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The ability to regulate cell death is essential to the life of a
multicellular organism, and two extremes on the cell-death
spectrum are apoptosis and necrosis. Apoptosis is an energy-
dependent cell-death program that enables the elimination of
unwanted cells at distinct times and through defined mecha-
nisms.'"*) Because apoptosis occurs without spillage of cellular
contents into the extracellular environment, this death does
not lead to inflammation. In contrast, necrosis arises from
blunt traumatic injury, oxygen depravation, or other gross cel-
lular insult, and the rupture of the cellular membrane during
necrotic death provokes an inflammatory response.” Both
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forms of cell death are observed in diseased tissue. For in-
stance, much of the neurodegeneration observed in Alzheim-
er's disease, Parkinson’s disease, Huntington’s disease and
amyotrophic lateral sclerosis (ALS) probably arises from prema-
ture apoptosis,®*”' while damage seen in hemorrhagic shock
and stroke patients can be due to massive necrotic death.® Al-
though apoptosis and necrosis represent two fundamentally
different forms of death, they can be quite difficult to distin-
guish experimentally. Typically, several hallmarks must be ob-
served before it can be conclusively stated that apoptotic
death has occurred.” These involve time-, labor-, and cost-in-
tensive procedures such as immunoblotting, flow cytometry,
and microscopy.”

The enzyme poly(ADP-ribose) polymerase-1 (PARP-1)"""? is
differentially processed in apoptosis and necrosis, and there-
fore its activity can potentially be used as a means of distin-
guishing these two forms of cell death (Scheme 1A). In re-
sponse to mild DNA damage, PARP-1 catalyzes the formation
of ADP-ribose polymers (from NADY) onto protein acceptors;
this response is part of the machinery that allows the DNA to
be repaired and the cell to be saved. In contrast, during more
severe DNA damage, the cell activates the apoptotic cascade,
and PARP-1 is cleaved by caspases into 89 and 24 kDa sub-
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Scheme 1. A) Opposing roles of PARP-1 in necrotic and apoptotic death. B) Chemical quantitation of NAD*.
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units; this separates the DNA-binding domain from the auto-
modification and catalytic domains, thereby inactivating the
enzyme.">'¥ This PARP-1 inactivation most likely serves to pre-
vent futile cycles of DNA damage and repair, preserving cellu-
lar energy for apoptosis. Finally, extreme DNA damage leads to
massive PARP-1 activation that in turn depletes the cell of
NADT/ATP and leads to necrotic cell death."™ Thus, in cells
that die by apoptosis, PARP-1 is cleaved and inactivated, while
during necrotic cell death PARP-1 is highly activated
(Scheme 1 A). While the Western blot for cleaved PARP-1 and
the immunoblot for the presence of poly(ADP-ribose) are used
as biochemical hallmarks for apoptotic and necrotic death,"®
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respectively, such methods of analyses are neither convenient
nor allow for precise kinetic measurements. Furthermore, it is
impractical to use these blot techniques in a rapid diagnostic
mode for assessment of cell death in tissue samples. Described
herein is the application of a PARP-1 enzymatic assay to the
direct quantitation of PARP activity from cellular lysates allow-
ing for rapid and convenient detection and differentiation of
apoptotic and necrotic cell death.

As a prelude to the apoptotic/necrotic evaluations, experi-
ments were performed to test if PARP activity could be directly
detected from whole cells. Thus U-937 cells were treated with
either MNNG (N-methyl-N'-nitro-N-nitrosoguanidine) or H,0O,,
two DNA-damaging agents known to induce PARP activity,"”"'®
for various times, and PARP activity was monitored. PARP activ-
ity was detected through a chemical quantitation of NAD*
that has recently been utilized to assess the potency of PARP-1
inhibitors in vitro (Scheme 1B)." As depicted in Figure 1, a
large increase in PARP activity is readily apparent after addition
of either MNNG or H,0,; hydrogen peroxide is known to be a
stronger necrotic inducer than MNNG.?>?" To determine if the
observed NAD™" processing could be ascribed directly to PARP
activity, trials were also conducted in the presence of a known
PARP-1 inhibitor. Addition of the inhibitor 4-amino-1,8-naptha-
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Figure 2. The PARP activity assay readily distinguishes apoptotic and necrotic
cell death. Apoptotic death was induced with etoposide, and both PARP and
caspase-3-like activity were monitored. As expected, a large increase in cas-
pase-3-like activity was observed (closed blue triangles); the PARP activity assay
showed a corresponding decrease in PARP activity (closed red triangles) consis-
tent with the known cleavage and inactivation of PARP-1 in apoptosis. Induc-
tion of necrotic death with MNNG also gave high amounts of PARP activity
(open red circles) and no caspase-3 activity (open blue circles). Error bars repre-
sent standard deviations from the mean.

side, PARP activity drops off sharply over time; this is
consistent with the known cleavage and inactivation
of PARP-1 during apoptosis. This decrease is inversely
correlated with the observed caspase-3 activity,
which shows the expected increase in such apopto-
tic cells.

The assay was also useful for detecting necrotic
cell death. Necrotic death was induced in U-937 cells
by the addition of MNNG (100 um), a known necrosis
inducer."® After defined amounts of time, cells were
lysed, and H,0, was added to activate any full-length
PARP that was present; PARP activity was then quan-
titated. As shown in Figure 2, upon treatment with
MNNG, significant PARP activity is observed at all
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Figure 1. Direct quantitation of PARP activity. U-937 cells were treated with a DNA-damag-
ing agent (H,0, or MNNG), and PARP activity was quantitated in the presence or absence of
the PARP-1 inhibitor 4-amino-1,8-napthalimidine. Error bars represent standard deviations

from the mean.

limidine®>**’ completely abolished the PARP activity (Figure 1);
this clearly implicates PARP in the NAD* hydrolysis. Although
there are several PARP isozymes, PARP-1 accounts for the vast
majority of cellular PARP activity."”

To use the assay to quantitate apoptotic death, the U-937
cells were treated with etoposide (10 pum), a known apoptotic
inducer. At various times cells were lysed, and any full length
PARP-1 present was activated by the addition of 25 mm H,0,;
this concentration of hydrogen peroxide does not interfere
with fluorophore generation (see Supporting Information). As
indicated by the data in Figure 2, upon treatment with etopo-
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, time points; this is indicative of full-length (and fully
140 active) PARP-1. As expected, no caspase-3-like activi-
ty was detected in these necrotic samples. These ac-
tivities correlate well with flow-cytometric analysis of
cell death under the same conditions (see Support-
ing Information). Thus, this activity assay of PARP in
whole-cell lysates is a simple, inexpensive, and con-
venient method for rapidly differentiating apoptotic
and necrotic death. In addition to U-937 cells, the assay can
also be successfully performed in HL-60 cells and SK-N-SH neu-
roblastoma cells, and probably many others.

As a final demonstration of this assay, PARP activity was di-
rectly detected from liver and muscle tissue of a pig that had
hemorrhagic shock induced by a 35% bleed; necrotic cell
death and PARP-1 activation are hallmarks of such trauma.”**
Baseline samples (taken before induction of shock) and sam-
ples after 90 minutes of hemorrhagic shock were analyzed. To
assess PARP activity, tissue samples were homogenized, protein
levels were normalized, and samples were added to the wells
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of a 96-well plate. After addition of NAD*, the plates were in-
cubated at 37 °C for 30 minutes, at which point the PARP activ-
ity (based on the amount of NAD" remaining) was assessed by
the fluorescence assay. As shown in Figure 3, post-shock sam-
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Figure 3. Analysis of PARP activity from liver and muscle tissue of pigs before
and after induction of hemorrhagic shock.

ples from both tissue types displayed a marked increase in
their PARP activity. Based on these results, it is quite likely that
this direct PARP assay can be used in a diagnostic mode for
the rapid and simple detection of necrotic death in animal
tissue samples.

Given the central role of apoptotic and necrotic cell death in
a host of disease states, it is essential to have rapid and reliable
protocols to assess cell-death pathways; current assays can be
time-consuming, labor-intensive, and expensive. We have de-
veloped a rapid and simple method to distinguish apoptotic
and necrotic cell death based on the direct assessment of
PARP activity. This assay requires no specialized reagents and is
also effective in whole animal tissue; this indicates that it
might be useful as a research or clinical diagnostic tool. This
direct PARP activity assay thus serves as a facile method to dif-
ferentiate necrotic and apoptotic cell death.
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