
THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 1995 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 270, No. 13, Issue of March 31, pp, 7661-7671, 1995
Printed in U.S.A.

Members of the Nuclear Factor KB Family Transactivate
the Murine c-myb Gene*

(Received for publication, December 2, 1994, and in revised form, January 27, 1995)

Charles R. Toth*§, Ronald F. Hostutlerj, Albert S. Baldwin, Jr.l1, and Timothy P. Benders]

From the Wepartment of Microbiology and Immunology, University of Virginia, Charlottesville, Virginia 22903 and the
l1Lineberger Comprehensive Cancer Center, University of North Carolina, Chapel Hill, North Carolina 27599

Expression of the c-myb proto-oncogene is primarily
detected in normal tissue and tumor cell lines of imma-
ture hematopoietic origin, and the down-regulation of
e-myb expression is associated with hematopoietic mat-
uration. Cell lines that represent mature, differentiated
hematopoietic cell types contain lO-lOO-fold less e-myb
mRNA than immature hematopoietic cell types. Differ-
ences in steady-state e-myb mRNA levels appear to be
primarily maintained by a conditional block to tran-
scription elongation that occurs in the first intron of the
gene. The block to transcription elongation has been
mapped, using nuclear run-on analysis, to a region of
DNA sequence that is highly conserved between mouse
and man. Two sets of DNA-protein interactions, flanking
the site of the block to transcription elongation, were
detected that exhibited DNA-binding activities that
strongly correlated with low steady-state e-myb mRNA
levels. Several criteria demonstrated that members of
the nuclear factor KB (NF-KB) family of transcription
factors were involved in the DNA-protein interactions
identified in these two sets. Surprisingly, cotransfection
experiments demonstrated that coexpression of mem-
bers of the NF-KB family, specifically p50 with p65 and
p65 with c-Rel, transactivated a c-myb/chloramphenicol
acetyltransferase reporter construct that contained 5'-
flanking sequences, exon I, intron I, and exon II of the
e-myb gene. Transactivation by these heterodimer com-
binations was dependent on regions of the e-myb first
intron containing the NF-KB-binding sites. These find-
ings suggest that NF-KB family members may be in-
volved in either modifying the efficiency of transcrip-
tion attenuation or acting as an enhancer-like activity
to increase transcription initiation. Thus, the regulation
of c-myb transcription may be quite complex, and mem-
bers of the NF·KB family likely play an important role in
this regulation.

The c-myb proto-oncogene was first identified as the cellular
homologue of the transforming gene in avian myeloblastosis
virus and encodes a 78-kDa transcription factor that binds to
the consensus DNA sequence (T/C)AAC(T/G)G (1,2). The c-myb
gene product has been shown to function as a transcription
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activator and appears to be involved in the regulation of a
number of cellular genes associated with proliferation as well
as genes that are expressed in a lineage-specific fashion (3-8).
Expression of c-myb is detected almost exclusively in hemato-
poietic tissue, although e-myb mRNA expression has been re-
ported in primary chicken embryo fibroblasts (9), smooth mus-
cle cells (10), and several nonhematopoietic human tumors
(11-13). The down-regulation of c-myb expression is associated
with hematopoietic maturation, and in each hematopoietic lin-
eage examined (erythroid, myeloid, and lymphoid), expression
of e-myb mRNA and protein is highest in immature normal
tissue and tumor cell lines (9, 14-18). Several pieces of evi-
dence suggest that the c-myb gene product plays an important
role during hematopoietic maturation. First, c-myb antisense
oligonucleotides have been shown to inhibit both erythroid and
myeloid colony formation in vitro (19). Second, murine eryth-
roleukemia cells stably transfected with either constitutively
expressed or inducible c-myb expression vectors were blocked
in their ability to terminally differentiate in response to chem-
ical inducing agents (20, 21). Similar transfection experiments
using a constitutively expressed c-myb transgene have demon-
strated that Myb will block the differentiation of myeloid leu-
kemic cells (22). Most recently, Mucenski et at. (23) reported
that transgenic mice lacking a functional e-myb gene developed
normally to day 14, after which they died with severely dis-
rupted patterns of erythroid and myeloid development.

Although expression of c-myb mRNA has been extensively
studied, relatively little is known about the regulation of c-myb
transcription. The c-myb promoter is constitutively transcribed
even in cell lines where there is no detectable c-myb mRNA,
and no transcriptional control elements have been mapped
within the promoter region in the murine gene (24, 25). Re-
cently, cotransfection studies have demonstrated that c-Jun,
JunD, and c-Myb can transactivate transcription from a hu-
man c-myb promoter/reporter construct (6,26). However, sim-
ilar experiments have not been carried out with the murine
c-myb promoter. In murine B lymphoid tumors, steady-state
c-myb mRNA is detected at 1O-100-fold lower levels in B cell
lymphoma and plasmacytoma cell lines than in pre-B celllym-
phoma cell lines (14). Maintenance of differential steady-state
c-myb mRNA levels in these cell lines is primarily attributed to
a block to transcription elongation (attenuation) that takes
place in the first intron of the gene (24, 27, 28). In addition, the
block to transcription elongation is involved in the down-regu-
lation of c-myb mRNA that occurs during chemically induced
terminal differentiation of murine erythroleukemia cells (29)
and human HL-60 cells (30). The conditional block to transcrip-
tion elongation is detected in cell lines that express both high
and low levels of c-myb mRNA, and it is changes in the effi-
ciency of the block that appear to be regulated (24, 27-29). In
murine B lymphoid tumors, a major DNase I-hypersensitive
site (site IV) has been mapped near the transcription block and
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FIG. 1. Schematic representation of the 7.6-kb murine c-myb EcoRI genomic restriction fragment containing S'-flanking sequenc-
eslexon I (S'-untranslated sequences denoted by the hatched box and coding sequences denoted by the filled boxes), intron I, exon
II, and part of intron II. The region containing the block to transcription elongation is designated ATT. The differentially detected DNase
I-hypersensitive site (site IV; DNase HS lV), which was more prominent in the A20.2J B cell lymphoma than in the 70Z/3.12 pre-B cell lymphoma,
is indicated by the arrow (14). The lower portion of the diagram shows the 1.5-kb BamHI fragment from intron I including the two restriction
fragments (underlined) used as probes to characterize DNA-protein interactions by EMSA in this study. Sites of restriction enzyme digestion are
indicated as follows: B, BamHI; Bg, BglII; Bs, BstE2; Bx, BstXI; R, EcoRI; St, Styl; X, Xbal.

is more readily detected as the efficiency of attenuation in-
creases, suggesting that changes in higher order chromatin
structure accompany changes in attenuation (14). DNA-protein
interactions have been identified in the first intron of the gene
(near the site of attenuation) that have been suggested to play
a role in the transcription block, and the presence of several of
these factors correlated with high levels of c-myb mRNA ex-
pression (31). However, the identity of these proteins is not
known, and as yet, there is no direct evidence that these pro-
teins are involved in the regulation of c-myb transcription.

Nuclear factor KB (NF-KB)l was first characterized as a
heterodimeric protein complex that bound a regulatory site
within the immunoglobulin x-light chain enhancer (32). NF-KB
is now known to regulate a wide range of cellular and viral
genes by binding to the consensus DNA sequence GGGRN-
NYYCC (33-35). NF-KB-like DNA-binding activity is constitu-
tive in mature B cells, and an inactive form, bound to the
specific inhibitor IKB, exists in the cytoplasm of most cell lines
(35). The release of an active NF-KB DNA-binding complex is
induced by multiple signal transduction pathways that involve
dissociation from IKB (36). A family of NF-KB-related proteins
has now been identified, each member of which has different
DNA-binding specificities and transactivation properties (37).
The result of such a diverse family is a plethora of functional
combinations that can affect the transcription rates of NF -KB-
regulated genes differently depending on the specific sequence
of the NF-KB site, the promoter context of the site, and the
presence of additional, heterologous DNA-binding factors in
the transactivating complex (38).

We have identified two NF-KB-like binding sites in the first
intron of the murine e-myb gene that flank the site of attenu-
ation. Protein complexes that bind to these sequences were
readily detected in cell lines that contained small amounts of
c-myb mRNA, but not in cell lines that contained abundant
c-myb mRNA. The protein-binding sequence is similar to the
NF-KB consensus sequence, and an oligonucleotide that in-
cludes an NF -KB site from the immunoglobulin x-light chain
enhancer specifically competes for binding. Electrophoretic mo-
bility shift assays (EMSA) demonstrate that the p50 subunit of

1 The abbreviations used are: NF-KB, nuclear factor KB; EMSA, elec-
trophoretic mobility shift assay(s); LPS, lipopolysaccharide; CAT, chlor-
amphenicol acetyltransferase; kb, kilobase/s); bp, base pairts); RRBE,
ReI-related protein-binding element; Ab, antibody.

NF-KB as well as Rel-related proteins can bind to these se-
quences and that an NF-KB-like DNA-binding activity that
interacts with these sequences is induced by LPS in 70Z/3.12
cells. In addition, the specific inhibitor IKB-alMAD-3 was able
to inhibit the LPS-inducible DNA-binding activity. In cotrans-
fection studies, members of the NF -KB family of transcription
factors were able to transactivate a c-myb/CAT reporter con-
struct dependent on regions containing the two NF-KB sites in
the first intron of the c-myb gene. These results provide strong
evidence that DNA sequences in the murine c-rnyb first intron
are involved in the regulation of c-myb transcription, and this,
in part, is mediated by members of the NF -KB family.

MATERIALS AND METHODS

Cell Culture and Preparation ofNuclear Extracts-Murine cell lines
were grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 50 JLM 2-mercaptoethanol at 5% CO2 in a humidified cham-
ber. In some experiments, 70Z/3.12 murine pre-B cell lymphoma cells
were stimulated with 10 JLg/ml Escherichia coli LPS for 2 h. HeLa cells
were grown in RPMI 1640 medium supplemented with 5% fetal bovine
serum. Crude nuclear extracts used in Figs. 3 and 4 were prepared as
described by Dignam et al. (39). All other extracts were prepared using
a modified Dignam protocol (40).

Plasmid Constructs and Oligonucleotide Synthesis-Murine c-myb
intron I DNA fragments to be used as probes in EMSA were derived
from the plasmid pmyb13 (27), which contains a 7.6-kb murine c-myb
EcoRI genomic DNA fragment (see Fig. 1), and were subcloned into
pGEM-3Z (Promega), DNA fragments used in EMSA were isolated
following restriction digestion with appropriate enzymes by electro-
phoresis on 1% agarose gels, excised, and purified by electroelution.
Oligonucleotides were synthesized and high pressure liquid chromatog-
raphy-purified by the Protein and Nucleic Acid Research Facility at the
University of Virginia. The DNA sequences of the sense strand of the
double-stranded oligonucleotides used in this study are as follows:
c-myb, GCATGCTCTGGAAAGTACCTTAAAGATAGA; NF -KB,CAGAG-
GGGACTITCCGAGAGGC; and TA-2, TCGCAGAAGCCACATCCTCT-
GGAAAGAAGA. The NF-KB-binding sequence was derived from the
murine immunoglobulin x-locus enhancer region. The TA-2 (Ets-L)-
binding sequence was from the murine T cell receptor a-chain enhancer.

The c-myb promoter/CAT reporter construct (see Fig. SA), which
included the murine c-myb 5'-flanking/exon I region, intron I, and part
of exon II fused to a CAT reporter gene, was assembled in pGEM-7Z(f-)
(Promega), A 340-bp BclUBamHI fragment from SV40, containing
polyadenylation sequences, was cloned 3' of a 734-bp HindllUBamHI
fragment from pSV2CAT (41) that contains the CAT coding sequences.
The 6.2-kb c-myb fragment (see Fig. SA) was inserted at the EcoRI site
in the pGEM-7Z(f-) polylinker upstream of the CAT gene. The 6.2-kb
fragment was isolated by introducing a deletion into exon II, from the
3'-end of the 7.6-kb e-myb genomic fragment shown in Fig. 1, such that
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the EcoRI site was maintained. The resulting 6.2-kb EcoRI DNA frag-
ment was then cloned into the pGEM-7Z(f- )/CAT construct at the
EcoRI site. The ATG translation start codon in the first exon of c-myb
was deleted by mung bean nuclease digestion to reduce aberrant trans-
lation. The dRRBE/CAT reporter construct (see Fig. SA) was built by
replacing the 1.5-kb BamHI intron I fragment of c-myb with an internal
1.2-kb StyVBstXl fragment, which resulted in the deletion of the two
RRBE sequences. To do this, the c-myblCAT reporter construct was
partially digested with BamHI religated, and a ligation product was
obtained that had the 1.5-kb BamHI fragment deleted. This plasmid
(d1.5BamlCAT) was partially digested with BamHI, and the linearized
vector was isolated electrophoretically. The 1.2-kb StyVBstXI fragment
was derived from a subclone of the 1.5-kb BamHI fragment by restric-
tion digestion with BstXl and a partial digest of Styl, blunted with
Klenow fragment, isolated by gel purification, and subcloned into
d1.5BamlCAT. The dRRBE/CAT reporter construct was then identified
and characterized by restriction mapping of the ligation products.

Nuclear Run-on Assay-Nuclei from exponentially growing 70Z/3.12
murine pre-B cell lymphoma and A20/2J B cell lymphoma cells were
prepared in isosmotic buffer containing 0.5% Nonidet P-40, followed by
sucrose gradient centrifugation as described previously in detail (28,
42). Preparation of nitrocellulose slot blots with single-stranded DNA
targets, nuclear run-on transcription, isolation and hybridization of
[a- 32PIUTP-Iabeled nascent RNA probes, and filter wash conditions
were carried out as described previously by Groudine et al. (43,44) and
as modified elsewhere (27, 28). Nitrocellulose filters were exposed to
Kodak XAR-5 film with a Cronex Lightning II Plus enhancer screen at
-80°C for 5-7 days.

Murine e-myb exon I, intron I, and exon II DNA fragments used as
targets in Fig. 2 (A and B) were cloned into M13mp10 or M13mp11 and
used as single-stranded DNA. The target listed in Fig. 2A as cDNA is a
1.1-kb murine c-myb cDNA fragment that contains coding sequences 3'
of exon II (45) cloned into M13mp10 and used as single-stranded DNA.
Single-stranded M13mp10 was used to monitor background hybridiza-
tion, and a 1.2-kb Pstl fragment containing cDNA sequence from the
avian glyceraldehyde-3-phosphate dehydrogenase mRNA (46) and
cloned into pGEM-3Z was used as a positive control for RNA polymer-
ase II transcription.

Electrophoretic Mobility Shift Assay-Restriction fragments to be
used for EMSA were isolated electrophoretically, end-labeled using the
large fragment of E. coli DNA polymerase I (Life Technologies, Inc.)
with [a- 32PINTPs (Amersham Corp.), and purified on Sephadex G-50
spun columns. Oligonucleotides were end-labeled using T4 polynucle-
otide kinase (Life Technologies, Inc.) with [y_3 2PIATP (Amersham
Corp.) and purified on Nen-Sorb columns (DuPont NEN) per the man-
ufacturer's instructions. The EMSA experiments were carried out as
described previously by Singh et al. (47). 10,000 cpm oflabeled probe
(approximately 5-25 fmol) were used per EMSA reaction in binding
buffer (10 mMTris-HCI, pH 7.4, 50 mMNaCI, 1 mMdithiothreitol, 1 mM
EDTA, and 5% glycerol). DNA-protein complexes were resolved on 4%
native polyacrylamide gels at 11 V/cm in 25 roM Tris base, 25 roM boric
acid, and 0.5 mM EDTA. The gels were dried and exposed to Kodak
XAR-5 film with a Cronex Lightning II Plus enhancer screen at -80°C.
For competition, supershift, and IKB experiments, competitor DNAs,
antibodies, or inhibitors were added prior to the addition of labeled
probe for 10 min at 22°C. Two polyclonal rabbit antisera made against
human p50 (Ab2 and Ab3) were the gift of Dr. A. Israel (Institut
Pasteur, Paris). Polyclonal rabbit antisera made against v-Rel and a
human c-Rel peptide were the gift of Dr. N. Rice (Frederick Cancer
Research and Development Center, Frederick, MD). IKB-alMAD-3 pro-
tein was purified as described by Haskill et al. (48).

DNase I Footprinting-The BglIVBamHI fragment, derived from the
murine c-myb first intron, was end-labeled using T4 polynucleotide
kinase (Life Technologies, Inc.) and gel-purified on a 6% polyacrylamide
gel. The labeled fragment was eluted overnight in 0.5 M ammonium
acetate and 1 mMEDTA at room temperature. EMSA binding reactions
were scaled up 5-fold and digested with 0.1 units of DNase I (Worth-
ington) for 90 s at room temperature. The reaction was stopped by the
addition of EDTA to a 140 mM final concentration and subjected to
electrophoresis on native 4% polyacrylamide gels as described above.
DNA-protein complexes were visualized by autoradiography of the wet
gel. Free and bound fragments were excised from the gel and electro-
eluted onto DE81-cellulose paper (Whatman), The DNA fragments were
eluted from the filter paper by incubation in 10 roM Tris-HCI, pH 7.4,1
mM EDTA, and 1 M NaCI at 65°C for 30 min. Equal numbers of
counts/minute of free and bound DNA fragments were fractionated
electrophoretically on an 8 M urea, 6% polyacrylamide gel in parallel
with a Maxam-Gilbert G reaction of undigested probe for determination

of the binding sequence. Gels were dried and exposed to Kodak XAR-5
film with a Cronex Lightning II Plus enhancer screen at -80°C

Transient Transfections and Assays for CAT Activity-Transient
transfections into the EL4 murine thymoma cell line were carried out
using DEAE-dextran (49). Transfected cells were harvested 48 h post-
transfection, washed in ice-cold phosphate-buffered saline, and lysed by
three cycles of freezing and thawing. CAT assays were performed as
described by Gorman et al. (41). The results were quantified using a
Molecular Dynamics PhosphorImager and normalized based on protein
content of cell extracts as determined using a Bradford protein assay
(Bio-Rad).

RESULTS

The Block to Transcription Elongation at the Murine c-myb
Locus Maps to a Highly Conserved Region of the First Intron-
Our group (27, 50) as well as others (24, 29) have demonstrated
that differential expression of steady-state c-myb mRNA is
mediated at the level of transcription elongation. For example,
the approximately 20-fold difference in steady-state c-myb
mRNA levels between the 70Z/3.12 murine pre-B cell lym-
phoma and the A20/2J murine B cell lymphoma is maintained
by a block to transcription elongation that occurs in the first
intron of the murine e-myb gene (see Refs. 27 and 28 and Fig.
2A). To more accurately map the site of attenuation,
[a- 32P]UTP-Iabeled nascent RNA transcripts isolated from
A20/2J murine B cell lymphoma nuclei were hybridized to two
overlapping sets of single-stranded M13 clones containing frag-
ments of murine c-myb exon I, intron I, and exon II. As shown
in Fig. 2B, we readily detected hybridization oflabeled nascent
transcripts to targets a-d, but not to targets e and f, demon-
strating that the block to transcription elongation occurs
within or just 3' of the 750-bp BstEIIIBamHI fragment con-
tained in target d. Targets c' and d' subdivide target d into two
fragments. Hybridization of nascent c-myb transcripts was de-
tected with target c', but not d'. Thus, the block to transcription
elongation must occur either within or just 3' of the 300-bp
BstEIIIXbaI region of the murine c-myb first intron.

Recently, the block to transcription elongation that occurs in
the first intron of the human c-myb gene has been suggested to
take place within a region of the c-myb first intron that is
highly conserved between mice and humans (51-53). However,
data mapping the transcription block to this region have not
been presented. We used a dot matrix program to align the
murine and human c-myb intron I DNA sequences (data not
shown) and identified a highly conserved region of DNA that
included the site of attenuation as defined by nuclear run-on
assay (Fig. 2, B and C). The DNA sequence similarity in the
conserved region is approximately 77% over the entire region
and 78% across the 300-bp BstEIIIXbaI fragment. This degree
of sequence conservation is quite high for intron DNA se-
quences and strongly suggests that this region is involved in
regulating c-myb transcription. The DNA sequence similarity
breaks down on either side of this region, although other less
extensive regions of similarity have been identified when com-
paring the murine and human c-myb intron I DNA sequences
(51, 53).

Identification and Characterization of a Differentially De-
tected DNA-Protein Interaction in the First Intron ofthe Murine
c-myb Gene-To begin to understand the regulation of e-myb
transcription, DNA-protein interactions were characterized in
the highly conserved region of the first intron using EMSA.
Crude nuclear extracts were prepared from exponentially
growing murine hematopoietic cell lines and tested for DNA-
binding activity with radiolabeled probes derived from the first
intron. As shown in Fig. 3A, a set of DNA-protein interactions
was detected using a 155-bp BglIIlBamHI fragment (see Fig. 1)
that exhibited DNA-binding activity correlating with low levels
of c-myb mRNA expression. Upon incubation with the 32p_
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lab eled 13glIIlHa mHI fra gm e nt , tw o major DNA-protein com-
plexes were detected , ma rked as complexes 1 a nd 2 (in some
expe r imen ts, com plex 1 resolves into a dou blet ), with nu clea r
ext racts from the WEHI -231 immatu re B cell lym ph om a (Fi g.
3A , la nes (; a nd 7) a nd the 8 194 pla sm a cytom a tlane» 8 a nd 9 ).
In contra s t , t he C 19 e ryth ro leu ke mia line a nd the 707.13.12
pr e-B ce ll lymphom a contained littl e or no DNA-bind ing act iv-
ity th a t was detect ed with t his DNA fragm en t (Fig. :31\, la nes
2 ~5 ) . Sev en a ddit iona l cell lines (mu rine eryt h ro leu ke mia
F-l\lEL; pr e-B lym ph om as Ha ftll a nd 1.8 8'1'.2; B ce ll lympho-
mas A20/ 1.11, 2P I<3, a nd BCL I ; a nd pla sm a cytom a MOPC 11)
were exa m ine d for DNA-binding activity, a nd in each ca se , th e
mature hem atopoie t ic lin es contai ned h igh levels of DNA-bind -
ing activity , wh ile the immature ce ll lines d id not (da ta not
shown) . The form a t ion of com plex es 1 a nd 2 wa s los t in cold
compet it ion expe rimen ts in whi ch a n unlabeled ho mologou s
DNA fra gm en t was used as com pet ito r (Fi g. 313 , la n es 4 - 6>. In
cont ra s t , com plex I was not com pe ted , a nd com plex 2 was on ly
wea kly competed when a nonhomologous Hg l l/13st ElI DNA
fragm ent from the firs t exo n of th e mu rine c-myb ge ne was
used as u n la be led com peti to r (Fig. 313, lanes 7 a nd 8 ), dem on-
s t ra t ing s pe cificity of the two major interact ions , Min or DNA-
pr otein in tera cti on s (denoted by th e tild es in Fig. 313 ) a ppea r to
be nonsp ecifi c interaction s s ince they were not effect ive ly com-
peted by a hom ologous fra gm en t. Th us, a se t of DNA-protein
in te ractions wa s detect ed whose bindin g ac tivi t ies corre la ted
with effi cie nt attenuation , a nd the protein -b in ding site (s )
mapped in t he regi on of conse rv ed DNA se q ue nce nea r the s ite
of a t te nuat ion .

To fur th er characterize t he DNA-bind ing s itets) on the 13glll/
Ha m HI fragm en t , DNase I foot print ing was performed . End-
labe led 13glIIlHamHI probe was in cub ated with nu clear ext ra ct
from th e plasmacytom a 8 194 a nd subje cte d to limited DNase I
diges ti on . The free a nd bound s pecies (cor res pond ing to the
s lowe r mobi lity com plex de noted by th e a steri sk in Fig. 313 )
were ide n ti fied by a utora diography a nd excise d from the ge l.
DNase I di gestion products were resolved on a n 8 ~ I u rea , 6%
polyacryl amide ge l in pa rallel with a Maxa m-Gilbert G reac-
tio n . As s hown in Fig, 4A , t he se que nce GGAAAGTACC wa s
pr ot ect ed in th e bound lane . Th is se que nce was ide ntica l to the
RRBE recen tl y iden tifi ed in th e promoter of the h uma n u rok i-
nase ge ne a nd is hom ologou s to the NF-KB con sen sus seque nce
(54) . The c-myb RRBE pr otein -bind ing seque nce is conse rved in
th e human c-my b int ro n (see Fig. 2C ). We will refe r to th is
seque nce as th e e-myb RRB E throughout th is ma n uscript.

To determine if t he c-myb RRB E se quence is invo lved in the
DNA -prot ein inte ra cti on detect ed on the pare ntal BglIIlHa mHI
fragm en t , a double-stranded oligo n ucleotide corres ponding to
the c-my b RRB E protein-b inding seque nce was sy nthes ized
a nd used to com pete for bindi ng to the rn diolube led 13glI l/
Bam H I fragm en t. As shown in Fig. 413, t hi s oligonucleot ide was
a ble to com ple tel y inhibit t he forma t ion of com plexe s 1 a nd 2 on
th e BglII/Ba m HI fra gment tla nes 2 ~ 5 ) . An irreleva nt oligonu-
cleo tide con tai ning a protein-b ind ing se que nce for the octamer-
binding proteins fa iled to com pete for binding to the c-my b
RRB E (F ig. 413 , la lle 6>. DNA -protein complexes tha t rem a in in
lan es :J ~5 a rc the non sp ecific DNA-protein interacti ons that
were a lso detect ed in F ig. 313. As wit h the BglI IIHamHI fra g-
ment, detecti on of DNA-bi nd ing a ct ivity cor re la te d with efli -
cient atten ua t ion (da ta not shown) . In teres tin gly , a s im ila r
binding sequence (GGAAAGTGCT) is loca ted 1.2 kb up st rea m
of th e BglI llHam HI fra gm en t in a BamH I/S tyi fra gment (F ig.
1). This Ham H I/S tyl fragm ent , containing the c-m y b RRB E-
lik e sequence , dem on stra ted the sa me pa ttern of DNA -protein
interactions as the Bg/ I I/B a mHI fra gment, a nd the c-myb
RRB E oligon ucleotide was a ble to compete for binding to the
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FIG. 2. T he s ite of e -myb t ranscript ion attenuation in murine II
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sc ri bed under "Ma te ria ls a nd Meth ods." Th e target -lab el ed cDNA is a
I.I -kh murine c-myb cDNA fra gm ent th at contai ns codi ng se que nces :1'
of exon (ex) II. GA I' J)// , glyce ra lde hy de-S cphos pha te deh ydrogena se. H.
map ping th e s ite of attenuation in th e A20/2.J II ce ll lymphoma cells
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a fte r nu clear run-on tra nscription from A20/2.J nu clei . lI a lf of th e
ru n-on reactio n wa s hybrid ized to th e filt er on th e lefl and hal f to th e
filt er on t he r igh t. De rivation of s ing le-st ra nde d DNA targets is repre-
se nte d sche ma t ica lly beneath the a uto ra d iographs. Th e target labeled
10.10. J is a 2.4 -k h murine c-myb cDNA contai ni ng codi ng se quences 3 '
of exon II a nd th e 3 ' -unt ransl ated regi on . Sec legend to Fig. 1 for
definit ion of re striction enzym e ahhreviation s . C. a lign me nt of th e con-
se rved murine an d human e-myb int ron I seq ue nces contai ning th e si te
of a t te nua tion . Th e mu rine DNA se que nce t up per strand s was deri ved
from ou r previous ly reported 7.6-kh murin e c-myb ge no mic clone . which
contai ns 5 ' -Oankinglexon I se que nces. in tron I. exon II . a nd pa rt of
in t ron II (27). Th e hu ma n DNA se q ue nce tloice r stran d ) is from .lacobs
et al . (5 1). Comp arison of DNA se que nces wa s ca rried out us ing DNA
sequence a lignment progra ms from th e Microgenie packa ge of sequence
a na lysis programs (Bec kma n lnstrumen ts ). Th e mu ri ne se que nce
s ta rts a t th e BsIE II site. whi ch is located 14·18 bases 3 ' of th e exon
I/in t ro n I j unction. whi le th e human se que nce begin s 1451 bases :1' of
the exon I/in tron I j un ction. Att e n ua t ion a t th e murine c-myb locus
occu rs ei t he r wit hin or j us t :1' of th e Hsl EII/XhoI fra gment . Th e con-
served e-myb 3 ' -({[{BE (ide nt ified in Fig. 4A I is boxed a nd shaded ,
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Bst E2
GGTCACCTG TTCTGCAGAAAGCTGAAACCTGCAGCAGGAGGAGGGAG murine
-----T---ttttttttttttt--T-TTC--G---------TG----------------- human

TTAGGAAGGGGTGCTCCCAGGAGGTGCGGCCCAAGCTGGCCGCCCCAAGGT.TCAG ... T
-CG--C---------GGG------C-----A-GGCTCC--------G----c--G-cccC

CGGGGCGTGGCCGCGCAGGTTCCCTGGGGCTCGCAGGTAGCCCGGAGCGGAGGCGGCAGG
-------G------------------A-----.----------A---G---------T--

GAGGGGCGGGAGCCTTGAACTTGACTCAGGGGGAAGAGAAACCCGGCTGCGGGCTCGGAG
--------------------C--C----.----------------A--------------

CCGTTTCTTGC.AGGGCTAGCGTCAACTCGGCAGGGAT.. TATTAACCAGGTCAGCGAAA
-----------a-----G--------------------ta--------------------

Xba 1
TGACTCTGAACCCCTTTTCTAGAATCAC.GTAGCGGCCAC.AGGCACTTCCTCCGGTCCC
---G-T--------- .... CC-------a-----------a-------------C-CT--

CCTCCCTCTTCCCAACCCC ... c.CCAGTGTTCTTTTTCGTTTCTTTGCACGGTTTGTTT
------------T------caqca--TC-T------------------------------

CCTTGATAGAATGTAACATTCATAGTTGTACTCTTGTAACCACACCGGCTCTCGCAGGTG
------C-----------------------------------------G---A-------

GAGCAGTCGAGAGCATCTAGCTTGAAATCAGCCTTTGAAAGTCCTTTGACTGTTGGGTCT
-.-G-------T-----A-C-C------------------A----C--------------

Bgl II
GKGATCTTGTC.GAGCAGATAAAGGAAAAGTTATTTC.GGGTCCTTTGTCGAAATTAATC
-----------a-------------------------a--T-----A--A----------

ATGCTACCGAGGCGACCAGGTCATTTTAGAGCAAGGAAATGGCATGCAGAGCTCAGA.GC
-----T-TAG-A---- ----------C----C-------A--T---A-q--

AAGCC.CCTTGTCAAAGCTGACAG AATCCTGGA
G----tGGG--G-C-GC---G---qqaaactcaqqaqctqqqcqcqtqaqc-GC--C---

Bql II
CTCGCCCAGCTCCCTCTCACAGCCTTTCAAGATCTGCAAGAGTCACACGCCACATTTCAC
-------T---G-G--.-TGGC--C----G-TC-----GA------T-T----C--G- . -

CCCAAGACTTTGGCTTTGCACATC .. TGCC.CAGGGCTTGCTTTTTAAGAGGCACAGAA.
--------C--A-T----------tt----t-T-T----AGC------------ - G- - - q

7665

2226
2273

2274
2333

GACA .. GTAGAGGCATG ..... CCTC
----tq-C-TG-T----tattaG-G-

Bam 81
CCCTAGTGTGTAAGATGGGATCC
--T--T---AA-G-CGA---A-T

TAAACATAGAATCC. '" .CCT
--G-A----G----aaqcaAGC

FIG. 2-continued

BamHIIStyI fragment as well (data not shown). Thus, two
RRBE sequences that flank the site of the transcription block
were identified in a region of the c-myb first intron.

Members of the NF-K13 Family Bind to the c-myb Intron I
RRBE Sequence-Since the protected sequences on the BgLIII
BamHI fragment were identical to the urokinase RRBE se-
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FIG. 3. Detection of DNA-pro tei n in te ractions on the 155 -b p BgLIIIBa mHI intron I fragment. A , DNA-protein interactions det ecte d with
the ra diolabe led BglI IIBamHI fragment by E1\I8A. Lane 1 is the free 32P-labeled fragment (F). 4 /lg of protein from each nuclear extract were
incuba ted wit h either 0.5 or 1 /lg of polytdl-dfl ). The cell lines used for the ana lysis were the muri ne erythroleukemia cell line C19 tlanes 2 and
3), the pre-B cell lym phoma 70Z!3.12 ilanes 4 and 5), the B cell lymphoma WEHI -231 ilanes 6 an d 7), and the plasmacytoma 8194 (lanes 8 and 9).
The major DNA-prot ein complexes a re designated 1 an d 2. B, EM8A competi tion ana lysis. 4 /lg of protein from the plasm acytoma 5 194 were
preincubated with an unlabeled homologous BglI IIBamHI fragment at molar ratios of unlabeled to labeled probe of 5:1 (lan e 4), 20:1 (lan e 5), and
100:1 tlane 6) as well as with an unl ab eled nonh omologous c-myb exon I Bgll/BstEII fra gment at 5:1 tlane 7) and 20:1 tlane 8 ). Lane 1 contains free
probe, lane 2 conta ins probe incubat ed wit h 4 /lg of prot ein from th e 5194 nu clea r extract, and lan e 3 is the same as lane 2 wit h the addition of
2 /lg of poly(dI-d C) as nonspecific comp etitor . DNA-pr otein complexes denoted by the asterisk were used for DNase I foot printing ana lysis in Fig.
4. The min or DNA-protein interactions den oted by th e tildes are nonspecific inte ractions that a re not competed by th e unlab eled homologous
BglWBamHI fragmen t.

quence and resembled an NF-KB-binding site, further ana lys is
relating to the identi ty of the DNA-bin ding factors that bin d to
th e c-myb RRBE in vitro was carried out. One characteristic of
th e NF-KB family is that DNA-binding activity can be induced
by treatment of 702 /3.12 cells with LPS (32). Nuclear extracts
were pr epared from 702/3.12 cells before and after treatment
for 2 h with 10 JLg/ml LPS , and th e 32P-la beled c-myb RRBE
oligonucleotide was us ed for EMSA to detect DNA-binding
activity. A strong induction of DNA-binding activity was de-
tected when compa ring the lan e containing nucl ear extract
from untreated 70Z/3.12 cells with th e lane containing nucl ear
ext rac t from 2-h LPS-trea ted 70Z/3.12 cell s (Fig. 5, lanes 2 a nd
3, respectively). More imp ortan t, a doubl e-stranded oligonu-
cleotide containing th e NF -KB site from the immunoglobulin
x-locus (GGGACTTT CC) was abl e to compete for binding, wh ile
a control oligonucleotid e contain ing a binding site for th e Ets-I
protein (TA-2, CAGAGGATGTG) wa s not (Fig. 5, lan es 4 and
5). As expecte d, th e unlabeled c-myb RRBE oligonucleot ide
complet ely inhibited the formation of compl exes 1 and 2 on th e
radiolabeled e-myb oligonucleotide (Fig. 5, lan e 6). Th erefore,
LPS-inducible DNA-binding activities that interact with the
NF-KB-binding sequence in vitro can also interact with the
c-myb RRBE.

To determine whether the protein complexes that bin d the
c-myb RRBE intron sequence include memb ers of the NF- KB
family , polyclonal antisera direct ed against the p50 subunit of
the NF-KB compl ex were used in EMSA (55). However , as the

availa ble antisera made against p50 only bind the human
homologue, crud e nucl ear extracts prepared from HeLa cells
were used for these experime nts rather than nucl ear extracts
derived from murine cell lines. As shown in Fig . 6, a simila r
pattern of DNA-binding complexes is det ected in Hel. a cell
nuclear ext racts with both t he c-myb RRBE and NF-KB oligo-
nucleotides. However, the signal detected by binding to the
c-myb RRBE oligonucleotide is less intense tha n the signal
detect ed with the NF-KB oligonucleot ide, suggest ing that hu-
man NF-KB famil y memb ers may bind this sequence less well
th an murine protein s. Th e Ab2 a ntise ru m was directed agai nst
epito pes on p50 th a t a re availa ble when p50 bind s DNA as
eit he r a homodim er or a heterodimer. Preincubation of Ab2
with BeLa nucl ear extract resu lted in the form ation of a su-
pershift (denoted by the arrow ) wit h th e c-myb RRBE probe as
well as with th e NF-KB probe (Fig. 6, lanes 3 and 7). The
antiserum also inhibited the formation of complexes 1 and 2
with th e NF-KB probe. However, it was difficult to det ermine
whether inhibi tion occurre d with the c-myb RRBE oligonucl eo-
tid e because compl exes 1 and 2 cons iste ntly did not resolve well
in th e pre sence of serum. Anti serum Ab3 reacts with epitopes
present only on th e p50 homodimer. With both probe s, a su-
pershift was detected (Fig. 6, lan es 4 and 8, denoted by the
arrow ) following preincubation of th e nuc lear extract with Ab3.
In addit ion , this antiserum ap peared to stimulate the forma-
t ion of complex 2 (Fig. 6, lan es 4 and 8), suggest ing that Ab3
a lters the re lative concentrations of the different NF -KB sub-



FIG. 4. DNase I footprinting analy-
s is of the DNA-protein interactions
detected on the BgLIIIBamHI frag-
m en t . A, th e 32P-end-labeled BglIIl
Ba mHI fragmen t was incub a ted wit h 20
Jlg of protein from the plasmacyto ma
8 194, subjecte d to limi ted digestion wit h
0.0 1 uni ts of DNase I , an d isolated as
described und er "Materia ls an d Meth-
ods." Free (F) and bound (8) fragment
DNase I digestion produ cts (denoted by
the as teris k in Fig. 38) were fractionated
on an 8 ~ I urea , 6% polyacrylamide gel
alongs ide a Maxam -Gilbert G reaction (0)
to identify the prot ected DNA. Th e se-
quences pr otected by th e addit ion of nu-
clea r ext ra ct are designa ted (GGTACTT-
TCC) next to the Blan e. B, shown are the
results from cold competition ana lysis us-
ing th e c-myb RRBE oligonucleotide as
unlab eled comp eti tor for binding to the
32P-labeled Bgl IIlBamHI fragment. 10
fmol of th e radiolab eled BglIIlBamHI
fragment (lanes 1- 6) were incubated with
4 Jlg of nucl ear extra ct from the pla sm a-
cytoma 8 194. Lane 1 corresp ond s to free
32P-labeJed pr obe (F) . Lanes 1- 6 contain 2
Jlg of polyrdl- dC). The unl abeled RRBE
oligonucleotide at the unlab eled:lab eled
molar ra tios shown was preincubated
wit h nu clear extra ct (N E) pr ior to the ad-
dition of ra diolabeled probe. An oligonu-
cleoti de containing th e protein-binding
seque nce for the octa rner-binding pro-
tein s <OCTA ; ATTTGCAT) was used at a
20 :1 mola r ratio as nonhom ologous com-
petitor ilane 6). Complexes 1 and 2 corre-
spond to complexes 1 an d 2 det ected in
Fig. 3A.
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unit combinations. As see n with Ab2 , complex 1 was inhibited
in the NF -KB lan e. No chan ges in th e EMSA patterns were
detected using a pr eimmune serum control (data not shown).
Th us, th e p50 subunit of NF-KB or protein s antigenic ally re-
lated to it interact with th e c-my b RRBE in vitro .

To determine wheth er oth er members of th e NF-KB fami ly
were able to bind to the c-myb RRBE oligonucleotide, polyclonal
antise ra mad e against v-ReI and a human c-Rel peptide were
used in EMSA (56, 57). Crude nuclear extracts from 70Z/3.12
cell s t re ate d for 2 h with 10 J.Lg/ml LPS were pr eincubated with
th e two anti-Rel sera in separate experiments prior to addit ion
of 32P-Iabeled oligonucleot ides . Preinc ubation of the LPS -in -
duced 70Z/3.12 extract with the c-Rel a nt ise rum did not resul t
in a supershift with eithe r prob e, bu t a slight stimula t ion of
compl ex 2 was det ect ed with both pr obes (Fig. 7, lanes 3 and 8),
suggest ing that this antiserum alters the available popu la tion
of DNA-binding complexes . Preincubation with th e v-ReI anti-
serum induce d a supers hift with both t he e-myb RRBE and
NF-KB oligonucleotides (Fig. 7, lanes 4 and 9, denoted by th e
arro w ). Th e form ation of a su pers hift by pr eincubation of the
v-ReI antiserum with nucl ear ext ract demonstrates th at c-Rel
or a ReI-related protein was detected in protein complexes th at

bind th e c-myb RRBE sequence.
To further exa mine if th e DNA-binding activit ies det ected on

th e c-myb RRBE were related to the NF-KB family, the NF -KB
inhibitor protein IKB-alMAD- 3, which is kn own to inhibit the
DNA-binding activity of heterodimers consisting of p49 with
p65, p5G with p65, and p50 with c-Rel to the cognate binding
site, was used in EMSA (48, 58). Nucl ear extracts from LPS-
treated 70Z/3.12 cells were pr ein cubated with th e IKB-a!
MAD-3 protein prior to th e addit ion of the labeled oligonucl eo-
t ides . IKB wa s able to inhibit binding of compl ex 1 and th e
compl ex denoted by th e asterisk in Fig. 7 (lanes 5 and 10). A
sti mulation of complex 2 DNA-binding act ivity , which is prob-
ably du e to increa sed affinity of p50 for DNA when complexed
with IKB (59), was also seen as a consequ ence of the IKB
inhibition . In addition, one of the low mobili ty complexes (Fig.
7, denoted by th e double asterisk s ) was not affected by IKB-a!
MAD-3, indicating th at novel factors or combinations may be
involved in binding to the e-myb RRBE sequen ce.

Members of the NF-KB Family Tran sactivate a c-my b/CA T
Reporter Cons truct- T o determine if th e two c-myb RRBE se-
quences poten tiall y play a role in th e t rans cript iona l regul ation
of the c-myb gene , a CAT reporter construct was built linking a
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DISCUSSION

We have identified two DNA-protein in teracti ons in the first
intron of the murine e-myb gene flanking th e region where

FIG. 6. P roteins r elated to the NF·KB p50 su b u n it bind to the
e-myb RRBE. Polyclonal antise ra directed aga ins t th e p50 subunit of
the NF-KB family (55) were incubated with nucl ear ext ract from HeLa
cells pri or to th e addition of the 32P-end-labeled c-myb RRBE oligonu-
cleotide (lanes 1- 4) or th e murine NF-KB oligon ucleot ide (lanes 5-8).
NS corresponds to nonsp ecific DNA binding (data not shown). Free
RRBE (F) is in lan e 1. Lan es 2-4 and 6- 8 conta in 4 JJ.g of protein from
HeLa nucl ear extra cts (ext)and 0.5 JJ.g of poly(dI-d C). Anti serum Ab2
(lanes 3 and 7) is directed agains t epitopes access ible on either p50
homodimer s or p50-containing het erodimer s. Antiserum Ab3 (lanes 4
and 8) is directed against epitopes access ible only on p50 when it bind s
DNA as a homodimer . The arro w designates a supers hifted ternary
DNA-protein-antibody complex. The three major DNA-protein com-
plexes a re denoted as compl exes 1-3.

85 6 7234

the dRRBE/CAT reporter construct was transfected in parallel
experiments with the wild-type c-myblCAT reporter construct
with 4 or 6 ug each of the p50 with p65 or p65 with c-Rel
heterodim er combinations . In cont ras t to results obt ained us-
ing the c-myblCAT reporter constru ct , express ion of the
dRRBE /CAT reporter construct was unchanged or slightly de-
creased by cotransfection of p50 and p65 : O.84-fold with 4 f.lg
and O.77-fold with 6 f.lg ofp50 and p65 . Similarly, expression of
the dRRBE/CAT reporter wa s unaffected by cotransfection of
p65 and c-Rel: 0.90-fold with 4 f.lg and 1.I-fold with 6 f.lg of p65
and c-Rel . Thus, del etion of region s containing the RRBE se-
qu ences from the c-myblCAT reporter construct re sulted in the
loss of a t ransa ct ivat ion response du e to coexpression with
members of the NF-KB family. These exp eriments demonstrate
that the c-myb RRBE sequences are required for NF-KB famil y
members to transactivate the c-myblCAT re porter construct
and suggest that members of the NF-KB family playa role in
the transcrip t ional regulation of the c-myb gene.

2 3 4 5 6

FIG. 5. DNA -b in d ing activ ity d e tec ted w ith the e -myb RRBE is
induced by LPS treatment of 70Z/3 .12 cells. The 32P-end-labeled
c-myb RRBE was incubate d with 4 JJ.g of nu clear extract from untreat ed
70Z/3.12 cells (lane 2) and from 70Z/3.12 cells trea ted with 10 JJ.g/ml E.
coli LPS (lanes 3-6). Lanes 4-6 are the results from unl ab eled compe-
tition analysis of the c-myb RRBE with the following oligonucleotides at
a 50:1 mola r ra tio of unl abeled to lab eled probe: an oligonucl eotid e
contai ning an NF -KB sit e from th e immunoglobulin x-locus (N FKB; lan e
4), an oligon ucleoti de contai ning an Ets-l-binding site from th e T cell
recep tor a -chain enha nce r TA-2 (TA2 ; lan e 5), and th e c-myb RRBE
(R RBE; lan e 6). Free RRBE (F) is in lan e 1. Complexes 1 and 2 corre-
spond to complexes 1 and 2 detect ed in Fig. 3A.

6.2-kb murine c-myb genomic fragment (containing 5 '-fla nking
sequenc es/exon I, intron I, and part of exon II ) to the bacteri al
CAT gene a nd 3 '-polyadenylat ion sequences from SV40 (Fig.
SA). In addition , a second c-myblCAT reporter construct wa s
built in which both RRBE sequences were de leted (Fig. SA,
dRRBE/CAT). Th e c-myblCAT reporter wa s cotransfected with
expression vectors for the p50 , p65 , and c-Rel members of the
NF-KB family (60) into the murine thymoma EL4, which con-
tains low levels of endogenous NF-KB DNA-binding activity
(61). Ti tration of ea ch homodimer and heterodimer wa s per-
formed to assess the effects of their expre ss ion on the c-myb!
CAT reporter construct. Cot rans fection of p50 , p65 , c-Rel, or
p50 with c-Rel did not result in a lte re d expre ssion from the
c-myblCAT reporter construct (da ta not shown). How ever, co-
expression of p50 with p65 and c-myblCAT resulted in a 3.7 -
fold increase in CAT act ivi ty at 4 f.lg and a 4.I-fold increase at
6 f.lg of ea ch ex pression vector (Fig. 8B , shaded bars ). Coex-
pression of p65 with c-Rel resulted in the strongest transacti-
vation of the c-myblCAT reporter construct: an 8 .2-fold increase
at 4 f.lg and a IO-fold increa se at 6 f.lg of each vector (Fig. 8B,
hatched bars ). Since each expression vector alone fai led to
t ransact iva te the c-myblCAT reporter constr uct, these results
a re not simply du e to competition for a negatively acting tran-
script ion factor(s ) by the NF-KB family me mber expression
vecto r seque nces . To determin e whether t ransacti vation of the
c-myblCAT reporter construct by members of the NF-KB family
required the two RRBE seq uences identified in the first intron ,
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inhibi ted th e form ation of severa l of the DNA-protein com-
plexes th a t were able to form on the c-myb RRBE element.
However, pr ein cub ation of th e extracts wit h either of th e ReI
antisera did not a lter ea ch of the complexes that we detected.
Similarly, pr eincubation of th e extra cts with IKB-alM AD-3 re -
sulte d in the se lective loss of some bu t not all of these sa me
complexes . Thus, our results suggest that addit iona l factors or
modificati ons to NF-KB fam ily member s may be in volved in
binding to th e c-myb RRBE . In addit ion, the DNA-binding
pa tterns det ect ed with th e c-myb RRBE were more complex
th an th ose repor ted with the RRBE from the human urokin ase
gene , whe re only two DNA-binding complexes were detected ,
suggesti ng that flanking seque nces may be importan t in det er-
mining binding to this eleme nt.

At present, th e level at which NF-KB acts to in crease expres-
sion from th e c-myblCAT reporter construct is not under stood.
NF-KB family members may act at the level of transcriptio n
ini t ia ti on to increase transcrip tion from the c-myb prom oter.
Both p65 and c-Rel contain potent transcription activa tor do-
mains (62- 64), and tran sac tivation of th e c-myblCAT reporter
construct correlated with coexpression of both subunits. Th e
st rongest activation of the c-myblCAT re porter construct was
obt ained with the p65 and c-Rel combination, suggesti ng that
th is novel heterodimer may play a role in activa ti ng the c-my b
promoter. Th us , it is of considerabl e in terest to note th at
Hansen et al. (65) have recently isola ted a p65 with c-Rel
het erodimer that binds and transactivates the urokinase pro-
mot er via the RRBE element. Similarly, Oeth et al. (66) have
identified a «Bvrelated binding site in th e t iss ue factor pro-
moter th a t mediates LPS-induced tran scription of t he ti ssu e
fact or gene in human monocytes. This element binds the p65
with c-Rel heter odim er , bu t does not bind p50 wit h p65 het-
erodime rs or p50 homodimer s. Alt ernati vely, since c-my b
RRBE DNA-binding act ivity correlated with efficient attenua-
tion and the c-myb RRBE sites flank the si te of atte nua tion,
members of the NF-KB family ma y regul ate c-myb mRNA at
the level of t ra nsc r ipt ion elongation. In thi s case, NF-KB bind -
ing ma y alter th e elongation competen ce of polymerase com-
plexes at th e promoter, modify the processivity of the elongat-
ing t ra ns cr iption complex at th e site of a t te nuation, or alter the
conformation of chromatin in the first in tron , result ing in th e
read-through of elongat ing transcription complexes. Previous
work has demonstrated that both the p50 and p65 subunits can
induce DNA bending upon bind ing (67), and th e location of the
c-myb RRBE seq ue nces within th e first in tron suggests that
th ey may play a role in determinin g th e conformation of th e
region through binding of NF-KB family member s . In th is re-
spect, we have previously identified a DNase l-hypersensitive
site (site IV) in th e A20/2J murine B cell lymphoma cell lin e
th at is differentially detect ed and corre lates with efficient at-
tenuation (27). An alte ration of th e high er order chromatin
st ructure within the intron may make th e region more acces-
sible to DNase I, and it is possibl e that th e hyper sen sitive site
is st imula te d by RRBE binding.

The ability of NF -KB famil y members to t ra nsactiva te a
c-myb lCAT reporter cons t ruct points to a parad ox in that we
detect ed binding to th e c-myb RRBE element in cell lines th at
contain small amounts of c-myb mRNA and that demonstrate
efficient at te nuat ion (24, 27-29). Resting lymphocytes contain
little, ifany, det ectabl e c-myb mRNA (68, 69). However, during
activation of human peripheral blood T cells (68, 69) or cloned
T cell lines (70), c-myb mRNA expression is induced during late
G/ early S phase of th e cell cycle. It is of parti cular inter est to
note that cross-linking of th e T cell receptor, which is sufficient
to induce Go to G, transition, does not induce expression of
c-myb mRNA and th at interl eukin-2 is required both for G, to
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transcription a tte nua t ion occurs . DNA-bind ing activities de-
tect ed with the BamHI/StyI and BgZlI/BamHI fragments cor-
related with low levels of c-myb mRNA expression (Fig. 3A) .
The protein-binding sequences detected on the BamHI/StyI
and BgZIIIBamHI fragments were homologous to the NF -KB
cognate bin din g seque nce and identical to th e recently de-
scr ibed RRBE eleme nt in th e promoter of the human urokinase
gene, which binds members of the NF-KB family (35, 54). We
have demonstrated that members of th e NF-KB family of tran-
scri pt ion factors can bind to the c-myb RRBE element in vitro
by severa l criteria. (i) DNA-binding activity was in duc ed upon
LPS treatme nt of 70Z/3.12 cells, and an NF -KB oligonucleotide
compete d for binding to the c-myb RRBE; (ii) ant ise ra raised
agains t th e p50 subunit of NF-KB as well as the c- and v-ReI
pr oteins supers hifte d or inhibited several of the DNA-protein
complexes th at formed on this eleme nt; and (iii) IKB-alM AD-3

FIG. 7. P r o te ins related to the NF-KB c-Rel su b u n it b ind to t he
e-myb R RBE a nd I KB-alMAD-3 inhibiti on of DNA-binding a ctiv-
ity de tec ted on the c-myb RRBE. Polyclonal ant ise ra against a
human c-Rel peptide (lanes 3 and 8) and v-Rei pro tein (lanes 4 and 9)
were incubat ed with nucl ear ext ra ct from 70Z/3.12 cells treate d for 2 h
with 10 ug/rnl LPS prior to the addition of th e :l2P-end-labeled c-myb
RRBE oligonucleot ide (lanes 1-5) or th e murine NF-KB oligonucleotide
(lanes 6 - 10). The complex indicte d by the arrow den otes a supers hifted
te rnary complex of DNA-pr otein -antibody. Lan es 1 and 6 contain free
oligon ucleotide (F) . Lanes 2 and 7 contain th e :l2P-end-labeled oligonu-
cleotid e incuba ted wit h 4 /Lg of pr otein from the 70Z/3.12 LPS- induced
nuclear extracts (ext) a nd 0.5 /Lg of poly(dI-d C). Th e IKB-alMAD -3
protein (48) was pr ein cubated with 4 /Lg of protein from 70Z/3.12 cells
t rea ted for 2 h with LPS pr ior to th e addition of the :l2P-end-labeled
oligon ucleotide in la ne 5 te-my b RRBE ) and lan e 10 (NF-KB). Presump-
tive p50 homodimer-DNA complexes a re denoted as complex 2. Complex
1 and the complex den oted by th e single asterisk wer e inhibited by th e
IKB-alMAD-3 prot ein. The low mobility DNA-protein complex that was
not inh ibited by IKB-alMAD-3 is den oted by the double asteris ks .



FIG.8. A, diagrams of the c-myblCAT and dRRBE/CAT reporter constructs. The shaded boxes in exons I and II denote coding sequences. The ATG
start codon in exon I was deleted by mung bean nuclease digestion to reduce aberrant translation from e-myb sequences. CAT indicates the 734-bp
HindIIIIBamHI fragment from pSV2CAT encoding the bacterial chloramphenicol acetyltransferase gene. polyA denotes the 340-bp BclIlBamHI
fragment from SV40 containing polyadenylation sequences. The two RRBE sequences in the first intron are contained on BamHIIStyI and
BstXIlBamHI restriction fragments. The dRRBE/CAT reporter construct is identical to the c-myblCAT reporter construct except that the 1.5-kb
BamHI fragment from the first intron of c-myb was replaced by the internal 1.2-kb StyIlBstXl fragment. This specifically deleted the two c-myb
RRBE sequences from the c-myblCAT reporter construct (see "Materials and Methods" for details of construction). WT, wild-type. See legend to Fig.
1 for definition of restriction enzyme abbreviations. B, results from cotransfection experiments that examined transactivation of the c-myblCAT
and dRRBE/CAT reporter constructs by p50 with p65 and p65 with c-Rel heterodimer combinations. The x axis corresponds to the microgram
amount of each expression vector cotransfected with 2 /log ofthe c-myblCAT reporter construct. The y axis corresponds to the -fold induction of CAT
activity from each vector calculated by comparing the CAT activity resulting from cotransfection of c-myblCAT or dRRBE/CAT with the indicated
NF-KB family members to the activity resulting from transfection of each construct alone. Results are the average of duplicate transfections and
are representative of four independent experiments.

S phase transition and for induction of e-myb mRNA expression
(69, 70). Similarly, the DNA-binding activity of different mem-
bers of the NF -KB family is regulated during T cell activation,
and p50 with p65 heterodimers rapidly translocate to the nu-
cleus and are able to bind DNA within minutes ofT cell recep-
tor cross-linking (68, 71). However, it has been reported that
c-Rel is not detected in DNA-binding complexes until G1 (71).
Thus, differential regulation of NF-KB family DNA-binding
activity may playa role in regulating e-myb expression during
lymphocyte activation. Previous studies examining c-myb
mRNA expression during T lymphocyte activation did not char-
acterize nascent e-myb mRNA expression by nuclear run-on
assay, and it is not known whether increased detection of
steady-state c-myb mRNA is due to changes in the rate of
transcription initiation or changes in the efficiency of attenu-
ation (69,70). Changes in the DNA-binding activities ofNF-KB
family members may act at either level. Alternatively, non-
NF-KB DNA-binding activities that act synergistically with
NF-KB family members may be induced by interleukin-2 stim-
ulation to increase steady-state c-myb mRNA levels. For in-
stance, activation ofthe l3-interferon and interleukin-2 a-recep-
tor promoters involves the interaction of NF-KB with
interferon-regulated factor-l and the serum response factor,

respectively (72, 73). Thus, interaction of NF-KB family mem-
bers with other transcription factors may be required for
NF-KB to transactivate expression of c-myb mRNA. Finally,
Klug et al. (74) have recently demonstrated that transforma-
tion of pre-B cells by Abelson leukemia virus inhibits the acti-
vated state of NF-KB-Rel complexes, while pre-B cells ex-
panded from normal bone marrow contain active NF-KB
complexes. Thus, NF -KB/Rel family members are active and
may be involved in regulating c-myb expression at several
stages of B cell development.

The e-myb RRBE sequences in the first intron may have
different effects on transcription depending upon which NF -KB
subunits occupy the sites. Even though the combination of p65
and c-Rel transactivated the c-myblCAT reporter in cotransfec-
tion assays in EL4 cells, c-Rel may have a repressive effect on
transcription in other cell types, at different stages of differen-
tiation, or in combination with other NF-KB-binding proteins.
For example, decreased expression of c-myb mRNA in matur-
ing thymocytes has been inversely correlated with expression
of e-rel mRNA (75), and c-Rel-like proteins have also been
shown to be involved in repression of the interleukin-6 gene in
lymphoid cells (76). Thus, it should be noted that Miyamoto et
al. (77) have reported a shift in the NF-KB subunits that bind



Regulation of c-myb Transcription 7671

the KB site during B cell differentiation. Changes in the rela-
tive subunit concentrations during development may alter the
function of the c-myb RRBE sites, resulting in increased or
decreased e-myb expression. Only three members of the NF-KB
family were examined in this study, and other NF-KB family
members or heterodimer combinations may be the actual fac-
tors that regulate e-myb transcription. For example, there has
been a report ofa novel NF-KB DNA-binding activity (NP-TCn)
that is present in unstimulated as well as stimulated T and B
cells, but is not detected in nonhematopoietic cells (61). It will
be of considerable interest to determine how members of the
NF-KBtRel family regulate c-myb transcription and the conse-
quences of shifts in the relative activity of the NF -KBproteins
to c-myb expression.
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