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Cyclin E/Cdk2 is a critical regulator of cell cycle progression from G1 to S in mammalian cells and has an
established role in oncogenesis. Here we examined the role of deregulated cyclin E expression in apoptosis. The
levels of p50-cyclin E initially increased, and this was followed by a decrease starting at 8 h after treatment with
genotoxic stress agents, such as ionizing radiation. This pattern was mirrored by the cyclin E-Cdk2-associated
kinase activity and a time-dependent expression of a novel p18-cyclin E. p18-cyclin E was induced during
apoptosis triggered by multiple genotoxic stress agents in all hematopoietic tumor cell lines we have examined.
The p18-cyclin E expression was prevented by Bcl-2 overexpression and by the general caspase and specific
caspase 3 pharmacologic inhibitors zVAD-fluoromethyl ketone (zVAD-fmk) and N-acetyl-Asp-Glu-Val-Asp-
aldehyde (DEVD-CHO), indicating that it was linked to apoptosis. A p18-cyclin E276–395 (where cyclin E276–395

is the cyclin E fragment containing residues 276 to 395) was reconstituted in vitro, with mutagenesis experi-
ments, indicating that the caspase-dependent cleavage was at amino acid residues 272 to 275. Immunopre-
cipitation analyses of the ectopically expressed cyclin E1–275, cyclin E276–395 deletion mutants, and native
p50-cyclin E demonstrated that caspase-mediated cyclin E cleavage eliminated interaction with Cdk2 and
therefore inactivated the associated kinase activity. Overexpression of cyclin E276–395, but not of several other
cyclin E mutants, specifically induced phosphatidylserine exposure and caspase activation in a dose-dependent
manner, which were inhibited in Bcl-2-overexpressing cells or in the presence of zVAD-fmk. Apoptosis and
generation of p18-cyclin E were significantly inhibited by overexpressing the cleavage-resistant cyclin E
mutant, indicating a functional role for caspase-dependent proteolysis of cyclin E for apoptosis of hemato-
poietic tumor cells.

The cyclins and their catalytic subunits, the cyclin-dependent
kinases (CDKs), control cell cycle progression by regulating
events that drive the transitions between cell cycle phases (13,
14). The activity of these CDKs is regulated positively by cyc-
lins, their associated catalytic partners, and negatively by bind-
ing of CDK inhibitors (CKIs). Activation of cyclin/CDK com-
plexes results in a cascade of protein phosphorylations that
ultimately induces cell cycle progression. Cyclins were first
identified in clam and sea urchin embryos, where they were
observed to accumulate during interphase and to be degraded
during mitosis (16). The human G1 cyclins, the D- and E-type
cyclins, were identified functionally by screening of human
cDNA libraries for sequences that could complement G1 cyclin
mutations in Saccharomyces cerevisiae (31, 35, 65). The cyclin E
mRNA levels show a periodic pattern of expression, being
synthesized during the G1 phase of the cell cycle, with levels
increasing sharply in late G1, followed by accumulation of
cyclin E protein and then down regulation in S phase (11, 32,
35; reviewed in reference 51).

Cyclin E binds Cdk2 with a resulting peak of associated
kinase activity at the G1/S boundary (11, 32). Cyclin E/Cdk2
complexes have been shown to play an essential and rate-

limiting role in the transition between G1 and S phase (46, 52,
61, 62), as well as for the initiation of DNA replication (26, 33,
46). How cyclin E/Cdk2 promotes S-phase entry is poorly de-
fined, since few downstream effectors of cyclin E/Cdk2 are
known. While cyclin E complexes phosphorylate the protein
product of the retinoblastoma tumor suppressor gene (pRb),
which is also phosphorylated by the D-type cyclin-Cdk4/6 com-
plexes (10, 17, 28), it is likely that other substrates exist during
late G1. Unlike cyclin D, cyclin E remains essential in the
absence of pRb, since (i) its inducible expression in fibroblasts
accelerates G1/S progression without affecting the kinetics of
pRb phosphorylation (53); (ii) unlike the D-type cyclins, cyclin
E is essential for cell cycle progression in pRb-deficient cells
(46); (iii) ectopic expression of cyclin E bypasses pRb-medi-
ated cell cycle arrest (1, 40); and (iv) cyclin E is required for
S-phase entry in Drosophila melanogaster (12). These findings
highlight a fundamental difference between the cyclin D and
cyclin E complexes, strongly suggesting that other key rate-
limiting substrates exist for cyclin E/Cdk2 (1, 40). Moreover, all
functions of cyclin D1 can be replaced by cyclin E, suggesting
that cyclin E is the downstream target of cyclin D1 and the
master regulator of S-phase entry (18).

Apoptosis, a universal genetic program of cell death in
higher eukaryotes, is a basic process involved in cellular devel-
opment and differentiation (50). Apoptosis may be essential
for the prevention of tumor formation, and its deregulation is
widely believed to be involved in pathogenesis of many human
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diseases, including cancer (reviewed in reference 60). In almost
all instances, deregulated cell proliferation and suppressed cell
death together provide the underlying platform for neoplastic
progression (15). In cancer, called a disease of deregulated cell
proliferation, one principal target is the late G1 cell cycle
regulated by pRb (23). Defects in this pathway, which may be
universal in human cancer, include deletions of the Rb gene
itself and deregulation of the CDKs that phosphorylate and
functionally inactivate pRb, either through direct overactiva-
tion of CDKs or through genetic loss of their inhibitors (56).
We have shown that the absence of Rb is capable of activating
an apoptotic response associated with p53 stabilization and
increased expression of genes dependent on E2F transcription
(2), such as cyclin E. Cyclin E has been shown to be deregu-
lated and overexpressed in several solid tumors, including
breast, colon, and prostate carcinomas (29, 56). We have re-
cently shown that cyclin E levels are also regulated by geno-
toxic stress and that cyclin E activation plays a functional role
in apoptosis of hematopoietic cells (43).

The activation of a cascade of the ICE/CED-3 family of
cysteine proteases (termed caspases) is a common and critical
regulator of the execution phase of apoptosis, triggered by
many factors, including genotoxic agents (e.g., �-irradiation or
treatment with anticancer agents [7, 19, 20]). Once the cells are
committed to cell death, apoptogenic factors, the best known
of which is cytochrome c, are released from mitochondria to
initiate the caspase cascade (7, 38). Cytochrome c acts as a
cofactor to stimulate the complexing of Apaf-1 with caspase 9
(36), which then initiates activation of the caspase cascade.
Caspases are synthesized as inactive precursors, which are ac-
tivated by proteolytic cleavage to generate active enzymes
which then may further proteolytically cleave proteins crucial
for the maintenance of cellular cytoskeleton, DNA repair, sig-
nal transduction, and cell cycle control (25). There are many in
vivo caspase substrates, including transcription factors, kinases,
enzymes involved in DNA repair, and cytoskeletal proteins
(reviewed in reference 25). In addition, several proteins essen-
tial for cell cycle regulation, such as pRb (27, 59), MDM2 (6),
PITSLRE (3), p21WAF1/CIP1, and p27Kip1 (34) are also caspase
targets.

Apoptotic targets of CDKs are likely to exist, given reports
of an interplay between the cell cycle control processes and
apoptosis (44, 45), with recent reports indicating that the ap-
optosis-regulatory proteins themselves can directly impinge on
the cell cycle machinery (4, 37, 42, 47). Clearly, induction of
apoptosis by various stimuli has been shown to require activa-
tion of Cdk2 (54, 66), whereas forced expression of CKIs in
cultured cells (43, 66), in neurons (48), or during myocyte
differentiation (63) prevents apoptosis. Importantly, similar
observations were made in noncycling developing thymocytes,
in which Cdk2 was activated; conversely, Cdk2 inhibition elim-
inates apoptosis (21). Moreover, conditional cyclin A expres-
sion was reported to be involved in apoptosis of fibroblasts
(58), whereas ectopic expression of cyclins D1 in rat fibroblasts
under conditions of serum starvation led to apoptotic cell
death (22). We found that cyclin E was upregulated rapidly
during apoptosis induced by genotoxic stress in hematopoietic
cells, resulting in caspase activation and exposure of the phos-
phatidylserine on the plasma membrane. Consistent with a role
of cyclin E in apoptosis, its overexpression greatly sensitizes

these cells to radiation, while its inhibition by a dominant-
negative Cdk2 blocks cell death (43).

We have been interested in elucidating the role of cyclin E in
apoptosis of hematopoietic cells. In this study, we show that the
p50-cyclin E is proteolytically cleaved and thus converted to a p18
C-terminal cyclin E fragment. We examined the temporal expres-
sion of this cyclin E derivative, its genesis, and its potential role in
apoptosis. p18-cyclin E becomes the most abundant form of cyclin
E during the course of apoptosis induced by multiple genotoxic
agents in all hematopoietic tumor cell lines we have examined.
Cyclin E cleavage results in elimination of its binding to Cdk2
and, therefore, inactivation of its associated kinase activity and
cell cycle function. Overexpression of p18-cyclin E276–395 (where
cyclin E276–395 is the cyclin E fragment containing residues 276 to
395) triggers apoptosis, while expression of a cleavage-resistant
mutant prevents it. Our data indicate that cyclin E has a dual role
in apoptosis of tumor cells of hematopoietic origin, with a distinct
role for cyclin E276–395 in the amplification of the apoptotic
process.

MATERIALS AND METHODS

Cells and treatments. The IM-9 and U266 multiple myeloma and the Molt-4
lymphoma cell lines were obtained from the American Type Culture Collection
and maintained in RPMI medium with 10% fetal bovine serum (BioWhittaker),
L-glutamine, and penicillin-streptomycin (100 U/ml). 293 T human kidney cells
were maintained in Dulbecco modified Eagle medium (Gibco-BRL) containing
10% fetal bovine serum and antibiotics.

Cells (2 � 105/ml) were irradiated with 4 to 20 Gy (137Cs source; fixed dose
rate of 2.8 Gy/min [20]), or treated with etoposide (VP16; 10 �M [20]). The
cell-permeable caspase inhibitors (50 �M) were added to cells 0.5 h prior to
irradiation (unless otherwise stated) and remained in the medium until the time
of cell lysis for protein extraction. The following pharmacologic inhibitors
(BIOMOL) were used: N-acetyl-Tyr-Val-Ala-Asp-fluoromethyl ketone (YVAD-
fmk), N-acetyl-Asp-Glu-Val-Asp-aldehyde (DEVD-CHO), N-acetyl-Val-Glu-
Ile-Asp-fluoromethyl ketone (VEID-fmk), and N-acetyl-Ile-Glu-Thr-Asp-cho
(IETD-CHO), specific for caspases 1, 3, 6, and 8, respectively. For caspase
activity assays the DEVD-p-nitroanilide (DEVD-pNA) substrate was used, and
the release of pNA was determined at 405 nm in a 96-well microtiter plate
reader, as described (43).

Immunoblot and immunoprecipitation analyses. Following irradiation or
treatment with VP16, 2 � 105 cells/ml were lysed at 4°C for 30 min in buffer A
(25 mM HEPES [pH 7.5], 100 mM NaCl, 50 mM KCl, 1 mM EDTA, 1 mM
dithiothreitol [DTT], 1% NP-40, aprotinin and leupeptin [each at 2 �g/ml], and
1 mM phenylmethylsulfonyl fluoride). Protein (20 �g/lane) was resolved by
sodium dodecyl sulfate–11% polyacrylamide gel electrophoresis (SDS–12%
PAGE), followed by transfer to nitrocellulose membrane and blocking in 5%
nonfat dry milk for 1 h at room temperature. The blots were then incubated with
the appropriate primary antibody in phosphate-buffered saline with 0.05%
Tween 20 (PBST) containing 5% nonfat dry milk for 16 h at 4°C followed by
horseradish peroxidase (HRP)-conjugated secondary antibodies (Kirkegaard &
Perry Laboratories). The following primary antibodies were used: rabbit anti-
cyclin E (C-19; Santa Cruz), mouse anti-cyclin E (HE-12; Santa Cruz), cyclin A
(Santa Cruz), Cdk2 (M2; Santa Cruz), and actin (Sigma Chemical Co.).

Immunoprecipitation analyses were carried out with 150 �g of protein from
cell lysates using the same buffer as above except 0.1% NP-40 was used instead
of 1% NP-40. Immunoblot analyses were then carried out with mouse antihem-
agglutinin (anti-HA; HA.11, BAbCo), Cdk2, cyclin E, and cyclin A monoclonal
antibodies, followed by incubation with the appropriate secondary antibody
conjugated to HRP, after which the blots were developed using enhanced chemi-
luminescence (ECL kit; Amersham) and exposed to X-ray film.

Site-directed mutagenesis and generation of recombinant proteins and ex-
pression vectors. Based on the potential caspase cleavage sites in the C terminus
of the cyclin E, Asp residues were changed to Ala at the following positions:
243YLND246 to YLNA, 265ELLD268 to ELLA, and 272LDVD275 to LAVA. The
primers 5�-AGC TGT TGG TTC TCT GTG TCC TGG-3�, 5�-GTT GCA TAT
CTA AAT GAG TTA CAT GAA G-3�, 5�-CTC TGT GTC CTG GAA GTT
GAA TGC CTT GAA TTT-3�, and 5�-TTC TCG CGC AAC TAG TCA GTG
G-3� were used as selection primers with the Clontech site-directed mutagenesis
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method. Glutathione S-transferase (GST)-tagged recombinant proteins were
grown in Escherichia coli and then purified and further used for in vitro cleavage
assay. The cyclin E cleavage-resistant mutant (cyclin E Clr; LD273VD275 to
LA273VA275), C-terminal fragment (cyclin E276–395), and N-terminal fragment
(cyclin E1–275) were cloned into the BamHI-XhoI sites of the pCDNA1.1 vector
containing an HA tag at the C terminus. The primer pairs used for the PCRs
were 5�-GCG GAT CCA TGA AGG AGG ACG GCG GC-3� and 5�-CTT GCC
TCG AGC GCC ATT TCC GGC CCG CT-3� (using as a template GST-cyclin
E Clr), 5�-GCG GAT CCA TGG ACT GCC TTG AAT TTC CT-3� and 5�-CTT
GCC TCG AGC GCC ATT TCC GGC CCG CT-3� (using as a template
GST-cyclin E), 5�-GCG GAT CCA TGA AGG AGG ACG GCG GC-3� and
5�-CTT GCC TCG AGA ACA TCC AGG ACA CAG AG-3� (using as a
template GST-cyclin E) to synthesize the cyclin E Clr, cyclin E276–395, and cyclin
E1–275 expression vectors, respectively. All primers were synthesized by Inte-
grated DNA Technologies, and the final constructs were verified by DNA se-
quencing.

Transfections and flow cytometry studies. Cells were transiently transfected
with wild-type cyclin E and various derivative mutant constructs containing an
HA tag at the C terminus (2 �g of DNA), cloned into the mammalian expression
vector pCDNA1.1 under the control of the cytomegalovirus promoter. Trans-
fections were performed with IM-9 cells using DMRIE-C (Gibco-BRL) or
FuGENE 6 (Roche Molecular Biochemicals) and with 293 T cells using Lipo-
fectamine (Gibco-BRL) as described (7, 43) and according to the manufacturer’s
specifications.

To allow sorting of the transfected cells, IM-9 cells were cotransfected with the
pEGFP vector (Clontech) and the cyclin E expression constructs, at a 1:1 ratio.
Out of 107 cells, about 105 cells were collected at 16 h posttransfection with a
FACS Vantage cell sorter based on their green fluorescent protein (GFP) ex-
pression. The GFP-expressing cells were then either subjected to annexin V-
fluorescein isothiocyanate (annexin V-FITC) staining, using a FACScan device
followed by analysis with the CellQuest software (Becton Dickinson), or to a
caspase activity assay, as described (43). Alternatively, sorted cells were main-
tained in culture for further analysis following radiation treatment. IM-9 cells
were also cotransfected with cyclin E Clr and pCDNA3, as described (43),
followed by selection in the presence of G418 (0.8 to 1 mg/ml) to generate stable
transfectants. Transfection of Bcl-2 and characterization of the Bcl-2-overex-
pressing IM-9/Bcl-2 stable clone have been previously described (7).

Histone H1 kinase assay. For immunocomplex kinase assays, the lysis buffer
was buffer A, except the concentration of NP-40 was 0.1% instead of 1% and it
was supplemented with 1 mM Na3VO4 and 50 mM NaF as phosphatase inhib-
itors. Cell lysates (250 �g) were incubated with 0.5 �g of antibody for 16 h at 4°C,
followed by incubation with protein A-Sepharose beads for 2 h at 4°C. Beads
were washed three times with lysis buffer (1 ml each time) and one time with
kinase buffer (50 mM HEPES [pH 7.5], 10 mM MgCl2, 1 mM DTT). Beads were
suspended in 30 �l of kinase buffer containing 1 �g of histone H1 as the substrate
(Calbiochem), 2.5 mM EGTA, 10 mM �-glycerophosphate, 0.1 mM Na3VO4, 1
mM NaF, 20 �M ATP, and 10 �Ci of [�-32P]ATP. After incubation for 30 min
at 30°C with occasional mixing, the reactions were stopped with 10 �l of 4�
Laemmli buffer, boiled for 10 min, and resolved by SDS-PAGE. Phosphorylated
proteins were visualized by autoradiography.

In vitro cleavage assay. The GST-cyclin E fusion proteins were expressed in
the E. coli BL21 cells grown in Luria-Bertani medium to exponential phase and
induced with 0.4 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 h. Cells
were pelleted and resuspended in lysis buffer (0.5% NP-40, 20 mM Tris HCl [pH
8.0], 100 mM NaCl, 1 mM EDTA, and protease inhibitor cocktails) and soni-
cated. Following centrifugation, the supernatants were incubated with glutathi-
one-Sepharose beads (Sigma Chemical Co.) for 1 h at 4°C. The beads were
washed four times with the same lysis buffer containing protease inhibitors.
Proteins were eluted with a solution containing 100 mM Tris HCl [pH 8.0], 120
mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and 20 mM glutathione. Protein
concentrations were determined by the Bio-Rad assay. The recombinant acti-
vated caspase 3 was expressed in E. coli and prepared as described (19, 41).
GST-cyclin E (100 ng) was incubated with recombinant caspase 3 in reaction
buffer (100 mM HEPES [pH 7.5], 20% glycerol, 5 mM DTT, 0.5 mM EDTA) for
16 h at 30°C and subjected to immunoblot analyses using the anti-cyclin E (C-19;
Santa Cruz) antibody.

RESULTS

Expression of cyclin E during genotoxic stress-induced ap-
optosis. Genotoxic stress agents, such as ionizing radiation or
etoposide, kill multiple-myeloma as well as T-cell-lymphoma

cells (7, 19, 20). However, the possible involvement of cell cycle
regulatory proteins in apoptosis triggered by genotoxic stress
agents is unclear. To determine the possible role of cell cycle
regulators in apoptosis, we examined the possible role played
by cyclin E in the apoptotic process of multiple-myeloma IM-9
cells. Cells were collected and extracted at various times be-
tween 0 and 48 h following treatment with ionizing radiation,
and cellular lysates were then subjected to Western blot anal-
ysis with antibodies to several cell cycle proteins, including
cyclin E. This analysis revealed that cyclin E was upregulated
early in a time- and dose-dependent manner, with its levels
reaching a threefold increase 4 to 8 h following �-irradiation
(Fig. 1) (43). Interestingly, a novel p18-cyclin E protein species
was induced at 4 h following irradiation of IM-9 cells (Fig. 1A).

FIG. 1. Expression of p50- and p18-cyclin E following radiation.
Multiple-myeloma IM-9 (A), U-266 (B), and lymphoma Molt-4
(C) cells were irradiated (20, 20, and 4 Gy, respectively) and lysed at
the indicated times, and 20 �g of protein was subjected to SDS–12%
PAGE as described in Materials and Methods. Western blot analyses
were performed using rabbit anti-cyclin E (C-19) and mouse anti-�-
actin primary antibodies, the corresponding HRP-conjugated second-
ary antibodies, and ECL reagent used as a chemiluminescent agent.
The full-length cyclin E, which is 50 kDa and is found predominantly
in both normal and tumor cells, is the EL form (i.e., the 15-amino-acid
elongated variant of cyclin E [46, 49]). Abbreviations: Cyc E, cyclin E;
p18, novel cyclin E-derivative.
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The levels of this cyclin E species increased in a time-depen-
dent manner, becoming more abundant at 8 to 16 h following
irradiation. p18-cyclin E became the major form of cellular
cyclin E starting at 16 h postirradiation and remained such
afterwards. This p18 species could be detected with an anti-
body specific to the C terminus of the protein (C-19) but not
with antibodies specific to the N terminus (data not shown). In
contrast, the levels of the full-length p50-cyclin E declined
from 8 to 48 h following irradiation. This pattern of cyclin E
expression was not limited to IM-9 cells, since similar obser-
vations were made for U-266 multiple myeloma and Molt-4
lymphoma (Fig. 1B and C), as well as Jurkat and RPMI 8226
cells (data not shown). All irradiated tumor hematopoietic cell
lines generated a similar p18-cyclin E, which became the most
abundant cyclin E species during apoptosis. These data indi-
cate that p18-cyclin E was produced during radiation-induced
apoptosis in all human hematopoietic tumor cell lines
examined.

Dose-dependent expression of p18-cyclin E is prevented by
Bcl-2. To further examine the expression of p18-cyclin E, IM-9
cells were subjected to different doses of ionizing radiation.
The abundance of the p18-cyclin E was increased in a dose-
dependent manner, with radiation doses as low as 2 to 4 Gy
inducing expression of the p18-cyclin E (Fig. 2A). Induction of
the p18-cyclin E was less efficient and appeared at later times
at the lower doses (data not shown). For further experiments
we have used the 10-Gy dose of radiation, in which case the
p18-cyclin E species appeared at 6 h.

To further determine whether the induction of p18-cyclin E
was associated with apoptosis, the levels of the p50- and p18-
cyclin E were examined in cells stably overexpressing the an-
tiapoptotic protein Bcl-2. Ectopic expression of Bcl-2 in IM-9
cells prevents radiation-induced apoptosis, as measured by an-
nexin V-FITC staining and caspase activation (7). In irradiated
IM-9/Bcl-2 cells, the p18-cyclin E was undetectable during the
72-h postirradiation period examined. Moreover, there was no
decrease in the levels of full-length p50-cyclin E (Fig. 2B).
Instead, there was a continuous accumulation of cyclin E dur-
ing the 72-h postirradiation period examined. Taking together
all of the above findings, it can be concluded that the time- and
dose-dependent induction of p18-cyclin E is associated with
radiation-induced apoptosis.

Induction of the p18- but not the p50-cyclin E is caspase
dependent. The p18-cyclin E species could be the result of
alternative splicing or posttranscriptional modification. Al-
though alternative splicing, as well as generation of smaller
truncated fragments of cyclin E, has been described (29, 30, 46,
55), none of these cyclin E-derived products are as small as
p18. The appearance of a smaller C-terminal cyclin E species
is reminiscent of similar truncations of many cellular proteins
during apoptosis as a result of the proteolytic cleavage by
caspases (25). To address whether the p18-cyclin E derivative
fragment was caspase mediated, we examined the effect of
various pharmacologic caspase inhibitors in vivo. IM-9 cells
were irradiated following preincubation with multiple caspase
inhibitors (50 �M) for 30 min, and Western blot analyses were
used to examine the expression of cyclin E in cells isolated 16 h
postirradiation. The p18-cyclin E species was generated fol-
lowing irradiation, as well as treatment with 10 �M etoposide
(VP16; an inhibitor of topoisomerase I), indicating that its

presence was not restricted to irradiation but was rather a
more general phenomenon associated with genotoxic stress-
induced apoptosis of hematopoietic cells. Importantly, the gen-
eral pancaspase inhibitor zVAD-fmk and the caspase 3 inhib-
itor DEVD-CHO efficiently prevented the appearance of the
cyclin E-derived fragment. In contrast, YVAD, IETD, and
VEID, inhibitors of caspases 1, 6, and 8, did not prevent the
appearance of the p18 fragment. These results indicate that
cleavage of cyclin E is mediated by caspase 3 or a caspase 3-like
activity (Fig. 3A).

We next wanted to determine whether the regulation of the

FIG. 2. Dose-dependent expression of p18-cyclin E is prevented by
Bcl-2. (A) IM-9 cells were irradiated at the indicated radiation doses
and lysed 16 h later. Western analyses were performed, as described in
the legend to Fig. 1, using rabbit anti-cyclin E (C-19) and mouse
antiactin antibodies. (B) To determine the effect of Bcl-2 overexpres-
sion on cyclin E cleavage, parental as well as Bcl-2-overexpressing
IM-9 cells were irradiated (10 Gy) and lysed at the indicated times (T).
Western blot analyses were performed using anti-cyclin E (C-19) and
�-actin antibodies as described for Fig. 1. Cyc E, cyclin E.
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expression levels of the p50- and p18-cyclin E species could be
dissociated. For this purpose, we examined their expression
levels following treatment with caspase inhibitors at different
time points following irradiation. IM-9 cells were irradiated
following their preincubation with the pancaspase inhibitor
zVAD-fmk. While zVAD-fmk blocked the genesis of p18-cy-
clin E, it had no effect on the radiation-dependent induction of
p50-cyclin E. These findings indicate that increased expression
of p50-cyclin E is an event upstream of caspase activation,
while induction of p18-cyclin E is a later event (Fig. 3B).

Decreased levels of p50- and induction of p18-cyclin E cor-

relate with loss of cyclin E-associated kinase activity. Next we
sought to examine the functional significance of cyclin E cleav-
age by determining the cyclin E/Cdk2-associated kinase activ-
ity, the best-characterized cellular function of cyclin E. Cyclin
E-associated kinase activity was measured by the phosphory-
lation of histone H1 in immunoprecipitates prepared from
control and irradiated IM-9 and Molt-4 cells. We have previ-
ously shown that cyclin E/Cdk2 kinase activity was increased in
IM-9 cells, with a kinetics reflecting the changes in the levels of
cyclin E (43). Similarly, we found that there was an initial
increase, at 4 to 8 h following irradiation, in phosphorylation of
the histone H1 substrate (Fig. 4A). H1 phosphorylation
reached a more-than-twofold increase during this time, thus
reflecting the increased levels of the p50-cyclin E (Fig. 1A).
However, the cyclin E/Cdk2 kinase activity started to decrease
at 16 h postirradiation, becoming almost completely absent
within 24 h. In contrast, there was no change in the levels of
Cdk2 as determined by immunoblotting. This indicates that
cyclin E/Cdk2 kinase activity reflects the expression levels of
p50-cyclin E, and its decrease parallels the timing of p50-cyclin
E proteolytic cleavage in IM-9, as well as in Molt-4 cells (Fig.
4B and C).

Mapping the caspase-dependent proteolytic cleavage site in
cyclin E. If induction of p18-cyclin E was the result of caspase-
mediated cleavage of p50-cyclin E, then caspase recognition
sequences must exist in cyclin E. Examining the sequence of
cyclin E for putative caspase recognition and cleavage se-
quences, we identified three such sites at positions 243 to 246,
265 to 268, and 272 to 275, representing the amino acid se-
quences Tyr-Leu-Asn-Asp (YLND), Glu-Leu-Leu-Asp
(ELLD), and Leu-Asp-Val-Asp (LDVD), respectively. The
Asp residues at positions 246, 268, 273, and 275 were mutated
to Ala by site-directed mutagenesis. The GST fusion proteins
generated from these different mutants of cyclin E were then
used to examine whether they served as substrates for caspase
3-dependent cleavage. Recombinant caspase 3 was incubated
with these fusion proteins in an in vitro cleavage assay, with
proteins being subsequently separated by SDS-PAGE and an-
alyzed by immunoblotting with an anti-cyclin E (C-19) anti-
body. The full-length p50-cyclin E, as well as the cyclin E
mutants at positions 243 to 246 and 265 to 268 (YLND to
YLNA and ELLD to ELLA, respectively), were efficiently
cleaved by caspase 3 in vitro, generating a p18-cyclin E. In
contrast, the cyclin E mutant at positions 272 to 275 (LDVD to
LAVA) was resistant to caspase 3-mediated cleavage (Fig.
5A). These results indicate that the caspase 3 recognition and
cleavage sequence of cyclin E is at position 272 to 275. This
cleavage site is located at the C terminus of cyclin E in the
Cdk2-binding domain (Fig. 5B). The appearance of the p18-
cyclin E fragment could be effectively prevented by preincu-
bating GST-cyclin E with 100 nM zVAD-fmk prior to perform-
ing the in vitro cleavage assay with recombinant caspase 3
(data not shown), further confirming the caspase dependence
for the genesis of p18-cyclin E.

Interaction of Cdk2 is eliminated following cyclin E cleavage
during apoptosis. The proteolytic cleavage of cyclin E could have
an impact on its associated kinase activity. To examine this
possibility, we constructed expression vectors containing the
cyclin E cleavage-resistant mutant (cyclin E Clr; LD273VD275 to
LA273VA275), the C-terminal cyclin E fragment (cyclin E276–395),

FIG. 3. The expression of p18, but not of p50 cyclin E, is caspase 3
dependent. (A) IM-9 cells were irradiated (10 Gy) or treated with
VP-16 (10 �M) for 16 h. To examine the effect of caspase inhibitors on
cyclin E (Cyc E) cleavage, cells were preincubated for 0.5 h prior to
irradiation with the general pancaspase inhibitor zVAD-fmk and the
inhibitors of caspases 3, 1, 6, and 8 (50 �M), DEVD-CHO, YVAD,
IETD, and VEID, respectively. Cells were collected at 16 h following
radiation, lysed, and subjected to Western blot analyses using anti-
cyclin E (C-19) and actin antibodies. (B) To examine the levels of p18-
and p50-cyclin E in the presence of caspase inhibitors, IM-9 cells were
pretreated with zVAD-fmk (50 �M) and irradiated (10 Gy). Cells were
collected at 6, 8, and 10 h following radiation and lysed, and Western
blot analyses were performed as described in the legend to Fig. 1.
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and the N-terminal fragment (cyclin E1–275),containing an HA tag
at the C terminus (Fig. 5C). To overcome the relatively low
transfection efficiency of IM-9 cells, cyclin E, cyclin E Clr, cyclin
E276–395, and cyclin E1–275 were expressed in 293 T cells (Fig. 6A).
Biochemical assays were then performed to investigate the inter-
action of cyclin E and its derivative fragments with the conven-
tional catalytic partner Cdk2. As expected, immunoprecipitation
analyses with anti-Cdk2 antibodies, followed by immunoblotting

with anti-HA antibodies to detect cyclin E-HA in these transiently
transfected cells, indicated that cyclin E Clr efficiently interacts
with Cdk2 (Fig. 6B). In contrast, similar analyses have shown that
neither cyclin E1–275 nor cyclin E276–395 interacted with Cdk2.
Since binding is essential for cyclin E/Cdk2 kinase activity, these
data indicate that cleavage of cyclin E eliminates the interaction
of Cdk2 with cyclin E and inactivates its associated kinase activity.
To determine whether such interactions were also observed in
vivo, immunoprecipitation analyses were performed in control
and irradiated IM-9 cells using an anti-cyclin E antibody. Immu-
noblot analyses of these immunoprecipitates revealed that the
interaction of Cdk2 with cyclin E was eliminated in a time-depen-
dent manner following irradiation (Fig. 6C). In contrast, the in-
teraction of Cdk2 with cyclin A, another catalytic partner of Cdk2,
was not affected. Similarly, the expression of Cdk2 also remained
unchanged during the entire period following irradiation.

Cyclin E276–395 expression triggers cell death. To address
whether the p18-cyclin E, generated following proteolytic
cleavage of p50-cyclin E during apoptosis, had any role in the
cell death process in individual cells, IM-9 cells were tran-
siently transfected with the expression plasmids for cyclin E,
cyclin E Clr, cyclin E1–275, and cyclin E276–395, all containing an
HA epitope at the C terminus. At 16 h posttransfection, these
cells were collected to determine phosphatidylserine exposure
by annexin V-FITC staining, an early marker of apoptosis.
Expression of cyclin E1–275, cyclin E Clr, or cyclin E had no
significant effect on viability of IM-9 cells. In contrast, expres-
sion of cyclin E276–395 induced annexin V-FITC staining in
about 40% of these cells (Fig. 7A). Expression levels of all
transfected cyclin E constructs, as determined by immunoblot-
ting with antibodies to HA and �-actin as a control, were quite
comparable (Fig. 7B). Most importantly, the expression levels
of HA-cyclin E276–395 were comparable to the levels of p18-
cyclin E generated at 16 h following irradiation of IM-9 cells,
as determined by their relative expression and that of �-actin,
used as a protein loading control (Fig. 7C).

To further examine the potential apoptotic role of cyclin
E276–395 expression, control and transfected cells were incu-
bated in the presence of zVAD-fmk, a broad-spectrum caspase
inhibitor. A similar experiment was done in cells stably over-
expressing Bcl-2 (IM-9/Bcl-2). Phosphatidylserine exposure
and caspase activation, two key steps in the commitment and
execution phases of apoptosis, were then examined. Expres-
sion of cyclin E276–395-induced annexin V-FITC staining, as a
measure of phosphatidylserine exposure, was detected in about
40% of these cyclin E276–395-transfected cells, compared to
only 5% in IM-9 cells (Fig. 7D). Following 16 h after radiation
treatment, there was increased annexin V-FITC staining, with
about 75% of the transfected cells staining positively, com-
pared to only 40% in parental IM-9 cells. Moreover, about
threefold more caspase activity was observed in cells express-
ing cyclin E276–395 compared to IM-9 cells, as measured by the
DEVD-pNA cleavage assay (Fig. 7E). A radiation dose-re-
sponse curve clearly indicates that cells expressing cyclin
E276–395 were more susceptible to radiation-induced apoptosis
compared to parental IM-9 cells (Fig. 7F). Both annexin V-
FITC staining and caspase activation were prevented by
zVAD-fmk treatment or stable expression of Bcl-2. These data

FIG. 4. Cyclin E cleavage correlates with loss of associated kinase
activity. IM-9 (A) and Molt-4 (B) cells were irradiated (10 and 4 Gy,
respectively) and lysed at the indicated times. Cellular lysates contain-
ing 250 �g of protein were subjected to immunoprecipitation (IP) with
0.5 �g of anti-cyclin E antibody (C-19). Immunocomplex kinases were
assayed using histone H1 (H1) as a substrate. From the same cell
lysates, 10 �g of protein was subjected to SDS–10% PAGE and im-
munoblotting with anti-Cdk2 antibody (M2). (C) Phosphorimager val-
ues for the kinase activity, as determined above, were plotted with
respect to time after irradiation.
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demonstrate that cyclin E276–395 expression induces apoptosis
in a caspase-dependent and Bcl-2-inhibitable manner.

If cyclin E cleavage plays a direct role in apoptosis, then
preventing this cleavage should affect the apoptotic process. To
examine this possibility, we stably expressed cyclin E Clr in
IM-9 cells. As predicted, apoptosis following irradiation was
eliminated in the presence of cyclin E Clr, under conditions in
which only about 40% of IM-9 cells remained annexin V neg-

ative (Fig. 8A), thus indicating the physiological role of cyclin
E cleavage in apoptosis. The levels of expression of cyclin E Clr
were comparable to that of cyclin E276–395, which caused apo-
ptosis (Fig. 7B). Using anti-HA antibodies, it was determined
that there was no proteolytic cleavage of cyclin E Clr following
irradiation up to 48 h following irradiation (Fig. 8B). Interest-
ingly, the appearance of the endogenous p18-cyclin E, detected
following irradiation of IM-9 cells (Fig. 7B), was prevented in

FIG. 5. Caspase-dependent cleavage of cyclin E. (A) To map the cleavage site in cyclin E, GST-tagged wild-type and GST-tagged mutant cyclin
E (lanes YLNA, LAVA, and ELLA) proteins were isolated from E. coli, examined for in vitro cleavage using recombinant caspase 3 (16 h at 30°C),
and subjected to immunoblot analyses using anti-cyclin E (C-19) antibody. (B) A model for cyclin E interacting domains is shown, with the domains
of cyclin E interaction with p21, p27, and Cdk2 depicted as previously suggested (5). Cdk2 interacts with most of the cyclin box and the C terminus
of cyclin E (amino acid residues 131 to 395); the entire N terminus and partial cyclin box of cyclin E (amino acid residues 1 to 127) are responsible
for p21 and p27 binding (5). The putative caspase recognition and cleavage sequences in cyclin E are also shown, with the replacement of the
aspartate with alanine residues depicted in boldface type and outlined letters, respectively. (C) Expression vectors of cleavage-resistant cyclin E,
cyclin E Clr (D273, 275A), cyclin E1–275, and cyclin E276–395 were constructed by subcloning the respective fragments generated by PCR into the
pcDNA1.1 vector. The resulting expression constructs are driven by a cytomegalovirus (CMV) promoter and contain an HA tag fusion at the C
terminus.
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cyclin E Clr-expressing cells, as determined by immunoblotting
with the C-terminal anti-cyclin E antibodies (Fig. 8C).

DISCUSSION

In this study we have identified and characterized a novel
p18 cyclin E-derived fragment. Its time- and dose-dependent
expression during apoptosis was inversely correlated with that
of p50-cyclin E, the predominant cyclin E in most human cells
(49). The conversion of cyclin E from a p50 to a p18 fragment
may be a general process, as it is produced in all hematopoietic

tumor cell lines we have examined, and following treatment
with multiple genotoxic stress agents which trigger apoptosis.
A similar cyclin E derivative has not been previously reported,
even though both splice variants and cyclin E truncations have
been found in some tumors (49). In addition, some low-mo-
lecular-weight forms of cyclin E have been previously reported
in solid tumors and shown not to be the result of genomic
rearrangements of the cyclin E gene (29, 30). Both normal and
tumor cells contain these variants (24, 29). The truncated cy-
clin E fragments and splicing variants previously described are
all considerably larger than p18-cyclin E276–395 and efficiently
bind to Cdk2, and the bound Cdk2 complexes have active
kinase activity. In fact there was an increased level of kinase
activity in those cells, which led to faster cell cycle progression
and proliferation (24, 49). In contrast to all previous reports,
the p18-cyclin E generated during apoptosis through a more
severe truncation of cyclin E can no longer bind Cdk2 and thus
is lacking any associated active kinase activity.

The degradation of cyclin E in late S phase is thought to take
place largely through a ubiquitin- and proteasome-dependent
pathway. The SCF pathway, which targets cyclins for ubiquiti-
nation on the basis of site-specific auto-phosphorylation of Thr
380 of cyclin E (8, 57, 64), and a pathway involving Cul-3, an
E3-type ubiquitin-protein ligase which selects cyclin E for
ubiquitination on the basis of its assembly into Cdk complexes,
may be complementary ways to control cyclin abundance. Here
we show that caspase-dependent proteolytic cleavage is an
additional mechanism used by hematopoietic tumor cells to
regulate the cellular functions of cyclin E during apoptosis.
The apoptosis dependence, sensitivity to caspase inhibitors,
and in vitro cleavage of cyclin E indicate that cyclin E276–395 is
generated during apoptosis following proteolytic attack by a
caspase. p18-cyclin E genesis is prevented by Bcl-2 under con-
ditions in which Bcl-2 blocks apoptosis up to at least 96 h
following irradiation. In addition, Bcl-2 expression maintains
the induced level of full-length p50-cyclin E and is most likely
to do so by preventing its cleavage. Our data clearly indicate
that caspase 3, or a caspase 3-like enzyme, directly cleaves
cyclin E, since (i) generation of p18-cyclin E during apoptosis
is prevented when cells are treated with general (zVAD) and
specific caspase 3 (DEVD) pharmacologic inhibitors, but not
when inhibitors of caspase 1, 6, or 8 are used; (ii) p18-cyclin E
can be reconstituted in vitro in a reaction containing p50-cyclin
E and purified caspase 3; and (iii) cyclin E cleavage is pre-
vented when the aspartates 273 and 275 are mutated. In con-
trast to our findings in hematopoietic cells, it was reported
previously that Cdk2 is activated during apoptosis of endothe-
lial cells through cleavage of p21 and p27 (34). However, we
found that not to be the case in the hematopoietic cells we have
examined, with p21 being slightly upregulated but not cleaved
(data not shown).

Interestingly, even though the cyclin E cleavage site has an
aspartate residue in the P4 position, the cleavage site of cyclin
E does not represent a prototypical DEVD caspase 3 consen-
sus sequence. It is likely that during apoptosis the caspase
tetrapeptide recognition sequence LDVD is exposed on the
surface of cyclin E and perhaps facilitated by a favorable pro-
tein conformation, it becomes accessible to caspase 3. Its cleav-
age results in inactivation of the associated kinase and shut-
down of the cell cycle machinery associated with the execution

FIG. 6. Cyclin E cleavage eliminates cyclin E’s interaction with
Cdk2. (A) 293 T cells were transiently transfected with the HA
epitope-tagged cyclin E276–395, cyclin E1–274, and cyclin E Clr using
Lipofectamine. At 13 h posttransfection, cells were lysed in 0.1%
NP-40 lysis buffer and analyzed by Western blotting (20 �g of protein)
with anti-HA antibody. (B) The interactions of Cdk2 with cyclin
E276–395, cyclin E1–275, and cyclin E Clr were examined using the above
lysates (150 �g of protein) immunoprecipitated with 1 �g of polyclonal
anti-Cdk2 antibody. Western blot analyses were then performed with
the monoclonal anti-HA antibody, as described above. Control lanes
contain anti-rabbit antiserum. (C) IM-9 cells were irradiated (10 Gy)
and lysed at the indicated time points, which was followed by immu-
noprecipitation with anti-Cdk2 and immunoblotting with anti-Cdk2,
anti-cyclin E, and anti-cyclin A monoclonal antibodies. “Clr” repre-
sents cyclin E Clr. “x” and “�” designate a nonspecific band and the
immunoglobulin G band, respectively, which provide suitable controls.

VOL. 22, 2002 CASPASE-MEDIATED CYCLIN E CLEAVAGE 2405



FIG. 7. Expression of cyclin E276–395 induces apoptosis. IM-9 cells were transiently transfected with the HA epitope-tagged cyclin E276–395, cyclin
E1–275, cyclin E Clr, and cyclin E mutants. In addition, cells were cotransfected (1:1 ratio) with enhanced GFP and sorted 16 h later for enhanced
GFP expression by fluorescence-activated cell sorting. (A) Cells were analyzed for annexin V-FITC staining as a marker of early apoptosis. (B) To
determine expression of cyclin E and derivative mutants in transfected cells, Western blot analyses were performed in these cells with anti-HA
monoclonal antibody. (C) In addition, irradiated IM-9 cells (10 Gy) were collected at the indicated times and subjected to immunoblotting with
anti-cyclin E. �-Actin levels were also determined as a positive loading control. Immunoblotting, antibody incubation, and further blot processing
in these two experiments were performed at the same time. In addition, cyclin E276–395 was expressed in IM-9 or IM-9/Bcl2 cells, which was followed
by irradiation in the absence or presence of zVAD-fmk. The total number of apoptotic cells was determined by annexin V-FITC staining and flow
cytometry (D) or caspase activation, as measured by DEVD-pNA cleavage activity (E). IM-9 and IM-9/Bcl-2 cells are represented by empty and
gray bars, respectively. Caspase activity is shown in arbitrary units (AU). (F) The radiation dose response was determined at 8 h in cells transfected
with cyclin E276–395 compared to parental IM-9 cells. Empty and black bars represent IM-9 cells and those transiently expressing cyclin E276–395,
respectively; gray and striped bars represent cells treated with zVAD or those stably expressing Bcl-2. Data shown in panels A, D, and E are the
mean values of two independent duplicate experiments.
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phase of apoptosis. In addition, even though cyclin E1–275 still
retains the full cyclin box and part of the C terminus of cyclin
E (Fig. 5B and 6B), it no longer interacts with Cdk2, as deter-
mined in cells transfected with various cyclin E mutants or by
examining these interactions in IM-9 cells where p18-cyclin E
is generated during radiation-induced apoptosis. In contrast,
the binding of Cdk2 to cyclin A remained unaffected (Fig. 6C).
These data reinforce the notion that the precise structural
conformation of cyclin E is likely to be critical for retention of
its ability to bind Cdk2 and thus sustain a functional kinase
activity.

What is the consequence of cyclin E proteolytic cleavage,
and how is cyclin E276–395 mechanistically linked to the apo-
ptotic events? Clearly, the cleavage of cyclin E inactivates the
associated kinase activity since its proteolytic products, cyclin
E276–395 and cyclin E1–275, can no longer interact with Cdk2,
thus abolishing cyclin E/Cdk2-associated kinase activity.
Therefore, caspase 3-mediated cleavage of cyclin E might be a
mechanism to modulate its apoptotic function. One possible
consequence of cyclin E cleavage is that it represents a mech-
anism to inactivate cyclin E function and shut down cell pro-
liferation during the execution phase of apoptosis. A second
possibility is that the p18-cyclin E may acquire a new function
which contributes to apoptosis. A third possibility could be a
combination of the previous two. In support of the second
interpretation, expression of cyclin E276–395 but not cyclin E,
cyclin E Clr, or cyclin E1–275 triggers apoptosis. In addition,
exposure of IM-9 cells expressing cyclin E276–395 to genotoxic
agents, such as ionizing radiation, makes them much more
susceptible to apoptosis compared to parental cells. However,
this is strikingly inhibited when cyclin E276–395 is expressed in
IM-9 cells stably expressing Bcl-2 or treated with zVAD-fmk.
This indicates that cyclin E276–395 induces apoptosis in a
caspase-dependent manner which could be prevented by Bcl-2
expression. In addition, overexpression of cyclin E Clr prevents
apoptosis as well as the generation of the endogenous p18
fragment of cyclin E following irradiation. This indicates a
dominant effect of this cleavage-resistant mutant which abol-
ishes the proteolytic cleavage of cyclin E, further indicating
that cleavage of cyclin E has a significant contribution to ap-
optosis of these hematopoietic cells.

Mitochondria play an essential role in apoptosis through
redistribution of intermembrane mitochondrial proteins, such
as cytochrome c (9). We have recently shown distinct initial
and amplification stages of cytochrome c release following
irradiation of IM-9 cells (7). The early phase consisted in the
release of low levels of cytochrome c into the cytosol preceding
caspase activation with no effects on mitochondrial function.
The second phase was dependent on a feedback amplification
loop linking caspase 3 activation to mitochondrial dysfunction,
consisting in a late-stage massive cytochrome c release (7).
Based on our present and previous studies (43), we propose a
dual role for cyclin E in apoptosis of hematopoietic cells. We
suggest that the increased cyclin E levels might be implicated
in the initiation phase, while p18-cyclin E might participate,
directly or indirectly, in the amplification of the mitochondrial
phase of the apoptotic response initiated by cytochrome c
release and caspase activation. Similar functions have been
attributed to Bcl-2 and Bad (7). The two distinct functions
exhibited by cyclin E during apoptosis are supported by the fact

FIG. 8. Expression of cyclin E Clr prevents apoptosis. (A) IM-9
parental cells and those stably expressing cyclin E Clr were subjected
to annexin V-FITC staining and flow cytometry at the indicated times
following irradiation. Western blot analysis of cyclin E Clr-expressing
cells following irradiation was performed to examine the cleavage of
ectopic cyclin E, using anti-HA antibodies (B), and endogenous cleav-
age of cyclin E, using anti-cyclin E (C-19) antibodies (C). Empty and
striped bars represent parental IM-9 cells and those stably expressing
cyclin E Clr, respectively.
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that, while caspase 3 inhibitors could block cyclin E cleavage,
they are unable to prevent the induction of cyclin E, indicating
that cleavage does not affect the early upregulation of p50-
cyclin E which we have previously reported (43). Therefore,
the increased expression of cyclin E is an event upstream of
caspase activation, while its cleavage is the result of the acti-
vated caspase(s). When cells receive a death stimulus, during
the commitment phase, cyclin E is induced and caspases are
activated. The activation of caspases may be mediated, directly
or indirectly, by the induction of cyclin E, most likely through
the phosphorylation of a cellular substrate(s) by cyclin E/Cdk2.
Moreover, during the execution phase of apoptosis, cleavage of
cyclin E by caspase(s) converts it to p18-cyclin E. The resulting
p18-cyclin E molecule may contribute to the amplification of
the caspase cascade and eventually accelerate the death pro-
cess and thus directly contribute to the execution phase of
apoptosis. One possible mechanism by which p18-cyclin E
might participate in apoptosis is through a feedback mecha-
nism (7) by which it could interfere with the function of Bax
and/or other proapoptotic proteins or contribute to the release
of proapoptogenic factors from mitochondria. Alternatively, it
might interact with another molecule, possibly affecting a novel
apoptotic pathway.

Among the different substrates cleaved by caspase 3, DFF45,
PAK2, and PKC-� have been shown to be directly related to
different characteristics of apoptosis, such as chromatin con-
densation, DNA fragmentation, membrane blebbing, and mor-
phological changes (25, 39). However, the majority of cellular
caspase substrates, of which at least 100 have been reported
(25), were discovered serendipitously and have not been ex-
amined in terms of their mechanistic link to apoptosis. There-
fore, the exact role of the cleavage products of most caspase
substrates during apoptosis is not clear. Here we suggest that
cyclin E is another caspase 3 substrate, with the resulting p18-
cyclin E acquiring a new role in the amplification of the apo-
ptotic process. The substrates for p18-cyclin E276–395 may in-
clude caspases, proteins that will induce such types of
proteases, or even proapoptotic Bcl-2 family members. Per-
haps p18-cyclin E interacts with a proapoptotic molecule or
participates in a protein complex containing a number of
death-inducing molecules and thus modulates their function.
For example, it has been reported that Bax transactivation may
be dependent on Cdk2 (21). Additional studies will be required
to clarify the precise role of cyclin E cleavage in apoptosis of
hematopoietic cells.

In summary, our data indicate that cyclin E has a dual role
in apoptosis induced by genotoxic stress. Cyclin E activation as
an early response is likely to play a critical role in the initiation
of cell death, while its proteolytic cleavage is likely to further
contribute to the execution phase of apoptosis. Therefore,
cyclin E plays an important role in apoptosis of hematopoietic
cells, in addition to its reported key regulatory role in the
control of the G1-to-S-phase transition and the initiation of
DNA replication. Cyclin E is therefore unique among most
proteins in its essential role in three fundamental biological
processes. Taken together with the earlier finding of a caspase
3-dependent inactivation of the CKIs p21 and p27 in endothe-
lial cells, these findings suggest that targeting cell cycle regu-
lators is a general event in apoptosis. Further investigations
into the role of cyclin E in cell death are likely to shed new light

on how these events might also be coupled to cell cycle control
and proliferation.
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