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Developing thymocytes and some T-cell hybridomas undergo activation-dependent programmed cell death.
Although recent studies have identified some critical regulators in programmed cell death, the role of cell cycle
regulation in activation-induced cell death in T cells has not been addressed. We demonstrate that synchro-
nized T-cell hybridomas, irrespective of the point in the cell cycle at which they are activated, stop cycling
shortly after they reach G2/M. These cells exhibit the diagnostic characteristics of apoptotic cell death.
Although p34cdc2 levels are not perturbed after activation of synchronously cycling T cells, cyclin B- and
p34cdc2-associated histone H1 kinase activity is persistently elevated. This activation-dependent induction of
H1 kinase activity in T cells is associated with a decrease in the phosphotyrosine content of p34cdc2. We also
demonstrate that transient inappropriate coexpression of cyclin B with p34cdc2 induces DNA fragmentation in
a heterologous cell type. Finally, in T cells, cyclin B-specific antisense oligonucleotides suppress activation-
induced cell death but not cell death induced by exposure to dexamethasone. We therefore conclude that a
persistent elevation of the level of cyclin B kinase is required for activation-induced programmed T-cell death.

Programmed cell death (apoptosis) is a highly regulated
physiological process by which specific cells are eliminated
from an organism. The phenomenon of programmed cell
death is associated with pronounced cellular changes exempli-
fied by the generation of oligonucleosomal DNA ladders, dis-
solution of the nuclear membrane, hypercondensed pycnotic
nuclei, and cytoplasmic blebbing (50). Recent studies have
identified a number of positive and negative regulators of cell
death (5, 9, 19, 20, 24, 30, 42, 49, 51), suggesting the existence
of multiple cell death pathways. Tumor suppressor gene p53
null mice remain susceptible to activation-induced cell death,
but radiation-induced cell death is severely impaired (5). Ge-
netic analysis of Caenorhabditis elegans has demonstrated that
the ced-3 gene, which is related to the gene encoding the
interleukin-1b-converting enzyme in mammals, is required for
physiological cell death (51). In contrast to Ced-3, Ced-9 (19)
and its human homolog Bcl-2 (20) block apoptotic cell death.
It has been suggested that Bcl-2 blocks death by heterodimer-
izing with proteins such as Bax which accelerate apoptosis (30).
The roles of these proteins in different pathways leading to cell
death await clarification of their function.
During T-cell development, autoreactive immature T cells in

the thymus are deleted by activation-induced programmed cell
death (41, 43, 45). A T-cell hybridoma A11 (10), which under-
goes activation-induced cell death, has been used as a model
system to clarify aspects of programmed cell death in T cells
(42–44). A11 cells, like thymocytes, undergo programmed cell

death and DNA fragmentation after activation via the T-cell
receptor with anti-CD3 (2, 27, 41, 43–45). Cyclosporine abro-
gates anti-CD3-induced cell death in both A11 cells and thy-
mocytes (2, 27, 43). In addition to anti-CD3, antigen, lectins,
and phorbol esters plus ionophores induce programmed cell
death in both immature thymocytes and T-cell hybridomas (21,
25, 27, 41, 43–45, 47). Furthermore, anti-CD3 inhibits growth
of both transformed and nontransformed T cells (2, 4, 26, 27,
29, 48).
Studies on activation-induced cell death in T-cell hybrido-

mas have revealed a critical role for c-myc in inducing cell
death (42). Similarly, overexpression of c-myc has been shown
to induce programmed cell death in serum-deprived rat fibro-
blast cells (9). Recently, the induction of nur77, an orphan
steroid receptor, has been implicated in activation-induced
death of T cells (24, 49). Although several regulators of cell
death have been identified, the role of cell cycle control in
activation-induced death of T cells has not been adequately
addressed. Earlier reports on activation-induced death of T
cells have described a growth arrest characterized by a loss of
cells in the S phase (2, 27). In this report, we show that acti-
vation induced synchronized cycling A11 cells to stop cycling
shortly after they reached G2/M. Persistently elevated levels of
p34cdc2- and cyclin B-associated histone H1 kinase were found
in T cells undergoing activation-induced cell death. We also
show that cotransfection of cyclin B with p34cdc2 induces cell
death and DNA fragmentation and that cyclin B-specific anti-
sense oligonucleotides suppresses activation-induced T-cell
death.

MATERIALS AND METHODS

Generation of synchronously cycling A11 cells. Synchronously cycling popu-
lations of A11 cells (10), a murine T-cell hybridoma, were generated by blocking
cells (3 3 109 cells at 5 3 105/ml) with aphidicolin (2 mg/ml) for 10 to 12 h in
spinner flasks. Cells were released from the drug block for 2 to 3 h, and pro-
gression of the synchronous population into the S phase was monitored every 30
min by assaying the DNA content by flow cytometry. Synchronously cycling cells
in the S phase were then collected by centrifugal elutriation. Synchronously
cycling cells in G2/M were obtained in a similar manner, by centrifugal elutriation
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of A11 cells released from an aphidicolin block, and monitored by flow cytometry
until the cells had a G2/M DNA content. We also obtained synchronously cycling
G1 cells by centrifugal elutriation of an asynchronous population of A11 cells.
Approximately 15% of these G1 cells did not cycle, while the rest of the popu-
lation cycled synchronously. Synchronous populations of A11 cells at different
phases of the cell cycle were activated with concanavalin A (ConA) or with
immobilized anti-CD3 antibody (3) as described elsewhere (43).
Cell cycle analysis. The DNA content of the cells was determined by pro-

pidium iodide staining (34). DNA synthesis was determined by bromodeoxyuri-
dine incorporation into DNA (34). In brief, 5 3 105 cells were incubated with 10
mM bromodeoxyuridine (Sigma) for 30 min at 378C. The cells were washed, fixed
with 70% ethanol, and incubated with 2 N HCl–0.5% Triton X-100 at room
temperature for 30 min. After neutralization with 0.1 M Na2B4O7 (pH 8.5), the
cells were resuspended in 50 ml of phosphate-buffered saline (PBS) containing
1% bovine serum albumin (BSA), 0.5% (vol/vol) Tween 20, and 20 ml of anti-
bromodeoxyuridine–fluorescein isothiocyanate antibody (Becton Dickinson) and
incubated for 30 min at room temperature. Finally, the cells were resuspended in
1 ml of PBS containing 5 mg of propidium iodide (Sigma) per ml.
DNA fragmentation. Induction of DNA strand breaks after T-cell activation

was determined by measuring terminal transferase-dependent incorporation of
dUTP as described previously (15). In brief, cells were fixed with paraformalde-
hyde, washed, and incubated at 378C for 30 min in 50 ml of 0.2 M potassium
cacodylate–25 mM Tris (pH 6.6)–2.5 mM CoCl2–0.25 mg of BSA per ml–10 mM
biotin-16-dUTP–100 U of terminal transferase (Boehringer Mannheim) per ml.
After being washed, cells were incubated in the dark in 100 ml of 0.6 M NaCl–
0.06 M sodium citrate–2.5 mg of fluoresceinated avidin (Sigma) per ml–0.1%
Triton X-100–5% (wt/vol) nonfat dry milk. The cells were washed in PBS con-
taining 0.1% Triton X-100 and resuspended in 1 ml of PBS containing 5 mg of
propidium iodide per ml and 0.1% RNase A (Sigma). Samples were analyzed by
using excitation at 488 nm and the 525-nm BP filter for green (fluorescein
isothiocyanate) and the 620-nm LP filter for red (propidium iodide) fluorescence
on a Becton-Dickinson FACScan. Data were collected with the FACScan Re-
search program and analyzed with the Becton Dickinson LysysII program. This
method of assaying DNA strand breaks directly determines the percentage of
cells undergoing DNA strand breaks and the relative severity of DNA strand
breaks in individual cells. This method also allows early detection of DNA
fragmentation before oligonucleosomal fragments can be detected on agarose
gels.
Immunofluorescence. Cells were prepared for immunofluorescence analysis of

chicken cyclin B as described previously (13). A11 cells were prepared for
analysis of cyclin B and MPM-2 antigen as described previously (1), with the
following modifications. For A11 cells, these procedures were adapted for sus-
pension culture cells. Cells were fixed with 2% paraformaldehyde for 20 min at
378C, spun on coverslips, and treated for 3 min with 0.2% Triton X-100 in PBS.
The coverslips were washed with PBS and incubated for 1 h with the primary
antibody diluted in PBS containing 3% BSA, 0.05% Tween 20, and 0.05%
sodium azide. After being washed with PBS, coverslips were incubated with
fluorescein isothiocyanate-labelled goat anti-rabbit or fluorescein isothiocyanate-
labelled goat anti-mouse secondary antibody (Cappel) for 30 min at 378C. After
being washed, the coverslips were incubated with 1 mg of propidium iodide per
ml for 3 min at room temperature, washed with PBS, and placed on a Dabco-
glycerol drop on slides. For double staining, Texas red-labelled sheep anti-mouse
antibody was used instead of propidium iodide. Cells were examined on a Nikon
Optiphot microscope equipped for epifluorescence and phase-contrast micros-
copy. For quantitative analysis, images were collected with a Bio-Rad Confocal
Imaging System.
Cell extracts. Synchronous populations of A11 cells were activated in the S

phase, and extracts were prepared from both control unactivated and activated
cells at the indicated times. Extracts were made from at least 2 3 108 cells, and
aliquots from these preparations were used for immunoblots and protein kinase
assays. To prepare extracts, cell pellets were washed twice with PBS and finally
resuspended in an equal volume of hypotonic buffer (20 mM N-2-hydroxyeth-
ylpiperazine-N9-2-ethanesulfonic acid [HEPES; pH 7.5], 5 mM KCl, 1.5 mM
MgCl2, fresh 0.1 mM dithiothreitol) (11, 12). After 30 min on ice, the cells were
homogenized and centrifuged at 10,000 3 g for 10 min at 48C. NaCl was added
to the supernatant to 0.1 M, and aliquots of the 100,000 3 g supernatant were
stored at 2808C.
Antibodies. Affinity-purified rabbit polyclonal antibody, raised against the car-

boxy-terminal sequence (CDNQIKKM) of human p34cdc2 (7), was obtained from
Oncogene. The ability of this antibody to immunoprecipitate p34cdc2 kinase
activity was specifically inhibited by the antigenic peptide (synthesized at Howard
Hughes Medical Institute, University of Washington, Seattle). This antibody also
recognizes murine p34cdc2 but does not display any cross-reactivity with purified
human p33cdc2 (kindly provided by D. Morgan, University of California San
Francisco) on Western immunoblots (data not shown). The human cyclin B1-
specific monoclonal antibody GNS1 (39) was purchased from Pharmingen. The
cyclin A-specific rabbit polyclonal antiserum was raised against Escherichia coli-
expressed human cyclin A (16) and kindly provided by M. Ohtsubo and J.
Roberts (Fred Hutchinson Cancer Research Center). The specificity of the
anti-cyclin A antibody was confirmed in immunoblot assays with recombinant
cyclin proteins (data not shown). Monoclonal antibody specific for the MPM2
epitope was kindly provided by P. N. Rao (6), mouse anti-b-tubulin antibody was

purchased from Sigma, and anti-lamin B-specific human autoimmune serum was
kindly provided by J.-C. Courvalin (17). A phosphotyrosine-specific antibody,
4G10, was purchased from Upstate Biotechnology Inc.
Immunoblots. Protein (10 mg) was resolved by sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE) and immunoblotted as described
previously (13, 22), with the following changes. After overnight incubation with
primary antibody, filters were washed three times with wash buffer plus 0.5%
Tween 20 and incubated with 1:5,000 goat anti-rabbit or goat anti-mouse horse-
radish peroxidase (Tago) for 1 h, and proteins were visualized by ECL (Amer-
sham).
Immunoprecipitations. Cell extract (30 mg) was adjusted to 40 mM HEPES

(pH 7.4), 8 mMMgCl2, 100 mM NaCl, 0.5% Nonidet P-40, 1 mg of aprotonin per
ml, and 1 mg of leupeptin per ml (IP buffer) and added to 10 ml of packed protein
A-Sepharose (Sigma) that had been preincubated with the appropriate dilution
of antibody for 1 h in IP buffer. After 1 h, the protein A-Sepharose was washed
five times with IP buffer and the samples were used for Western blots. For kinase
assays, protein A-Sepharose was washed three times with IP buffer and twice with
kinase buffer (40 mM HEPES, 8 mM MgCl2).
Histone H1 kinase assays.Kinase assays were performed with 18 ml of reaction

mixture containing 40 mM HEPES, 8 mM MgCl2, 166 mM ATP, 5 mCi of
[g-32P]ATP (3,000 Ci/mmol; NEN), 4 mg of histone H1 (Boehringer), and 10 ml
of packed protein A-Sepharose. After 20 min at 378C, the reaction was stopped
by addition of SDS sample buffer. The reaction mixture was loaded on SDS–12%
polyacrylamide gels, stained with Coomassie brilliant blue, dried, and autoradio-
graphed.
Phosphotyrosine content. The phosphotyrosine content of p34cdc2 was deter-

mined by immunoprecipitating p34cdc2 with anti-p34cdc2 antibody and running
the immunoprecipitates on denaturing polyacrylamide gels. The immunoblots
were probed with a phosphotyrosine-specific antibody, 4G10, as described above,
except that 2% gelatin (porcine skin; Sigma) was used to block nonspecific
binding.
Transfection. The expression vectors of chicken p34cdc2 and cyclin B2 (13, 22)

under the control of the cytomegalovirus promoter and the chicken cyclin B2-
specific antibody were the kind gifts of E. A. Nigg, Swiss Institute for Experi-
mental Cancer Research, Epalinges, Switzerland. HeLa cells passaged for 24 h
prior to use were transfected by the calcium phosphate protocol as described
previously (13) with 5 mg of each expression vector per plate (made up to 10 mg
of DNA per plate with pCMV vector DNA). The calcium phosphate precipitates
were allowed to remain on the cells for 16 h, and the cells were analyzed 48 h
after removal of the precipitates. The transfection efficiency was determined by
staining adherent cells on coverslips for chicken cyclin B2 as described previously
(13) and scoring positive cells by immunofluorescence microscopy. The control
cells transfected with vector alone did not stain with the chicken cyclin B-specific
antibody. The cell viability, DNA content, and DNA strand breaks of the trans-
fected cells were determined as described previously (34). Plasmids were purified
twice by centrifugation on equilibrium cesium chloride density gradients before
transfection. Transient transfections with cyclin B and p34cdc2, using CD20 as a
transfection marker, were done in a human cervical carcinoma cell line, C33A.
The CD20 expression plasmid was kindly made available to us by S. van den
Heuvel and E. Harlow, Massachusetts General Hospital, Charlestown, Mass.; the
CD20-specific antibody was purchased from Becton Dickinson; and C33A cells
were obtained from the American Type Culture Collection.
Abrogation of cell death with cyclin B antisense oligonucleotides. The cyclin

B1 antisense 59 CATCGGGCTTGGAGAGGGATT 39, a cyclin B1 sense 59
AATCCCTCTCCAAGCCCGATG 39, and control random phosphorothioate
oligonucleotides were synthesized at Quality Controlled Biochemicals Inc., Hop-
kinton, Mass. A11 cells were activated with immobilized anti-CD3 monoclonal
antibody 2C11 in the presence or absence of the appropriate oligonucleotide.
The cell viability, DNA content, DNA strand breaks, and light-scattering char-
acteristics of A11 cells were determined as described previously (34). Five dif-
ferent batches of cyclin B and control antisense oligonucleotides, synthesized at
different times, gave identical results. The effect of cyclin B antisense oligonu-
cleotide on cyclin B expression in A11 cells was determined by immunofluores-
cence microscopy with the GNS1 monoclonal antibody. The percentage of cyclin
B-positive cells among A11 cells grown for 48 h in the presence of cyclin B
antisense oligonucleotides was reduced from 37 to 7%. In contrast,;30% of A11
cells grown with cyclin B sense or random control oligonucleotides were positive
for cyclin B expression at that time. A similar reduction in the number of cyclin
B-positive cells with cyclin B antisense but not cyclin B sense or random oligo-
nucleotides was observed in three independent experiments.

RESULTS

Activation induces synchronously cycling T cells to stop
cycling. To clarify the nature of the cell cycle perturbations
induced by T-cell activation, we prepared synchronously cy-
cling populations of A11 cells. A11 (10) is a T-cell hybridoma
that undergoes activation induced cell death and has been
extensively used to study programmed cell death in T cells
(41–44). A11 cells were blocked with aphidicolin for 12 h and

VOL. 15, 1995 CYCLIN B AND APOPTOSIS 933



then released from the drug block; synchronously cycling S
phase cells were then obtained from this population by cen-
trifugal elutriation. These cells were 100% viable and were
capable of cycling synchronously from the S phase through
another complete cell cycle. Synchronously cycling A11 cells in
the S phase were activated with ConA or anti-CD3 antibodies
(3). ConA and anti-CD3 antibodies both activate T-cell hybri-
domas to undergo activation-induced cell death (2, 27). We
then tested for perturbations in cell cycle progression in acti-
vated T cells compared with unactivated cells. The control
unactivated cells cycled synchronously through S, G2/M, and
G1 phases and began to move into a second S phase by 14 h
(Fig. 1A). In contrast, when activated cells entered G2/M, cells
with less than G1 DNA content started to appear (Fig. 1A).
The appearance of cells with less than G1 DNA content is
characteristic of apoptotic cell death (15). This population
became more pronounced in activated cells at the time when
control unactivated cells entered G1 (Fig. 1A). The kinetics of
the appearance of a population with less than G1 DNA content
after anti-CD3 activation were slower than in ConA-activated
A11 cells (Fig. 1A). The exit from the cell cycle to apoptotic
death in G2/M is clearest for A11 cells activated with ConA.
The presence of a transient G1 peak after activation with
anti-CD3 suggests that some of the activated cells might actu-
ally complete mitosis. An alternative explanation is that this
peak represents G2/M cells which have fragmented their DNA.
If the latter is true, synchronously cycling cells activated in the
S phase with anti-CD3 should not divide. We have directly
examined this by determining total cell numbers at various
times after activation of synchronously cycling S-phase cells
with either ConA or immobilized anti-CD3 and comparing
them with numbers of control unactivated cells. Figure 2C
clearly shows that cell numbers in anti-CD3- or ConA-acti-
vated cultures did not double whereas unactivated cells dou-
bled during the same period. Similar results were obtained
when synchronously cycling cells were activated in G1 (data not
shown). The persistent elevation of cyclin B-associated kinase
activity following anti-CD3 activation of A11 cells (see below)
further supports our conclusion, since cells with high cyclin
B-associated kinase activity cannot exit mitosis.
Activation of T cells in the S phase therefore induces cells to

exit the cell cycle shortly after their arrival in G2/M. If activa-
tion induces apoptosis in cycling cells after they reach G2/M,
activation of synchronously cycling cells in G2/M should lead to
a more rapid appearance of cells with less than G1 DNA
content than after activation in the S phase. Synchronously
cycling cells in the S phase were obtained as described above.
The cells were then allowed to cycle to G2/M before activation.
In five separate experiments, cells activated in G2/M died
faster (Fig. 1B) than did cells activated in S (Fig. 1A). The
rapid appearance of A11 cells with less than G1 DNA content
after 1 h of activation in G2/M and the complete loss of cycling
cells 3 h after activation in G2/M strongly support our conclu-
sion (Fig. 1B). We also obtained A11 cells in the S phase and
the G2/M phase by centrifugal elutriation of asynchronous A11
cells (not drug treated). Activation of such cells in G2/M also
induced death faster than that observed in similarly prepared
cells which were activated in the S phase (data not shown).
To extend these observations, we also determined if activa-

tion of synchronously cycling A11 cells in G1 induced them to
stop cycling before or after reaching G2/M. We obtained a
synchronously cycling population in the G1 phase by centrifu-
gal elutriation of asynchronous A11 cells. In this population,
;15% of the cells do not cycle and the rest cycle synchro-
nously. T cells activated in G1 moved normally through G1 and
S, and cells with less than G1 DNA content made their first

appearance only after the population reached G2/M (Fig. 1B).
The control unactivated population continued to cycle. These
data show that activation induces T cells to stop cycling after
they reach G2/M, irrespective of when cells are activated.
To determine if other indicators of apoptosis occur concur-

rently with the appearance of cells with less than G1 DNA
content, we monitored the cell viability, induction of DNA
strand breaks, and apoptotic light-scattering characteristics in
A11 cells activated in the S phase. Activation of synchronously
cycling A11 cells in the S phase with either ConA or anti-CD3
induced a decrease in cell viability which parallels the appear-
ance of cells with less than G1 DNA content (Fig. 1A and 2A).
Morphological changes in cells undergoing apoptosis are de-
tectable by monitoring their light-scattering characteristics by
flow cytometry. The characteristic decrease in cell size and the
generation of apoptotic bodies are identifiable as a decrease in
forward-angle light scatter (42, 46). The A11 cells with less
than G1 DNA content have a low forward-angle scatter char-
acteristic of apoptotic T cells (Fig. 2B). The appearance of a
population with a low forward-angle scatter after activation
parallels the appearance of cells with less than G1 DNA con-
tent. This suggests that the appearance of cells with less than
G1 DNA content after activation is coincident with cytoplasmic
apoptotic changes in activated A11 cells. Activation of synchro-
nously cycling A11 cells in the S phase also induced DNA
strand breaks, diagnostic of apoptosis (15). DNA strand
breaks, assayed by the terminal transferase assay, were induced
in more than 75% of activated A11 cells compared with less
than 1% of unactivated cells (Table 1). An increased incidence
of DNA strand breaks is observed in activated cells only once
they reach G2/M. In summary, we show that the activated cells
die by an apoptotic pathway after they reach G2/M.
We next determined whether DNA synthesis was perturbed

when synchronously cycling A11 cells are activated in early S
phase. A11 cells were released from the drug block for ;1 h,
and synchronously cycling early-S-phase cells were then col-
lected by centrifugal elutriation. The progression of these cells
into early S phase was monitored by flow cytometry. Using the
incorporation of bromodeoxyuridine into DNA as a marker of
DNA replication, we found that activated cells moved from
early to mid- to late S phase indistinguishably from unactivated
control cycling cells (Fig. 3A). These results suggest that DNA
replication is not prematurely terminated when A11 cells are
activated in the S phase. Immunofluorescence analysis re-
vealed that condensation of chromatin, breakdown of nuclear
lamin, and assembly of the mitotic spindle occurred equiva-
lently in both activated cells and unactivated control cells as
they entered mitosis (data not shown). By these criteria, A11
cells activated in the S phase enter mitosis. However, we ob-
served two differences between activated cells in mitosis and
control cells. First, in 60% of the activated cells the mitotic
spindle failed to engage the chromosomes. In contrast, 90% of
the unactivated control cells in mitosis displayed condensed
chromosomes attached to a spindle. Second, MPM2 staining
was greatly reduced in activated cells in mitosis, while control
unactivated cells in mitosis stained intensely with MPM2 (Fig.
3B). The MPM2-specific monoclonal antibody recognizes a set
of phosphorylated epitopes found predominantly in mitosis
(6). Our results are consistent with the reported absence of
MPM2 staining in murine thymocytes undergoing apoptosis
(23). It therefore appears that events occurring during mitosis
in synchronously cycling A11 cells after activation in the S
phase are not normal. These abnormal events precede cell
death, and cells with hypercondensed pycnotic nuclei and cy-
toplasmic blebbing become frequent 3 h after the mitotic peak
and 8 h after activation of cells in the S phase (data not shown).
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FIG. 1. Cell cycle progression of synchronously cycling T cells after activation at different phases of the cell cycle. (A) Cell cycle progression of synchronously cycling
A11 cells activated in the S phase with ConA or anti-CD3 antibodies. Synchronously cycling A11 cells in the S phase were obtained after releasing A11 cells from an
aphidicolin drug block and collecting S-phase cells by centrifugal elutriation. The DNA content of A11 cells was monitored from 0 to 14 h after activation and compared
with that of control unactivated synchronously cycling cells. Cells containing less than G1 DNA content appeared after control T cells entered G2/M. (B) Cell cycle
progression of A11 cells activated in G2/M or G1. Synchronously cycling A11 cells in G2/M or G1 were activated with ConA, and the DNA content was monitored at
the indicated times after T-cell activation and compared with that of control unactivated cells. Synchronously cycling cells in G2/M were obtained by releasing A11 cells
from an aphidicolin drug block and collecting G2/M-phase cells by centrifugal elutriation. Synchronously cycling cells in G1 were obtained by centrifugal elutriation of
asynchronous populations. Cells with less than G1 DNA content appear after activated cells entered G2/M. The viability of cells activated in G2/M decreased to 20%,
compared with 90% in unactivated synchronously cycling cells. The viability of cells activated in G1 decreased to 30, compared with 95% in unactivated cycling cells.
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These results suggest that an inability to coordinate events in
mitosis may be linked to the activation-induced cell death that
occurs shortly after T cells reach G2/M.
Histone H1 kinase activity is dramatically increased in T

cells undergoing activation-induced cell death. To clarify
whether perturbations of cell cycle regulators are coupled to
activation-induced death of T cells, we assayed the histone H1
kinase activity associated with cyclin A, cyclin B1, and p34cdc2

immunoprecipitates at various times after ConA activation of
synchronous A11 cells in the S phase. As expected (7, 33), the
control unactivated cells exhibit maximal levels of cyclin B- and

p34cdc2-associated H1 kinase activity in G2/M, and the levels
decline when cells enter G1 (Fig. 4A). In contrast, the H1
kinase activity associated with both cyclins A and B and p34cdc2

in extracts from activated cells was consistently higher than in
extracts from unactivated cells (Fig. 4A). After activation, H1
kinase activity was elevated compared with that in unactivated
cells in 10 different extracts and remained elevated (more than
fourfold) at the time when unactivated cells exhibited a dra-
matic reduction of H1 kinase activity on reentry into G1. The
increase in H1 kinase activity was not due to an elevation of
p34cdc2 levels, since p34cdc2, as determined by immunoblotting,

FIG. 2. Activation-induced cell death of synchronously cycling T cells activated in the S phase occurs after the cells reach G2/M. The same cell populations analyzed
in Fig. 1A were also subjected to analysis of cell viability and forward-angle scatter. (A) Activation-induced decrease in cell viability of activated T cells. Synchronously
cycling A11 cells were activated in the S phase with either ConA or anti-CD3. Changes in cell viability were determined by trypan blue exclusion at various times after
activation and compared with those of control unactivated cycling A11 cells. (B) Light-scattering properties of activated T cells. Synchronously cycling A11 cells in the
S phase were activated with ConA or anti-CD3. The activated cells were analyzed for DNA content and forward-angle scatter at the indicated times after activation
and compared with unactivated control cycling cells. The population with an aneuploid DNA content, induced after activation, had a low forward-angle scatter,
indicative of apoptotic cell death (42, 46). (C) Synchronously cycling A11 cells do not divide after activation in the S phase. Synchronously cycling cells in the S phase
were activated with either ConA or immobilized anti-CD3 antibodies. The total cell number (live plus dead) was determined at various times after activation with either
ConA or anti-CD3 and compared with that of control unactivated synchronously cycling cells. Activated cells did not divide, whereas unactivated A11 cells doubled
in number over the same period.
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remained unchanged after T-cell activation (Fig. 4A). It is of
interest that the induction of DNA strand breaks closely par-
allels the elevation in cyclin B-associated kinase activity after
activation. Consistent with our observations in synchronously
cycling A11 cells, we also found that ConA activation of asyn-
chronous A11 cells caused a dramatic increase in cyclin B-
associated H1 kinase activity, despite the fact that levels of
p34cdc2 and cyclin B remained unchanged in these asynchro-
nous cells (Fig. 4B). Anti-CD3 activation of asynchronous A11
cells also induced p34cdc2- and cyclin B-associated kinase ac-
tivity ;threefold in three different extracts (Fig. 4C). The el-
evated levels of H1 kinase activity upon activation of T cells
may explain why activated cells stop cycling.
The activity of p34cdc2 is suppressed by phosphorylation on

tyrosine 15 (31, 36), and specific dephosphorylation at this site
activates entry into mitosis (8, 14, 35). We therefore deter-
mined the phosphotyrosine content of p34cdc2 from activated
and control unactivated cycling cells to assay the activation
state of p34cdc2. Although p34cdc2 levels were unchanged after
activation of an asynchronous population of A11 cells with
ConA, p34cdc2 was significantly dephosphorylated on tyrosine
(Fig. 4B). Anti-CD3 activation of asynchronous A11 cells also

FIG. 3. Activation of synchronously cycling T cells in the S phase selectively perturbs cell cycle events in mitosis but not in the S phase. (A) DNA synthesis is not
prematurely terminated after activation of A11 cells in early S phase. Synchronously cycling cells in early S phase were obtained as described in the text and activated
with ConA. Cells were collected in parallel from activated and control unactivated A11 cells, at the indicated time after activation. DNA synthesis was monitored by
estimating the incorporation of bromodeoxyuridine (29) and DNA content by propidium iodide staining (34). The ungated data demonstrated that both activated and
unactivated A11 cells move from early to mid- to late S phase as demonstrated by this assay. Cells with less than G1 content appear;2 h after the end of DNA synthesis
when A11 cells are activated in early S phase. (B) Expression of MPM2 antigen is greatly reduced in activated T cells. Synchronously cycling A11 cells in the S phase
were activated with ConA. The percentage of activated cells which stained positive for MPM2 at the indicated times after activation was compared with that of
unactivated synchronously cycling cells.

TABLE 1. Induction of DNA strand breaks by activation of
synchronously cycling T cells in the S phasea

Activation
and sampling
time (h)

Cell cycle composition
(% of cells) % of cells with DNA

strand breaks
S G2/M G1

Unactivated
0 86 2 12 4
1 86 7 7 4
2 84 14 2 1
5 41 59 0 1
7 14 26 60 1

Activated
1 84 10 6 14
2 74 26 0 39
5 48 52 0 60
7 35 64 1 76

a Synchronously cycling S-phase cells were obtained by releasing A11 cells
from an aphidicolin drug block and collecting S-phase cells by centrifugal elu-
triation. These cells were then activated with ConA, the cell cycle composition
was determined by propidium iodide staining (34), and DNA strand breaks were
determined by the terminal transferase assay (15).
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decreased the phosphotyrosine content of p34cdc2 (data not
shown). These results suggest that tyrosine dephosphorylation
of p34cdc2 parallels the increased levels of H1 kinase activity in
T cells undergoing activation-induced cell death.
Induction of DNA fragmentation by ectopic expression of

cyclin B and p34cdc2. To determine if persistently elevated
levels of cyclin B and p34cdc2 directly induce programmed cell
death, a nondegradable (Arg-32 to Ser) form of cyclin B2 (22)
was transiently coexpressed with p34cdc2 in HeLa cells (13).
Using a chicken cyclin B2-specific antibody (13), we deter-
mined the transfection efficiency to be at least 30%. It should
be noted that the actual number transfected may be larger,
since the scoring of positive cells may be limited by the sensi-
tivity of the chicken-specific antibody. Cell death was repro-
ducibly induced in cell cultures cotransfected with both non-
degradable cyclin B and p34cdc2. The cell viability was reduced,
and cell populations with less than G1 DNA content and with
DNA strand breaks were identifiable 48 h after cotransfection
of cyclin B with p34cdc2-expressing plasmids (Table 2). In ex-
periments in which cells were doubly transfected with p34cdc2

and cyclin B, the increased induction of DNA strand breaks
(30% of the total) over nonspecific background, as well as the
increased appearance of cells with less than G1 DNA content
(37%), correlates reasonably well with the transfection effi-
ciency of ;30%. These results suggest that coexpression of
nondegradable cyclin B and p34cdc2 kinase can induce DNA
strand breaks. Morphological examination also revealed that
only cell cultures cotransfected with cyclin B and p34cdc2 ex-
hibited cytoplasmic blebbing, a characteristic seen in apoptotic
cell death. Cell cultures transfected with cyclin B alone or with
the vector control did not exhibit cytoplasmic blebbing. Similar
results were obtained by coexpression of degradable chicken B
and p34cdc2 (data not shown). It is important to note that
transfection with nondegradable cyclin B alone did not induce

FIG. 4. Induction of elevated levels of histone H1 kinase activity after T-cell
activation. (A) Elevation of H1 kinase activity by activation of synchronously
cycling A11 cells in the S phase. Synchronous populations of A11 cells were
activated in the S phase, and extracts were prepared at 0, 1, 3, 5, and 8 h from
both unactivated and ConA-activated populations. Equal amounts of protein
from both activated and unactivated cell extracts were immunoprecipitated with
anti-cyclin B, anti-p34cdc2, or anti-cyclin A antibodies. The immunoprecipitates
were then assayed for histone H1 kinase activity. Equal amounts of protein from
both activated and unactivated cell extracts were immunoblotted in parallel with
anti-p34cdc2-specific antibody. The cell cycle composition of the cells from which
the extracts were made was determined by propidium iodide staining for DNA
content. The percentages of cells in different phases of the cell cycle are shown.
Similar results were obtained in experiments performed with 10 different ex-
tracts. (B) Elevation of H1 kinase activity and a decrease in the phosphotyrosine
content of p34cdc2 after activation of asynchronous T cells. Cyclin B-associated
H1 kinase activity of asynchronous A11 cells activated with ConA was deter-

TABLE 2. Induction of cell death by ectopic coexpression
of cyclin B and p34cdc2

a

Plasmid

% of cellsb with:

Signs of
viability

,G1 DNA
content

DNA strand
breaks

No DNA 100 9.6 1.8
CMV vector 100 13.2 9.5
Cyclin B 90 12.0 7.8
Cyclin B 1 p34cdc2

c
50 50.2 39.7

a Induction of cell death by coexpression of chicken p34cdc2 and a nondegrad-
able form of chicken cyclin B (13, 22) in HeLa cells. The transfection efficiencies
were ;30% as determined with a chicken cyclin B-specific antibody (13).
b The induction of cell death by transient transfection was monitored by

several criteria: cell viability by trypan blue exclusion, DNA content by pro-
pidium iodide staining (34), and DNA strand breaks by the terminal transferase
assay (15).
c The nondegradable cyclin B-p34cdc2 double transfections reproducibly in-

duced cell death with three different plasmid preparations in six different exper-
iments. Transient transfection with p34cdc2-expressing plasmid did not induce
cell death above vector background.

mined as described in the legend to Fig. 2A. Equal amounts of protein from both
activated and unactivated cell extracts were immunoblotted in parallel with
anti-cyclin B or anti-p34cdc2 antibodies. p34cdc2 immunoprecipitates were ana-
lyzed for phosphotyrosine content in immunoblots with a phosphotyrosine-spe-
cific monoclonal antibody. (C) Elevation of H1 kinase activity after activation of
asynchronous T cells with anti-CD3. Asynchronous A11 cells were activated with
anti-CD3 for 10 h, and extracts were prepared from both activated and control
unactivated cells. Cyclin B- and p34cdc2-associated H1 kinase activity was deter-
mined as described for panel A.
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cell death or DNA strand breaks but, as expected, induced
mitotic arrest (13).
We also transiently cotransfected cyclin B and p34cdc2 in

C33A cells. C33A cells, unlike HeLa cells, express the cell
surface marker CD20 after transfection with a CD20 expres-
sion plasmid. Double transfections with p34cdc2 and cyclin B
also consistently induced cell death (viability, ;50%) in C33A
cells. When a cotransfection cell surface marker, CD20, was
used, more than 80% of the CD20-positive cells died after
double transfection with p34cdc2 and cyclin B. In contrast, less
than 20% of the CD20-positive cells died after transfection
with either CD20 expression plasmid or CD20 plus cyclin B.
We therefore conclude that cell death is specifically induced in
cell cultures transiently cotransfected with p34cdc2 and cyclin B.
Effect of cyclin B antisense oligonucleotides on activation-

induced T-cell death. Cyclin B-specific antisense oligonucleo-
tides were then used to determine if cyclin B expression is
required for activation-induced programmed death of T cells.

Our choice of the appropriate cyclin B1 antisense oligonucle-
otide was facilitated by the previous identification of antisense
oligonucleotides which reproducibly abrogated cyclin B ex-
pression and maturation-promoting factor (MPF) activation
(28). Antisense oligonucleotides corresponding to the equiva-
lent region in murine cyclin B1 (32) were used to evaluate the
role of cyclin B in anti-CD3-induced death of A11 cells. The
effect of cyclin B antisense oligonucleotide on cyclin B expres-
sion in A11 cells was determined by immunofluorescence mi-
croscopy. The percentage of cyclin B-positive cells among A11
cells grown for 48 h in the presence of cyclin B antisense
oligonucleotides was reduced from 37 to 7%. In contrast,
;30% of A11 cells grown with cyclin B sense or random
control oligonucleotides were positive for cyclin B expression.
A similar reduction in cyclin B-positive cells with cyclin B
antisense but not cyclin B sense or random oligonucleotides
was observed in three independent experiments.
Cyclin B antisense oligonucleotides dramatically reduced

FIG. 5. Role of cyclin B-associated kinases in the induction of activation-induced programmed cell death. (A) Abrogation of anti-CD3-induced cell death in A11
cells by mouse cyclin B1-specific antisense phosphorothioate oligonucleotides. Asynchronous A11 cells were activated with anti-CD3 antibodies in the presence of cyclin
B antisense, cyclin B sense, or control oligonucleotides at the indicated concentrations. The cell viability was determined by trypan blue exclusion 16 h after activation.
The percentage of cyclin B-positive cells was reduced from 37 to 7% when A11 cells were grown with 20 mM cyclin B antisense oligonucleotide for 48 h. In contrast,
;30% of A11 cells grown with cyclin B sense or random control oligonucleotides were positive for cyclin B expression. (B) Cyclin B-specific antisense oligonucleotides
completely inhibit anti-CD3-induced light-scattering changes characteristic of apoptotic A11 cells. Asynchronous A11 cells were activated with anti-CD3 for 16 h.
Results shown are ungated data for forward-angle scatter (FSC) and side scatter (SSC). The data presented are for oligonucleotides at 2 mM. Identical results for the
respective antisense oligonucleotides were obtained over a concentration range from 2 to 20 mM. (C) Anti-CD3-induced DNA strand breaks in A11 cells are abrogated
by cyclin B-specific antisense oligonucleotides. Asynchronous A11 cells were activated with anti-CD3 antibodies in the presence of cyclin B antisense, cyclin B sense,
or control oligonucleotide. The induction of DNA strand breaks by the terminal transferase assay (15) was determined 16 h after activation. The inhibition of DNA
strand breaks induced after anti-CD3 activation of A11 cells by cyclin B antisense oligonucleotide was observed in eight separate experiments with five different batches
of cyclin B antisense oligonucleotides.
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anti-CD3-induced cell death in A11 cells, as demonstrated
both by retention of cell viability (Fig. 5A) and by the absence
of cells with less than G1 DNA content (data not shown). In
comparison, cyclin B sense oligonucleotide had no effect on
anti-CD3-induced cell death (Fig. 5A). Similarly, a control
random oligonucleotide with the same base composition as the
cyclin B antisense oligonucleotide also did not inhibit activa-
tion-induced cell death (Fig. 5A). We also examined the mor-
phological changes in A11 cells undergoing apoptosis, identi-
fiable as a decrease in forward-angle light scatter (42, 46). This
change was completely inhibited when cyclin B antisense oli-
gonucleotide was added to anti-CD3-activated A11 cells (Fig.
5B). Anti-CD3-induced DNA strand breaks in A11 cells were
also completely abrogated in the presence of cyclin B antisense
oligonucleotide (Fig. 5C) in eight separate experiments. Cyclin
B antisense oligonucleotide therefore suppresses anti-CD3-
induced DNA strand breaks and loss of cell viability. We con-
clude that cyclin B is required for activation-induced cell
death.
T-cell death can also be induced by other agents which do

not activate T cells. Dexamethasone does not activate T cells
but does induce programmed cell death (52), which is not
dependent on either Myc (42) or proteases (37). We then
examined if cyclin B antisense also inhibited cell death induced
by dexamethasone. Dexamethasone-induced cell death, as-

sayed by a decrease in cell viability and induction of DNA
strand breaks, was not inhibited by cyclin B antisense oligonu-
cleotide in A11 cells, whereas anti-CD3-induced cell death and
DNA fragmentation were completely inhibited by the cyclin B
antisense oligonucleotide (Fig. 6). The ability of cyclin B anti-
sense oligonucleotide to inhibit anti-CD3-induced cell death is
most probably due to specific downregulation of cyclin B. It is
unlikely that this result is due to nonspecific inhibition of
protein synthesis or the activation of a general cell survival
receptor. Such nonspecific effects cannot explain the ability of
cyclin B antisense oligonucleotide to inhibit anti-CD3-induced
cell death but not dexamethasone-induced cell death in the
same cell line. We therefore conclude that cyclin B is involved
in anti-CD3-induced cell death.

DISCUSSION

We present a detailed study of perturbations in the cell cycle
following activation of synchronously cycling cells. We have
shown that activated A11 cells stop cycling after they reach
G2/M and subsequently undergo apoptotic cell death. The
appearance of cells with less than G1 DNA content, changes in
cytoplasm as detectable by a decrease in forward-angle scatter,
and induction of DNA strand breaks after activation all sup-
port the conclusion that cell death occurs by apoptosis. The

FIG. 6. Cyclin B antisense oligonucleotides do not inhibit dexamethasone-induced death of A11 cells. (A) Effect of cyclin B antisense oligonucleotides on
dexamethasone-induced death of A11 cells. A11 cells were treated with 1026 M dexamethasone in the presence or absence of 10 mM cyclin B antisense phosphoro-
thioate oligonucleotides. Cell viability was determined by trypan blue exclusion after incubation of A11 for 16 h with dexamethasone. The data are shown as percent
cell death (percentage of dead cells). (B) Effect of cyclin B antisense oligonucleotides on dexamethasone-induced DNA strand breaks in A11 cells. A11 cells were
treated with 1026 M dexamethasone in the presence or absence of 10 mM cyclin B antisense phosphorothioate oligonucleotides. DNA strand breaks were determined
by the terminal transferase assay (15) after incubation of A11 for 16 h with dexamethasone.
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kinetics of onset of apoptosis, as determined by these criteria,
supports our conclusion that cell death occurs after the cells
reach G2/M. The ability of synchronously cycling A11 cells to
continue synthesizing DNA after activation in the S phase
suggests that DNA synthesis is not terminated prematurely.
This is also supported by a normal increase in DNA content in
activated cells to levels seen in control cells in G2/M. The
breakdown of nuclear lamin and condensation of chromatin
observed in activated A11 cells suggest that activated cells
enter mitosis. However, the decreased expression of the
MPM2 epitope and the failure of chromatin to associate with
the mitotic spindle suggest that activated A11 cells go through
an aberrant mitosis. The coincident increase in cyclin B- and
p34cdc2-associated kinase activity in activated cells further sup-
ports the idea that activated T cells undergoing programmed
cell death fail to correctly coordinate mitotic events. It is there-
fore tempting to suggest that these aberrant mitotic events
cause cell death.
The persistently elevated levels of cyclin B-associated kinase

activity induced in activated T cells undergoing programmed
cell death implicates cyclin B-associated kinase in the cell
death mechanism. Our results are consistent with the increase
in p34cdc2 kinase activity observed in target cells which die
because of apoptosis induced by a natural killer cell-specific
protease (40). Our conclusion is further supported by our ob-
servation that DNA fragmentation can be induced in irrelevant
cell types by co-overexpression of cyclin B with p34cdc2. Our
results are consistent with the fact that a mitotic catastrophe
occurs when p34cdc2 and cyclin B are overexpressed (18). The
inhibition of anti-CD3-induced DNA strand breaks and cell
death in A11 cells by a cyclin B-specific antisense oligonucle-
otide further implicates cyclin B-associated kinase in cell
death. In contrast, the cyclin B antisense oligonucleotide fails
to inhibit dexamethasone-induced death of A11 cells. These
results suggest that there are at least two apoptosis death
pathways: one which is dependent on activation through sur-
face receptors (ConA or anti-CD3), leading to cyclin B-depen-
dent cell death during G2/M, and another (such as the dexa-
methasone-induced pathway) which is independent of cell
activation and cyclin B. It is of interest that protease inhibitors
block anti-CD3-induced cell death but not dexamethasone-
induced cell death (37).
The ability of cyclin B-associated kinase activity to induce

cell death suggests that proteins phosphorylated by this kinase
can act as mediators of cell death. One such potential target of
cyclin B kinase in apoptotic cell death is c-Myc. Firstly, c-Myc
has been implicated in activation-induced cell death (42). Sec-
ond, phosphorylation of c-Myc at Ser-62 is critical for transac-
tivation (38), and this residue is preferentially phosphorylated
during G2/M (38). In our model system, T-cell activation in-
creases the ability of cyclin B kinase to phosphorylate c-Myc at
Ser-62 by two- to fivefold (10a). It is of interest that both cyclin
B antisense oligonucleotide (this work) and c-Myc antisense
oligonucleotide (42) abrogate anti-CD3-induced cell death but
not dexamethasone-induced cell death (43; also see above).
It is not yet clear if activation via the T-cell receptor stimu-

lates cyclin B-associated kinase directly or through an indirect
effect on a regulator of cyclin B kinase activity. It has been
previously reported that the Wee1 kinase regulates phosphor-
ylation of p34cdc2 at Tyr-15, inactivating kinase activity (31, 36)
of activated p34cdc2, whereas Cdc25 dephosphorylates p34cdc2

on Tyr-15 and activates kinase activity (8, 14, 35). The persis-
tent elevation of cyclin B-associated kinase activities could be
caused by the inactivation of Wee1 or by inappropriate and
persistent induction of Cdc25 in T cells undergoing activation
induced cell death. Alternatively, persistent elevation of cyclin

B-associated kinase activity could be caused by inhibition of
cyclin B degradation. Our data on tyrosine dephosphorylation
of p34cdc2 support a role for Wee1/Cdc25 deregulation. More
direct experiments will now be required to define the mecha-
nism underlying elevation of cyclin B-associated kinase activity
and the role of this activation in inducing cell death.
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