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ABSTRACT
Although the cellular response to chemical-induced stress is rel-
atively well characterized, particularly the response to DNA dam-
age, factors that govern the outcome of the stress response (cell
survival or cell death) are less clearly defined. In this context, the
mitogen-activated protein kinase (MAPK) family responds to a
variety of physical and chemical stresses. The activation of
MAPKs, especially the extracellular-regulated protein kinase sub-
family, seems to play a causal role in death of renal proximal
tubular epithelial cells (LLC-PK1) induced by reactive oxygen spe-
cies (ROS). In this study, we show that extracellular signal recep-
tor-activated kinase (ERK) activation may be coupled with LLC-
PK1 cell death via changes in chromatin structure, which is
mediated by increases in the phosphorylation of histone H3 (a
post-translational modification required for both chromosome
condensation and segregation during mitosis) and premature
chromatin/chromosomal condensation, leading to cell death. In

support of this view, 2,3,5-tris-(glutathion-S-yl)hydroquinone
(TGHQ)-induced phosphorylation of histone H3 is accompanied
by increases in chromatin condensation, as observed with the use
of 4,6-diamidino-2-phenylindole-fluorescent staining, and by de-
creases in the sensitivity of chromatin to digestion by micrococcal
nuclease. Changes in chromatin structure precede cell death.
TGHQ-induced histone H3 phosphorylation and chromatin con-
densation are inhibited by PD098059, which selectively inhibits
MAPK kinase, an upstream regulator of ERKs. Moreover, histone
phosphorylation is modulated by poly(ADP-)ribosylation. Thus, the
inhibition of poly(ADP-ribose)polymerase with 3-aminobenzamide
prevents histone H3 phosphorylation and increases cell survival,
suggesting that ADP-ribosylation and histone H3 phosphorylation
are coupled in this model of ROS-induced DNA damage and cell
death. The coupling of histone phosphorylation with ribosylation
has not been previously demonstrated.

Mechanisms of cell death are usually classified into two path-
ways: apoptosis and necrosis. However, it has been proposed
that the term oncosis, with its root from the Greek meaning
“swelling,” be used as the alternate descriptor of cell death
occurring by nonapoptotic pathways (Trump et al., 1997). The
word necrosis describes more accurately the consequences of
oncotic cell death, usually the death of a large number of cells
that results in moderate to severe tissue injury. Accordingly,
apoptosis is a genetically controlled process, requiring the coor-
dinated suppression and expression of key genes and is charac-
terized by an orchestrated series of processes that can be sep-
arated into two general phases: the “commitment” phase and
the “execution” phase. In addition, apoptosis requires energy

and usually involves the participation of individual, noncontig-
uous cells. The morphological features of apoptosis usually in-
clude cell shrinkage, chromatin condensation and margination,
DNA fragmentation into nucleosomal-sized remnants, mem-
brane blebbing, and the formation of apoptotic bodies. Oncosis
is generally considered a passive process, with the cell respond-
ing to external stress in an uncoordinated, random fashion,
dependent on the nature of the specific stress. Oncosis is a form
of cell death that typically occurs in response to toxic injury,
including that induced by chemical exposure and reactive oxy-
gen species (ROS). In contrast to apoptosis, oncosis is charac-
terized by cell and organelle swelling that eventually leads to
the loss of plasma membrane integrity.

ROS are involved in the initiation and progression of a vari-
ety of human diseases (Kehrer, 1993), including renal ischemia/
reperfusion injury and in toxicities associated with chemical
exposure. An understanding of the factors that regulate the
cellular response to ROS and the molecular mechanisms by
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which they interact with cellular constituents, as well as the
consequences of such interactions, are important fundamental
goals of biomedical research. Renal proximal tubule epithelial
cells are particularly sensitive to oxidant-mediated injury. Us-
ing a well-established in vitro model of renal proximal tubule
epithelial cells (LLC-PK1), we have shown that treatment of
LLC-PK1 cells with quinol-thioethers produces single-strand
breaks in DNA, rapid growth arrest, modulation of stress- and
growth-gene expression, and cell death (Monks and Lau, 1998).

The signal transduction pathways activated during the com-
mitment phase of oncotic cell death are insufficiently charac-
terized. A pivotal event during the cell cycle is the timing of the
initiation of DNA replication (S-phase entry). Rigid controls
function to prevent repeated rounds of DNA replication without
intervening mitoses, as well as to prevent the initiation of
mitosis before DNA replication is complete (“mitotic catastro-
phe”). Although some of the genetic interactions that partici-
pate in this process have recently been identified in yeast (No-
vak and Tyson, 1997), little is known about their mammalian
counterparts. A frequent response to ROS-induced cell stress
that ultimately leads to oncotic cell death is premature chroma-
tin condensation (PCC) and the ensuing mitotic catastrophe
(Novak and Tyson, 1997). Because a variety of phosphatase
inhibitors induce PCC (Coco-Martin and Begg, 1997), protein
phosphorylation must play an important role in this process.
However, the targets for phosphorylation and the correspond-
ing protein kinases are poorly defined. During the transition
from the G2 phase into mitosis, relaxed interphase chromatin
must be converted into mitotic condensed chromatin, a process
considered essential for nuclear division. However, relatively
little is known about the mechanisms and factors that regulate
this transition in chromatin structure (Koshland and Strunni-
kov, 1996).

Phosphorylation of histones H1 and H3 has long been impli-
cated in chromosome condensation during mitosis (Koshland
and Strunnikov, 1996). Increases in histone H1 kinase activity
during heat shock occur coincidentally with PCC and are asso-
ciated with M-phase kinase complexes containing cyclin B1
(Mackey et al., 1996). Early studies demonstrated that in-
creases in H1 phosphorylation occurred during mitosis in a
variety of eukaryotes (Roth and Allis, 1992). However, although
H1 hyperphosphorylation is temporally associated with entry
into mitosis and requires Cdc2 kinase activity (Langan et al.,
1989), recent studies indicate that chromatin condensation can
occur in the absence of this modification (Guo et al., 1995) and
even without H1 itself (Shen et al., 1995). In contrast to the data
on H1 phosphorylation, experimental evidence strongly impli-
cates a functional role for H3 phosphorylation in chromosome
condensation (Wei et al., 1999). The present study was therefore
initiated to test the hypothesis that ERK activation in renal
epithelial cells is coupled with PCC and cell death via the
activation of downstream histone H3 kinase(s).

Materials and Methods
Cell Culture and Treatment Conditions. LLC-PK1 cells

(American Type Culture Collection, Manassas, VA), a renal
proximal tubule epithelial cell line derived from the New
Hampshire mini-pig, were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
and high glucose without pyruvate (Invitrogen, Carlsbad, CA)
at 37°C in a humidified incubator containing 5% CO2. Cells

were seeded at a density of 2 3 106 cells/100-mm dish and were
used after overnight culture. Cultures were washed twice with
Hanks’ balanced salt solution and then treated with TGHQ in
DMEM containing 20 mM HEPES.

Fluorescence Microscopy. Cells growing on cover slips
treated with TGHQ for 2 h, as well as untreated control cells,
were fixed with 3.7% formaldehyde in ice-cold phosphate-
buffered saline for 10 min and then treated with methanol at
220°C for 10 min. DNA was stained with 0.5 mg/ml 49,6-
diamidino-2-phenylindole (DAPI) (Roche Molecular Bio-
chemicals, Summerville, NJ) for 10 min at room tempera-
ture. Cells were examined with an Olympus BH2-RFCA
microscope (Olympus, Tokyo, Japan).

Fluorescence Confocal Microscopy and Fluorescent
Probes. A laser fluorescence confocal microscope (Meridian
Instruments, Okemos, MI) was used to evaluate the role of
TGHQ-induced ROS production using 2,7-dichlorofluorescein
diacetate (DCFDA) as the fluorophore. Cleavage of the ace-
tate moiety by esterases traps 2,7-dichlorofluorescein inside
the cell, where it is available for oxidation by ROS to yield the
fluorescent 2,7-dichlorofluorescein. Excitation was provided
by a water-cooled argon ion laser with spectral line at 488
nm. Emission was measured after passing a 575-nm dichroic
short-pass filter. The light transmitted through this filter
traveled through a 530-nm bandpass filter. LLC-PK1 cells
were plated onto 2-well Lab-Tek glass chambers (Nalge Nunc
International, Naperville, IL) 2 days before the experiment
at a density of 70,000 cells/well. Kinetic analysis of ROS was
performed at room temperature in the presence or absence of
TGHQ. Cells were loaded with DCFDA (10 mM) for 30 min at
37°C and were scanned in the continued presence of DCFDA.
An area of cells was selected and scanned once to determine
basal levels of ROS; TGHQ was added, and changes in fluo-
rescence were recorded every 5 min for 25 min.

Chromatin Fractionation after Digestion with Micro-
coccal Nuclease. After treatment of cells with TGHQ for 1 h in
the presence and absence of 3-aminobenzamide or PD098059,
nuclei were isolated under low ionic strength buffer conditions
(Tikoo et al., 1997). The isolated nuclei were subsequently sus-
pended in “nuclei buffer” (10 mM Tris-HCl, pH 7.4, 10 mM
NaCl, and 1 mM phenylmethylsulfonyl fluoride) at a concentra-
tion of 1 mg/ml. Nuclei were then digested with micrococcal
nuclease (1 unit/mg DNA) at 37°C for 5 min, and the reaction
was terminated by adding 10 mM EDTA. The supernatants,
containing digested chromatin fragments, were collected by
centrifugation of nuclei at 12,000g for 10 min, and the absor-
bance at 260 nm was determined and expressed as a percentage
of the total nuclear absorbance (supernatant and pellet).

Metabolic Labeling of Cells and Histone Extraction for
Phosphorylation Studies. To determine the effect of TGHQ-
induced oxidative stress on histone phosphorylation, LLC-PK1
cells were labeled with 40 mCi/ml [32P] orthophosphoric acid in
phosphate-free DMEM with 20 mM HEPES for 2 h. Radioac-
tivity was removed after 2 h, and cells were treated with TGHQ
in phosphate-free DMEM containing 20 mM HEPES. Cells
were washed in ice-cold low-salt buffer (10 mM Tris-HCl, 10
mM NaCl, and 2.5 mM EDTA, pH 7.4) and then lysed in lysis
buffer (low-salt buffer containing 0.25 mM sucrose, and 1%
Triton X-100). Nuclei were collected by centrifugation at 1000g
for 5 min. Histones were extracted with 0.25 M HCl and pre-
cipitated in 20% trichloroacetic acid. The precipitate was
washed twice: once with 0.25 M HCl containing acetone and
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then with acetone only. Proteins (measured in micrograms)
were loaded in each lane of a 13.5% SDS polyacrylamide gel.
After electrophoresis, the proteins were stained with Coomassie
Blue, dried, and then exposed to Kodak XAR film (Eastman
Kodak, Rochester, NY). Quantification of autoradiograms was
performed using Instant Imager Electronic Autoradiography
(Packard, Meriden, CT) wherever necessary. For studying the
effect of different inhibitors on TGHQ-induced H3 phosphory-
lation, metabolically labeled cells were pretreated with inhibi-
tors and then cotreated with TGHQ as described in detail in the
appropriate figure legends.

Identification of Core Histones by Liquid Chromatog-
raphy Tandem Mass Spectrometry (LC-MS/MS). Proteins
were separated by SDS-polyacrylamide gel electrophoresis as
described above. Gels were stained with 0.1% Coomassie Blue R
(in 40% methanol/10% acetic acid) and destained with 50%
methanol/5% acetic acid. Proteins of interest were identified by
the use of autoradiography and an Instant Imager Electronic
Autoradiography system (Packard) and were matched with
Coomassie Blue staining. Typically, 300 to 600 mg total cellular
lysate protein per lane is sufficient for LC/MS analysis. In-gel
tryptic digestion was a modification of the method described by
Shevchenko et al. (1996). Protein bands were cut from gels and
stored at 280°C in a 5% acetic acid solution. Before digestion,
protein bands were further cut into 1-mm pieces and destained
for another 2 to 3 h. After destaining, gel slices were dehydrated
with acetonitrile, and residual acetonitrile was evaporated in a
SpeedVac (Thermo Savant, Holbrook, NY). Gel slices were then
reduced with 10 mM dithiothreitol (in 100 mM NH4HCO3) at
room temperature for 1 h. Residual dithiothreitol was removed,
and gel slices were alkylated with 50 mM iodoacetamide and
then subjected to washing and dehydration (100 mM
NH4HCO3, 10 min; twice acetonitrile, 5 min; 100 mM
NH4HCO3, 10 min; twice acetonitrile, 5 min). Gels were dried
for 2 to 3 min in a SpeedVac and rehydrated on ice with 20 ng/ml
sequencing grade modified trypsin (in 50 mM NH4HCO3; Pro-
mega, Madison, WI) for 10 to 15 min. Excess trypsin was re-
moved, 20 ml of 50 mM NH4HCO3 was added, and gel slices
were digested overnight at 37°C. After in-gel digestion, peptides
were extracted twice in 75 ml of 5% formic acid/50% acetonitrile,
evaporated to a volume ,25 ml, and subjected to LC-MS/MS
analysis. High-performance LC-MS/MS was performed on tryp-
tic digests with a Finnigan-MAT LCQ (Thermo Finnigan, San
Jose, CA) electrospray ion-trap mass spectrometer coupled with
a MAGIC 2002 microbore high-performance liquid chromato-
graph (Michrom BioResources, Auburn, CA). Acquisition of
MS-MS spectra was carried out by data-dependent scanning
with Finnigan Excalibur software (Thermo Finnigan). Total
run time was typically 45 min. Peptides were analyzed on a
MAGIC MS C18 microbore column (5 mm, 200 A, 0.5 3 50 mm;
Michrom BioResources) and washed with mobile phase A [ace-
tonitrile/water/acetic acid/trifluoroacetic acid (2:98:0.1:0.02,
v/v)] for 5 min, and then eluted with mobile phase B [acetoni-
trile/water/acetic acid/trifluoroacetic acid (90:10:0.09:0.02, v/v)]
using a linear gradient from 5 to 65% mobile phase B over 30
min, increased to 95% mobile phase B and held for 5 min at a
flow rate of 20 ml/min. Data-dependent scanning was performed
with a default charge state of 2, an isolation width of 2.0 amu,
normalized collision energy of 35%, an activation time of 30.0
ms, and a required minimum signal of 50,000 counts. Global
dependent data settings were an exclusion mass width of 1.5
amu, a reject mass width of 1.0 amu with dynamic exclusion

enabled, a repeat count of 2, a repeat duration of 1.0 min and an
exclusion duration of 1.0 min. The scan event series include one
full scan with a mass range of 400 to 2000 Da, followed by one
dependent MS-MS scan of the most intense ion. Capillary tem-
perature, sheath gas pressure, and auxiliary gas pressure were
set at 200°C, 60 psi, and 0 psi, respectively. Individual peptide
sequences were identified with the SEQUEST program incor-
porated into Finnigan MAT BIOWORKS software (Thermo
Finnigan) to translate MS/MS spectra to amino acid sequences
in the nonredundant OWL protein database (http://www.bis-
.med.jhmi.edu/Dan/proteins/owl.html).

Neutral Red Assay for Cell Viability. Cells were seeded
at a density of 1 3 105 cells/well in 24-well plates and were
used after 24 h of culture. Cells were washed and treated
with TGHQ in DMEM containing HEPES. Viability was then
determined with the neutral red assay as described previ-
ously (Mertens et al., 1995).

Statistical Analysis. All data are expressed as mean 6
S.E.M. Mean values were compared by the use of analysis of
variance with a post hoc Student-Newman-Keuls test. P
,0.05 was accepted as significant.

Results
Morphological Changes in Cells Undergoing Cell

Death. The morphological alterations seen after TGHQ treat-
ment of LLC-PK1 cells were similar to those we described
previously after the administration of a structurally and toxi-
cologically similar halogenated analog, 2-Br-bis-(glutathion-S-
yl)hydroquinone (Rivera et al., 1994). The margination of het-
erochromatin seems random in nature and does not conform to
the typical crescent-type margination associated with cells un-
dergoing apoptosis. Consistent with the in vivo observations,
DAPI-stained nuclei of cells after treatment with TGHQ also
exhibit aggregation and margination of chromatin (Fig. 1C). In
contrast, nuclei of untreated control LLC-PK1 cells exhibit a
diffuse pattern of DAPI-staining, reflecting the even distribu-
tion of chromatin throughout the nuclei (Fig. 1A).

Chromatin Sensitivity to Micrococcal Nuclease. To
lend support to the presence of enhanced chromatin condensa-
tion in cells undergoing TGHQ-induced cell death, chromatin
sensitivity to micrococcal nuclease was determined. Micrococcal
nuclease cleaves chromatin preferentially at hypersensitive
sites, and decreases in sensitivity to cleavage occur after PCC
because the hypersensitive sites are shielded from the enzyme.
Nuclei from LLC-PK1 cells treated with TGHQ (0, 50, 100, 200,
or 400 mM) for 1 h were isolated under low ionic strength buffer
conditions to prevent rearrangement and exchange of histone
H1 and higher order folding of chromatin. Chromatin sensitiv-
ity to micrococcal nuclease decreased by ;60% in nuclei isolated
from LLC-PK1 cells treated with 400 mM TGHQ (Fig. 2) (per-
centage nuclear absorbance at 260 nm in supernatant of control
and TGHQ-treated cells 5 25.7 6 1.16% and 10.6 6 0.46%,
respectively). This finding confirms the view that chromatin
within these cells is in a more condensed state than that in
untreated control cells.

Identification of Histones by LC-MS/MS. To confirm
both the identity and purity of the putative histone H3 gel
band, LC-MS/MS was performed on in-gel tryptic digests of
the excised protein. The following peptides were identified:
DIQLAR, EIAQDFK, YRPGTVALR, and STELLIR, provid-
ing a coverage of 21.5% and definitive evidence that the
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digested protein was indeed histone H3. No contaminating
peptides were observed on LC-MS/MS analysis. Similar anal-
yses were performed on the gel bands representative of the
core histones. The histone H2B gel band yielded two pep-
tides, KESYSVYVYK and LLLPGELAK, providing 21.6%
coverage; histone H2A yielded five peptides, NDEELNK,
IIPR, HLQLAIRNDEELNK, AGLQFPVGR, and VTIAQG-

GVLPNIQ AVLLPK, providing 35.7% coverage; and histone
H4 yielded six peptides, DNIQGITKPAIR, ISGLIYEETR,
VFLENVIR, KTVTAMDVVYALK, TVTAMDVVYALKR, and
TVTAMDVVYALK, providing 43.1% coverage.

Histone Phosphorylation in Response to TGHQ-In-
duced Oxidative Stress. Phosphorylation of histone H3 is
required for chromosome condensation and segregation in
vivo (Wei et al., 1999) and also occurs during PCC (Hanks et
al., 1983). Inappropriate histone H3 phosphorylation might
therefore initiate chromosomal condensation, and premature

Fig. 1. TGHQ-induced chromatin
condensation in LLC-PK1 cells.
LLC-PK1 cells were cultured at
2 3 104/ml density overnight and
then treated with 400 mM TGHQ
for 2 h in the presence and ab-
sence of pharmacological inhibi-
tors. LLC-PK1 cells were washed
with phosphate-buffered saline
and stained with DAPI as de-
scribed under Materials and
Methods. DAPI-stained cells were
observed under a fluorescent mi-
croscope. Control untreated cells
(A), TGHQ-treated for 1 h (B), for
2 h (C), for 2 h in the presence of
3-aminobenzamide (1 mM) (D), or
PD 98059 (50 mM) (E).

Fig. 2. Decreases in micrococcal nuclease sensitivity reflect TGHQ-in-
duced chromatin condensation in LLC-PK1 cells. Left, nuclei isolated
from LLC-PK1 cells treated with 0, 50, 100, 200, or 400 mM TGHQ. Right,
nuclei isolated from control LLC-PK1 cells or cells treated with 400 mM
TGHQ for 1 h in the absence or presence of 3-aminobenzamide or
PD98059. The data represent the percentage of the nuclear absorbance of
the supernatant from micrococcal nuclease (1 unit/mg DNA)-digested
chromatin. Absorbance at 260 nm is determined and expressed as a
percentage of the total nuclear absorbance. The data represent the
mean 6 S.E.M. for two separate experiments, with each experiment
carried out in triplicate. *Significantly difficult from controls at p , 0.01.
†Significantly different from TGHQ-treated cells at p , 0.01.

Fig. 3. TGHQ induces histone H3 phosphorylation and histone H2A
dephosphorylation in LLC-PK1 cells. LLC-PPK1 cells were labeled with
40 mCi/ml [32P]orthophosphoric acid for 2 h and then treated with in-
creasing concentrations of TGHQ for 30 min. Histones were extracted
from these cells and 40 mg protein was electrophoretically resolved on a
13.5% SDS-polyacrylamide gel as described under Materials and Meth-
ods. Lane a, untreated control cells. Lane b, 50 mM TGHQ; lane c, 100 mM
TGHQ; lane d, 200 mM TGHQ; lane e, 400 mM TGHQ. A, Coomassie
Blue-stained gel. B, corresponding autoradiograph.
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entry into mitosis might lead to mitotic catastrophe and cell
death. We therefore determined the effects of TGHQ-gener-
ated ROS on histone phosphorylation in LLC-PK1 cells.
Treatment of LLC-PK1 cells with TGHQ (50–400 mM) (Fig. 3)
induces changes in histone phosphorylation within 30 min of
exposure. In particular, TGHQ-induced oxidative stress is
accompanied by dephosphorylation of histone H2A, followed
by the subsequent phosphorylation of histone H3 (Fig. 3).
Phosphorylation of histone H3 occurs at concentrations of
TGHQ that commit LLC-PK1 cells to oncotic cell death via
premature chromatin condensation (Fig. 3, lane e). Thus,
phosphorylation of histone H3 occurs rapidly after exposure
of cells to TGHQ and accompanies decreases in neutral red
absorption (Fig. 4C). Because neutral red is a measure of
lysosomal integrity and precedes cell death measured by loss
of plasma membrane integrity by 60 to 90 min (Mertens et
al., 1995), phosphorylation of histone H3 precedes cell death
(Fig. 4). Although TGHQ also seems to increase the phos-
phorylation of histone H4 (Fig. 4B), only the phosphorylation
of histones H1 and H3 are presently known to modulate
chromatin structure (Wolffe, 1995). It should also be noted
that the time-dependent increase in histone H2A phosphor-
ylation in TGHQ-treated cells (Fig. 4) is considerably lower

than that observed in control cells over time, because histone
H2A phosphorylation occurs throughout the cell cycle
(Wolffe, 1995).

TGHQ-induced DNA damage, growth arrest, stress- and
growth-related gene expression, and cell death are all depen-
dent on the generation of ROS (Monks and Lau, 1998). Con-
sistent with these findings, TGHQ increases the oxidation of
2,7-dichlorodihydrofluoroscein to the green fluorescent 2,7-
dichlorofluoroscein (Fig. 5). We subsequently determined the
effects of catalase on TGHQ-induced histone H3 phosphory-
lation. Consistent with previous findings regarding the re-
quirement for ROS in TGHQ-induced cell death, catalase (10
units/ml) prevented histone H3 phosphorylation (Fig. 6).

PD98059, a Selective MAPK Kinase Inhibitor, Inhib-
its TGHQ-Induced Histone H3 Phosphorylation. His-
tone H3 is phosphorylated rapidly in response to growth
factors, phorbol esters, okadaic acid, and protein synthesis
inhibitors (Mahadevan et al., 1991). Recent studies have
shown that phorbol ester-induced histone H3 phosphoryla-
tion requires ERK activation and is blocked by PD98059 (Wei
et al., 1999). We have shown recently that TGHQ induces
ERK activation in LLC-PK1 cells and that inhibition of ERK
correlates with increases in cell survival. (Q. Huang, S. S.
Law, and T. J. Monks, unpublished observations). TGHQ-
induced H3 phosphorylation is also blocked (;90%) by pre-
treatment of LLC-PK1 cells with PD98059 (50 mM) (Fig. 7), a
selective inhibitor of mitogen-activated protein kinase ki-
nase, which is an upstream regulator of ERK activity. The
changes in histone H3 phosphorylation are accompanied by
decreases in both chromatin condensation (Fig. 1E) and in
chromatin sensitivity to micrococcal nuclease digestion (Fig.
2B). Collectively, the data indicate that the nuclear response
to TGHQ is coupled with ERK activation. TGHQ-generated
ROS probably initiate a cascade of events that leads to cell
death; histone H3 phosphorylation is a major component of
this cascade, which causes changes in chromatin structure.

Modulation of Histone Phosphorylation by Poly-
ADP Ribosylation. DNA strand breaks caused by ROS lead
to the activation of poly(ADP-ribose)polymerase (PARP), the
excessive activation of which results in the depletion of both
NAD1 and ATP (Pieper et al., 1999). It has been suggested
that depletions in NAD and ATP in response to DNA damage
contribute to cell death as a consequence of deficits in energy
stores. Consistent with this view, inhibitors of PARP protect

Fig. 4. Changes in histone phosphorylation precede cell death in TGHQ-
treated LLC-PK1 cells. [32P]Orthophosphoric acid-labeled LLC-PK1 cells
were treated with 400 mM TGHQ for increasing periods of time. Histones
were extracted from these cells and 25 mg of protein was electrophoreti-
cally resolved on a 13.5% SDS polyacrylamide gel as described under
Materials and Methods. Lane a, untreated control cells; lane b, 15 min;
lane c, 30 min; lane d, 60 min; lane e, 120 min; lane f, 180 min. A,
Coomassie Blue-stained gel. B, the corresponding autoradiograph. C, cell
viability was determined using the neutral red assay as described under
Materials and Methods.

Fig. 5. TGHQ-induced ROS generation in LLC-PK1 cells. LLC-
PK1 cells were plated onto 2-well Lab-Tek glass chambers 2 days
before the experiment at a density of 70,000 cells/well. Analysis
of ROS was performed at room temperature in the presence or
absence of TGHQ (200 mM). Cells were loaded with DCFDA (10
mM) for 30 min at 37°C and scanned in the continued presence of
DCFDA. An area of cells was selected and scanned once to de-
termine basal levels of ROS, then no addition (for control) or
different concentrations of TGHQ (for experimental treatment)
was added, and changes in fluorescence were recorded every 5
min for 25 min.
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against H2O2-mediated cell death (Cristovao and Rueff,
1996). In particular, PARP is activated in LLC-PK1 cells
exposed to H2O2, and pretreatment of cells with 3-aminoben-
zamide completely prevents H2O2-induced increases in
PARP activity (Filipovic et al., 1999) and cell death (Chat-
terjee et al., 1999). We subsequently investigated the role of
PARP in TGHQ-induced cell death and histone H3 phosphor-
ylation. Pretreatment of LLC-PK1 cells with 3-aminobenz-
amide (1 mM) for 30 min substantially decreased histone H3
phosphorylation (Fig. 8) under conditions suggesting that
3-aminobenzamide increases global protein phosphorylation
(Fig. 8). In particular, inhibition of ADP-ribosylation seems
to significantly enhance histone H2A phosphorylation, and
3-aminobenzamide overrides TGHQ-mediated decreases in
histone H2A phosphorylation (Fig. 8, lane d). Concomitant
with the inhibition of TGHQ-induced histone H3 phosphory-
lation, 3-aminobenzamide also decreased chromatin conden-
sation as evidenced by DAPI staining (Fig. 1D), decreased
chromatin sensitivity to micrococcal nuclease digestion
(;70%; Fig. 2B), and increased cell viability (Fig. 8C). The
data are indicative of a causal relationship between the in-
hibition of PARP activity and histone H3 phosphorylation.
The TGHQ-induced nucleosomal response was not prevented
by aurintricarboxylic acid or zinc (data not shown), both of
which are inhibitors of endonucleases and proteases (Sten-
nicke and Salvesen, 1997), suggesting that histone H3 phos-
phorylation is independent of endonuclease or protease acti-
vation in this model of ROS-induced cell death.

Discussion
We provide evidence that ROS-induced oncotic cell death of

renal proximal tubular epithelial cells involves changes in

chromatin structure that are dependent on the phosphoryla-
tion of histone H3. Thus, fluorescent labeling of TGHQ-
treated LLC-PK1 cells with DAPI revealed the presence of
aggregated and condensed chromatin (Fig. 1). The decreased
susceptibility of chromatin isolated from TGHQ-treated cells
to micrococcal nuclease provides biochemical confirmation of
the immunohistochemical findings. Moreover, the biochemi-
cal and immunohistochemical findings in LLC-PK1 cells are
consistent with changes in chromatin structure that occur in
vivo in renal proximal tubular epithelial cell nuclei after
exposure of rats to a structurally related quinol-thioether
(Rivera et al., 1994). It is possible that direct adduction of
TGHQ to chromatin leads to disruption of nucleosomal integ-
rity, although we consider this unlikely. Thus, ROS play a
major role in disrupting nuclear architecture because cata-
lase protects against histone H3 phosphorylation (Fig. 6).
Catalase would not be expected to have an effect on the
adduction of proteins by TGHQ-derived reactive electrophilic
metabolites. The mechanism(s) underlying the changes in
chromatin structure seem to include the ERK-regulated
phosphorylation of histone H3 (Figs. 7 and 9).

Phosphorylation of histone H3 is required for chromosome
condensation and segregation during mitosis (Wei et al., 1999)
and accompanies PCC (Johnson and Rao, 1970; Hanks et al.,
1983). Temperature-sensitive mutants of baby hamster kidney
cells (tsBN2 cells) (Kai et al., 1983) sustain histone H1 and H3
phosphorylation at temperatures that also induce PCC (Ajiro et
al., 1983). However, prevention of PCC occurs concomitant with
decreases in H3 phosphorylation and not with H1 phosphory-
lation (Ajiro and Nishimoto, 1985). Our data therefore suggest
that in response to TGHQ-induced oxidative stress, LLC-PK1
cells attempt to engage mitosis by initiating chromosome con-
densation prematurely. Mitotic histone H3 phosphorylation can
occur at Ser-10 and Ser-28 in the amino-terminal tail (Wei et
al., 1999) and promotes the disassociation of the histone H3
amino-terminal tail from DNA (Sauve et al., 1999). This change
in chromatin structure permits the association of additional
factors with DNA. ROS-induced phosphorylation of histone H3

Fig. 6. TGHQ-induced histone H3 phosphorylation in LLC-PK1 cells is
dependent on the presence of reactive oxygen species. [32P]Orthophos-
phoric acid-labeled LLC-PK1 cells were treated for 1 h with 400 mM
TGHQ in the presence and in absence of 10 units/ml catalase. Histones
were extracted from these cells and 30 mg of protein was electrophoreti-
cally resolved on a 13.5% SDS-polyacrylamide gel as described under
Materials and Methods. Lane a, untreated control cells; lane b, TGHQ-
treated cells; lane c, catalase-treated cells; lane d, cells cotreated with
TGHQ and catalase. A, Coomassie Blue-stained gel. B, the corresponding
autoradiograph.

Fig. 7. TGHQ-induced histone H3 phosphorylation is coupled with ERK
activation in LLC-PK1 cells. [32P]Orthophosphoric acid-labeled LLC-PK1
cells were pretreated with PD98059 (50 mM) for 30 min and then co-
treated with TGHQ (400 mM) for an additional 1 h. Histones were ex-
tracted from these cells and 40 mg of protein was electrophoretically
resolved on a 13.5% SDS-polyacrylamide gel as described under Materials
and Methods. Lane a, untreated control cells; lane b, TGHQ-treated cells;
lane c, PD98059-treated cells; lane d, cells treated with both PD98059
and TGHQ. A, Coomassie Blue-stained gel. B, the corresponding autora-
diograph. C, quantitation (cpm) of [32P] incorporation into histone H3.
Quantitation was achieved using a Packard Electronic Instant Imaging
system (Packard).
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in LLC-PK1 cells might thus result in the exposure of DNA to
chromosome-condensing factors, facilitating chromatin conden-
sation.

The mechanisms coupling TGHQ-generated ROS with hi-
stone H3 phosphorylation are unclear. H3 phosphorylation,
specifically on serine-10, correlates with the induction of
immediate-early gene expression. Thus, in mitogen-stimu-
lated mouse fibroblasts, c-fos and c-myc are induced rapidly
with concurrent increases in Ser-10 histone H3 phosphory-
lation (Chadee et al., 1999), thereby linking the MAPK sig-
naling pathway to changes in chromatin structure. We have
recently observed the ROS-dependent activation of ERKs
after treatment of LLC-PK1 cells with TGHQ and that such
activation contributes to oncotic cell death (Q. Huang, S. S.
Lau, and T. J. Monks, unpublished observations). These find-
ings provide a possible link between ROS generation and
alterations in chromatin structure (Fig. 9). It is likely that
one or more kinases downstream of ERK catalyze the phos-
phorylation of histone H3, triggering PCC and cell death. In
support of this view, 1) TGHQ activates ERK1/2 (Q. Huang,
S. S. Lau, and T. J. Monks, unpublished observations), 2)
TGHQ induces H3 phosphorylation (Figs. 3 and 4), 3) TGHQ-
mediated oncotic cell death is inhibited by PD098059 (Q.
Huang, S. S. Lau, and T. J. Monks, unpublished observa-
tions), and 4) inhibition of ERK1/2 prevents histone H3 phos-
phorylation (Fig. 7). Several kinases have been implicated as
potential histone H3 kinases. In particular, evidence that the
nuclear kinase MSK1 has H3 kinase activity provides a po-
tential link completing the circuit between cell surface-
sensed stress and nucleosomes (Thomson et al., 1999). MSK1
is activated by both ERKs and the p38 MAPKs (Deak et al.,
1998). In addition to MSK1, pp90 ribosomal S6 kinase-2 is
required for epidermal growth factor-stimulated phosphory-
lation of histone H3 in vivo (Sassone-Corsi et al., 1999).

It is well established that PARP activation occurs in re-
sponse to oxidant-induced DNA strand scission (Masutani et
al., 1995). The excessive activation of PARP in response to

DNA damage may actually contribute to cell death as a
consequence of depletions in both NAD1 and ATP (Ha and
Snyder, 1999). For example, incubation of primary cultures
of rat proximal tubule epithelial cells with 1 mM H2O2 in-
hibits mitochondrial respiration and increases lactate dehy-
drogenase release, with concomitant increases in PARP ac-
tivity. Inhibitors of PARP protect against H2O2-mediated cell
death (Chatterjee et al., 1999). In LLC-PK1 cells, 0.5 mM
H2O2 depletes ATP and causes DNA damage, lipid peroxida-
tion, and oncotic cell death (Andreoli and Mallett, 1997).
However, inhibiting lipid peroxidation with lazeroids or
Trolox (Hoffman-La Roche, Nutley, NJ) decreased oncotic cell
death without affecting DNA damage or depletions in ATP.
Thus, DNA damage-induced depletions in cellular ATP con-
centrations can be dissociated from oncotic cell death. Sub-
sequently, inhibition of PARP was shown to prevent H2O2-
induced oncosis (1 mM for 2 h) but not apoptosis of LLC-PK1
cells (Filipovic et al., 1999). Thus, 3-aminobenzamide pre-
vented H2O2-mediated activation of PARP, restored NAD1

and ATP concentrations, and prevented early oncotic cell
death. However, these cells still subsequently succumb to
apoptotic cell death. Inhibition of PARP also shifts the mode
of cell death from oncosis to apoptosis in oxidant-stressed
endothelial cells (Walisser and Thies, 1999). Using fibro-
blasts obtained from mice with a targeted deletion of PARP
(PARP2/2) DNA damage induced by either N-methyl-N9-ni-
tro-N-nitrosoguanidine or H2O2 failed to deplete intracellu-
lar concentrations of ATP, and the cells were protected
against oncotic cell death (Ha and Snyder, 1999) despite
exhibiting extensive DNA damage. However, the PARP2/2

cells still underwent apoptotic cell death. In contrast,
PARP1/1 cells treated with either N-methyl-N9-nitro-N-ni-
trosoguanidine or H2O2 died by oncosis, suggesting that
PARP activation may regulate the mode of cell death, per-
haps by modulating ATP (and possibly NAD1) concentra-
tions.

Although the biological functions of PARP are unclear,
post-translational modification of several nuclear proteins by
PARP, including histones, has been implicated in chromatin
structure and function, surveillance of the genome, and reg-
ulation of proteins that participate in DNA repair (D’Amours
et al., 1999). However, under conditions in which PARP is

Fig. 8. TGHQ-induced histone H3 phosphorylation and cell death are
modulated by PARP activity. Metabolically labeled LLC-PK1 cells were
treated for 1 h with 400 mM TGHQ in the presence and absence of 1 mM
3-aminobenzamide. Histones were extracted from these cells and 35 mg of
protein was electrophoretically resolved on a 13.5% SDS-polyacrylamide
gel as described under Materials and Methods. Lane a, untreated control
cells; lane b, TGHQ-treated cells; lane c, 3-aminobenzamide-treated cells;
lane d, cells pretreated with 3-aminobenzamide and then cotreated with
TGHQ. A, Coomassie Blue-stained gel. B, the corresponding autoradio-
graph. C, cell viability was determined using the neutral red assay as
described under Materials and Methods.

Fig. 9. Proposed pathway coupling ROS generation to alterations in
chromatin structure and cell death.
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either inhibited pharmacologically or deleted genetically, the
potential consequences on PARP targets, as well as their
corresponding influence on cell survival, have not been con-
sidered. As noted above, DNA damage-induced depletions in
cellular ATP concentrations can be dissociated from oncotic
cell death. Decreased PARP activity might therefore be cyto-
protective against oncotic cell death by interfering with its
ability to regulate chromatin structure. PARP participates in
histone shuttling and nucleosomal unfolding (Realini and
Althaus, 1992) and may facilitate core histone H3 phosphor-
ylation. Consistent with this view, the inhibition of PARP
might protect against ROS-induced cell death by modulating
ROS-induced histone H3 phosphorylation. Indeed, histone
H3 phosphorylation was prevented by 3-aminobenzamide
(Fig. 8) at concentrations that produce few other effects
(D’Amours et al., 1999), confirming the coupling of ADP-
ribosylation and histone H3 phosphorylation (Fig. 9). There
is precedence for the coupling of various histone post-trans-
lational modifications. For example, Imai et al. (2000) re-
cently described a NAD-dependent histone deacetylase, Sir2,
and Sir2 proteins exhibit NAD-dependent mono-ADP-ribo-
syltransferase activity (Frye, 1999). The coordination of mul-
tiple histone modifications seems to be involved in the regu-
lation of immediate-early gene expression (Clayton et al.,
2000). In particular, the coupling of histone H3 phosphory-
lation and acetylation seems to play an important role in
transcriptional regulation, particularly in response to factors
that engage the epidermal growth factor /MAPK signaling
pathway (Clayton et al., 2000).

TGHQ-induced changes in chromatin structure are pre-
ceded by the phosphorylation of histone H3 and by the de-
phosphorylation of H2A (Figs. 3 and 4). Growth factors and
phorbol esters induce cell proliferation via the up-regulation
of protein kinase C, one of the targets of which are the
nuclear histones (Wolffe, 1995). In particular, phosphoryla-
tion of histone H2A occurs throughout the cell cycle (Wolffe,
1995), and dephosphorylation of histone H2A should there-
fore be associated with exit from the cell cycle or cell cycle
arrest. Consistent with this view, TGHQ induces a rapid
growth arrest in LLC-PK1 cells that is accompanied by the
activation of the growth arrest and DNA damage-inducible
gadd153 gene and the down-regulation of histone gene ex-
pression (Monks and Lau, 1998). The complete loss of histone
H2A phosphorylation has been reported in liver nuclei iso-
lated from growth-arrested hypothyroid rats (Tikoo and Ali,
1997). In addition, because nuclear lamins associate specifi-
cally with histones H2A and H2B (Goldberg et al., 1999), it is
possible that dephosphorylation of histone H2A within tran-
scriptionally active chromatin may disrupt this interaction
with the nuclear matrix, further contributing to chromatin
condensation.

Understanding the mechanisms contributing to oncotic cell
death has potentially profound clinical implications. The
ability to switch the mode of cell death from oncosis to apo-
ptosis will limit secondary inflammation and subsequent cell
and tissue damage. For example, in many clinical situations,
such as inflammation, vascular stroke, and myocardial in-
farction, the predominant mechanism of cell death seems to
be oncosis. Deletion of PARP protects against N-methyl-D-
aspartate receptor-activated neurotoxicity (Eliasson et al.,
1997), myocardial ischemia (Zingarelli et al., 1998), inflam-
mation elicited by a variety of mediators (Oliver et al., 1999),

and streptozocin-induced diabetes (Masutani et al., 1999). In
all these models of cell death, the experimental evidence
indicates that cell death occurs by oncosis. By extension, it
has been predicted that PARP inhibitors may have therapeu-
tic benefit (Ha and Snyder, 1999). Understanding the cellular
and molecular mechanisms by which PARP regulates oncotic
cell death may therefore lead to additional therapeutic strat-
egies.
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