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Abstract
Enzymatic deubiquitination of mono-ubiquitinated nucleoso-
mal histone H2A (uH2A) and H2B (uH2B) is closely associated
with mitotic chromatin condensation, although the function of
this histone modification in cell division remains ambiguous.
Here we show that rapid and extensive deubiquitination of
nucleosomal uH2A occurs in Jurkat cells undergoing
apoptosis initiated by anti-Fas activating antibody, stauros-
porine, etoposide, doxorubicin and the proteasome inhibitor,
N-acetyl-leucyl-leucyl-norlucinal. These diverse apoptosis
inducers also promoted the accumulation of slowly migrating,
high molecular weight ubiquitinated proteins and depleted the
cellular pool of unconjugated ubiquitin. In apoptotic cells,
ubiquitin was cleaved from uH2A subsequent to the
appearance of plasma membrane blebbing, and deubiquitina-
tion of uH2A closely coincided with the onset of nuclear
pyknosis and chromatin condensation. Nucleosomal uH2A
deubiquitination, poly (ADP-ribose)polymerase (PARP) clea-
vage and chromatin condensation were prevented in cells
challenged with apoptosis inducers by pretreatment with the
pan-caspase inhibitor, zVAD-fmk, or by over-expressing anti-
apoptotic Bcl-xL protein. These results implicate a connection
between caspase cascade activation and nucleosomal uH2A
deubiquitination. Transient transfection of 293 cells with the
gene encoding Ubp-M, a human deubiquitinating enzyme,
promoted uH2A deubiquitination, while an inactive mutated
Ubp-M enzyme did not. However, Ubp-M-promoted deubiqui-
tination of uH2A was insufficient to initiate apoptosis in these
cells. We conclude that uH2A deubiquitination is a down-
stream consequence of procaspase activation and that
unscheduled cleavage of ubiquitin from uH2A is a consistent

feature of the execution phase of apoptosis rather than a
determining or initiating apoptogenic event. Nucleosomal
uH2A deubiquitination may function as a cellular sensor of
stress in situations like apoptosis through which cells attempt
to preserve genomic integrity. Cell Death and Differentiation
(2001) 8, 1182 ± 1196.
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Introduction

The enzymatic mono-ubiquitination of lysine residues in the
C-terminal tails of nucleosomal histones H2A and H2B is a
novel modification associated with changes in chromatin
structure. Although poly-ubiquitination of cellular proteins
usually targets them for proteasomal degradation, histone
mono-ubiquitination does not constitute a degradation
signal.1 ± 3 Consequently, histones are extremely stable,
and neither histone H2A nor H2B are appreciably degraded
during the lives of most cells.4 The ubiquitin status of
nucleosomal histones, however, is balanced in a dynamic
equilibrium where the ubiquitin moiety exchanges freely
within intact nucleosomes.5,6 Heterogeneously distributed
within chromatin, uH2A-containing nucleosomes are parti-
cularly enriched within loosely-structured, transcriptionally-
active euchromatin, while in the highly-ordered heterochro-
matin, nucleosomal histones are essentially ubiquitin-free.2

Provocatively, ubiquitin is cleaved from uH2A and uH2B
during mitosis as cells move from prophase to metaphase
and chromatin condenses into chromosomes. Nucleosomal
histones H2A and H2B are re-ubiquitinated quickly there-
after during anaphase.7,8 Although the regulation of mitotic
histone ubiquitination/deubiquitination cycling remains a
poorly understood phenomenon, a human deubiquitinating
enzyme (Ubp-M), capable of cleaving ubiquitin from uH2A in
vitro, has recently been implicated as a participant in mitotic
chromatin condensation in that a mutated, enzymatically-
inactive version of the Ubp-M enzyme associates strongly
with mitotic chromosomes and effectively blocks cell
cycling.9
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In addition to its putative role in mitotic chromosome
condensation, uH2A deubiquitination appears to be a
feature of condensing chromatin during TGFû1-induced
apoptosis in glioma cells.10 In addition, uH2A has been
observed to decline coincident with apoptotic chromatin
condensation in lymphoma cells undergoing proteasome
inhibitor-induced apoptosis.11 We have previously reported
that proteasome inhibitors and cellular stress-provoking
agents, including several that induce apoptosis, promote
rapid and complete uH2A deubiquitination in SKBr-3 breast
carcinoma cells and in isolated human lymphocytes.12

Furthermore, proteasome inhibitor-induced uH2A deubiqui-
tination is associated with diminished ERCC-1-dependent
nucleotide excision repair of cisplatin-DNA lesions and
enhanced drug-initiated apoptosis in ovarian carcinoma
cells, presumably in response to changes in chromatin
structure.13 Thus, several unrelated lines of evidence
indicate that deubiquitination of nucleosomal histone
uH2A is associated with modifications of chromatin
structure that occur during normal cell division and in
certain pathological situations.

We report here that deubiquitination of nucleosomal
uH2A is a biochemical modification that closely coincides
with the onset of the apoptotic morphological changes of
plasma membrane blebbing and nuclear pyknosis in cells
treated with diverse-acting apoptogenic agents. Indepen-
dent of the mechanism of the apoptotic stimulus,
deubiquitination of uH2A, procaspase-3 activation, poly-
(ADP-ribose) polymerase (PARP) cleavage and chromatin
condensation were prevented by the pan-caspase inhibitor,
z-FAD-fmk, and by Bcl-xL over-expression. Together these
observations suggest that caspase-dependent, enzymatic
deubiquitination of nucleosomal uH2A may be a consistent
feature of eukaryotic cells undergoing apoptosis.

Results

Cell morphology after treatment with various
apoptosis-inducing agents

To identify the onset and to follow the progression of
apoptosis in Jurkat cells treated with apoptosis-inducing
agents we monitored the time course of cellular plasma
membrane blebbing and chromatin condensation by phase
contrast light microscopy. The concentrations of the apopto-
genic agents that were used for morphology evaluations were
selected from preliminary experiments. In general, plasma
membrane blebbing was the first morphological alteration that
was observed in cells after each of the treatments. Plasma
membrane blebbing was biphasic in all cases, whether cells
were treated with doxorubicin, etoposide, staurosporine,
ALLnL or anti-Fas antibody (Figure 1A ± E). Note that the
ordinates differ in the various panels. After peaking at
between 20 and 60% of total cells, depending upon the
apoptosis initiator, cell membrane blebbing diminished as
apoptosis progressed and cells began to condense and
fragment into apoptotic bodies. Nuclear pyknosis and
chromatin condensation occurred concurrently or within a
few hours of the initiation of membrane blebbing, and, in most
cases, chromatin condensation became extensive, eventually

occurring in *95% of cells (Figure 1A ± E). When chromatin
condensation was pronounced, chromatin fragmentation and
abundant apoptotic bodies were also observed by light
microscopy. The shaded arrows in the panels of Figure 1
indicate the time when membrane blebbing was near
maximum and chromatin condensation was easily observ-
able. Notably, the percentage of viable cells at those times
remained quite high (90% or more), as estimated by their
ability to exclude Trypan blue dye. By the end of the
experiments, however, the percentage of cells taking up the
dye ranged from 10% to as high as 60% (Figure 1A ± E). The
highest concentration of DMSO used was 0.5%, which did not
affect any of the measurements in this study. All of the agents
that were used to induce apoptosis caused plasma
membrane blebbing and chromatin condensation in Jurkat
cells, although the time of the first appearance of these
morphological features varied considerably (Figure 1A ± E).

Evaluation of chromatin condensation by
DAPI staining

To verify that the various treatments caused chromatin
condensation, cells were exposed to apoptosis inducers and
12 h later they were stained with DAPI and examined by
fluorescence microscopy. As shown in Figure 2A ± D,
extensive chromatin condensation and chromatin fragmenta-
tion are apparent in cells exposed to staurosporine, ALLnL,
etoposide, and anti-Fas activating antibody. In control cells
(Figure 2A,E), chromatin was evenly distributed throughout
the nucleus and DAPI staining of DNA was less intense than
in apoptotic cells. The contrast between DAPI-stained
chromatin in control and apoptotic cells is most easily
observed in panel D, where etoposide-treated cells under-
going apoptosis have extensively condensed, fragmented
and heavily DAPI-stained chromatin, while cells not yet
apoptotic have essentially normal appearing ovoid nuclei with
weakly stained chromatin. Each of the apoptosis-inducing
agents promoted extensive chromatin condensation in Jurkat
cells when evaluated by DAPI staining.

Deubiquitination of uH2A and PARP cleavage
during apoptosis

To investigate the relationship between PARP cleavage and
uH2A deubiquitination, we examined the response of cells to
increasing concentrations of doxorubicin, staurosporine,
etoposide and ALLnL. In this series of experiments, uH2A
deubiquitination occurred at concentrations of the apoptosis-
inducers that were equal to or slightly higher than those
causing significant PARP cleavage at the selected times
(Figure 3A ± D). Overall, a close correlation between PARP
cleavage and uH2A deubiquitination was found in cells
undergoing apoptosis caused by each of the apoptosis-
inducing agents. Thus, 5 mM doxorubicin for 14 h, 0.5 mM
staurosporine for 6 h, 2 mM etoposide for 24 h and 50 mM
ALLnL for 4 h induced substantial PARP cleavage and nearly
complete deubiquitination of uH2A. These findings raise the
possibility of a cause-and-effect relationship between cas-
pase cascade activation and uH2A deubiquitination in cells
undergoing apoptosis.
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Figure 1 Morphological changes during apoptosis. Exponentially growing Jurkat cells were treated with 5 mM doxorubicin (A), 10 mM etoposide (B), 1 mM
staurosporine (C), 100 mM ALLnL (D) or 100 ng/ml anti-Fas activating antibody (E) for the indicated times. Stock solutions of etoposide, staurosporine and ALLnL
were prepared in DMSO and control cells were exposed to 0.5% DMSO, the highest concentration used, for equivalent times. Morphological changes were
monitored in aliquots of cells in the presence of Trypan blue dye, and the percentage of cells with plasma membrane blebbing (open circles), and chromatin
condensation (closed triangles) as well as Trypan blue positive cells (closed circles) were determined by counting cells in several fields. Membrane blebbing was
the initial morphological change indicating the onset of apoptosis, and the proportion of cells with membrane blebbing increased rapidly, then decreased as cells
condensed and/or fragmented into apoptotic bodies. Extensive plasma membrane blebbing and chromatin condensation were observed well before appreciable
cell death occurred, as estimated by Trypan blue dye positive staining of nuclei. The arrows indicate the earliest times when both plasma membrane blebbing and
chromatin condensation were conspicuous in cells exposed to apoptosis-initiating agents
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We have previously demonstrated the loss of uH2A
signal in anti-ubiquitin immunoblots of isolated chromatin is
a consequence of uH2A deubiquitination rather than
degradation of either the ubiquitin or the histone moiety.12

In addition, in Western blots, anti-ubiquitin antibodies from
different commercial sources uniformly recognize uH2A in
the chromatin fraction but not the clarified lysate fraction of
cells (data not shown). Essentially identical declines in
uH2A were observed in crude chromatin fractions, in
purified chromatin extracts and in histones isolated from
cells undergoing apoptosis. Finally, we examined the
nucleosomal histone profile in sulfuric acid-extracts of cells
undergoing apoptosis initiated by doxorubicin, etoposide or
staurosporine. When analyzed on AUT-polyacrylamide gels
stained with Coomassie blue dye, neither histone H2A nor
the other four nucleosomal histones (H1, H2B, H3 and H4)
were different in histone extracts from apoptotic cells
compared to extracts from control cells (results not shown).
These results support the interpretation that the decline in
the uH2A signal in anti-ubiquitin immunoblots of chromatin
preparations from apoptotic cells results solely from uH2A
deubiquitination.

Differences in the time required for the initiation of
chromatin condensation in cells treated with the various
apoptosis-initiating agents provided an opportunity for us to
evaluate the relationship between the ubiquitin status of
nucleosomal histone H2A, PARP cleavage and chromatin
condensation during the progression of apoptosis. Anti-
ubiquitin immunoblots revealed that the apoptosis-inducing
agents, doxorubicin, staurosporine, etoposide, anti-Fas
antibody and ALLnL, all caused a progressive deubiquitina-
tion of uH2A in the chromatin fraction from cells (Figure
4A ± E) just before or coincident with chromatin condensa-
tion (Figure 1A ± E). In cells treated with staurosporine,
etoposide or anti-Fas antibody, uH2A deubiquitination
occurred subsequent to the initiation of caspase-dependent
cleavage of PARP (Figure 4A ± E). However, uH2A was
slightly decreased prior to measurable PARP cleavage in
cells treated with doxorubicin or ALLnL. The decline in
uH2A within 1 h of ALLnL treatment was independent of
morphological signs of apoptosis, although at longer
incubation times, ALLnL eventually caused PARP clea-
vage, plasma membrane blebbing and chromatin conden-
sation (Figures 1D, 2C and 4D). In response to doxorubicin
treatment, uH2A was decreased within 2 h, however, PARP
cleavage was not detectable until 8 h of doxorubicin
exposure (Figure 4A). It is unclear why uH2A deubiquitina-
tion and PARP cleavage did not coincide in cells treated
with doxorubicin. Perhaps uH2A deubiquitination and PARP
cleavage in doxorubicin-treated cells are dependent upon
the activation of different pro-caspases.

Caspase-3 activation during apoptosis

We then measured procaspase-3 activation in lysates from
cells undergoing apoptosis initiated by the five inducing
agents. Following doxorubicin treatment, caspase-3 activity
was not stimulated in Jurkat cells before 6 ± 8 h of exposure,
which coincided closely with the time of initiation of PARP
cleavage (Figures 4A and 5A). The observation that
caspase-3 activation occurred subsequent to uH2A deubi-
quitination during doxorubicin-induced apoptosis suggests
that uH2A deubiquitination was independent of caspase-3
activity. (Figure 4A). It is possible that PARP cleavage and

Figure 2 DAPI evaluation of chromatin condensation in cells undergoing
apoptosis. Jurkat cells growing on glass cover-slips were exposed to
apoptogenic agents or 0.5% DMSO, then 12 h later, the medium was aspirated
and replaced with DAPI-containing (1 mg/ml) complete medium. The chromatin
morphological features were visualized and photographed using a fluores-
cence microscope. While control cells treated with 0.5% v/v DMSO have
normal appearing nuclei (A and E), cells treated with the apoptosis-inducing
agents staurosporine (B), ALLnL (C), etoposide (D) and anti-Fas activating
antibody (F) show extremely condensed and fragmented chromatin.
Chromatin condensation and fragmentation caused by anti-Fas antibody were
completely blocked by the pan-caspase inhibitor, Z-VAD-fmk at 100 mM (G),
while cells treated with Z-VAD-fmk alone had normal appearing chromatin (not
shown). A peptide, Z-FA, that does not inhibit caspases did not prevent
chromatin condensation in cells challenged with anti-Fas antibody (H)
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uH2A deubiquitination respond to different caspases during
doxorubicin-induced apoptosis, because further experiments
with inhibitors (described below) suggest an interplay
between uH2A deubiquitination and the activation of the
caspase cascade. Although uH2A deubiquitination in
ALLnL-treated cells was observed as rapidly as 2 h (Figure
4D), caspase-3 activation did not take place until 4 h, a
result consistent with the initiation of PARP cleavage after a
4 h ALLnL exposure (Figures 3D and 4D). An explanation
for this apparent discrepancy in ALLnL-treated cells is that
deubiquitination of uH2A was foremost a consequence of
proteasome inhibition, as we have previously reported.12

The other apoptosis inhibitors: staurosporine, anti-Fas
antibody (Figure 5A) and etoposide (Figure 5B), all strongly
activated caspase-3 activity within a few hours. Thus,
deubiquitination of uH2A clearly took place after caspase-
3 activation in cells treated with staurosporine, etoposide
and anti-Fas antibody.

The pronounced biphasic caspase-3 activity following
doxorubicin, ALLnL and etoposide treatments (Figure 5A,B)
could be attributed to caspase-3 inactivation caused by
other proteases that were activated at the late stage of
apoptosis. Alternatively, caspase-3 may have been de-
graded as a result of the ubiquitin ligase activity of IAP and
XIAP, two activatable protein `inhibitors of apoptosis',14

which have recently been shown to target caspases-3 and
-7 for degradation.15

Caspase inhibitor-blocked uH2A deubiquitination,
PARP cleavage and chromatin condensation

To determine whether uH2A deubiquitination in apoptosis
was dependent upon procaspase activation, we pre-treated
Jurkat cells for 1 h with the pan-caspase inhibitor, Z-VAD-fmk
(100 mM), then exposed cells to the panel of apoptosis-
inducing agents. In the absence of Z-VAD-fmk, ALLnL (Figure
6A), anti-Fas activating antibody (Figure 6B), etoposide
(Figure 6C), staurosporine (Figure 6C) and doxorubicin
(Figure 6D) all strongly promoted uH2A deubiquitination and
extensive PARP cleavage. In cells pre-treated with Z-VAD-
fmk for 1 h, uH2A deubiquitination and PARP cleavage were
essentially completely blocked (Figure 6A ± D). The sole
exception was ALLnL-treatment, where Z-VAD-fmk dimin-
ished PARP cleavage that occurred between 4 and 14 h of
treatment, but only partially prevented the loss of uH2A
(Figure 6A). One interpretation of this apparent anomaly is
that ALLnL promoted uH2A deubiquitination by two mechan-
isms, only one of which was caspase dependent. The data are
consistent with the idea that ALLnL caused uH2A deubiqui-
tination within 4 h was a consequence of preventing the
proteasome from degrading ubiquitinated proteins. Protea-
some inhibition causes ubiquitinated proteins to accumulate,
consumes the cellular pool of free ubiquitin and initiates uH2A
deubiquitination.12 During a longer exposure to ALLnL (14 h),
as apoptosis ensued, the small amount of residual uH2A was

Figure 3 Concentration-dependent induction of PARP cleavage and deubiquitination of uH2A by various apoptogenic agents. Jurkat cells were treated with a
range of concentrations of apoptosis-initiating agents at several fixed times based on pilot experiments, as indicated. After washing with ice-cold PBS, the cells
were lysed into TNESV lysis buffer containing protease inhibitors and chromatin and clarified lysate fractions were isolated by centrifugation. Following SDS ±
PAGE of chromatin (20 mg) and clarified lysate (100 mg) fractions, uH2A and PARP were determined by immunoblotting. uH2A was detected at 23 kDa and intact
PARP at 116 kDa, while the caspase-cleaved PARP fragment was 85 kDa. (A) doxorubicin for 14 h, (B) staurosporine for 6 h, (C) etoposide for 24 h, and (D) ALLnL
for 4 h. Note the coincidence between the initiation of uH2A deubiquitination (upper panels) and caspase-dependent PARP cleavage to its fragment (lower panels).
The numbers above the uH2A panels indicate the concentration of the apoptosis inducers, while the numbers below the PARP panels identify the lanes
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further depleted, and only this portion of the total uH2A loss
was sensitive to caspase inhibition. In cells exposed to Z-
VAD-fmk alone, uH2A was unchanged and PARP cleavage
was absent (Figure 6A, lane 6). Z-FA, a peptide analog that

does not inhibit caspases, neither prevented anti-Fas anti-
body-initiated apoptosis nor inhibited deubiquitination of
uH2A (Figure 6B, lanes 10 ± 12). Taken together, these
observations indicate that uH2A deubiquitination in cells

Figure 4 Time course of uH2A deubiquitination and PARP cleavage during apoptosis. Jurkat cells were treated with 5 mM doxorubicin (A), 100 ng/ml anti-Fas
activating antibody (B), 1.0 mM staurosporine (C), 100 mM ALLnL (D) or 10 mM etoposide (E), at concentrations that initiated apoptosis within *12 h. At various
times during the progression of apoptosis, cells were lysed and uH2A (23 kDa) and PARP status were evaluated by immunoblotting. The numbers above the uH2A
panels indicate the incubation time in hours, and the numbers between the uH2A and PARP immunoblot panels identify the lanes

Figure 5 Caspase-3 activation in Jurkat cells treated with apoptogenic agents. Jurkat cells were treated with (A) 100 ng/ml anti-Fas antibody, 5 mM doxorubicin or
1.0 mM staurosporine, or (B) 20 mM etoposide or 100 mM ALLnL for various times, then lysed and the caspase-3 activity in the clarified lysate fraction (20 to 50 mg of
protein) was assayed at 378C using the fluorogenic substrate, Ac-DEVD-AMC. Each of the apoptosis inducing agents greatly enhanced caspase-3 activity
compared to caspase activity in DMSO-treated control cells, although the time to reach maximum caspase-3 activity varied considerably. Following doxorubicin,
etoposide and ALLnL treatments, caspase-3 activity was sharply biphasic, with induction of maximal activity within 5 ± 10 h, followed by a sharp decline in activity
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undergoing apoptosis was dependent upon activation of the
caspase cascade. Notably, Z-VAD-fmk prevented deubiqui-
tination of uH2A in doxorubicin-treated cells (Figure 6D), even
though we previously observed that uH2A deubiquitination
was initiated before PARP cleavage in cells treated with this
drug (Figure 4A). uH2A deubiquitination in doxorubicin-

induced apoptosis may be dependent upon an unidentified
Z-VAD-fmk-sensitive caspase that does not target PARP as a
substrate.

When chromatin condensation was examined in DAPI-
stained cells by fluorescence microscopy, we observed
extensive chromatin condensation and chromatin fragmen-

Figure 6 The pan-caspase inhibitor, Z-VAD-fmk, blocks PARP cleavage and diminishes uH2A deubiquitination in cells treated with apoptogenic agents. Jurkat
cells were pre-treated with 100 mM Z-VAD-fmk for 1 h, then exposed to apoptosis initiators. The levels of uH2A and PARP were determined by immunoblotting at
selected times after apoptosis had been initiated, as determined by previous experiments and by the appearance of characteristic morphological changes.
(A) 100 mM ALLnL at 4 h (lane 2) decreased the level of uH2A without PARP cleavage, and Z-VAD-fmk had no effect on the loss of uH2A (lane 3). However, by 14 h,
when uH2A was nearly completely depleted (lane 4), PARP cleavage was appreciable (lane 4). In Z-VAD-fmk pre-treated cells, the progressive decline in uH2A
between 4 and 14 h was attenuated and PARP cleavage occurring between 4 h and 14 h was completely blocked (lane 5). Neither uH2A nor PARP were altered by
Z-VAD-fmk alone (lane 6). Deubiquitination of uH2A at the 4 h time point in cells treated with ALLnL was most likely an consequence of proteasome inhibition,12 but
at 14 h, when apoptosis had been initiated, the more robust deubiquitination of uH2A probably resulted from ALLnL-induced apoptosis. (B) Control cells were
treated with 0.5% DMSO (lanes 1 ± 3), and 100 ng/ml anti-FAS activating antibody was added to control Jurkat cells for 2 and 8 h (lanes 4 ± 6) and to cells pre-
treated for 1 h with 100 mM Z-VAD-fmk (lanes 7 ± 9) or 100 mM Z-FA (lanes 10 ± 12). PARP cleavage directly coincided with deubiquitination of uH2A. Z-VAD-fmk,
but not Z-FA, prevented both PARP cleavage and uH2A deubiquitination. (C and D) The immunoblots reveal that the extensive deubiquitination of uH2A and PARP
cleavage caused by etoposide- (VP-16), staurosporine- and doxorubicin (Dox)-induced apoptosis (measured at 24, 6 and 14 h, respectively) were completely
blocked by 100 mM Z-VAD-fmk pretreatment (C, lanes 3 and 5; D, lane 3). (Note that C is a composite)
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tation in cells treated with 100 ng/ml anti-Fas antibody for
8 h (Figure 2F), when compared to chromatin from
untreated cells (Figure 2E). Chromatin condensation
induced by anti-Fas antibody was completely prevented
by a 1 h pretreatment with 100 mM Z-VAD-fmk (Figure 2G),
verifying the caspase-dependency of anti-Fas-induced
chromatin condensation. In contrast, in cells pretreated
with the inactive 100 mM Z-FA peptide then challenged with
anti-Fas antibody, chromatin condensation and fragmenta-
tion were indistinguishable from that caused by anti-Fas
antibody alone (Figure 2H). Thus, the caspase inhibitor, Z-
VAD-fmk, effectively blocked both chromatin condensation
and uH2A deubiquitination in cells undergoing apoptosis
induced by anti-Fas activating antibody.

Bcl-xL over-expression blocks apoptosis,
chromatin condensation and
deubiquitination of uH2A

Bcl-xL, an anti-apoptotic member of the Bcl-2 protein family of
proteins, prevents apoptosis in a number of model systems,
ostensibly by preventing the release of cytochrome c from
mitochondria.16 ± 18 We used stably-transfected, Bcl-xL pro-
tein-expressing Jurkat cells to test whether Bcl-xL was
capable of preventing deubiquitination of uH2A in cells
challenged with apoptogenic agents. Empty vector-trans-
fected (null) cells were used as controls. When the control
cells were exposed to apoptosis-inducing agents, both uH2A
deubiquitination and extensive PARP cleavage occurred,
however, in Bcl-xL expressing Jurkat cells, deubiquitination of
uH2A and PARP cleavage were strongly attenuated (Figure
7A ± C). In addition, Bcl-xL expressing cells exposed to
apoptosis-causing agents exhibited little or no plasma
membrane blebbing or chromatin condensation (results not
shown). Because Bcl-xL is thought to inhibit apoptosis by
blocking the release of cytochrome c from mitochondria and
preventing activation of the caspase cascade,16,19 these
observations support the hypothesis that uH2A deubiquitina-
tion is a caspase-dependent feature of apoptosis.

Accumulation of ubiquitinated proteins and
depletion of unconjugated ubiquitin during
apoptosis

Ubiquitinated proteins are known to accumulate in cells
undergoing apoptosis.20,21 We asked whether ubiquitinated
high molecular weight proteins were increased when Jurkat
cells were induced to undergo apoptosis by the agents used
in this study. Abundant ubiquitinated proteins were easily
detected at the top of anti-ubiquitin immunoblots of lysates
from cells treated with doxorubicin, etoposide or stauros-
porine (Figure 8A ± D). Although we have not identified
these apparently extensively ubiquitinated proteins, it is
likely that at least some were targeted for ubiquitination
because they became misfolded after being cleaved by
caspases. In the case of ALLnL, proteasome inhibition was
most likely responsible for stabilizing ubiquitinated proteins,
however, at the 24 h time point, at least some ubiquitinated
proteins may have accumulated as a consequence of
ALLnL-induced apoptosis, which was fulminant by this time.

Ubiquitinated high molecular weight proteins were also
prominent in the isolated chromatin fraction of apoptotic
cells (data not shown). In cells treated with the caspase
inhibitor, Z-VAD-fmk, or in cells over-expressing Bcl-xL anti-
apoptotic protein, we did not observe any accumulation of
high molecular weight ubiquitinated proteins when cells
were challenged with apoptosis-inducing agents (data not
shown).

We have previously reported that noxious chemicals and
heat shock cause deubiquitination of uH2A and deplete the

Figure 7 Deubiquitination of uH2A and PARP cleavage in stably-transfected,
Bcl-xL-over-expressing Jurkat cells. Empty vector control Jurkat cells (Ctr)
and Bcl-xL-transfected Jurkat cells (Bcl-xL) were exposed to apoptosis-
initiating agents, and uH2A and PARP were determined by immunoblotting
aliquots of chromatin and lysate fractions, respectively. In the empty vector-
transfected cells, following 20 mM etoposide (VP-16) for 24 h, 0.6 mM
staurosporine for 6 h or 100 ng/ml anti-FAS antibody for 6 h, uH2A was
essentially completely deubiquitinated and PARP was extensively cleaved
(A). In contrast, in fractions from Bcl-xL-over-expressing cells, uH2A
deubiquitination and PARP cleavage were greatly attenuated. Bcl-xL
completely blocked PARP cleavage in cells treated with 100 mM ALLnL for
6 h, although Bcl-xL over-expression only partially prevented deubiquitination
of uH2A (B). Shown in (C), empty vector (Ctr) and Bcl-xL over-expressing cells
(Bcl-xL) were treated with doxorubicin at 2 and 5 mM for 14 h. In control cells,
both uH2A and full length PARP levels declined after cells were exposed to
5 mM doxorubicin, but the Bcl-xL over-expressing cells were refractory to
doxorubicin-induced apoptosis and both uH2A deubiquitination and PARP
cleavage were completely prevented. Each of the apoptosis-initiating
treatments caused plasma membrane blebbing and chromatin condensation
in the empty vector-Jurkat cells, but in cells over-expressing Bcl-xL, both of
these morphological changes were greatly attenuated (results not shown)
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cytoplasmic pool of unconjugated ubiquitin.12,13 In the
present investigation, each of the apoptosis-inducing
agents depressed the level of unconjugated ubiquitin
(Figure 8E, top, lanes 1 ± 5), with the exception of anti-
Fas antibody (Figure 8E, top, lane 6). In cells undergoing
apoptosis initiated by doxorubicin, etoposide, staurosporine
or ALLnL, ubiquitinated proteins accumulated, unconju-
gated ubiquitin was depleted and ubiquitin was enzymati-
cally cleaved from nucleosomal uH2A. Depletion of free
ubiquitin below a threshold level during apoptosis might
stimulate deubiquitination of uH2A in an attempt by the cell
to supply ubiquitin to be used to target misfolded or
otherwise damaged proteins for proteasomal degradation.

In Jurkat cells over-expressing Bcl-xL protein, apoptosis
was prevented and the loss of free ubiquitin was likewise
blunted following exposure to apoptosis inducers, with the
exception of ALLnL (Figure 8E, bottom panel). Since
depletion of unconjugated ubiquitin in ALLnL-treated cells
was probably the consequence of proteasome inhibition
and stabilization of ubiquitinated proteins,12 Bcl-xL would
not be expected to prevent ubiquitin consumption.

Deubiquitination of uH2A during apoptosis
in other cells

To ensure that uH2A deubiquitination during apoptosis was
not a phenomenon peculiar to Jurkat cells, we measured
uH2A levels in chromatin isolated from A2780/CP70 ovarian,

MCF-7 and SKBr-3 breast and A431 vulva carcinoma cells
induced to undergo apoptosis (Figure 9A ± D). A2780/CP70
cisplatin-resistant ovarian carcinoma cells, in particular, were
significantly more resistant to each of the apoptosis inducing
agents than Jurkat cells. Consequently higher concentrations
of apoptosis inducers and longer exposures were required to
initiate apoptosis and deubiquitinate uH2A in these cells
(Figure 9A). In each of the cell lines we have examined, uH2A
deubiquitination occurred concurrently with chromatin con-
densation and PARP cleavage, upholding an association of
uH2A deubiquitination with the induction of apoptosis (results
not shown).

Deubiquitination of uH2A in cells transfected with
a deubiquitinating enzyme-encoded gene

We asked whether uH2A deubiquitination, as an isolated
biochemical event, could trigger apoptosis in the absence of
any chemical initiator of apoptosis. To address this question,
we transiently transfected 293 cells with a plasmid vector
containing the coding sequence for Ubp-M, a human
deubiquitinating enzyme that can cleave ubiquitin from
uH2A in vitro.9 Cells were also transfected with a vector
expressing a mutation-inactivated Ubp-M deubiquitinating
enzyme (mutant Ubp-M). The mutant Ubp-M strongly
associates with mitotic chromosomes and blocks cell division,
presumably by interfering with cell cycle-induced chromo-
some condensation.9 Both the active and the mutant

Figure 8 Apoptogenic agents cause accumulation of high molecular weight proteins and depletion of free ubiquitin. Jurkat cells were treated with doxorubicin (A),
etoposide (B), staurosporine (C) or ALLnL (D), at the indicated times and concentrations, and poly-ubiquitinated proteins in the range of 200 to 500 kDa near the top
of the membranes were detected by anti-ubiquitin immunoblotting. Although little or no high molecular weight ubiquitinated proteins were detected in lysates from
control cells, lysates from cells undergoing apoptosis contained abundant ubiquitinated proteins which increased as apoptosis progressed. The presence of these
ubiquitinated proteins indicates that ubiquitin activating and conjugating enzymes retained activity during apoptosis. For both normal and Bcl-xL-over-expressing
cells in (E) (top and bottom panels) the treatments were: 0.5% DMSO treated control cells (lane 1), 10 mM doxorubicin (lane 2), 20 mM etoposide (lane 3), 1 mM
staurosporine (lane 4), 100 mM ALLnL (lane 5) and 100 ng/ml anti-Fas antibody (lane 6). Each of the apoptosis-inducing agents markedly depleted unconjugated
ubiquitin in normal Jurkat cells (E, top panel, lanes 2 ± 6), while Bcl-xL over-expressing Jurkat cells had little or no depletion of unconjugated ubiquitin when
exposed to apoptogenic agents (E, bottom panel, lanes 2 ± 4 and 6), except for ALLnL (E, bottom panel, lane 5)
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deubiquitinating enzymes were expressed as GFP fusion
proteins.

Within 48 h of transfecting cells with the active Ubp-M
deubiquitinating enzyme, the level of uH2A was decreased
by approximately 75% (Figure 10A, lane 2), while the uH2A
content was unchanged or was slightly increased in cells
transfected with the mutated Ubp-M (Figure 10A, lane 3).
When examined by fluorescence microscopy, approxi-
mately 70% of cells transfected with the active and mutant
Ubp-M fusion proteins expressed GFP (not shown).
Furthermore, anti-GFP immunoblots revealed that both
Ubp-M-GFP fusion proteins were expressed 48 h after
transfection (Figure 10B, lanes 2 and 3). Both active and
mutated enzymes were found in cell lysates and in the
isolated chromatin fraction, where the mutant Ubp-M was
consistently more abundant than the active Ubp-M enzyme
(Figure 10D). While cells expressing the active Ubp-M
fusion protein had significantly less uH2A (Figure 10A),
there was essentially no PARP cleavage (Figure 9C).
Likewise, procaspase-3 was not activated in cells trans-
fected with either the active or mutant Ubp-M (data not
shown). We did not observe morphological changes
indicative of apoptosis within 72 h of tranfecting cells with
expression vectors encoding either the active or mutated
Ubp-M, and there was no increase in high molecular weight
ubiquitinated proteins on anti-ubiquitin immunoblots of
either chromatin or lysate fractions. In separate experi-

ments, we observed that PARP was cleaved in cells
expressing the Ubp-M-GFP fusion proteins during doxo-
rubicin-induced apoptosis, which indicates that over-ex-
pression of the active and mutant Ubp-M proteins did not
interfere with the cleavage of PARP by caspases (results
not shown).

To address whether cell cycle arrest might play a role in
uH2A deubiquitination in cells transfected with either the
active or mutated Ubp-M, we exposed cells to serum
withdrawal by culturing them in 0.1% FBS-containing
medium for several days. uH2A levels were unaltered by
2 days of serum withdrawal, although by this time the cells
were no longer adherent and growth was inhibited by
nearly 50%. After 3 days of serum starvation, however,
clear signs of apoptosis (blebbing and nuclear condensa-
tion) were observed in approximately 20% of cells and
uH2A was decreased by *40% (results not shown). These
observations make it unlikely that uH2A was depleted as a
consequence of cell cycle inhibition. Instead, deubiquitina-
tion of uH2A in cells experiencing serum withdrawal
correlated with the induction of apoptosis.

The results of these experiments with the active and
mutant Ubp-M deubiquitinating enzymes argue that deubi-
quitination of uH2A, as a single event, is insufficient to
initiate apoptosis, although uH2A deubiquitination may play
a role in the progression of apoptosis once caspases have
been activated.

Figure 9 Apoptogenic agents promote deubiquitination of uH2A in human carcinoma cell lines. (A) To determine that deubiquitination of uH2A was not a
biochemical modification that was unique to Jurkat cells undergoing apoptosis, we treated A2780/CP-70 human ovarian carcinoma cells with various
concentrations of staurosporine for 18 h, etoposide for 72 h, doxorubicin for 18 h and 100 mM ALLnL for various times. In general, although A2780/CP-70 cells were
relatively much more resistant to apoptosis caused by these agents than Jurkat cells, in all cases, uH2A eventually became deubiquitinated. Although not shown,
PARP was cleaved to its 85 kDa fragment in A2780/CP-70 cells by each of the treatments. Doxorubicin also decreased the uH2A level in MCF-7 (B), A431 (C) and
SKBr-3 carcinoma cells (panel D, lane 2, labelled Dox). Also shown in (D) the loss of uH2A in SKBr-3 cells undergoing apoptosis initiated by 20 mM etoposide (VP-
16) (lane 3), 1.0 mM staurosporine (lane 4) and 100 mM ALLnL (lane 5) at 24 h. Control cells (C) were exposed to 0.5% DMSO

Cell Death and Differentiation

Histone deubiquitination during apoptosis
EG Mimnaugh et al

1191



Discussion

It is evident from the data presented here that deubiquitina-
tion of uH2A takes place in a variety of cells undergoing
apoptosis initiated by diverse-acting apoptosis-inducers.
These results confirm and extend observations by Marush-
ige et al.10 and Tanimoto et al.,11 who reported uH2A
deubiquitination in cells undergoing apoptosis induced by
TGF-b or by proteasome inhibitors. Independent of the
mechanism of apoptosis induction, the characteristic
apoptotic morphological changes of plasma membrane
blebbing and chromatin condensation, procaspase-3 activa-
tion, caspase-dependent PARP cleavage and nucleosomal
uH2A depletion occurred nearly concurrently in Jurkat and
other cells exposed to apoptosis-inducing agents. For
example, exposing Jurkat cells to anti-Fas antibody or
staurosporin rapidly caused plasma membrane blebbing,
chromatin condensation, procaspase-3 activation, PARP
cleavage and deubiquitination of uH2A within hours; while
in contrast, with A2780/CP70 ovarian tumor cells, cellular
morphological changes, PARP cleavage and uH2A deubi-
quitination required several days exposure when etoposide
was the apoptosis-initiator. Furthermore, uH2A deubiquitina-
tion did not occur when apoptosis was inhibited in cells
exposed to the various apoptogenic agents, with the
exception of the proteasome inhibitor, ALLnL.

What signal initiates the enzymatic deubiquitination of
nucleosomal uH2A during apoptosis? Following exposure
to most of the apoptosis initiators, uH2A deubiquitination
was preceded by or coincided with the initiation of PARP
cleavage, suggesting that uH2A deubiquitination, like PARP
cleavage, may be a caspase-mediated event. In support of
this hypothesis, blocking apoptosis by inhibiting caspases
with Z-VAD-fmk, or preventing caspase cascade activation
by over-expressing anti-apoptotic Bcl-xL protein, prevented
both uH2A deubiquitination and PARP cleavage after cells
were challenged with potent apoptosis inducers. With the
exception of cells exposed to ALLnL at early times before
apoptosis could be detected, deubiquitination of uH2A did
not take place in the absence of procaspase activation.

Several possible mechanisms linking caspases with
uH2A deubiquitination are consistent with our results
presented here. In the most straightforward of these, one
or more caspases might directly activate latent deubiquiti-
nating lyases and/or isopeptidases that cleave ubiquitin
from nucleosomal uH2A. Activation of a histone-directed
deubiquitinating enzyme by caspases, however, would
require a high degree of specificity for monoubiquitinated
histone H2A, because other cytosolic and chromatin-
associated ubiquitinated proteins accumulate, rather than
decline, during apoptosis20 (and this report). The observa-
tion that many, if not most, ubiquitinated proteins are not

Figure 10 Transfection of 293 cells with a gene encoding a deubiquitinating enzyme depletes uH2A but does not initiate PARP cleavage. Human 293 kidney cells
were transfected with plasmids encoding the Ubp-M deubiquitinating enzyme or an inactive, mutated Ubp-M enzyme. Both proteins were expressed as GFP
fusions. (A) Anti-ubiquitin immunoblots of chromatin fractions isolated from mock-transfected (lipofectamine reagents only) cells (lane 1), cells expressing the
active deubiquitinating enzyme (lane 2) and cells expressing the mutated, inactive enzyme (lane 3) 48 h post-transfection. Although compared to control cells, the
uH2A level was significantly decreased in cells expressing the active Ubp-M deubiquitinating enzyme, uH2A was unchanged in cells expressing the mutated Ubp-M
enzyme. Lysate (B) and chromatin (D) fractions were probed for expression of the GFP-Ubp-M fusion protein using an anti-GFP antibody. Although active and
mutated GFP-fusion protein levels were similar in the lysate fraction 48 h after transfections (panel B, lanes 2 and 3), significantly more of the mutated Ubp-M-GFP
fusion protein was found associated with chromatin than the active Ubp-M-GFP fusion transcript (D, lanes 2 and 3). (C) shows a PARP immunoblot of lysate fraction
from mock-transfected cells (lane 1), transfectants expressing the active Ubp-M deubiquitinating enzyme (lane 2) and cells expressing the mutated Ubp-M enzyme
(lane 3)
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susceptible to enzymatic deubiquitination during apoptosis
highlights uH2A deubiquitination as a novel apoptotic
event. Although in vitro, several enzymes have been
shown to mono-ubiquitinate histone H2A,22,23 and several
classes of enzymes catalyze deubiquitination of uH2A,24,25

the enzymatic regulation of the dynamic equilibrium
between ubiquitinated and deubiquitinated H2A within
chromatin in vivo has not yet been elucidated. Interestingly,
a ubiquitin-cleaving isopeptidase exhibiting a high affinity
for histone H2A has been reported to associate with mitotic
chromatin at 10-fold higher levels than during inter-
phase,26,27 but whether this particular deubiquitinating
enzyme targets uH2A during apoptosis is not known. The
possible regulation of deubiquitinating enzymes by cas-
pases has not been previously investigated.

It is feasible that uH2A deubiquitination during apoptosis
results from the failure of cells to maintain the dynamic
equilibrium of H2A ubiquitination as a consequence of
caspase-dependent inactivation of a histone H2A-specific,
ubiquitin-conjugating E2 or E3 enzyme. The ubiquitin-
protein ligase, Nedd4, is cleaved by caspases that are
activated during apoptosis,28 although it is unknown
whether this particular ubiquitin ligase can ubiquitinate
nucleosomal histone H2A. Whether any of the myriad of
other E2 and E3 ubiquitinating enzymes are substrates for
caspases is also unknown.

A third possibility relates to the observation that
activated caspases cleave many proteins during apopto-
sis.29 ± 31 It is likely at least some caspase-cleaved proteins
become misfolded and are targeted by ubiquitin conjugating
enzymes for proteasomal degradation. However, the
massive accumulation of ubiquitinated proteins in cells
undergoing apoptosis20,21 raises the possibility that the
sheer abundance of misfolded, ubiquitinated proteins over-
whelms the ability of the proteasome to degrade them.
During apoptosis, aggregation-prone proteins might collect
into what amounts to potentially dangerous, insoluble,
ubiquitinated protein sludge. Indeed, recent evidence
indicates that misfolded, detergent-insoluble, heavily ubi-
quitinated proteins accumulate in distinct pericentriolar
structures called `aggresomes'.32,33 If this process con-
sumes the cell's supply of unconjugated ubiquitin faster
than it is synthesized, then depletion of ubiquitin, especially
in the nucleus, might tilt the balance of the histone H2A
ubiquitination/deubiquitination dynamic equilibrium toward
deubiquitination. Supporting this view, in cells undergoing
apoptosis, there was a substantial increase in high
molecular weight ubiquitinated proteins that closely coin-
cided with depletion of unconjugated ubiquitin and loss of
uH2A. Also consistent with this hypothesis, proteasome
inhibitors and other noxious treatments, including heat-
shock, promote the accumulation of ubiquitinated proteins,
deplete cellular unconjugated ubiquitin pools and cause
uH2A deubiquitination.12 We believe this multi-step process
centering on the consumption of unconjugated ubiquitin
promoted by caspase-dependent protein cleavage is the
most likely mechanism responsible for the dramatic loss of
nucleosomal uH2A during apoptosis.

At this time, we cannot rule-out the possibility that
deubiquitination of uH2A occurs subsequent to caspase-

activated, nuclease-mediated DNA strand breaks. Endonu-
clease-dependent DNA strand breaks in chromatin of
apoptotic cells induce hyper-phosphorylation of the histone
H2AX subtype, presumably by activating a histone kinase
that recognizes DNA double strand breaks.34 By analogy,
one or more deubiquitinating enzymes, perhaps as
components of DNA damage recognition and repair
complexes, might be recruited to endonuclease-severed
DNA within apoptotic chromatin to catalyze uH2A deubi-
quitination. Recently, the DNA nucleotide-excision repair
protein Rad23 was found to suppress ubiquitination of
histone H2B in vitro,35 although the mechanism of this
Rad23 function remains to be determined, its ability to
influence histone ubiquitination is notable.

While it is known that uH2A deubiquitination occurs
naturally during mitosis as cells progress from prophase to
metaphase,26 we do not believe the disappearance of
uH2A during apoptosis is the indirect consequence cell
cycle blockade. Arguing against this possibility, neither
doxorubicin nor etoposide arrests cells during metaphase,
when ubiquitin is cleaved from uH2A and chromatin
condenses into chromosomes. Instead, doxorubicin-treated
cells usually progress through G1 and S phases, then die
in G2. Likewise, etoposide predominantly arrests cells in
the G2 phase of the cycle. Because these drugs prevent
cells from progressing through mitosis, they block meta-
phase chromosome condensation. This would be expected
to stabilize, rather than to promote, uH2A deubiquitination.
Additionally, when we withdrew cells from serum, which
causes G1 arrest, the ubiquitin status of uH2A remained
stable until 3d of serum starvation, a time when
morphological signs of apoptosis were clearly apparent.
Finally, transient expression of a mutated Ubp-M deubiqui-
tinating enzyme, in contrast to the enzymatically active
Ubp-M protein, has been shown to block cell cycle
progression.9 We observed the mutant Ubp-M enzyme
expressed at high levels did not cause uH2A deubiquitina-
tion, while expression of the active Ubp-M enzyme
promoted deubiquitination of uH2A ± just the opposite result
of what one would expect if uH2A deubiquitination occurred
as a consequence of cell cycle blockade. Therefore, in the
absence of apoptosis, simply blocking the cell cycle does
not promote uH2A deubiquitination. We conclude that a
mechanism other than cell cycle blockade must be
responsible for the extensive uH2A deubiquitination in cells
exposed to apoptogenic agents.

It should be noted that uH2A deubiquitination, as a single
event, does not appear to be sufficient to initiate apoptosis.
In fact, the reversible enzymatic trimming of ubiquitin from
uH2A as chromatin condenses into chromosomes during the
normal cell cycle would argue against this possibility.7

During cell division, uH2A deubiquitination is a well-
regulated enzymatic process that is independent of
protein-cleaving caspases or destructive DNA-cleaving
nucleases. In this regard, early evidence suggests that the
deubiquitinating enzyme, Ubp-M, may regulate the timing
and organization of condensing mitotic chromosomes by
targeting ubiquitinated nucleosomal histones H2A and H2B.9

In our hands, cells transiently transfected with the gene for
the active Ubp-M-GFP fusion protein had substantially
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decreased nucleosomal uH2A levels. However, these cells
failed to exhibit morphological changes characteristic of
apoptosis, and neither caspase-3 activation nor caspase-
dependent PARP cleavage were observed. These results
argue that deubiquitination of uH2A, as an independent
biochemical event, does not initiate the apoptotic program,
but instead, occurs down-stream of caspase cascade
activation during the execution phase of apoptosis.

When viewed in a broader perspective, the results
presented here raise the intriguing possibility that uH2A
deubiquitination might be a survival-response mechanism
cells use in an attempt to protect their genomic integrity
when confronted with noxious agents. If nucleosomal uH2A
deubiquitination constitutes an evolutionary conserved
genomic protection survival strategy, then cleavage of
ubiquitin from uH2A might be an unavoidable cellular
response to the complex biochemical program that occurs
during apoptosis. If this concept is valid, then cleavage of
ubiquitination from nucleosomal uH2A might be considered
as a `nuclear sensor of cellular stress' rather than simply a
novel enzymatic histone modification that takes place in
chromatin as a consequence of caspase activation during
apoptosis.

Materials and Methods

Cell lines and drug treatments

Jurkat human T lymphoblastic cells, human MCF-7 breast carcinoma,
PC-3 prostate tumor and 293 epithelial kidney cells from ATCC
(Rockville, MD, USA) and A2780/CP-70 ovarian carcinoma cells
(provided by Dr. Eddie Reed, NCI, NIH, Bethesda, MD, USA) were
propagated in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM glutamine, 10 mM HEPES,
pH 7.5, under a water-saturated 5% CO2 atmosphere at 378C. Jurkat
cells over-expressing Bcl-xL protein (obtained from Dr. Michael Birrer,
NCI, NIH, Bethesda, MD, USA) were grown in complete RPMI medium
supplemented with 0.5 g/l geneticin (G418, Gibco/BRL). Sub-
confluent, exponentially growing cells were exposed to anti-Fas
activating Ab, which initiates Fas death domain signalling; the protein
kinase C inhibitor, staurosporine; topoisomerase inhibitors, doxo-
rubicin and etoposide (VP-16), and the proteasome/calpain protease
inhibitor, N-acetyl-leucyl-leucyl-norlucinal (ALLnL) in broad concentra-
tion ranges and for various times (indicated in legends). Etoposide,
staurosporine and ALLnL were dissolved in DMSO; control cells were
treated with 0.5% v/v DMSO, the highest concentration of DMSO used,
for equivalent times.

Chemicals and immuno-reagents

ALLnL, VP-16, staurosporine, anti-ubiquitin polyclonal antibody and
common laboratory chemicals were purchased from Sigma Chemical
Co. (St. Louis, MO, USA) or obtained from the NIH central stockroom.
Doxorubicin was obtained from the Drug Development Branch,
Division of Cancer Treatment, NCI, NIH (Bethesda, MD, USA). Anti-
FAS activating antibody and anti-PARP antibody were from Upstate
Biotechnology, Inc (Lake Placid, NY, USA). Horseradish peroxidase-
conjugated donkey anti-rabbit and sheep anti-mouse secondary
antibodies were from Amersham Life Science (Arlington Heights, IL,
USA), and anti-GFP monoclonal antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Transfection of Ubp-M

Plasmids containing gene sequences coding for either active or
mutation-inactivated human Ubp-M deubiquitinating thiol proteases as
Flag-tagged, GFP fusion proteins inserted into the pEGFP-C1
expression vector (Clontech Labs, Inc., Palo Alto, CA, USA) were
kindly supplied by Dr. VT Marchesi (Yale University School of
Medicine, New Haven, CT). Human kidney 293 cells were transfected
(4 mg of DNA per ml) using Lipofectamine Plus Reagent (GIBCO BRL,
Rockville, MD, USA) according to the manufacturer's protocol. The
tranfection efficiency was estimated to be nearly 70% by counting cells
showing GFP fluorescence. The relative expression of the active and
mutant Ubp-M-GFP fusion proteins was also evaluated by GFP-
immunoblotting of chromatin and clarified lysate fractions following
10% SDS ± PAGE.

Cell lysis and fractionation

At the termination of incubations, cells were centrifuged at 6006g,
washed twice by re-suspension ice-cold PBS, then lysed at 48C in
TNESV lysis buffer (50 mM Tris-HCl, pH 7.5, 1% v/v Nonidet P-40,
2 mM EDTA, 100 mM NaCl, 10 mM orthovanadate supplemented with
1 mM phenylmethylsulfonyl fluoride, 20 mg/ml of leupeptin and 20 mg/
ml aprotinin protease inhibitor cocktail). The crude NP-40-insoluble
predominantly nucleoprotein fraction was isolated by centrifugation at
14 0006g for 20 min at 48C, and the supernatant was transferred to a
fresh tube and referred to as `clarified lysate'. The pellets containing
the chromatin were washed in 200 ml of TNESV, re-centrifuged, then
re-suspended in 0.3 to 0.5 ml of TNESV with protease inhibitors by
sonication twice for 10 s at 50 W on ice. In some experiments, intact
nuclei were isolated after cells were washed in ice-cold PBS and
ruptured with a Dounce homogenizer into nuclei isolation buffer
(100 mM NaCl, 10 mM Tris, pH 7.5, 5 mM sodium butyrate, 10 mM
iodoacetamide and 0.1% v/v NP-40, supplemented with 1 mM
phenylmethanesulfonyl fluoride and 10 mg/ml of aprotinin and
leupeptin) prior to precipitating chromatin by adding TESV containing
1% v/v NP-40. Protein concentrations were measured by the
bicinchoninic acid microplate method using bovine serum albumin
as the standard.36

Immunoblotting analysis

After resolving 100 mg aliquots of clarified lysate and 20 to 100 mg of
chromatin preparations by either 10 or 16% SDS ± PAGE, proteins
were electro-transferred to nitrocellulose membranes (ProtranTM,
Schleicher and Schuell, Keene, NH, USA) by the wet `Towbin'
procedure,37 in 25 mM Tris, 190 mM glycine, 0.15% SDS, 20%
methanol buffer at 48C overnight at 55 V. Membranes intended for
anti-ubiquitin immunoblots were sandwiched between several sheets
of Whatman 3MM paper, submerged in deionized water and ubiquitin
on the membrane was heat-activated by autoclaving for 30 min. This
process heat-denatures unconjugated ubiquitin, uH2A and other
ubiquitinated proteins, which enhances antigenic site recognition by
the anti-ubiquitin antibody.38 After blocking membranes with 5% fat-
free dry milk in 10 mM Tris, pH 7.5, 50 mM NaCl, 2.5 mM EDTA buffer,
uH2A, high molecular weight ubiquitinated proteins and PARP were
immunoblotted with appropriate primary antibodies followed by
horseradish peroxidase-conjugated secondary antibodies. Visualiza-
tion of HRP-linked immune complexes was by chemiluminescence,39

using a luminol-based commercial kit from Pierce (Rockford, IL, USA).
Exposed X-OMATTM AR films (Eastman Kodak Co., Rochester, NY,
USA) were developed and scanned (Scanmaker III, Microtek,
Redondo Beach, CA, USA), and the images were processed with a
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MacintoshTM computer using Adobe Photoshop 3.0 and Microsoft
PowerPoint 98 software.

To immunoblot unconjugated ubiquitin, cells were rinsed with ice-
cold PBS, centrifuged, re-suspended in 1.0 ml PBS, then boiled for
10 min in a water bath to inactivate ubiquitin-cleaving isopeptidases
and to denature ubiquitin-containing proteins. The samples were then
chilled on ice and centrifuged at 14 0006g for 10 min. Aliquots of the
clarified supernatants (25 mg) were resolved by 15% SDS ± PAGE, the
gels were equilibrated at room temperature for *30 min in 65 mM
Tris, pH 6.8, 2.3% SDS, 5% 2-mercaptoethanol, and electro-
transferred overnight at 50 V and 48C onto nitrocellulose membranes
in `alkaline transfer' buffer: 25 mM cyclohexylaminopropane sulfonic
acid, pH 10, containing 20% methanol.40,41

Evaluation of cellular histone status
during apoptosis

Jurkat cells were treated with 5 mM doxorubicin or 10 mM etoposide for
20 h or 1 mM staurosporine for 15 h to induce apoptosis; control cells
were exposed to 0.5% v/v DMSO. Cells were collected by
centrifugation, washed by re-suspension in ice-cold PBS and ruptured
in 1.0 ml of nuclei isolation buffer (10 mM Tris, pH 7.5; 100 mM KCl,
5 mM sodium butyrate, 10 mM iodoacetamide containing 0.1% v/v NP-
40 detergent and a cocktail of protease inhibitors) using 20 strokes of a
Dounce homogenizer. Nuclei were isolated by centrifugation at 9006g
for 10 min, washed in PBS and re-suspended in 400 ml of nuclei
isolation buffer. Histones were extracted from isolated nuclei by
adding an equivalent volume of 0.8 N sulfuric acid, chilling the samples
on ice for 30 min with intermittent mixing, and the samples were
centrifuged at 10 0006g for 10 min to sediment denatured acid-
insoluble proteins. The acid-extracted histones in the supernatant
fraction were dialyzed against several changes of 0.1 N acetic acid,
lyophilized, reconstituted into histone sample buffer (6.0 M urea, 1.5 M
potassium acetate, pH 4.5, 20% glycerol with a small amount of
methylene blue tracking dye) and electrophoretically separated on
0.96 N acetic acid, 6.7 M urea, 6 mM Triton X-100 (AUT) 15%
polyacrylamide gels, essentially as described,40,42,43 except that
0.1 M glycine was added to the 0.9 M acetic acid gel running buffer.44

Histones migrate to the cathode in AUT-polyacrylamide gels. Purified
histone H2A and H2B reference standards were included on gels with
the extracted histones for comparison. Following electrophoresis,
histones were stained in the gel with 0.25% Comassie Brillant Blue R-
250 dye in 50% methanol-10% acetic acid. The amount of uH2A in the
extracted histones from control and apoptotic cells was also evaluated
by anti-ubiquitin immunoblotting following standard 15% SDS ± PAGE.

Caspase-3 assay

The caspase-3-dependent conversion of the substrate, N-acetyl-Asp-
Glu-Val-Asp-AMC (7-amino-4-methylcoumarin) peptide (Ac-DEVD-
AMC) to its fluorescent product in the presence of 20 ± 50 mg of
clarified cell TNESV lysate was measured in a 96-well plate in 200 ml
of 20 mM HEPES, pH 7.5; 10% v/v glycerol; 2 mM DTT reaction
buffer, with a Wallac Victor2 model 1420 fluorescence counter at
460 nm, exactly according to the manufacturer's directions (PharMin-
gen, San Diego, CA, USA).

Morphological evaluation by light microscopy

Prior to cell lysis, aliquots of control and treated Jurkat cells were
transferred into 96-well plates and cell lethality was determined by
counting the number of cells stained with 0.02% Trypan-blue dye.

Images were captured using a digital camera, Macintosh computer
and Adobe Photoshop 3.0 software. The percentage of cells with the
apoptotic phenotype of multiple plasma membrane blebs, cell
shrinkage, chromatin condensation and fragmentation were estimated
by examining several hundred cells in multiple fields. Apoptotic bodies
were frequently observed during late stages of apoptosis when the
percent of Trypan blue positive cells exceeded *25%.

Fluorescence microscopy

Chromatin condensation and fragmentation in cells undergoing
apoptosis were evaluated by fluorescence microscopy after fixing
cel ls with paraformaldehyde and staining chromatin with
4,6-diamidino-2-phenylindole (DAPI) dye at 1.0 mg/ml.45,46 Transfec-
tion expression efficiency and the intracellular localization of the active
GFP-Ubp-M and mutated GFP-Ubp-M fusion protein constructs were
evaluated by comparing GFP fluorescence in cells using an
appropriate filter.
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