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The adenovirus E1B 19,000-molecular-weight (19K) protein is a potent inhibitor of apoptosis and cooperates
with E1A to transform primary rodent cells. E1B 19K shows sequence and functional homology to the mam-
malian antiapoptotic gene product, Bcl-2. Like Bcl-2, the biochemical mechanism of E1B 19K function includes
binding to and antagonization of cellular proapoptotic proteins such as Bax, Bak, and Nbk/Bik. In addition,
there is evidence that E1B 19K can affect gene expression, but whether this contributes to its antiapoptotic
function has not been determined. In an effort to further understand the functions of E1B 19K, we screened for
19K-associated proteins by the yeast two-hybrid system. A novel protein, Btf (Bcl-2-associated transcription
factor), that interacts with E1B 19K as well as with the antiapoptotic family members Bcl-2 and Bcl-xL but not
with the proapoptotic protein Bax was identified. btf is a widely expressed gene that encodes a protein with
homology to the basic zipper (bZip) and Myb DNA binding domains. Btf binds DNA in vitro and represses
transcription in reporter assays. E1B 19K, Bcl-2, and Bcl-xL sequester Btf in the cytoplasm and block its
transcriptional repression activity. Expression of Btf also inhibited transformation by E1A with either E1B 19K
or mutant p53, suggesting a role in either promotion of apoptosis or cell cycle arrest. Indeed, the sustained
overexpression of Btf in HeLa cells induced apoptosis, which was inhibited by E1B 19K. Furthermore, the
chromosomal localization of btf (6q22-23) maps to a region that is deleted in some cancers, consistent with a
role for Btf in tumor suppression. Thus, btf may represent a novel tumor suppressor gene residing in a unique
pathway by which the Bcl-2 family can regulate apoptosis.

Apoptosis is a genetically controlled process of cell suicide
that plays a critical role in maintaining homeostasis and pre-
venting disease (reviewed in references 35 and 90). Disruption
of apoptosis leads to impaired development, cancer, neurode-
generative and autoimmune diseases, and sustained viral in-
fection. The regulation of apoptosis is a precarious balance
between factors that promote survival and those responsible
for initiating and executing cell death. One major advance to-
ward the understanding of apoptosis regulation has been the
characterization of the Bcl-2 family (90). This family consists of
highly conserved proteins with opposing biological functions.
Antiapoptotic Bcl-2 family members, such as Bcl-2 and Bcl-xL,
inhibit apoptosis triggered by many circumstances, including
tumor necrosis factor alpha (TNF-a), Fas, UV radiation, che-
motherapeutic drugs, and growth factor or hormone with-
drawal. In contrast, proapoptotic Bcl-2 family members, such
as Bax, Bak, and Nbk/Bik, induce cell death in numerous mod-
el systems. The adenovirus E1B 19,000-molecular-weight (19K)
protein cooperates with E1A in transformation assays and is a
viral homologue of mammalian Bcl-2. Expression of E1B 19K,
or Bcl-2, inhibits E1A-induced, p53-mediated apoptosis (13,
17). Like Bcl-2, E1B 19K interacts with and antagonizes sev-
eral proapoptotic family members, including Bax (26), Nbk/Bik
(8, 27), and Bak (19). However, it is still unclear how these
proteins effect cell survival or death and whether binding to
proteins unrelated to the Bcl-2 family contributes to apoptosis
or other cellular processes.

While there has been some debate about the biochemical

function of E1B 19K and other Bcl-2 family members in the
regulation of apoptosis, recent studies have led to several pos-
sible mechanisms. Clearly, interactions between Bcl-2 family
members play an integral part in the regulation of apoptosis
and transformation. A common feature of the Bcl-2 family is
the occurrence of protein-protein interactions between the
anti- and proapoptotic proteins, the ratio of which controls the
fate of the cell (5, 58). Structural and biochemical studies of
Bcl-2 family members point to the possibility that these pro-
teins form ion channels (1, 46, 55, 71). In addition, Bcl-2 family
members bind to several unrelated proteins, including R-ras
(20), Nip-1, Nip-2, and Nip-3 (8), Ced-4-like proteins (12, 28,
32, 61, 79, 98, 104), Bag-1 (80), lamin A/C (65), and p28Bap31
(57). Although the functional significances of some of these
interactions are not yet known, these findings suggest that Bcl-
2 regulates multiple signaling pathways that influence apopto-
sis.

There is growing evidence from several independent studies
that Bcl-2-related proteins can trigger changes in gene expres-
sion (39, 50, 66, 74, 76, 103) which may or may not be related
to their role in apoptosis regulation. Initial studies of E1B 19K
mutant viruses raised the possibility that 19K functions to
dampen transcriptional activation by E1A (92, 95). Subse-
quently, it has been shown that E1B 19K and Bcl-2 alleviate
the trans-repressive activity of E1A and p53 (66, 76, 103). This
derepression of transcription has been correlated with an up-
regulation of one transcriptional target of p53, Mdm-2 (82).
Since Mdm-2 inhibits p53 transcriptional activity and apoptosis
(53), this model provides an alternative mechanism by which
E1B 19K and Bcl-2 can regulate apoptosis. Furthermore, Bcl-2
family members may actually control several additional tran-
scription factors, including NF-kB (23, 34, 72), NFAT (nuclear
factor of activated T cells) (39), c-Jun (74), and the glucocor-
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ticoid receptor (50), indicating that Bcl-2 and its related pro-
teins can have multiple effects on gene expression that may
contribute to apoptosis.

Compared to apoptosis regulation, relatively little is known
about the gene-regulatory function of the Bcl-2 family. In this
paper, we describe a novel transcriptional repressor, Btf, that
may contribute to the modulation of transcription by Bcl-2-
related proteins. Btf was identified in a yeast two-hybrid screen
against E1B 19K and subsequently shown to also interact with
Bcl-2 and Bcl-xL. These Bcl-2 family members inhibit the trans-
location of Btf to the nucleus and abrogate its transcriptional
activity. We also present evidence that sustained overexpres-
sion of Btf induces apoptosis and suppresses transformation by
E1A and E1B 19K or mutant p53. Thus, the interaction with
Btf provides a novel pathway by which the Bcl-2 family can
regulate transcription and control apoptosis.

MATERIALS AND METHODS

Yeast two-hybrid system. Procedures for using the two-hybrid system to iden-
tify E1B 19K binding proteins were described previously (26). A HeLa cDNA
library was constructed in the pGAD-GH vector and screened against pGBT9-
E1B 19K. Plasmids were transformed into Saccharomyces cerevisiae YGH1 cells,
and positive clones were selected based on growth in the absence of histidine and
production of b-galactosidase. False-positive clones were eliminated by testing
for interactions with an irrelevant hydrophobic protein (Apc-2) and the empty
pGBT9 vector. Missense and deletion mutants of E1B 19K tested for interaction
with BP-1 were described previously (26). pGBT8–Bcl-2 (20) and pGBT9-Bax
(26) were also described previously. pGBT8–Bcl-xL was kindly provided by G.
Nuñez (University of Michigan, Ann Arbor, Mich.).

The full-length transcript btfS was identified by screening a l cDNA library
prepared from HeLa cells (Stratagene, La Jolla, Calif.) by using conventional
techniques. The cDNA sequence of bp-1 and the subsequent full-length btf were
analyzed with Sequenase 2.0 (U.S. Biochemical, Cleveland, Ohio) as specified by
the manufacturer and later confirmed by fluorescent terminator cycle sequencing
with an automated model 377 DNA sequencer (Perkin-Elmer, Applied Biosys-
tems, Foster City, Calif.).

Plasmid construction. A PCR product of btfS from the l screen was digested
with XmaI and NotI (blunt) and ligated into both pGAD-GH cut with XmaI-
XhoI (blunt) and pGBT9 cut with XmaI-SalI (blunt). To prepare pcDNA3-Myc-
BtfS for mammalian expression and in vitro translation, oligonucleotides encod-
ing a Myc epitope with flanking KpnI and XmaI sites were annealed with a
PCR-cloned fragment of btfS from Bluescript digested with XmaI and NotI and
from pcDNA3 (Invitrogen, San Diego, Calif.) digested with KpnI and NotI. The
resulting plasmid encodes a Myc epitope at the N-terminal end of BtfS. BtfS and
two deletion mutants were fused in frame with the GAL4 DNA binding domain
in the pm1 vector (kindly provided by C. Abate-Shen, Center for Advanced Bio-
technology and Medicine, Piscataway, N.J.) for use in transcriptional reporter
assays. The full-length btfS construct was prepared by digesting pGBT9-BtfS with
XmaI and PstI and ligating it into the same sites in the pm1 vector. The DN552
and DC210 mutants were generated by digesting pGBT9-BtfS with EcoRI-PstI
and XmaI-BamHI, respectively, and ligating it into the same restriction sites
within pm1. btfS was also cloned into pIRES-EGFP (Clontech, San Francisco,
Calif.) for cell cycle analysis of BtfS-expressing cells. The construct was prepared
by digesting pcDNA3-Myc-BtfS with SmaI and NotI and ligating it to pIRES-
EGFP cut with EcoRV and NotI. The pcDNA3–Bcl-2 plasmid was prepared by
ligating an EcoRI-XhoI fragment from pSFFV–Bcl-2 (31) (provided by S. Kors-
meyer, Washington University School of Medicine, St. Louis, Mo.) into pcDNA3.
The C-terminally V5/His-tagged E1B 19K was prepared by TA cloning into
pcDNA3.1/V5/His-TOPO (Invitrogen) as specified by the manufacturer.

Cell lines. The HeLa cells were maintained in culture in Dulbecco modified
Eagle medium–10% fetal bovine serum at 37°C under 5% CO2. Stable HeLa cell
lines containing Bcl-XL were prepared by electroporating 1 mg of pcDNA3-Flag–
Bcl-xL (45), provided by G. Nuñez, into HeLa cells and selecting with 1.2 mg of
Geneticin per ml. Expression of Bcl-xL was verified by immunofluorescence.

Northern blotting. Northern blot analyses were performed with commercially
available blots of multiple tissues or cancer lines (Clontech). Each lane contained
2 mg of the indicated poly(A)1 RNA. The btfS probe was prepared by random
priming with a purified XmaI-XhoI fragment from pGAD-GH-BtfS. Human
b-actin cDNA supplied with the blots was used as a control probe to confirm
equal mRNA loading. Hybridization was performed with ExpressHyb solution
(Clontech) as specified by the manufacturer. Bands were visualized by autora-
diography and with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).

In vitro binding assay. Binding reactions were performed by combining
[35S]methionine-labeled, in vitro-translated Myc-BtfS or Myc-Bax (26) with V5/
His-E1B 19K, Bcl-2, Flag–Bcl-xL, or luciferase (Promega Corp., Madison, Wis.)
prepared by using the TNT T7 reticulocyte lysate system (Promega) as specified
by the manufacturer. Samples were incubated with anti-Myc monoclonal anti-

body (Oncogene Research Products, Cambridge, Mass.) in 500 ml of NETN
buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.2% Nonidet P-40)
for 1.5 h at 4°C followed by protein A-Sepharose for 30 min. All samples were
then washed three times in NETN buffer, resuspended in 23 Laemmli buffer
(12.5 mM Tris [pH 6.8], 20% glycerol, 4% sodium dodecyl sulfate [SDS], 0.5%
bromophenol blue, 0.5% b-mercaptoethanol), boiled for 5 min, and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE). The gels were fixed in 50%
methanol–10% acetic acid for 1 h, dried, and then visualized by autoradiography.

DNA binding assay. [35S]methionine-labeled, in vitro-translated Myc-BtfS and
E1B 19K were prepared from 1 mg of pcDNA3-Myc-BtfS and pcDNA3-E1B 19K,
respectively (26), using the TNT T7 reticulocyte lysate system. The proteins were
incubated with 200 ml of native DNA-cellulose (Pharmacia Biotech, Piscataway,
N.J.) in 500 ml of NETN buffer for 2 h at 4°C. The relative levels of BtfS and E1B
19K production were determined by immunoprecipitation with anti-Myc (Onco-
gene Research Products, Cambridge, Mass.) or anti-E1B 19K (94) in NETN
buffer followed by protein A-Sepharose and then washing in NETN. Samples
were resolved by SDS-PAGE and examined by autoradiography as described
above.

Indirect immunofluorescence. HeLa cells were electroporated with 15 mg of
pcDNA3-Myc-BtfS along with 15 mg of either pCMV-E1B 19K (94) or pcDNA3–
Bcl-2. The total amount of DNA was kept constant by using empty pcDNA3
vector. Cells grown on glass coverslips were stained 24 h posttransfection as
described previously (63). Briefly, the cells were fixed with 2% paraformaldehyde
in phosphate-buffered saline (PBS) and then permeabilized with 0.5% Triton
X-100 in PBS. The cells were double labeled with an anti-Myc mouse monoclonal
antibody along with either an anti-E1B 19K rabbit polyclonal antibody (94) or an
anti-Bcl-2 hamster monoclonal antibody (PharMingen, San Diego, Calif.). An-
tibody complexes were visualized with tetramethylrhodamine isothiocyanate-
conjugated goat anti-mouse antibody along with the fluorescein isothiocyanate-
conjugated goat anti-rabbit or goat anti-hamster antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, Pa.). Immunocytochemistry
was also performed with HeLa–Bcl-xL cells electroporated with 15 mg of
pcDNA3-Myc-BtfS. These cells were stained for the Myc epitope as described
above. Expression of Flag-tagged Bcl-xL was confirmed by staining separate
coverslips with anti-Flag M5 monoclonal antibody (Scientific Imaging Systems,
New Haven, Conn.) and rhodamine-conjugated goat anti-mouse antibody. The
cells were visualized by epifluorescence with an FXA microscope (Nikon Inc.,
Garden City, N.Y.).

Transcription assays. Transcriptional reporter assays were performed as de-
scribed previously (11). HeLa cells were plated onto 60-mm tissue culture dishes
and grown to 50 to 75% confluency. The cells were then transfected with 2.5 mg
of a GAL4 luciferase reporter construct (kindly provided by C. Abate-Shen)
along with 2.5 mg each of a pm1 vector (BtfS, BtfS-DN552, or BtfS-DC210) and
a bcl-2 family gene (pCMV-E1B 19K, pcDNA3–Bcl-2, or pcDNA3-Flag–Bcl-xL).
The DNA concentrations were kept constant by using an appropriate empty
vector, either pm1 or pcDNA3. The cells were transfected with SuperFect (Qia-
gen, Valencia, Calif.) as specified by the manufacturer and harvested 24 h
posttransfection. Expression of mutant and wild-type BtfS proteins was veri-
fied by immunofluorescence with an antibody against the GAL4 DNA binding
domain (Clontech). Luciferase activity was determined with the luciferase assay
system (Promega) in a scintillation counter and then normalized for protein
concentrations measured by the Bradford assay. Values were graphed as a
percentage of the negative control (empty pm1, empty pcDNA3, and GAL-4
luciferase).

Transformation assay. Transformation assays of baby rat kidney (BRK) cells
were performed as described previously (96). Briefly, BRK cells prepared from
6-day-old Fisher rats were electroporated with carrier DNA along with linearized
test DNA (15 mg of pCMV-E1A [91], 15 mg of pCMV-E1B 19K or pCMV-
p53DD [75], and 45 mg of pcDNA3-Myc-BtfS). DNA concentrations were kept
constant by using appropriate empty vectors. The cells were cultured for 3 to 4
weeks at 38.5°C in Dulbecco modified Eagle medium supplemented with 5%
fetal bovine serum and then stained with Giemsa. Foci were counted from four
dishes per condition.

Cell cycle analysis. HeLa cells were electroporated with 20 mg of pIRES-
EGFP-BtfS or empty pIRES-EGFP vector in combination with 10 mg of pCMV-
E1B 19K or empty pcDNA3 vector. The cells were harvested 48 and 72 h post-
transfection and fixed in 2% paraformaldehyde in PBS for 30 min at 4°C. They
were washed and then stained for at least 30 min at room temperature with PBS
containing 1 mg of propidium iodide per ml, 250 mg of RNase A per ml, and 0.1%
Tween 20. The fluorescence intensities for enhanced green fluorescent protein
(EGFP) and propidium iodide were analyzed by fluorescence-activated cell sort-
ing (FACS) (EPICS PROFILE-II; Coulter, Miami, Fla.). In addition, the live
transfected cells were stained with Hoechst dye to visualize the DNA and pho-
tographed with an FXA microscope.

RESULTS

Yeast two-hybrid assay. To identify novel cellular proteins
that interact with E1B 19K, we screened a HeLa cDNA library
by using the yeast two-hybrid assay. The library was construct-
ed in the pGAD-GH plasmid in which the cDNA sequences
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were fused to the GAL4 activation domain, and the bait gene,
E1B 19K, was fused to the GAL4 DNA binding domain in the
pGBT9 vector (26). The plasmids were transformed into the
YGH1 yeast strain and screened for GAL4-inducible pheno-
types, namely, growth in the absence of histidine and pro-
duction of b-galactosidase. Three million transformants were
screened, yielding seven clones (BP-1 to BP-7) that specifically
interacted with 19K and not with the pGBT9 vector alone or
with an irrelevant protein, Apc-2. BP-2, BP-3, and BP-4 were
previously reported as lamin A/C (65), Bax (26), and Nbk/Bik
(27), respectively. Here, we describe one of the novel E1B
19K-associated proteins, BP-1. A 1.5-kb cDNA containing bp-1
was isolated seven times during the two-hybrid screen. Since
Bcl-2 family members are highly homologous and frequently
interact with the same cellular proteins, we tested BP-1 for
interaction with Bcl-2-related apoptosis regulators. In addition
to binding E1B 19K, BP-1 interacted with other related pro-
teins, Bcl-2 and Bcl-xL, but not with the proapoptotic family
member Bax (Fig. 1A).

The interaction between anti- and proapoptotic Bcl-2 family
members generally occurs via their conserved domains, desig-
nated Bcl-2 homologous regions 1, 2, 3, and 4 (BH1, BH2,
BH3, and BH4) (14, 15, 26, 33, 102). BH1 to BH3 are in close
proximity, forming a hydrophobic cleft that is required for
dimerization (55, 70). To determine the regions of E1B 19K
that are required for interaction with BP-1, we tested its ability
to bind a series of E1B 19K missense and deletion mutants
(Fig. 1). These mutants have been characterized previously for
binding to other E1B 19K binding proteins, including Bax,
Nbk/Bik, lamin A/C, and Ced-4 (26–28, 65). Thus, these experi-
ments allow us to compare the binding requirements within the
E1B 19K protein with those of other 19K-associated proteins.

The E1B 19K protein may be divided into three regions: a
moderately conserved N terminus which includes BH3, a high-
ly conserved central region containing BH1, and a poorly con-
served C terminus (14, 27, 96). It is important to note that most
of the deletion mutants tested (DN30, DN64, DN87, DC93,
DC70, 30–146, 30–93, and 64–136) failed to interact with BP-1
or with Bax, Nbk/Bik, and lamin A/C and that this may be due
to abnormal protein folding or masking of the binding site(s)
(Fig. 1B) (26, 27, 65). Like Bax, Nbk/Bik, and lamin A/C, bind-
ing of BP-1 was retained in DC146, which contains both BH1
and BH3 (26, 27, 65). The small E1B 19K fragment 19–57,
containing only BH3, was also able to bind BP-1 (Fig. 1B). This
fragment is also sufficient for binding to Bax as well as to Ced-4
(28). Surprisingly, we found that another small region of E1B
19K, DC36, also retained binding to BP-1 (Fig. 1B). This re-
gion did not bind to other E1B 19K-associated proteins, Bax,
Nbk/Bik, lamin A/C, or Ced-4 (26–28, 65). The binding of BP-1
to the E1B 19K mutants DC36 and 19–57 suggests that the
region of 19K immediately adjacent to BH3 (i.e., 19–36) may
be sufficient for the interaction. This would represent a unique
domain that contributes to protein-protein interactions and
may correspond to the E1B 19K BH4, although the homology
is weak.

We further addressed the binding specifications for BP-1 by
using several point mutants (pm7, pm51, pm87, and pm102)
that have previously been analyzed for interaction with E1B
19K-associated proteins as well as for their ability to inhibit
apoptosis (14, 26–28, 96). While pm7 and pm102 retained
the ability to bind to BP-1, replacement of either phenylalanine
with serine at position 51 (pm51) or glycine with alanine at
position 87 (pm87) resulted in a loss of binding (Fig. 1A). The
lack of binding with pm51 is consistent with a role for BH3 in
the interaction between E1B 19K and BP-1. Although the loss
of binding with pm87 might suggest a role for BH1, it should be

noted that the glycine residue at position 87 is absolutely con-
served within the Bcl-2 family and is located in an integral
region adjacent to the hydrophobic cleft which serves as the
BH3 binding pocket (55, 70). Therefore, the pm87 mutant may
interfere with the BH3 region and/or result in a highly mis-
folded protein. Indeed, pm87 is generally defective in binding
and at inhibiting apoptosis. Thus, taken together, the muta-
tional analyses indicate that the BH3 and the adjacent N-ter-
minal sequences (possibly BH4) may play a more critical role
in the interaction with BP-1. This binding profile overlaps but
is distinct from that for Bax and Nbk/Bik and corresponds to a
region of E1B 19K that is required for inhibition of apoptosis
(26–28).

Characterization of BP-1. To determine the size and distri-
bution of bp-1, we performed a Northern blot analysis with
poly(A)1 RNA prepared from various tissues. Two transcripts
which appeared to be ubiquitously expressed were detected at
5 and 3 kb, although only low levels were detected in the liver
(Fig. 2A). The larger transcript appeared to be expressed more
abundantly than the shorter form. Since the largest fragment of
bp-1 obtained in the two-hybrid screen was only 1.5 kb, we
sought to recover full-length cDNAs corresponding to bp-1. By
using conventional library screening techniques along with da-
tabase searches, we were able to identify both full-length tran-
scripts, which were named btf (for Bcl-2-associated transcrip-
tion factor). The 3-kb transcript, btfS, was isolated by screening
a HeLa l-cDNA library. The 39 end of btfS was identical to
bp-1 except that 147 bp were missing within the predicted
coding sequence. While the 5-kb transcript, btfL, could not be
recovered from the l screen, it was identified as a full-
length expressed sequence tag (EST) within GenBank (ac-
cession no. D79986) that was isolated from the human KG-1
cell line. Unlike btfS, btfL did contain the 147-bp region
present in bp-1. Based on comparisons of sequences from
GenBank with btfS, we found that the remainder of the coding
sequences between btfS and btfL were the same and that the
large size difference between the transcripts resulted from dif-
ferent 39 untranslated regions.

The EST encoding BtfL was used to identify the subchromo-
somal location of btf. However, it remains to be determined
whether btfL and btfS are formed from separate genes or are
generated by alternative splicing of the same gene. Using the
UniGene collection accessed through the National Center for
Biotechnology Information, we found a 137-bp PCR fragment
within the 39 untranslated region of the EST (dbSTS entry
G20483) that mapped to chromosome 6 between markers
D6S292 and D6S1699. These markers correspond to 6q22-23,
a locus with a high frequency of deletions in tumors, particu-
larly lymphomas and leukemias (47). Thus, the locus of btf
correlates with a chromosomal region that may contain a tu-
mor suppressor gene. To test whether btf is actually deleted in
tumors, we performed a Northern blot analysis with mRNA
prepared from several human cancer cell lines. While both
transcripts of btf were observed in most cell lines tested, they
appeared to be less abundant than in normal cells, and btf was
not detected in Raji cells, which were derived from Burkitt’s
lymphoma (Fig. 2B). Indeed, Raji was the one cell line tested
with known 6q deletions (62). The Northern blot data was
therefore consistent with the chromosomal mapping of the
gene. It will certainly be of interest to determine whether the
loss of btf in Raji cells and possibly in other tumor cell lines
actually contributes to tumor formation.

The primary amino acid sequences encoded by btfL and btfS
are compared in Fig. 3. BtfL is 918 amino acids long and has a
predicted molecular mass of 106 kDa, whereas BtfS is missing
49 amino acids near the carboxyl terminus (amino acids 797 to
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FIG. 1. BP-1 interacts with E1B 19K in yeast. (A) The yeast two-hybrid assay
was used to demonstrate binding between BP-1 and E1B 19K. Growth in the
presence of histidine indicates that both plasmids can be expressed in yeast, and
growth in the absence of histidine demonstrates an interaction between the two
proteins. Apc-2 represents an irrelevant hydrophobic protein used as a negative
control. The specificity of the interaction between BP-1 and E1B 19K was tested
by using related proteins (Bcl-2, Bcl-xL, and Bax) as well as missense mutants of
E1B 19K (pm7, pm51, pm87, and pm102). (B) The minimal regions of E1B 19K
required for interaction with BP-1 were mapped by using a series of deletion
mutants. (C) Schematic representation of E1B 19K showing the missense and
deletion mutants tested in the two-hybrid assay. Regions I and III indicate the
locations of the Bcl-2 homology domains BH1 and BH3, respectively. E1B 19K
does not contain recognizable BH2 or BH4 domains.
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846 of BtfL) and has a predicted size of 101 kDa (Fig. 3). The
original bp-1 clone encodes amino acids 384 to 918 of BtfL (Btf
DN384), which is slightly more than half of the full-length
protein (Fig. 3B). In general, the 49-amino-acid region specific
to BtfL and DN384 contains highly charged residues (48%), but
the significance of this region is not known. Both BtfS and BtfL
were able to bind E1B 19K in the yeast two-hybrid assay (data
not shown). While the overall protein sequence of Btf is not
significantly homologous to those of other known proteins,
searches for conserved motifs in the PROSITE database re-
vealed two nuclear localization signals (Fig. 3A) as well as
putative DNA binding domains (Fig. 3B). There was 88%
homology to the basic zipper (bZIP) DNA binding domain
between amino acids 110 and 126 and 80% homology to the
Myb DNA binding domain within amino acids 522 and 531 of
Btf (Fig. 3B).

BtfS is a nuclear DNA binding protein that is sequestered by
the Bcl-2 family. Since btfS, but not btfL, was isolated from the
HeLa library, we concentrated our functional assays on the
shorter variant. BtfS was cloned into the pcDNA3 vector with
a Myc epitope for in vitro translation and mammalian expres-
sion. The protein sequence of BtfS suggested that it may bind
to DNA. To test this hypothesis, [35S]methionine-labeled, in
vitro-translated Myc-BtfS was incubated with native DNA-cel-
lulose. DNA binding was detected with BtfS but not with E1B
19K, which was used as a negative control (Fig. 4). The
strength of the interaction was comparable to that of a known
transcription factor, Msx-1 (10), and was not competed by
RNA (data not shown). In vitro-translated E1B 19K (Fig. 4)
and Bcl-2 (data not shown) did not inhibit the ability of BtfS
to bind to DNA, suggesting that the binding sites for DNA and
for E1B 19K and Bcl-2 are in distinct domains within BtfS.

Indeed, comparison of the putative DNA binding domains and
the BP-1 (Btf DN384) protein which is sufficient for binding to
the Bcl-2 family members is consistent with there being two
separate domains.

To confirm the association between BtfS and Bcl-2 family
members, we performed an in vitro binding assay. [35S]methi-
onine-labeled, in vitro-translated Myc-BtfS or Myc-Bax, used
as a positive control, was combined with E1B 19K, Bcl-2, and
Bcl-xL. Immunoprecipitation with an antibody against Myc re-
vealed that BtfS bound to all three of the antiapoptotic Bcl-2
family members but not to luciferase, used a negative control
(Fig. 5). However, these associations were weaker than those
with Bax (Fig. 5). These results appear to support the data
from the yeast two-hybrid assay.

To examine the biological role of BtfS in vivo, we attempted
to express the tagged protein in HeLa cells. While were unable
to obtain stable expression of BtfS, even with an inducible pro-
moter, we found that transient transfection did produce low
levels of BtfS. Although the levels of BtfS were not high enough
to be detected by Western blot analysis of whole-cell extracts
(data not shown), which would allow us to examine whether BtfS
could coimmunoprecipitate with Bcl-2 family members, we were
able to visualize BtfS by immunofluorescence. Its expression was
confined to the nucleus, and it was present in roughly 4% of
the cells (Fig. 6A). This was consistent with the DNA binding
activity but not with the established localization of Bcl-2-like
proteins, which are generally found associated with membrane
structures, particularly the mitochondria, endoplasmic retic-
ulum, and nuclear envelope (22, 31, 54). Unlike other Bcl-2
family members, E1B 19K is not normally present in the
mitochondria but, rather, is localized predominantly to the nu-
clear envelope (93). However, since the Bcl-2 family can act by

FIG. 2. Northern blotting was performed to determine btf expression in various tissues (A) and cancer cell lines (B). Two transcripts were observed, at 5 kb (btfL)
and 3 kb (btfS). These transcripts appeared to be ubiquitously expressed, except that btf was not detected in Raji cells derived from Burkitt’s lymphoma. b-Actin
expression was examined to assess the quality of the RNA and to control for loading efficiency.
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sequestering proteins (25, 28, 63, 88), we checked whether E1B
19K, Bcl-2, and Bcl-xL could alter the subcellular localization
of BtfS. First, E1B 19K and Bcl-2 were cotransfected with Myc-
BtfS. The cells were fixed 24 h posttransfection and then dou-
ble stained for the Myc epitope present on BtfS (tetramethyl-
rhodamine isothiocyanate) and either E1B 19K or Bcl-2 (flu-
orescein isothiocyanate). While the percentage of BtfS-positive
cells was similar to that when it was transfected by itself, the
subcellular localization was altered. BtfS colocalized with E1B
19K and Bcl-2 within the cytoplasm and nuclear periphery in
almost all coexpressing cells (Fig. 6A). Subsequent experi-
ments were performed to determine if Bcl-xL could also
sequester BtfS, since these proteins also bound in the yeast
two-hybrid assay and in vitro. We could not costain for BtfS
and Bcl-xL with the available antibodies, so we developed a
stable HeLa cell line expressing Bcl-xL and stained for BtfS
with the antibody against the Myc epitope. While control HeLa

cells contained 100% nuclear BtfS expression, only 7% of the
BtfS-positive cells in the HeLa–Bcl-xL cell line displayed nu-
clear BtfS staining and almost all of the BtfS staining was in the
cytoplasm in a pattern similar to Bcl-xL (Fig. 6B). The few cells
expressing nuclear BtfS may be accounted for by the variable
levels of Bcl-xL observed in this cell line and/or by an incom-
plete ability of Bcl-xL to sequester BtfS. Nevertheless, this is in
clear contrast to the parental HeLa cells, where the expres-
sion of BtfS was completely nuclear. These results suggest
that E1B 19K, Bcl-2, and Bcl-xL can alter the localization,
and therefore perhaps the function, of BtfS.

BtfS represses transcription which is inhibited by the Bcl-2
family. Since BtfS was shown to bind DNA, we checked wheth-
er it could modulate transcription. We first performed a one-
hybrid assay in yeast by generating a fusion protein of BtfS with
the GAL4 DNA binding domain in the pGBT9 vector. If BtfS
contained a trans-activation domain, one would expect that the

FIG. 3. (A) Amino acid sequence of Btf. BtfL, identified in the GenBank database (accession no. D79986), is predicted to encode a 918-amino-acid protein, shown
here. BtfS, which was obtained in the l screen, contains the complete BtfL sequence except that it is missing 49 amino acids between residues 797 and 846 (bold) present
in BtfL and BP-1. The underlined regions represent the positions of nuclear localization sequences. (B) A schematic representation of the Btf variants and deletion
mutants used to characterize Btf function. The shaded and solid boxes represent the locations of putative bZIP and Myb-DNA binding domains, respectively. BP-1
(DN384), identified in the yeast two-hybrid screen for E1B 19K binding proteins, contains residues 384 to 918 of BtfL. Deletion mutants of BtfS, DN552, and DC210
were used in transcriptional reporter assays to determine the regions of BtfS that contribute to transcriptional repression.
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adjacent activation and DNA binding domains would lead to
GAL4-inducible phenotypes in yeast. Growth was not detected
in the absence of histidine, suggesting that BtfS does not con-
tain a transcriptional activation domain (data not shown). How-
ever, it remains possible that BtfS requires mammalian cofac-
tors to activate transcription or that BtfS represses, rather than
activates, transcription.

To address these issues, BtfS was cloned into a mammalian
expression vector (pm1) containing the GAL4 DNA binding
domain. Transcriptional activity was monitored with a reporter
construct containing GAL4 promoter sites. Transient expres-
sion of pm1-BtfS with the luciferase reporter led to nearly a
10-fold decrease in transcription compared to that for an
empty pm1 vector control (Fig. 7). This effect is comparable to
the trans-repressive activity of other proteins, such as p53 and
Msx-1 (10, 66). Two deletion mutants of BtfS, DN522 (amino
acids 522 to 918 without residues 797 to 846) and DC210
(amino acids 1 to 210), were also cloned into pm1 to determine
the general regions that may contribute to transcriptional re-
pression (Fig. 3B). Both deletion mutants of BtfS were detect-
ably expressed in HeLa cells to levels comparable to wild-type

BtfS (data not shown). While BtfS DN552 was not able to
repress transcription, the DC210 mutant was sufficient for re-
pression and nearly as potent as full-length BtfS (Fig. 7). In-
terestingly, this fragment, which contains the bZIP homology
segment, is also rich in serine and glycine residues, a feature
that is present in other transcriptional repressors (11, 41, 59,
101).

Since the Bcl-2-like proteins were capable of sequestering
BtfS in the cytoplasm, we hypothesized that they may also
block the ability of BtfS to repress transcription. To test this
possibility, we cotransfected E1B 19K, Bcl-2, and Bcl-xL with
pm1-BtfS and the luciferase reporter construct. In the control
samples, none of the members of the Bcl-2 family of proteins
had a significant effect on transcription of the luciferase re-
porter (Fig. 7). However, transfection of any of the three Bcl-2
family members (E1B 19K, Bcl-2, and Bcl-xL), but not the emp-
ty pcDNA3 vector, abrogated BtfS-mediated transcriptional
repression. These data suggest that E1B 19K, Bcl-2, and Bcl-xL
inhibit BtfS trans-repression, probably by binding to and seques-
tering BtfS in the cytoplasm.

Sustained expression of BtfS inhibits transformation. Trans-
fection of the gene for adenovirus E1A along with the gene for
E1B 19K or bcl-2 in primary BRK cells induces transformation
as a consequence of dual proliferative and antiapoptotic sig-
naling (17, 64). Expression of E1B 19K/Bcl-2 binding proteins,
such as Bax and Nbk/Bik, antagonizes the antiapoptotic signal
and causes a reduction in focus formation (26, 27). To deter-
mine if BtfS could also antagonize the ability of E1B 19K to
transform primary cells, we transfected E1A and E1B 19K,
with and without Myc-BtfS, into primary BRK cells. BtfS
caused a 64% reduction in focus formation mediated by E1A
and E1B 19K (Fig. 8A). This suggests that interaction between
BtfS and E1B 19K inhibits 19K function in vivo and/or that BtfS
is capable of suppressing transformation independently of 19K.
The reduction in focus formation by BtfS and E1A compared
to E1A alone suggested that the latter scenario is possible (Fig.
8A). However, we tested whether BtfS could inhibit another
transforming signal, E1A with p53DD. p53DD is a p53 dele-
tion mutant that contains the C-terminal oligomerization do-
main and functions in a dominant negative fashion to inhibit
p53-mediated apoptosis and growth arrest (75). Since p53DD
blocks both of these processes, it produces a very potent trans-
forming signal (67). Here we show that expression of BtfS was
capable of repressing focus formation by E1A and p53DD by

FIG. 4. BtfS binds to DNA-cellulose in vitro. [35S]methione-labeled, in vitro-
translated Myc-BtfS and E1B 19K were prepared by using the TNT T7 reticulo-
cyte lysate system and incubated with native DNA-cellulose in NETN buffer for
2 h. Samples were washed five times in NETN, and the proteins were resolved by
SDS-PAGE (17% polyacrylamide). Immunoprecipitated proteins (lanes 1 and 2)
were analyzed to confirm the presence of the in vitro-translated products.

FIG. 5. In vitro interactions between BtfS and antiapoptotic Bcl-2 family members. [35S]methionine-labeled, in vitro-translated Myc-BtfS or Myc-Bax was combined
with V5/His-E1B 19K, Bcl-2, Flag–Bcl-xL, or luciferase prepared by using the TNT T7 reticulocyte lysate system. The proteins were immunoprecipitated with anti-Myc
monoclonal antibody in NETN buffer for 1.5 h followed by protein A-Sepharose for 0.5 h. Samples were washed in NETN buffer, resolved by SDS-PAGE (14%
polyacrylamide), and visualized by autoradiography. In addition, 1 ml of each of translation reaction mixture was analyzed to verify that equal amounts of proteins were
used in the binding assay.
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about 60%, suggesting that btfS may act as a general suppressor
of transformation (Fig. 8B).

BtfS functions to induce apoptosis. To further characterize
the transformation-suppressing activity of BtfS, we tested the
effect of its expression on apoptosis and cell cycle progression.
Attempts to generate stable BRK or HeLa cell lines expressing
BtfS failed, indicating that sustained BtfS expression is incom-
patible with either cell proliferation or viability. To monitor
BtfS expression in transient-transfection assays, the cDNA was
cloned into the pIRES-EGFP vector, which provides coexpres-
sion of BtfS and the EGFP marker. HeLa cells were transiently
transfected and then harvested 48 and 72 h posttransfection.
The cell cycle kinetics were analyzed by FACS analysis follow-
ing propidium iodide staining. Since EGFP staining with BtfS
was not detectable until 48 h posttransfection, we were unable

to characterize the cell cycle characteristics at the earlier time
points. The levels of EGFP expression and the cell cycle ki-
netics at 48 and 72 h are shown in Table 1. At 48 h posttrans-
fection, there were only 19.5% EGFP-positive cells in the pres-
ence of BtfS whereas there were 61.2% positive cells in the
control pIRES-EGFP empty vector. The FACS analysis dem-
onstrated that BtfS led to an increase in the percentage of
sub-G0/1 cells from 3.4 to 15.8%, indicating an increase in cell
death. No other obvious changes in cell cycle parameters were
observed at this time point. To test whether E1B 19K could
inhibit this cell death, we cotransfected pIRES-EGFP-BtfS
with pCMV-E1B 19K. E1B 19K inhibited BtfS-mediated cell
death at 48 h as indicated by an increase in the percentage of
EGFP-expressing cells from 19.5 to 34.3% and a decrease in
the percentage of sub-G0/1 cells from 15.8 to 10.1% (Table 1).

FIG. 6. Nuclear subcellular localization of BtfS is altered by E1B 19K, Bcl-2, and BtfL. (A) HeLa cells were transfected with expression plasmid pcDNA3-Myc-BtfS
alone or with pCMV E1B 19K or pcDNA3–Bcl-2 as indicated. The cells were fixed 24 h posttransfection and double stained against Myc and E1B 19K or Bcl-2.
Magnification, 31,000. (B) HeLa cells expressing Bcl-xL were transfected with pcDNA3-Myc-BtfS and stained against Myc 24 h posttransfection. Values represent the
percentages of nuclear BtfS expression (BtfS/total BtfS) in these cells.
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Thus, E1B 19K expression abrogated cell death induced by
BtfS. At 72 h posttransfection, the degree of cell death trig-
gered by BtfS increased and could no longer be inhibited by
E1B 19K. In the presence of BtfS, there were only 13.2%
EGFP- positive cells, 29.1% of which were represented in the
sub-G0/1 peak (Fig. 9A). The 72-h time point also revealed a

decrease in the G2/M peak in the presence of BtfS (16.7%)
compared to the control vector (40.6%). The change in the
G2/M peak as a result of BtfS may be an indication that cells
are exiting from these phases of the cell cycle to go into apo-
ptosis.

Interestingly, we also observed a decrease in the G2/M peak
with E1B 19K in the absence of BtfS. At 72 h posttransfection,
there was a change in the number of cells in G2/M from 40.6%
with the control vector to 14.8% in E1B 19K-transfected cells.
Changes in cell cycle progression due to the antiapoptotic Bcl-
2 family members have been observed previously; i.e., they
generally produce a decrease in cell cycle progression (6, 33,
39, 83, 92). While others have shown that Bcl-2 causes an in-
crease in the percentage of G0/1 cells (33, 44, 83), we show here
that E1B 19K causes a decrease in the G2/M peak. Thus, these
results may reflect a difference in the mechanism of cell cycle
regulation by E1B 19K and that by other, related proteins.

Cell death has been classified as either necrosis or apo-
ptosis, where necrosis is considered a passive process of cell
death associated with trauma and apoptosis is a genetically
programmed active response leading to cell suicide (100). Un-
like necrosis, apoptosis involves morphological changes such
as chromatin condensation, DNA fragmentation, and cyto-
plasmic blebbing. To test whether the increase in the percent-
age of sub-G0/1 cells as a result of BtfS was due to apoptosis, we
examined the nuclei of EGFP-positive cells by staining with
Hoechst dye 72 h posttransfection. Chromatin condensation
observed by this approach would be one indication of apopto-
sis. HeLa cells transfected with the empty pIRES-EGFP vector
showed EGFP-stained cells with normal nuclei. However, in
cells transfected with pIRES-EGFP-BtfS, the EGFP-positive
cells had condensed chromatin staining, indicating that they
were dying by apoptosis (Fig. 9B). Taken together, these reults
suggest that BtfS can function to promote apoptosis, which may
account for its ability to suppress transformation. E1B 19K can
inhibit BtfS-induced apoptosis, albeit incompletely in some as-
says. Nonetheless, this suggests that the Bcl-2 family can affect
apoptosis through modulation of transcription.

FIG. 7. Reporter assay demonstrating that BtfS is a transcription repressor
and is inhibited by Bcl-2-like proteins. HeLa cells were transfected with 2.5 mg of
the reporter construct (luciferase construct containing GAL4 DNA binding sites
within its promoter), 2.5 mg of GAL4 DNA binding domain fusion genes (pm1-
BtfS, pm1-DN552, and pm1-DC210 or empty pm1 vector control), and 2.5 mg of
bcl-2 family gene (pCMV-E1B 19K, pcDNA3–Bcl-2, pcDNA3-Flag–Bcl-xL, or
empty pcDNA3 vector control). The cells were harvested 24 hours posttransfec-
tion, and the luciferase activity was measured in a scintillation counter with the
luciferase substrate luciferin. Values were normalized for protein concentrations
measured by the Bradford assay and graphed as a percentage of the result for the
negative control (empty pm1 vector). The experiment was performed six times,
and the high and low values for each sample were dropped. Bars indicate
standard deviations (n 5 4).

FIG. 8. BtfS inhibits transformation by E1A and E1B 19K (A) or p53DD (B). Primary BRK cells were transfected with carrier DNA along with a linearized test
DNA (15 mg of pCMV-E1A, 15 mg of pCMV-E1B 19K or pCMV-p53DD, and 45 mg of pcDNA3-Myc-BtfS). DNA concentrations were kept constant by using
appropriate empty vectors. The cells were cultured for 3 to 4 weeks and then stained with Giemsa. Foci were counted from four dishes per condition. Bars indicate
standard deviations (n 5 4).
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DISCUSSION

The Bcl-2 family regulates apoptosis through multiple mech-
anisms. For example, these proteins may function at the mito-
chondria by forming channels that regulate mitochondrial
membrane potential and cytochrome c release. Alternative-
ly, the Bcl-2 family may directly regulate caspase activation
through interactions with Ced-4-like proteins. We describe a
novel E1B 19K-interacting protein, Btf, isolated through a
two-hybrid screen, that regulates an alternative pathway to
control apoptosis. Two transcripts corresponding to btf, btfS
and btfL, were identified. Both appeared to be widely expressed
but were deleted in some tumors. In this paper, we describe the
function and biological significance of the protein product gen-
erated from the shorter form, BtfS, which differs from BtfL in
just 49 amino acids in the C-terminal region.

Double-staining experiments were able to show the colocal-
ization of BtfS with E1B 19K, Bcl-2, and Bcl-xL, supporting the
interactions observed in the yeast two-hybrid assay as well as by
in vitro coimmunoprecipitation. While transiently expressed
BtfS was nuclear and could be sequestered into the cytoplasm
by the antiapoptotic Bcl-2 family members, the localization of
endogenous BtfS remains to be determined. It is entirely pos-
sible that in normal, nonapoptotic cells BtfS is expressed pre-
dominantly in the cytoplasm. In contrast, in dying cells, where
there is a higher percentage of proapoptotic than of antiapo-
ptotic Bcl-2 family members, BtfS may translocate to the nu-
cleus and potentiate apoptosis.

BtfS was able to bind DNA in vitro, and it repressed tran-
scription in reporter assays. The trans-repressive activity was
inhibited by E1B 19K, Bcl-2, and Bcl-xL, correlating with their
cytoplasmic sequestration potentials. While it remains possible
that part of this phenomenon is a result of BtfS-induced apo-
ptosis, the degree of cell death observed at 24 h would not
account for the 10-fold reduction in transcriptional activity.
The evidence that BtfS is a transcription repressor was further
supported by the identification of the DC210 deletion mutant
that was sufficient for repressing transcription. The N-terminal
fragment of BtfS is rich in glycine and serine, a feature that is
common to transcriptional repressors (11, 41, 59, 101). Taken
together, these data provide evidence for a novel trans-repres-
sive protein that triggers apoptosis and is sequestered and in-
hibited by Bcl-2 family members.

One of the features of the Bcl-2 family exemplified by the
BtfS interaction is their ability to sequester other cellular pro-
teins from their normal subcellular localization. This process
enables E1B 19K and Bcl-2 to inhibit apoptosis by using more
than one cellular pathway. The best-characterized example
concerns the association between proapoptotic and antiapo-
ptotic Bcl-2 family members. While these interactions have
been known for several years, recent studies of E1B 19K and

Bax have demonstrated that these family members can alter
each other’s subcellular localization (25). Bax is normally stim-
ulated to go to the mitochondria during apoptosis and causes
a loss of mitochondrial membrane potential (97). However,
overexpression of E1B 19K causes Bax to be sequestered to
the nuclear periphery, where E1B 19K is localized (25). This
process most probably blocks the ability of Bax to disrupt
mitochondrial function. The Bcl-2 family also associates with
several unrelated proteins that may contribute to apoptosis
regulation. For example, Bcl-2 associates with and targets the
serine/threonine kinase Raf-1 to the mitochondria (88). Over-
expression of Bcl-2 and that of Raf-1 cooperate to inhibit
apoptosis. Another example that is now emerging is the asso-
ciation between the antiapoptotic Bcl-2 family members with
Caenorhabditis elegans Ced-4 (12, 28, 79, 98) and with its mam-
malian homologue Apaf-1 (32, 61, 104). These interactions
directly block the activation of downstream caspases. Thus
far, the C. elegans Bcl-2 homologue, Ced-9, and Bcl-xL and
E1B 19K have been shown to bind to Ced-4, and at least Ced-9
and E1B 19K can redistribute Ced-4 from the cytosol to the
cytoplasmic membranes (28, 99). Bcl-xL also interacts with
Apaf-1, and therefore it will be interesting to determine
whether Bcl-xL can alter the localization of Apaf-1 (32, 61). In
what is perhaps an analogous scenario, E1B 19K also sequesters
the death-promoting protein FADD, an upstream component
of the Fas- and TNF-a-mediated death signaling pathway (63).
Overexpressed FADD becomes multimerized and produces
filaments throughout the cell (63, 78). E1B 19K disrupts the
FADD filaments, causing FADD to relocalize in regions nor-
mally associated with 19K, and inhibits FADD-dependent apo-
ptosis (63). Here, we show that the Bcl-2 family members also
sequester a nuclear transcription factor and that this may also
play a role in apoptosis. The minimal region for E1B 19K
required for interaction with Btf at the amino terminus (amino
acids 1 to 36) appears to be distinct from the interaction
regions involved in binding to other proapoptotic proteins
(Bax, Ced-4, and Nbk/Bik). This amino-terminal region of E1B
19K may correspond to BH4 of Bcl-2 and Bcl-xL, although this
remains to be tested directly. Together, these studies suggest
that E1B 19K and other Bcl-2 family members act as binding
proteins for a number of apoptosis regulators, which could
contribute to their widespread role as apoptosis inhibitors.

Transcriptional regulation often plays a critical role during
apoptosis by either activating or repressing genes encoding
basic apoptotic components. Indeed, inhibition of RNA and
protein synthesis blocks apoptosis induced by a number of
circumstances, including growth factor deprivation (42, 73) and
treatment with some chemotherapeutic drugs (2, 51, 86). In
contrast, others have shown that these inhibitors can actually
promote cell death, suggesting that the loss of a short-lived

TABLE 1. Overexpression of BtfS induces cell deatha

Vectors

48 h posttransfection 72 h posttransfection

% EGFP
positive % Sub-G0/1 % G0/1 % S % G2/M % EGFP

positive % Sub-G0/1 % G0/1 % S % G2/M

pIRES-EGFP 1 pcDNA3 61.2 3.4 42.3 20.0 33.7 45.7 5.6 32.5 20.9 40.6
pIRES-EGFP 1 pCMV-E1B 19K 72.0 1.5 54.2 21.0 23.6 59.0 8.8 55.4 20.8 14.8
pIRES-EGFP-BtfS 1 pcDNA3 19.5 15.8 36.7 21.7 25.6 13.2 29.1 33.2 20.6 16.7
pIRES-EGFP-BtfS 1 pCMV-E1B 19K 34.3 10.1 41.8 17.8 30.0 15.4 36.9 36.0 13.3 13.6

a HeLa cells were electroporated with 20 mg of pIRES-EGFP-BtfS or empty vector in combination with 10 mg of pCMV-E1B 19K or empty pcDNA3 vector. The
cells were harvested 48 and 72 h posttransfection, fixed in 2% paraformaldehyde, and stained with PBS containing 1 mg of propidium iodide per ml, 250 mg of RNase
A per ml, and 0.1% Tween 20. The cells were incubated for at least 30 min at room temperature and then analyzed by FACS. The results show the percentage of
EGFP-positive cells and the cell cycle kinetics for the EGFP-positive population.
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survival factor can also lead to apoptosis (3, 43, 66, 85). A
number of transcription factors that may serve as positive or
negative regulators of apoptosis have been identified. For ex-
ample, the NF-kB transcription factor plays an important role
in blocking apoptosis triggered by TNF-a (4, 84, 87). However,
in other situations, NF-kB activation has been associated with
induction of apoptosis (23). Furthermore, Bcl-2 and E1B 19K
repress NF-kB activity, providing another mechanism for Bcl-2
family members to control apoptosis (23, 34, 72).

Another transcription factor that may be regulated by the
Bcl-2 family during apoptosis is p53 (reviewed in reference 38).
The p53 tumor suppressor protein is required for apoptosis

during administration of ionizing radiation and chemothera-
peutic drugs, as well as by transforming oncogenes such as
c-myc and the E1A gene (16, 17, 30, 40). While p53 may have
multiple functions, its transcriptional activity is clearly critical
for the regulation of cell death in some (68) but not all (9, 29)
situations. However, it is still unclear whether p53-mediated
apoptosis requires its transcriptional activation or repression
properties or perhaps both. On the one hand, p53 trans-acti-
vates both bax (26, 49) and fas (60), both of which are bona
fide inducers of apoptosis. In contrast, several p53-repress-
ible genes which may potentially contribute to apoptosis, in-
cluding bcl-2 (48), MAP4 (56), the interleukin-6 gene (69),

FIG. 9. BtfS-mediated cell death occurs by apoptosis. (A) Representative FACS scan from Table 1 at 72 h after transfection of pIRES-EGFP-BtfS and the empty
pIRES-EGFP vector into HeLa cells. Cell cycle kinetics from propidium iodide staining are shown for the total cell population as well as the EGFP-positive cells. (B)
Transfected cells were incubated with Hoechst dye 72 h posttransfection to visualize the DNA. Cells transfected with pIRES-EGFP-BtfS (right) were compared to those
transfected with control pIRES-EGFP (left). Arrows for each set correspond to the same cell visualized with bright field (top), EGFP (green; middle), and Hoechst
dye (blue; bottom). The presence of condensed chromatin in the presence of BtfS indicates cell death by apoptosis. Original magnification, 31,000.
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c-fos (37), and c-myc (52), have been identified. Expression of
Bcl-2 and of E1B 19K alleviates the transcriptional repression
activity of p53, providing a mechanism for Bcl-2 family regu-
lation of apoptosis (66, 76). Thus, Bcl-2 family members can
influence apoptosis by modulating the transcriptional activity
of both NF-kB and p53. Inhibition of BtfS-mediated transcrip-
tional repression and apoptosis by the Bcl-2 family establishes
another connection between these apoptosis regulators and
modulation of transcription. It will certainly be interesting to
determine whether BtfS can influence the activities of other
transcription factors related to apoptosis, such as NF-kB and
p53.

We would predict that BtfS may repress the transcription of
survival genes. Based on previous observations of regulation of
gene expression by E1B 19K, one possible target may be the
p53 inhibitor, Mdm-2. We have previously observed that stable
expression of E1B 19K or Bcl-2 leads to an increase in Mdm-2
mRNA and protein levels (82). Such a mechanism could also
account for the ability of E1B 19K to derepress the transcrip-
tional repression mediated by p53 and E1A (56, 66, 76, 103).

While it will be worthwhile to determine whether BtfS could
affect the p53-mediated modulation of these targets, the fact
that BtfS was capable of inhibiting transformation by p53DD
suggests that another target, which is independent of p53, also
exists. We also have not been able to detect binding between
BtfS and p53 (data not shown), although it is still plausible that
BtfS associates with p53-dependent coactivators such as p300.
Since the putative DNA binding sites within BtfS contain ho-
mology to bZIP and Myb, it is conceivable that they have
similar targets. Interestingly, correlations with apoptotic regu-
lation exist for both of these transcription factor families (re-
viewed in references 36 and 89). For example, application of
functional blocking antibodies against the AP-1 proteins, Fos
and Jun, or transfection with dominant-interfering Jun inhibits
apoptosis in neuronal cells following growth factor withdrawal
(18, 24). However, relevant target genes that contribute to
AP-1-mediated apoptosis have yet to be identified. The Myb
family of transcriptional regulators inhibits apoptosis and reg-
ulates the transcriptional activation of bcl-2 (21, 81). This may
therefore provide a feedback loop between BtfS and Bcl-2.

FIG. 9—Continued.
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Future studies will be performed to determine whether BtfS
regulates bcl-2 or other genes involved in apoptosis. The link
between BtfS and the Bcl-2 family may provide an alternative
mechanism by which the Bcl-2 family is able to regulate cell
survival.
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46. Minn, A. J., P. Vélez, S. L. Schendel, H. Liang, S. W. Muchmore, S. W.
Fesik, M. Fill, and C. B. Thompson. 1997. Bcl-XL forms an ion channel in
synthetic lipid membranes. Nature (London) 385:353–357.

47. Mitelman, F. 1995. Catalog of chromosome aberrations in cancer. Wiley-
Liss, New York, N.Y.

48. Miyashita, T., S. Krajewski, M. Krajewska, H. G. Wang, H. K. Lin, D. A.
Liebermann, B. Hoffman, and J. C. Reed. 1994. Tumor suppressor p53 is a
regulator of bcl-2 and bax gene expression in vitro and in vivo. Oncogene 9:
1799–1805.

49. Miyashita, T., and J. C. Reed. 1995. Tumor suppressor p53 is a direct
transcriptional activator of the human bax gene. Cell 80:293–299.

50. Miyashita, T., M. U. T. Inoue, J. C. Reed, and M. Yamada. 1997. Bcl-2
relieves the trans-repressive function of the glucocorticoid receptor and
inhibits the activation of CPP32-like cysteine proteases. Biochem. Biophys.
Res. Commun. 233:781–787.

51. Mizumoto, K., R. J. Rothman, and J. L. Farber. 1994. Programmed cell
death (apoptosis) of mouse fibroblasts is induced by the topoisomerase II
inhibitor etoposide. Mol. Pharmacol. 46:890–895.

52. Moberg, K. H., W. A. Tyndall, and D. J. Hall. 1992. Wild-type murine p53
represses transcription from the murine c-myc promoter in a human glial
cell line. J. Cell. Biochem. 49:208–215.

53. Momand, J., G. P. Zambetti, D. C. Olson, D. George, and A. J. Levine. 1992.
The mdm-2 oncogene product forms a complex with the p53 protein and
inhibits p53-mediated transactivation. Cell 69:1237–1245.

54. Monagan, P., D. Robertson, T. A. Amos, M. J. Dyer, D. Y. Mason, and M. F.
Greaves. 1992. Ultrastructural localization of Bcl-2 protein. J. Histochem.
Cytochem. 40:1819–1825.

55. Muchmore, S. W., M. Sattler, H. Liang, R. P. Meadows, J. E. Harlan, H. S.
Yoon, D. Nettesheim, B. S. Chang, C. B. Thompson, S.-L. Wong, S.-C. Ng,
and S. W. Fesik. 1996. X-ray and NMR structure of human Bcl-xL, an
inhibitor of programmed cell death. Nature (London) 381:335–341.

56. Murphy, M., A. Hinman, and A. J. Levine. 1996. Wild-type p53 negatively
regulates the expression of a microtubule-associated protein. Genes Dev.
10:2971–2980.

57. Ng, F. W. H., M. Nguyen, T. Kwan, P. E. Branton, D. W. Nicholson, J. A.
Cromlish, and G. C. Shore. 1997. p28 Bap31, a Bcl-2/Bcl-XL- and pro-
caspase-8-associated protein in the endoplasmic reticulum. J. Cell Biol. 139:
327–338.

58. Oltvai, Z. N., C. L. Millman, and S. J. Korsmeyer. 1993. Bcl-2 heterodimer-
izes in vivo with a conserved homolog, Bax, that accelerates programmed
cell death. Cell 74:609–619.

59. Osada, S., T. Ikeda, M. Xu, T. Nishihara, and M. Imagawa. 1997. Identi-
fication of the transcriptional repression domain of nuclear factor 1-A.
Biochem. Biophys. Res. Commun. 283:744–747.

60. Owen-Schaub, L., W. Zhang, J. C. Cusack, L. S. Angelo, S. M. Santee, T.
Fujiwara, J. A. Roth, A. B. Deisseroth, W.-W. Zhang, E. Kruzel, and R.
Radinsky. 1995. Wild-type human p53 and a temperature-sensitive mutant
induce Fas/Apo-1 expression. Mol. Cell. Biol. 15:3032–3040.

61. Pan, G., K. O’Rourke, and V. M. Dixit. 1998. Caspase-9, Bcl-XL, and Apaf-1
form a ternary complex. J. Biol. Chem. 273:5841–5845.

62. Parsa, N. Z., G. Gaidano, A. B. Mukherjee, R. S. Hauptschein, G. Lenoir,
R. Dalla-Favera, and R. S. Chaganti. 1994. Cytogenetic and molecular
analysis of 6q deletions in Burkitt’s lymphoma cell lines. Genes Chromo-
somes Cancer 9:13–18.

63. Perez, D., and E. White. 1998. E1B 19K inhibits Fas-mediated apoptosis
through FADD-dependent sequestration of FLICE. J. Cell Biol. 141:1255–
1266.

64. Rao, L., M. Debbas, P. Sabbatini, D. Hockenbery, S. Korsmeyer, and E.
White. 1992. The adenovirus E1A proteins induce apoptosis, which is in-
hibited by the E1B 19-kDa and Bcl-2 proteins. Proc. Natl. Acad. Sci. USA
89:7742–7746.

65. Rao, L., D. Modha, and E. White. 1997. The E1B 19K protein associates
with lamins in vivo and its proper localization is required for inhibition of
apoptosis. Oncogene 15:1587–1597.

66. Sabbatini, P., S.-K. Chiou, L. Rao, and E. White. 1995. Modulation of
p53-mediated transcriptional repression and apoptosis by the adenovirus
E1B 19K protein. Mol. Cell. Biol. 15:1060–1070.

67. Sabbatini, P., J. H. Han, S.-K. Chiou, D. Nicholson, and E. White. 1997.
Interleukin 1b converting enzyme-like proteases are essential for p53-me-
diated transcriptionally dependent apoptosis. Cell Growth Differ. 8:643–
653.

68. Sabbatini, P., J. Lin, A. J. Levine, and E. White. 1995. Essential role for
p53-mediated transcription in E1A-induced apoptosis but not growth sup-
pression. Genes Dev. 9:2184–2192.

69. Santhanam, U., A. Ray, and P. B. Sehgal. 1991. Repression of the inter-
leukin 6 gene promoter by p53 and the retinoblastoma susceptibility gene
product. Proc. Natl. Acad. Sci. USA 88:7605–7609.

70. Sattler, M., H. Liang, D. Nettesheim, R. P. Meadows, J. E. Harlan, M.
Eberstadt, H. S. Yoon, S. B. Shuker, B. S. Chang, A. J. Minn, C. B.
Thompson, and S. W. Fesik. 1997. Structure of Bcl-xL-Bak peptide com-
plex: recognition between regulators of apoptosis. Science 275:983–986.

71. Schendel, S. L., Z. Xie, M. O. Montal, S. Matsuyama, and M. Montal. 1997.

Channel formation by antiapoptotic protein Bcl-2. Proc. Natl. Acad. Sci.
USA 94:5113–5118.

72. Schmitz, M. L., A. Indorf, F. P. Limbourg, H. Städtler, E. B.-M. Traenck-
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