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Abstract: Signal transduction pathways that mediate
neuronal commitment to apoptosis involve the nuclear
factor kB (NF-kB) transcription factor. Bcl-XL is a potent
regulator of apoptosis in the CNS and is highly expressed
in the developing and adult brain. We identified three
putative NF-kB DNA binding sequences clustered up-
stream of the brain-specific transcription start site in the
upstream promoter region. Recombinant p50/p50 and
NF-kB proteins from nuclear extracts bound to these
sites as determined by electrophoretic mobility shift as-
say and biotin-oligonucleotide/streptavidin affinity as-
says. NF-kB overexpression, coupled with bcl-x promot-
er/reporter assays using a series of murine bcl-x pro-
moter and deletion mutants, has identified the
downstream 1.1 kb of the bcl-x promoter as necessary
for basal promoter activity and induction by NF-kB. The
mutagenic removal of NF-kB binding sites individually or
in combination revealed altered response patterns to
p49/p65 and p50/p65 overexpression. These results sup-
port the hypothesis that NF-kB can act to enhance Bcl-XL
expression via highly selective interactions, where NF-kB
binding and bcl-x promoter activation are dependent on
both DNA binding site sequence and NF-kB subunit
composition. Our data suggest that molecular events
associated with NF-kB promote regulation of neuronal
apoptosis in the developing or injured CNS. Key Words:
Nuclear factor kB—bcl-x—Apoptosis—Transcription—
Promoter.
J. Neurochem. 75, 1377–1389 (2000).

In addition to its fundamental role during develop-
ment, neuronal apoptosis may be involved in the loss of
specific neuronal populations in the CNS as a result of
trauma, ischemia, age-associated neurodegenerative dis-
eases, and normal aging (Oppenheim, 1991; Raff, 1992).
Although many signals that induce apoptosis are known,
less is known about the distinct intracellular effectors
responsible for regulating commitment to apoptosis.

Several distinct protein families with diverse functions
control various stages of the cell death program. The
Bcl-2 family of apoptosis effector molecules with cell
death inhibiting or promoting activities includes the an-
tiapoptotic proteins Bcl-2, Bcl-xL, and Bcl-w and their
proapoptotic counterparts Bax, Bcl-xS, and Bad (Cleary

et al., 1986; Tsujimoto and Croce, 1986; Boise et al.,
1993; Yang et al., 1995; Gibson et al., 1996).

Consistent with the role of Bcl-2 family proteins in
determining cell fate, these proteins are subject to a
complex system of regulation. Bcl-2 family members are
controlled at the level of phosphorylation (Zha et al.,
1996; Ito et al., 1997), proteolysis (Cheng et al., 1997;
Gross et al., 1999), subcellular localization and/or redis-
tribution (Hsu et al., 1997; Wolter et al., 1997), and
transcription. These regulatory actions may serve to alter
concentrations of active Bcl-2 family molecules at crit-
ical locations within the cell, especially the mitochon-
dria. Consistent with this idea, manipulation of levels of
these proteins via gene transfection and/or antisense oli-
gonucleotides suggests that ratios of proapoptotic to an-
tiapoptotic Bcl-2 family proteins determine the sensitiv-
ity or resistance of cells to various apoptotic stimuli.

The bcl-x gene is unique in that it can give rise to
proapoptotic Bcl-xS and antiapoptotic Bcl-xL proteins via
differential splicing ofbcl-x mRNA (Boise et al., 1993).
Bcl-xL, but not Bcl-xS, is highly expressed throughout
the developing and postnatal CNS (Gonzalez-Garcia
et al., 1994, 1995; Frankowski et al., 1995) and is a
dominant inhibitor of apoptosis during development and
postnatal life. In contrast tobcl-2 (2/2) mice, bcl-x
(2/2) mice die at embryonic day 13 and show massive
cell death of neurons and hematopoietic progenitor cells
(Motoyama et al., 1995; Michaelidis et al., 1996). Bcl-xL

prevents apoptosis of sympathetic neuron cell cultures
following growth factor deprivation (Frankowski et al.,
1995). Furthermore, Bcl-xL overexpression protects mo-
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tor neurons from axotomy-induced apoptosis and pro-
motes neuronal survival following hypoxia–ischemia in-
jury in the hippocampus and other brain areas (Chen
et al., 1997; Parsadanian et al., 1998).

The nuclear factorkB (NF-kB) family of transcription
factors is involved in the regulation of genes regulating
inflammation, response to infection and oxidative stress,
and apoptosis (Beg et al., 1995; Sonenshein, 1997) and
has recently been shown to be required for normal brain
function (O’Neill and Kaltschmidt, 1997). This family is
composed of five structurally related protein subunits:
p49 (also called p52), p50, p65/RelA, c-Rel, and RelB,
which form various dimers in multiple tissues. These
proteins share a 300-amino acid region, the Rel homol-
ogy domain, which is the structural basis for dimeriza-
tion, DNA binding, and nuclear localization. In addition,
the transcriptionally active p65/RelA, c-Rel, and RelB
subunits contain a C-terminal acidic activation domain
not present in the p49/p52 (referred to as p49 in this
report) and p50 subunits. Thus, heterodimers containing
p49 or p50 combined with p65, c-Rel, or RelB are
capable of activating transcription (Liou and Baltimore,
1993). Despite this diversity, the active heterodimer p50/
p65 is generally referred to as NF-kB.

Inactive NF-kB homo- and heterodimers are seques-
tered in the cytoplasm of cells complexed with one of
several distinct inhibitory subunits, including IkB-a,
IkB-b, and IkB-g. IkB molecules are subject to phos-
phorylation, subsequent degradation, and release of ac-
tive NF-kB on reception of signals that lead to NF-kB
activation (Whiteside and Israel, 1997).

NF-kB dimers bind target gene regulatory regions
through a wide variety of binding sites that generally
match a 59-GGGRNTY(C/T)C-39 consensus (R5 A or
G, Y 5 C or T, N 5 any nucleotide). NF-kB achieves
target gene specificity in part through preferential bind-
ing of different subunit combinations to numerous sim-
ilar DNA sequences (Liou and Baltimore, 1993; Muller
et al., 1993).

There is strong evidence that NF-kB participates in
regulating apoptosis in numerous tissues, including the
CNS (O’Neill and Kaltschmidt, 1997; Grilli and Memo,
1999). NF-kB may affect apoptosis in some tissue types
by transcriptionally regulating genes that directly rescue
cells (Foo and Nolan, 1999). In support of this hypoth-
esis, there is evidence that NF-kB affects bcl-x gene
expression in the nervous and immune systems, although
the exact role of NF-kB in regulating this gene is far
from clear (Dixon et al., 1997; Hettmann et al., 1999;
Lee et al., 1999; Tamatani et al., 1999).

In this report we test the hypothesis thatbcl-x, an
antiapoptoticbcl-2 gene family member, is a direct gene
target of the transcription factor NF-kB. We identify two
distinct NF-kB binding sites within the murinebcl-x
promoter region that are responsible for NF-kB-medi-
ated increases inbcl-x promoter activity in a PC12 cell
transfection system.

MATERIALS AND METHODS

Sequence analysis
Human and mouse upstream promoter sequences (GenBank

accession nos. D30746 and U78030, respectively) were ana-
lyzed for potential NF-kB binding sites and sequence align-
ment using the Genetics Computer Group Wisconsin version
9.0 Package. TheTfsites database was used as the search
parameter for binding sites. Sequence alignment of mouse and
human promoter sequences was performed using the GAP
global fit alignment operation.

Cell culture
Rat pheochromocytoma PC12 cells were a gift of Lloyd A.

Greene (Columbia University, New York, NY, U.S.A.) and
were maintained in RPMI 1640 medium containing 5% fetal
calf serum, 5% horse serum, and 1% penicillin/neomycin/
streptomycin. Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO2. Stock cultures were grown in
75-cm2 tissue culture flasks, fed three times weekly, and di-
vided once a week using vigorous shaking to dislodge cells
from flasks.

Promoter activity transfection assays
Cells were plated in 32- or 60-mm-diameter plates and

allowed to attach overnight. Cells were transfected at a 3:1
(wt/wt) liposome:DNA ratio using the DMRIE-C cationic li-
posome reagent and OPTI-MEM reduced-serum medium (Gib-
coBRL) according to the manufacturer’s instructions. This ratio
was determined as yielding the highest transfection efficiency
(15–20%) as determined via pCMV-lacZ (where CMV repre-
sents cytomegalovirus) plasmid transfection and 5-bromo-4-
chloro-3-indolylb-D-galactopyranoside staining. Forbcl-xpro-
moter studies, 1 pmol of each respectivebcl-x promoter/firefly
luciferase construct was used per 106 cells. Forbcl-x promoter/
NF-kB coexpression, each transfection mixture also included 2
pmol of a single NF-kB expression vector (1 pmol each if two
NF-kB vectors were used) or 2 pmol of pRSV-lacZ (where
RSV represents Rous sarcoma virus) plasmid as a nonactivat-
ing control. Each transfection mixture also contained 0.01 pmol
of pRL-TK (where TK represents thymidine kinase)Renilla
luciferase expression plasmid (Promega) to control for trans-
fection efficiency. DNA and liposome were mixed in OPTI-
MEM. Cells were rinsed once in OPTI-MEM, and then 1 ml of
DNA/liposome mixture was applied to the cells. Transfection
time was 4 h, after which the liposome mixture was removed
and replaced with complete medium. Transfected cells were
collected after 24 h by rinsing with Tris-buffered saline and
then lysed in 200ml of Passive Lysis Buffer (Promega) by
scraping. Lysates were kept on ice, cleared by microcentrifu-
gation at 12,000g for 5 min, transferred to fresh microfuge
tubes, and stored at280°C until used. Firefly andRenilla
luciferase activities in 20ml of lysate were assayed using the
Dual Luciferase Assay System (Promega).

bcl-x promoter constructs
Expression vectors containing 3.2 kb (pGL2-3.2), the up-

stream 2.0 kb (pGL2-2.0), and downstream 1.1 kb (pGL2-1.1)
of the murinebcl-x promoter region fused to a promoterless
pGL2 firefly luciferase reporter were a generous gift of Dr.
Gabriel Núñez (University of Michigan Medical School, Ann
Arbor, MI, U.S.A.) (Grillot et al., 1997). Allbcl-x promoter
constructs do not contain nucleotides21 to 290 with respect
to the ATG. pGL2-0.6Left containing the upstream 600 bp of
the 1.1-kb promoter in pGL2-1.1 was created by digesting
pGL2-1.1 with HindIII and BglII, liberating the downstream
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500 bp of thebcl-x promoter. The compatible cohesive ends of
pGL2-0.6Left were ligated together with T4 ligase (Promega).
pGL2-0.5Right was constructed by digesting pGL2-1.1 with
XhoI and HindIII at the 59 and 39 ends, respectively, of the
1.1-kb insert, liberating the upstream 600 bp. The linear pGL2-
0.5Right plasmid noncohesive ends were filled in with Klenow
fragment, and the blunt ends were ligated together with T4
ligase (Life Technologies). Mutantbcl-x promoter constructs
containing sequence replacements of NF-kB binding sites were
created by the Sealy Center for Molecular Science Recombi-
nant DNA Laboratory (University of Texas Medical Branch,
Galveston, TX, U.S.A.) using the downstream 1.1 kb of the
bcl-x promoter found in pGL2-1.1 as a template for mutagen-
esis. The three single-site replacement mutants were created by
amplifying the 1.1-kb region of thebcl-x promoter by PCR
using primers that replaced each NF-kB binding sequence with
the 9-bp sequence 59-AGATCAACT-39. The replacement mu-
tagenesis was performed using PCR-based strategy and the
following mutagenic primers: for thebcl-x 1,145 mutation,
59-GGTCTCCACTGTAGATCAACTGACCCTTCTTCC-39
(sense) and 59-GGAAGAAGGGTCAGTTGATCTACAGTG-
GAGACC-39 (antisense); for thebcl-x-967 mutation, 59-
GCGGTGTTTGTGAGATCAACTCAGCATACGCCTC-39
(sense) and 59-GAGGCGTATGCTGAGTTGATCTCA-
CAAACACCGC-39 (antisense); and for thebcl-x-847
mutation, 59-TTGAGATTCACTTAGATCAACTCTTTA-
GGGTTTCGG-39 (sense) and 59-GAAACCCTAAAGAGTT-
GATCTAAGTGAATCTCAAGG-39 (antisense). The under-
lined sequence replaced eachbcl-x NF-kB site in the final
product. The double mutantbcl-x-847/967 1.1-kb promoter was
created using the completedbcl-x-847 1.1-kb mutant promoter
as a template for introducing thebcl-x-967 mutation. The
finishedbcl-x-847/-967 double mutant promoter was used as
the template for the introduction of thebcl-x-1,145 mutation to
form the triple mutant 1.1-kb promoter. All mutations and
finished plasmid sequences were confirmed by DNA sequence
analysis.

NF-kB and IkB-a expression vectors
The following reagents were obtained through the AIDS

Research and Reference Reagent Program, Division of AIDS,
NIAD, NIH: pRSV-NK-kB2 (p49), pRSV-NK-kB1 (p50), and
pRSV-RelA (p65) NF-kB from Dr. Gary Nabel and Dr. Neil
Perkins (Gorman et al., 1983; Schmid et al., 1991; Perkins
et al., 1992; Duckett et al., 1993). These expression vectors
contain cDNAs from human p49, p50, and RelA/p65 subunits
of NF-kB under the transcriptional control of the RSV long
terminal repeat. The pCMV4-IkB-a eukaryotic expression vec-
tor containing a FLAG epitope-tagged human IkB-a cDNA
with alanine replacement at Ser32 and Ser36 was a generous gift
of Dean Ballard (Vanderbilt University) (Brockman et al.,
1995). The pRSV-lacZ control expression vector containing the
Escherichia coli lacZgene under the control of the RSV long
terminal repeat (Mitchell et al., 1989) was a gift of Ronald
Walter (Southwest Texas State University, San Marcos, TX,
U.S.A.). The pRL-TK Renilla luciferase expression vector
(Promega) was a gift of Dr. E. Aubrey Thompson (University
of Texas Medical Branch, Galveston) NF-kB-Luc firefly lucif-
erase reporter was obtained from Clontech.

Oligonucleotides
Unmodified complementary single-stranded oligonucleo-

tides used in electrophoretic mobility shift assays (EMSA)
were synthesized by Sigma-Genosys (The Woodlands, TX,
U.S.A.). Chemically modified complementary single-stranded

oligonucleotides containing a 59 biotin molecule at the end of a
15-atom linker were synthesized by Synthegen (Houston, TX,
U.S.A.). All single-stranded oligonucleotides were annealed in
sterile TEN buffer (1 mM EDTA, 50 mM NaCl, and 10 mM
Tris, pH 7.5) at a stock concentration of 2mg/ml. The IgG-kB
sequence was 59-AGTTGAGGGGACTTTCCCAGGC-39. The
activator protein-1 (AP-1) sequence was 59-CGCTTGAT-
GACTCAGCCGGAA-39. Oligonucleotides containing mouse
genomicbcl-x NF-kB sequences included the NF-kB binding
sequence and 6 bp of genomic 59 and 39 flanking sequences as
follows: position bcl-x-1,145, 59-CACTGTGGGAGCCCC
GACCCT-39; positionbcl-x-967, 59-TTTGTGGGGGGTCTC-
CAGCAT-39; and position bcl-x-847, 59-TCACTTGGA-
AGTCCCTTTAGG 39. Transcription factor binding sequences
within each oligonucleotide are underlined.

Preparation of nuclear extracts for EMSA analysis
PC12 cells were collected by scraping the Tris-buffered

saline (pH 7.6) and pelleted by centrifugation at 800g. Cell
pellets were suspended in 500ml of buffer containing 10 mM
HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1.0 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride,
and the protease inhibitors antipain, chymostatin, pepstatin, and
leupeptin at 2mg/ml each. The pellets were kept on ice for 10
min, and 25ml of a 10% solution of NP-40 was added. The cell
lysate was centrifuged at 8,000g for 2 min. The cleared
cytosolic fraction was removed, and the pelleted nuclei were
resuspended in 100ml of buffer containing 20 mM HEPES (pH
7.9), 0.4M NaCl, 1.0 mM EDTA, 1.0 mM EGTA, 1.0 mM
dithiothreitol, 1.0 mM phenylmethylsulfonyl fluoride, and pro-
tease inhibitors as above. The nuclear suspension was shaken
vigorously for 20 min at 4°C. The nuclear lysate was cleared by
centrifugation at 13,000g for 5 min at 4°C. Nuclear extracts
were aliquoted and frozen at280°C, and protein concentra-
tions were determined by the BCA protein assay (Pierce).

Nuclear extract from 70Z/3 cells was a gift of Dr. Norbert K.
Herzog (University of Texas Medical Branch, Galveston) and
was prepared as described (Dyer and Herzog, 1995). In brief,
70Z/3 cells were treated with 10mg/ml Salmonella typhosa
lipopolysaccharide for 6 h. Cells were collected by centrifuga-
tion at 200g for 5 min at 4°C. The cell pellet was resuspended
in 100ml of sucrose buffer 1 [0.32M sucrose, 3 mM CaCl2, 2
mM magnesium acetate, 0.1 mM EDTA, 10 mM Tris-HCl (pH
8.0), 0.1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl flu-
oride, and 0.5% (vol/vol) NP-40]/107 cells. The lysate was
centrifuged at 500g for 5 min at 4°C to pellet the nuclei, and
the cytoplasm was transferred to a fresh tube. Nuclei were
resuspended in low-salt buffer [20 mM HEPES (pH 7.9), 25%
glycerol, 1.5 mM MgCl2, 0.02M KCl, 0.2 mM EDTA, 0.5 mM
dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride] at 20
ml/107 cells. Nuclei were extracted in high-salt buffer [20 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 0.8 mM KCl, 0.2 mM EDTA,
1% NP-40, 0.5 mM dithiothreitol, and 0.5 mM phenylmethyl-
sulfonyl fluoride] by slowly adding a volume equal to the
low-salt buffer. Nuclear lysate was incubated with gentle mix-
ing for 20 min at 4°C. Before the final centrifugation at 13,000
g for 15 min at 4°C, the nuclear lysate was diluted 1:2.5 with
diluent buffer [25 mM HEPES (pH 7.6), 25% glycerol, 0.1 mM
EDTA, 0.5 mM dithiothreitol, and 0.5 mM phenylmethylsulfo-
nyl fluoride]. The final lysate was aliquoted and frozen at
280°C. Protein concentrations were determined as above.

EMSA
Oligonucleotides containing the three putative genomic

binding sites and 6-bp flanking sequences and a positive control
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oligonucleotide containing the IgG-kB NF-kB binding se-
quence were end-labeled with 2ml of 4,000 Ci/mmol [g-32P]-
ATP (ICN) and T4 polynucleotide kinase (Promega). Labeling
efficiencies were consistent among different oligonucleotides
as judged by examining free probe on EMSA autoradiographs.
Labeled oligonucleotides were incubated for 30 min with 8mg
of 70Z/3 cell nuclear extract (gift of Dr. Norbert K. Herzog), 8
mg of PC12 cell nuclear extract, or 1 gel shift unit (gsu; 1 gsu
is 95 ng of protein) human recombinant p50 (Promega). Bind-
ing reactions were in a 20-ml volume containing 10% glycerol,
50 mM KCl, 20 mM EDTA, 20 mM dithiothreitol, and 10 mM
HEPES (pH 7.5) for 30 min at room temperature. Each reaction
mixture also contained 1mg of poly(dI–dC) as a competitor for
nonspecific DNA-binding proteins. Competitive controls in-
cluded 50-fold molar excess of unlabeled oligonucleotide. Su-
pershift/immunodepletion assays contained 2mg of p50 or p65
polyclonal antibody (Santa Cruz) incubated for 30 min in the
reaction mixture before addition of labeled oligonucleotide.
Binding reactions were subjected to 6% polyacrylamide elec-
trophoresis at 120 V for 3 h at 4°C. Gels were dried under
vacuum and exposed to x-ray film.

Microaffinity purification of NF- kB proteins
Oligonucleotides containing binding sequences of NF-kB

were synthesized and chemically modified to contain a 59 biotin
molecule on the end of a 15-atom linker (Synthegen). Four
picomoles (final concentration, 2.03 1027 M) of duplex
biotin-labeled oligonucleotide was incubated with 1 gsu of the
human recombinant p50 subunit of NF-kB (Promega) in a
20-ml volume containing 12% glycerol, 1mg of poly(dI–dC),
0.05% NP-40, 50 mM KCl, 200 mM EDTA, 2.5 mM dithio-
threitol, and 10 mM HEPES (pH 7.6) for 45 min at room
temperature. For competition studies, excess unlabeled oligo-
nucleotide was also added at 5.03 1028, 1.0 3 1027, 2.0
3 1027, 4.03 1027, 8.03 1027, 2.03 1026, and 4.03 1026

M. NF-kB proteins bound to biotin-oligonucleotides were pre-
cipitated by addition of 6ml of a 50% (vol/vol) slurry of

streptavidin-agarose beads (Pierce). After 30 min of agitation at
4°C, the streptavidin–biotin–protein–DNA complex was pel-
leted by centrifugation at 1,000g in a microfuge. The agarose
bead/oligonucleotide/protein complexes were then washed
three times in 10 volumes of 13 binding buffer. Proteins were
then removed from the oligonucleotides by addition of 23
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer and then boiled for 5 min. The
entire binding reaction was electrophoresed on a 10% SDS-
PAGE gel and then transferred to a polyvinylidene membrane
for western analysis. Western analysis detection of NF-kB
proteins was achieved with a primary antibody against the p50
subunit of NF-kB (Santa Cruz). Primary antibodies were di-
luted 1:20,000, and the secondary horseradish peroxidase-con-
jugated antibody was used at a 1:5,000 dilution. Protein bands
were detected via ECL (Amersham) and exposure to x-ray film.
Specific protein bands were quantitated using AlphaEase ver-
sion 3.24 image analysis software. Band density measurements
from each binding reaction mixture were expressed as a per-
centage of values from binding reaction mixtures that contained
no unlabeled oligonucleotide.

Statistical analysis
Differences between multiple, large groups were analyzed

by the Kruskal–Wallis nonparametric ANOVA for comparison
of groups with statistically different SDs followed by Dunn’s
post test. Values ofp , 0.05 between groups were considered
significant.

RESULTS

Identification of NF-kB sites in thebcl-x promoter
Following sequence analysis of the murinebcl-x gene,

we identified three putative NF-kB binding sequences in
the 59-regulatory region of the murinebcl-x gene begin-
ning at positions2847 (59-GGAAGTCCC-39), 2967

FIG. 1. Schematic representation of the murine (upper) and human (lower) bcl-x promoter regions. The diagram shows the highly
conserved nature of the spatial arrangement of sequence elements in the two promoters. Putative binding sequences are shown only
for transcription factors that have been suggested to activate the bcl-x promoter. Except for NF-kB binding sites, only binding
sequences conserved between the mouse and human promoters are shown: interferon-g activation site (GAS) motif for STAT1/5
interaction (p) (Fujio et al., 1997; Silva et al., 1999); NF-kB binding sites (■) (Dixon et al., 1997; Lee et al., 1999; present study); Ets-family
binding sites for Ets-2 ( ) (Sevilla et al., 1999); and GATA motif for the GATA-1 transcription factor ( ) (Grillot et al., 1997; Gregory et al.,
1999). The NF-kB binding sequences in the murine promoter studied in this report are found at positions 2847, 2976, and 21,145
nucleotides upstream from the initiator codon ATG. Arrows indicate major transcription initiation start sites for murine brain (B), thymus
(T), liver (L), spleen (S), and FL5.12 and K562 cells (Grillot et al., 1997).
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(59-GGGGGTCTCC-39), and 21,145 (59-GGGAGC-
CCC-39) nucleotides from the initiator ATG (Fig. 1).
These sites bear significant homology to the 59-GGGRN-
TY(C/T)C-39 consensus NF-kB sequence (Lenardo
et al., 1989). Unconfirmed NF-kB sites similar to murine
bcl-x-847 and identical tobcl-x-967 sites are conserved
in the humanbcl-x promoter region (Fig. 1).

NF-kB binds to sequences in thebcl-x
5*-regulatory region

To determine if these sequences were authentic
NF-kB binding sites, double-stranded oligonucleotides
making up each putative NF-kB binding site and 12 bp
of genomic flanking sequence were tested via EMSA for
binding of NF-kB proteins. First, eachbcl-x NF-kB
sequence was tested for binding to purified human re-
combinant p50/p50 NF-kB homodimers. As shown in
Fig. 2, p50/p50 binds to the threebcl-x sequences (lanes
4, 7, and 9) and to the IgG-kB-positive control sequence
(lane 1). Bound p50 was displaced by a 50-fold molar
excess of unlabeled oligonucleotide (lanes 2, 5, 8, and
11) but not by a 50-fold molar excess of an unlabeled,
unrelated oligonucleotide containing the AP-1 consensus
sequence (lanes 3, 6, 9, and 12). Binding of p50/p50 to
the bcl-x NF-kB sequences was less robust than to the
IgG-kB control sequence. Whereas p50/p50 showed rel-
atively strong binding tobcl-x-847 andbcl-x-967 se-
quences, it did not bind as strongly to thebcl-x-1,145
sequence (compare Fig. 2, lanes 7 and 10 with lane 4).

To evaluate the ability of thebcl-xNF-kB sites to bind
nuclear NF-kB proteins, we incubated nuclear extracts
from lipopolysaccharide-treated 70Z/3 cells with labeled
oligonucleotides containing the three differentbcl-x
NF-kB sequences. 70Z/3 cells were widely used as a
pre-B cell model to study inducible NF-kB activity and
exhibit p50/p50 and p50/p65 dimers of NF-kB via
EMSA (Liou et al., 1994). As shown in Fig. 3, lanes 4
and 7, two complexes, C1 and C2, were formed with
nuclear extracts from 70Z/3 cells treated with lipopoly-
saccharide and thebcl-x-847 andbcl-x-967 NF-kB bind-
ing sites. Identical complexes were also formed with a
positive control IgG-kB oligonucleotide (Fig. 3, lane 1).
Both C1 and C2 bands were abolished by addition of
50-fold excess unlabeled oligonucleotide and were iden-
tified as NF-kB-containing complexes by immunodeple-
tion/supershift analysis using an anti-p50 antibody that
resulted in two separate supershifted species (Fig. 3,
lanes 3, 6, and 9). Complex C2 is a p50/p50 homodimer,
as judged by elimination of the complex with the p50
antibody, and complex C1 contains p50 and is composed
primarily of p50/p65 as judged by immunodepletion/
supershift analysis (p65 immunodepletion/supershift not
shown). Complex C3 is the protein RPB-Jk, a transcrip-
tional repressor that binds to a 59-TGGGAA-39 consen-
sus sequence present in some NF-kB binding sites
(Norbert K. Herzog, personal communication). There
was no appreciable NF-kB binding to position21,145.
Taken together, these data show that among the three
putative NF-kB sites in thebcl-x 59-regulatory region,
only bcl-x-847 andbcl-x-967 NF-kB sites significantly
bind to NF-kB proteins.

FIG. 2. Human recombinant p50/p50 binds specifically to oligo-
nucleotides containing NF-kB binding sites from the murine
bcl-x promoter. Shown is a representative EMSA analysis of 1
gsu per lane of human recombinant p50 (Promega). Lanes 1–3,
positive control IgG-kB sequence (Sen and Baltimore, 1986);
lanes 4–6, murine bcl-x-1,145 sequence; lanes 7–9, murine
bcl-x-967 sequence; and lanes 10–12, murine bcl-x-847 se-
quence. Lanes 2, 5, 8, and 11, competitive control (CC) with
50-fold excess unlabeled oligonucleotide; lanes 3, 6, 9, and 12,
competitive control containing 50-fold excess unlabeled AP-1
consensus sequence oligonucleotide. The upper arrow indicates
the position of the specific p50/oligonucleotide complex. The
lower arrow indicates free probe.

FIG. 3. Nuclear NF-kB proteins bind bcl-x promoter sequences.
Shown is EMSA analysis of 70Z/3 pre-B cell nuclear extracts and
p50 supershift/immunodepletion analysis. Supershift analysis
with a p50 antibody (Ab) identified complex C1 as p50/p65 and
complex C2 as primarily p50/p50 NF-kB-containing complexes
(p65 supershift not shown). Lanes 1–3, positive control IgG-kB
sequence; lanes 4–6, bcl-x-847 sequence; lanes 7–9, bcl-x-967
sequence; and lanes 10–12, bcl-x-1,145 sequence. Competitive
control (CC) lanes 2, 5, 8, and 11 contained a 50-fold excess of
unlabeled oligonucleotide. Lanes 3, 6, 9, and 12 contained 1 ml
of p50 Ab. Each lane received 6 mg of nuclear protein extract
from 70Z/3 cells treated with lipopolysaccharide for 6 h.
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To characterize further the apparent difference in af-
finity for NF-kB, we determined the relative binding
affinity of p50/p50 for the three differentbcl-x NF-kB
sites. Recombinant NF-kB p50/p50 was incubated with
2.0 3 1027 M biotin-labeled IgG-kB oligonucleotide,
and p50/oligonucleotide complexes were precipitated by
addition of streptavidin-agarose beads. The NF-kB pro-
teins were then eluted from the oligonucleotides with 23
SDS-PAGE sample buffer and subjected to SDS-PAGE
followed by western blot analysis. Figure 4 shows the
effect of increasing concentration of unlabeled IgG-kB
and bcl-x NF-kB binding site oligonucleotides on p50/
p50 binding to the biotin-IgG-kB sequence. Competition
curves of p50/p50 binding were obtained from measur-
ing band densities of p50 western blot bands (Fig. 4A).
Band density values were expressed as percentages of
band density values from control binding reaction mix-
tures that received no unlabeled oligonucleotide (Fig.
4B). Addition of an equimolar amount (2.03 1027 M)
of unlabeled IgG-kB oligonucleotide decreased binding
of p50/p50 to the biotin-IgG oligonucleotides to 55% of
control. Thebcl-x-847 andbcl-x-967 sequences com-
peted for p50/p50 binding similarly but to a lesser extent
than the IgG-kB sequence, requiring up to a threefold
excess (;6.03 1027 M) of unlabeled oligonucleotide to
decrease binding to 50% of the control value. Thebcl-
x-1,145 sequence showed very low affinity for p50/p50,
only slightly competing for p50/p50 binding at a 20-fold
molar excess (4.03 1026 M). An unlabeled AP-1 con-
sensus oligonucleotide did not compete for p50/p50

binding even at a 20-fold molar excess (data not shown).
These data are consistent with the EMSA analyses in
Figs. 2 and 3 that show that onlybcl-x-847 andbcl-x-967
sequences strongly bind p50/p50 or p50/p65 NF-kB pro-
teins.

The bcl-x promoter region spanning nucleotides
21,200 to2600 is important for NF-kB-mediated
activation

To determine the effect of NF-kB proteins on thebcl-x
promoter, we usedbcl-x promoter constructs containing
different regions of the 59-regulatory region of the mu-
rine bcl-x gene fused upstream of the firefly luciferase
reporter gene (Grillot et al., 1997). We chose to overex-
press NF-kB subunits via eukaryotic expression vectors
encoding the NF-kB subunits p49 (pRSVp49), p50
(pRSVp50), and p65 (pRSVp65) during transfections of
the murinebcl-x promoter. The first step in establishing
this NF-kB/bcl-x promoter transfection system as a
means of describing a role for NF-kB in bcl-x transcrip-
tional regulation was to test the NF-kB expression vec-
tors for their ability to activate specific NF-kB-depen-
dent transcription. PC12 cells (Greene and Tischler,
1976) were transfected with pNF-kB-Luc, a firefly lucif-
erase reporter plasmid under the control of a NF-kB-
dependent promoter containing four tandem NF-kB
binding sites of sequence 59-GGGAATTTCC-39 fused to
the herpes simplex virus (HSV) Tk minimal promoter
(Clontech). pNF-kB-Luc was significantly activated by
cotransfection with pRSVp65 and pRSVp50/pRSVp65

FIG. 4. Competitive binding studies demonstrate relative binding affinities of recombinant p50 for each of the three bcl-x NF-kB binding
sites compared with the IgG-kB sequence. A: Western blot analysis of p50 binding reactions to biotin-labeled IgG-kB sequence
oligonucleotides in the presence of increasing unlabeled IgG-kB or bcl-x NF-kB site oligonucleotides. Fold excess unlabeled oligonu-
cleotide is indicated at the top, along with the concentration of the unlabeled oligonucleotide in the binding reaction. Biotin-labeled
IgG-kB oligonucleotide was 2 3 1027 M in each DNA binding reaction. Groups containing unlabeled bcl-x sequence oligonucleotides
contained one control reaction with equimolar IgG-kB, indicated by 1 IgG. B: Each curve represents the binding of human recombinant
p50 to biotin-labeled IgG-kB oligonucleotide (2 3 1027 M ) in the presence of increasing unlabeled oligonucleotide containing the IgG-kB
sequence (E), bcl-x-847 sequence (F), bcl-x-967 sequence (}), or bcl-x-1,145 sequence (h). NF-kB p50 protein bound to biotin-labeled
oligonucleotides was precipitated and analyzed by western blot analysis (see Materials and Methods). Points on each curve are the
average of two values from independent experiments expressed as percentages of internal control binding reactions that contained p50,
biotin-labeled IgG-kB oligonucleotide, and no unlabeled oligonucleotide.
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but not significantly by pRSVp49/pRSVp65 (Fig. 5A).
pNF-kB-Luc was not transcriptionally activated by
pRSVp49, pRSVp50, or pRSVp49/pRSVp50. This sub-
unit-specific pattern of NF-kB-dependent promoter acti-
vation is consistent with the established role of p65/
RelA-containing NF-kB dimers as transcriptional activa-
tors (Perkins et al., 1992; Lin et al., 1995).

To establish further that the NF-kB overexpression
model parallels physiologic nuclear localization, dimer
formation, and IkB-a-mediated inhibition, we trans-
fected PC12 cells with pRSVp49/pRSVp65 and
pRSVp50/pRSVp65, with or without pCMV4-IkB-a, an
expression vector encoding the mutant “superrepressor”
form of the NF-kB inhibitory subunit IkB-a (Brockman
et al., 1995). This mutant form of IkB-a contains serine
to alanine changes at amino acid positions 32 and 36 and
cannot be phosphorylated, the signal for IkB-a degrada-
tion and subsequent release of active NF-kB. EMSAs
performed with nuclear extracts from transfected cells
exhibited marked increases in specific NF-kB binding
over control mock-transfected controls. Figure 5B shows
the NF-kB binding profile of an IgG-kB probe to nuclear
extracts from PC12 cells transfected with pRSVp65
alone (Fig. 5B, lanes 2–5). pRSVp49/pRSVp65 (Fig. 5B,
lanes 6–9), or pRSVp50/pRSVp50 (Fig. 5B, lanes 10–
14). Overexpression of pRSVp65 yielded two distinct
bands, which were competed away by a 50-fold excess of
unlabeled oligonucleotide and were supershifted by an
anti-p65/RelA antibody (Fig. 5B, lanes 2, 3, and 5). The
lower band migrated to the same position at the p50/p65
heterodimer in lane 10 and is likely p50/p65 formed with
endogenous p50; we presume the upper band to be

p65/p65 (Fig. 5B, lane 2). pRSVp49/pRSVp65 and
pRSVp50/pRSVp65 transfection resulted in p49/p65 het-
erodimer (Fig. 5B, lane 6) and p50/p65 heterodimer (Fig.
5B, lane 10) complexes, which were specifically com-
peted away by a 50-fold excess of unlabeled oligonucle-
otide (Fig. 5B, lanes 7 and 11) and supershifted by
anti-p50 or anti-p65/RelA antibodies (Fig. 5B, lanes 9
and 14, respectively). It is notable that IkB-a cotrans-
fection virtually eliminated shifted bands corresponding
to p49/p65, p50/p65, and p65/p65 (Fig. 5B, lanes 4, 8,
and 12). Similarly, EMSAs using nuclear extracts from
cells transfected with pRSVp49 and pRSVp50, alone or
in combination, yielded distinct homo- and heterodimers
as determined by immunodepletion/supershift analysis
(data not shown). The results in Fig. 5 establish that
overexpression of NF-kB subunits does result in NF-kB-
dependent transcriptional activation and nuclear localiza-
tion of specific NF-kB heterodimers in PC12 cells.

EMSA analysis usingbcl-x-847, -967, and -1,145
binding site oligonucleotides with nuclear extracts from
cells transfected with p49/p65 or p50/p65 showed bind-
ing of p49/p65 and p50/p65 dimers to Bcl-x-967, as
confirmed by immunodepletion/supershift analysis.
However, we observed no appreciable binding to the
bcl-x-847 orbcl-x-1,145 sequences using similar nuclear
extracts (data not shown). Given our data showing that
both p50/p50 and p50/p65 bind thebcl-x-847 sequence
(Fig. 3), we were surprised that this sequence oligonu-
cleotide did not bind p49/p65 or p50/p65 from trans-
fected cells. That no NF-kB binding to thebcl-x-1,145
sequence was observed was consistent with our other
results (Figs. 2–4).

FIG. 5. Overexpression of NF-kB subunits in PC12 cells leads to increased DNA binding activity and NF-kB-dependent promoter
activation. A: Promoter activity of the NF-kB-dependent firefly luciferase reporter plasmid pNF-kB-Luc cotransfected with expression
vectors for NF-kB subunits. The control group (Con) received pRSV-lacZ in place of NF-kB expression vector(s) (see Materials and
Methods). Promoter activity is expressed as relative light units (RLU) of firefly luciferase activity normalized to Renilla luciferase activity
to control for any differences in transfection efficiency. Data are mean 6 SD (bars) values for five cultures per group. *p , 0.001 versus
Con. B: EMSA analysis of nuclear extracts from PC12 cells transfected with pRSV-p65/RelA (lanes 2–5), pRSV-p49/pRSV-p65/RelA
(lanes 6–9), or pRSV-p50/pRSV-p65/RelA (lanes 10–14). Lanes 4, 8, and 12 were cotransfected with pCMV-IkB-a. Lane 1 contains
nuclear proteins from control (C) cells treated with liposomes only. Lane 15 contains only radiolabeled IgG-kB probe (P). Lanes 3, 7, and
11 are competitive control (CC) lanes containing 50-fold molar excess of unlabeled probe. Lanes 5, 9, and 13 contained 1 ml of p65
polyclonal antibody (Ab). Lane 14 contained 1 ml of p50 Ab. p49/p65, p50/p65, and p65/p65, NF-kB/oligonucleotide complexes are
indicated by arrows. The lower arrow indicates free probe. Lanes 1–14 received 8 mg of nuclear extract. All lanes contained 0.2 pmol
of labeled IgG-kB probe. The results are representative of three independent experiments.
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Based on our results indicating that there are at least
two genuine NF-kB binding sites in thebcl-x promoter,
we wanted to determine if overexpression of NF-kB
proteins could activate thebcl-x promoter. We used a
series of bcl-x promoter constructs containing 3.2
(pGL2-3.2), 1.1 (pGL2-1.1), 0.6 (pGL2-0.6Left), and 0.5
kb (pGL2-0.5Right) of thebcl-x promoter ligated into a
promoterless luciferase reporter vector, pGL2-Basic, as
described herein and elsewhere (Grillot et al., 1997). In
brief, PC12 cells were transiently transfected withbcl-x
promoter/firefly luciferase hybrid constructs with and
without NF-kB expression vectors, and luciferase activ-
ity was determined 24 h posttransfection. All transfection
data were normalized for transfection efficiency using
pRL-TK, aRenillaluciferase expression vector driven by
a minimal HSV-TK promoter (Promega). Sequence anal-
ysis of the HSV-TK promoter revealed no NF-kB bind-
ing sites, and transfection mixtures containing only pRL-
TK and NF-kB expression vectors did not result in
increasedRenilla luciferase activity (data not shown).

We have observed inconsistent promoter activity dur-
ing cotransfection experiments due to “promoter inter-
ference” between the experimental and normalization
vectors. To eliminate this problem in our transfections,
all transfection groups received equimolar amounts of
RSV-driven NF-kB expression vector(s) or a control
pRSV-lacZ expression vector in addition to the pRL-TK
Renilla luciferase normalization vector.

Figure 6 shows representative results of relative basal
promoter activity of the full-length 3.2-kbbcl-x promot-
er/enhancer and a 1.1-, 0.6-, and 0.5-kb promoter regions
in PC12 cells. Elimination of the upstream 2.0-kb region
from pGL2-3.2 resulted in a decrease in the basal pro-
moter activity of pGL2-1.1. Basal activities of pGL2-
0.6Left and pGL2-0.5Right were further decreased but
remained;10-fold higher than values in nontransfected
controls (data not shown). Relative basal transcriptional
activities of each promoter region in human K562 cells
were qualitatively similar to those in rat PC12 cells (data
not shown). Addition of pRSVp49/p65 or pRSVp50/p65
increased promoter activity of the 3.2-kb promoter con-
struct approximately twofold over baseline control,
and the pGL2-1.1 and pGL2-0.6Left promoter activities
were increased between two- and sevenfold above
their respective baseline controls. Cotransfection with
pRSVp49, pRSVp50, or the combination of pRSVp49/
pRSVp50 did not consistently alter promoter activity of
pGL2-3.2 or pGL2-1.1 promoters compared with co-
transfection with pRSV-lacZ (data not shown). The ad-
dition of pRSVp49/p65 or pRSVp50/p65 did not in-
crease the promoter activity of pGL2-0.5Right, which
does not containbcl-x-847, bcl-x-967, or bcl-x-1,145
sequences but contains transcriptional start sites at posi-
tions 2400 and296 (Fig. 1). These data strongly sug-
gest that the region of thebcl-x promoter spanning nu-

FIG. 6. Representative results of relative promoter activities of bcl-x promoter regions in the presence of pRSV-lacZ (h), p49/p65 (p),
and p50/p65 (■) overexpression in PC12 cells. The bcl-x promoter activity is expressed as relative light units (RLU) of firefly luciferase
activity normalized to RLU of Renilla luciferase to control for any differences in transfection efficiency. The full-length bcl-x promoter
construct pGL2-3.2 and each deletion mutant promoter are depicted on the left of each promoter’s activity. Filled region in the bcl-x
promoter indicates nucleotide positions 21,200 to 2600 containing the three NF-kB sites. Transcription start sites are indicated by
arrows. Data are mean 6 SD (bars) values of six cultures per group. The results are representative of at least two independent
experiments.
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cleotides21,200 to2600 and containing NF-kB bind-
ing sequences is critical for NF-kB-mediated responses.

NF-kB binding sites bcl-x-847 andbcl-x-967 are
important for activation of the bcl-x promoter
by NF-kB

To establish a direct transcriptional role for the NF-kB
binding sitesbcl-x-847, bcl-x-967, andbcl-x-1,145, we
eliminated each binding site via site-directed mutagene-
sis within pGL2-1.1. We created three single-site mu-
tants (pGL2-1.1m-847, pGL2-1.1m-967, and pGL2-
1.1m-1,145), a double mutant removing the2847 and
2967 sites (pGL2-1.1m-847/-967), and the triple mutant
(pGL2-1.1m-triple) form of pGL2-1.1 by mutating each
site to 59-AGATCAACT-39. Each promoter was cotrans-
fected with pRSVp49/pRSVRelA or pRSVp50/pRSV-
RelA in addition to pRL-TK, used for transfection nor-
malization. The activity of the wild-type 1.1-kbbcl-x
promoter was increased three- to fourfold by p49/p65
overexpression and two- to threefold by p50/p65 over-
expression, consistent with data shown in Fig. 6 (data not
shown). In control groups used to establish baseline
promoter activity, the NF-kB expression vectors were
replaced by equivalent molar amounts of pRSV-lacZ.
The activity of thebcl-x promoter containing thebcl-x-
847 binding site mutation averaged 42.9% of wild-type
activity following p49/p65 stimulation (Fig. 7A). Simi-
larly, this mutation lowered promoter activity to 33.5%
of the wild-type when stimulated by p50/p65 (Fig. 7B).
Mutagenesis of thebcl-x-967 site caused a less dramatic,
but still significant, decrease in p49/p65-mediated pro-
moter activation to 64.6% of the wild-type promoter. The
bcl-x-967 mutation did not, however, lessen p50/p65-
mediated stimulation, which remained 101% of p50/p65-
stimulated wild-type control. The activity of thebcl-x-
1,145 mutant promoter was slightly decreased but not

significantly different from the wild-typebcl-x promoter
following either p49/p65 or p50/p65 stimulation. The
promoter containing the double2847/2967 site muta-
tion retained 28.6 and 27.7% of wild-type promoter
activity when activated by p49/p65 and p50/p65, respec-
tively. Removal of thebcl-x-1,145 site from the double
mutant did not result in further loss of promoter activity
when activated by either subunit combination. These
promoter activation studies establish the importance of
the bcl-x-847 andbcl-x-967 NF-kB binding sites for
p49/p65-mediatedbcl-x promoter activation. Thebcl-x-
847 site alone appears to be critical for activation of the
bcl-x promoter by p50/p65, suggesting that thebcl-x
promoter may be subject to regulation by NF-kB via
highly specific interactions dependent on DNA sequence
and NF-kB subunit composition. That thebcl-x-1,145
mutant retained wild-type inducibility after stimulation
with either p49/p65 or p50/p65 is consistent with our
EMSA and competition data showing that onlybcl-x-847
and bcl-x-967 are capable of strong interactions with
NF-kB proteins.

DISCUSSION

The NF-kB/Rel family of transcription factors exists
in virtually all cell types but has been best characterized
as a mediator of responses to stress, viral and bacterial
infection, and injury in the immune system. More re-
cently, it has been shown that NF-kB can also regulate
diverse cellular processes such as cell cycle control,
oncogenesis, and apoptosis (Waddick and Uckun, 1998;
Foo and Nolan, 1999).

There is a growing body of evidence directly impli-
cating the NF-kB/Rel family of transcription factors in
the control of apoptosis in the immune and nervous
systems. For example,RelA(2/2) double knockout mice

FIG. 7. Promoter activities of the wild-type (WT) 1.1-kb bcl-x promoter and mutant 1.1-kb promoters lacking NF-kB binding sites.
Promoter activity is expressed as relative light units (RLU) of firefly luciferase activity normalized to RLU of Renilla luciferase activity to
control for any difference in transfection efficiency. A: Promoter activity of the WT and mutant 1.1-kb bcl-x promoters during p49/p65
overexpression expressed as percentages of WT promoter activation. Data are mean 6 SD (bars) values. Individual groups were
composed of individually transfected cultures: WT, n 5 32; bcl-x-847 mutant, n 5 26; bcl-x-967 and bcl-x-1,145 mutant, n 5 22;
bcl-x-847/-967 mutant, n 5 10; bcl-x-triple mutant, n 5 16. *p , 0.001 versus WT, #p , 0.05 versus bcl-x-967 and bcl-x-1,145.
B: Promoter activity of WT bcl-x and mutant 1.1-kb promoters during p50/p65 overexpression expressed as percentages of WT
promoter activation. Data are mean 6 SD (bars) values. Individual groups were composed of individually transfected cultures: WT,
bcl-x-847, bcl-x-967, and bcl-x-1,145 mutants, n 5 28; bcl-x-847/-967 and bcl-x-triple mutants, n 5 16. *p , 0.001 versus WT, #p
, 0.001 versus bcl-x-967 and bcl-x-1,145 mutants.
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demonstrate embryonic lethality due to massive apopto-
sis of hepatocytes (Beg et al., 1995). Cell lines derived
from relA(2/2) mice, or those that overexpress a dom-
inant-negative form of IkB-a, show decreased NF-kB
binding activity and increased sensitivity to tumor ne-
crosis factor-a-mediated apoptosis (Beg and Baltimore,
1996; Van Antwerp et al., 1996). Treatment of murine B
cells and WEHI-231 cells with the antioxidant pyrroli-
dine dithiocarbamate orN-tosyl-L-phenylalanine chlo-
romethyl ketone, IkB-a overexpression, or transforming
growth factor-b1, all stimuli that lower NF-kB activity,
also results in apoptosis. Apoptosis is blocked in these
cells by overexpression of c-Rel or Bcl-xL (Wu et al.,
1996; Sonenshein, 1997). It is clear that NF-kB is im-
portant in determining cell fate in the nervous system,
although activation of NF-kB causes both pro- and an-
tiapoptotic events. NF-kB neuroprotective against oxida-
tive insults (Lezoualc’h et al., 1998) andb-amyloid
toxicity (Barger et al., 1995), but when persistently ac-
tivated after global ischemia, NF-kB may lead to neuro-
nal death (Clemens et al., 1998). Given such divergent
outcomes, it has been suggested that NF-kB activation
acts as a checkpoint between cell rescue and apoptosis
(Grilli and Memo, 1999).

The NF-kB can affect apoptosis suggests that NF-kB
regulates the transcription of genes that are pro- or anti-
apoptotic determinants. Indeed, the expression of p53,
tumor necrosis factor-a, Bcl-2, c-myc, c-IAP1 and 2,
IEX-1L, Bfl-1/A1, and FasL is thought to be regulated in
part by NF-kB (Collart et al., 1990; Wu and Lozano,
1994; Wang et al., 1998; Wu et al., 1998; Foo and Nolan,
1999).

There is strong evidence to support the hypothesis that
the NF-kB regulatesbcl-x expression. Just how NF-kB
affects thebcl-x gene is not known. In human B lym-
phocytes, NF-kB activation via CD40 signaling leads to
increasedbcl-x mRNA and Bcl-xL protein levels and
affords these cells resistance to Fas-mediated apoptosis
(Lee et al., 1999). Conversely, wild-type murine thymo-
cytes undergo apoptosis due to NF-kB-mediated de-
creases inbcl-xL mRNA and Bcl-xL protein, whereas
apoptosis is blocked in transgenic mice expressing the
superinhibitory form of IkB-a (Hettmann et al., 1999). In
rat hippocampal neurons, NF-kB activation following
neuroprotective tumor necrosis factor-a treatment in-
creasesbcl-x mRNA and protein levels, and viral appli-
cation of the superinhibitory mutant form of IkB-a
blocks this effect (Tamatani et al., 1999). It has also been
shown that NF-kB activation correlates with increased
proapoptotic Bcl-xS expression following ischemia in the
rat hippocampus in vivo (Dixon et al., 1997).

In this study, we report three primary observations: (a)
Computer sequence analysis, EMSA, and competition
analysis ofbcl-x promoter sequences identify two au-
thentic NF-kB binding sites in the murinebcl-x pro-
moter. (b) NF-kB activates the murinebcl-x promoter in
a subunit-specific manner using a NF-kB overexpression
model in PC12 cells. (c) Site-directed mutagenesis of the

NF-kB binding sites reveals their sequence-specific con-
tributions tobcl-x promoter activation.

There are three potential NF-kB sites located at nu-
cleotide positions21,145, 2967, and2847 upstream
from thebcl-x start codon. The three sites are clustered
directly upstream of a brain tissue-specific transcription
start site (position2727) and a start site used predomi-
nantly in thymus, spleen, and liver (position2655; Fig.
1) (Grillot et al., 1997). Furthermore, two potential
NF-kB binding sites corresponding to murinebcl-x-967
and bcl-x-847 and the brain and thymus-specific start
sites are conserved in the humanbcl-x promoter. This
striking similarity of transcriptional element positioning
across species supports the notion that NF-kB is impor-
tant in modulatingbcl-x expression.

EMSA and competition analysis of the threebcl-x
NF-kB sequences showed that only the two downstream
bcl-x-967 andbcl-x-847 sequences have measurable af-
finity for NF-kB under the conditions used (Figs. 2–4
and data not shown). NF-kB activates target gene ex-
pression via interaction with a multitude of similar bind-
ing sites (Muller et al., 1993), and virtually all homo- and
heterodimer subunit combinations of NF-kB have been
shown to be present in various different cell types (Liou
and Baltimore, 1993). To determine precisely which
NF-kB dimer combinations can act on thebcl-x pro-
moter, we chose to use a NF-kB expression system to
overexpress p49, p50, and p65 alone or in combination.
The rat PC12 cell line, often used as an in vitro neuronal
model (Greene and Tischler, 1976), was used because it
expresses Bcl-xL (Maroto and Perez-Polo, 1997) and has
very low basal nuclear NF-kB binding activity in the
absence of stimulation (Fig. 3, lane 1).

The bcl-x promoter appears to contain no canonical
TATA box, is GC-rich, has numerous consensus se-
quences for the transcription factor SP-1, and has mul-
tiple transcription start sites, all properties of TATA-less
promoters (Smale and Baltimore, 1989; Grillot et al.,
1997; Smale, 1997). The murinebcl-xpromoter has been
described as having two distinct promoter regions, with
transcription start sites mapping to nucleotides2400,
2655, and2727 from the ATG in the upstream pro-
moter region and283 and 296 for the downstream
promoter region. The DNA sequences containing these
start sites are identical between mouse and human pro-
moters. Initial 59 deletion analysis of the murinebcl-x
promoter via transient transfection in human K562 and
mouse FL5.12 cells suggested that virtually all of the
activity of the 3.2-kb promoter region is contained within
nucleotides2160 to 290, relative to the ATG. This is
consistent with the fact that the cell lines used primarily
utilize the296 start site, although the possible involve-
ment of upstream enhancers with this site is not known
(Grillot et al., 1997).

Our findings that the 1.1Right and 0.5Right promoter
regions show decreased basal transcriptional activity in
PC12 cells (Fig. 6) and K562 cells (data not shown)
relative to the 3.2-kb promoter are not surprising given
that 59 deletions often remove those enhancer regions
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required for high-level expression, although these data
do not support the observations of others (Grillot et al.,
1997). Deletion of the upstream 2.0-kb region lowered
basal promoter activity but did not eliminate the ability
of the 1.1-kb region to respond to NF-kB. Stimulation of
the 1.1-kb region by p49/p65, and to a lesser extent
p50/p65, did substitute for the removal of the 2.0-kb
region. This is consistent with the idea that the upstream
2.0-kb region may contain enhancer sequence elements
bound by other factors present in PC12 cells and that the
1.1-kb region of the promoter is generally sensitive to
upstream enhancer elements.

We were surprised by the low basal activity displayed
by the 0.5Right promoter region, which contains the
2400 and296 transcription start sites. Because this
region is devoid of NF-kB sites, it could not be activated
by p49/p65 or p50/p65 overexpression. The 0.6Left pro-
moter region, containing two start sites at2727 and
2655 and the NF-kB sites, had a basal activity virtually
identical to that of the 0.5Right region but could be
activated by both p49/p65 and p50/p65 overexpression
(Fig. 6). These data suggest that (a) 0.6- and the 0.5-kb
regions are interdependent, with neither having signifi-
cant activity by itself, (b) NF-kB activation of thebcl-x
promoter occurs exclusively through interactions in the
0.6Left promoter region, and (c) NF-kB-mediated acti-
vation of the bcl-x promoter occurs, at least in part,
through cooperation with one or both of the two tran-
scription initiation sites contained within the 0.6Left
region (Figs. 1 and 6). Further study is needed to deter-
mine which transcription initiation start sites are used
during NF-kB stimulation in the context of the 1.1-kb
promoter region.

Some confirmed NF-kB target genes contain multiple
functionally active NF-kB binding sites (Collart et al.,
1990; Liou and Baltimore, 1993; Appleby et al., 1994).
To determine the contribution of each NF-kB binding
site in activating thebcl-x promoter, we selected the
1.1-kb region of the promoter for site-directed mutagen-
esis. The wild-type 1.1-kb region was consistently acti-
vated by p49/p65 three- to fourfold, and by p50/p65,
two- to threefold over control. Mutagenesis of thebcl-
x-847 NF-kB site profoundly limited p49/p65- and p50/
p65-mediated activation (Fig. 7), confirming the impor-
tance of this site in mediating NF-kB effects. This result
is especially interesting because EMSAs using nuclear
extracts from cells overexpressing p49/p65 and p50/p65
showed virtually no NF-kB binding to thebcl-x-847
sequence, contrary to our other EMSA results (Figs. 2
and 3). Although possibly a technical artifact, it may be
that the bcl-x-847 site requires only weak binding to
contribute heavily to NF-kB-mediated affects, or addi-
tional DNA flanking sequences not present in the short
EMSA oligonucleotide used here are required for strong
cooperative interactions at this site. It is important to note
that the basal activity of the 1.1-kb region of thebcl-x
promoter is not decreased by any combination of the
site-directed mutations (data not shown), indicating that

disruption of the NF-kB protein/DNA interaction alone
is responsible for decreased promoter activity.

Mutagenic removal of thebcl-x-967 site demonstrated
that this site contributes to promoter activation in a
subunit-specific manner, favoring p49/p65 for activation.
That thebcl-x-967 site does not significantly contribute
to p50/p65-mediated activation may explain the consis-
tently lower wild-type promoter activation we observe
with p50/p65 versus p49/p65. We find this result puz-
zling in the light of our binding data showing this site’s
relatively strong interaction with NF-kB proteins, includ-
ing p49/p65 and p50/p65 from transfected cells. Because
our NF-kB-dependent control vector was activated by
p50/p65 fourfold (Fig. 5A), we postulate that p50/p65
cannot consistently activate thebcl-x promoter through
the bcl-x-967 site. It is a well-known feature of NF-kB
signaling that functionally distinct DNA binding sites
exist to which certain NF-kB dimer species preferen-
tially bind. Others have made observations similar to
ours in that binding by EMSA does not equate to tran-
scriptional activation of a heterologous promoter in a
transfected cell system and that p49/p65 and p50/p65
manifest different effects on target genes bearing non-
identical binding sites, despite the structural similarity of
NF-kB p49/p65 and p50/p65 heterodimers (Cross et al.,
1989; Liou and Baltimore, 1993). Thebcl-x-1,145 single
mutant displayed wild-type activation by both p49/p65
and p50/p65 overexpression. That thebcl-x-1,145 site
does not significantly contribute to promoter activation
by NF-kB is in accordance with our binding data show-
ing that this site interacts very weakly with NF-kB
proteins (Fig. 7). Overall, our mutagenesis data confirm
the importance of thebcl-x-847 andbcl-x-967 NF-kB
binding sites of NF-kB-mediated activation of thebcl-x
promoter.

Mutation of the NF-kB sites alone or in combination
had no effect on basal expression levels of the 1.1-kb
bcl-x promoter/firefly luciferase hybrid reporter vector
(data not shown). Although this finding certainly does
not rule out a role for NF-kB in modulating basal pro-
moter activity, it suggests that p49/p65 and/or p50/p65-
mediated activation for this promoter may be limited to
situations that require induced NF-kB activity, such as
oxidative stress due to trauma or disease. Different com-
binations of transcription factors within a single pro-
moter may contribute to gene regulation by integrating
multiple signaling pathways. NF-kB often mediates its
effects via synergy with other transcription factors, in-
cluding AP-1, SP-1, and the Ets family of proteins
(Mackman et al., 1991; Perkins et al., 1993, 1994; Bas-
suk et al., 1997; Thomas et al., 1997; Sweet et al., 1998).
Binding sites for these factors and others exist within the
bcl-xpromoter (Fig. 1) (Grillot et al., 1997; Sevilla et al.,
1999), but functional interaction between these factors
and NF-kB remains to be established forbcl-x promoter
regulation.

In summary, we demonstrate a mechanistic link be-
tween two key apoptotic modulators known to influence
cell death in the CNS. The murinebcl-x promoter can be
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activated in a subunit-dependent manner by p49/p65 and
p50/p65 subunit combinations of NF-kB. This activation
occurs through direct protein–DNA interaction with at
least two functionally distinct NF-kB binding sites.
Taken together, our results suggest a direct role for
NF-kB in the regulation ofbcl-x.Further attention needs
to be focused on defining the role of NF-kB in regulating
bcl-x and other effector target genes in various para-
digms in which NF-kB activation is either pro- or anti-
apoptotic. At this time, however, little is known about
how NF-kB signaling is integrated into a fate-determin-
ing cellular program. Any future use of effective inter-
ventions against neurodegenerative disease and injury
targeting NF-kB signaling will rely on a full understand-
ing of the role of cell type, NF-kB subunit composition,
and target gene function and promoter sensitivity to
NF-kB to expand our understanding of apoptosis in the
CNS.
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