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Apoptin, a protein from the chicken anemia virus, has attracted attention because it specifically kills tumor
cells while leaving normal cells unharmed. The reason for this tumor selectivity is unclear and depends on
subcellular localization, as apoptin resides in the cytoplasm of normal cells but in the nuclei of transformed
cells. It was shown that nuclear localization and tumor-specific killing crucially require apoptin’s phosphor-
ylation by an as yet unknown kinase. Here we elucidate the pathway of apoptin-induced apoptosis and show
that it essentially depends on abnormal phosphatidylinositol 3-kinase (PI3-kinase)/Akt activation, resulting in
the activation of the cyclin-dependent kinase CDK2. Inhibitors as well as dominant-negative mutants of
PI3-kinase and Akt not only inhibited CDK2 activation but also protected cells from apoptin-induced cell
death. Akt activated CDK2 by direct phosphorylation as well as by the phosphorylation-induced degradation
of the inhibitor p27Kip1. Importantly, we also identified CDK2 as the principal kinase that phosphorylates
apoptin and is crucially required for apoptin-induced cell death. Immortalized CDK2-deficient fibroblasts
and CDK2 knockdown cells were markedly protected against apoptin. Thus, our results not only decipher
the pathway of apoptin-induced cell death but also provide mechanistic insights for the selective killing
of tumor cells.

Targeted therapies have been the “holy grail” of cancer
research for a long time. Initial successes such as the discovery
of the role of estrogen signaling in the growth of breast cancer
paved the way to the clinical use of antiestrogens. The impor-
tance of Her2/Neu for supporting cell proliferation and resis-
tance to anticancer agents led to the development of herceptin
and related pathway inhibitors (7, 45). In more narrow fields,
retinoids allowed for a marked improvement in the therapy of
acute promyelocytic leukemia (17), while imatinib has shown
remarkable potency against chronic myelogenous leukemia
(50). Despite these examples of new therapies, cancer remains
the second most deadly group of diseases in the industrialized
world, and the development of new targeted anticancer ther-
apies is badly needed.

Apoptin is a small viral protein that was originally identified
in chicken anemia virus and shows remarkable anticancer tox-
icity and selectivity (3, 48, 59). The tumor-selective cell death
induced by apoptin has been demonstrated in a great number
of tumor cells of different origins by the use of several tech-

niques, including overexpression or introduction of cell-perme-
ative apoptin constructs (8, 13, 24, 51). Unlike the case in
tumor cells, apoptin does not induce apoptosis in a variety of
normal cells, including human endothelial cells, hepatocytes,
and hematopoietic stem cells. The mechanism by which apop-
tin is able to distinguish between tumor and normal cells is
unknown but seems to correlate with its cellular localization. In
primary cells, apoptin is retained in the cytoplasm, whereas in
transformed cells it migrates into the nucleus. Recently, it was
shown that apoptin is phosphorylated by an unknown kinase at
Thr-108 specifically in transformed cells, which facilitates its
nuclear localization and tumor-specific activity (55). The re-
sponsible kinase was largely undetectable in lysates of primary
normal cells, whereas tumor cell lysates harbored high intrinsic
levels of this kinase activity. Furthermore, an apoptin T108E
mutant mimicking constitutive phosphorylation readily en-
tered the nucleus and also killed normal cells (55). These
results implied that phosphorylation of apoptin is a key regu-
latory mechanism of the apoptin-mediated cell death pathway.

Many experimental and clinical anticancer drugs interfere
either directly or indirectly with cell cycle progression or sig-
naling pathways that promote cell survival (11, 19). A major
survival mechanism is mediated by the Akt/protein kinase B
(PKB) pathway (12, 43). Akt, a serine/threonine kinase, is
activated at the cell membrane by the 3-phosphoinositide-de-
pendent protein kinase 1 (PDK1) after both enzymes have
been recruited to the lipid messenger phosphatidylinositol
3,4,5-phosphate generated by phosphatidylinositol 3�-kinase
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(PI3-K) (16). An important function of Akt is the maintenance
of cell survival and inhibition of apoptosis. Among other func-
tions, Akt inactivates several proapoptotic molecules, such as
the Bcl-2 protein Bad and the Forkhead transcription factor
FKHRL, and triggers the activation of the antiapoptotic tran-
scription factor NF-�B (15). Akt also modulates the functions
of numerous substrates regulating cell proliferation, such as
glycogen synthase kinase 3, the cyclin-dependent kinase
(CDK) inhibitors p21Cip1/Waf1 and p27Kip1, and mammalian
target of rapamycin (28, 33).

There is increasing evidence that in addition to the cyto-
plasm, all components of the PI3-K/Akt pathway can reside in
the nucleus, where they may still exert largely undefined func-
tions. In this context, Akt has been found to regulate cell cycle
progression at the G1/S and G2/M phases by either directly
or indirectly phosphorylating various substrates, including
p21Waf1, p27Kip1, cyclin D1, and CDK2 (28, 33, 39). Further-
more, while the role of the PI3-K/Akt pathway in cell survival
is well established, there are some exceptions where PI3-K and
Akt are obviously involved in promotion of cell death (2, 37,
47, 57). We recently reported that apoptin’s toxicity depends
on the hyperactivation of the PI3-K/Akt pathway. Thus, we
observed that apoptin’s interaction with PI3-K and a conse-
quent nuclear translocation of Akt are necessary for apoptin’s
toxicity (40, 42). Apparently, therefore, apoptin can hijack the
PI3-K/Akt pathway and direct its action toward the induction
of apoptosis.

While the mechanism of action of apoptin remains largely
unclear, we hypothesized that the nuclear translocation of Akt
might be involved in the tumor-selective subcellular localiza-
tion and proapoptotic activity of apoptin. Here we elucidated
by various means that apoptin triggers the nuclear transloca-
tion and activation of Akt, resulting in the subsequent activa-
tion of CDK2. Akt-mediated activation of CDK2 was caused
by two mechanisms, including the direct phosphorylation of
CDK2 and the phosphorylation-induced degradation of its in-
hibitor p27Kip1. Furthermore, we demonstrate that cyclin A-
but not cyclin E-associated CDK2 is responsible for apoptin
phosphorylation as well as tumor-specific localization and pro-
apoptotic activity.

MATERIALS AND METHODS

Cell culture and reagents. MCF-7 and PC3 cells and CDK2-expressing (wild
type [WT]), CDK2�/�, and Skp2�/� immortalized murine embryonic fibroblasts
(MEFs) were grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum (HyClone, Logan, UT), 100 �g/ml penicillin, and 0.1 �g/ml streptomycin
(Gibco BRL, Grand Island, NY). PC3 cells overexpressing Bcl-2 (25) were kindly
provided by M. B. Cohen (University of Iowa, Iowa City). Primary CDK2�/�

MEFs (6) were obtained from P. Kaldis (National Cancer Institute, Frederick,
MD) and immortalized using a temperature-sensitive adenoviral large T antigen
as described previously (41). Immortalized Skp2�/� fibroblasts were a kind gift
from N. P. Malek (Hannover Medical School, Hannover, Germany). Primary
human mammary epithelial cells (HMECs) were maintained in mammary epi-
thelial basal medium supplemented according to the supplier’s instructions (Clo-
netics, San Diego, CA). The following antibodies were used: rabbit anti-Akt,
rabbit anti-phospho-Akt Ser-473, mouse anti-phospho-Ser, and mouse anti-phos-
pho-threonine proline-specific antibody, from Cell Signaling, Danvers, MA; anti-
CDK1, anti-CDK2, anti-cyclin A, anti-cyclin E, and anti-Bcl-2, from Santa Cruz
Biotechnologies, Santa Cruz, CA; anti-p27Kip1-phospho-Thr-157, rabbit anti-
hemagglutinin, Cy3-conjugated goat anti-rabbit secondary antibody, antitubulin,
and antiactin, from Sigma, St. Louis, MO; anti-Skp2 and anti-Cks1, from Zymed
Laboratories, San Francisco, CA; and anti-phospho-histone H1 and horseradish
peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies, from

Upstate, Lake Placid, NY. Rabbit antiapoptin was a kind gift from D. A. Jans
(Monash University, Clayton, Victoria, Australia). The PI3-K inhibitors wort-
mannin and LY294002 and the proteasome inhibitor MG115 were purchased
from Calbiochem (San Diego, CA) and used at concentrations of 5 nM, 1.5 �M,
and 2 �M, respectively. Roscovitine, Z-VAD-FMK, and PD98059 were obtained
from Alexis Biochemicals (Lausanne, Switzerland) and used at concentrations of
5 �M, 50 �M, and 50 �M, respectively.

Recombinant proteins, plasmids, and transfections. Eukaryotic expression
constructs encoding N-terminally green fluorescent protein (GFP)-tagged apop-
tin and various deletion mutants have been described (52) and were kindly
provided by D. A. Jans. Tat-apoptin was a kind gift from M. Tavassoli (King’s
College, London, United Kingdom) and was expressed in Escherichia coli and
purified as described previously (24). Recombinant glutathione S-transferase
(GST)-apoptin was bacterially expressed and purified on glutathione-Sepharose
beads (40). Adenoviral constructs encoding a constitutively active form of Akt
with a myristoylated N terminus and a dominant-negative form of Akt containing
a point mutation in its catalytic domain (K179M) as well as T308A and S473A
substitutions of the phosphorylation sites were kindly provided by K. Walsh
(Whitaker Cardiovascular Institute, Boston, MA). An adenoviral nuclear Akt
construct was a gift from M. A. Sussman (San Diego State University Heart
Institute, CA). Viral transductions were performed as described previously (18).
A constitutively active and a kinase-dead mutant (K111Q/D205N/D223N) of
PDK1 were obtained from A. J. Halayko (University of Manitoba, Winnipeg,
Manitoba, Canada). A kinase-dead version of PKCε containing the double mu-
tation K436R and A159E was kindly provided by E. Kardami (University of
Manitoba). The CDK2 T160A mutant vector and GST-CDK2 WT vectors were
described earlier (23, 53) and were obtained from D. Morgan (University of
California, San Francisco) and T. Hunter (University of California, San Diego),
respectively. The target-specific small interfering RNA (siRNA) for p27 was
purchased from Santa Cruz Biotechnologies, and the plasmid encoding CDK2
siRNA was purchased from Millipore Corporation (Bedford, MA). Target-spe-
cific siRNAs for Akt and PI3-K p85 were purchased from Upstate, and the
siRNAs against Skp2 and Cks1 were purchased from Invitrogen (Burlington,
Ontario, Canada). Transfections were performed using Lipofectamine or Oligo-
fectamine according to the manufacturer’s protocol (Invitrogen).

Cell death assays. Cell death was determined by measurement of hypodiploid
nuclei by the Nicoletti method (54). Briefly, cells were washed twice with ice-cold
phosphate-buffered saline (PBS) and then resuspended in a hypotonic buffer
(0.1% sodium citrate, 0.1% Triton X-100, 0.5 mg/ml RNase A) containing 40
�g/ml propidium iodide. Cell nuclei were then incubated for 10 min at 37°C and
subsequently analyzed by flow cytometry.

Immunoprecipitation. Cells were washed twice with cold PBS, lysed with
ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 150 mM NaCl,
1 mM Na3VO4, 2 mM EGTA, protease inhibitor cocktail), incubated for 30 min
on ice, and centrifuged for 10 min at 4°C. Immunoprecipitations were performed
with the indicated antibodies, and the immune complexes were captured with
protein A-agarose beads (Amersham Biosciences, Piscataway, NJ). After three
washes with cell lysis buffer, bead-bound proteins were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed
by Western blot analysis according to standard protocols.

GST pull-down assays. GST-tagged apoptin or control GST bound to gluta-
thione-Sepharose beads (Amersham) was incubated with cell lysates for 1 h at
4°C. Following three washes of the beads with lysis buffer, protein complexes
were eluted by boiling in SDS sample buffer, separated by SDS-PAGE, and
analyzed by Western blotting.

Cell fractionation. Cytoplasmic, nuclear, and mitochondrial fractions were
separated by differential centrifugation. Briefly, cells were treated with apoptin,
washed with PBS, and resuspended for 10 min on ice in lysis buffer containing 10
mM Tris-HCl, pH 7.8, 1% Nonidet P-40, 10 mM �-mercaptoethanol, and pro-
tease inhibitors. The nuclear fraction was recovered by centrifugation at 600 �
g for 5 min. The supernatant was centrifuged at 10,000 � g for 30 min to obtain
the mitochondrial fraction (pellet) and the cytosolic fraction (supernatant). The
mitochondrial fraction was further lysed in 10 mM Tris-HCl, pH 7.4, 300 mM
NaCl, 1% Triton X-100, and 5 mM EDTA.

Immunocytochemistry. Cells were fixed in 4% paraformaldehyde in PBS,
permeabilized in 0.2% Triton X-100, and stained with either Akt- or CDK2-
directed antibodies followed by their respective secondary antibodies conjugated
to Cy3. The fluorescence signal was acquired by multilaser confocal microscopy.

In vitro kinase assays. In vitro kinase assays using GST-apoptin, Tat-apoptin,
and histone H1 as substrates were done using a nonradioactive assay. Briefly,
recombinant CDK2 bound with either cyclin E (10 ng) or cyclin A (500 ng) and
CDK1 bound with cyclin B (10 ng; all purchased from Millipore) or the immu-
noprecipitated CDK2 WT or mutant proteins were used in a kinase reaction mix
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with 5 �g of GST-apoptin, Tat-apoptin, or histone H1 as a substrate in the
presence of 200 �M ATP in a kinase assay buffer (25 mM Tris-HCl, pH 7.5, 5
mM �-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3VO4, 10 mM MgCl2,
and phosphatase inhibitor cocktail). After incubation for 45 min at 30°C, the
reaction products were resolved by SDS-PAGE and detected by immunoblotting
with their respective phospho-specific antibodies.

RESULTS

Akt translocates to the nucleus during apoptin-induced cell
death. Akt is generally regarded as a survival and proliferation-
promoting kinase. In the presence of apoptin, however, Akt
acts as a pro-cell-death molecule, as its inhibition severely
interferes with cell death pathways triggered by apoptin (40,
42). To learn more about the altered apoptotic properties of
Akt, we tested if apoptin affects the cellular localization of Akt
and thus might redirect it to different targets. As shown in Fig.
1A, in the absence of apoptin, Akt was localized mainly in the
cytoplasm of MCF-7 breast cancer cells but became nuclear in
apoptin-expressing cells. Time course experiments revealed
that upon transfection with the apoptin construct, the majority

of Akt was transferred to the nucleus within 12 h, a time that
clearly preceded induction of cell death (data not shown).
Similar results were obtained with PC3 prostate cancer cells.

To determine whether apoptin/PI3-K interaction is neces-
sary for Akt nuclear translocation, we investigated the local-
ization of Akt in cells expressing different apoptin deletion
mutants. As shown in Fig. 1B, Akt translocated to the nucleus
only in cells expressing full-length apoptin (aa 1 to 121), an
N-terminally truncated mutant (aa 74 to 121), or two mutants
(aa 1 to 89 and aa 1 to 111) lacking the second nuclear local-
ization signal (NLS) of apoptin. In contrast, cells expressing
the apoptin mutants 1-73 and 104-121 did not cause Akt nu-
clear translocation, and the mutants themselves did not accu-
mulate in the nucleus. This behavior correlates with the ability
of the apoptin mutants to interact with the p85 subunit of
PI3-K and to induce apoptosis (42). Also, upon transfection of
a Glu-108 mutant, which mimics phosphorylation of the Thr-
108 residue of apoptin (55), Akt efficiently translocated to the
nucleus. Interestingly, in the presence of the phosphorylation-

FIG. 1. Akt translocates to the nucleus during apoptin-induced cell death. (A) MCF-7 cells were transfected with GFP-tagged apoptin or a
vector control. At 18 h posttransfection, the localization of Akt in either the absence or presence of apoptin in MCF-7 cells was detected by
confocal microscopy after immunostaining with anti-Akt and Cy3-conjugated secondary antibody. DAPI (4�,6-diamidino-2-phenylindole) was used
to counterstain nuclei, and the images were overlaid to determine the Akt localization within the cell. (B) MCF-7 cells were transfected with
different apoptin mutants, and the localization of Akt and apoptin was detected by immunocytochemistry.

VOL. 29, 2009 ROLE OF CDK2 IN APOPTIN�S ANTICANCER TOXICITY 1237

 at E
B

E
R

H
A

R
D

 K
A

R
LS

 U
N

IV
E

R
S

IT
A

E
T

 on F
ebruary 12, 2009 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


deficient Ala-108 mutant, Akt translocated to the nucleus to-
gether with apoptin at 18 h posttransfection, but it did not
efficiently accumulate there, as at later time points consider-
able amounts of Akt were still detected in the cytoplasm to-
gether with apoptin. This is in accordance with a previous study
(52) showing that the apoptin T108A mutant is still able to
enter the nucleus. Thus, these results imply that apoptin might
act as a shuttle molecule for Akt, mediating its nuclear trans-
port via a piggyback interaction.

To investigate whether Akt and apoptin indeed physically
interact with each other, we performed coimmunoprecipitation
assays using cell lysates from apoptin-transfected cells as well
as in vitro pull-down assays with recombinant apoptin. When
apoptin was expressed as a GFP fusion protein, a GFP-specific
antibody clearly precipitated endogenous Akt from trans-
formed MCF-7 cells but also from primary HMECs (Fig. 2A).
These results were further supported by in vitro pull-down assays
revealing that recombinant GST-apoptin but not the GST control
strongly bound Akt from MCF-7 cells and HMECs (Fig. 2B).

To determine whether nuclear Akt alone is sufficient to
induce cell death even in the absence of an apoptotic stimulus,
we infected PC3 cells in the absence and presence of apoptin
with an NLS-Akt adenoviral vector to enforce nuclear local-
ization of Akt (Fig. 2C and D). Nuclear Akt alone was mar-
ginally toxic by itself compared to the control adenoviral vec-
tor. Coexpression of NLS-Akt together with apoptin, however,
significantly sensitized PC3 cells to apoptin-induced cell death
(Fig. 2C). Also, HMECs became susceptible toward apoptin-
induced cell death when Akt was targeted to the nucleus,
although cell death levels remained lower for the nontrans-
formed cells than for tumor cells (Fig. 2E). Furthermore, when
MCF-7 cells were treated with Tat-apoptin, which can enter
cells due to an attached human immunodeficiency virus Tat
protein transduction domain (24), endogenous Akt revealed a
nuclear translocation (Fig. 2F). Interestingly, under the same
conditions, endogenous Akt remained exclusively cytoplasmic
in HMECs following apoptin stimulation.

CDK2-cyclin A activity is elevated during apoptin-induced
cell death. While searching for potential nuclear targets of Akt
during apoptin’s proapoptotic signaling, we measured the ac-
tivation of two major cyclin-dependent kinases, CDK1 and
CDK2, using an in vitro kinase assay with histone H1 as the
substrate. PC3 cells were transfected to express either GFP or
GFP-apoptin, and CDK activity in immunoprecipitates was
measured at 24 h posttransfection, using CDK1- or CDK2-
specific antibodies. CDK2 but not CDK1 activity was elevated
in the presence of apoptin, as indicated by histone H1 phos-
phorylation (Fig. 3A). By coimmunoprecipitation, we next de-
termined whether active CDK2 was associated with cyclin E or
cyclin A. As shown in Fig. 3A, cyclin A- but not cyclin E-as-
sociated CDK2 showed enhanced phosphorylation of histone
H1, suggesting that only cyclin A/CDK2 plays a role in apoptin-
induced cell death. Control experiments utilizing GFP re-
vealed that induction of CDK2 activity was specific for apoptin.
CDK2 activity was already detectable at 16 h and peaked 24 h
after transfection with apoptin (Fig. 3B).

We next tested whether the increased CDK2 activity during
apoptin-induced apoptosis was dependent on upstream PI3-K/
Akt activation. Figure 3C shows that CDK2 was activated only
when the PI3-K/Akt pathway remained intact. Prevention of

Akt activation by wortmannin and LY294002, two pharmaco-
logical PI3-K inhibitors, strongly reduced CDK2 activation. In
addition, expression of dominant-negative and kinase-dead
mutants of upstream PI3-K, PDK1, or Akt almost completely
abolished apoptin-induced CDK2 activity, whereas expression
of an unrelated dominant-negative PKCε mutant had no effect
(Fig. 3C). Similar results were obtained by RNA interference-
mediated knockdown of PI3-K p85 as well as of Akt, which
completely abolished apoptin-induced histone H1 phosphoryla-
tion (Fig. 3D). These results therefore suggest that apoptin-in-
duced CDK2 activation requires an intact PI3-K/Akt pathway.

CDK2-cyclin A activity is required for apoptin-triggered cell
death. To test whether CDK2 is required for apoptin-induced
cell death, we first inhibited CDK2 activity by using the CDK-
specific inhibitor roscovitine. Figure 4A shows that in the pres-
ence of the CDK2 inhibitor, PC3 cells were strongly resistant
to apoptin-induced cell death. The background levels of cell
death seen with the combination of CDK2 inhibitor and ap-
optin expression might be attributed to a slight toxicity of
roscovitine itself. We next inhibited the expression of CDK2 by
transfection with a plasmid encoding a CDK2-specific siRNA
and tested the effect on apoptin-induced cell death. Western
blot analysis confirmed that the CDK2-specific but not control
siRNA largely reduced CDK2 expression and, moreover, sig-
nificantly prevented apoptosis induction by apoptin (Fig. 4B
and C). More importantly, these results were substantiated in
another experimental system employing cell-permeative Tat-
apoptin. Whereas Tat-apoptin induced potent apoptosis in im-
mortalized CDK2-proficient MEFs, immortalized cells from
CDK2-deficient mice were largely apoptin resistant (Fig. 4D).
Thus, these results suggest that CDK2 is required for apoptin-
induced cell death.

We and others have previously shown that apoptin’s death
signaling converges at the mitochondrial death pathway (14,
41). To further investigate whether CDK2 activation occurs
upstream or downstream of caspases, we measured CDK2
activity in cells incubated with the broad-spectrum caspase
inhibitor Z-VAD-FMK. CDK2 activation was completely
blocked by roscovitine but not by the caspase inhibitor (Fig.
4E). Moreover, expression of Bcl-2, although preventing cyto-
chrome c release from mitochondria, did not affect CDK2
activation (Fig. 4E and F). These results therefore indicate that
CDK2 activation occurs upstream of the mitochondrial death
pathway.

Cyclin A-associated CDK2 is the apoptin kinase that regulates
its nuclear localization in cancer cells. Apoptin phosphorylation
at Thr-108 has previously been reported to be critical for its
apoptotic activity and tumor cell-specific nuclear localization
(52, 55). The apoptin Thr-108 residue lies within a consensus
phosphorylation site for proline-dependent kinases such as
CDKs. To test whether CDK2 may directly phosphorylate ap-
optin, we performed in vitro kinase assays, using recombinant
GST-apoptin and Tat-apoptin as substrates. As shown in Fig.
5A, immunoblotting with a phospho-threonine-proline-specific
antibody revealed that apoptin can be phosphorylated by active
recombinant CDK2-cyclin A. Interestingly, neither active re-
combinant CDK2-cyclin E nor CDK1-cyclin B was able to
phosphorylate apoptin in vitro, although both kinase com-
plexes efficiently phosphorylated histone H1. We further con-
firmed CDK2-mediated phosphorylation of apoptin by using
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FIG. 2. Apoptin interacts with Akt. (A) MCF-7 cells and HMECs were transfected with GFP-tagged apoptin. The interaction of endogenous
Akt with apoptin was detected by immunoblotting with Akt antibody and immunoprecipitation with either control immunoglobulin G (IgG) or
GFP antibody at 18 h posttransfection. (B) GST pull-down assay was performed using control GST or GST-apoptin immobilized on agarose beads
and incubated with extracts prepared from either MCF-7 cells or HMECs. The interaction of Akt with apoptin was assessed by immunoblotting
with anti-Akt antibody. (C and D) PC3 cells were infected with either adenoviral Myc-tagged NLS-Akt or a control virus in the presence or absence
of GFP-apoptin. (C) Apoptotic cell death was measured by flow cytometric detection of hypodiploid DNA at 24 h or 48 h posttransfection. Data
represent the means of four independent experiments. (D) The localization of NLS-Akt was detected after 18 h by anti-Myc-tag antibody followed
by Cy3-marked secondary antibody. (E) Effect of NLS-Akt on apoptin-induced apoptosis in primary HMECs. Cells were transduced with an
NLS-Akt or control virus as described for panel C. Cells were then treated with cell-permeative Tat-apoptin (1 �M) or left untreated. The
percentage of apoptosis was determined after 30 h of treatment. (F) Apoptin triggers nuclear translocation of endogenous Akt in tumor cells but
not in nontransformed cells. MCF-7 cells and HMECs were treated with Tat-apoptin for 18 h or left untreated. The differential localization of Akt
was detected by immunostaining with anti-Akt and Cy3-conjugated secondary antibody. Nuclei were stained with DAPI.
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FIG. 3. CDK2 is activated during apoptin-induced cell death. (A) CDK2, CDK1, cyclin E, and cyclin A were immunoprecipitated from MCF-7
cells transfected with either GFP or GFP-apoptin at 24 h posttransfection and used in an in vitro kinase assay with histone H1 as the substrate.
The level of histone H1 phosphorylation was detected by immunoblotting with a phospho-specific antibody against histone H1. (B) The kinase
activities of CDK1 and CDK2 at different times after transfection with either GFP or apoptin were measured and plotted. Immunoblot signals were
quantified against the respective controls, using a Storm scanner and accompanying software. (C) PC3 cells were transfected with apoptin alone
or together with different dominant-negative mutants of PI3-K, Akt, PDK1, or PKCε. Kinase activity of immunoprecipitated CDK2 was measured
using histone H1 as the substrate 24 h after transfection. Total CDK2 levels were determined by Western blotting. The PI3-K inhibitors
wortmannin (5 nM) and LY294002 (1.5 �M) were applied 1 h before cell lysis. (D) Knockdown of PI3-K and Akt abolishes apoptin-induced CDK2
activation. PC3 cells were transfected with either control siRNA, a PI3-K p85-specific siRNA (left), or an Akt-specific siRNA (right). RNA
interference resulted in an almost complete knockdown of p85 and Akt expression. At 72 h posttransfection, cells were treated with Tat-apoptin
or left untreated. The kinase activity of immunoprecipitated CDK2 was determined by using histone H1 as the substrate 24 h after apoptin
treatment. The level of histone H1 phosphorylation was detected by immunoblotting with a phospho-specific antibody against histone H1. Actin
served as a loading control.
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immunoprecipitated CDK2, CDK1, cyclin A, cyclin E, and
cyclin B, with inactive CDK2 (CDK2 T160A) as a negative
control. Apoptin was phosphorylated only by the immune com-
plex of active CDK2 and cyclin A, not by other combinations of
CDKs and cyclins (Fig. 5B). These data correlate with the
activation of cyclin A-associated CDK2, and not other CDKs,
in the presence of apoptin.

We next investigated whether activated CDK2 phosphory-
lates apoptin in vivo by two different approaches. First, we
inhibited CDK2 activity in PC3 cells by using roscovitine and
transfected the cells to express apoptin. Twenty-four hours

later, apoptin was immunoprecipitated and its phosphorylation
status was assessed using the phospho-Thr-Pro-specific anti-
body. Figure 5C shows that apoptin was phosphorylated in the
presence of active CDK2, whereas the level of phosphorylation
was significantly reduced in the presence of the CDK2 inhibi-
tor. Second, we tested the effect on apoptin phosphorylation by
inhibiting the expression of CDK2, using a specific siRNA.
Figure 5C shows that apoptin phosphorylation was almost
completely abrogated in cells with downregulated CDK2 ex-
pression, implying that CDK2 is the apoptin kinase.

We further investigated the role of CDK2 in controlling

FIG. 4. CDK2-cyclin A activity is required for apoptin-triggered cell death. (A) The effect of CDK2 inhibitor on apoptin’s toxicity was measured
by transfecting PC3 cells with GFP-apoptin in the presence or absence of the CDK2 inhibitor roscovitine (CDK2-I). Apoptosis was measured by
flow cytometric detection of hypodiploid DNA after 24 and 48 h. (B) PC3 cells were transfected with plasmids for either CDK2 siRNA or control
siRNA. After 48 h, CDK2 expression was detected by immunoblotting. (C) PC3 cells were transfected with GFP or GFP-apoptin and a
CDK2-specific or control siRNA plasmid. Apoptosis was quantified after 24 and 48 h by measurement of the formation of hypodiploid DNA.
(D) Immortalized CDK2-deficient murine fibroblasts and the respective WT control cells were treated with cell-permeative Tat-apoptin (1 �M)
for either 24 or 48 h, and apoptosis was then evaluated by flow cytometry. Data represent the averages of four independent experiments. In both
cell populations, cell death in the absence of apoptin did not exceed 4%. (E) CDK2 kinase activity was measured 24 h after transfection of PC3
cells with apoptin alone, with cotreatment with the CDK2 inhibitor roscovitine (CDK2-I) or the caspase inhibitor Z-VAD-FMK, or with
overexpression of Bcl-2. (F) Levels of cytosolic cytochrome c were detected by cellular fractionation and immunoblotting with PC3 cells transfected
with apoptin alone, with cotreatment with CDK2 inhibitor, or with Bcl-2 overexpression. Actin served as a loading control.
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apoptin’s nuclear localization by inhibiting CDK2 expression in
PC3 cells with siRNAs. In the presence of CDK2, apoptin was
localized exclusively in the nucleus, but interfering with CDK2
expression by using siRNA severely impaired apoptin’s nuclear

accumulation (Fig. 5D). Similar data were obtained with
MCF-7 cells (not shown). Furthermore, upstream activation of
PI3-K/Akt was necessary for CDK2-mediated phosphorylation
of apoptin, as the phosphorylation of apoptin by CDK2 was

FIG. 5. CDK2 is the specific apoptin kinase. (A) A nonradioactive in vitro kinase assay was performed with recombinant GST-apoptin and
Tat-apoptin as substrates, using active CDK1-cyclin B, CDK2-cyclin E, or CDK2-cyclin A. Apoptin phosphorylation was detected by immuno-
blotting using an antibody against phosphorylated threonine-proline residues. Total apoptin levels were detected by apoptin antibody. Histone H1
was used as a positive control. (B) Active CDK2, CDK1, cyclin B, cyclin E, and cyclin A were immunoprecipitated from PC3 cells with their
respective antibodies and the CDK2 T160A mutant was immunoprecipitated with anti-hemagglutinin antibody, and the immunoprecipitates were
used in a kinase assay with Tat-GFP, Tat-apoptin, or histone H1 as the substrate. Phosphorylation was detected as described in the legend to Fig.
4A. (C) PC3 cells were transfected with GFP-apoptin alone or in the presence of the CDK2 inhibitor or the CDK2-targeting siRNA. GFP-apoptin
was immunoprecipitated at 24 h posttransfection with anti-GFP antibodies. The phosphorylation of apoptin in the immunoprecipitates was
detected by immunoblotting using anti-phospho-Thr-Pro antibodies. Total apoptin and CDK2 levels are indicated. (D) The effect of CDK2
inhibition on apoptin’s localization was demonstrated in PC3 cells transfected with GFP-apoptin in the absence or presence of a CDK2-targeting
siRNA plasmid. After 24 h, cells were analyzed by confocal laser scanning microscopy. (E) PI3-K/Akt signaling is required for apoptin
phosphorylation. PC3 cells were transfected with GFP-apoptin in the presence or absence of a dominant-negative mutant of PDK1, Akt, or PKCε.
The levels of apoptin phosphorylation were determined at 24 h posttransfection as described for panel C. Total apoptin levels were detected with
anti-apoptin antibodies.
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strongly reduced in the presence of dominant-negative mutants
of PDK1 and Akt but not upon coexpression of an unrelated
PKCε dominant-negative mutant (Fig. 5E). Our results there-
fore strongly suggest that CDK2 is the kinase controlling phos-
phorylation and nuclear accumulation of apoptin in cancer
cells.

p27Kip1 is phosphorylated during apoptin-induced cell
death. We have recently shown that Akt phosphorylates CDK2
at Thr-39 (39). Since Akt localizes mostly to the nucleus during
apoptin-induced cell death, we also investigated the role of
other possible nuclear targets for Akt. p27Kip1, a negative reg-
ulator of the cell cycle at the G1/S phase, has an Akt consensus
motif for phosphorylation. Because p27Kip1 is a potent inhib-
itor of CDK2, we tested whether p27Kip1 is a nuclear target of
Akt during apoptin-induced cell death. p27Kip1 was immuno-
precipitated from lysates of cells expressing apoptin or the
GFP control. p27Kip1 phosphorylation was then monitored us-
ing phospho-serine- or phospho-threonine-specific antibodies.
p27Kip1 threonine phosphorylation increased in the presence
of apoptin, but apoptin had no effect on serine phosphoryla-
tion (Fig. 6A). We confirmed the phosphorylation of p27Kip1

by using an antibody against phosphorylated Thr-157, which
represents a potential Akt phosphorylation site. The kinetics
revealed that phosphorylation of p27Kip1 at Thr-157 occurred
soon after Akt nuclear translocation. A significant increase in
the Thr-157 phosphorylation of p27Kip1 was seen 12 h after
transfection and then declined after 24 to 30 h (Fig. 6B).
Phosphorylation of p27Kip1 at Thr-157 was strongly dependent
on Akt activation and its upstream regulators PI3-K and
PDK1. Cotransfection of cells with apoptin and a dominant-

negative mutant of PI3-K, PDK1, or Akt markedly decreased
Thr-157 phosphorylation of p27Kip1. In contrast, phosphoryla-
tion of Thr-157 remained unaffected by dominant-negative
PKCε (Fig. 6C).

Akt-mediated phosphorylation enhances degradation of
p27Kip1 via the proteasomal pathway. Previous studies have
shown that p27Kip1 phosphorylation targets it for proteasomal
degradation (62). To determine the functional significance of
p27Kip1 phosphorylation by Akt, we checked the protein levels
of p27Kip1 before and after apoptin transfection. Strikingly, we
found a strong decrease in the level of p27Kip1 in apoptin-
expressing cells (Fig. 7A and B). The kinetics of p27Kip1 down-
regulation revealed that at about 24 h posttransfection, p27Kip1

was completely absent in PC3 cells. The decrease in the level of
p27Kip1 protein was entirely dependent on p27Kip1 phosphory-
lation by Akt, as the protein level was restored to the control
level in apoptin-expressing cells that had been pretreated with
the PI3-K inhibitor wortmannin but not with the MEK inhib-
itor PD98059 (Fig. 7B). Inhibition of p27Kip1 degradation was
also seen upon coexpression of PI3-K-DN, PDK1-DN, or
Akt-DN but not of PKC-DN (Fig. 7C). In contrast, overex-
pression of Bcl-2 failed to prevent p27Kip1 degradation, sug-
gesting that it was not dependent on the mitochondrial caspase
cascade (Fig. 7D). Rather, the decrease in the protein level of
p27Kip1 was due to proteasomal degradation, as treatment with
the proteasome inhibitor MG115 restored the p27Kip1 level
even in the presence of apoptin (Fig. 7B).

We next wished to investigate the functional role of p27Kip1

in apoptin-induced cell death and therefore blocked its expres-
sion with a p27Kip1-specific siRNA. Transfection of apoptin

FIG. 6. p27Kip1 is phosphorylated during apoptin-induced cell death. (A) PC3 cells were transfected with the GFP control or GFP-apoptin.
After 12 h, the phosphorylation of p27Kip1 was detected by phospho-Ser- or phospho-Thr-specific antibodies after immunoprecipitation with
anti-p27Kip1 antibody. Threonine phosphorylation was also detected with an antibody against Thr-157-phosphorylated p27Kip1. (B) p27Kip1

phosphorylation after apoptin transfection at different time points was detected by immunoblotting with phospho-Thr-157-specific p27Kip1

antibody. Tubulin was used as a loading control. (C) Cells were transfected with apoptin alone or cotransfected with either WT PI3-K,
constitutively active PDK1 (CA), PI3-K dominant-negative (DN) vector, PDK1-DN, Akt-DN, or PKCε-DN vector. After 16 h, cells were lysed and
phosphorylated p27Kip1 was detected by Western blotting.
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into p27Kip1 siRNA-expressing cells revealed that p27Kip1

downregulation sensitized cells to apoptin-induced cell death
(Fig. 8A). The proteasomal degradation of phosphorylated p27
is controlled by the F-box protein Skp2, an E3 ubiquitin ligase,
and the accessory protein Cks1, which was initially identified as
a binding protein of Cdc2 (9, 20). Consequently, the targeted
deletion of Cks1 (58) or Skp2 (46) leads to marked increases of
the p27Kip1 level. To further assess the role of p27Kip1 in
apoptin-induced cell death, we therefore downregulated both
components of the p27Kip1 degradation machinery. Using two
different siRNAs, Skp2 as well as Cks1 expression was effi-
ciently suppressed in PC3 cells, correlating with a marked
increase in p27Kip1 level (Fig. 8B). Importantly, the knockdown
of either Skp2 or Cks1 resulted in a significantly reduced sen-
sitivity to apoptin-induced apoptosis (Fig. 8C). Moreover, sim-
ilar to p27Kip1-deficient MEFs, Skp2-deficient MEFs were pro-
tected against apoptin-induced cell death compared to WT
cells (Fig. 8D). These results therefore strongly suggest that
p27Kip1 is functionally involved in cell death triggered by
apoptin.

DISCUSSION

Apoptin has been reported to induce the selective death of
tumor cells derived from diverse tumors, whereas it does not
induce apoptosis in nontransformed cells (3, 48, 59). The man-
ner by which apoptin distinguishes between tumor and normal

cells remains largely unclear. Apoptin’s nuclear localization
and phosphorylation by a so far unknown kinase have been
proposed to be crucial for the tumor-selective activity of ap-
optin (55). In an attempt to elucidate the mechanism of the
tumoricidal activity of apoptin, we previously identified com-
ponents of the PI3-K/Akt pathway as interaction partners of
apoptin (39, 42). In this study, we provide for the first time a
molecular mechanism for the unexpected proapoptotic role of
the PI3-K/Akt pathway by demonstrating that CDK2 is acti-
vated downstream of Akt and subsequently mediates the phos-
phorylation and nuclear retention of apoptin.

We observed that active Akt, if translocated to the nucleus,
stimulates rather than represses apoptosis induced by apoptin
and certain anticancer agents (40, 42). In the presence of
apoptin, Akt may target alternate substrates or pathways that
may lead to the aberrant activation of CDK2, disturbance of
cell cycle progression, and cell death. This suggests that the
outcome of CDK2 activation may vary depending on the type
of stimulus and the temporospatial signaling features. Inter-
estingly, a recent report suggested that the transient activation
of Akt supports cell survival, whereas its sustained activation
leads to apoptosis (63). Several other molecules have been
assigned a dual role in both cell survival and cell death. For
example, NF-�B, the nuclear orphan receptor Nur77, mitogen-
activated protein kinases, and even caspases have been impli-
cated in both processes (4, 35, 36, 38, 65). Furthermore, there

FIG. 7. Akt-mediated phosphorylation enhances degradation of p27Kip1 via the proteasomal pathway. (A) Levels of p27Kip1 in GFP-apoptin-
transfected PC3 cells were monitored for 24 h posttransfection by Western blotting. Tubulin was used as a loading control. (B) PC3 cells,
transfected with apoptin or left untransfected, were incubated with the MEK inhibitor PD98059, the PI3-K inhibitor wortmannin, or the
proteasomal inhibitor MG115. Protein levels of p27Kip1 were detected by immunoblotting. (C) Roles of PI3-K and Akt in p27Kip1 stability. Protein
levels of p27Kip1 were detected by immunoblotting of lysates of PC3 cells 24 h after transfection with apoptin and the indicated dominant-negative
mutant of PI3-K, Akt, PDK1, or PKCε. (D) Bcl-2 does not affect degradation of p27Kip1. WT and Bcl-2-overexpressing PC3 cells were treated with
Tat-apoptin for the indicated times, and the protein level of p27Kip1 was evaluated by immunoblotting. Actin was used as a loading control. The
status of Bcl-2 expression and expression of an actin control in the two cell lines are shown in the lower panels.
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is growing evidence that certain cyclin/CDK complexes might
control not only cell proliferation but also cell death (22).

The interaction of Akt with apoptin enhances the nuclear
localization of Akt. Recent studies indicated that under certain
conditions active Akt could be translocated to the nucleus with
the help of cytosolic proteins, as Akt lacks an inherent NLS
motif (31, 49). We observed that Akt translocation was a rather
early event that clearly preceded the onset of apoptin-induced
cell death. Moreover, the interaction of Akt with apoptin was
crucial for its nuclear translocation, as shown by the following

two complementary lines of evidence: (i) Akt was translocated
to the nucleus only in the presence of those apoptin mutants
that had the ability to interact with PI3-K, and (ii) Akt showed
nuclear colocalization only with apoptin mutants that them-
selves accumulated in the nucleus. Furthermore, we showed
that the enforced nuclear translocation of Akt by transfecting
cells with an NLS-fused Akt form induced no significant apop-
tosis on its own but enhanced apoptin-triggered death.

Our results certainly do not exclude the possibility that nu-
clear Akt may have a prosurvival function under some condi-

FIG. 8. p27Kip1 is involved in apoptin-induced apoptosis. (A) Downregulation of p27Kip1 protects against apoptin-induced apoptosis. PC3 cells
were transfected with a GFP control or GFP-apoptin in the presence and absence of a p27Kip1-specific siRNA. (Left) Apoptosis was measured by
flow cytometric detection of hypodiploid DNA at the indicated time points. The data represent the means from three independent experiments.
(Right) The efficiency of p27Kip1 downregulation by the specific or scrambled control siRNA was investigated at 36 h posttransfection by
immunoblotting with a p27Kip1-specific antibody. Tubulin served as a loading control. (B to D) Apoptin-induced apoptosis is inhibited in cells with
suppressed expression of Skp2 and Cks1, two components of the p27 degradation machinery. (B) PC3 cells were transfected with either a control
siRNA, two different Skp2 siRNAs (left panels), or two different Cks1 siRNAs (right panels). The protein levels of Skp2, Cks1, p27, and actin were
analyzed by immunoblotting at 72 h post-siRNA transfection. (C) PC3 cells transfected with either control siRNA, Skp2 siRNA no. 2, or Cks1
siRNA no. 2 were treated with Tat-apoptin (1 �M) at 36 h posttransfection, and the percentage of apoptosis was measured after 24 h of further
incubation. (D) Immortalized Skp2-deficient murine fibroblasts and the respective WT control cells were treated with Tat-apoptin, and the
percentage of apoptosis was evaluated after 24 and 48 h of treatment. Data represent the averages of three independent experiments.
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tions. For example, it was reported that the tumor suppressor
PML prevents cell growth by dephosphorylating and inactivat-
ing Akt inside the nucleus (61). Other researchers reported
that nuclear but not cytoplasmic Akt interacts with Ebp1, an
inhibitor of apoptotic DNA fragmentation, and enhances its
antiapoptotic action (1). There are several reported nuclear
targets of Akt, including FOXO3a, Nur77, and p21Cip1/Waf1.
We previously found that Akt can phosphorylate CDK2 itself
at Thr-39. In this study, we report that the CDK inhibitor
p27Kip1 is an additional nuclear target involved in apoptin-
induced cell death. p27Kip1 was strongly downregulated during
apoptin-induced cell death, an event that required Akt activa-
tion. Our results show that Akt phosphorylates p27Kip1 at Thr-
157 and targets it for proteasomal degradation. Previously, it
was shown that p27Kip1 phosphorylation at Thr-187 by CDKs
triggers its ubiquitination by the SCF/Skp2 ubiquitin ligase
complex and promotes p27Kip1 degradation (62). During ap-
optin-induced cell death, however, we found no increased lev-
els of p27Kip1 phosphorylated at Thr-187. It was also reported
that p27Kip1 phosphorylation at Ser-10, Thr-157, or Thr-198 by
the PI3-K/Akt pathway affects its nuclear import and causes
the cytoplasmic accumulation of p27Kip1 (34, 56). However, the
nuclear localization of p27Kip1 was not altered during apoptin-
induced cell death. Akt might further control expression of
p27Kip1 at the mRNA level via the inactivation of the tran-
scription factor FOXO3a (44). Though we observed the phos-
phorylation of FOXO3a by Akt during apoptin-induced cell
death, we did not detect transcriptional changes of p27Kip1

(data not shown). Thus, during apoptin-induced apoptosis,
Akt-mediated phosphorylation of p27Kip1 affects mainly the
stability of p27Kip1 and thereby might relieve downstream ef-
fectors from p27Kip1-mediated inhibition.

One of the major findings of our study is the identification of
CDK2 as the long-sought apoptin kinase. Phosphorylation at
Thr-108 has previously been reported to be specific for tumor
cells and required for apoptin’s toxicity (55). Indeed, we dem-
onstrated that CDK2 regulates apoptin’s nuclear retention by
direct phosphorylation. Interestingly, this phosphorylation was
specifically mediated by cyclin A- but not cyclin E-associated
CDK2. A functional role of CDK2 is further supported by our
finding that CDK2 inactivation by pharmacological inhibitors,
RNA interference, or targeted gene disruption severely im-
paired apoptin-induced cell death.

It was reported previously that phosphorylation of apoptin
was strongly reduced by an apoptin mutant lacking residues 80
to 90, even if the Thr-108 phosphorylation site remained intact
(55). Our results can explain this intriguing observation. Data
presented in our previous work (42) and this study show that
apoptin interacts with PI3-K via aa 80 to 90, which are also
required for downstream CDK2 activation. Furthermore, we
observed that the nuclear localization of Akt and apoptin oc-
curs in parallel and requires CDK2-mediated Thr-108 phos-
phorylation, while the interaction of apoptin with Akt is tran-
sient. Based on these observations, we propose that Akt and
apoptin interact and are transported to the nucleus, where Akt
activates CDK2, which in turn phosphorylates apoptin (Fig. 9).
This event finally results in nuclear sequestration of both pro-
teins and, as a positive feedback loop, might thereby increase
CDK2 activation. Apoptin has been reported to exert multiple
effects in tumor cells, including nonspecific DNA binding, ac-

tivation of p73, interaction with nuclear proteins such as
DEDAF, PML, Nmi, and Hippi, ceramide production, and the
activation of a Nur77/Bcl-2-controlled mitochondrial pathway
(reviewed in references 3, 29, and 30). Triggering of these
multiple events together might further contribute to the tu-
mor-specific action of apoptin. It was also demonstrated that
apoptin associates with subunit 1 of the anaphase-promoting
complex/cyclosome (APC/C) and thereby inhibits APC/C func-
tion (60). Interestingly, among the substrates of the APC/C
ubiquitin ligase are Skp2 and Cks1, which are required for the
degradation of p27 (5, 66). Furthermore, not only cyclin B but
also cyclin A is targeted for degradation by APC/C (67). Thus,
although detailed spatiotemporal analyses are required to as-
sess the outcome of such processes, all of these events might
converge in increased CDK2 activation during apoptin-in-
duced apoptosis.

Whether Akt-mediated CDK2 activation is a unique feature
of apoptin-induced apoptosis or a more general phenomenon
is an intriguing question. In primary cells such as HMECs,
stimulation of Akt by epidermal growth factor receptor signal-
ing was unable to sensitize cells to apoptin-induced apoptosis.
However, whereas in those nontransformed cells endogenous
Akt remained cytoplasmic following apoptin exposure, expres-
sion of nucleus-targeted Akt could induce apoptosis, although
to a weaker extent than that in transformed cells. We also
observed with primary human B lymphocytes that a fraction of
cells underwent apoptosis induced by apoptin when the cells
were costimulated by IgM cross-linking, which is known to
induce CDK2 activation but normally protects B cells against
various apoptotic stimuli (data not shown). Thus, under certain
conditions, a limited cytotoxicity of apoptin might be observed
even in nontransformed cells.

FIG. 9. Model for apoptin-activated signaling. Apoptin interacts
with the SH3 domain of PI3-K, resulting in its constitutive activation,
which leads to PDK1-dependent Akt activation and nuclear translo-
cation of Akt. Nuclear Akt activates CDK2 by both direct and indirect
mechanisms, including the proteasome-dependent degradation of
p27Kip1. The activated CDK2 phosphorylates, among other substrates,
apoptin at Thr-108 and thereby enforces its nuclear accumulation in
cancer cells. The abnormal CDK2 activation, which might also involve
apoptin-induced inhibition of APC/C, directly or indirectly influences
the activity of regulators of the mitochondrial apoptotic pathway, in-
cluding Nur77, Bcl-2, Bim, and others.
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The apoptosis-relevant targets of CDK2 are largely un-
known. Though one report suggested that p53 is phosphory-
lated and activated by CDK2 during thymocyte apoptosis (26),
apoptin-induced cell death is independent of p53. Neverthe-
less, CDK2 activation may not be restricted to apoptin-induced
cell death. It was proposed, for instance, that starvation-in-
duced apoptosis of endothelial cells is mediated through in-
creased CDK2 activation (32). Very recently, deregulated
CDK2 activation was also linked to increased Bim expression
and apoptosis in response to actin damage (10). Furthermore,
elevated activity of CDK2 has been found in certain forms of
apoptosis, while overexpression of CDK2 accelerates thymo-
cyte cell death (21). Interestingly, and consistent with our re-
sults, cyclin A expression can also induce apoptosis in fibro-
blasts upon serum withdrawal (27).

Various regulators of the PI3-K/Akt pathway are involved in
tumorigenesis and are highly active in various types of cancers.
PTEN, a phosphatase counteracting PI3-K action, is one of the
most commonly mutated tumor suppressor genes (64). Both
CDK2 and cyclin A are strongly overexpressed in several tu-
mors (68). Hyperactivation of these pathways is associated with
a poor clinical prognosis and contributes to drug resistance.
Thus, targeting of these pathways by apoptin might be respon-
sible for its tumor-specific effects. Our data strongly indicate
that apoptin exploits survival pathways and redirects them
from their survival function toward induction of cell death. Our
results therefore establish a novel link between cell survival
and cell death that may be important for the development of
strategies to selectively kill tumor cells.
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