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Abstract

One critical tumor-suppressive function of p53 is the induction of apoptosis in oncogene-
expressing cells. In this context, p53-inducible genes encoding the BH3-only proteins of the Bcl-
2 family, Noxa and Puma, were identified. Gene knockout studies revealed that both Noxa and
Puma are involved in apoptosis induction in oncogene-expressing cells. BH3-only proteins
induce apoptosis, and activate the downstream apoptosis effectors Bax and Bak. In this study,
we found that Noxa and Puma synergistically activate Bax and Bak, and induce apoptosis.
Although Noxa activates Bak by inactivating Mcl-1 and Bcl-XL, gene knockdown studies
revealed that neither Mcl-1 nor Bcl-XL is involved in this synergism. Moreover, Puma, but not
Noxa, directly activated Bax in the absence of Bak, and Noxa enhanced Puma-mediated Bax
activation in Bak-deficient cells. These results suggest the existence of a novel regulatory
pathway for Noxa-mediated apoptosis. Although we detected synergistic induction of apoptosis
by Noxa and Bim, a tumor suppressive transcriptional factor FoxO3-inducible protein, no such
synergism was observed for other pairs of BH3-only proteins, Bim and Bid, or Bim and Puma.
From these results, it can be considered that p53 carefully controls apoptosis by allowing two
molecules to share full ability to induce apoptosis.
(J Nippon Med Sch 2007; 74: 148―157)
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Introduction

The tumor suppressor p53 functions as a
transcriptional activator that induces the expression
of genes regulating cell cycle, apoptosis, and DNA
repair in response to various cellular stresses, such
as DNA damage, hypoxia, and viral infection1,2. In
many types of human cancer, p53 is inactivated by
the mutation or deletion of p533, resulting in
protection from p53-mediated apoptosis and cell

cycle arrest. p53 selectively induces the apoptosis of
oncogene-expressing fibroblasts such as adenovirus
E1A and c-myc, and the replicative senescence of
activated Ha-ras-expressing fibloblasts1,2. Recently,
the activation of oncogenes has been shown to evoke
a DNA-damage response, resulting in p 53
activation4,5. More recently, the ectopic expression of
oncogenes has been clearly shown to cause
prematurely terminated DNA replication forks, DNA
double-strand breaks, and DNA hyper-replication,
resulting in the induction of DNA-damage responses

Correspondence to Nobuyuki Tanaka, Department of Molecular Oncology, Institute of Gerontology, Nippon Medical
School, 1―396 Kosugi-cho, Nakahara-ku, Kawasaki, Kanagawa 211―8533, Japan
E-mail: nobuta@nms.ac.jp
Journal Website (http:��www.nms.ac.jp�jnms�)



Synergistic Induction of Apoptosis by Noxa and Puma

J Nippon Med Sch 2007; 74 (2) 149

to such aberrant DNA structures6,7. These findings
suggest that the activation of oncogenes induces a
DNA-damage response, i.e., “oncogenic stress”, which
activates p53 to eliminate such hazardous cells.
Therefore, apoptosis induction may be an important
function of p53 in tumor suppression. In this context,
the molecular mechanism of p53-induced apoptosis
was extensively analyzed, resulting in the
identification of several p53 target genes encoding
potential inducers of apoptosis, such as Noxa8 and
Puma (p53 upregulated modulator of apoptosis)9,10.

Noxa and Puma are BH (Bcl-2 homology) 3-only
proteins of the Bcl-2 family. Bcl-2 family proteins are
critical regulators of apoptosis that reside
immediately upstream of mitochondria. They
possess conserved BH domains and are classified
into “multidomain” and “BH3-only” proteins11―13.
Among them, the proapoptotic multidomain
members Bax and Bak function as mitochondrial
executioners and directly open pores in the
mitochondrial outer membrane, resulting in the
release of apoptogenic factors, such as cytochrome
c11―13. The released cytochrome c forms a complex
with APAF-1 and caspase-9, termed the apoptosome.
In this complex, caspase-9 is activated by protein
cleavage and activates apoptosis effecter caspases,
resulting in a widespread protein cleavage and
apoptosis14. Analyses using mice lacking both Bax

and Bak revealed that Bax and Bak are essential
inducers of mitochondrion-mediated apoptosis in
response to various stimulations15―17. In contrast,
antiapoptotic multidomain proteins, such as Bcl-2,
Bcl-XL and Mcl-1, inhibit the pore formation of Bax
and Bak. BH3-only proteins are critical for initiating
apoptosis, functioning immediately upstream of
multidomain proteins of Bcl-2 family11―13. BH3-only
proteins are also divided into two classes;
“activators” and “sensitizers”18,19. Bid and Bim are of
the activator type, and induce the activation of Bax
and Bak through direct binding. On the other hand,
Noxa and Bad are of the sensitizer type and can not
directly bind to Bax and Bak; however, they activate
apoptosis by inhibiting antiapoptotic multidomain
Bcl-2 members through direct binding. It is
considered that activator-type BH3-only proteins
directly activate Bax and Bak, resulting in

cytochrome c release from mitochondria. In contrast,
it is considered that the sensitizer-type of BH3-only
proteins Noxa and Bad displace constitutively
associated activators from antiapoptotic multidomain
Bcl-2 members, and that displaced activators induce
apoptosis18,19. Recently it has been also shown that
Noxa activates Bak by inducing Mcl-1 degradation
and Bcl-XL inactivation20. Furthermore, we have
found that Noxa-induced Bax activation is dependent
on Bak, and that Noxa can not induce the apoptosis
of Bak-deficient cells (Nakajima et al., manuscript in
preparation). These findings suggest that Noxa
induces Bak activation by inactivating Mcl-1, Bcl-XL

and other antiapoptotic multidomain Bcl-2 family
proteins, and that activated Bak induces Bax
activation. However, the precise mechanism of
apoptosis induced by BH3-only proteins remains to
be elucidated.

The roles of Noxa and Puma in p53-mediated
apoptosis have been analyzed using gene knockout
mice21―23. Mouse embryonic fibroblasts (MEFs)
deficient in Noxa show notable resistance to
oncogene-dependent apoptosis. Furthermore, Noxa-
deficient mice show resistance to X-ray-irradiation-
induced gastrointestinal death, accompanied by an
impaired apoptosis of epithelial cells that is
dependent on p53. MEFs from Puma-deficient mice
also show resistance to oncogene-dependent
apoptosis. In addition, thymocytes from Puma-
deficient mice, but not Noxa-deficient mice, are
resistant to DNA-damage-induced apoptosis.
Therefore, Noxa and Puma show overlapping and, in
some cases, different functions in p53-mediated
apoptosis. In this study, we show that Noxa and
Puma synergistically induce apoptosis. The
synergistic induction of apoptosis is not a common
effect of a pair for the BH3-only proteins, because no
such synergism is observed in the BH3-only proteins
Bim and Bid, which are critical inducers of apoptosis
in response to various stimulations11―13. These
findings may provide additional insights into the
mechanism underlying p53-induced apoptosis.
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Materials and Methods

Antibodies
The antibodies used for immunoblotting and

immunoprecipitation were anti-Bcl-Xs�L (S-18; Santa
Cruz Biotechnology), anti-human Mcl-1 (S-19; Santa
Cruz Biotechnology), anti-mouse Mcl-1 (Rockland)
and anti-α-tubulin (DM 1A; SIGMA). The antibodies
used for immunofluorescence analysis were anti-Bax
( 6A7; Exalpha Biologicals ) , anti-Bak ( ab-1;
Calbiochem) and anti-cytochrome c (6H2; Santa Cruz
Biotechnology) antibodies. Immunoprecipitation and
immunoblotting were performed as previously
described24 using CHAPS buffer (1% CHAPS, 300
mM NaCl, 25 mM 25 mM Hepes [pH 7.5], and a
protease inhibitor cocktail) as a lysis buffer.

Immunofluorescence Microscopy
For immunofluorescence staining, 1 × 104 HeLa

cells or MEFs were grown on 48-well glass-bottom
plates (Iwaki). After 24 hrs, the cells were fixed with
4% paraformaldehyde for 30 min at 4℃ and
permeabilized with methanol for 10 min at 4℃. The
fixed cells were then incubated in 1% BSA-PBS for
30 min and then with anti-Bax (6A7; Exalpha
Biologicals), anti-Bak (Ab-1; Calbiochem) and anti-
cytochrome c (6H2; Santa Cruz Biotechnology)
antibodies for 30 min at room temperature. After
washing with PBS, the fixed cells were incubated for
30 min at room temperature with Alexa-488- or
Alexa-568-conjugated anti-mouse IgG antibody.
Immunofluorescence was recorded using an
immunofluorescence microscope (Olympus). Images
were taken using a Penguin 150CL camera (Pixera)
and imaging software (Pixera).

Apoptosis Detection
HeLa cells and MEFs were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented
with 10% FBS. For cell viability assay for apoptosis
assessment, the trypan blue dye exclusion method
was performed. Cell viability was measured using a
Vi-Cell image analyzer (Beckman).

RNA Interference
To knockdown Bcl-XL or Mcl-1 expression in

MEFs, mouse Bcl-XL shRNA-expressing vectors
(siBcl-XL) were generated using the pSUPER-retro-
puro vector. 5 ’ -GAAAGTGCAGTTCAGTAAT-3’
was used for mouse Bcl-XL and 5 ’ -
GAAGGACTTCTAGAATGAA-3’ for mouse Mcl-1
(siMcl-1).

Adenoviral Infection
A recombinant adenovirus was generated with

the pAxCAwt vector according to the
manufacturer’s protocol (Adenovirus Expression
Vector kit; Takara). Noxa, Bim or Puma cDNA was
tagged with the sequence encoding the influenza
virus HA epitope at their N-terminus. Cells were
infected with the adenoviruses as described
previously8.

Results

Noxa and Puma Synergistically Induce
Apoptosis and Activation of Bax and Bak

To investigate the functional interaction of Noxa
and Puma, we used an adenovirus-mediated gene
expression system. As shown in Figure 1a, about
30% of HeLa cells had died 12 hrs after infection
with adenovirus-expressing Noxa or Puma at
amultiplicity of infection (moi) of 50. Interestingly,
Noxa- or Puma-induced apoptosis was markedly
enhanced by a combination of Noxa and Puma; more
than 90% of cells died after infection with
adenovirus-expressing Noxa (moi 25) and Puma (moi
25) (Fig. 1a). The same effect was also observed
with twice the amount of adenovirus (moi 100; Fig.
1a), indicating that this enhancement is caused by a
synergistic effect, but not an additive effect. BH3-
only proteins activate the proapoptotic multidomain
Bal-2 family proteins Bax and Bak, and BH3-only-
protein-induced apoptosis is dependent on Bax and
Bak15. To detect Bax and Bak activations by Noxa
and Puma, we performed immunofluorescence
microscopy using an activated form of Bax- or Bak-
specific antibody. As shown in Figure 1b, in Noxa-
or Puma-expressing cells under the same conditions
as those in Figure 1a (moi 50), the activated forms of



Synergistic Induction of Apoptosis by Noxa and Puma

J Nippon Med Sch 2007; 74 (2) 151

Fig. 1 a: HeLa cells were infected with an adenovirus expressing either of the BH3-only proteins, Noxa and 
Puma (moi 50 or 100), Noxa + Puma (moi; Noxa 25, Puma 25 or Noxa 50, Puma 50) or an empty 
adenovirus (moi 50 or 100). The cells were harvested 12 hrs after treatment and the percentage of 
viable cells was determined by the trypan blue dye exclusion method. The data are representative of at 
least three independent experiments. The error bars indicate standard deviations.
b, c: HeLa cells were infected with Ad-empty, Ad-Noxa, Ad-Puma, or Ad-Noxa + Ad-Puma for 12 hrs in 
the presence of 100 μM zVAD-fmk and visualized by immunofluorescence microscopy. The 6A7 epitope 
Bax N-terminus-recognizing anti-6A7 (green) and anti-cytochrome c (cyto c; red) were visualized by 
immunofluorescence microscopy.

Bax and Bak were weakly but definitively detected
using the 6A725 and ab-126 antibodies, respectively.
Generally apoptotic cells markedly change their
morphology, resulting in the formation of apoptotic
bodies. Therefore, to prevent the morphological
change of cells during apoptosis caused by caspases,
we performed this experiment in the presence of a
caspase inhibitor (z-VAD fmk). It was previously
shown that, in response to apoptotic stimulation, Bax
and Bak change into their active forms, resulting in
the formation of large clusters containing Bax and
Bak on the mitochondrial outer membrane27, and

that staining images of Bax and Bak show such a
cluster pattern (Fig. 1b). In contrast, these
antibodies did not stain uninfected cells. Next, we
determined the effect of the combination of Noxa
and Puma, and found that Noxa and Puma
synergistically activate Bax and Bak (Fig. 1b).
Following cluster formation on the mitochondrial
outer membrane, activated Bax and Bak induce
cytochrome c release from mitochondria. As shown
in Figure 1c, Noxa or Puma induces cytochrome c
release from mitochondria. In normally growing
cells, cytochrome c was located only in mitochondria,
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Fig. 2 a: HeLa cells were infected with an adenovirus expressing Noxa (moi 50) or Puma (moi 
50) for 12 hrs in the presence of 100 μM zVAD-fmk and solubilized in CHAPS buffer. The 
cell lysate was subjected to immunoprecipitation with an anti-HA antibody and analyzed 
by immunoblotting using anti-Mcl-1 and anti-HA antibodies. b: HeLa cells were infected 
with Ad-empty (moi 50), Ad-Noxa (moi 50), Ad-Puma (moi 50), or Ad-Puma + Ad-Noxa 
(moi; Noxa 25, Puma 25). After 12 hrs, the lysate was analyzed by immunoblotting using 
antibodies to Mcl-1 and α-tubulin as a loading control. c: shRNA for Mcl-1 (siMcl-1) or the 
pSuper Vector (control) was expressed in SV40-transformed wild-type (wt) MEFs. The 
lysate was analyzed by immunoblotting using antibodies to Mcl-1 and α-tubulin as a 
loading control. d: Wt MEFs expressing siMcl-1 or control were infected with Ad-empty 
(moi 50), Ad-Noxa (moi 50), Ad-Puma (moi 50), or Ad-Puma + Ad-Noxa (moi; Noxa 25, 
Puma 25). The cells were harvested 12 hrs after treatment, and the percentage of viable 
cells was determined by the trypan blue dye exclusion method. The data are 
representative of at least three independent experiments. The error bars indicate 
standard deviations. 

and, in response to apoptotic stimulations,
cytochrome c release is determined diffuse
cytochrome c staining patterns24. As shown in
Figure 1c, cytochrome c release was clearly
enhanced by a combination of Noxa and Puma.

The Suppression of Mcl-1 by Noxa is not
Influenced by Puma-induced Apoptosis

Recently, Willis et al. have suggested that Noxa-
induced apoptosis is mainly caused by Mcl-1
degradation by Noxa, resulting in Bak activation20.
They also showed that Bak is sequestered by Mcl-1
and Bcl-XL, but not by Bcl-2, until displaced by BH3-
only proteins. In addition, we found that Noxa

activates Bax in Bak-expressing cells, but not in Bak-
deficient cells (Nakajima et al., manuscript in
preparation). Furthermore, we also found that
enforced Bax translocation to mitochondria in
combination with Bcl-2 inhibition by siRNA and the
inactivation of Bcl-XL and Mcl-1 by Noxa are
sufficient to induce cytochrome c release (Nakajima
et al., manuscript in preparation). Therefore, we next
analyzed the role of Mcl-1 in this synergistic
induction of apoptosis by Noxa and Puma. In the
study using peptides of the BH3 domain of known
BH3-only proteins, the BH3 peptide of Noxa showed
a high affinity to Mcl-1, but not to other
antiapoptotic multidomain Bcl-2 family proteins, such
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Fig. 3 a: Bak－/－ MEFs were infected with Ad-empty (moi 50) or Ad-Puma 
(moi 50) for 12 hrs in the presence of 100 μM zVAD-fmk and 
visualized by imunofluorescence microscopy. The 6A7 epitope Bax N-
terminus-recognizing anti-6A7 antibody (red) was visualized by 
imunofluorescence microscopy. b: siRNA for Bcl-XL (siBcl-XL) or the 
pSuper vector (control) was expressed in Bak－/－ MEFs. The lysate 
was analyzed by immunoblotting using antibodies to Mcl-1 and α-
tubulin. c: Bak－/－ MEFs expressing siBcl-XL or control vector were 
infected with Ad-empty (moi 50), Ad-Puma (moi 50), or Ad-Puma + Ad-
Noxa (moi; Noxa 25, Puma 25). The cells were harvested 12 hrs after 
treatment, and the percentage of viable cells was determined by the 
trypan blue dye exclusion method. The data are representative of at 
least three independent experiments. The error bars indicate 
standard deviations.

as Bcl-XL, Bcl-2, Bcl-w, and A1�BFL-118,19. In contrast,
the BH3 peptide of Puma showed high affinities to
Bcl-2, Bcl-w and A1�BFL-1, but relatively lower
affinities to Bcl-XL and Mcl-1. Therefore, we next
analyzed the binding of Mcl-1 to Noxa and Puma. As
shown in Figure 2a, immunoprecipitation analysis
revealed that Noxa associates with Mcl-1 in under a
relatively physiological condition using 3- [ (3-
cholamidopropyl) dimethylammonio]-1-
propanesulfonic acid (CHAPS) buffer25. Puma also
associates with Mcl-1, but at a lower efficiency than
Noxa (Fig. 2a). Therefore, we determined whether
Noxa-induced Mcl-1 degradation is enhanced by
Puma. As shown in Figure 2b, Noxa, but not Puma,
induced a reduction in Mcl-1 protein expression
level. In contrast, the Noxa-induced reduction in Mcl-
1 protein expression level was relatively inhibited by

Puma. However, no acceleration of Noxa-induced
Mcl-1 degradation by Puma could be determined.
Next, we analyzed the functional role of Mcl-1 in
Puma-induced apoptosis using wild-type MEFs in
which Mcl-1 expression is suppressed by siRNA
using a retrovirus mediated shRNA expression
system (Fig. 2c). Noxa-induced apoptosis was
partially accelerated by Mcl-1 suppression, but
Puma-induced apoptosis had no effect on Mcl-1
suppression (Fig. 2d). In this experiment, we used
SV40-transformed MEFs, because siRNA efficiently
suppressed Mcl-1 expression in the murine system
under our experimental conditions. We also found
that Noxa and Puma also synergistically induce
apoptosis in MEFs, and that this synergism has no
effect on the suppression of Mcl-1 expression
(Fig. 2d). These results clearly indicate that the
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Fig. 4 a: HeLa cells were infected with an adenovirus expressing either 
of the BH3-only proteins, empty, Bim (moi 10), tBid (moi 10) or 
Bim + tBid (moi; Bim 5 + tBid 5). b: HeLa cells were infected 
with the adenovirus expressing BH3-only proteins, Puma (moi 
50), Bim (moi 10), Noxa (moi 50), Puma + Bim (moi; Puma 25 + 
Bim 5), and Noxa + Bim (moi; Noxa 25 + Bim 5). The cells were 
harvested 12 hrs after treatment, and the percentage of viable 
cells was determined by the trypan blue dye exclusion method. 
The data are representative of at least three independent 
experiments. The error bars indicate standard deviations. (a, b)

suppression of Mcl-1 expression by Noxa is not
influenced in Puma-induced apoptosis, suggesting
that another Noxa-evoked mechanism enhances
Puma-induced apoptosis.

Bak Activation by Noxa is not Influenced in
Puma-induced Apoptosis

As described above, it was considered that Noxa-
induced apoptosis is mainly mediated by Bak
activation. Therefore, we determined whether Noxa-
induced Bak activation enhances Puma-induced
apoptosis by Noxa. As shown in Figure 3a, Puma
induced apoptosis in Bak－�－ MEFs. We also
analyzed the role of Bcl-XL using siRNA (Fig. 3b),

because Bcl-XL is considered to be a major target of
Noxa other than Mcl-18. We previously found that
Noxa-induced Bax activation is dependent on Bak
using Bak-deficient cells (Nakajima et al., manuscript
in preparation). As shown in Figure 3b, Noxa
enhanced Puma-induced apoptosis in Bak-deficient
SV 40-transformed MEFs. In addition, the
suppression of Bcl-XL expression did not markedly
enhance Puma-induced apoptosis compared with the
effect of Noxa (Fig. 3c). These results suggest that
the inhibition of antiapoptotic multidomain Bcl-2
family protein (s), other than Mcl-1 and Bcl-XL, is
important for the synergistic induction of apoptosis
by Noxa and Puma.
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The BH3-only Proteins Bim and Bid do not
Show Synergistic Induction of Apoptosis

Is this synergistic induction of apoptosis specific
for Noxa and Puma? To answer this, we analyzed
the effect of the extensively analyzed BH3-only
proteins Bim and Bid. As shown in Figure 4a, Bim
and Bid showed only an additive effect of apoptosis
induction, and no synergistic induction of apoptosis
by Bim and Bid could be detected.

Furthermore, we analyzed the synergistic effect of
Bim and Puma or Noxa. As shown in Figure 4b, no
synergistic activation of Bim and Puma was
observed. However, Bim-induced apoptosis was
clearly enhanced by Noxa (Fig. 4b).

Discussion

This study first demonstrated the synergistic
induction of apoptosis by the p53-inducible Bcl-2
family proteins Noxa and Puma. No such synergism
is observed for the BH3-only proteins Bim and Bid
(Fig. 4a), indicating that the synergistic induction of
apoptosis is not a common effect of a pair of BH3-
only proteins. Previously, it was considered that
BH3-only proteins are divided into two classes,
“activators” and “sensitizers”18,19. Bid and Bim are of
the activator type and directly associate with Bax
and Bak, resulting in the activation of Bax and Bak.
In contrast, sensitizer type BH3-only proteins, e.g.,
Noxa, displace constitutively associated activators
from antiapoptotic multidomain Bcl-2 members,
resulting in the activator-mediated activation of Bax
and Bak18,19. Initially, it was considered that Puma is
of the sensitizer type18. However, recent findings
suggested that Puma is also an activator, because
the sensitizers Noxa and Bad induce apoptosis in
wild-type MEFs, but not in Puma-deficient cells with
Bim knockdown28. As shown in Figure 4b, Bim and
Puma induced no synergism; however, Bim and
Noxa synergistically induced apoptosis. It has been
shown that Bim is a target gene for the tumor
suppressive transcription factor FoxO329. These
findings raise the possibility that targets of tumor
suppressive transcription factors synergistically
activate apoptosis. However, this possibility remains
to be elucidated. Nevertheless, it is possible that the

synergistic induction of apoptosis is caused by a
combination of an activator and Noxa. We also
analyzed another sensitizer, Bad, using the same
system. However, we found that Bad efficiently
induces apoptosis in the absence of Bak (data not
shown), suggesting that Noxa and Bad function in
different pathways.

Although Noxa activates Bak through Mcl-1
degradation20 and Bcl-XL inactivation, we detected no
involvement of Mcl-1 and Bcl-XL in the enhancement
of Puma-induced apoptosis by Noxa using a
knockdown study utilizing siRNA (Fig. 2 and 3).
Moreover, Bak activated by Noxa is also not
involved in such enhancement, because, in Bak-
deficient cells, the synergistic induction of Noxa and
Puma was observed (Fig. 3). We previously
demonstrated that Noxa can not activate Bax in the
absence of Bak (Nakajima et al., manuscript in
preparation). In contrast, Puma can activate Bax in
the absence of Bak, and Noxa enhances Puma-
induced apoptosis in Bak-deficient cells (Fig. 3).
Therefore, it can be considered that the inhibition of
another antiapoptotic multidomain Bcl-2 family of
proteins, e.g., Bcl-w, A1�BFL-1, BOO�DIVA and NR-
1311―13, by Noxa enhances Puma-induced apoptosis. In
addition, it has been proposed that Puma displaces
p53 from Bcl-XL, allowing p53 to permeabilize
mitochondria30. It can not be considered that p53
itself is involved in this synergism, because, in SV40-
transformed MEFs, p53 is inactivated by the T
antigen. However, from the occurrence of such a
phenomenon, it can not be denied that other
protein (s) may be involved in this synergism.

Our results clearly demonstrate the synergistic
induction of apoptosis by Noxa and Puma. It has
been shown that the expressions of Noxa and Puma
are activated by other transcription factors; E2F1
activates Noxa and Puma expression31 and FoxO3a
activates Puma expression32. Moreover, it has been
shown that the transcriptional repressor Slug
antagonizes p53-mediated apoptosis by repressing
Puma expresasion33. Therefore, the induction level of
Noxa and Puma by p53 differ under cellular
conditions, in which other transcription factors
involved in the regulation of Noxa or Puma are
differently activated. From this study and the
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possibilities raised, it can be considered that p53
carefully controls apoptosis by allowing two
molecules to share full ability to induce apoptosis.

Many biological processes are mediated by a
specific molecular recognition of protein-protein
interactions 34. Recently, many small-molecule
inhibitors or mimetics for targeting such protein-
protein interactions have been discovered. During
the course of these discoveries, several candidate
mimetics have been reported35,36. Among them, the
compound ABT-737, a BH3 domain mimetic, targets
selective Bcl-2 proteins and efficiently induces
apoptosis in cancer cells37,38. At present, critical
targets for the synergistic induction of apoptosis by
Noxa and Puma remain to be elucidated. However,
such targets may be important as target molecules
of a therapeutic drug for cancer. Therefore, we will
continue to search for critical targets for the
synergistic induction of apoptosis by Noxa and
Puma.
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