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Necrosis has been considered a passive form of cell death in which the cell dies as a result of a bioenergetic
catastrophe imposed by external conditions. However, in response to alkylating DNA damage, cells undergo
necrosis as a self-determined cell fate. This form of death does not require the central apoptotic mediators
p53, Bax/Bak, or caspases and actively induces an inflammatory response. Necrosis in response to DNA
damage requires activation of the DNA repair protein poly(ADP-ribose) polymerase (PARP), but PARP
activation is not sufficient to determine cell fate. Cell death is determined by the effect of PARP-mediated
�-nicotinamide adenine dinucleotide (NAD) consumption on cellular metabolism. Cells using aerobic
glycolysis to support their bioenergetics undergo rapid ATP depletion and death in response to PARP
activation. In contrast, cells catabolizing nonglucose substrates to maintain oxidative phosphorylation are
resistant to ATP depletion and death in response to PARP activation. Because most cancer cells maintain
their ATP production through aerobic glycolysis, these data may explain the molecular basis by which
DNA-damaging agents can selectively induce tumor cell death independent of p53 or Bcl-2 family proteins.
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Cell death plays an important role in development, tis-
sue homeostasis, and degenerative diseases. Two major
forms of cell death have been described: apoptosis and
necrosis. Apoptosis, also called programmed cell death,
is an energy-driven process by which a cell actively de-
stroys itself in response to extracellular signals or devel-
opmental cues, whereas necrosis has been considered a
passive process in which a cell dies as a result of bioen-
ergetic catastrophe. Apoptosis is characterized by the or-
dered cellular degradation of proteins and organelles,
maintenance of plasma membrane integrity, and nonin-
flammatory phagocytosis of the dying cell (Wang 2001;
Adams 2003). During necrosis, cells swell rapidly and
lose the integrity of their plasma membrane, releasing
cellular contents into the extracellular environment, and
triggering an acute inflammatory response. Necrosis has
traditionally been considered an unregulated form of cell
death, and has been well characterized in a wide range of
pathologic states including ischemia, trauma, and infec-
tion (Majno and Joris 1995; Kanduc et al. 2002). A great
deal of recent attention has focused on the role of apo-
ptosis in normal development and various disease pro-
cesses. Most if not all cancer cells have defects in the

normal control of apoptosis. The first characterized ex-
ample of this is the 14:18 chromosomal translocation
found in patients with follicular lymphoma that juxta-
poses the immunoglobulin enhancer with the antiapo-
ptotic gene bcl-2 (Tsujimoto et al. 1984). Enhanced ex-
pression of Bcl-2 provides resistance to apoptosis by
suppressing the activation of the proapoptotic Bcl-2-
related proteins Bax and Bak. Bax and Bak are essential
in apoptosis initiated from both mitochondria and
the endoplasmic reticulum (ER). Cells lacking both Bax
and Bak are resistant to apoptosis induced by develop-
mental cues, signal transduction through death recep-
tors, growth factor withdrawal, and ER stress (Lindsten
et al. 2000; Cheng et al. 2001; Wei et al. 2001; Zong et al.
2001, 2003; Degenhardt et al. 2002b; Scorrano et al.
2003).

Despite the role of Bcl-2 as an antiapoptotic protein,
follicular lymphoma cells are sensitive to treatment
with DNA-alkylating drugs in vivo (Lister 1991). To ad-
dress how it is that cells resistant to apoptosis die in
response to such treatment, we studied the ability of
these agents to induce death in cells deficient in both
Bax and Bak (bax−/− bak−/−) or deficient in p53. In re-
sponse to alkylating DNA damage, both bax−/− bak−/−

and p53−/− cells die by necrosis. Although enzymatic ac-
tivation of the DNA repair protein poly(ADP-ribose)
polymerase (PARP) is required for this form of necrotic
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cell death, the cell fate in response to a DNA-alkylating
agent is determined by cellular metabolic status. Thus,
there exists an intrinsic cellular control point that deter-
mines cell fate in response to PARP activation. Together,
these results demonstrate that PARP-mediated necrosis
is a regulated cell fate.

Results

Alkylating agents induce cell death independent
of apoptotic effectors

Mouse embryo fibroblasts (MEFs) generated from wild-
type, p53−/−, and bax−/− bak−/− animals were tested for
sensitivity to the alkylating agents mechlorethamine hy-
drochloride (nitrogen mustard) and N-methyl-N�-nitro-
N-nitrosoguanidine (MNNG), as well as to the kinase
inhibitor staurosporine and the DNA topoisomerase in-
hibitor etoposide. Staurosporine induced cell death in
wild-type and p53−/− cells, but not in bax−/− bak−/− cells
(Fig. 1A). Both bax−/− bak−/− and p53−/− cells were resis-
tant to etoposide treatment (Fig. 1B). In contrast, both
bax−/− bak−/− and p53−/− cells were as sensitive as wild-
type cells to nitrogen mustard and MNNG (Fig. 1C,D).
These findings indicate that DNA alkylation initiates
cell death in a manner that is independent of the apo-
ptotic initiators p53 or Bax/Bak. Additional experiments
confirmed that neither overexpression of the antiapopto-
tic protein Bcl-xL nor addition of the caspase inhibitors
zVAD and BAF could inhibit cell death induced by
MNNG (data not shown).

Activation of PARP and depletion of NAD and ATP
in response to DNA damage

DNA alkylation has been shown to activate the enzy-
matic activity of PARP, which catalyzes the synthesis of
poly(ADP-ribose) polymers on histones and other chro-

matin-associated proteins in the vicinity of the DNA
adduct (D’Amours et al. 1999). This process promotes
the efficient recognition of the DNA damage by DNA
repair enzymes. Because �-nicotinamide adenine di-
nucleotide (NAD) is the substrate for poly(ADP-ribo-
syl)ation, PARP activation has been shown to deplete
cellular NAD and contribute to cell death in response to
excitotoxic stimuli or reperfusion injury (Szabo and
Dawson 1998; Pieper et al. 1999b). We tested whether
PARP activation is involved in death of bax−/− bak−/−

cells in response to DNA damage. Upon MNNG treat-
ment, PARP was activated equally in wild-type and
bax−/− bak−/− cells, as indicated by the increase of poly-
(ADP-ribose) polymers (PAR; Fig. 2A). MNNG treatment
also caused a dose-dependent decrease in NAD and ATP
in both wild-type and bax−/− bak−/− cells. This depletion
could be prevented by the nicotinic acid analog DPQ,
which among other functions acts in vitro as a PARP
inhibitor (Fig. 2B,C).

DNA damage-induced necrosis is PARP-dependent

The above findings suggest that DNA-alkylating agents
can trigger the PARP-dependent depletion of NAD and
ATP in cells, and this process is independent of the mi-
tochondrial apoptosis pathway. To test directly if PARP
is required to initiate NAD/ATP depletion and cell death
in response to MNNG, shRNA was used to suppress the
expression of PARP-1, which accounts for ∼90% of the
PARP activity among the PARP family members (Smith
2001). Among the stable bax−/− bak−/− MEF clones trans-
fected with an shRNA vector, Clone HP17 demonstrated
a dramatic reduction of PARP-1 expression, whereas in
Clone HP11 the PARP-1 level was moderately decreased
(Fig. 3A). Correlating with the levels of PARP-1 expres-
sion, poly(ADP-ribosyl)ation was moderately decreased
in clone HP11 upon MNNG treatment, and significantly
decreased in clone HP17 (Fig. 3B). The remaining poly-

Figure 1. Cells deficient in p53 or Bax/Bak are
susceptible to DNA-alkylating agents. MEFs
from wild-type, p53−/−, and bax−/− bak−/− mice
were treated with staurosporine (A), etoposide
(B), nitrogen mustard (C), and MNNG (D) as de-
scribed in Materials and Methods. Drug concen-
trations are indicated in the individual panels.
Cell survival was determined for triplicate
samples by PI exclusion at 20 h following treat-
ment. Data are presented as mean ± S.D. and are
representative of three independent experiments.
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(ADP-ribosyl)ation may result from minimal residual
PARP-1 that could not be detected by immunoblotting,
or from the activation of other PARP family members
(Smith 2001). Despite the residual PARP activity in
Clone HP17, ATP levels were maintained upon MNNG
treatment (Fig. 3C). Importantly, no cell death was ob-
served in clone HP17 when treated with MNNG at con-
centrations that killed all vector control bax−/− bak−/−

cells (Fig. 3D).
In contrast to bax−/− bak−/− cells, the death of wild-

type cells was only partially rescued by PARP inhibitor
DHIQ, suggesting that DNA alkylators can induce more
than one death pathway. To test this further, wild-type,
bax−/− bak−/−, parp-1−/− (Wang et al. 1995), and Clone
HP17 (bax−/− bak−/−, shPARP-1) cells were compared
side by side for sensitivity to different death stimuli (Fig.
3E,F). All wild-type and bax−/− bak−/− cells died within
20 h following 0.5 mM MNNG treatment. In contrast,
only 30% of similarly treated parp-1−/− cells died, and
HP17 cells showed essentially no cell death (Fig. 3E,F).
The reduced cell density observed resulted from the
growth arrest effect caused by DNA alkylation. Wild-
type and parp-1−/− cells were killed by staurosporine,
whereas no cell death was observed in bax−/− bak−/− and
clone HP17 cells (Fig. 3F). The PARP-inhibitor DHIQ
blocked cell death partially in wild-type cells, and fully
in bax−/− bak−/− cells. DHIQ did not affect the cell death
rate in parp-1−/− cells (Fig. 3F). Although additional
MNNG-treated parp-1−/− cells underwent apoptosis over
the next several days in culture, >30% of cells treated
with 0.25 mM MNNG were alive 3 d after the treatment,
and almost 90% of HP17 cells remained viable (Fig. 3G).
Taken together, these findings indicate that two inde-
pendently regulated death pathways can be triggered in
response to alkylating DNA damage. One is mediated
via the Bax/Bak mitochondrial gateway, accounting for
the cell death observed in parp-1−/− cells and the DHIQ-
insensitive death in the other cells. The other form of

death is mediated by PARP activation and is Bax/Bak-
independent.

Cell death in the absence of Bax and Bak is necrotic

To test if PARP-dependent cell death in response to
DNA-alkylating agents was distinguishable from apo-
ptosis, morphologic features of the cell death in response
to MNNG and staurosporine were characterized by elec-
tron microscopy. Both wild-type and bax−/− bak−/− cells
acquired morphologic changes characteristic of necrosis
upon MNNG treatment. These included organelle swell-
ing, intracellular vacuole formation, plasma membrane
disintegration, and nuclear degradation without conden-
sation (Fig. 4A). In addition, some wild-type cells dis-
played an intermediate morphology with both apoptotic
and necrotic features. In contrast, staurosporine induced
apoptotic morphological changes in wild-type cells in-
cluding condensed chromatin and no obvious disintegra-
tion of the cell body. Although staurosporine treatment
induced some nonspecific changes in the appearance of
bax−/− bak−/− cells, apoptotic features were not observed
and the cells remained viable (Fig. 4A).

A central event in apoptosis is the release of apopto-
genic factors such as cytochrome c from the mitochon-
drial intermembrane space into the cytosol. In bax−/−

bak−/− cells treated with MNNG, no change of cyto-
chrome c distribution pattern was observed, although
the cells had undergone cell death as indicated by shrink-
age of nuclei (Fig. 4B). In addition, bax−/− bak−/− cells
displayed none of the biochemical apoptotic hallmarks
tested, including caspase cleavage of PARP-1 and lamin
B1 (Fig. 4C). It is interesting to note that in wild-type
cells, treatment with MNNG resulted in some cells ac-
quiring apoptotic features. Cytochrome c release was ob-
served in some cells (Fig. 4B), and a decrease in the
caspase substrates PARP-1 and lamin B1 observed in the
population as a whole (Fig. 4C). Furthermore, the

Figure 2. Alkylating DNA damage re-
sults in PARP activation and bioenergetic
collapse. (A) MNNG activates PARP in
both wild-type and bax−/− bak−/− cells.
Wild-type and bax−/− bak−/− MEFs were
treated with MNNG (0.5 mM) for the in-
dicated periods of time. Cells were lysed
and immunoblotting was performed using
an antibody against poly(ADP-ribose)
(PAR). The asterisk marks a nonspecific
band. (B,C) Depletion of NAD and ATP in
response to PARP activation. Wild-type
and bax−/− bak−/− cells were treated with
MNNG at indicated concentrations for 30
min, alone or together with PARP inhibi-
tor DPQ. The cellular NAD (B) and ATP
(C) levels were determined. Concentra-
tions of NAD and ATP were normalized
with that of untreated cells.
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caspase-cleaved forms of PARP-1 and lamin B1 were ob-
served in the wild-type population primarily in the pres-
ence of PARP inhibitors (Fig. 4C). This indicated that
MNNG may trigger both necrotic and apoptotic re-
sponses in wild-type cells. The apoptotic component of
the death is not dependent on PARP, because the apo-
ptotic features persisted when PARP inhibitors DHIQ
and DPQ were applied (Fig. 4B,C).

PARP-mediated cell death is proinflammatory

Apoptotic cells die in an ordered fashion, and are en-
gulfed and cleared in vivo, whereas necrotic cells lose
their membrane integrity and release the cellular con-
tents into the extracellular environment triggering an
acute inflammatory response. One of the proinflamma-
tory molecules reported to be released into the extracel-

lular environment during necrotic cell death is HMGB1,
a chromatin-associated protein that if released from cells
acts as a ligand for the monocyte/macrophage scavenger
receptor RAGE (Scaffidi et al. 2002). MNNG-treated
cells were evaluated for HMGB1 localization. In un-
treated cells, HMGB1 localized to the nucleus. However,
6 h following treatment of MNNG, there was transloca-
tion of HMGB1 from the nucleus to the cytosol (Fig. 5A).
This redistribution was active, as it began prior to ob-
servable cell death. By 16 h after MNNG treatment,
HMGB1 could be found in the extracellular environ-
ment. HMGB1 redistribution and release were blocked
when PARP was inhibited (Fig. 5B). To determine if the
release of factors such as HMGB1 is sufficient to induce
an inflammatory response in innate immune cells, cell
culture medium was collected and added to cultured
macrophages. Macrophage activation was assessed by

Figure 3. PARP inhibition results in resistance
to MNNG-induced cell death. (A) PARP-1
shRNA in bax−/− bak−/− cells. Stable clones were
selected from bax−/− bak−/− MEFs transfected
with vector or PARP-1 hairpins. Cell lysates
were made from a vector cell line or PARP-1
hairpin cell lines. Immunoblotting was per-
formed using an anti-PARP-1 antibody, and an
anti-Tom20 antibody as a control for equal load-
ing. Note that PARP-1 expression was sup-
pressed significantly in Clone HP17, moderately
in HP11, and not affected in HP23. (B) PARP
activity was determined using triplicate samples
by immunoblotting using an anti-PAR antibody.
(C) ATP levels were measured after 30 min of
treatment with MNNG at the indicated concen-
trations. (D) Cell survival was determined by PI
exclusion 20 h after MNNG treatment. (E,F)
Wild-type, bax−/− bak−/−, parp-1−/−, and Clone
HP17 (bax−/− bak−/−, shPARP-1) MEFs were
treated with MNNG (0.5 mM) alone or together
with PARP inhibitor DHIQ, or in the presence of
staurosporine (STS). Twenty-four hours later,
cells were photographed under a phase-contrast
filter (E), and cell survival was determined by PI
exclusion (F). (G) Wild-type, bax−/− bak−/−, parp-
1−/−, and Clone HP17 MEFs were treated with
MNNG (0.25 mM). Cell survival was measured
over time by PI exclusion.
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the production of the proinflammatory cytokine TNF�.
Culture medium from MNNG-treated wild-type and
bax−/− bak−/− cells induced TNF� production, whereas
medium harvested from apoptotic cells (wild-type and
parp-1−/− treated with staurosporine) failed to do so (Fig.
5C). Taken together, these findings indicate that MNNG
induces necrotic cell death, and that the dying cell ac-
tively establishes its ability to release inflammatory me-
diators upon death.

Proliferating cells are more sensitive
to PARP-mediated necrosis

In vivo, chemotherapeutic agents selectively induce the
death of tumor cells and normal cells undergoing cell
division (DeVita 1997). We next investigated whether
MNNG-induced cell death might account for such se-
lectivity. Because both apoptotic and necrotic death
pathways can be activated by DNA damage, we took
advantage of bax−/− bak−/− cells to study PARP-mediated

necrosis without interference from apoptosis. Interleu-
kin-3 (IL-3)-dependent bax−/− bak−/− cells were used.
Upon IL-3 deprivation, these cells withdraw from the
cell cycle but remain viable. The bax−/− bak−/− cells pro-
liferating in response to IL-3 were killed by MNNG in a
dose-dependent manner. In contrast, IL-3-deprived
bax−/− bak−/− cells were resistant to MNNG (Fig. 6A).
Furthermore, this protection was not transient. When
IL-3 was added to the IL-3-dependent cultures 24 h after
0.5 mM MNNG treatment, cells recovered and cell vi-
ability in the culture 48 h later was reproducibly >85%.
In contrast, the viability of cells treated with 0.5 mM
MNNG in the presence of IL-3 continued to decline over
the first 72 h after treatment. Similarly, we observed that
MEFs grown to confluence and then serum-deprived
were less sensitive to MNNG-induced cell death than
subconfluent MEFs cultured in the presence of serum
(Fig. 6B). This suggested that growth factor signal trans-
duction and/or cell cycle commitment might contribute
to sensitivity to PARP-mediated necrosis. To determine
whether the decreased susceptibility of nonproliferating

Figure 4. PARP-mediated cell death is necrotic. (A) Wild-type and bax−/− bak−/− cells were treated with 0.5 mM MNNG, or 2 µM
staurosporine (STS). Transmission electron microscopy was performed 9 h later. (B) Transformed wild-type baby mouse kidney (BMK)
cells were treated with MNNG alone or together with DPQ. Immunofluorescence was performed 6 h later using an antibody against
cytochrome c. Cells were counterstained with DAPI to show the nuclear morphology. (C) Wild-type and bax−/− bak−/− MEFs were
treated with indicated agents. Cells were lysed after 8 h, and 20 µg of protein was separated on a 4%–12% gradient NuPAGE gel. PARP
and Lamin B1 were detected using respective antibodies.
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cells to MNNG is caused by impaired activation of
PARP, PARP activation was determined. Equivalent in-
creases in poly(ADP-ribosyl)ation were observed in veg-
etative and proliferating cells (Fig. 6C). Based on assaying
isolated DNA for strand breaks, equivalent amounts of
DNA damage were observed in cells growing in the pres-
ence or absence of IL-3 (data not shown). Consistent with
the increase of poly(ADP-ribosyl)ation, cellular NAD
level was decreased to a similar extent under both cul-
ture conditions (Fig. 6D). However, whereas the total
cellular ATP level was drastically decreased in cells cul-
tured in the presence of IL-3, the ATP level was pre-
served in the cells deprived of IL-3 (p < 0.01; Fig. 6D).

Two major ATP-generation mechanisms exist in a cell
involving NAD utilization: one through glycolysis using
cytosolic NAD as a substrate, and another by mitochon-
drial oxidative phosphorylation via the F1F0-ATP syn-
thase. Thus, NAD consumption by PARP would be pre-
dicted to have a differential effect on glycolysis and oxi-
dative phosphorylation because cytosolic NAD and
mitochondrial NAD do not exchange with each other.
Consistent with this, subcellular fractionation showed
that whereas MNNG treatment reduced cytosolic NAD
to minimal levels, mitochondrial NAD was not signifi-
cantly affected (Fig. 6E).

PARP-mediated necrosis is controlled by cellular
metabolic status

The cytosolic and mitochondrial NAD pools are used in
different pathways to generate ATP, namely, glycolysis
and oxidative phosphorylation, respectively. The finding
that PARP preferentially depletes cytosolic NAD sug-
gested that cells sensitive to PARP might depend on glu-
cose metabolism for ATP production. Consistent with
this model, IL-3-treated cells were found to be highly
glycolytic (Fig. 7A), and inhibition of oxidative phos-
phorylation did not affect the ATP level of these cells
(Fig. 7B). In contrast, IL-3-deprived cells displayed a low
glycolytic rate (Fig. 7A; Gonin-Giraud et al. 2002), and
ATP levels fell dramatically when oxidative phosphory-
lation was inhibited with oligomycin (Fig. 7B). Together,
these data suggest that growth factor status affects gly-
colytic rate and the predominant means of ATP produc-
tion.

In IL-3-stimulated cells, ATP falls when cytosolic
NAD is depleted (Fig. 6D). This suggests that these cells
are unable to increase oxidative phosphorylation to
maintain ATP when NAD depletion compromises the
ability to carry out glycolysis. A potential explanation
for this is that in response to IL-3-induced growth, cells

Figure 5. PARP-mediated cell death is proinflammatory. (A) HMGB1 translocates from nucleus into cytosol upon MNNG treatment.
bax−/− bak−/− MEFs were treated with 0.5 mM MNNG. Six hours later, immunofluorescence was performed using an antibody against
HMGB1. Nuclei were visualized by DAPI staining. (B) HMGB1 is released into extracellular environment during MNNG-induced
necrosis. Wild-type and bax−/− bak−/− MEFs were treated with 0.5 mM MNNG alone or together with DPQ. Culture media were
collected 16 h later, and cells were lysed in RIPA buffer. HMGB1 was detected by immunoblotting in both cell lysates and culture
media. (C) Inflammatory response triggered by necrosis. Wild-type, bax−/− bak−/−, or parp-1−/− MEFs were treated with MNNG (0.5
mM) for 15 min or STS (2 µM) for 2 h. Drugs were washed away and cells were refed with fresh media. Twenty hours later, cell culture
media were collected and added to 1 × 105 macrophages. Concentration of TNF� was measured 24 h later.
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shunt amino acids and lipids away from ATP-generating
oxidative metabolism and into synthetic pathways. Un-
der conditions of declining extracellular glucose avail-
ability, IL-3-stimulated cells can up-regulate mitochon-
drial fatty acid oxidation to generate ATP, a process not
dependent on cytosolic NAD. To determine whether
this might have a protective effect, we withdrew IL-3-
treated cells from glucose >48 h before treatment with
MNNG. When IL-3-stimulated cells were adapted to low
glucose, they displayed resistance to MNNG-induced
death that was comparable to that of IL-3-deprived cells
(Fig. 7C). Thus IL-3 signal transduction alone is not suf-
ficient to confer sensitivity to MNNG-induced cell
death.

Finally, to determine if PARP-induced death occurs as
a result of glycolytic blockade, we tested whether PARP-

induced necrosis could be suppressed by supplying the
cells with the glycolytic end product pyruvate. bax−/−

bak−/− cells growing in the presence of IL-3 were supple-
mented with 10 mM methyl-pyruvate, a membrane-per-
meable form of pyruvate, and then treated with MNNG.
Methyl-pyruvate supplementation rendered IL-3-stimu-
lated bax−/− bak−/− cells as resistant to MNNG-induced
cell death as IL-3-deprived cells (Fig. 7C). Thus, cells us-
ing substrates that are catabolized in the mitochondria
to maintain ATP production are resistant to MNNG-
induced necrosis. To demonstrate that the resistance to
MNNG-induced necrosis was not a peculiar event in
bax−/− bak−/− cells, cells with wild-type Bax and Bak
were preincubated with methyl-pyruvate before MNNG
treatment. Similar to bax−/− bak−/− cells, methyl-pyru-
vate treatment of cells with wild-type Bax and Bak also

Figure 6. Vegetative cells are more resistant to PARP-mediated necrosis. (A) IL-3-dependent hematopoietic bax−/− bak−/− cells were
cultured in media with or without IL-3 for 2 d. Cells were treated with MNNG for 15 min at indicated concentrations, and cell survival
was measured by PI exclusion 24 h later. (B) Wild-type and bax−/− bak−/− MEFs were plated at 2 × 104/well (subconfluent) or 2 × 105/
well (confluent) in 12-well plates. Cells were cultured for 36 h. Confluent cells were then cultured in the absence of serum for 12 h,
and subconfluent cells were cultured in the presence of serum. Cells were treated with 0.5 mM MNNG for 15 min. Cell survival was
determined 24 h later by PI exclusion. (C,D) IL-3-dependent bax−/− bak−/− cells were cultured in the presence or absence of IL-3 for 2
d. Cells were then treated with MNNG for 15 min. PARP activity was determined by immunoblotting of PAR, and NAD and ATP
levels were measured and shown as the percentage of the levels in untreated cells. Cellular NAD pool was decreased in both
proliferating and vegetative cells (C), whereas the cellular ATP pool was preserved in vegetative cells but not in proliferating cells (D).
(E) PARP activation preferentially depletes cytosolic NAD. IL-3-dependent cells were treated with 0.5 mM MNNG for 15 min. Cells
were fractionated and the NAD levels were measured in total cell lysates, as well as in the cytosolic and mitochondrial fractions.
Immunoblotting of tubulin and COX IV were performed to assure the purity of the fractionation.
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increased their resistance to MNNG-induced cell death
(Fig. 7D). Thus, cellular metabolic status does not only
determine the cell fate in Bax/Bak-null background, but
also contributes to the regulation of cell fate in cells
capable of undergoing Bax/Bak-dependent apoptosis in
response to DNA damage.

Discussion

Programmed cell death has been defined as cell suicide
in response to developmental cues or intrinsic cell stress.
The major form of programmed cell death described to
date is apoptosis. Apoptotic cell death is ATP-dependent,
results in organized proteolytic degradation of the intra-
cellular contents, and phagocytosis of the dying cell
without inducing an inflammatory response. In this re-
port, we describe a form of cell death in which the cell
actively initiates its own necrosis in response to alkyl-
ating DNA damage. This form of cell death is indepen-
dent of the major apoptotic effectors p53, Bax, Bak, and
caspases.

In response to DNA damage, cells activate PARP, an
enzyme that catalyzes poly(ADP-ribosyl)ation of a vari-
ety of proteins (D’Amours et al. 1999). This activity of
PARP can increase the accessibility of DNA to DNA
repair enzymes and transcription factors. There has been
controversy concerning the role of PARP in the regula-
tion of cell survival/death in response to DNA damage.
Some work has implicated PARP in the regulation of
DNA repair and cell survival (Wang et al. 1997), whereas
others have implicated PARP in initiating cell death by
either apoptosis (Yu et al. 2002) or necrosis (Ha and
Snyder 1999). Our results help to clarify these issues.
Here we show that activation of PARP runs a metabolic

test on the damaged cell. In cells that maintain their
ATP production exclusively by catabolizing glucose,
PARP activation results in a rapid decline in cellular
ATP and necrotic death. In contrast, in cells that can
maintain non-glucose-dependent oxidative phosphoryla-
tion, PARP activation does not compromise cellular bio-
energetics and such cells are resistant to DNA damage-
induced death.

The cellular test run by PARP provides a potential
explanation for the ability of DNA-alkylating drugs to
act as effective chemotherapeutic agents. In general, it is
believed that most chemotherapeutic drugs induce tu-
mor cells to die by apoptosis. However, a central feature
of perhaps all cancers is the development of apoptotic
resistance. The most common genetic abnormality in
human tumors is mutation of p53. Loss of p53 function
is associated with pronounced apoptotic resistance
(Vousden and Lu 2002; Gudkov and Komarova 2003).
Nevertheless, alkylating agents remain the single most
effective and broadly active chemotherapeutic agents
(Chabruer and Longo 2001). It is thought that the efficacy
of alkylating drugs results from the selective ability to
kill proliferating cells. Proliferating cells have been
shown to have an increased propensity to apoptosis un-
der some circumstances (Evan and Vousden 2001). How-
ever, the discovery that neither Bax/Bak deficiency nor
p53 deficiency is required to affect cell death in response
to DNA damage suggested that there might be alterna-
tive explanations for the ability of alkylating agents to
selectively kill tumor cells. One such explanation may
be PARP-mediated necrosis. It will be of interest to de-
termine whether tumors resistant to DNA alkylating
agents have acquired loss of or altered PARP activity.

Tumor cells display an abnormal propensity for

Figure 7. Susceptibility to PARP-medi-
ated necrosis is controlled by cellular
metabolic status. (A) Cellular glycolysis
rate in the presence or absence of IL-3. IL-
3-dependent bax−/− bak−/− cells were cul-
tured in the presence or absence of IL-3 for
2 d. One million cells were harvested and
their glycolysis rate was determined. (B)
Effect of inhibition of oxidative phos-
phorylation on ATP levels in cells cul-
tured with or without IL-3. Cells cultured
in media with or without IL-3 were
treated with oligomycin (5 µg/mL) for 30
min, and ATP levels were determined. (C)
IL-3-dependent bax−/− bak−/− cells cul-
tured in the presence or absence of IL-3 for
2 d. An additional population was cul-
tured in the presence of IL-3 in complete
medium made without glucose (−glucose),
whereas a fourth population was cultured
in the presence of IL-3 and supplemented
with 10 mM methyl-pyruvate (+pyruvate)
immediately prior to MNNG treatment.

Cells were then treated with MNNG, and cell survival was determined by PI exclusion as described in Materials and Methods. The
data presented are representative of three independent experiments. (D) Methyl-pyruvate (10 mM) was added to the IL-3-dependent
wild-type cells immediately prior to MNNG treatment. Cells were treated with MNNG and cell survival was determined by PI
exclusion.
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growth and are in net protein and lipid synthesis. As a
result, they maintain ATP production almost exclu-
sively through catabolizing glucose through a mixture of
glycolysis and oxidative phosphorylation termed aerobic
glycolysis (Holt 1983; Baggetto 1992). In contrast, cells
that are not actively growing or replicating are capable of
catabolizing a variety of metabolic substrates to main-
tain ATP production (Eaton et al. 1996). Inhibition of the
mitochondrial respiratory chain has been shown to in-
duce death of vegetative cells (Hartley et al. 1994;
Woodgate et al. 1999; Ohgoh et al. 2000). In contrast,
mitochondrial inhibitors do not affect the viability of
cells with a high-level glycolytic rate because they are
capable of maintaining ATP levels without mitochon-
drial respiration (Shchepina et al. 2002). By differentially
affecting ATP generation from glycolysis or mitochon-
drial respiration, our results demonstrate that activation
of PARP can selectively kill cells that are preferentially
maintaining their bioenergetics through glycolysis.
Based on the data presented above, it is the proliferating
cell’s dependency on aerobic glycolysis that determines
its sensitivity to PARP-induced cell death. The data pre-
sented here raise the possibility that the alkylating drugs
are effective not because they activate apoptosis in their
target cells but because they induce a tumor-selective
form of necrosis.

This necrotic form of programmed cell death may be
adaptive as it both eliminates the possibility of cell sur-
vival and induces an immune response to the dying cell.
In response to DNA damage, there is an active redistri-
bution of the macrophage activator HMGB1 from the
nucleus to the cytosol (Fig. 4A; Muller et al. 2001).
HMGB1 is a small acidic protein localized to chromatin
primarily by electrostatic forces (Butler et al. 1985). As
histones and other chromatin proteins are modified by
poly(ADP-ribosyl)ation, the resulting increase in nega-
tive charge may displace HMGB1, thus releasing it from
the chromatin. This, in turn, will increase HMGB1 re-
lease into the extracellular environment if the cell loses
plasma membrane integrity during necrotic death. In
contrast, HMGB1 has been shown to have increased af-
finity for the DNA fragments created during apoptosis
(Scaffidi et al. 2002). This increased sequestration of
HMGB1 suppresses its ability to be released from the cell
during apoptosis. PARP-dependent release of proinflam-
matory mediators such as HMGB1 distinguishes pro-
grammed necrosis from apoptosis. The ability of alkyl-
ating agent-induced necrosis to induce an inflammatory
response to the dying tumor cells may contribute to the
efficacy of the drugs as chemotherapeutic agents. Con-
sistent with an important role for PARP-mediated ne-
crosis in inflammatory responses, parp-1−/− mice are
resistant to ischemia-reperfusion (Eliasson et al. 1997),
endotoxic shock (Szabo et al. 1996), and streptozotocin-
induced diabetes (Burkart et al. 1999; Masutani et al.
1999; Pieper et al. 1999a).

In summary, the above data demonstrate that necrosis
can be a regulated cell fate independent of apoptosis.
Necrotic cell death following DNA damage occurs selec-
tively in cells committed to growth. This prevents the

survival of cells at risk of accumulating mutations as a
result of DNA replication prior to DNA repair. In addi-
tion, this form of programmed necrosis induces an in-
flammatory response that provides additional protection
against the accumulation of damaged or aberrant cells,
and initiates the repair of the damaged tissue.

Materials and methods

Cell culture and cell death assay

MEFs and BMK cells were cultured as described (Zong et al.
2001; Degenhardt et al. 2002a). IL-3-dependent bax−/− bak−/−

cells were cultured in RPMI 1640 supplemented with 10% FBS,
2 mM glutamine, 1% penicillin/streptomycin, 20 mM HEPES,
50 µM 2-mercaptoethanol, supplemented with 4 ng/mL recom-
binant mouse IL-3 (BD-Pharmingen). IL-3-dependent FL5.12
cells were cultured in the same media as used for bax−/− bak−/−

cells, supplemented with 0.4 ng/mL recombinant mouse IL-3.
To induce cell death with MNNG (Sigma), cells were treated
with MNNG for 15 min. Cells were washed and fed with fresh
medium with no MNNG, and cultured for indicated periods of
time. For etoposide (Calbiochem), staurosporine (Sigma), and
mechlorethanmine hydrochloride (nitrogen mustard; Sigma)
treatment, the agents remained in the medium. PARP inhibi-
tors DPQ or DHIQ (Sigma) were kept in the medium throughout
the course of experiment when used. At the end of experiments,
propidium iodide (PI, 1 µg/mL; Molecular Probes) was added to
the cells. Cell death was determined using flow cytometry by PI
exclusion.

Immunoblotting and immunofluorescence

Cells were lysed in RIPA buffer (1% Sodium Deoxycholine,
0.1% SDS, 1% Triton X-100, 10 mM Tris at pH 8.0, 0.14 M
NaCl) with protease inhibitor complex (Roche). Twenty micro-
grams of protein was loaded on a precast 4%–12% NuPAGE gel.
Western blotting was performed with the following antibodies:
PARP (clone C2-10; BD-Pharmingen or Trevigen), Lamin B1 (M-
20; Santa Cruz), Tom20 (FL-145; Santa Cruz), PAR (BD-Pharm-
ingen), COX IV (Molecular Probes), Tubulin (Sigma), and
HMGB1 (BD-Pharmingen). For immunofluorescence, cells were
fixed in 4% paraformaldehyde and permeabilized for 10 min in
PBS containing 0.2% Triton X-100. Cells were washed with PBS
containing 0.02% Triton X-100 and 1.5% FBS, followed by in-
cubation with antibodies against Bax (6A7; BD-Pharmingen),
cytochrome c (BD-Pharmingen), or HMGB1 for 1 h at room
temperature. Cells were incubated with Rhodamine-conjugated
secondary antibody (Jackson ImmunoResearch). Nuclei were vi-
sualized by staining with 1 µg/mL DAPI. Images were captured
on a 510 LSM confocal microscope (Zeiss).

Determination of NAD and ATP

The concentration of NAD was measured as described (Jacobson
and Jacobson 1976) with modification. Briefly, 1 × 105 cells were
trypsinized and resuspended in 100 µL of 0.5 M perchloric acid.
Cell extracts were neutralized with equal volume of 1 M KOH
and 0.33 M KH2PO4/K2HPO4 (pH 7.5). After centrifugation to
remove the KClO4 precipitate, 200 µL of NAD reaction mixture
(600 mM ethanol, 0.5 mM 3-[4,5 dimethylthiazol-2-yl]-2,5 di-
phenyltetrazolium bromide [MTT], 2 mM phenazine ethosul-
fate, 5 mM EDTA, 1 mg/mL BSA, 120 mM bicine at pH 7.8) was
added to 50 µL of the supernatant or NAD standard and incu-
bated for 5 min at 37°C. Twenty-five microliters of alcohol de-
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hydrogenase (0.5 mg/mL in 100 mM bicine at pH 7.8) was added
to the reaction and incubated for 20 min at 37°C. To stop the
reaction, 250 µL of 12 mM iodoacetate was added, and the O.D.
was read at 570 nm wavelength. Protein concentration was de-
termined using BCA protein assay reagents (Pierce). The con-
tent of NAD was normalized by protein content. For ATP de-
termination, 2 × 104 cells were lysed in a cell lysis reagent (cata-
log #1699709; Boehringer Mannheim). ATP concentration was
determined as previously described (Vander Heiden et al. 1999).

Transmission electronic microscopy

Cells were rinsed with serum-free DMEM medium, and fixed
with prewarmed 2.5% glutaraldehyde, 2% formaldehyde in 0.1
M sodium cacodylate buffer for 1 h. Cells were washed, post-
fixed with 2% osmium tetroxide, dehydrated with ascending
grades of ethanol and propylene oxide, and embedded in LX-112
medium (Ladd). After polymerization, ultrathin (90 nm) sec-
tions were cut with a diamond knife, collected on uncoated
copper grids, and stained with uranyl acetate (1%) and lead cit-
rate (0.2%). Samples were examined with a JEOL-1010 electron
microscope (JEOL) operated at 80 kV.

shRNA

A forward oligonucleotide with the sequence from an RNA
Polymerase III-specific U6 promoter CAGTGGAAAGACGCG
CAGGCA, and a reverse oligonucleotide AAAAAAGGAAGTG
AAAGCGGCCAACGTTCCTCGAGCAACGTTGGCCGCTT
TCACTTCCGTGTTTCGTCCTTTCCACAA that contains a
hairpin of the PARP-1 transcript sequence and sequence from
the U6 promoter, were used in a PCR to generate a DNA frag-
ment that allows the transcription of the PARP-1 hairpin under
the control of the U6 promoter. This DNA cassette was cloned
into a pBabe-puro-based retroviral vector. The control vector or
PARP-1 hairpin constructs were transfected into MEFs using
Lipofectamine 2000 transfection reagent (Invitrogen). Single
cell clones were propagated using limited dilution, and screened
for their PARP-1 expression.

TNF� measurement

Mouse bone-marrow-derived macrophages were generated as
described (Myung et al. 2000). In all, 5 × 105 MEFs were plated
in six-well plates, and treated with MNNG for 15 min or stau-
rosporine for 2 h. Cells were washed and refed with 1 mL of
fresh culture media. Sixteen hours later, the cell culture media
were collected and added to 1 × 105 macrophages/well plated in
96-well plates a day earlier. TNF� production was measured 24
h later using a Quantikine TNF� ELISA kit (R&D Systems).

Subcellular fractionation

IL-3-dependent cells were suspended in hypotonic Buffer A (250
mM sucrose, 20 mM HEPES at pH 7.5, 10 mM KCl, 1.5 mM
MgCl2, 1 mM EDTA, 1 mM EGTA, 1× protease inhibitor com-
plex [Roche]). Subcellular fractionation was carried out as pre-
viously described (Zong et al. 2003). The resulting cytosolic
fraction was used directly for NAD measurement, protein quan-
tification, and immunoblotting. The mitochondrial pellet was
divided into two equal parts; one was lysed in 0.5 mM HClO4

and used for NAD measurement, and another part was lysed in
RIPA buffer for protein quantification and immunoblotting.

Measurement of glycolysis

The cellular glycolysis rate was determined as described (Liang
et al. 1997) with modifications. One million cells were incu-

bated with 10 µCi 5–3H-glucose (PerkinElmer Life Sciences) for
1 h at 37°C. Following incubation, the reaction was stopped
with 0.2 N HCl, and 3H2O was separated from 5-3H-glucose by
diffusion in an airtight container. Diffused and undiffused tri-
tium was measured using a 1450 Microbeta scintillation
counter (Wallac) and compared with controls of 5-3H-glucose
only and 3H2O only to determine the rate of glycolysis.
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