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The chicken anemia virus (CAV) protein Apoptin is a small, 13.6-kDa protein that has the intriguing activity
of inducing G2/M arrest and apoptosis specifically in cancer cells by a mechanism that is independent of p53.
The activity of Apoptin is regulated at the level of localization. Whereas Apoptin is cytoplasmic in primary cells
and does not affect cell growth, in transformed cells it localizes to the nucleus, where it induces apoptosis. The
properties of cancer cells that are responsible for activating the proapoptotic activities of Apoptin remain
unclear. In the current study, we show that DNA damage response (DDR) signaling is required to induce
Apoptin nuclear localization in primary cells. Induction of DNA damage in combination with Apoptin expres-
sion was able to induce apoptosis in primary cells. Conversely, chemical or RNA interference (RNAi) inhibition
of DDR signaling by ATM and DNA-dependent protein kinase (DNA-PK) was sufficient to cause Apoptin to
localize in the cytoplasm of transformed cells. Furthermore, the nucleocytoplasmic shuttling activity of Apoptin
is required for DDR-induced changes in localization. Interestingly, nuclear localization of Apoptin in primary
cells was able to inhibit the formation of DNA damage foci containing 53BP1. Apoptin has been shown to bind
and inhibit the anaphase-promoting complex/cyclosome (APC/C). We observe that Apoptin is able to inhibit
formation of DNA damage foci by targeting the APC/C-associated factor MDC1 for degradation. We suggest
that these results may point to a novel mechanism of DDR inhibition during viral infection.

Chicken anemia virus (CAV) is a nonenveloped, single-
stranded DNA (ssDNA) virus with a small genome of approxi-
mately 2.3 kb (reviewed in reference 42). CAV causes severe
anemia and immunosuppression in young chickens by replicating
in thymocytes and erythroblasts, often leading to mortality. The
virus encodes 3 proteins, designated VP1, -2, and -3, and of these,
VP3 was shown to mediate the cytopathic properties of the virus
(32). VP3 has been shown to be a potent inducer of apoptosis and
was renamed “Apoptin” for this reason. Of particular interest has
been the finding that Apoptin is able to selectively kill trans-
formed cells by a mechanism that is independent of p53 (11, 52).
Many types of cancer chemotherapies that function as DNA-
damaging agents depend on p53 for efficacy. p53 is mutated in
more than half of all human cancers, and these tumors are more
resistant to many types of therapy. The study of Apoptin is there-
fore a unique system for identifying pathways of apoptosis that
are able to kill cancer cells independent of p53.

The transformed-cell-specific killing of Apoptin is regulated
at least in part at the level of subcellular localization. When
expressed in transformed cells, Apoptin localizes to the nu-
cleus, whereas in normal (primary) cells it is cytoplasmic (11).
The Apoptin protein contains a C-terminal nuclear localiza-
tion signal (NLS) and a central leucine-rich nuclear export
sequence (NES) that cause the protein to shuttle in and out of
the nucleus in both normal and transformed cells (22, 34, 46).
Several studies have identified properties of the Apoptin pro-
tein that may regulate differential localization of Apoptin be-

tween primary and transformed cells, but the mechanism is
poorly understood. A C-terminal phosphorylation site at thre-
onine-108 (T108) has been reported to regulate Apoptin apop-
totic activity but does not seem to be essential for transformed-
cell-specific localization (27, 36). Although nuclear localization
of Apoptin is required for apoptotic activity in tumor cells,
additional factors seem to be necessary, since fusion of Apo-
ptin with a strong NLS results in nuclear localization in pri-
mary cells but no killing activity (12, 22). Coexpression with
SV40 large T antigen (LgT) was shown to induce translocation
of Apoptin into the nucleus in primary cells, suggesting that an
activity of LgT was sufficient to activate Apoptin (51). Inter-
estingly, the domains of LgT required for binding the retino-
blastoma (Rb) and p53 tumor suppressors, which are required
for cellular transformation, were dispensable for activating
Apoptin. Instead, Apoptin was shown to be activated by an
N-terminal region of LgT implicated in causing DNA damage
through an interaction with the mitotic spindle checkpoint
protein Bub1 (23, 51). These observations raise the possibility
that Apoptin may sense the DNA damage response (DDR)
and that signaling through the DDR pathway may regulate the
nuclear localization of Apoptin. Most cancer cell lines are
known to have constitutive DDR activation due to intense
replication stress (2, 3, 13, 18, 20), and this pathway may
therefore represent a transformed-cell-specific property that
triggers Apoptin nuclear localization and apoptosis.

Many viruses that replicate in the nucleus encode one or
more proteins that manipulate the cellular DDR pathways. In
many cases, this is because replicating viral genomes are inter-
preted as damaged DNA and as such can induce cell cycle
arrest, DNA repair, and apoptosis, all of which can inhibit viral
replication. In the current study, we present evidence that consti-
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tutive DDR signaling pathways regulate the unique transformed-
cell-specific localization observed with Apoptin. Moreover, we
show that Apoptin inhibits downstream effectors of the DDR and
propose that these activities may be a novel mechanism utilized by
CAV to evade activation of the host cell DDR.

MATERIALS AND METHODS

Cell lines and drugs. H1299 non-small-cell lung adenocarcinoma cells, MRC5
primary lung fibroblasts, and 293T/17 cells were obtained from ATCC. All cells
were maintained in Dulbecco’s modified Eagle medium (Wisent Inc., QC, Can-
ada) supplemented with 10% fetal bovine serum (HyClone; Thermo Scientific)
and 0.1% gentamicin (Wisent Inc., QC, Canada). Bleomycin sulfate (BLM) was
purchased from Bioshop Canada and used at concentrations from 5 to 50 �M.
Puromycin was purchased from Bioshop Canada and used at concentrations of 2
�g/ml. KU55933 and NU7026 were purchased from Tocris Bioscience and used
at 10 and 1 �M, respectively.

Viral infections. The adenoviruses encoding Apoptin (Ad-Apwt) or LacZ
(Ad-LacZ) were described previously (41) and used to infect H1299 cells at a
multiplicity of infection (MOI) of 35 and primary cells at an MOI of 50. Adeno-
viruses were propagated in HEK293 cells, and titers were determined using the
fluorescence-forming unit (FFU) protocol (19). The pLKO D9 Bub1 knockdown
short hairpin RNA (shRNA) has been described previously (10), and the
SHC002 nonsilencing control (NSC) is from Sigma. The lentiviruses were pro-
duced by the cotransfection of 3 � 106 293T/17 cells using calcium phosphate
precipitation with 15 �g of the pLKO vector, 11.25 �g pCMV-dR8.2 pVPR, and
4.5 �g pCMV VSV-G (vesicular stomatitis virus G). The virus-containing super-
natant was then collected, filtered through a 0.45-�m filter, and stored as 300-�l
aliquots at �80°C until further use. For infections using these viruses, 5 � 105

MRC5 cells were plated on 60-mm dishes. Twenty-four hours after plating, 300
�l virus-containing medium was added in the presence of 8 �g/ml Polybrene.
Twenty-four hours following the infection, the cells were trypsinized and replated
in 10-cm dishes. Twenty-four hours following plating, the medium was changed
for medium containing 2 �g/ml puromycin. After 48 h of selection, the cells were
trypsinized, counted, and replated for experiments.

Subcellular fractionation. MRC5 cells (6 � 105) were plated on 10-cm dishes.
They were then infected with Ad-Apwt or Ad-LacZ and left for 48 h. They were then
treated for 18 h overnight with BLM and harvested. Fractionation was performed by
scraping the cells and washing them twice with phosphate-buffered saline (PBS). The
cells were then resuspended in 100 �l buffer A (10 mM HEPES, 1.5 mM MgCl2, 10
mM KCl, 5 mM dithiothreitol [DTT], 0.5% NP-40) per 106 cells on ice for 10 min.
The lysate was then centrifuged for 3 min at 3,000 � g at 4°C. The supernatant
containing the cytoplasmic fraction was then set aside, and 4� Laemmli buffer was
added to achieve a concentration of 1�. The pelleted nuclei were then resuspended
in 50 �l buffer C (20 mM HEPES, 25% glycerol, 0.42 M NaCl, 0.4 mM EDTA, 1
mM DTT) per 106 cells on ice for 30 min. The lysate was then centrifuged at
maximum speed for 10 min at 4°C. The supernatant containing the nuclear fraction
was then set aside, and 4� Laemmli buffer was added to achieve a concentration of
1�. The final insoluble pellet was then resuspended in 50 �l 1� Laemmli buffer
using a 23-gauge needle and a 1-ml syringe. All lysates were then boiled for 5 min
and stored at �20°C until further use.

Immunoprecipitation. Cells were treated as for the fractionation assay and
then lysed in 1 ml buffer X (50 mM Tris [pH 8.5], 250 mM NaCl, 1% NP-40, 1
mM EDTA) per 106 cells on ice for 20 min. Cell debris was pelleted by centrif-
ugation at maximum speed for 15 min at 4°C. The supernatant was then incu-
bated with 30 �l anti-FLAG affinity gel (Sigma) for 2 h at 4°C. The beads were
then pelleted and washed 4 times with buffer X. Following the washes, the beads
were pelleted and resuspended in 1� sample buffer, boiled for 5 min, and stored
at �20°C until further use. Buffers A, C, and X were supplemented with 1
protease inhibitor cocktail tablet (Roche) per 10 ml.

Antibodies and Western blotting. The rabbit polyclonal and mouse monoclo-
nal anti-FLAG antibodies and the mouse monoclonal antibody against TATA
box binding protein were obtained from Sigma. The rabbit polyclonal anti-ATM
antibody was obtained from EMD Biochemicals. The anti-DNA-dependent pro-
tein kinase (anti-DNA-PK) antibody was purchased from Cell Signaling Tech-
nology. The goat anti-MDC1, mouse monoclonal anti-CDC27, and mouse mono-
clonal anti-PML were all obtained from Santa Cruz. The anti-53BP1 mouse
monoclonal antibody was obtained from BD Biosciences. The rabbit polyclonal
against �H2AX was obtained from Millipore. The rabbit polyclonal antibodies
against Bub1 and APC1 have been described previously (16, 41). The goat anti-
rabbit Alexa Fluor 594-conjugated and goat anti-mouse and donkey anti-goat Alexa
Fluor 488-conjugated antibodies were from Invitrogen-Life Technologies.

Western blotting was performed using standard protocols for SDS-PAGE and
wet transfer onto nitrocellulose membranes (Bio-Rad). Conditions for Western
blots were the use of 5% nonfat dry milk in TBS-T (50 mM Tris [pH 7.5], 150
mM NaCl, 0.5% Tween 20). The bands were visualized by enhanced chemilu-
minescence (Western Lightning [PerkinElmer]; Super Signal West Pico or
Femto [Pierce-Thermo Scientific]) and exposure on film. Quantitation Western
blot signals were measured using ImageJ software.

Immunofluorescence. Cells were seeded at low confluence on glass coverslips in
6-well plates and, 24 h later, infected as described above. The cells were fixed by
immersing the coverslips in ice-cold methanol for 10 min. Staining was performed by
washing the coverslips twice in PBS and then blocking for 15 min in 10% ADB (10%
horse serum, 0.05% Triton X-100 in PBS). The coverslips were then incubated with
the primary rabbit anti-FLAG and anti-53BP1 antibodies at 1:1,000 and 1:10,000,
respectively, in 10% ADB for 1 h at room temperature. The coverslips were then
washed 3 times each for 5 min in PBS, followed by incubation with the fluorescence-
conjugated secondary antibodies at 1:500 in 10% ADB for 1 h at room temperature.
The coverslips were then washed again, counterstained with DAPI (4�,6-diamidino-
2-phenylindole), and mounted on slides using DABCO mounting medium (Sigma).
The cells were then viewed using a Zeiss Axiovert fluorescence microscope and
processed with Zeiss Axiovision software.

For analysis of green fluorescent protein (GFP)-fused apoptin mutants, 1.0 �
105 cells were plated onto 6-well plates. The cells were allowed to recover for
24 h and were then transfected using 1 �g of plasmid DNA and 2.5 �l Lipo-
fectamine 2000 in opti-MEM medium. Four hours following transfection, the
medium was changed and caffeine added. Twenty-four hours following transfec-
tion, the cells were fixed in cold methanol, stained with DAPI, and examined
at �400 magnification. The GFP-fused apoptin constructs used have been de-
scribed previously (22).

Apoptosis assays. MRC5 cells (7 � 104) were plated on 35-mm dishes and
then infected with Ad-Apwt or Ad-LacZ as described above. The cells were then
treated with bleomycin as indicated in the figure legends. The cells were stained
by washing them once with PBS and once with AnnexinV binding buffer (2.5 mM
CaCl2, 140 mM NaCl, 7.75 mM HEPES [pH 7.4]) and then incubated with 200
�l AnnexinV binding buffer containing 5 �l AnnexinV (BD Biosciences) and
0.25 �g 7-amino-actinomycin D (7AAD) (A.G. Scientific) per sample at room
temperature in the dark on a rocking platform at slow speed for 15 min. The cells
were then washed twice with AnnexinV binding buffer, collected by scraping, and
analyzed on a Cell Lab Quanta SC flow cytometer (Beckman Coulter) in con-
junction with Quanta Collection and Quanta Analysis software (Beckman
Coulter). For examination of nuclear morphology, 25,000 cells per well were
plated on 12-well plates, infected, and treated as indicated in Fig. 3A and B.
Following treatment, the cells were fixed in cold methanol, stained with DAPI,
and analyzed under the microscope at �400 magnification.

siRNA transfection. H1299 cells (5 � 104) were seeded in 24-well plates and
then transfected overnight using 2 �l Lipofectamine 2000 (Invitrogen-Life Tech-
nologies) per well and 50 nmol ATM (5�-AAU UCA GAA AGC AAC AUU
CUU dTdT-3�), DNA-PK (5�-GAU CGC ACC UUA CUC UGU UdTdT-3�), or
scrambled small interfering RNA (siRNA) (5�-AAT TCT CCG AAC GTG TCA
CGT dTdT-3�) in Opti-MEM I reduced-serum medium (1�) (Invitrogen-Life
Technologies) as indicated in Fig. 5. All siRNAs were purchased from Sigma.
The cells were allowed to recover for 24 h and then were infected with Ad-Apwt
for 24 h, at which point they were either fixed with cold methanol and stained
with anti-FLAG and anti-mouse Alexa Fluor 594-conjugated antibodies as de-
scribed above or harvested for SDS-PAGE and Western blotting. The lower
quality of the DNA-PK antibody required that nuclear extracts be prepared in
order to analyze the levels of DNA-PK protein.

MDC1 time course experiments. For experiments involving immunoblots of
MDC1, 5 � 105 H1299 cells were plated on 60-mm dishes and infected 24 h later
with Ad-Apwt or Ad-LacZ. Cells were treated 40 h postinfection (hpi) with
cycloheximide (CHX) (Sigma) at 20 �g/ml for the amounts of time indicated in
the figure legends. In order to test for proteasome dependency, cells were treated
with various concentrations of MG132 (Sigma) from 42 to 48 hpi and then
harvested. Nuclear extracts were prepared, and the protein concentration in each
sample was measured by the Bradford assay (Bio-Rad).

Statistical tests. Where indicated, statistical significance was calculated using
Student’s two-tailed t test, with data from at least 3 independent biological repeats.

RESULTS

Knockdown of bub1 induces DNA damage and causes Apo-
ptin to localize to the nucleus in primary fibroblasts. Simian
virus 40 (SV40) LgT was previously shown to induce DNA
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damage signaling through a region in the N-terminal region
that interacts with and inhibits the mitotic checkpoint protein
bub1 (23). This same region of LgT was also demonstrated to
induce nuclear localization of Apoptin (51). We therefore hy-
pothesized that Bub1 inhibition and the resulting activation of
DNA damage signaling may regulate Apoptin localization. In
order to test this hypothesis, we knocked down bub1 expres-
sion in normal MRC5 fibroblasts by using lentiviral shRNA
constructs. Figure 1A shows that the expression levels of bub1
could be efficiently knocked down using the shRNA construct
and that these conditions resulted in activation of DDR, as
measured by levels of �H2AX, as was previously reported (23).
Figure 1B shows that Bub1 knockdown cells also displayed
increased numbers of DNA damage foci, as measured by im-
munofluorescence against 53BP1. In order to determine if
Bub1 knockdown could affect localization of Apoptin, MRC5
fibroblasts were stably transduced with the lentiviral shRNA
construct targeting Bub1 or a nonsilencing control (NSC).
Knockdown cells were then infected with an adenoviral vector

expressing an epitope-tagged wild-type Apoptin (Ad-Apwt) or
a control virus expressing LacZ (Ad-LacZ). Figure 1C shows
that Bub1 knockdown resulted in a dramatic localization of
Apoptin from the cytoplasm to the nucleus that was not ob-
served in the NSC. These data show that bub1 knockdown and
possibly the resulting DNA damage signaling are able to trig-
ger nuclear localization of Apoptin.

Treatment with the radiomimetic drug bleomycin causes a
dose-dependent relocalization of Apoptin to the nucleus of
MRC5 cells. Since Bub1 knockdown is able to induce in pri-
mary cells a nuclear localization of Apoptin that correlates
with the activation of the DDR, we asked whether activation of
DDR signaling alone would be sufficient to activate Apoptin.
To test this hypothesis, we chose to use the anticancer drug
bleomycin (BLM). BLM induces nonspecific double-stranded
DNA (dsDNA) and ssDNA breaks through the generation of
superoxide and hydroxide free radicals. To examine the effects
of BLM treatment on Apoptin localization, MRC5 cells were
infected with Ad-Apwt and subsequently treated with BLM at

FIG. 1. Bub1 knockdown in primary cells induces DNA damage and causes Apoptin to localize to the nucleus. (A) Immunoblot for �H2AX
and bub1 from MRC5 normal fibroblasts infected with lentiviral vectors encoding an shRNA targeting bub1 or a nonsilencing control. An actin
blot is included as a loading control. (B) Immunofluorescence detecting DNA damage foci in MRC5 fibroblasts treated as described for panel A.
Foci were detected using an antibody against 53BP1, and cell nuclei were visualized with DAPI. Average numbers of DNA damage foci counted
in knockdown and control cells are shown in the graph on the right. (C) Immunofluorescence detecting FLAG-tagged Apoptin in bub1 knockdown
and control cells infected with Ad-Apwt. Cells were fixed and stained with anti-FLAG antibody, and cell nuclei were visualized with DAPI. The
percentages of cells displaying nuclear localization of Apoptin are shown in the bar graph on the right. Error bars indicate standard deviations.
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various concentrations. Biochemical fractionation was then
performed to isolate nuclear and cytoplasmic fractions, which
were analyzed by Western blotting for the presence of Apop-
tin. Figure 2A shows that treatment with BLM caused Apoptin
to localize in the nuclear fractions in a dose-dependent man-
ner. Nuclear fractions in which Apoptin appeared correlated
with the appearance of �H2AX, one of the major markers for
DNA damage, in the nucleus. Quantitation of the Apoptin
signal in each fraction shows that Apoptin localizes almost
exclusively to the nucleus at higher BLM concentrations
(Fig. 2A, right). To confirm this result, we also performed
immunofluorescence microscopy and found that in cells
treated with BLM, Apoptin localized predominantly to the
nucleus (Fig. 2B).

Since the C-terminal phosphorylation site of Apoptin (T108)
was previously reported to regulate Apoptin activity, we deter-
mined whether activation of the DDR results in differential
phosphorylation at this site. To address this question, we per-
formed immunoblot analysis with a phosphospecific antibody
previously shown to recognize the phosphorylated form of

T108 (kindly provided by M. Tavasolli) (14). We show in Fig.
2C that there is no significant change in T108 phosphorylation
following induction of DNA damage by BLM. Taken together,
these data indicate that induction of DNA damage is itself
sufficient to trigger the translocation of Apoptin to the nucleus
in primary cells. Furthermore, phosphorylation on T108 does
not appear to mediate these effects.

Apoptin and bleomycin synergize to kill normal cells.
Forced nuclear targeting of Apoptin in primary cells does not
induce apoptosis, indicating that additional events are required
to fully activate the protein (12, 22). Since we observed that
DNA damage can induce localization of Apoptin to the nu-
cleus of primary cells, we hypothesized that Apoptin activated
by DNA damage may induce apoptosis. To address this ques-
tion, MRC5 fibroblasts were infected with Ad-Apwt or Ad-
LacZ control adenovirus and then treated with sublethal doses
of BLM. When expressed in transformed cells, Apoptin in-
duces changes in nuclear morphology typical of apoptosis (11,
41). Figure 3A shows that primary cells treated with BLM in
combination with Apoptin expression displayed aberrant nu-

FIG. 2. DNA damage induces nuclear localization of Apoptin in primary cells. (A) MRC5 fibroblasts were infected with Ad-Apwt and
subsequently treated with the indicated concentrations of BLM for 18 h. The cells were then fractionated into cytoplasmic and nuclear fractions
and separated by SDS-PAGE, and the levels of Apoptin present in each fraction were examined by immunoblotting with anti-FLAG antibody.
EIF4A (eukaryotic translational initiation factor 4) and TATA box binding protein (TBP) are shown as markers for the cytoplasmic (C) and
nuclear (N) fractions, respectively. Band intensities of Apoptin were quantitated from blots and graphed as the fraction of total apoptin present
in the nucleus under each condition (right). (B) MRC5 fibroblasts were infected with Ad-Apwt and then treated with 50 �M bleomycin or PBS
for 18 h. The cells were then fixed and stained with anti-FLAG antibody to detect Apoptin and DAPI to visualize nuclei. (C) MRC5 fibroblasts
were infected and treated as described for panel A. Whole-cell lysates were separated by SDS-PAGE, and levels of phosphorylated Apoptin on
threonine 108 (P-T108) were determined by immunoblot analysis using a phosphospecific antibody. Levels of total Apoptin were detected using
anti-FLAG antibody; activation of DDR was confirmed with �H2AX, and an actin immunoblot was used as a loading control.
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clear morphology typical of apoptosis. To further confirm this
result, we repeated the experiment and analyzed cells using the
annexinV/7AAD apoptosis assay. Figure 3B shows that follow-
ing treatment, a 5-fold increase in apoptosis was observed in
cells treated with Ad-Apwt and BLM relative to that in cells
expressing Apoptin alone.

We previously demonstrated that in tumor cells Apoptin
interacts with and inhibits the anaphase-promoting complex/
cyclosome (APC/C) and that this activity contributes to the
apoptotic effect (22, 41). We therefore determined whether
treatment with BLM in normal fibroblasts enhanced interac-
tion of Apoptin with the APC/C. Figure 3C shows that there is
a significant, 1.7-fold increase in association of Apoptin with
APC1 upon treatment with BLM. Although the increased
binding with the APC/C in the presence of DNA damage was
modest, it was highly reproducible and was observed in four
separate biological repeats (Fig. 3C, right). Therefore, disrup-
tion of APC/C activity may contribute to the increased apop-
tosis observed upon treatment with Apoptin and BLM.

Inhibition of DDR signaling prevents Apoptin activation in
tumor cells. Recent studies from several groups show that a
common property of cancer cells is constitutive DDR signaling
due to rapid cell division and resulting replication stress (2, 3,
13, 18, 20). We therefore asked whether DDR signaling is
required for nuclear Apoptin localization in tumor cells. In
order to address this question, we used three chemical inhib-
itors of DDR signaling. We first used caffeine, which is a
well-characterized broad-spectrum inhibitor of the phosphati-
dylinositol 3-kinase (PI-3K)-like kinases (PIKK). Caffeine in-
hibits MTOR, PI-3K, ATM, ATR, DNA-PK, and chk1 to var-
ious degrees depending on the concentration used (37). Figure
4 shows that treatment of H1299 cells expressing Apoptin with
5 mM caffeine was sufficient to relocalize Apoptin to the cy-
toplasm in 95% of cells, whereas in control cells, Apoptin
remained almost exclusively nuclear. Since caffeine is a pan-
inhibitor of PIKK, we further examined the effects of KU55933
and NU7026, which specifically inhibit ATM and DNA-PK,
respectively. Figure 4 shows that when used individually, nei-

FIG. 3. Treatment of cells with apoptin and BLM induces apoptosis in primary cells. (A) MRC5 fibroblasts were infected with Ad-Apwt or
Ad-LacZ and then treated with BLM or vehicle control. Cells were fixed and stained with anti-FLAG antibody to detect Apoptin and DAPI to
visualize nuclei. The morphology of the nuclei was examined by microscopy, and the percentage of cells with aberrant nuclei was determined. *,
P � 0.05. (B) MRC5 fibroblasts were treated as described for panel A, stained with AnnexinV and 7AAD, and analyzed by flow cytometry. The
percentage of Annexin-positive cells is indicated for each treatment (boxed). (C) MRC5 fibroblasts were infected with Ad-Apwt or Ad-LacZ and
then treated with BLM. Apoptin was immunoprecipitated (IP) from cell extracts using an anti-FLAG antibody. IPs were resolved by SDS-PAGE,
and immunoblotting was performed for APC1 and FLAG (Apoptin). Whole-cell extracts (WCE) used for IP were analyzed by Western blotting
to confirm equal amounts of APC1 and to confirm activation of DDR (�H2AX). Band intensities of APC1 IPs were quantitated from 4 separate
experiments and plotted as fold induction (right). Error bars indicate standard deviations.
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ther inhibitor had significant effects on the overall localization
of Apoptin. However, Apoptin relocalized to the cytoplasm in
almost all cells when KU55933 and NU7026 were combined.
Therefore, pharmacological inhibition of both ATM and
DNA-PK, two key kinases in DDR signaling, is able to prevent
nuclear localization of Apoptin in tumor cells.

To further confirm our result with small-molecule inhibitors
of DDR signaling, we proceeded to inhibit ATM and DNA-PK
using RNA interference (RNAi). Two very effective siRNA
sequences were previously reported to inhibit expression of
these kinases (26, 49). DNA-PK and ATM levels were signif-
icantly reduced when cells were treated with these siRNAs
either individually or in combination (Fig. 5A). Figure 5B
shows that ATM knockdown resulted in cytoplasmic localiza-
tion in approximately 50% of cells, compared to a control
siRNA sequence, which displayed greater than 90% nuclear
Apoptin. Cotransfection of siRNAs targeting ATM and
DNA-PK resulted in an even greater effect, with approximately
70% of cells with cytoplasmic Apoptin. Knockdown of
DNA-PK by itself, however, did not have a significant effect.
Therefore, DDR-induced nuclear targeting of Apoptin re-

quires signaling through the ATM kinase and, to a lesser ex-
tent, DNA-PK.

Nucleocytoplasmic shuttling activity is essential for Apoptin
response to DDR. Studies from our lab and others have shown
that Apoptin contains both NLS and NES motifs that confer
nucleocytoplasmic shuttling activity to the protein (22, 34, 46).
Intriguingly, regulation of NES activity appears to be a major
factor that determines transformed-cell-specific localization of
Apoptin (22, 34). We therefore asked whether the NES and
the NLS sequence of Apoptin were also required to respond to
DDR signaling. We have previously generated a GFP-fused
Apoptin construct as well as a series of mutants with mutations
in the NES and the NLS sequence (Fig. 6A) (22). Figures 6B
and C show that wild-type Apoptin fused to GFP (GFP-Apwt)
localizes primarily to the nucleus of H1299 cells but upon
treatment with caffeine relocalizes to the cytoplasm. However,
an N-terminal deletion of Apoptin that truncates the NES,
GFP-Ap(42–121), as well as a point mutation of the Apoptin
NES (GFP-Ap-pmNES), failed to relocalize to the cytoplasm
when DDR signaling was inhibited with caffeine. It has previ-
ously been reported that the C-terminal T108 phosphorylation

FIG. 4. Chemical inhibitors of DNA damage signaling induce cytoplasmic localization of Apoptin in cancer cells. H1299 non-small-cell lung
carcinoma cells were infected with Ad-Apwt and then treated with the indicated inhibitors of DNA damage signaling for 18 h. The cells were fixed
and stained with anti-FLAG to detect apoptin and DAPI to visualize nuclei. The percentages of cells displaying nuclear localization of Apoptin
were determined by microscopy and are graphed on the right. DMSO, dimethyl sulfoxide. Error bars indicate standard deviations.
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site of Apoptin can regulate localization of the protein. The
T108 site lies within the NLS sequence of the protein and
could potentially regulate its activity. In order to address the
role of the Apoptin NLS in response to the DDR, we uti-
lized an Apoptin mutant that replaces the Apoptin NLS,
which includes T108, with the SV40 LgT NLS (GFP-Ap-
SV40NLS). Figures 6B and C show that GFP-Ap-SV40NLS
responds like the wild type to caffeine and, therefore, that
regulation by T108 is not required for response to DDR
signaling. This result is in agreement with the data in Fig. 2C
showing no change in T108 phosphorylation upon induction
of DNA damage. Taken together, these data indicate that
the nucleocytoplasmic shuttling activity of Apoptin is essen-
tial for DDR-induced changes in localization but does not
require T108 phosphorylation.

Apoptin inhibits formation of 53BP1-containing DNA dam-
age foci. Figures 1C and 2B show that nuclear Apoptin is
concentrated into discrete foci. Given that DNA damage is
accompanied by the formation of nuclear foci, we asked
whether Apoptin foci colocalize with markers of DNA dam-
age. To address this question, control and Apoptin-expressing
MRC5 cells were treated with BLM to induce DNA damage
and analyzed by immunofluorescence with an antibody recog-
nizing 53BP1, which is a marker of DNA damage. Figure 7
shows that cells infected with a control adenovirus expressing
LacZ and treated with BLM displayed intense DNA damage
foci in the nucleus. Surprisingly, when BLM-treated cells were
infected with Ad-Apwt, DNA damage foci were less intense
and much fewer in number than those in controls. Therefore,
although DDR induces nuclear localization of Apoptin, once
in the nucleus Apoptin may attenuate the response by prevent-
ing formation of DNA damage foci.

Apoptin targets MDC1 through the APC/C. We previously
showed that interaction of Apoptin with the APC/C causes the
complex to relocalize to PML bodies, where it becomes inac-
tivated through degradation (22, 41). Recent findings also es-
tablished a link between the APC/C and a key adaptor in DDR
signaling called the mediator of DNA damage checkpoint 1
(MDC1). These studies show that MDC1 is constitutively as-
sociated with several subunits of the APC/C (9, 43). MDC1 is
an essential component of DDR signaling and is required to
form DNA damage foci by recruiting several critical proteins,
including 53BP1 (17, 29, 40). We therefore investigated the
possibility that the Apoptin-mediated inhibition of DNA dam-
age foci may be due to targeting the MDC1 protein through
the APC/C. We first characterized the localization of MDC1 in
Apoptin-expressing cells by immunofluorescence (Fig. 8A). As
expected, MDC1 displayed a diffuse nuclear localization in
control cells. In sharp contrast, approximately 40% of cells
displayed MDC1 aggregated in foci in cells expressing Apop-
tin. Furthermore, Apoptin and MDC1 were often observed to
colocalize within foci. As we previously found that Apoptin
recruits the APC/C into foci that colocalize with PML, we
examined whether MDC1 also colocalizes with these struc-
tures. Figures 8B and C show that MDC1 colocalizes in foci
with an APC/C subunit (CDC27) in PML bodies specifically
when Apoptin is expressed.

Since we previously demonstrated that localization of
APC/C to PML bodies resulted in the degradation of APC/C
subunits, including CDC27, we determined the protein lev-
els of MDC1 in Apoptin-expressing cells. Immunoblot anal-
ysis of MDC1 from cells infected with Ad-Apwt or Ad-LacZ
revealed a dramatic reduction in MDC1 steady-state levels
specifically in Apoptin-expressing cells (Fig. 9A). In order to

FIG. 5. Inhibition of DNA damage signaling by RNAi induces cytoplasmic localization of Apoptin in cancer cells. (A) H1299 cells were
transfected with siRNAs targeting ATM, DNA-PK, or a scrambled control siRNA. Forty-eight hours following transfection, nuclear extracts were
generated and separated by SDS-PAGE, and the levels of ATM and DNA-PK were monitored by immunoblotting. Actin was used as a loading
control. (B) H1299 cells were transfected with siRNAs as described for panel A and then infected with Ad-Apwt. The cells were then fixed and
stained with anti-FLAG antibody to detect apoptin and DAPI to visualize nuclei. The percentages of cells displaying nuclear localization of apoptin
were determined by microscopy and are graphed on the right. Error bars indicate standard deviations.
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determine if the reduction in MDC1 protein results from a
decrease in protein stability, we measured the half-life of
MDC1 with a cycloheximide (CHX) experiment. Figure 9B
shows that MDC1 protein levels decreased more rapidly
over time in the presence of Apoptin than in LacZ control

cells. To determine if the observed degradation of MDC1 is
proteasome dependent, the experiment was repeated in the
presence of MG132, a specific inhibitor of the 26S protea-
some. Figure 9C shows that addition of MG132 resulted in
a dose-dependent inhibition of Apoptin-induced MDC1

FIG. 6. Apoptin nucleocytoplasmic shuttling activity is required to respond to DNA damage. (A) Schematic diagram of N-terminal GFP-tagged
Apoptin mutants. (B) H1299 cells were transfected with the indicated GFP-Apoptin constructs and monitored by fluorescence microscopy for GFP
(left) and DAPI (center). Merged GFP/DAPI images are shown on the right. (C) Percentages of cells displaying nuclear Apoptin under each of
the experimental conditions shown in panel B were determined by microscopy. Error bars indicate standard deviations. *, P � 0.05. WT, wild type.

FIG. 7. Apoptin reduces numbers of DNA damage foci. MRC5 fibroblasts were infected with Ad-Apwt or Ad-LacZ for 48 h and then treated
with 10 �M BLM. Following 18 h of treatment, the cells were fixed and stained with anti-FLAG to detect Apoptin and anti-53BP1 to detect DNA
damage foci. Nuclei were visualized using DAPI. Percentages of cells displaying DNA damage foci were determined by microscopy and are
graphed on the right. Error bars indicate standard deviations.
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degradation. Taken together, these results demonstrate
that, as with the APC/C, MDC1 in the presence of Apoptin
is sequestered into PML bodies, where it is targeted for
degradation in a proteasome-dependent manner.

DISCUSSION

Apoptin is thought to function by sensing a specific aspect of
transformed-cell physiology, but a precise mechanism has yet
to be elucidated. We show here for the first time that the
localization of Apoptin responds to DNA damage signaling
within cells and that the constitutive DDR signaling present in
transformed cells may account for the unique localization char-
acteristics of the protein. Our observations explain the curious
result that the N-terminal domain of SV40 LgT is able to
induce nuclear localization of Apoptin in primary cells, since
this region also binds Bub1 and induces DNA damage (10).
Apoptin expressed in primary cells is generally cytoplasmic, but

we observe that upon induction of DNA damage, the protein
translocates to the nucleus. Conversely, Apoptin expressed in
transformed cells is almost entirely nuclear, but inhibition of
DDR signaling either chemically or by RNAi results in cytoplas-
mic localization of the protein. Interestingly, although DDR sig-
naling seems to be required for Apoptin activation, the result of
Apoptin nuclear localization is the elimination of MDC1 and
inhibition of DNA damage focus formation.

The observation that Apoptin senses and ultimately inhibits
DDR focus formation provides insights toward understanding
the role of the protein during CAV replication. Replicating
viral genomes are interpreted as damaged DNA. Triggering
the DDR during DNA replication could induce cell cycle ar-
rest, DNA repair, and apoptosis, all of which can be deleteri-
ous to viral replication. For this reason, many viruses that
replicate in the nucleus encode one or more proteins that
manipulate the cellular DNA damage response of host cells

FIG. 8. Apoptin induces MDC1 localization to PML bodies with the APC/C. H1299 cells were infected with Ad-Apwt or Ad-LacZ for 48 h and then
fixed, and immunofluorescence was performed with the following antibodies: anti-FLAG (Apoptin) and anti-MDC1 antibodies (A), anti-MDC1 and
anti-CDC27 antibodies (B), and anti-MDC1 and anti-PML antibodies (C). In all experiments, cell nuclei were visualized using DAPI. The percentages
of cells containing MDC1 foci were determined by microscopy and are graphed on the right. Error bars indicate standard deviations.
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(reviewed in reference 8). Adenovirus E1B-55K/E4orf6 (6),
human T-cell leukemia virus tax (7), and SV40 T antigen (47)
are good examples of proteins that exhibit this type of activity.
The CAV genome is comprised of single-stranded DNA that
replicates by rolling-circle replication and would be predicted
to elicit strong DDR activation. Alternatively, some types of
viruses have been shown to highjack the DNA repair machin-
ery to enhance viral genome replication. ATM signaling during
infection with human papillomavirus, for example, has been
shown to increase viral DNA replication (31). Similarly, DDR

signaling during parvovirus infection has also been shown to
increase replication (30). Inhibiting the formation of DNA
damage foci could potentially redirect DNA repair factors,
such as DNA polymerases, from sites of cellular DNA damage
to viral replication centers.

An intriguing possibility is that activation of Apoptin by the
DDR may be a sequential step during viral replication. The
production of viral DNA would trigger the host DDR, which
would then induce the translocation of Apoptin into the nu-
cleus, where it would trigger apoptosis. CAV replication in vivo

FIG. 9. Apoptin induces the degradation of MDC1 in a proteasome-dependent manner. (A) H1299 cells were infected with Ad-Apwt or
Ad-LacZ and harvested at the indicated time points. Equal quantities of nuclear extract were loaded in each lane and separated by SDS-PAGE.
The levels of MDC1 protein were then monitored by immunoblotting. Apoptin expression was detected using anti-FLAG, and actin was included
as a loading control. (B) H1299 cells were infected with Ad-Apwt or Ad-LacZ for 40 h. Cells were then treated with cycloheximide for the indicated
amounts of time, and nuclear extracts were prepared. Equal quantities of protein were separated by SDS-PAGE, and the levels of MDC1 protein
were then monitored by immunoblotting. Apoptin expression was detected using anti-FLAG, and actin was included as a loading control.
(C) H1299 cells were infected with Ad-Apwt or Ad LacZ for 42 h. Cells were then treated with MG132 at the indicated concentrations for 6 h,
and nuclear extracts were prepared. Equal quantities of protein were separated by SDS-PAGE, and the levels of MDC1 protein were then
monitored by immunoblotting. Apoptin expression was detected using anti-FLAG, and actin was included as a loading control.
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has been reported to induce potent apoptosis in thymocytes,
and virus particles are observed to be contained in apoptotic
bodies that are absorbed by surrounding cells (24). The process
of viral DNA replication may therefore trigger apoptosis in
order to facilitate viral egress from infected cells and to pro-
mote viral spreading to surrounding cells.

In its natural setting, CAV kills thymocytes and hematopoi-
etic precursor cells, resulting in catastrophic anemia, immuno-
deficiency, and often death (1). Both of these types of cells
divide rapidly, which is a trait they share with cancer cells. A
consequence of the rapid division is replication stress. This is
defined as the occurrence of DNA damage as a result of DNA
replication irregularities during the S phase of the cell cycle.
DNA damage can result from the collision of replication forks,
which then stall and degenerate into single- or double-stranded
breaks. A common characteristic of cancer cells is therefore
constitutive DNA damage signaling (reviewed in reference 20).

Nuclear localization of Apoptin was shown to be essential
for apoptotic activity (12, 22); however, it is equally clear that
other factors are required. For example, it has been shown that
forced nuclear localization of Apoptin by fusion with the SV40
nuclear localization signal does not induce cell death in pri-
mary cells (12, 22). Our observations suggest that it is the
combination of nuclear localization and DDR activation that
can induce apoptosis in primary cells. Although it would be
interesting to determine if inhibition of DDR signaling could
protect cells from Apoptin-mediated death, we observed that
inhibition of the ATM and ATR kinases either by RNAi or by
small molecules resulted in high toxicity after extended treat-
ments, and so it was not possible to conduct these experiments
(data not shown). A previous study has suggested a potential
relationship between DNA damage responses and Apoptin-
induced apoptosis. Zhang et al. showed that low doses of
UV-C or ionizing radiation could cause Apoptin to migrate to
the nucleus and induce apoptosis of normal cells that origi-
nated from individuals carrying inherited mutations causing
xeroderma pigmentosum (XP) (50). Cells from XP individuals
are unable to repair some types of DNA damage and would
therefore accumulate these lesions, which could potentially
enhance Apoptin nuclear localization.

Although our results indicate that DDR signaling regulates
Apoptin localization, the molecular mechanisms that mediate
these effects remain unclear. One possibility is that Apoptin
may itself bind damaged DNA. It was previously shown that
Apoptin binds to DNA, preferentially to single-stranded DNA
and to double-stranded DNA ends (28), but the significance of
this observation has not been investigated further. Previous
studies have reported that a phosphorylation site at the C
terminus of Apoptin on T108 is differentially phosphorylated
between primary and transformed cells and that this regulates
localization and apoptosis (27, 36). However, a follow-up study
has shown that although T108 phosphorylation does seem to
enhance the apoptotic activity of the protein, it is not required
for transformed-cell-specific localization (27). Our own pub-
lished data have also shown that replacement of the C-terminal
NLS of Apoptin, which includes the T108 site, with the SV40
NLS results in localization like that of the wild-type protein,
also suggesting that this site is not absolutely required (22). In
addition, as shown in Fig. 2C, a significant amount of T108
phosphorylation is observed even under conditions where

Apoptin is highly cytoplasmic. In the current study, we show
that although DDR signaling can dramatically affect Apoptin
localization, it does not significantly change phosphorylation on
T108, suggesting that other phosphorylation sites or possibly
other types of posttranslational modification may play a role.

Although we observe that ATM and, to a lesser extent,
DNA-PK are required for Apoptin activation, direct phosphor-
ylation by these kinases appears unlikely since the Apoptin
sequence does not contain any consensus motifs for ATM or
DNA-PK phosphorylation [(S/T)QE or (S/T)Q]. Recently,
protein kinase C (PKC) was shown to associate with Apoptin
and induce its phosphorylation (25). Intriguingly, PKC� dis-
plays characteristics similar to those of Apoptin in that it is also
regulated by localization during apoptosis. Various types of
apoptotic stimuli, including DNA damage, were shown to in-
duce caspase-dependent cleavage of PKC� (4, 5, 33, 35, 38).
The cleaved PKC� then translocates to the nucleus, where it
phosphorylates a range of substrates and potentiates cell
death. Interestingly, activation of PKC� in response to DNA
damage was shown to be downstream of ATM (48). Thus, it is
possible that PKC� may phosphorylate Apoptin in response to
DNA damage signaling as well. In support of this notion, the
amino acid sequence of Apoptin has seven potential PKC
phosphorylation sites (S/TXK/R or S/TXXK/R).

Apoptin appears to potently inhibit the accumulation of
53BP1 in repair foci. These observations may be explained at
least partly by the decrease in levels of MDC1, as shown in Fig.
6. Two recent publications (9, 43) have shown an association
between MDC1 and the APC/C that appears to be important
for regular mitotic progression as well as DNA damage. Apo-
ptin sequesters and destabilizes MDC1 along with the APC/C,
which would eliminate a critical factor required to form DNA
damage foci. Apoptin interaction with the APC/C therefore
seems to disrupt a central node controlling DNA repair mech-
anisms as well as mitotic checkpoint functions. Several types of
animal viruses have been reported to bind and deregulate
APC/C function (reviewed in references 21 and 39). In partic-
ular, cytomegalovirus (CMV) has been shown to inhibit the
APC/C by inducing degradation of key subunits of the complex
(44, 45). Interestingly, CMV has also been shown to inhibit the
DDR by inducing the mislocalization of checkpoint proteins (15).
It will be interesting to determine if APC/C targeting during
CMV infection is also responsible for attenuation of the DDR.
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