
PUMA- and Bax-induced autophagy contributes to
apoptosis
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The p53-inducible BH3-only protein PUMA is a key mediator of p53-dependent apoptosis, and PUMA has been shown to function
by activating Bax and mitochondrial outer membrane permeabilization. In this study, we describe an ability of PUMA to induce
autophagy that leads to the selective removal of mitochondria. This function of PUMA depends on Bax/Bak and can be
reproduced by overexpression of Bax. The induction of autophagy coincides with cytochrome c release, and taken together
the results suggest that PUMA functions through Bax to induce mitochondrial autophagy in response to mitochondrial
perturbations. Surprisingly, inhibition of PUMA or Bax-induced autophagy dampens the apoptotic response, suggesting that
under some circumstances the selective targeting of mitochondria for autophagy can enhance apoptosis.
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Apoptotic cell death plays an important role in normal
development and the deregulation of apoptotic pathways
can contribute to the genesis of various diseases, including
cancer. The activation of apoptosis by oncogenic stress
signals is thought to represent a key tumor suppressive
mechanism that prevents the outgrowth of nascent tumor
cells.1 Accordingly, the inhibition or loss of at least some
aspects of the apoptotic response pathways is a frequent
characteristic of cancers in humans and model systems. One
of the key pathways through which apoptosis is regulated
depends on the control of mitochondrial outer membrane
permeability (MOMP), which in turn regulates the release of
apoptogenic factors from the mitochondria that can trigger a
cascade of caspase activation.2 MOMP can be influenced by
a family of proteins that consists of both pro- and antiapoptotic
members and show some similarity to the first of these
proteins to be described, Bcl2.3 At the core of the pathway lie
Bax and Bak – two proapoptotic family members that function
directly at the mitochondria to regulate MOMP.4 Bcl2, Bcl-xL
and other antiapoptotic family members act to inhibit Bax and
Bak, and a large number of so-called BH3-only proteins
function to promote apoptosis either by inhibiting Bcl2/Bcl-xL
or by activating Bax and Bak.5 Of particular interest when
considering a role of apoptosis in the suppression of cancer
development is a BH3-only protein named PUMA.6 Expres-
sion of PUMA is regulated at the transcriptional level by p53, a
tumor suppressor protein that is either directly or indirectly
inactivated in most cancers. p53 functions to prevent tumor
development through a number of different mechanisms,
including the ability to reduce and repair genotoxic damage,
and through an important contribution to the activation of
oncogene-induced senescence.7 p53 can also activate

apoptosis in several cell types, and in some tissues the
induction of p53-dependent apoptosis is critical for tumor
suppression.8 Although p53 can activate the expression of a
number of BH3-only proteins, studies in genetically modified
mice have suggested that PUMA is the central mediator of
apoptotic response of p53 in most cell types.6

Autophagy refers to the highly regulated and evolutionarily
conserved process of turnover and maintenance of cellular
components that is required for cellular homeostasis.9 It is a
multistep process where portions of cytoplasm and organelles
are engulfed in double-membrane vesicles called autopha-
gososomes. These structures then fuse with lysosomes,
resulting in the destruction of their contents by the acid
hydrolases provided by the lysosome. Although autophagy is
generally considered nonspecific, in certain instances there
appears to be selection for specific organelles such as
ribosomes, the endoplasmic reticulum, peroxisomes or
mitochondria. The selective loss of mitochondria has been
termed mitophagy.10 Although autophagy occurs constitu-
tively in most cells, it can also be induced under conditions of
stress such as starvation, hypoxia or drug treatment.11 In
response to nutrient deprivation, autophagy clearly functions
to promote survival – at least in the short term – by providing a
source of energy through catabolism of the cell’s own
components.12 Mitophagy has also been shown to contribute
to survival by targeting the removal of damaged mitochondria
and so eliminating the source of apoptogenic signals or
reducing ROS levels.13,14 However, despite these contribu-
tions to cell survival under stress (usually associated with
tumor promotion), components of the autophagic pathways
have been shown to function as tumor suppressors, suggest-
ing that the ability to carry out autophagy somehow protects
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from tumor development.11,15 This is further supported by the
general observation that many oncogenes inhibit autophagy
while tumor suppressor proteins can activate autophagy.16

This may reflect a role for autophagy in maintaining genome
stability or could reflect a recently described function for
autophagy in supporting apoptosis in some systems.17,18

A number of recent studies have revealed interesting cross-
talk between the apoptotic and autophagic pathways, with the
identification of several proteins that can play a role in both
responses.19 Bcl2 and Bcl-xL, for example, have been shown
to inhibit autophagy as well as apoptosis by binding to
Beclin-1, an autophagy-inducing protein that contains a BH3
domain.20 Interestingly, proapoptotic BH3-only proteins such
as BNIP3 and Bad, as well as pharmacological BH3mimetics,
can function to induce autophagy by competitively disrupting
the interaction between Beclin-1 and Bcl2 or Bcl-xL.14,21

Conversely, Atg5 – a protein required for the formation of
autophagosomes – can be rendered proapoptotic following
cleavage by calpain. In this case, the Atg5 cleavage product
acquires the ability to move to the mitochondria, interact with
Bcl-xL and drive cytochrome c release and caspase activa-
tion.22 In light of these increasing links between the two
responses, we investigated whether the p53-inducible proa-
poptotic protein PUMAmight also have a function in regulating
autophagy.

Results

Our earlier studies have shown that PUMA can localize to the
mitochondria through a C-terminal hydrophobic domain, and
by virtue of the BH3 domain-dependent interaction with
Bcl2.23 While studying the subcellular localization of Flag-
tagged PUMA, we noted that the expression of PUMA
reproducibly resulted in a characteristic clustering of the
mitochondria around the nucleus. Co-staining of cells for
Tom20, a mitochondrial outer membrane protein, revealed a
filamentous network of mitochondria in untransfected cells,
whereas cells expressing PUMA (which colocalizes with Tom 20)
showed an aggregate clustering of the mitochondria around
the nucleus – an effect that was seen within 12 h of
transfection of PUMA into a number of different cell lines
(Figure 1a and b and Supplementary Figure 1A). In time
course experiments, we noted that the mitochondrial cluster-
ing was observed as soon as PUMA expression could be
detected, indicating that the changes in mitochondria occurs
concurrently with or very rapidly after PUMA localization. In a
number of cells, at later time points, the initial clustering of
mitochondria in PUMA-expressing cells appeared to be
followed by a loss of mitochondria. Identical results were
seen after staining for different mitochondrial proteins such as
COX I and COX IV (data not shown). To confirm that this
mitochondria loss was due to PUMA expression, we co-
expressed GFP-C1 with PUMA to give an independent
marker of which cells had been transfected with PUMA. This
approach showed clearly that by 24 h post-transfection, the
depletion of mitochondria was evident only in the GFP-
positive cells (Figure 1c and Supplementary Figure 1B). Our
earlier studies have shown that expression of extremely low
levels of PUMA (below the level of detection by western blot)
were sufficient to induce apoptosis, and we found that the

clustering and loss of mitochondria were also induced by
similarly low levels of PUMA expression (data not shown).
Although the mitochondrial clustering and loss could be seen
most clearly when the experiments were carried out in the
presence of the pan-caspase inhibitor z-VAD-fmk to inhibit the
loss of cells through PUMA-induced apoptosis, these effects
of PUMA expression were also observed in the absence of
z-VAD-fmk (Figure 1d), indicating that the loss was not a
consequence of caspase inhibition. Although the activation of
apoptosis in the absence of z-VAD-fmk made it difficult
to quantify how many PUMA-expressing cells showed
mitochondrial loss, at earlier time points (8 h) it was clear that
the mitochondrial clustering occurred at a similar rate in
the presence or absence of z-VAD-fmk (Supplementary
Figure 1C).
It is well established that bulk degradation of cytoplasmic

components is usually due to autophagy. Recent studies have
illustrated the role of BH3 domain proteins in the regulation of
autophagy, as well as apoptosis. We therefore considered the
possibility that PUMA – in common with some other BH3-only
proteins – may be stimulating autophagy and the consequent
degradation of organelles including the mitochondria.
A common method for detecting autophagy is by monitoring
the conversion of GFP-taggedmicrotubule-associated protein
1 light chain 3 (MAP-LC3), from a diffuse cytosolic form
(LC3-I) to a lipidated form (LC3-II) that forms part of the
autophagic membrane and can be visualized as puncta
accumulation by fluorescence microscopy.24 Using GFP-
tagged LC3 to monitor the formation of autophagosomes, we
found that PUMA strongly induced the formation of GFP-LC3
puncta, along with mitochondrial clustering (Figure 2a and
Supplementary Figure 2A). An examination of the localization
of the LC3 puncta showed that there was a generally closer
localization with mitochondria (stained by Tom20) than with
other organelles such as the golgi (stained with GM130)
(Figure 2b). Although there was clearly not complete
concurrence of the LC3 and Tom20 staining, the degree of
overlap was similar to that seen earlier under conditions
where selective autophagic degradation of mitochondria – or
mitophagy – had been identified.21 We therefore looked more
directly at the PUMA-induced loss of various organelle-
specific proteins by western blotting (Figure 2c), which
showed that while PUMA expression clearly led to the loss
of mitochondrial proteins (COXII and COXIV), there was no
change in the levels of proteins marking other organelles,
including Golgi (GM130) and ER (Calnexin). In agreement
with these observations, PUMA-expressing cells showed no
reduction in ER or golgi staining by immunofluorescence (data
not shown). These results therefore suggested that PUMA
expression leads to an increased rate of autophagy that
results in the selective loss of mitochondria.
A number of recent reports have shown that BH3 domain

proteins, such as BNIP3 and Bad, can induce autophagy by
releasing Beclin-1 – an essential component of the autophagic
pathway – from an inhibitory interaction with Bcl2 or Bcl-xL.
This function of BNIP3 would depend on its BH3 domain for
interaction with Bcl2/BclXL, but would not be expected to
require other mediators of the apoptotic response such as Bax
or Bak. To test whether PUMA may be functioning in a similar
manner, we first examined the contribution of the PUMA BH3
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domain. Deletion of three amino acids within the BH3 domain
resulted in a failure of PUMA to induce the mitochondrial
clustering seen following expression of the wild-type protein

(Figure 3a) and this mutant was also defective in the induction
of LC3 puncta (Figure 3b). Interestingly, a PUMA mutant
lacking the C-terminal domain – but retaining the BH3 domain

PUMA Tom20 Merge
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GFP Tom20 Merge

Tom20 Merge
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+PUMA

PUMA

Figure 1 PUMA induces perinuclear accumulation and loss of mitochondria in different cell types. (a) U2OS cells were transfected with GFP-tagged PUMA expression
plasmid and maintained in the presence of z-VAD-fmk to inhibit apoptosis. After 24 h, cells were fixed and subject to immunofluorescence analysis. Mitochondria were stained
using anti-Tom20 antibody. The top panels show normal mitochondrial morphology in control transfected U2OS cells. (b) Saos-2 TetOn PUMA cells were treated with
doxycycline to induce PUMA. After 24 h, PUMA was detected using an anti-Flag antibody while mitochondria were stained as above. (c) U2OS or MEF cells were co-
transfected with a combination of pEGFP plasmid and PUMA-expression plasmid and maintained in z-VAD-fmk. After 24 h, cells were fixed and immunostained with anti-
Tom20 antibody. GFP positivity indicated cells that co-expressed PUMA and showed loss of mitochondria (detected with anti-Tom20). (d) U2OS cells were transfected with
GFP-PUMA and maintained without z-VAD-fmk. After 12 h, mitochondrial clustering was evident in GFP-PUMA-positive cells, with some cells (an example is indicated by *)
showing loss of the mitochondrial marker
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and the ability to both localize to the mitochondria and induce
apoptosis23 – functioned similar to wild-type PUMA in the
induction of mitochondrial clustering, mitochondrial loss and
LC3 puncta formation (Figure 3b and data not shown).
If the induction of autophagy by PUMA is due to release of

Beclin-1 from Bcl2/Bcl-xL, then it would not be predicted to be

influenced by Bax or Bak expression. However, we have
shown earlier that induction of apoptosis by PUMA is
absolutely dependent on the presence of Bax or Bak.25

Surprisingly, the expression of PUMA in Bax/Bak double-null
cells had no effect at all on mitochondrial morphology or
maintenance (Figure 3c). PUMA protein expressed in these
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Figure 2 PUMA induces accumulation of GFP-LC3 puncta, which preferentially colocalize with mitochondria. (a) Saos-2 TetOn PUMA cells were infected with GFP-LC3-
expressing adenovirus, left for 16 h and then treated with doxycycline. Cells were maintained in the presence of z-VAD-fmk throughout the experiment. After 24 h, cells were
fixed and immunostained with anti-Tom20 antibody to visualize the mitochondria. (b) U2OS cells were infected with GFP-LC3-expressing adenovirus, left for 16 h and then
transfected with PUMA-expression plasmid. Cells were maintained in the presence of z-VAD-fmk throughout the experiment. After 24 h, cells were fixed and immunostained
with anti-Tom20 (upper panel) or anti-GM130 (lower panel). Cells exhibiting GFP-LC3 puncta were then observed under a fluorescence microscope to compare the
colocalization of GFP-LC3 puncta with mitochondria (Tom20) or Golgi (GM130). (c) U2OS cells were transfected with vector control or PUMA-expression plasmid and
maintained in the presence of z-VAD-fmk throughout the experiment. Cells were harvested 24 or 48 h after transfection and cell lysates were immunoblotted with the indicated
antibodies to detect levels of mitochondria, Golgi and ER proteins
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cells colocalized with Tom20 staining in a broadly spread
reticulate network (upper panel), and GFP/PUMA co-trans-
fected cells retained their mitochondria (lower panel).
The requirement of Bax/Bak for PUMA to induce the

mitochondrial changes led us to test whether expression of
Bax alone would be able to mediate similar effects.
Subsequent experiments showed that expression of Bax
could induce the mitochondrial clustering seen following

PUMA expression (Figure 4a). As expected, Bax also induced
these mitochondrial changes in the Bax/Bak-null cells (data
not shown). It should be noted that in these experiments
transfection of Bax leads to the expression of activated Bax
that localizes to the mitochondria and is competent to induce
apoptosis. As seen following PUMA expression, perinuclear
clustering of mitochondria in response to Bax occurred in the
presence or absence of z-VAD-fmk (Supplementary Figure
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Figure 3 The ability of PUMA to affect mitochondria and LC3-punctae depends on Bax/Bak. (a) U2OS cells were transfected with PUMADLRR-expression plasmid and
subjected to immunofluorescence analysis 24 h later. PUMADLRR was detected using anti-FLAG antibody, whereas mitochondria were stained with anti-Tom20 antibody. (b)
Quantitation of GFP-LC3 puncta formation. U2OS cells were infected with GFP-LC3-expressing adenovirus and then transfected with expression plasmids for the indicated
proteins. Cells were maintained in the presence of z-VAD-fmk throughout the experiment. After 24 h, cells were fixed and observed under a fluorescence microscope. Results
are presented as mean percentage of GFP-LC3-positive cells showing puncta. Data are mean and S.D. of three independent experiments. (**Po0.001, ***Po0.005
compared with control transfected cells). (c) Bax/Bak DKO MEFs were transfected with plasmids expressing the indicated proteins and subjected to immunofluorescence
analysis after 24 h. In the upper panel, PUMA was detected using an anti-Flag antibody, whereas mitochondria were stained using anti-Tom20 antibody. In the lower panel,
GFP positivity indicated cells that co-expressed PUMA and showed maintenance of mitochondria (detected with anti-Tom20)
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1C), and the loss of mitochondrial markers caused by the
induction of Bax was not accompanied by a clear decrease in
ER or golgi markers (Figure 4b). The ability of Bax to induce
mitochondrial clustering and loss suggested that Bax may
also be inducing autophagy. This was confirmed by showing
that, similar to PUMA, expression of Bax induces LC3 puncta
formation (Figure 4c and d and (Supplementary Figure 2B)).
To further establish the effect of PUMA and Bax on

autophagy, we examined the conversion from LC3-I to
LC3-II by western blot, where LC3-II is detected as a faster
migrating band. In agreement with the immunofluorescence
studies, both PUMA and Bax expression enhanced the
conversion of LC3, but this was not seen following expression
of a BH3 domain mutant of PUMA (Figure 5a). Analysis by
electron microscopy also showed the presence of vesicles
consistent with the formation of autophagosomes following
PUMA or Bax induction (Supplementary Figure 2C).
The accumulation of LC3 punctae could result from either

an enhanced rate of autophagy, or a block in the later stages
of autophagy to prevent degradation of the autophagosomes.
We therefore examined the effect of chloroquine (which
inhibits the lysosome/autophagosome fusion) on the levels of
LC3-II. As expected, if PUMA is contributing to the enhance-
ment of autophagy, the LC3-II levels were higher in PUMA/
chloroquine cells compared with chloroquine-only cell
(Figure 5b). Taken together, our results suggest that PUMA
enhances autophagy, that this effect requires Bax and/or Bak
and that the autophagy induced by PUMA shows some
selectivity in the removal of mitochondria. General autophagy
can be assessed by an increased degradation of long-lived
proteins, an effect that we observed in nutrient-starved cells,
as expected (Figure 5c). Interestingly, however, we did not
detect a change in the degradation of long-lived proteins
following activation of PUMA, despite a clear loss of the
mitochondrial marker COX IV (Figure 5c). These results
support the suggestion that PUMA can lead to the specific loss
of mitochondria, through mitophagy, without inducing a
general and nonspecific autophagic response. It is also
interesting to note that we did not see non-apoptotic cell
death following PUMA or Bax induction in the presence of z-
VAD-fmk after 3 days treatment (as assessed by PI
exclusion). This is in contrast to cells undergoing general
autophagy in response to ER stress,26 where necrotic death is
detected. This may therefore also reflect the difference
between general autophagy and the more selective mito-
phagy seen here.
Having found that Bax and PUMA can induce autophagy

and the removal of mitochondria, we were interested in
understanding whether this would have any effect on their
apoptotic activity. The removal of mitochondria through
mitophagy has been reported earlier and is thought to be
triggered by mitochondrial membrane permeability transition
caused by mitochondrial damage.27 Such a response would
be entirely consistent with our observations that the autopha-
gic effects of Bax and PUMA expression correlate with the
ability to activate apoptosis. Most studies have indicated that
the mitophagic response to mitochondrial damage is a
prosurvival mechanism, removing damaged mitochondria
and their associated apoptogenic signals. We therefore
examined the contribution of autophagy to the sensitivity of
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Figure 4 Bax functions similarly to PUMA to induce mitochondrial loss and
accumulation of LC3 punctae. (a) Bax induces mitochondrial perinuclear
accumulation and loss. U2OS and WT MEFs were transfected with Bax-expression
plasmid and subjected to immunofluorescence analysis after 24 h. Cells were
maintained in the presence of z-VAD-fmk throughout the experiment. Bax was
detected using anti-Bax antibody, whereas mitochondria were stained using anti-
Tom20 antibody. (b) Saos-2 TetOn Bax cells were treated with doxycycline to
induce Bax expression and maintained in the presence of z-VAD-fmk throughout the
experiment. Cell were harvested 24 or 48 h after doxycycline treatment and cell
lysates were immunoblotted with the indicated antibodies to detect the levels of
mitochondria, Golgi and ER proteins. (c) U2OS cells were infected with GFP-LC3-
expressing adenovirus and then transfected with Bax-expression plasmid. Cells
were maintained in the presence of z-VAD-fmk throughout the experiment. After
24 h, cells were fixed, stained for Bax and observed under a fluorescence
microscope. (d) Quantitation of GFP-LC3 puncta. Saos-2 TetOn Bax cells were
infected with GFP-LC3-expressing adenovirus and then treated with doxycycline for
24 h. Cells were maintained in the presence of z-VAD-fmk throughout the
experiment. Cells were fixed and analyzed using a fluorescence microscope.
Results are presented as mean percentage of GFP-LC3-positive cells showing
puncta. Data are mean and S.D. of three independent experiments (**Po0.001
compared with control cells)
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cells to Bax-induced apoptosis by reducing the expression of
components of the autophagic pathway. Small interfering
RNA (siRNA) targeted to Atg5 lowered the expression of the
Atg5 protein and partially rescued the mitochondrial loss
induced by Bax expression (Figure 6a). Surprisingly, knock-
down of Atg5 also significantly reduced Bax-induced apopto-
sis (Figure 6b), suggesting that the autophagic response
contributes to the apoptotic response. However, we were
concerned that this result may be complicated by the recent
description of a direct role for Atg5 in apoptosis following
cleavage by calpain22 – although we were unable to detect
any increase in calpain activity following activation of either
PUMA or Bax (data not shown). We therefore used siRNA to
reduce the expression of other proteins required for autop-
hagy and found that reduction of the expression of Atg7 or
Atg10 also lowered the apoptotic response to Bax (Figure 6b).
PUMA-induced apoptosis was also inhibited by the reduction
of autophagic proteins Atg5, Atg7 or Atg10 (Figure 6c).
To try and elucidate the stage of apoptosis that was affected

by reducing the expression of Atg5, we carried out cell
fractionation to evaluate the effect on cytochrome c release.
As expected, the expression of Bax induced the release of
cytochrome c from the mitochondria (Figure 7a), a response
that was inhibited by the reduction of Atg5 expression. Our
studies suggest that, rather unexpectedly, autophagy may be
contributing to the efficient release of cytochrome c and so the
induction of apoptosis. However, it is also likely that
mitochondrial membrane permeabilization induced by Bax is
a trigger to induce autophagy – particularly the selective
removal of these damagedmitochondria.We therefore tried to
determine whether the formation of autophagosomes
occurred before or after cytochrome c release. However,
despite several attempts in different systems we were unable
to clearly dissociate the appearance of LC3 puncta from the
release of cytochrome c following either Bax or PUMA
expression (Supplementary Figure 3).
Another feature frequently associated with apoptosis is the

loss of mitochondrial inner membrane potential. Using the
tetramethylrhodamine ethyl ester (TMRE) dye, which binds to
mitochondria in amembrane potential-dependent manner, we
confirmed that expression of Bax resulted in the appearance
of a population of cells with decreased potential. Interestingly,
this population of cells was reduced following siRNA depele-
tion of Atg5 (Figure 7b), suggesting that mitophagy con-
tributes to the Bax-induced apopotosis by enhancing both
cytochrome c release and loss of mitochondrial membrane
potential.

Discussion

We have shown that the BH3-only protein PUMA can induce
autophagy concurrently with apoptosis, and that this appears
to result in the selective removal of mitochondria. The
induction of autophagy by PUMA requires its BH3 domain
and is dependent on the presence of Bax or Bak. Bax alone
can also induce mitochondrial-selective autophagy in the
absence of PUMA activation, and we find a close correlation
between the induction of apoptosis and autophagy in these
systems.
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Figure 5 PUMA promotes autophagosome formation and loss of mitochondrial
markers, but not general degradation of long-lived proteins. (a) HeLa cells stably
expressing GFP-LC3 were transfected with plasmids expressing the indicated
proteins, maintained in the presence of z-VAD-fmk and harvested after 24 h. Cell
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induced GFP-LC3-II. Saos2 TetOn PUMA cells were infected with GFP-LC3-
expressing adenovirus and then treated with doxycycline for 24 h. Chloroquine
(30mM) was then added and cells were harvested after 9 h. Cells were maintained
in the presence of z-VAD-fmk throughout the experiment. Cell lysates were
subjected to western blotting using anti-GFP antibodies to detect GFP-LC3-I and
the faster migrating GFP-LC3-II. Calnexin was used as a loading control. (c) Protein
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A growing body of evidence supports a distinction between
general autophagy and the specific removal of mitochondria
through autophagic mechanisms, also termed mitophagy.28

General or non-selective autophagy is an important response
to maintain metabolism and allow cells to survive limited
periods of hypoxia, starvation or nutrient deprivation. This is a
short-term survival solution, however, and extended or
overactivated autophagy can result in the death of cells
following extensive self-digestion of organelles and cyto-
plasm. This autophagic response is dependent on Beclin-1
and can be triggered by BH3-only proteins, such as BNIP3
and Bad, which disrupt the inhibitory interaction between
Bcl2/Bcl-xL and Beclin-1. More selective forms of autophagy
that result in the engulfment and degradation of only
mitochondria have been suggested to play an important role
in the removal of damaged mitochondria, although the
mechanism underlying the selectivity are not clear. Our
results suggest that PUMA functions through Bax to induce
mitochondrial selective autophagy that is triggered simulta-
neously with cytochrome c release. It would appear that
induction of autophagy (as assessed by autophagosome
appearance) does not induce or precede the release of
cytochrome c, but rather the same stimulus (such as changes

in mitochondrial membrane potential) concurrently induces
both these events.
The autophagic signal induced by PUMA is clearly different

from that activated by starvation or ER stress, which are
independent of Bax/Bak.12,26 The dependence of PUMA-
induced autophagy on Bax/Bak indicates that PUMA does not
function directly to release Beclin-1 from Bcl2/Bcl-xL – at least
in these model systems. This is further supported by the
observation that Bax – which does not bind Beclin-1 and is
unable to disrupt the interaction between Bcl2/Xl and Beclin-
129 – functions to inducemitochondrial autophagy in amanner
very similar to PUMA. This activity of Bax would seem to be
linked with the ability to induce apoptosis, as a recent study
has shown that expression of cytoplasmic Bax (which is
inactive) cannot induce autophagy in Bax/Bak-null cells.26

Interestingly, we also found that knockdown of Beclin1
expression by siRNA did not prevent apoptosis in response
to PUMA or Bax, even though reduction of Beclin-1 expres-
sion was able to inhibit the formation of autophagosomes in
response to starvation (data not shown). It therefore seems
possible that PUMA/Bax-induced autophagy is Atg5-, Atg7-
and Atg10-dependent but Beclin-1-independent, a situation
very similar to that described recently for neuronal autophagy
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induced by the parkinsonian neurotoxin 1-methyl-4-phenyl-
pyridinium (MPP(þ )).30 Similar to PUMA and Bax, MPP(þ )
induces mitochondrial injury, autophagy and mitochondrial
degradation that is inhibited by siRNA knockdown of Atg5,
Atg7 and Atg8 but occurs independently of Beclin-1.
It seems likely that alterations in mitochondrial membrane

potential-induced Bax/Bak can signal to both apoptosis and
mitochondrial autophagy. Indeed, earlier studies have
shown that mitochondria that have sustained stress-induced
damage, such as MPT or MOMP, can be removed by
selective mitochondrial autophagy.13,27,30,31 Furthermore, in
yeast mitochondrial dysfunction (as measured by impaired
mitochondrial membrane potential) also induces mitophagy,
which is followed by cell death.32 What the precise signal from
the alteredmitochondrial membranes to autophagy is remains
to be determined. Intriguingly, some BH3-only proteins, which
would be expected to activate Bax and induce the pathways
described here – such as BNIP3 – also induce mitophagy
through the activation of Beclin-1.14 It remains possible that in
different cell systems, or in response to different signals,
PUMA may also engage this pathway.

The role of PUMA in p53-induced autophagy remains to be
resolved. p53 transcriptionally activates the expression of
DRAM,33 which canmediate the autophagic response. In cells
where p53 drives DRAM expression, we were unable to
identify an essential role for PUMA in the activation of
autophagy (data not shown), consistent with DRAM being
sufficient for this response. However, the response to p53 is
complicated, with evidence that p53 can also function to
repress autophagy.34 The ultimate response to p53 activation
and the contribution of various p53 activities is therefore likely
to be strongly stimulus and cell-type dependent.
Despite descriptions of autophagic cell death, there is

a consensus that autophagy itself is more usually a
survival mechanism, and although dying cells can show
characteristics of autophagy, this is generally not the
mechanism through which the cells die.35 However, it is
possible that autophagy can contribute to the induction of
other death responses, such as apoptosis. In light of the
coordinate activation of both autophagic and apoptotic signals
by PUMA and Bax, we examined whether autophagy could
impact the apoptotic response. The impact of autophagy on
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apoptosis is highly context-dependent, with compelling
evidence that autophagy can both inhibit or promote
apoptosis, depending on the system. As discussed above,
general autophagy in response to starvation clearly plays a
survival role, although a number of studies have also shown
that general autophagy can play a role in promoting or
initiating apoptosis.17,19 There are many examples of systems
in which a reduction or inhibition of autophagy leads to a
reduction in apoptosis or cell death.18,30,31,33,36–38 The role for
mitochondrial-specific autophagy in the regulation of apopto-
sis is similarly complex. Although selective removal of
damaged mitochondria by autophagy has been proposed to
protect or reduce the apoptotic signal,39 there are situations
where mitophagy appears to contribute to apoptosis. Most
interestingly, inhibition of the mitophagy associated with
MPP(þ )-induced mitochondrial damage confers protection
from MPP(þ )-induced cell death in a manner reminiscent of
the results described here with PUMA and Bax.30,38 Bax has
also been shown to induce both mitophagy and general
autophagy, as well as death, in yeast. Interestingly, loss of
expression of Uth1P – a protein that is specifically required for
mitophagy – delays the rapid and regulated cell death induced
by Bax, although these cells then die through necrosis.40

Taken together, our data support a role for PUMA or Bax-
induced mitochondrial autophagy in the promotion of apopto-
sis. Importantly, however, while this mitophagy can enhance
apoptosis, it does not appear to induce cell death by itself in
the short term, although loss of mitochondria is most likely to
be detrimental to the cell in the long term. The mechanism for
this proapoptotic activity of mitochondrial autophagy remains
unclear. It is possible that the process of autophagy enhances
the breakdown of the mitochondria and so facilitates the
release of cytochrome c and/or SMAC/DIABLO. Alternatively,
the removal of mitochondria might promote cell death by
reducing the capacity of the cell for energy production and
survival.28

Materials and Methods
Reagents and antibodies. All reagents used in this study were from Sigma
unless otherwise indicated. For western blot and immunofluorescence experiments,
cells were treated with 50mM z-VAD-fmk (Bachem) to inhibit caspase activity and
cell death.

The following antibodies were used Flag M2 (F3165), Sigma; calnexin H-70
(sc-11397), Tom20 FL-145 (sc-11415) and Bax clone 2D2 (sc-20067) from Santa
Cruz Biotechnology; OxPhos Complex IV subunit IV 10G8 (COXIV) (A21347) and
OxPhos Complex IV subunit II 12C4 (COXII) (A6404) from Molecular Probes;
cytochrome c (556433) and GM 130 (610832) from BD Biosciences; HSP 70 from
Transduction Labs; Apg12L (AP1816a) from Abgent and GFP (7.1/13.1) from
Roche.

Cell lines and plasmids. U2OS (osteosarcoma), hTERT-RPE (telomerase-
immortalized human retinal pigment epithelial cells, Clontech), WT MEF (wild-type
mouse embryonic fibroblast) and Bax�/� Bak�/� double knockout (DKO) MEF
(kind gift of Craig Thompson, Abramson Family Cancer Research Institute,
University of Pennsylvania, Philadelphia), Saos-2 TetOn PUMA-inducible41 and
Saos-2 TetOn Bax-inducible cell lines42 have been described earlier. HeLa cell line
stably expressing GFP-LC3 was generated by hygromycin selection of cells infected
with pBabe-Hygro retrovirus expressing BamHI-EcoRI subcloned EGFP-LC3.24 All
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 2 mM glutamine and antibiotics.
Flag-tagged PUMA, PUMADLRR, PUMADC (N164) and DO1-tagged Bax have
been described earlier.23,42 GFP-PUMA and DSRed-PUMA were constructed by
cloning PUMA into pEGFP-N1 (Clontech) and DSRed-N1 vectors, respectively.

DNA and siRNA transfections. Cells were transfected with indicated
plasmids (generally 4 mg per 60 mm dish) or induced with doxycycline (0.5 and 1mg/
ml doxycycline for Saos-2 TetOn PUMA and Bax, respectively). DNA transfections
were carried out using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. siRNA transfections were used to knock down
protein levels of autophagic genes. Sequences of siRNA used are as follows –
ATG5 (CAUCUGAGCUACCCGGAUAUU);33 ATG7 (GGAGUCACAGCUCUUCCUU);30

ATG10 (GGAGUUCAUGAGUGCUAUA).43 Nontargeted siRNA purchased from
Dharmacon was used as control. siRNA transfections were carried out using
HiPerfect reagent (Qiagen) according to the manufacturer’s instructions. Cells were
transfected at a concentration of 25 nM siRNA twice on sequential days to enhance
knock down. The cells were replated for various experiments 48 h after siRNA
transfection, left overnight and then treated with doxycycline. Induced cells were
harvested at indicated times for various assays.

Western blotting. For western blot analysis, transfected or induced cells were
maintained in the presence of 50mM z-VAD-fmk and harvested and lysed in 1%
CHAPS buffer (150 mM NaCl, 10 mM HEPES (pH 7.4), 1% CHAPS) after the
indicated time. The protein content of the clarified cell lysates were determined and
equal amounts were subjected to SDS-PAGE and western blotting. For the
chloroquine experiments, Saos2 TetOn PUMA cells were infected with adenovirus
expressing GFP-LC3, left overnight and then treated with doxycycline to induce
PUMA. 24 h later, 30mM chloroquine was added to the cells and left for 9 h. Cells
were then harvested and processed for western blotting as described above. Calnexin
protein levels were detected to confirm equal loading of protein content.

Subcellular fractionation. Saos-2 TetOn cells in 100 mm tissue culture
dishes were transfected with the indicated siRNA, treated with doxycycline and then
subjected to subcellular fractionation using the ProteoExtract Subcellular Proteome
Extraction kit (Calbiochem) according to the manufacturer’s instructions. Equal
amounts of membrane/organelle and cytosol fraction was separated using SDS-
PAGE followed by western blotting to detect cytochrome c release and various marker
proteins; Hsp70 for cytosol fractions and COXIV for membrane/organelle fractions.

Immunofluorescence. Cells were plated on sterile glass coverslips (in 12-
well tissue culture dishes) and transfected with 1 mg of the indicated plasmids or
treated with doxycycline to induce PUMA or Bax. All experiments were carried out in
the presence of z-VAD-fmk unless otherwise indicated. After 24 h, the cells were
washed with PBS and then fixed in ice-cold 4% paraformaldehyde in PBS for 10 min
at room temperature. After fixation, the cells were permeabilized in PBS containing
0.2% Triton-X100 for 5 min. The cells were blocked in PBS containing 0.5% bovine
serum albumin (blocking solution) at room temperature for 30 min. and then
incubated overnight at 41C with a combination of the indicated antibodies in blocking
solution. The cells were washed three times with PBS and incubated for 1 h at room
temperature with a mixture of donkey anti-mouse FITC-conjugated antibody and
donkey anti-rabbit Cy3-conjugated antibody (both from Jackson ImmunoResearch
Laboratories) in blocking solution containing 1 mg of DAPI (40,60-diamidino-2-
phenylindole) (Sigma) per ml. The cells were washed three times with PBS, and
slides were mounted with Hard-Set Vectashield (Vector). Cells were observed and
images obtained with either a Zeiss Axiovert fluorescent microscope or a Bio-Rad
Radiance 2000 confocal microscope. In the merged images, DAPI staining was also
shown to indicate the nucleus.

Apoptosis assay. Saos-2 TetOn cells were transfected with the indicated
siRNAs and then treated with doxycycline to induce PUMA or Bax expression. Cells
were harvested 24 h later and analyzed by flow cytometry using a FACSCalibur flow
cytometer (488-nm argon laser excitation source) (BD Biosciences). Apoptosis was
assessed by evaluating caspase activation using the CaspACE FITC-VAD-fmk in
situ marker from Promega.

Quantitation of GFP-LC3 puncta. Saos-2 TetOn cells were infected with
adenovirus expressing GFP-LC3 and then treated with doxycycline to induce PUMA
or Bax expression. At the indicated times, cells were fixed with 4% PFA and then
observed under a fluorescence microscope. Cells were classified as having a
predominantly diffuse GFP stain or having numerous punctate structures
representing autophagosomes. At least 100 cells were scored in each of three or
more independent experiments. In experiments comparing the appearance of GFP-
LC3 puncta to release of cytochrome c, cells were subjected to immunofluorescence
staining with cytochrome c antibody before being evaluated under the microscope.
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Measurement of mitochondrial membrane potential. Tetramethyl-
rhodamine ethyl ester (Molecular Probes) was used to evaluate changes in
mitochondria membrane potential. Doxycycline-treated cells were harvested and
resuspended in PBS containing 50 nM TMRE. After incubation at 371C for 20 min,
samples were analyzed by flow cytometry. Cells with decreased mitochondrial
membrane potential exhibited lower TMRE uptake (peak with lower fluorescence
intensity).

Statistical analysis. Statistical significance of experiments was determined
using Student’s t-test, with a significance level of Po0.05.

Calpain activation assay. Calpain activity was measured using the Calpain-
Glo kit (Promega). Saos2 TetOn cells were induced with doxycycline for 24 h. Cells
were then harvested and resuspended in hepes lysis buffer (10 mM HEPES pH 7.5,
10 mM DTT, 1 mM EDTA and 1 mM EGTA). Cells were then centrifuged at full
speed and the supernatant was used for the assay (according to the manufacturer’s
instructions) as well as protein quantification.

Electron microscopy. Saos2 TetOn PUMA and Bax cells were plated in
100 mm tissue culture dishes at near confluency and induced with doxycycline. After
24 h, media was replaced with fixative (4% paraformaldehyde/2.5% glutaraldehyde
in 0.2 M PIPES) and the cells were fixed for 1 h. The fixative was then removed and
the cells were scraped into 1 ml of fixative, transferred to a microfuge tube and spun
down. Pellets were treated with 1% osmium tetroxide (Agar Scientific), dehydrated
in ethanol and propylene oxide before embedding in Durcupan resin (Sigma).
Sections (60–70 nm) were cut on a Leica Ultracut UCT ultramicrotome and mounted
on hexagonal, 100-mesh copper grids. Sections were stained with uranyl acetate
and lead citrate and examined in a Jeol 1200 EX electron microscope. Images were
recorded on imaging plates and processed in a Ditabis plate scanner.

Measurement of degradation of long-lived proteins. Cells were
labeled for 8 h with L-[35S]Met/Cys (5 mCi/ml) (Amersham), washed three times in
PBS, then incubated overnight in serum-free DMEM with 2 mM unlabeled L-Met/
Cys (plus z-VAD-fmk, plus/minus doxycycline). Subsequently, cells were washed
and incubated in fresh DMEM (plus z-VAD-fmk plus/minus doxycycline) or EBSS
plus z-VAD-fmk for 8 h, whereupon the levels of degraded protein were calculated
as described earlier.43
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