7 (a and b) and Hep1-6 cells (d and e)
were transfected with a plasmid encoding GFP-LC3 or co-transfected with one or more of the indicated plasmids or siRNA (including the ASPP2 plasmid (ASPP2 Pl), the Beclin-1
plasmid (Beclin-1 Pl) and CHOP siRNA (CHOP si)). Immunofluorescence assay was used to evaluate the rate of GFP-LC3 puncta-positive Huh7 (a) and Hep1-6 cells (d).
Quantification of Huh7 (a) and Hep1-6 cells (d) with more than 10 GFP-LC3 puncta. Data are shown as the mean±S.E.M. of three independent experiments. (b and e)
Immunoblot assay was used to detect autophagy and apoptosis using the indicated antibodies in Huh7 (b) and Hep1-6 cells (e). (c and f) Immunoblot detection of Beclin-1
overexpression on autophagy and apoptosis in Huh7 (c) and Hep1-6 cells (f) using the indicated antibodies
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step that could be useful in the improvement of therapies for

HCC.

Materials and Methods
Cell culture and treatment. Hep1-6, HepG2 and Huh7 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM), and Hep3B cells were grown in
modified Eagle’s medium (MEM). DMEM and MEM were supplemented with 10%
fetal bovine serum. All cells were seeded in 6- or 24-well plates, transfected for
24 h with plasmids expressing ASPP2, Beclin-1, Bcl-2 and GFP-LC3 with Fugene
HD (Promega, Madison, WI, USA) or with p53, CHOP, Beclin-1, Atg5 and DRAM
siRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The
sequences of DRAM siRNA were derived from Crighton et al.8 The siRNAs of
p53, CHOP, Atg5 and Beclin-1 were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Bafilomycin A1 (BafA 1) was used to inhibit
autophagic flux. Cells were grown on glass cover slips for immunofluorescence
studies.

Immunoblot assay. Cell lysates, extracted nuclei and cytoplasm were
subjected to western blot analysis, as described previously.21 Briefly, proteins was
separated on 10–15% SDS-PAGE gels, and the separated proteins were then
transferred to PVDF membranes. 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 the results were captured on X-ray
films. Densitometric analysis was performed using the Image-Pro Plus analysis
software (Media Cybernetics, Inc., Rockville, MD, USA).

Real-time PCR. The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used
to isolate total RNA from cultured cells. Reverse transcription to synthesize

first-strand cDNA was conducted using the SuperScript II First-stand Synthesis
System for RT-PCR (Invitrogen). SYBR Green was used to detect the dsDNA
products during the real-time PCR reaction. The mRNA content was normalized to
the housekeeping gene b-actin.21 The specific primer sequences used for
real-time PCR were as follows: for Bcl-2, 50-GAGTACCTGAACCGGCACCT-30

(forward) and 50-TCCCAGCCTCCGTTATCCT-30 (reverse); for Beclin-1, 50-CTGG
GACAACAAGTTTGACCAT-30 (forward) and 50-GCTCCTCAGAGTTAAACTG
GGTT-30 (reverse); for DRAM, 50-TCAAATATCACCATTGATTTCTGT-30 (forward)
and 50-GCCACATACGGATGGTCATCTCTG-30 (reverse) (the sequences of the
DRAM primers are per Crighton et al.8); and for b-actin, 50-GCCCTGAGGC
ACTCTTCCA-30 (forward) and 50-CGGATGTCCACGTCACACTT-30 (reverse).

Fluorescence microscopy. Frozen cells were fixed with 10% paraformal-
dehyde/PBS, incubated in 1% Triton X-100/PBS for 5 min, blocked with 3%
BSA/PBS and probed with antibodies against ASPP2, CHOP, Bcl-2 and Beclin-1.
Cy3, FITC, Dylight 405-conjugated secondary antibodies were used to amplify the
signal. Nuclei were counterstained with 40,6-diamidino-2-phenylindole. The M30
mouse antibody was produced by our laboratory and was used to detect cleaved
keratin 18 in early apoptotic cells. Fluorescence microscopy was used to detect
the colocation of Bcl-2 and Beclin-1 or the colocation of GFP-LC3 puncta and
Beclin-1 or the colocation of ASPP2 and Bcl-2. For quantitative apoptosis analysis,
at least 500 cells per sample were counted.

Subcellular fractionation. The cytoplasm and nuclei were extracted using
a Percoll gradient centrifugation adapted from previous methods.30 Briefly, cells
were Dounce homogenized on ice in M-SHE buffer (0.21mol/l mannitol, 0.07mol/l
sucrose, 10mmol/l HEPES-KOH (pH 7.4), 1 mmol/l EDTA, 1 mmol/l EGTA,
0.15 mmol/l spermine, 0.75mmol/l spermidine and 1mmol/l DTT) with freshly
added protease inhibitors (1 mg/ml of leupeptin, aprotinin, pepstatin A, 1 mmol/l
phenylmethylsulfonyl fluoride). Nuclei were pelleted at 1200� g, and the
supernatant was taken as the cytoplasmic fraction.

Figure 6 ASPP2 overexpression induces DRAM-mediated autophagic apoptosis. (a and b) Hep1-6 and Huh7 cells were transfected with the ASPP2 plasmid (ASPP2 Pl)
for 24 h with or without co-transfection with p73 siRNA (p73 si). Real-time PCR and immunoblot assays were used to detect the mRNA (a) and protein (b, left panel) level of
DRAM in Huh7 and Hep1-6 cells. Immunoblot assay was used to detect the effect of p73 si on DRAM, LC3 I/II, CHOP and PARP levels in Huh7 and Hep1-6 cells (b, right
panel). (c) Immunoblot assay was used to detect the effects of DRAM knockdown via siRNA (DRAM si) on CHOP expression and the levels of autophagy and apoptosis in
Hep1-6 and Huh7 cells with (left panel) or without (right panel) transfection with ASPP2 Pl. (d) M30 assay was used to detect the effects of DRAM knockdown on autophagy
and apoptosis. (a and d) Data are shown as the mean±S.E.M. of three independent experiments
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Immunoprecipitation assay. Cell lysates, extracted nuclei and cytoplasm
(500mg of protein in 500ml of RIPA lysis buffer) were pre-cleared using protein
A/G PLUS-agarose beads (Santa Cruz Biotechnology Inc.) and were incubated at
4 1C overnight with anti-ASPP2 or anti-Beclin-1 antibodies. Immunocomplexes
were separated by incubation with protein A/G agarose beads and were resolved
using SDS-PAGE. Immunoblot assay was performed using the anti-Bcl-2 antibody.

Cell viability and apoptosis analysis. Cell viability was quantified with
the MTT colorimetric assay kit (Promega), and cell apoptosis was detected by flow
cytometric analysis following staining with Annexin V/PI (BD PharMingen,
San Diego, CA, USA), according to the instructions of the manufacturer.

Statistical analysis. All data shown are the results of at least three
independent experiments and are expressed as the mean±S.E.M. 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, as indicated.
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