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Mammalian cells infected with human adenoviruses (Ads) undergo an apoptotic response as a result of
expression of the viral E1A proteins, and this process is suppressed by the viral E1B-19K protein. The
intermediary steps in the Ad-induced apoptosis pathway are not fully resolved. The apical step in the canonical
mammalian apoptosis pathway involves functional activation of one or more of the BH3-only BCL-2 family
proapoptotic proteins. Previous reports have suggested that Ad-induced apoptosis may be initiated at check-
points downstream of the BH3-only proteins. Here, we undertook genetic and biochemical studies to determine
the roles of BH3-only proteins in Ad-induced apoptosis. We examined the activities of the cellular antiapoptosis
protein BCL-xL and its mutants expressed from the E1B region of the Ad5 genome. Our results showed efficient
suppression of Ad-induced apoptosis by a BCL-xL mutant (mt1) deficient in interaction with multidomain
proapoptotic proteins BAX and BAK but proficient in interaction with BH3-only proteins, suggesting a role for
BH3-only proteins in the initiation of Ad-induced apoptosis. Further, the antiapoptotic activity of BCL-xL mt1
in Ad-infected cells was observed in spite of BAK activation as a consequence of MCL-1 degradation. Analysis
of the mRNA levels of various BH3-only members by reverse transcription-PCR revealed prominent activation
of the Bik gene. Further, the BIK protein was also modified into an apoptotically enhanced phosphorylated
form during the viral infection. In addition to BIK, enhanced level of BIM was observed in Ad-infected cells.
Between the two major E1A proteins coded by the 12S and 13S mRNAs, the 13S product appeared to contribute
to the activation of these BH3-only members and apoptosis during viral infection. Depletion of BIK by the use
of small interfering RNA reduced the level of Ad-induced apoptosis. Our results are consistent with a model
that activation of the BH3-only members may initiate Ad-induced apoptosis.

Adenovirus (Ad) is a good model system to study the mo-
lecular mechanisms involved in cellular processes. During Ad
replication, the infected quiescent cells enter into an S-phase-
like state resulting in cell proliferation. This cellular environ-
ment facilitates the replication of viral DNA. The expression of
viral immediate-early gene E1A is essential for the activation
of cellular DNA synthesis and for facilitating viral DNA rep-
lication. The unscheduled DNA replication induced by E1A
(i.e., cellular and viral) appears to contribute to the apoptotic
response. It is well established that the apoptotic response
induced during Ad infection is apparent in cells infected with
viral mutants defective in E1B-19K (19,000-molecular-weight
protein) (33, 37, 39, 45). These results have indicated that
during normal Ad infection virus-induced apoptosis is sup-
pressed by the E1B-19K protein. The cell death response in
cells infected with an Ad recombinant virus that expresses the
cellular antiapoptosis protein BCL-2 from the E1B region (i.e.,
in the absence of E1B-19K) is strongly suppressed (38). Simi-
larly, the cytocidal effect of E1B-19K mutant virus is much
reduced in cells that ectopically overexpress BCL-2 (7, 40).
Thus, the apoptosis-like cell death induced by E1A can be
suppressed by overexpression of the cellular BCL-2 protein.

The intermediate steps in the Ad-induced cell death path-

way that lie between the actions of E1A and E1B-19K are not
fully understood. In the canonical apoptotic cell death path-
way, the various apoptotic stimuli activate functional expres-
sion of one or more members of a class of BCL-2 family
proapoptotic proteins known as the BH3-only proteins. The
BH3-only proteins (such as BIK, BIM, PUMA, etc.) function
as the initiators of the apoptotic paradigm and activate a sec-
ond class of proapoptotic proteins known as BH123 proteins
(such as BAX and BAK) by unknown mechanisms. The BH123
proteins cause the cellular demise via mitochondrial dysfunc-
tion and ensuing activation of the caspases (reviewed in refer-
ence 12). Although E1B-19K efficiently inhibits the manifesta-
tion of the terminal apoptotic phenotypes, such as premature
cell death and associated fragmentation of chromosomal
DNA, it is unclear at what step in the apoptotic paradigm
E1B-19K acts. Similarly, it is also unclear what proapoptotic
initiators mediate Ad-induced apoptosis.

Several BH3-only members, such as BIM, PUMA, NOXA,
and HRK, have been reported to be targets for the transcrip-
tion factor E2F1 (2, 11, 15). Since E2F1 activation is one of the
consequences of E1A expression (28), it is possible that some
BH3-only members might be activated during Ad infection
through the E2F pathway. However, results consistent with
models that suggest initiation of Ad-induced apoptosis down-
stream of BH3-only proteins have been published. A study by
Cuconati et al. has suggested direct functional activation of a
BH123 protein, BAK, during Ad infection (10). These authors
have observed that Ad infection resulted in a DNA damage
response resulting in proteasomal degradation of the antiapop-
totic protein MCL-1 and release of BAK from the MCL-1–
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BAK complex. Since E1B-19K interacts efficiently with BAK in
immunoprecipitation studies, it was suggested that E1B-19K
suppresses Ad-induced apoptosis primarily by sequestering
BAK (10). A different study has reported that the expression of
E1A resulted in transcriptional activation of genes coding for
different initiator and effector caspases of the caspase cascade
(26). It has been shown that transcription of these caspases is
activated by the transcription factor E2F1 that is activated in
cells transduced with E1A. Here, we report results of our
studies designed to identify the critical early steps in Ad-in-
duced apoptosis. Our results provide genetic and biochemical
evidence that BH3-only BCL-2 family members induced dur-
ing viral infection may initiate Ad-induced apoptosis.

MATERIALS AND METHODS

Cells and viruses. Human A549, 293, HNK, and baby rat kidney cells were
grown in Dulbecco modified Eagle medium supplemented with 10% fetal bovine
serum. To construct Ad vectors that express wild-type (wt) BCL-xL and its
mutants (4) under the transcriptional control of the cytomegalovirus (CMV)
promoter, the PCR-amplified DNA fragments were cloned between HindIII and
BamHI sites of an Ad transfer vector, pLendE1ACMV. This transfer plasmid
vector contains Ad5 sequences from nucleotide (nt) 1 to 1710 (E1A region) and
nt 3328 to 5788 (3� end of E1B region) and the CMV promoter (in the 5� region
of E1B, deleting nt 1711 to 3327) (see Fig. 1A). The resultant plasmids were
cotransfected with an Ad genomic plasmid pacAd5 9.2-100 (1) onto human 293
cells and incubated with growth medium containing 2% fetal bovine serum until
the appearance of visible cytopathic effect. The recombinant viruses were puri-
fied by plaque assay. The isolated recombinants were screened for the expression
of BCL-xL by Western blot analysis. Positive clones were further purified
through a second round of plaque purification, amplified, and titrated on 293
cells. A control E1B-deleted Ad mutant designated Ad5�E1B was also con-
structed by cotransfection of the pLendE1ACMV vector with the adenovirus
plasmid pacAd5 9.2-100.

Cell death assay. A549 cells (1 � 106 cells/60-mm dish) were infected with
various viruses at 50 PFU/cell. Forty-eight hours after infection, adherent cells
were collected by treatment with trypsin and combined with the floating cells
collected from the culture medium. The cell suspensions were mixed with equal
volumes of trypan blue, and the viable cells that excluded the dye were micro-
scopically counted.

Analysis of DNA fragmentation. A549 cells (1 � 106) were infected with
various viruses at 50 PFU/cell. Twenty-four hours after infection, both adherent
and floating cells were collected and lysed, and the low-molecular-weight DNA
was prepared by Hirt extraction (38), treated with RNase, and analyzed by
electrophoresis on a 1.5% agarose gel. The low-molecular-weight DNA was
quantified with the aid of a phosphorimager, and the relative fragmentation was
calculated.

Antibodies, immunoprecipitation, and Western blot analyses. Rabbit poly-
clonal antibodies against BCL-xL and BFL-1/A1 and goat polyclonal antibody
against actin were purchased from Santa Cruz Biotechnology (San Diego, CA).
Mouse monoclonal BCL-xL antibody was purchased from Chemicon Int., Te-
mecula, CA. MCL-1 (rabbit polyclonal), caspase-3 (rabbit polyclonal), and
caspase-9 (mouse monoclonal) antibodies were purchased from Stressgen (Brit-
ish Columbia, Canada). Rabbit polyclonal antibodies to BAK and BAX were
purchased from Upstate Biotechnology (Charlottesville, VA). Mouse monoclo-
nal antibodies specific to BAK and poly(ADP-ribose) polymerase 1 (PARP-1)
were purchased from Oncogene, Inc. (La Jolla, CA). The mouse monoclonal
BAX antibody (6A7) was purchased from BD Pharmingen, San Jose, CA. The
E1B-19K antipeptide antibody (13) was a gift from Maurice Green. A second
19K antibody raised against the same peptide target (prepared in our laboratory)
was also used in some experiments. The following antibodies specific for BH3-
only proteins were obtained from various commercial sources: rabbit polyclonal
BIM (Pharmingen), NOXA, BIK, BID, and BNIP3-L (Santa Cruz Biotechnol-
ogy), UREB1/LASU1/MULE (MCL1 ubiquitin E3 ligase) (Bethyl Lab), and
PUMA (Sigma) antibodies, goat polyclonal HRK (Santa Cruz Biotechnology)
antibody, and mouse monoclonal BNIP1 (BD Pharmingen) and BNIP3 (Sigma)
antibodies. The monoclonal antibodies for E2F1 and p53 used in chromatin
immunoprecipitation (ChIP) assays were purchased from Santa Cruz Biotech-
nology.

For coimmunoprecipitation studies, human A549 cells in 75-cm2 flasks were

infected with various viruses at 50 PFU/cell and harvested after 24 h of infection.
The cell pellets were washed with phosphate-buffered saline and suspended in
1.0 ml of lysis buffer (50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 2 mM EDTA, 10%
glycerol, and protease inhibitor cocktail) containing 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS). Cell lysis was carried out at
4°C for 2 h using a rotator, and the lysates were diluted 1:3 with a buffer
containing 50 mM Tris-Cl, pH 7.6, and 150 mM NaCl. The coimmunoprecipi-
tation studies were carried out as described previously (21) with the indicated
antibodies. For Western blot analyses, both the floating and adherent cells were
collected 24 h after infection and resuspended in 0.5 ml of sample buffer.
Fifty-microliter samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using 12% gels. The separated proteins were
electrotransferred onto nitrocellulose membranes and probed with a primary
antibody followed by horseradish peroxidase-conjugated secondary antibody and
analyzed by using a chemiluminescence detection system (Roche Applied Sci-
ence, Indianapolis, IN) according to the manufacturer’s specifications.

RNA isolation and quantitative reverse transcription-PCR (RT-PCR) analy-
sis. A549 cells were infected with 50 PFU of wt Ad5. Twelve hours after infec-
tion, cells were lysed, and mRNA was extracted using Quick Prep micro mRNA
purification kit (Amersham Biosciences) according to the manufacturer’s in-
structions. cDNA was synthesized using Moloney murine leukemia virus reverse
transcriptase (Invitrogen) and oligo(dT) primers (Ambion). Dilutions of the
cDNA templates (1:10, 1:50, and 1:250) were amplified by PCR using Taq
polymerase (Promega) and primers specific for the various BH3-only genes. PCR
products were analyzed on 6% acrylamide gels stained with Vistra Green, and
band intensities were imaged and quantified with STROM840 ImageQuant 5.2
software (Molecular Dynamics, Amersham Pharmacia Biotech). The intensity
values obtained were normalized to the values obtained for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The gene-specific primers were designed
using Primer3 software (35) (http://primer3.sourceforge.net/) so that they would
hybridize solely within the coding region of mRNA sequences (GenBank data-
base, NCBI) and would span at least two exons. The absence of an amplicon of
the appropriate size from genomic DNA was verified for all primers.

ChIP. The ChIP assay was performed using a commercial kit (EZ ChIP kit;
Upstate) with modifications. A549 cells were either mock infected or infected
with adenovirus type 5 (Ad5) in 100-mm dishes. Twenty-four hours after infec-
tion, cells were fixed with 1% formaldehyde, collected, and suspended in immu-
noprecipitation (IP) buffer (50 mM Tris, pH 8.0, 0.1% SDS, and protease inhib-
itor cocktail) containing 2 mM EDTA (IP-EDTA). After sonication, chromatin
was prepared and precleared with protein G-agarose beads. The chromatin
preparations were immunoprecipitated with antibodies specific to p53 or E2F1
overnight at 4°C. The immunoprecipitates were washed twice with the IP-EDTA
buffer, once with half-strength IP-EDTA buffer with 0.25 M LiCl, and twice with
Tris-EDTA buffer. The DNA was recovered from the bound protein-DNA
complexes after reversal of the cross-link. The DNA recovered was amplified by
PCR using BIK-specific primers (forward primer, �236 to �211, and reverse
primer, �86 to �109) (41). PCR products were electrophoresed on a 1.5%
agarose gel and photographed in ChemiDox-XRS (Bio-Rad). Control ChIP
analysis of the GAPDH promoter region was performed as recommended (EZ
ChIP kit; Upstate).

GST pull-down assay. Recombinant glutathione S-transferase (GST) and GST
fusion proteins were generated using pGEX-3X and pGEX-2T-BCL-xL (3). GST
fusion proteins were expressed in Escherichia coli BL21, induced with 1 mM
isopropyl-�-D-thiogalactopyranoside, and purified by lysing the bacterial pellet in
NTEN buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5%
NP-40 in the presence of one Complete mini, protease inhibitor cocktail tablet
[Roche]/10 ml buffer). The fusion proteins were purified using glutathione-
agarose beads (Sigma) as described previously (3) and quantified by SDS-PAGE
and staining with Sypro Orange (Molecular Probes) using bovine serum albumin
as the standard. One microgram of GST or GST–BCL-xL beads was incubated
with 100 �g of total protein from A549 mock-infected or wt Ad5-infected cell
lysate for 1 h at room temperature. After extensive washing, the interacting
proteins were eluted from the beads by boiling in SDS sample buffer for 5 min
and analyzed by 15% SDS-PAGE. To determine the phosphorylation status of
BIK, the cell lysates and GST–BCL-xL pull-down beads were treated with
lambda protein phosphatase in 50 mM Tris-HCl buffer, pH 7.5, containing 2 mM
dithiothreitol, 0.1 mM EGTA, 100 mM NaCl, and 0.01% Brij 35. The beads were
incubated with lambda protein phosphatase (NEB) at a concentration of 400
units/80 �g of protein and incubated at 30°C for 20 min. Proteins were eluted
from the complex by boiling in SDS sample buffer and analyzed by Western
blotting.
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RESULTS

Effects of BCL-xL mutants on Ad-induced cell death. The
available experimental evidence suggests that Ad-induced
apoptosis might be initiated at two different apoptosis check-
points downstream of BH3-only proteins: one at the level of
BAK activation (10) and the second at the level of transcrip-
tional activation of caspases (26). We sought to determine
whether Ad-induced apoptosis might be mechanistically simi-
lar to the canonical apoptosis paradigm induced by nonviral
stimuli, in which the BH3-only proteins are apical activators.
For this purpose, first we used a genetic approach. Cheng and
colleagues have constructed and characterized a panel of in-
teresting BCL-xL mutants (4). Some of these mutants were
defective in interaction with BH123 proteins BAX and BAK
but retained the antiapoptosis activity. These mutants have
served as valuable reagents to dissect BH3/BH123 apoptotic
checkpoints (5). The BCL-xL mutants deficient in interaction
with BAX and BAK retain the ability to complex with BH3-
only members, such as tBID, BAD, and BIM, and antagonize
the proapoptotic activity of these BH3-only proteins (5). We
constructed three different Ad5 recombinant viruses in which
the E1B region (encompassing the sequences coding for the
19K and 55K proteins) was substituted with an expression
cassette that expresses wt or mutant BCL-xL proteins (Fig.
1A). It should be noted that we chose to delete the sequences
that code for both E1B proteins, since several studies have
shown that such deletions did not influence the apoptotic phe-
notype compared to deletion of only the 19K-coding region.
Among the various BCL-xL mutants that have been character-
ized by Cheng et al. (4), we chose mt1 and mt8. Of these two
mutants, mt1 (F131V and D133A) is proficient for the anti-
apoptotic activity and deficient in interaction with BAX and
BAK, while mt8 (G138E, R139L, and I140N) is defective in the
antiapoptotic activity as well as in interaction with BAX and
BAK (4). Like wt BCL-xL, mutant mt1 has been shown to
complex with ectopically expressed BH3-only proteins and in-
hibit their proapoptotic activity, while the functionally defec-
tive mutant mt8 has been shown to be defective in interaction
with both classes of proapoptotic proteins (5).

The expression of wt or mutant BCL-xL proteins from the
recombinant viral genomes was determined by Western blot
analysis of permissive human cells (A549) infected with various
BCL-xL-expressing Ad recombinants. Cells infected with
Ad-BCL-xL wt or mt1 or mt8 contained increased levels of
BCL-xL protein compared to endogenous levels observed in
mock-infected cells or in cells infected with wt Ad5 or
Ad5�E1B (Fig. 1B). To determine the interaction of BH123
proteins with BCL-xL in Ad-infected cells, we carried out co-
immunoprecipitation and Western blot analysis. The lysates of
infected cells were immunoprecipitated with an antibody spe-
cific for BCL-xL and subjected to Western blot analysis. The
blots were probed with the antibody specific for the BH123
protein BAK (Fig. 1C). As expected, BAK was coprecipitated
with wt BCL-xL and not with mt1 and mt8. Similarly, BAK also
readily coprecipitated with E1B-19K from the lysates of cells
infected with wt Ad5 and not with the Ad�E1B mutant (lack-
ing E1B-19K). Under the same conditions, there was no de-
tectable coprecipitation of BAX with either BCL-xL or E1B-
19K (not shown). The lack of direct interaction between BAX

and E1B-19K in Ad-infected cells has previously been docu-
mented (9, 21). The reason for the lack of interaction between
BCL-xL and BAX in Ad-infected cells is not known.

Effect of BCL-xL on Ad-induced apoptosis. The effects of wt
and mutant BCL-xL proteins on Ad-induced apoptosis were
determined in comparison with wt Ad5 and Ad�E1B mutant.
For this purpose, A549 cells were infected with various Ads,
and the effect on cell viability was determined by trypan blue
exclusion assay (Fig. 2A). The viabilities of cells infected with
wt Ad-BCL-xL or Ad-BCL-xL mt1 mutant were more or less
similar to that of cells infected with wt Ad5. In contrast, the
viabilities of cells infected with Ad�E1B or Ad-BCL-xL mt8
were reduced. The extent of cell death observed in cells in-
fected with Ad-BCL-xL mt8 was consistently higher than that
of cells infected with Ad�E1B. It is possible that mt8 may have
a proapoptotic activity (in addition to loss of the antiapoptotic
activity) which might be additive with Ad-induced apoptosis.
Then, we determined the effects of wt and mutant BCL-xL

FIG. 1. Ad-BCL-xL recombinants and protein expression. (A) Map
of the E1B region of Ad-BCL-xL recombinant. The portion between
nucleotide position 1710 (EcoNI) to 3328 (BglII) in �E1B is deleted.
The deleted region is substituted with wt or mutant BCL-xL coding
sequences under the transcriptional control of the CMV immediate-
early promoter. (B) Expression of BCL-xL and mutant proteins. A549
cells were infected with the indicated viruses, and the expression of
BCL-xL protein was analyzed by Western blotting. (C) Interaction of
BCL-xL and E1B-19K with BAK. The whole-cell lysates (WCL) were
either immunoprecipitated (IP) with the 19K antibody or BCL-xL
antibody, and the blots were probed with the BAK antibody (Upstate,
NY).
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proteins on the DNA fragmentation (deg) phenotype con-
ferred by the deletion of Ad E1B (Fig. 2B). The cells infected
with Ad�E1B contained higher levels of DNA fragmentation
than the cells infected with wt Ad5. Cells infected with Ad-
BCL-xL or Ad-BCL-xL mt1 contained low levels of DNA frag-
mentation. These levels were generally lower than that ob-
served in cells infected with wt Ad5, suggesting that wt and mt1
BCL-xL proteins suppress Ad-induced apoptosis more effi-
ciently than the cognate viral antiapoptotic machinery. We also
examined the effects of BCL-xL on certain prototypical signa-
tures of apoptosis, such as processing of the initiator caspase
procaspase-9, the effector caspase procaspase-3, and proteo-
lytic cleavage of PARP (Fig. 2C). In cells infected with
Ad�E1B, there was a decrease in the levels of procaspase-9
and procaspase-3, suggesting partial activation of caspase-9
and caspase-3. These results suggest that during Ad-induced
apoptosis, in addition to caspase-9 and caspase-3, other initi-
ator and effector caspases might be activated. In contrast to
cells infected with Ad�E1B, in cells infected with Ad-BCL-xL
mt8, strong effects on processing of procaspase-9 and pro-
caspase-3 and cleavage of PARP were observed. The effect of

BCL-xL mt8 is in agreement with the more potent apoptotic
phenotype of the recombinant virus expressing this mutant.
Consistent with the results on cell viability and DNA fragmen-
tation, the expression of wt or mt1 BCL-xL inhibited the acti-
vation of caspases and processing of PARP. Thus, our results
indicate that Ad-induced apoptosis can be efficiently sup-
pressed by a BCL-xL mutant (mt1) that interacts with BH3-
only proteins, but not with BH123 proteins.

Activation of BAX and BAK. There is strong evidence that
various apoptotic stimuli conformationally activate BAX by
exposure of the N-terminal and C-terminal epitopes, resulting
in translocation of BAX from the cytosol to mitochondria (16,
17, 48). Similarly, BAK has also been reported to be confor-
mationally activated by exposure of an N-terminal epitope
(14). The activation of these BH123 proteins leads to homo-
and hetero-oligomerization of BAX and BAK. In Ad-infected
cells, BAK has been reported to be activated by the release of
free BAK from a complex with the antiapoptosis protein
MCL-1 (10). We investigated whether MCL-1 was degraded in
cells infected with Ad-BCl-xL or Ad-BCL-xL mt1. Western
blot analysis (Fig. 3A) revealed degradation of MCL-1 in cells

FIG. 2. Effects of BCL-xL and mutants on Ad-induced cell death. (A) Cell viability assay. A549 cells were infected with the indicated viruses.
Forty-eight hours after infection, the trypan blue-excluded live cells were counted microscopically and plotted against percent viability. The
experiment was repeated four times in triplicate. (B) DNA fragmentation assay. The low-MW DNA was isolated from infected cells by the Hirt
method and analyzed by agarose gel electrophoresis. The designations 1 to 6 represent different viruses as shown in panel A. The bottom panel
shows the quantification of DNA fragmentation in relation to mock-infected cells. The area of the image used for quantification by the ImageQuant
software is marked on the side of the panel. (C) Western blot analysis of apoptotic markers. The blots were probed with antibodies specific to
caspase-9, caspase-3, PARP-1, and actin. Procas-9, procaspase-9; Procas-3, procaspase-3; PARP-1(t), truncated version of PARP-1.
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infected with wt Ad, Ad�E1B, or Ad-BCL-xL recombinants
and not in cells infected with the E1A null mutant dl312. In
contrast, there was no change in the levels of a different anti-
apoptosis protein BFL-1/A1. These results suggested that
BCL-xL mt1 was able to suppress Ad-induced apoptosis in spite
of release of BAK as a consequence of MCL-1 degradation.

We also investigated the conformational activation of BAX
and BAK in cells infected with Ad-BCL-xL recombinants by
immunoprecipitation and Western blot analysis (Fig. 3B).
There were no significant differences in the levels of BAX and
BAK between cells infected with various Ad mutants, when the
blots were probed with the BAX or BAK antibodies that are
not conformer specific (Fig. 3B, top two blots). When BAK was

immunoprecipitated with the conformer-specific antibody, sig-
nificant levels of BAK was immunoprecipitated in mock-in-
fected cells as well as in cells infected with various Ad mutants
(Fig. 3B, third blot from the top). However, relatively en-
hanced levels of BAK were immunoprecipitated from cells
infected with Ad�E1B and Ad-BCL-xL mt8. It should be noted
that cells infected with these two viruses are under apoptotic
stress. These results suggest that a significant amount of
BAK is present as an active conformer (i.e., with the N-termi-
nal region exposed) in healthy mock-infected cells. However,
in cells experiencing apoptotic stress, the level of BAK con-
former was increased. When the immunoprecipitates obtained
with the BAK antibody were probed for BAX, BAX was de-
tected in extracts from cells infected with Ad�E1B and Ad-
BCL-xL mt8. Similarly, when the extracts were immunopre-
cipitated with the conformer-specific BAX antibody (blot at
the bottom of Fig. 3B) and probed for BAK (second blot from
the bottom), BAK was detected only in cells infected with the
proapoptotic mutants (Ad�E1B and Ad-BCL-xL mt8). These
results suggest that the conformational activation of BH123
proteins and oligomerization was suppressed in cells express-
ing E1B-19K, wt BCL-xL and BCL-xL mt1. Thus, BCL-xL mt1
appears to prevent activation of BH123 proteins without direct
interaction with them.

Activation of BH3-only members in Ad-infected cells. The
suppression of Ad-induced apoptosis by BCL-xL mt1 suggests
that some BH3-only members (that could be sequestered by it)
might be important for the initiation of Ad-induced apoptosis.
We then sought to determine whether any known BH3-only
members are activated during Ad infection. First, we carried
out RT-PCR analysis using primers specific for 15 different
BH3-only members (Fig. 4A). These studies revealed that the
transcript for BIK was present at higher levels in Ad-infected
cells (about eightfold) than in mock-infected cells (Fig. 4B).
Comparable results on BIK expression were also observed in
HNK cells infected with Ad2 or a 19K mutant (dl250) (data not
shown). Moderate enhancement in the levels of the transcripts
for BIM and HRK (about three- to fourfold) was also observed
in A549 cells.

We then determined the expression of several BH3-only
proteins by Western blot analysis (Fig. 4C). The expression of
BIK, BIM, and HRK proteins was elevated. However, the
extent of stable BIK protein expression was somewhat less than
that of the mRNA levels. Part of the explanation for this might
be that BIK is unstable. Previous reports have suggested that
BIK protein levels were regulated by the proteasome pathways
(23, 29). Among other BH3-only proteins examined, there was
no remarkable difference between mock-infected and Ad-in-
fected cells. The level of hypoxia-induced BH3-only member
BNIP3 was generally lower in Ad-infected cells. Although
there was no significant difference in the level of transcript of
MULE (MCL1 ubiquitin E3 ligase) (43, 51), the protein blots
probed with a MULE polyclonal antibody revealed a strong
lower-molecular-weight [MW] band. The significance of the
lower-MW band is not known. However, it correlated with the
disappearance of MCL-1 in Ad-infected cells (bottom blot in
Fig. 4C). Western blot analysis of Ad5-infected HNK cells also
revealed enhanced expression of BIK and BIM (Fig. 4D).

Activation of BIK by E1A 13S product. After establishing
that BIK was the major BH3-only member activated during Ad

FIG. 3. Activation of BH123 proteins during Ad-induced cell
death. (A) Effects of Ad-BCL-xL recombinants on MCL-1. Lysates of
A549 cells infected with the indicated Ads (24 h infection) were ana-
lyzed by Western blotting using antibodies specific for MCL-1, BFL-
1/A1, or actin. (B) Conformational activation of BAX and BAK. The
lysates prepared from Ad-infected A549 cells were immunoprecipi-
tated (IP) with the conformation-specific BAX (6A7; BD Pharmingen)
and BAK (AB-1) (AMO3; Oncogene) antibodies (Abs.). The Western
blots were probed with the BAX (AB) (06-499; Upstate) and BAK
(AB) (06-536; Upstate) antibodies.
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infection in human cells, we then determined which of the two
major E1A protein isoforms contributed to BIK activation. We
carried out a Western blot analysis of A549 cells infected with
Ad mutants individually expressing either the 12S or 13S
mRNA product. Surprisingly, BIK was activated in cells in-
fected with wt Ad5 and in cells infected with Ad5 13S (Fig.
5A). A similar pattern was also observed for BIM. A modest
enhancement in BIK expression was also observed in cells
infected with Ad5 12S. These results suggest that E1A 13S may
be more efficient in activation of BIK and BIM than E1A 12S
is. Then, we determined whether enhanced expression of BIK
was mediated by p53 and/or E2F1 (two major cellular tran-
scription factors activated by E1A) by ChIP assays (Fig. 5B).
We found that the BIK promoter was occupied by E2F1. In
contrast, the level of occupancy by p53 was low. Using the
available E1A antibodies, we were unable to detect E1A at the
BIK promoter. These results suggest that the cellular transcrip-
tion factor E2F1 may mediate transcriptional activation of BIK
as a consequence of E1A expression.

Since E2F1 activation by E1A is generally believed to be
mediated by the CR2 region of E1A (28), we investigated the
effect of an Ad CR2 (genomic E1A) deletion mutant dl1108
(18) on BIK expression. Western blot analysis (Fig. 5C) indi-

cated efficient activation of BIK in A549 cells infected with
dl1108. These results suggest that BIK expression in Ad-in-
fected cells might be activated through a CR2-independent
(E2F1-dependent) mechanism.

The results presented above revealed that among the pro-
teins coded by the two major splice variants of E1A mRNAs,
the 13S product activated BIK more efficiently than the 12S
product. We then compared the apoptotic activity of Ad-19K
(dl250) mutant (37) expressing either the 13S product or the
12S product in A549 cells. Since these mutants would be
expected to have differential replication potential in A549
cells, the apoptotic activity (DNA fragmentation) was ana-
lyzed under conditions of suppression of viral DNA repli-
cation by the use of cytosine arabinoside. The results in Fig.
5D revealed that the 13S product induced an enhanced
apoptotic response compared to the 12S product, while the
effect of the genomic E1A (13S plus 12S) was more than that
of 12S. Thus, our results suggest that the E1A 13S product
may play a more important role in apoptosis induction dur-
ing Ad infection.

Interaction of BIK with BCL-xL. Since we observed signif-
icant activation of BIK expression in Ad-infected cells, it is
possible that suppression of Ad-induced apoptosis by BCL-xL

FIG. 4. Effect of Ad infection on the expression of BH3-only family members. (A) RT-PCR analysis of various BH3-only members in A549
cells. The analysis was carried out using multiple dilutions of the first strand of the cDNAs, and representative images of the cDNA fragments were
stained with Vistra Green. (B) Quantification of RT-PCR analysis. The relative intensities of the bands in panel A were quantified by using
ImageQuant software. (C) Western blots of BH3-only proteins in mock-infected and wt Ad5-infected A549 cells. The effect on MCL-1 (BH1234)
is shown in the bottom blot. (D) Western blots of BH3-only proteins in mock-infected and wt Ad5-infected HNK cells.
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and BCL-xL mt1 might, at least partially, be attributed to
sequestration of BIK by BCL-xL. To test this possibility, we
carried out a coimmunoprecipitation analysis (Fig. 6A). As
expected, expression of BIK was enhanced in all Ad-infected
cells (top blot). In cells infected with Ad-BCL-xL recombi-
nants, interaction between BIK and wt BCL-xL or BCL-xL mt1
was observed and not with BCL-xL mt8 that is deficient in the
antiapoptotic activity.

Since the apoptotic activity of BIK is enhanced by phosphor-
ylation (42), we investigated the possibility that BIK might be
phosphorylated in Ad-infected cells. We performed a GST
pull-down assay using lysates from mock-infected or Ad-in-
fected cells. The endogenous BIK protein present in Ad-in-
fected cells interacted with GST–BCL-xL (Fig. 6B, top blot) in
agreement with the immunoprecipitation data. After the GST–
BCL-xL pull-down assay, the samples were then treated with �
protein phosphatase and analyzed by SDS-PAGE (Fig. 6B,
bottom blot). This analysis indicated that BIK associated with
GST-BCL-xL (not treated with phosphatase) moved to a po-
sition that corresponded to the phosphorylated form (often as

a doublet) and that after treatment with phosphatase, it mi-
grated faster. Thus, our results suggest that the expression of the
BH3-only member BIK is transcriptionally activated in Ad-in-
fected cells and the protein is modified by phosphorylation.

Effect of BIK in Ad-induced apoptotic cell death. Since BIK
was activated during Ad infection, we determined the effect of
depletion of BIK on Ad-induced apoptotic cell death. A549
cells were transfected with control small interfering RNA
(siRNA) or siRNA targeted against BIK. Twenty-four hours
after transfection, cells were infected with wt Ad5. Western
blot analysis revealed significant reduction in the level of BIK
expression at 24 h after Ad5 infection (Fig. 7A). The viability
of cells that were depleted for BIK and infected with wt Ad5 or
Ad�E1B was determined 24 h after infection (Fig. 7B). There
was an increase in the viability of cells infected with Ad�E1B
of about 25%. Interestingly, depletion of BIK also enhanced
the viability of cells infected with wt Ad5, suggesting modest
levels of basal BIK-mediated cell death in the presence of E1B
expression. These results suggest that BIK is a major contrib-
utor to Ad-induced apoptosis.

FIG. 5. (A) Effect of E1A protein isoforms on BIK and BIM expression. A549 cells were infected with wt Ad5 or the indicated mutants, and
expression of BIK and BIM was determined by Western blot analysis. (B) ChIP analysis of transcription factors associated with the Bik promoter.
The results of ChIP analysis of E2F1 and p53 are shown. Immunoprecipitation with the antibody specific to RNA polymerase II (Pol II) and the
PCR primers specific to the GAPDH promoter (Upstate) were used in the control ChIP assays. IgG, immunoglobulin G. (C) CR2-independent
activation of BIK. BIK expression in A549 cells infected with the indicated Ad mutants was determined by Western blot analysis. (D) Roles of E1A
protein isoforms on induction of apoptosis. A549 cells infected with the indicated viruses were maintained under 20 �g/ml of cytosine arabinoside
for 36 h, and the low-MW intracellular DNA was analyzed as described in the legend to Fig. 2.
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DISCUSSION

Our present study has provided genetic and biochemical
evidence that BH3-only proapoptotic proteins might be the
initiators of the Ad apoptosis paradigm. This conclusion is
based on our results that Ad-induced apoptosis is efficiently
suppressed by the expression of a BCL-xL mutant (mt1) that is
proficient in interaction with BH3-only proteins and deficient
in interaction with BH123 proteins (4, 5). Previous studies have
identified that activation of the BH123 protein BAK (by lib-
eration of BAK via degradation of MCL-1) might be a critical
checkpoint for the onset of Ad-induced apoptosis (10). It is
generally believed that activation of BH3-only proteins leads to
activation of BAK and BAX (for a recent review, see reference
47). However, some evidence also suggests deviations of this
general paradigm (i.e., BH3-only to BH123) during apoptosis
induced by some stimuli. For example, it has been reported
that the BH123 proteins can be directly activated (i.e., without
the involvement of BH3-only proteins) by heat shock (31).
Thus, it is possible that BAK activation may trigger the onset
of Ad-induced apoptosis in the absence of BH3-only proteins.
Although our data cannot rule out this possibility, the obser-

vation that BCL-xL mt1, which lacks the ability to complex
with BAK, protects from Ad-induced apoptosis suggests that
the activation of BH3-only proteins may be a critical step in the
onset of Ad-induced apoptosis. We have also observed that
BCL-xL mt1 suppressed Ad-induced apoptosis in spite of
MCL-1 degradation (Fig. 3A).

A more downstream activation step at the level of transcrip-
tional activation of caspases has also been proposed as a mech-
anism of E1A-induced apoptosis (26). Currently, there is no
data to suggest that any of the BCL-2 family antiapoptotic
proteins can directly antagonize the activities of caspases.
Since Ad-induced apoptosis can be efficiently suppressed by
the expression of E1B-19K (6, 44), BCL-2 (38), and BCL-xL
(present study) from the viral genome, it appears that E1A-
mediated transcriptional activation of the various caspase
genes may not be a critical event in the onset of apoptosis
during viral infection. Our results do not rule out initiation of
apoptosis from BH123 activation and caspase activation check-

FIG. 6. Interaction of BIK with BCL-xL and mutants. (A) Western
blot analysis of whole-cell lysates (WCL) and immunoprecipitate (IP).
The blots were probed with the antibodies indicated to the right of the
blots. (B) Interaction of phosphorylated BIK with BCL-xL. The lysates
from mock-infected and Ad5-infected cells were incubated with GST
and GST–BCL-xL and analyzed by Western blotting using BIK anti-
body (top blot). In the lower blots, the lysates and the proteins bound
to the GST–BCL-xL affinity matrix were either untreated (�) or
treated with lambda protein phosphatase (� ppase) (�) and analyzed
by Western blotting.

FIG. 7. Effect of BIK depletion on Ad-induced cell death. A549
cells were transfected with control or BIK siRNA and the extent of
BIK depletion was determined by Western blot analysis (A). The cells
depleted for BIK were infected with Ad5 wt or Ad�E1B and cell
viability was determined (B). The experiment was repeated twice in
triplicate.
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points, under conditions of isolated E1A expression. Activa-
tion of caspases by E1A may enhance the overall apoptotic
response during Ad infection.

Among the BH3-only members we have examined, BIK was
prominently activated at the level of transcription in Ad5-
infected A549 and HNK cells. Additionally, expression of BIM
was also activated in both cell types. Since the list of BH3-only
members continues to expand, the possibility that expression of
certain other novel BH3-only members might also be activated
in Ad-infected cells cannot be ruled out. Some of the BH3-only
proteins are functionally redundant. For example, studies with
mutant mice suggest that BIK and BIM are functionally re-
dundant during mouse development and concomitant deletion
of both genes is required for manifestation of certain mutant
phenotypes (8). It is possible that activation of multiple BH3-
only proteins might be a cellular defense strategy to limit viral
multiplication. The spectrum of BH3-only proteins activated
by Ad infection might also be influenced by the cell types. For
example, we have observed modest activation of HRK in A549
cells and not in HNK cells.

We observed that BIK expression was enhanced to a higher
degree in cells infected with Ad5-13S than in cells infected with
Ad5-12S (Fig. 5A). These results correlate with the pattern of
apoptotic response observed in cells infected with the Ad 19K
mutant that either expresses the 13S or 12S product (Fig. 5D).
In a previous report, human (HeLa) cells infected with Ad-13S
have been shown to exhibit an apoptotic response comparable
to wt Ad5, while the apoptotic response of Ad-12S was less
pronounced and delayed (46). We note that Ad-12S has been
shown to induce strong apoptotic response in NRK cells (25).
However, the proficient apoptotic activity of Ad-12S was ob-
served only under growth-inhibited conditions imposed by nu-
trient starvation or by contact inhibition.

We have observed that the Bik promoter was occupied by
E2F1 and low levels of p53 in Ad-infected cells (Fig. 5B). In
silico analysis of the human Bik promoter (41) suggests that it
contains an E2F1 target site and a potential p53-binding site.
Thus, it is possible that these cellular transcription factors may
contribute to transcriptional activation of Bik in Ad-infected
cells. Recently, it was reported that in certain cancer cells
treated with the chemotherapeutic drug adriamycin, Bik was
activated by E2F1 (34). It has previously been shown that
expression of Bik was activated in cells infected with an Ad
vector that expressed the p53 transgene from the E1 region,
suggesting that Bik might be a transcriptional target for p53
(24). It is established that expression of E1A results in accu-
mulation of p53 (22). Thus, increased accumulation of p53 may
also contribute to enhanced expression of BIK in Ad-infected
cells.

Our observation that E2F1 might contribute to transcrip-
tional activation of Bik through the action of the E1A 13S
mRNA product was rather surprising, considering that the
well-known mechanism of E1A-mediated activation of E2F1
(i.e., the release of E2F1 from the pRb repression complex
mediated by the E1A CR2 region) (27) is common to both
E1A protein isoforms. We have further observed that an Ad5
(genomic E1A) mutant (dl1108) with a deletion in the CR2
region did not impair activation of BIK (Fig. 5C). It should be
noted that Bim, another target for E2F1 (2, 15, 50) was also
activated by E1A 13S (Fig. 5A). These observations suggest

that the CR3 region of E1A might be important for the acti-
vation of Bik expression in Ad5-infected cells. Since the CR3
region is a potent trans-activation domain, it might play an
indirect role through activation of E2F1 or other cellular tran-
scription factors. In addition to the CR2-mediated E2F1 acti-
vation, a second mechanism has also been identified in Ad-
infected cells. The latter mechanism depends on the E4-6/7
protein (30, 36). The E4 protein has been reported to complex
with the E2F1/DP heterodimer and enhance the DNA binding
activity of E2F1. It is possible that the activity of the basal level
of “free” E2F1 present in Ad-infected A549 cells might be
enhanced by the E4-6/7 protein. Since the E4 region is tran-
scriptionally activated by the E1A CR3 region, the CR3 region
might indirectly activate Bik through E4-mediated enhance-
ment of E2F1 activity. A clear elucidation of the potential
mechanism of transcriptional activation of Bik in Ad-infected
cells would require an in-depth investigation using a combina-
tion of E1A and E4 mutants.

We have observed that BIK is phosphorylated in Ad-in-
fected cells. We have previously reported that phosphorylation
of BIK enhances its proapoptotic activity (42). Recently, the
use of BIK mutants that mimic the phosphorylated form as a
therapeutic agent against ovarian cancer is being advanced
(20). The possibility that E1A might act synergistically with
different anticancer drugs through activation of expression of
apoptotically enhanced BIK would be of much interest with
regards to the use of Ads as oncolytic agents. In this context,
activation of BIK expression has also been observed in cells
treated with certain anticancer drugs, such as doxorubicin (32)
and adriamycin (34). The use of proteasomal inhibitors is on
the rise for treatment of neoplastic diseases (19). Since pro-
teasome inhibitors significantly enhance BIK accumulation
(29, 49, 52), Ad oncolytic vectors in combination therapies with
such inhibitors could also be envisioned.
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