
Oncotarget17192www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Vol. 6, No. 19

Mitochondrial p53 phosphorylation induces Bak-mediated and 
caspase-independent cell death

Jinjing Wang1,*, Wenhao Guo1,*, Hang Zhou2,*, Na Luo3, Chunlai Nie1, Xinyu Zhao1, 
Zhu Yuan1, Xinyu Liu1, Yuquan Wei1
1 Department of Abdominal Oncology, State Key Laboratory of Biotherapy and Cancer Center, West China Hospital, Sichuan 
University and Collaborative Innovation Center for Biotherapy, Chengdu 610041, P. R. China

2Department of Chemotherapy, Sichuan Cancer Hospital, Chengdu, Sichuan 610041, P. R. China
3Nankai University School of Medicine/Collaborative Innovation Center of Biotherapy, Tianjin 300071, P.R. China
*These authors have contributed equally to this work

Correspondence to:
Chunlai Nie, e-mail: niecl1022@hotmail.com
Xinyu Liu, e-mail: xinyuliu20142014@163.com
Keywords: Akt, Bak, p53, caspase-independent

Received: January 19, 2015    Accepted: April 10, 2015    Published: April 23, 2015

ABSTRACT
Chemoresistance in cancer has previously been attributed to gene mutations 

or deficiency. Caspase mutations or Bax deficiency can lead to resistance to cancer 
drugs. We recently demonstrated that Bak initiates a caspase/Bax-independent 
cell death pathway. We show that Plumbagin (PL) (5-hydroxy-2-methyl-1,4-
napthoquinone), a medicinal plant-derived naphthoquinone that is known to have 
anti-tumor activity in a variety of models, induces caspase-independent cell death in 
HCT116 Bax knockout (KO) or MCF-7 Bax knockdown (KD) cells that express wild-
type (WT) Bak. The re-expression of Bax in HCT116 Bax KO cells fails to enhance the 
PL-induced cell death. Additionally, Bak knockdown by shRNA efficiently attenuates 
PL-induced cell death. These results suggest that PL-induced cell death depends 
primarily on Bak, not Bax, in these cells. Further experimentation demonstrated that 
p53 Ser15 phosphorylation and mitochondrial translocation mediated Bak activation 
and subsequent cell death. Knockdown of p53 or a p53 Ser15 mutant significantly 
inhibited p53 mitochondrial translocation and cell death. Furthermore, we found that 
Akt mediated p53 phosphorylation and the subsequent mitochondrial accumulation. 
Taken together, our data elaborate the role of Bak in caspase/Bax-independent cell 
death and suggest that PL may be an effective agent for overcoming chemoresistance 
in cancer cells with dysfunctional caspases.

INTRODUCTION

Cancer is a leading cause of death worldwide and 
accounted for 7.6 million deaths (approximately 13% of 
all deaths) in 2008. Deaths from cancer are projected to 
continue rising, with an estimated 13.1 million deaths 
projected to occur in 2030 [1, 2]. Therefore, it is necessary 
to study tumorigenesis mechanisms to find more effective 
treatment methods. However, both intrinsic and acquired 
drug resistance are serious problems in cancer treatment.

Recent evidence has suggested that the failure 
of drug-induced apoptosis may be an underlying cause 
of resistance in cancers. Recent studies have identified 

several key mediators of apoptosis that are mutated in 
chemoresistant cancer cells, such as p53 and Akt [3, 4]. 
The caspase family of cysteinyl-proteases plays key roles 
in the initiation and execution of programmed cell death, 
and mutations in these proteins have been speculated to 
be the leading cause of cancer therapy chemoresistance 
[5, 6]. Triggering the caspase independent death pathways 
has thus become an attractive alternative approach to 
eradicating tumor cells.

The mitochondria are central relaying stations for 
both caspase-dependent and caspase-independent death 
pathways [7, 8]. Mitochondria respond to multiple death 
stimuli, such as those of the pro-apoptotic Bcl-2 family of 
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proteins, which includes Bax/Bak; these proteins induce 
mitochondrial membrane permeabilization and the release 
of apoptotic molecules such as Smac, AIF and endoG 
[9–11]. AIF and endoG start a death pathway that can execute 
apoptosis-like cell death in the absence of caspase [10, 12]. 
Bax can induce the release of AIF in caspase-independent cell 
death [13]. Bak can trigger the release of Cytochrome c (Cyt 
c) from mitochondria in HCT Bax KO cells [14]. However, 
the function of Bak, excluding the effect of Bax, in caspase-
independent cell death is still unclear.

Our previous study demonstrated that Akt could 
mediate Bax activation through p53 mitochondrial 
accumulation [9]. In the present study, we found that Akt 
could induce p53 phosphorylation and mitochondrial 
translocation. Activated p53 triggers Bak-dependent 
and Bax/caspase-independent cell death. These results 
will help us better understand the function of Bcl-2 
protein family members in apoptosis and cancer therapy. 
Furthermore, our experiments may provide a theoretical 
basis for overcoming chemoresistance in cancer cells.

RESULTS

PL induces caspase-independent cell death

We first determined the apoptotic effect of PL in MCF-
7 (caspase-3 deficient) cells. We treated the cells with PL at 
the indicated concentrations, and apoptosis was assessed by 
a DNA fragmentation ELISA assay. As depicted in Figure 
1A, PL efficiently induced cell death in MCF-7 cells. CP 
treatment, however, had no effect on cell death. We then used 
a pan caspase inhibitor in MCF-7 cells called MCF-7/zVAD. 
Even when the caspase activity was inhibited by zVAD, PL 
treatment was still sufficient to induce cell death. However, 
STS or VP16 treatment had no effect on cell death (Figure 
1A). Flow cytometry analysis with PI staining revealed that 
PL could induce cell death in MCF-7 and MCF-7/zVAD 
cells (Figure 1B). Further experiments demonstrated that 
PL effectively induces Cyt c, AIF and endoG release from 
the mitochondria to the cytosol (Figure 1C). AIF condenses 
chromatin and endoG cleaves chromatin DNA into 
nucleosomal fragments independently of caspases [12, 15], 
leading to cell death. Our data also demonstrate that either 
AIF or endoG siRNA only partially attenuated cell death but 
that AIF and endoG double siRNA efficiently inhibited cell 
death by PL treatment (Supplementary Figure 1).

Bak activation is necessary for PL-induced 
caspase-independent cell death

We also found that PL induced apoptosis in HCT116 
Bax KO cells. Moreover, the inhibition of caspase activity 
by zVAD only partially prevented cell death in PL-treated 
HCT116 Bax KO cells (Figure 2A). We treated HCT116 Bax 
KO with an anti-Fas antibody and cycloheximide (CHX), 
as previously described [16], and found that the combined 

treatment of the anti-Fas cross-linking antibody and CHX 
resulted in caspase-3 cleavage and cell death (Supplementary 
Figure 2A). Caspase-3 activation and cell death, however, 
were impeded in the presence of zVAD (Supplementary 
Figure 2A and 2B), as previously reported [16]. Similarly, 
using immunofluorescent staining, we found that PL induced 
the release of Cyt c, AIF and endoG in HCT116 Bax KO 
cells (Supplementary Figure 3). We also examined the 
effect of PL on HCT116 cells. We found that PL triggers 
casapse-3 activation in HCT116 or HCT116 Bax KO cells 
but that zVAD treatment inhibited caspase-3 cleavage 
(Supplementary Figure 2C). However, caspase inactivation 
by zVAD could not efficiently decrease the PL-induced cell 
death in HCT116 or HCT116 Bax KO cells (Supplementary 
Figure 2D and 2E). These results indicate that PL treatment 
can induce caspase-dependent and caspase-independent 
cell death. Moreover, caspase-independent cell death is 
necessary for PL-induced cell death.

Our data demonstrate that PL can trigger cell death 
in HCT116 Bax KO cells. Because Bak contributes to Bax-
independent cell death [14], we speculated that Bak could 
mediate PL-induced Bax/caspase-independent cell death. 
To compare the impact of Bak and Bax on cell death, we 
transfected Bax, Bak or both shRNA into HCT116 or 
MCF-7 cells to obtain different cell lines (Supplementary 
Figure 4A and 4B). We then detected cell death in the 
different HCT116 cells after PL treatment with or without 
the addition of zVAD treatment (Figure 2B). We found 
that Bak had a more important role in PL-induced cell 
death than did Bax (Figure 2B and Supplementary Figure 
4C), although our data revealed that PL could induce Bax 
activation in MCF-7 cells (Supplementary Figure 4D). 
We then transfected a Bax vector into HCT116 Bax KO 
cells to obtain stable the Bax transfectant clones Bax#2 
and Bax#3 (Figure 3A). We selected Bax#3 as a cell 
model because Bax expression was highest in this clone. 
We found that the restoration of Bax expression was 
not effective in increasing death following PL treatment 
(Figure 3B). These results confirm that cell death by PL 
does not depend on the loss of Bax and suggest that PL 
utilizes the Bak pathways to execute cell death.

To further investigate the contribution of Bak 
to PL-induced cell death, we stably transfected Bax 
shRNA into MCF-7 cells to knock down Bax expression. 
Western blot analysis confirmed the lack of Bax and 
Bak expression in HCT116 Bax KO and MCF-7 Bax 
KD cells (Supplementary Figure 4E). Our data revealed 
that PL induces a Bak conformational change and 
oligomerization in HCT116 Bax KO and MCF-7 Bax 
KD cells (Figure 4A). Additionally, PL induces Bak 
oligomerization in MCF-7 cells (Supplementary Figure 
4F). We then knocked down Bak expression in HCT116 
Bax KO cells. As illustrated in Figure 4B, Bak shRNA 
effectively decreased Bak expression and the cytosolic 
release of AIF and endoG after PL treatment. Annexin V/
PI staining also demonstrated that cell death is inhibited 
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in HCT116 Bax KO/Bak KD cells following PL treatment 
(Figure 4C). These results indicate that Bak activation is 
necessary for PL-induced cell death.

p53 mediates bak activation in cell death

Both our study and other studies have demonstrated 
that p53 mitochondrial translocation regulates Bax activation 

in cell death [3, 9]. Moreover, mitochondrial p53 interacts 
with Bak to release Cyt c [17]. We therefore wanted to 
determine whether p53 is involved in Bak-induced cell death 
following PL treatment. We first detected p53 mitochondrial 
translocation. Our data confirmed p53 translocation from 
the cytosol to the mitochondria after PL treatment in 
HCT116 Bax KO and MCF-7 Bax KD cells (Figure 5A). 
Our data also demonstrated that PL treatment induces 

Figure 1: PL induces cell death in cancer cells independent of caspase. A. Analysis of cell apoptosis treated with PL or 
chemotherapeutic drug. MCF-7 cells were treated with PL (3 μM) or cisplatin (CP) (10 μM) for different periods of time. Meanwhile, MCF-
7/zVAD(MCF-7 cells were pretreated with 20 μM zVAD) cells were pretreated with zVAD (20 μM) for 1 h and then treated with PL (10 μM), 
or staurosporine (STS) (2 μM), etoposide (VP16) (100 μM) at indicated time. Cell death was quantitatively detected by a cell death ELISA 
kit as described in Materials and methods. Graphs showing results of quantitative analyses (n = 3, mean ± S.D. **, P < 0.01). B. MCF-7 cells 
or MCF-7/zVAD were exposed to 3 μM (MCF-7) or 10 μM PL (MCF-7/zVAD) for 48 h, and then collected for PI staining. Sub-G1 cells 
(apoptotic cells), respectively, as assessed by flow cytometry. C. Cells were treated with 10 μM PL for 48 h, and then subjected to subcellular 
fractionation. The cytosolic and mitochondrial fractions were immunoblotted for Western detection. The used concentrations of agents are 
described in B. β-Actin and Cox IV was used as a protein loading control. Data are representative of at least three independent experiments.
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p53 translocation in HCT116 Bax KO, MCF-7 Bax KD 
and MCF-7 cells in the presence of zVAD (Figure 5A and 
Supplementary Figure 5A). We then further examined the 
effects of p53 on Bak activation and cell death. We found 
that p53 siRNA efficiently prevented AIF and endoG release 
as well as Bak activation in HCT116 Bax KO and MCF-
7 cells (Figure 5B and Supplementary Figure 5B). This 
decrease in p53 expression also inhibited cell death (Figure 
5C and Supplementary Figure 5C).

Mitochondrial p53 phosphorylation mediates 
bak activation

A recent study showed that an increase in p53 
mitochondrial content is accompanied by an increase 
in p53Ser15 phosphorylation in mitochondrial fractions 
[18]. Moreover, mitochondrial p53Ser15 phosphorylation 
mediates Bak activation in cell death [19]. We there-
fore wanted to determine whether the phosphorylation 

Figure 2: Bak not Bax is necessary for PL-induced cell death. A. HCT116 Bax KO cells were pretreated with or without 20 
μM zVAD for 1 h and with 10 μM PL for 48 h. Cells were collected for Annexin V/PI staining to detect cell apoptosis. B. HCT116 cells 
were transfected with ctrl vector, Bax, Bak shRNA, or double shRNA for 48 h to obtain the described different HCT116 cells. Cells were 
pretreated with or without 20 μM zVAD for 1 h and then treated with PL for 48 h and treated cells were collected for Annexin V/PI staining 
to detect cell apoptosis. Representative results of three experiments with consistent results are shown.
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levels of p53 contributed to p53 accumulation and Bak 
activation in our experiments. We first examined the 
p53Ser15 phosphorylation. Our experiments showed 
that p53Ser15 phosphorylation (p-p53) is increased in 
HCT116 Bax KO cells after PL treatment, regardless 
of whether there was zVAD pretreatment. Similarly, 
PL also induces p-p53 in MCF-7 Bax KD and MCF-
7 cells (Figure 6A and Supplementary Figure 5A). 
Moreover, immunofluorescent staining also revealed the 
accumulation of p-p53 in the mitochondria of HCT116 
Bax KO cells (Supplementary Figure 6). To further 
ascertain the importance of p53Ser15 phosphorylation in 
cell death, we constructed a pCDNA3.1-p53S15A mutant 
plasmid and transfected it into cells. We found that our 
mutant significantly inhibits p53 translocation as well as 
the release of AIF and endoG. Moreover, Bak activation 
was prevented by transfection with the p53S15A mutant 
(Figure 6B). Flow cytometry detection of Annexin V 
staining confirmed that the p53 mutant inhibits cell death 
(Figure 6C).

To further understand whether the p53S15A mutant 
affects endogenous p53 activation, we constructed HA-
p53 WT and S15A vectors and transfected them into 
HCT116 Bax KO cells. We found that a p53 antibody 
could reliably distinguish exogenous and endogenous p53 
expression, as described previously [20] (Supplementary 
Figure 7A). Our data show that the p53S15A mutant 
inhibits exogenous and endogenous p53 mitochondrial 
translocation (Supplementary Figure 7B).

Akt contributes to mitochondrial p53 
phosphorylation and cell death

Previous study has demonstrated that Akt 
contributed to chemoresistance by attenuating the 
phosphorylation of p53 [21]. Our study also showed that 
the Akt-p53 pathway mediates Bax activation in cell 
death. We then determined whether Akt could affect the 
phosphorylation or mitochondrial translocation of p53 as 
well as Bak activation. We transfected an Akt1 vector into 
HCT116 Bax KO or MCF-7 cells and then treated these 
cells with PL. We found that Akt overexpression increases 
the phosphorylation of GSK3 (p-GSK3), a downstream 
target of Akt [22], indicating that Akt signaling activity 
is enhanced in these cell lines. Our data also show 
that Akt1 transfection inhibits the phosphorylation or 
mitochondrial translocation of p53, the subsequent 
release of AIF and endoG and Bak activation (Figure 
7A and Supplementary Figure 5D). To further ascertain 
whether Akt mediates Bak activation through p53 
activation, we transfected DN-Akt into HCT116 Bax KO 
cells and found that p-GSK3 decreased, which suggests 
a reduction in Akt signaling activity. Our data show that 
p53 phosphorylation and accumulation, AIF and endoG 
release and Bak oligomerization are all increased relative 
to control cells (Figure 7B). Our experiments also reveal 
that LY294002, a PI3K/Akt pathway inhibitor, efficiently 
decreases the phosphorylation levels of Akt (p-Akt). 
Moreover, p-p53 and p53 accumulation, AIF, endoG 

Figure 3: Bax restoration could not efficiently enhance cell death. A. HCT 116 Bax KO cells were transfected with pCDNA-
Bax construct and G418 selection to get stable Bax transfectants HCT 116 Bax KO Bax#2 and Bax#3. Cells were collected for Bax 
immunoblotted for Western detection. β-Actin was used as a protein loading control. B. HCT116 Bax KO and HCT 116 Bax KO Bax#3 
cells were treated with PL for 48 h, and then treated cells were collected for Annexin V/PI staining to detect cell apoptosis. All data are 
representative of three independent experiments.
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release and Bak oligomerization noticeably increases 
after LY294002 treatment (Supplementary Figure 5E). 
Cell apoptosis detection by ELISA assay also revealed 
that the overexpression or inhibition of Akt affects cell 
death (Figure 7C). These results demonstrate that the Akt 
pathway mediates cell death following PL treatment.

DISCUSSION

It is important to isolate natural compounds for 
the treatment and/or prevention of cancer. A major 
prerequisite in the use of these agents is that they be 
physiologically non-toxic and inert towards normal cells. 
PL is such a compound [23]. PL is a naturally occurring 
naphthoquinone derivative that has been shown to have 
antitumor activities against leukemia, breast cancer, and 
ovarian cancer, among others [23–25], and it has been 
used in Indian medicine to treat various ailments for more 

than 2,500 years [24]. There is evidence that the anti-
tumor properties of PL are mediated by the inactivation of 
the Akt/NF-kB signaling pathway and by the inactivation 
of MMP-9 and VEGF, two proteins that are considered 
important for the processes of invasion, angiogenesis and 
metastases [23–26]. Previous studies have confirmed that 
PL triggers a decrease in the mitochondrial membrane 
potential and initiates the intrinsic cell death pathway. 
PL can induce the mitochondrial apoptotic pathway by 
mediating the activation of Jun N-terminal kinase (JNK) 
and p53 and the inactivation of Bcl-2 or Bcl-xL [23–
25]. Those researchers have investigated the anti-tumor 
mechanism of PL and indicated that apoptosis plays an 
important role in the effects of PL treatment. However, the 
function of PL on cancer chemoresistance is still unknown.

It is well established that some apoptosis-related genes 
mutate in cancer and can lead to cancer chemoresistance 
[4, 27]. For example, MCF-7 cells, which lack a functional 

Figure 4: Bak regulates PL-induced cell death in HCT116 Bax KO cells. A. HCT116 Bax KO and MCF-7 Bax KD cells 
pretreated with or without 20 μM zVAD for 1 h and then treated with 10 μM PL for 48 h. Bak oligomerization and and conformational 
change were examined. β-Actin was used as a protein loading control. B. HCT116 Bax KO cells were transiently transfected with Ctrl 
or Bak shRNA vector for 48 h, and then treated with PL (10 μM) for 48 h. Treated cells were subjected to subcellular fractionation. The 
cytosolic or mitochondrial fractions were immunoblotted. β-Actin and Cox IV was used as a protein loading control. C. HCT116 Bax KO 
cells were stably transfected with Bak shRNA and treated with 10 μM PL for 48 h. Cells were collected for Annexin V/PI staining to detect 
cell apoptosis. Representative results of three experiments with consistent results are shown.
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caspase-3, are chemoresistant to cisplatin [28]. Moreover, 
caspase-3 deficiency leads to the survival of breast cancer 
and renders breast cancer cells resistant to chemotherapeutic 
drug-induced apoptosis [6]. Caspase-8 has been reported to 
be mutated in colon cancer, and these mutations interfere 

with apoptosis [29]. Caspase-9 is a potential tumor 
suppressor in the childhood malignancy neuroblastoma 
[30]. Recent studies have indicated that caspase-2 acts as 
a tumor suppressor in Kras-driven lung cancer. Caspase-2 
deletion impacts long-term chemotherapy treatment and 

Figure 5: p53 mediates Bak activation. A. Cells were pretreated with or without zVAD (20 μM) for 1 h, and then treated with 10 μM PL 
for 48 h. Treated cells were treated subjected to subcellular fractionation. The cytosolic, nuclear or mitochondrial fractions were immunoblotted. 
β-Actin and Cox IV was used as a protein loading control. WC means whole cell. B. Cells were transfected with p53 or Ctrl vector siRNA for 
48 h, and then treated with PL for 48 h. one portion of treated cells were subjected to subcellular fraction and detection the release of AIF and 
endoG. The other portion of treated cells was used to detect Bak conformational change and oligomerization. p53 expression and translocation 
was examined by p53 antibody. C. HCT116 Bax KO cells were transfected with p53 or Ctrl vector siRNA for 48 h, and then treated with PL for 
48 h. Cells were collected for Annexin V staining to detect cell apoptosis. All data are representative of three independent experiments.
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Figure 6: p53 phosphorylation contributes to p53-dependent Bak-induced cell death. A. Cells were pretreated with zVAD (20 
μM) for 1 h, and then treated with 10 μM PL for 48 h. Treated cells were collected for detect p-p53 with specific p53 (Ser15) antibody and 
p53. B. Cells were transfected with Ctrl pCDNA 3.1 or p53 S15A pCDNA 3.1 vector for 48 h, and cells were treated with 10 μM PL for 48 h. 
Treated cells were collected for detecting Bak oligomerization. Subcellular fractionations were used to detect the release of AIF, endoG. p53 
phosphorylation was detected by p53 (Ser 15) antibody. p53 expression and translocation was examined by p53 antibody. β-Actin and Cox IV 
were used as a protein loading control. C. Cells were treated as described in B and apoptosis were examined. Cells were stained with Annexin 
V and detect the Annexin V positive staining using flow cytometry. All data are representative of three independent experiments.
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Figure 7: Akt mediates p53 phosphorylation and mitochondrial translocation. A. HCT116 Bax KO cells were transiently 
transfected with Ctrl or Akt1 for 48 h, and cells were treated with 10 μM PL for 48 h. One portion of treated cells was subjected to 
subcellular fraction and detection the release of AIF and endoG. The other portion of treated cells was used to detect Bak conformational 
change and oligomerization. β-Actin and Cox IV were used as a protein loading control. B. Cells were transiently transfected with DN-
Akt for 48 h, and then cells were treated with PL for 48 h. treated cells were detection as described in A. C. Cells were treated as A. or B. 
respectively. Akt1 or ctrl vector transfected cells were treated with 10 μM PL for 48 h. DN-Akt or ctrl vector transfected cells were treated 
with 10 μM PL for 24 h. Cell death was quantitatively detected by a cell death ELISA kit as described in Materials and methods. Graphs 
showing results of quantitative analyses (n = 3, mean ± S.D. **, P < 0.01). Data are representative of at least three independent experiments.
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lung tumorigenesis [31]. These reports revealed that a 
deficiency in the caspase family of proteins might affect 
tumorigenesis and cancer therapy outcomes. Thus, it is 
necessary to find alternative treatments for chemoresistant 
cancer due to dysfunctional caspases.

Because previous studies have reported that PL 
could trigger death in MCF-7 cells [23], we speculated that 
PL could induce caspase-independent cell death in cancer 
cells. Our experiments confirmed that PL initiated cell 
death in MCF-7, MCF-7/zVAD, HCT116 and HCT116 
Bax KO/ zVAD cells. Although PL could induce caspase-3 
cleavage in wild type HCT116 cells, the inhibition of 
caspase activation had little effect on cell death. Our data 
also revealed that the release of AIF and endoG from 
mitochondria is an important part of PL-induced cell 
death. It has been reported that AIF and endoG translocate 
to the nucleus to trigger caspase-independent cell death 
[12]. The release of AIF and endoG from mitochondria 
can induce DNA cleavage and oligonucleosomal DNA 
breakdown in a sequential fashion [12, 15].

Mitochondria respond to multiple death stimuli, 
including those involving the pro-apoptotic Bcl-2 
family of proteins, such as Bax and Bak, which induce 
mitochondrial membrane permeabilization and cause the 
release of apoptotic molecules [9, 14, 32, 33]. Moreover, 
Bak can induce cell apoptosis in a Bax-dependent or 
Bax-independent manner [14, 16, 34]. Our experiments 
demonstrate that Bak mediates Cyt c (data not shown), 
AIF and endoG release after PL treatment, independent 
of Bax. Other studies have revealed that the release of 
AIF and endoG by Bax/Bak is dependent on caspase 
activation [10]. Some studies have also demonstrated that 
Bax induces the release of AIF in a caspase-independent 
cell death pathway [13]. However, our research demon-
strated that Bak regulates a caspase-independent cell 
death pathway through AIF and endoG release. Our 
study excluded the function of Bax in AIF and endoG 
release and affirms that Bak can initiate a caspase/Bax-
independent cell death pathway.

Both our previous [9] and present study confirm that 
p53 accumulates in the mitochondria during the process 
of cell death. Our previous study affirmed the effect of 
mitochondrial p53 on Bax activation. In the present 
work, we reveal that mitochondrial p53 can induce Bak 
activation. Indeed, mitochondrial p53 induces both Bax 
and Bak activation [17, 35, 36]. Moreover, recent studies 
have shown that mitochondrial p53Ser15 phosphorylation 
can mediate Bak activation [19]. Our research also 
provided the evidence to support this conclusion.

Nieminen and his colleagues demonstrated that the 
Myc-AMPK pathway mediates p53 phosphorylation and 
mitochondrial accumulation [19]. However, our research 
revealed that the Akt pathway mediates changes in p53. 
These findings highlight certain differences between 
our study and that by Nieminen and his colleagues. We 
used cancer cells as cell model, whereas Nieminen and 

his colleagues used immortalized epithelial cell lines. 
Furthermore, they utilized Myc-inducible systems, which 
can enhance Myc expression, to regulate the change of 
protein activation and cell death. We used PL, a chemical 
agent, to mediate that alteration. We could not detect a 
change in Myc expression and AMPK activity (data not 
shown) in our system. This finding indicates that PL 
utilizes a separate upstream pathway to regulate p53 and 
Bak activation. In fact, Fraser and his colleagues revealed 
that activated Akt attenuated p53 phosphorylation in 
CP-induced cell death [21]. Our data further promote 
the findings that Akt mediates p53 phosphorylation and 
mitochondrial translocation as well as Bak activation. 
Moreover, the study by Nieminen and his colleagues 
found that Myc enhances p53 expression in cells, but 
our data showed that PL has no effect on p53 expression. 
This result further suggests that we have found a different 
mechanism underlying the regulation of p53 activation.

It is noteworthy that both our research and the 
study by Nieminen and his colleagues revealed that p53 
had no nuclear accumulation during apoptosis. Nieminen 
and his colleagues found that active Myc did not lead to 
an up-regulation of any of the examined transcriptional 
targets of p53. Additionally, the p53 transactivation-
deficient mutant induces Bak activation [19]. We utilized 
a Bax luciferase plasmid to detect p53 transactivation 
and found that p53 does not efficiently activate the Bax 
promoter (Supplementary Figure 8), which suggests that 
transactivation of p53 does not contribute to PL-induced 
cell death. Indeed, previous studies have demonstrated that 
transactivation-deficient mutant p53 can still translocate 
to mitochondria [37]. Future studies should focus on 
investigating the detailed mechanism behind p53 activation 
by upstream factors and subsequent cell death events.

In summary, we elucidate the molecular mechanism 
of PL action in cancer cells with the absence of caspase 
activity and provide the first evidence that Bak activation 
is an important factor for PL-induced cell death with 
dysfunctional caspase. Furthermore, we demonstrate that 
Akt negatively regulates p53-mediated Bak activation, 
independent of caspases (Supplementary Figure 9). A 
thorough understanding of how PL works in cells may 
improve the treatment outcomes for human cancer.

MATERIALS AND METHODS

Materials

PL, CP, CHX, STS or VP16 were obtained from 
Sigma (St. Louis, MO, USA). Anti-Fas cross-linking 
antibody (clone CH11) was obtained from Upstate 
Biotechnology,Inc. PI and Bak (B5897), and actin 
(clone AC-74, A5316) antibodies were also from Sigma. 
Bismaleimidohexane (BMH) was obtaine from Pierce 
(Rockford, IL, USA). Bak Ab-1 (AM03) was from Merck 
(Darmstadt, Germany). p53 (clone 7F5, #2527), p53 (Ser 
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15) (#9284), Akt (#9272), AIF (#4642), CoxIV (#4844) 
and phospho-GSK-3α/β (Ser21/9) antibodies (#9331) 
were purchased from Cell Signaling (Beverly, MA). 
EndoG (ab9647) antibody was from Abcam (Cambridge, 
UK). Cyt c (sc-13156), Bax N-20 (sc-493) antibodies and 
(z-Val-Ala-Asp (OMe)-FMK (zVAD)) (sc-311561) were 
from Santa Cruz (Santa Cruz, CA, USA).

Gene silencing with small interfering RNAs and 
plasmids

Small interfering RNA (siRNA) oligonucleotides 
were purchased from Dharmacon (Lafayette, CO) with 
sequences targeting Bax (5′- AACUGAUCAGAACCAU 
CAUGG-3′), Bak (5′-AACCGACGCUAUGACUCAG 
AG-3′), AIF (5′-GGCUACGUCCAGGAGCGCACC-3′), 
endoG (5′-AAGAGCCGCGAGUCGUACGUG-3′) and 
p53 (5′-CGGCAUGAACCGGAGGCCCAU-3′). For 
Bax or Bak construction, the siRNA was cloned into the 
pSilencer 2.1-U6 hygro plasmid. pCDNA3.1-Bax plasmid 
was a gift from Quan Chen (Chinese Academy of Sciences, 
Beijing, China). Dominant negative (DN) Akt1 was a 
gift from Dr. Michael J. Quon (University of Maryland 
at Baltimore, Baltimore, Maryland,USA). The DN-Akt 
with substitutions of Ala for Lys179 in the ATP binding 
domain, as well as for the regulatory phosphorylation 
sites, Thr308 and Ser473, was created and subcloned into 
pCIS2 as described [3, 38–40]. The constitutively active 
Akt1 construct HA-PKB-T308D/S473D was obtained as 
previously described [41, 42]. p53 cDNA was purchased 
from Origene (Rockville, MD, USA) as previously 
described [43] and subcloned into pCDNA3.1 vector 
(Invitrogen, Carlsbad, CA, USA) or pSELECT N-HA-Zeo 
(Invivogen, San Diego, CA, USA).The p53 S15A mutant 
was generated by site-directed mutagenesis using Pfu-ultra 
poly-merase (Stratagen, La Jolla, CA, USA) followed by 
DpnI digestion (Fermentas Inc., Glen Burnie, MD, USA) 
according to the manufacturer’s instructions.

Cell culture and transfection

MCF-7, HCT116 cells were obtained from the 
American Type Culture Collection. MCF-7 cells were 
maintained at a subconfluent state in RPMI 1640 
containing 10% FCS, 200 units/ml penicillin, and 200 
μg/ml streptomycin in a humidifiedatmosphere of 5% 
CO2 at 37°C. HCT116 cells were incubated in DMEM 
media supplemented with 10% FBS and penicillin-
streptomycin. HCT116 Bax KO cells were the gift from 
Quan Chen (Chinese Academy of Sciences, Beijing, 
China) [32].

For siRNA or shRNA transfection, cells were seeded 
on 6-well plates and then transfected with the appropriate 
plasmid DNA or siRNA using the manufacturers’ 
protocols. Typically, cells were seeded on coverslips in 
the 6-well plates, and then 1 μg of plasmid DNA or 100 

nM siRNA and 4 μl of DMRIE-C reagent (Invitrogen, 
Carlsbad, CA, USA) were used per coverslip. The cells 
were incubated for 4 h in the transfection mixture, which 
was then replaced with fresh culture medium. For stable 
transfection, cells were transfected with the constructs as 
previously described [9, 32]. Positive clones were selected 
with 600 μg/ml hygromycin (Invitrogen) for several 
weeks.

To establish stable cell lines expressing wild-type 
Bax, HCT116 Bax-KO cells were transfected with the 
Bax expression constructs. After transfection, cells were 
plated out by limiting dilution and selected in the presence 
of 1 mg/ml of G418 (Invitrogen) for 3 weeks. Individual 
clones were expanded and cell lysates were harvested 
and examined for Bax expression by Western blotting as 
described previously [44].

Apoptosis assays

Three methods were used to assess PL-induced 
apoptotic cell death: detection of DNA fragmentation with 
the Cell Death Detection ELISA kit (Roche Diagnostics), 
Western blot analysis of Cyt c, AIF or endoG release 
and measurement of apoptotic cells by flow cytometry 
(PI staining for sub-G1 or Annexin/PI). The Cell Death 
Detection ELISA quantified the apoptotic cells by detecting 
the histone-associated DNA fragments (mono- and oligo-
nucleosomes) generated by the apoptotic cells [9].

Cell fractionation and western blot analysis

Mitochondria, nuclear and cytoplasm from cells 
were fractionated by differential centrifugation as 
previously described [9, 45]. Cytosol, mitochondria, 
nuclear extracts, total lysates and immunoprecipitates 
were analyzed by Western blot with antibody dilutions as 
follows: actin at 1:20,000; AIF, endoG, p53, Akt, CoxIV 
at 1:2,000; and Bax, Bak, Cyt c at 1:1,000.

Bak or bax oligomerization and bak 
conformational change

Cells were treated with agents and incubated with  
1 mM BMH in 10% DMSO or DMSO alone for 30 min 
at 25°C. After centrifugation at 5000 g for 25 min at 4°C, 
the reaction was split into supernatant and pellet fractions. 
The pelleted material (10 mg total protein) was separated 
by SDS-PAGE and immunoblotted with anti-Bak 
antibody to detect Bak or Bax oligomerization [16]. Bak 
conformational change was performed as described [46]. 
Briefly, Cells were lysed in 1% CHAPS buffer, and 250 μg 
of protein was immunoprecipitated using anti-Bak (Ab-1; 
Merck), which only recognizes Bak that has undergone 
a conformation change. Immunoprecipitated protein was 
then subjected to immunoblot analysis by using anti-Bak 
(Santa Cruz) as primary antibodies.
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Luciferase reporter gene assay

The assay refer to previous study [47]. Briefly, 
HCT116 cells were transfected with Bax luciferase 
plasmid (pGL3-Bax-luc, a gift form John C. Reed 
(Sanford-Burnham Medical Research Institute, La Jolla, 
CA), pRL-TK, pCDNA empty or pCDNA p53 vector for 
48 h. Cells were treated with VP16 or PL for 48 h. Treated 
cells were lysed and the luciferase activity was measured 
using a dual-luciferase reporter gene assay system, 
according to the procedures provided by the manufacturer 
(Promega, Madison, WI, USA).

Immunofluorescence staining

The experiments were performed according to 
our previous report [42]. Cells were seeded in 24-well 
plates with Lab-Tek Chamber Slides with a Cover (Nalge 
Nunc International, Naperville, IL) in 500 μl medium and 
incubated overnight. Cells were then treated with PL for 
48 h. Medium was removed and cells were fixed in 4% 
formaldehyde containing 0.1% glutaraldehyde for 15 min 
at room temperature (RT). After rinsing with cold PBS (pH 
7.4), cells were permeabilized with 0.5% Triton X-100 for 10 
min at RT. After blocking with 5% goat serum, Cytochrome 
c (7H8.2C12, BD Pharmingen, USA), AIF, endoG or p-p53 
(1:100 dilution) was added, and the fixed cells were incubated 
with antibodies at 37°C for 1 h followed by incubation with 
anti-mouse IgG-FITC (Millipore, 1:128 dilution) for 1 h. 
After removal of antibodies, cells were rinsed with PBS and 
mounted with 90% glycerol. Fluorescence was immediately 
observed using an Olympus DP72 microscope.

Statistical analysis

Statistical analysis of the differences between the 
groups was performed using the Student’s t test with 
p < 0.05 considered statistically significant.

ACKNOWLEDGMENTS

The work was supported by Natural Science 
Foundation of China (NSFC)- 81272458, Program for 
New Century Excellent Talents in University (NCET)-
12-0381, Sichuan Province Science and technology 
support program-2014SZ0045 and Wu Jieping Medical 
Foundation clinical scientific research special fund 
(320.6750.13360).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

Abbreviations

PL; Plumbagin, Cyt c; cytochrome c, AIF; apoptosis-
inducing factor, endoG; endonuclease G, CP; cisplatin, 

STS; staurosporine, VP16; etoposide, zVAD; z-Val- 
Ala-Asp (OMe)-FMK KO; knockout KD; knockdown DN; 
Dominant negative p-p53; p53 phosphorylation p-Akt; Akt 
phosphorylation p-GSK3; GSK3 phosphorylation, CHX; 
cycloheximide.

REFERENCES

1. Vardiman JW, Thiele J, Arber DA, Brunning RD, 
Borowitz MJ, Porwit A, Harris NL, Le Beau MM, 
Hellstrom-Lindberg E, Tefferi A, Bloomfield CD. The 2008 
revision of the World Health Organization (WHO) classifi-
cation of myeloid neoplasms and acute leukemia: rationale 
and important changes. Blood. 2009; 114:937–951.

2. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. 
Global cancer statistics. CA Cancer J Clin. 2011; 61:69–90.

3. Yang X, Fraser M, Moll UM, Basak A, Tsang BK. Akt-
mediated cisplatin resistance in ovarian cancer: modulation 
of p53 action on caspase-dependent mitochondrial death 
pathway. Cancer Res. 2006; 66:3126–3136.

4. Fraser M, Leung BM, Yan X, Dan HC, Cheng JQ, 
Tsang BK. p53 is a determinant of X-linked inhibitor of 
apoptosis protein/Akt-mediated chemoresistance in human 
ovarian cancer cells. Cancer Res. 2003; 63:7081–7088.

5. Liu J, Uematsu H, Tsuchida N, Ikeda MA. Essential role of 
 caspase-8 in p53/p73-dependent apoptosis induced by etoposide 
in head and neck carcinoma cells. Mol Cancer. 2011; 10:95.

6. Devarajan E, Sahin AA, Chen JS, Krishnamurthy RR, 
Aggarwal N, Brun AM, Sapino A, Zhang F, Sharma D, 
Yang XH, Tora AD, Mehta K. Down-regulation of caspase 
3 in breast cancer: a possible mechanism for chemoresis-
tance. Oncogene. 2002; 21:8843–8851.

7. Tsujimoto Y. Cell death regulation by the Bcl-2 pro-
tein family in the mitochondria. J Cell Physiol. 2003; 
195:158–167.

8. Yuan Z, Wang F, Zhao Z, Zhao X, Qiu J, Nie C, Wei Y. 
BIM-Mediated AKT Phosphorylation Is a Key Modulator of 
Arsenic Trioxide-Induced Apoptosis in Cisplatin-Sensitive and 
-Resistant Ovarian Cancer Cells. PLoS One. 2011; 6:e20586.

9. Hu W, Wang F, Tang J, Liu X, Yuan Z, Nie C, Wei Y. 
Proapoptotic protein Smac mediates apoptosis in cisplatin-
resistant ovarian cancer cells when treated with the anti-
tumor agent AT101. J Biol Chem. 2012; 287:68–80.

10. Arnoult D, Gaume B, Karbowski M, Sharpe JC, Cecconi F, 
Youle RJ. Mitochondrial release of AIF and EndoG requires 
caspase activation downstream of Bax/Bak-mediated per-
meabilization. EMBO J. 2003; 22:4385–4399.

11. Zhao Z, Wang J, Tang J, Liu X, Zhong Q, Wang F, Hu W, 
Yuan Z, Nie C, Wei Y. JNK- and Akt-mediated Puma 
expression in the apoptosis of cisplatin-resistant ovarian 
cancer cells. Biochem J. 2012; 444:291–301.

12. Cregan SP, Dawson VL, Slack RS. Role of AIF in caspase-
dependent and caspase-independent cell death. Oncogene. 
2004; 23:2785–2796.



Oncotarget17204www.impactjournals.com/oncotarget

13. Cregan SP, Fortin A, MacLaurin JG, Callaghan SM, 
Cecconi F, Yu SW, Dawson TM, Dawson VL, Park DS, 
Kroemer G, Slack RS. Apoptosis-inducing factor is 
involved in the regulation of caspase-independent neuronal 
cell death. J Cell Biol. 2002; 158:507–517.

14. Hemmati PG, Guner D, Gillissen B, Wendt J, von Haefen C, 
Chinnadurai G, Dorken B, Daniel PT. Bak functionally 
complements for loss of Bax during p14ARF-induced mito-
chondrial apoptosis in human cancer cells. Oncogene. 2006; 
25:6582–6594.

15. Li LY, Luo X, Wang X. Endonuclease G is an apoptotic 
DNase when released from mitochondria. Nature. 2001; 
412:95–99.

16. Chandra D, Choy G, Daniel PT, Tang DG. Bax-dependent 
regulation of Bak by voltage-dependent anion channel 2. 
J Biol Chem. 2005; 280:19051–19061.

17. Leu JI, Dumont P, Hafey M, Murphy ME, George DL. 
Mitochondrial p53 activates Bak and causes disruption of a 
Bak-Mcl1 complex. Nat Cell Biol. 2004; 6:443–450.

18. Saleem A, Hood DA. Acute exercise induces tumour sup-
pressor protein p53 translocation to the mitochondria and 
promotes a p53-Tfam-mitochondrial DNA complex in skel-
etal muscle. J Physiol. 2013; 591:3625–3636.

19. Nieminen AI, Eskelinen VM, Haikala HM, Tervonen TA, 
Yan Y, Partanen JI, Klefstrom J. Myc-induced AMPK-
phospho p53 pathway activates Bak to sensitize mito-
chondrial apoptosis. Proc Natl Acad Sci U S A. 2013; 
110:E1839–1848.

20. Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG, 
Halazonetis TD, Berger SL. Acetylation of p53 activates 
transcription through recruitment of coactivators/histone 
acetyltransferases. Mol Cell. 2001; 8:1243–1254.

21. Fraser M, Bai T, Tsang BK. Akt promotes cisplatin resis-
tance in human ovarian cancer cells through inhibition of 
p53 phosphorylation and nuclear function. Int J Cancer. 
2008; 122:534–546.

22. Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase 
AKT pathway in human cancer. Nat Rev Cancer. 2002; 
2:489–501.

23. Ahmad A, Banerjee S, Wang Z, Kong D, Sarkar FH. 
Plumbagin-induced apoptosis of human breast cancer cells 
is mediated by inactivation of NF-kappaB and Bcl-2. J Cell 
Biochem. 2008; 105:1461–1471.

24. Aziz MH, Dreckschmidt NE, Verma AK. Plumbagin, a 
medicinal plant-derived naphthoquinone, is a novel inhibi-
tor of the growth and invasion of hormone-refractory pros-
tate cancer. Cancer Res. 2008; 68:9024–9032.

25. Sandur SK, Ichikawa H, Sethi G, Ahn KS, Aggarwal BB. 
Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) sup-
presses NF-kappaB activation and NF-kappaB-regulated 
gene products through modulation of p65 and IkappaBalpha 
kinase activation, leading to potentiation of apoptosis 
induced by cytokine and chemotherapeutic agents. J Biol 
Chem. 2006; 281:17023–17033.

26. Kuo PL, Hsu YL, Cho CY. Plumbagin induces G2-M arrest 
and autophagy by inhibiting the AKT/mammalian target of 
rapamycin pathway in breast cancer cells. Mol Cancer Ther. 
2006; 5:3209–3221.

27. Asselin E, Mills GB, Tsang BK. XIAP regulates Akt 
 activity and caspase-3-dependent cleavage during cisplatin-
induced apoptosis in human ovarian epithelial cancer cells. 
Cancer Res. 2001; 61:1862–1868.

28. Blanc C, Deveraux QL, Krajewski S, Janicke RU, 
Porter AG, Reed JC, Jaggi R, Marti A. Caspase-3 is essen-
tial for procaspase-9 processing and cisplatin-induced 
apoptosis of MCF-7 breast cancer cells. Cancer Res. 2000; 
60:4386–4390.

29. Kim HS, Lee JW, Soung YH, Park WS, Kim SY, Lee JH, 
Park JY, Cho YG, Kim CJ, Jeong SW, Nam SW, Kim SH, 
Lee JY, Yoo NJ, Lee SH. Inactivating mutations of cas-
pase-8 gene in colorectal carcinomas. Gastroenterology. 
2003; 125:708–715.

30. Catchpoole DR, Lock RB. The potential tumour suppressor 
role for caspase-9 (CASP9) in the childhood malignancy, 
neuroblastoma. Eur J Cancer. 2001; 37:2217–2221.

31. Terry MR, Arya R, Mukhopadhyay A, Berrett KC, 
Clair PM, Witt B, Salama ME, Bhutkar A, Oliver TG. 
Caspase-2 impacts lung tumorigenesis and chemotherapy 
response in vivo. Cell Death Differ. 2014.

32. Nie C, Tian C, Zhao L, Petit PX, Mehrpour M, Chen Q. 
Cysteine 62 of Bax is critical for its conformational acti-
vation and its proapoptotic activity in response to H2O2-
induced apoptosis. J Biol Chem. 2008; 283:15359–15369.

33. Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, 
Ashiya M, Thompson CB, Korsmeyer SJ. tBID, a mem-
brane-targeted death ligand, oligomerizes BAK to release 
cytochrome c. Genes Dev. 2000; 14:2060–2071.

34. Kandasamy K, Srinivasula SM, Alnemri ES, Thompson CB, 
Korsmeyer SJ, Bryant JL, Srivastava RK. Involvement of 
proapoptotic molecules Bax and Bak in tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL)-induced 
mitochondrial disruption and apoptosis: differential regula-
tion of cytochrome c and Smac/DIABLO release. Cancer 
Res. 2003; 63:1712–1721.

35. Vaseva AV, Moll UM. The mitochondrial p53 pathway. 
Biochim Biophys Acta. 2009; 5:414–420.

36. Chipuk JE, Kuwana T, Bouchier-Hayes L, Droin NM, 
Newmeyer DD, Schuler M, Green DR. Direct activation of 
Bax by p53 mediates mitochondrial membrane permeabili-
zation and apoptosis. Science. 2004; 303:1010–1014.

37. Wang F, Liu J, Robbins D, Morris K, Sit A, Liu YY, 
Zhao Y. Mutant p53 exhibits trivial effects on mitochon-
drial functions which can be reactivated by ellipticine in 
lymphoma cells. Apoptosis. 2011; 16:301–310.

38. Ravichandran LV, Chen H, Li Y, Quon MJ. Phosphorylation 
of PTP1B at Ser(50) by Akt impairs its ability to dephos-
phorylate the insulin receptor. Mol Endocrinol. 2001; 
15:1768–1780.



Oncotarget17205www.impactjournals.com/oncotarget

39. Ahmad F, Cong LN, Stenson Holst L, Wang LM, 
Rahn Landstrom T, Pierce JH, Quon MJ, Degerman E, 
Manganiello VC. Cyclic nucleotide phosphodiesterase 3B is a 
downstream target of protein kinase B and may be involved in 
regulation of effects of protein kinase B on thymidine incor-
poration in FDCP2 cells. J Immunol. 2000; 164:4678–4688.

40. Tai YT, Podar K, Mitsiades N, Lin B, Mitsiades C, 
Gupta D, Akiyama M, Catley L, Hideshima T, Munshi NC, 
Treon SP, Anderson KC. CD40 induces human multiple 
myeloma cell migration via phosphatidylinositol 3-kinase/
AKT/NF-kappa B signaling. Blood. 2003; 101:2762–2769.

41. Chen KF, Yeh PY, Yeh KH, Lu YS, Huang SY, Cheng AL. 
Down-regulation of phospho-Akt is a major molecular 
determinant of bortezomib-induced apoptosis in hepatocel-
lular carcinoma cells. Cancer Res. 2008; 68:6698–6707.

42. Nie C, Luo Y, Zhao X, Luo N, Tong A, Liu X, Yuan Z, 
Wang C, Wei Y. Caspase-9 mediates Puma activation in 
UCN-01-induced apoptosis. Cell Death Dis. 2014; 5:e1495.

43. Vaseva AV, Marchenko ND, Ji K, Tsirka SE, 
Holzmann S, Moll UM. p53 opens the mitochondrial 

permeability transition pore to trigger necrosis. Cell. 2012; 
149:1536–1548.

44. Ming L, Wang P, Bank A, Yu J, Zhang L. PUMA 
Dissociates Bax and Bcl-X(L) to induce apoptosis in colon 
cancer cells. J Biol Chem. 2006; 281:16034–16042.

45. Dittmann K, Mayer C, Fehrenbacher B, Schaller M, Raju U, 
Milas L, Chen DJ, Kehlbach R, Rodemann HP. Radiation-
induced epidermal growth factor receptor nuclear import 
is linked to activation of DNA-dependent protein kinase.  
J Biol Chem. 2005; 280:31182–31189.

46. Chen S, Dai Y, Pei XY, Grant S. Bim upregulation by 
histone deacetylase inhibitors mediates interactions with 
the Bcl-2 antagonist ABT-737: evidence for distinct 
roles for Bcl-2, Bcl-xL, and Mcl-1. Mol Cell Biol. 2009; 
29:6149–6169.

47. Stros M, Ozaki T, Bacikova A, Kageyama H, 
Nakagawara A. HMGB1 and HMGB2 cell-specifically 
down-regulate the p53- and p73-dependent sequence- 
specific transactivation from the human Bax gene promoter.  
J Biol Chem. 2002; 277:7157–7164.


