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Although the mechanism by which bovine leukemia virus (BLV) induces neoplastic transformation of the
host B cells is unknown, it is likely that critical interactions between cellular DNA-binding proteins and the
virus are involved. We have used DNase I protection (footprinting) assays to construct a map of protein-DNA
interactions on the 5’ long terminal repeat of BLV. In addition to the three cyclic AMP response elements
previously reported, we have also found an NF-kB binding site between —118 and —70 nucleotides upstream
of the RNA start site. This site binds several members of the kB family of proteins, including p49, p50, and p65,
in both footprint and electrophoretic mobility shift assays and functions as an enhancer element when inserted
upstream of the chloramphenicol acetyltransferase gene. NF-kB may be a critical nuclear binding protein that
regulates both viral replication and key cellular genes in BLV-infected B cells.

Bovine leukemia virus (BLV) is a prevalent, naturally occur-
ring oncogenic retrovirus of cattle. Cattle become persistently
infected yet often remain clinically normal. However, up to
30% of cattle eventually develop a preneoplastic condition,
termed persistent lymphocytosis, and of these animals, approx-
imately 10% develop overt leukemia and/or lymphomas (25).
On the basis of structural and biological similarities, BLV is
classified with the human T-cell leukemia virus type I
(HTLV-I) and type II (HTLV-II) in the Oncovirinae subfamily
of Retroviridae (16, 41). The mechanism of neoplastic transfor-
mation by these viruses is incompletely understood. The vi-
ruses do not contain a known oncogene, nor do they prefer-
entially integrate into a specific region of the host genome (27).
However, viral replication and host cell activation are tran-
scriptionally linked. Peripheral blood lymphocytes from BLV-
infected animals with persistent lymphocytosis contain low or
undetectable levels of virus when first isolated (24, 28). Within
4 h of in vitro culture, the lymphocytes begin to spontaneously
proliferate in the absence of added mitogens, and viral mRNA
can be detected (8). This positive cycle of costimulation may be
the first step in the neoplastic transformation of host cells.

The viral trans-activating protein, Tax, appears to be critical
in these transcriptional events. Rather than binding directly to
DNA, Tax appears to act via cellular DNA-binding proteins
which bind to the viral long terminal repeat (LTR). HTLV-I
Tax has been shown to enhance binding activity of several
nuclear proteins which regulate the transcription of genes crit-
ical to the host cell activation and proliferation (2, 11). These
include the activating transcription factor/cyclic AMP (cAMP)
response element binding protein (ATF/CREB) family of pro-
teins, oncoproteins such as Fos-Jun and serum response factor
(15). BLV Tax also acts via cellular DNA-binding proteins on
the BLV LTR (9), but its range of protein interactions is poorly
understood.

The ATF/CREB binding sites and the binding of CREB
protein have been extensively characterized in the BLV LTR
(10, 26, 45). However, identification of other key regulatory
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DNA-binding proteins that interact with the BLV LTR is crit-
ical to understanding the link between viral and host cell tran-
scriptional activation. To identify the full range of transcrip-
tional activators involved in viral and host cell stimulation, we
began mapping the DNA-protein interactions on the BLV
LTR. We report here a site in the BLV LTR between the
second and third cAMP response element (CRE) sites that
binds NF-kB, a member of the Rel family of transcriptional
regulatory proteins.

MATERIALS AND METHODS

Nuclear extracts. Crude nuclear extracts were prepared from freshly isolated
lymphocytes from the following animals: two naturally infected, asymptomatic,
BLV-seropositive cows (lymphocyte extracts 1 and 2); one BLV-seronegative
cow; and one experimentally infected BLV-seropositive sheep. In addition, nu-
clear extracts were prepared from BLV-bat (19), a BLV-infected cell line derived
from Tb1Lu bat lung cells (kindly provided by Craig Dees, Oakridge National
Laboratory), and 81C (14), a feline kidney cell line; these represented nonlym-
phoid BLV-positive and BLV-negative cells, respectively, for comparison to
BLV-positive and BLV-negative lymphocyte extracts. All cells were washed twice
with phosphate-buffered saline, and crude nuclear protein extracts were pre-
pared as previously described (12). Protein concentrations were determined by
using a modified Bradford assay (7).

Purified DNA-binding proteins. Human CREB A was expressed in Escherichia
coli (¢cDNA was kindly provided by Mark Gilman, Cold Spring Harbor Labora-
tory) and purified as previously described (5, 22). NF-«kB p50 (amino acids 1 to
377) and NF-kB p65 (amino acids 1 to 309) were purified by Ni** chelate
chromatography as described previously (40). NF-kB p49 and SP-1 were ob-
tained from Promega Corporation (Madison, Wis.). The serum response factor
was expressed in E. coli, purified by ammonium sulfate precipitation (15%
[wt/vol]) of sonicated lysates, and dialyzed against Superdex buffer (21).

DNA probes. The 5" LTR of BLV (41) in a pUCI8 plasmid was used to
prepare probes for footprinting. Plasmids were opened at the 5’ end of the probe
sequence, dephosphorylated, and digested to produce a 703-bp sequence that
could be singly end labeled with y->*P (Fig. 1). A synthetic 53-bp complementary
doubled-stranded oligonucleotide of the NF-«kB binding site in the BLV LTR
(NFLTR) and a 22-bp double-stranded oligonucleotide containing the NF-xB
consensus sequence (from the mouse k gene promoter; Promega Corp.) were
end labeled with 3P for electrophoretic mobility shift assays (EMSA). NF-xB
and CRE consensus oligonucleotides were used as competitive DNA targets. The
nucleotide sequences of the top strands were 5'-GATCTGGCTAGAATC
CCCGTACCTCCCCAACTTCCCCTTTCCCGAAAAATCCA-3' for NFLTR,
5'-AGTTGAGGGGACTTTCCCAGGC-3’ for the NF-«kB consensus oligonu-
cleotide, and 5'-GATCTCCATGACGTCAATTGA-3' for the CRE consensus
sequence (from the human chorionic gonadotropin promoter).

DNase I protection (footprinting) assays. DNase I footprinting assays were
performed as previously described (36). Briefly, the BLV LTR 703-bp probe was
5’ end labeled with 3P at a position 216 nucleotides upstream of the BLV RNA
start site. A 50-pl binding reaction mixture containing 0.02 nM DNA probe plus



6006 BROOKS ET AL.

CRE1 CRE2 CRE3
8 -125) (57

(216) / \msLTR Probe
-100 50

GGTGACGECACCTAGTGECTAGAATCCCOGTACCTCOOCAACTTCOCCTTTOOCGAAAAATOCACACCCTGAGCTCCTCACCTCACC
CCACTEOOGTOGACCACCGATCT TAGGGRCATGGAGGECTIGAAGGEGAAGEECTTTTTAGG TGTGGGACTCGACGACTGCAGTGG

NFLTR

FIG. 1. Schematic representation of BLV LTR probes. The 703-bp LTR
(703LTR) probe, which starts 216 bp upstream from the RNA start site (bent
arrow; U3/R junction, proviral position —216), was singly end labeled with 3P
for use in DNase I protection assays. The sequence denotes the region between
the second and third CRE sites (hatched boxes) where the newly observed
NF-«B protein-binding site is located. The synthetic double-stranded oligonu-
cleotide probe (NFLTR) used in EMSA is indicated by the heavy line under the
sequence of NFLTR in the coding strand. The dotted line indicates the region of
DNase I protection shown in subsequent footprinting assays (Fig. 2 to 4).

200 ng of alternating copolymer poly[dI-dC] - poly[dI-dC] and crude nuclear
extracts or purified proteins in 25 mM Tris-HCI (pH 7.9)-50 mM KCI-6.25 mM
MgCl,-0.5 mM EDTA-10% (vol/vol) glycerol-10 mM dithiothreitol (0.1 M TM
buffer) was made. The mixture was incubated on ice for 15 to 30 min, partially
digested with DNase I, purified, and electrophoresed in denaturing 6.5% poly-
acrylamide gels.

EMSA. The 53-bp oligonucleotide (NFLTR) containing the putative BLV
LTR NF-«B binding site and the kB consensus oligonucleotide were end labeled
with 32P and incubated with purified proteins or crude nuclear extracts. Binding
reaction mixtures contained the DNA-binding protein in 0.1 M TM buffer—0.5
nM poly[dI-dC] - poly[dI-dC]-0.02 nM end-labeled probe. The binding reaction
mixtures were incubated on ice for 1 h, analyzed on 5% nondenaturing poly-
acrylamide gels, dried, and autoradiographed.

CAT plasmids. The parental chloramphenicol acetyltransferase (CAT) plas-
mids were obtained from Promega Corp. pCATP-NFLTR was derived from the
pCAT-promoter vector (pCAT-P) in which three tandem inserts of the NFLTR
oligonucleotide were cloned into the Bg/II site upstream of the simian virus 40
(SV40) promoter. The nucleotide sequence of the pCAT-P-NFLTR was deter-
mined by using the Sequenase DNA sequencing kit (United States Biochemical
Corp.) to verify the number of inserts and their orientations. The pCAT-control
vector (pCAT-C) containing both SV40 promoter and enhancer sequences was
used as a positive control in the transfection experiments.

In vivo transcription assays (CAT assays). CV-1 (ATCC CCL70) cells were
propagated in RPMI 1640 supplemented with 10% fetal calf serum. Subconflu-
ent cells were transfected with 5 pg of either pCAT-P, pCAT-P-NFLTR, or
pCAT-C, by using LipofectAMINE (Life Technologies, Inc., Gaithersburg,
Md.). To stimulate NF-«kB production, cells were treated with phorbol 12-myr-
istate 13-acetate (PMA) at 50 ng/ml in the medium at 56 h posttransfection (39).
Cells were harvested 16 h later and lysed in 0.25 M Tris-HCI buffer by three
successive rapid freeze-thaw cycles. Extracts were assayed for CAT enzyme
activity as previously described (18). CAT activity was detected by thin-layer
chromatography and autoradiography, and CAT enzyme activity was quantitated
by PhosphorImage (Molecular Dynamics, Sunnyvale, Calif.) analysis.

RESULTS

The BLV LTR contains an NF-kB binding site. Previous
studies have shown that the viral Tax protein regulates viral
transcription indirectly through cellular proteins that bind to
the three 21-bp repeat elements in the HTLV-I and HTLV-II
LTRs (37). To begin mapping the BLV LTR to identify nu-
clear proteins which control viral replication, we started with a
purified human protein, CREB A (5), which was likely to bind
to the three 21-bp repeats previously identified in the BLV
LTR. CREB A bound to the three imperfect CRE sites located
at —157 to —150, —132 to —125, and —57 to —50 (Fig. 2).
These sites have a common 8-bp core sequence, TGACGTCA,
which interacts with multiple regulatory proteins (22, 23). In
repeated experiments the footprint over the CRE closest to the
cap site was less consistent than those of the other two, sug-
gesting weaker CREB binding. This may explain the previous
observation that the first CRE upstream of the RNA start site
does not confer significant Tax responsiveness (9).

To characterize other nuclear binding proteins that selec-
tively bind the BLV LTR, we used crude nuclear extracts from
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freshly isolated bovine lymphocytes of BLV-seropositive cows
and from BLV-infected nonlymphocytic cell lines. Examina-
tion of the protein-DNA interactions produced by these ex-
tracts revealed several distinct and unique footprints on the
BLV LTR. In particular, extracts from both bovine lympho-
cytes and BLV-bat cells produced a consistent, strong footprint
between the second and third CREs upstream of the cap site
(Fig. 2). Binding of the proteins conferred DNase I protection
between —118 to —70, with a small incompletely protected site
at approximately —100 to —98. Given the size of the site and
the incompletely protected area, this probably represents two
binding sites. Similar protection was seen with lymphocyte
nuclear extracts from a BLV-seronegative cow but not with
nuclear extracts from a nonlymphocyte cell line, 81C (14) (data
not shown).

Since the sequence of this protected site showed some sim-
ilarity to the NF-kB consensus sequence 5'-GGGRNNYYCC-
3’, we next examined footprints produced by purified NF-«xB
proteins. We first examined the binding pattern of a recently
described member of the kB family, p49 (also referred to as
p52 [4]). This protein binds as a homodimer or heterodimer
and acts synergistically in transcription with at least one other
member of the NF-kB family, p65 (43). The p49 produced
DNase I protection indistinguishable from that of the unknown
proteins in the crude nuclear extracts and conferred DNase [
protection even at low concentrations (Fig. 3A).

To determine the specificity of the putative kB site, we
included unlabeled double-stranded oligonucleotides of either
a specific kB consensus sequence or an unrelated sequence in
the reaction mix. Binding was competitively inhibited by the
addition of the NF-kB consensus oligonucleotide but not with
an unrelated DNA sequence, such as the CRE consensus oli-
gonucleotide, indicating that the site on the BLV LTR was
specific for NF-xB (Fig. 3B).

Since p49 is only one of several reported members of the
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FIG. 2. DNase I footprints on BLV proviral LTR after incubation with
CREB or crude nuclear extracts. For each lane, the 703-bp probe was incubated
with 7 ug of protein, unless otherwise noted. All samples were run in duplicate
in adjacent lanes. The brackets on the right indicate regions of protection, and
the numbers in parentheses indicate the number of base pairs upstream of the
RNA start site. End-labeled DNA size markers (pUC18 digested with Hpall)
were run in the first lane for reference (the numbers on the left indicate fragment
sizes [in base pairs]). Lanes: M, pUC18-Hpall fragments; 1 and 2, no protein; 3
and 4, CREB (4 pg); 5 and 6, bovine lymphocyte extract no. 1; 7 and 8, BLV-bat
extract; 9 and 10, bovine lymphocyte extract no. 2; 11 and 12, bovine lymphocyte
extract no. 2 (14 pg).
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FIG. 3. DNase I footprint of BLV proviral LTR after incubation with NF-xB
p49. The brackets on the right indicate areas of protection, and lane M contained
pUC18-Hpall fragments, as described in the legend to Fig. 2. (A) For each lane,
the 703-bp probe was incubated with various amounts of p49 protein. Lanes: 1
and 2, no protein; 3 and 4, 0.20 pg; 5 and 6, 0.10 wg; 7 and 8, 0.05 pg; 9 and 10,
0.01 ng; 11 and 12, no protein. (B) For each lane, the DNA probe was incubated
with 0.10 pg of p49 with or without unlabeled double-stranded oligonucleotides
as DNA-binding competitors. Lanes: 1 and 2, no protein; 3 and 4, p49 only; 5 and
6, p49 plus 0.02 nM NF-«B consensus sequence (1:1 with probe); 7 and 8, p49
plus 2.0 nM NF-«B consensus sequence (100:1 with probe); 9 and 10, p49 plus 2.0
nM CREB consensus sequence (100:1 with probe); 11 and 12, no protein.

NF-kB/Rel family of proteins, we next examined the binding of
two other proteins, p5S0 and p65. Purified NF-kB p50 produced
a footprint essentially identical to that of p49 (Fig. 4); purified
p65 did not appear to bind as a homodimer under the condi-
tions in the footprint assay but did bind as a homodimer in
EMSA (see below).

The BLV LTR kB site binds NF-kB proteins in EMSA. We
next examined the isolated NF-kB binding site in EMSA to
define which proteins in the nuclear extracts were binding to
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FIG. 4. DNase I footprints on BLV proviral LTR after incubation with dif-
ferent NF-«kB proteins (brackets on the right indicate areas of protection, and
lane M contained pUC18-Hpall fragments, as described in the legend to Fig. 2).
Lanes: 1 and 2, no protein; 3 and 4, p49 (0.1 pg); 5 and 6, p50 (4 ng); 7 and 8,
po5 (4 pg); 9 and 10, p49 (0.1 pg) plus p65 (4 pg); 11 and 12, p50 (4.4 pg) plus
po65 (4 pg); 13 and 14, no protein.
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NFLTR  «B oliga

FIG. 5. EMSA of BLV proviral NF-«B binding site (NFLTR) or kB consen-
sus oligonucleotide (kB oligo). B, bound probe; F, free probe. (A) Binding of
purified proteins on NFLTR: Lanes: 1, no protein; 2, p49 (0.3 pg); 3, p49 (0.3 p.g)
plus p65 (4 pg); 4, p50 (2 pg); 5, p50 (2 ng) plus p65 (4 p.g); 6, p65 (4 pg); 7, p65
(4 pg) plus 2.0 nM NF-«B consensus sequence (100:1 molar ratio with probe).
(B) Comparison of protein binding on NFLTR or kB consensus oligonucleotide
by using crude nuclear extracts or purified protein. Lanes 1, no protein; 2, p49
(0.3 pg); 3, ovine lymphocyte nuclear extract (12 wg); 4, no protein; 5, p49 (0.3
ug); 6, ovine lymphocyte nuclear extract (12 pg).

the kB site in the BLV LTR. The 53-bp oligonucleotide en-
compassing the putative kB site (NFLTR) found in the BLV
LTR was tested for NF-«kB binding activity in an EMSA using
purified p49, p50, and p65. As shown in Fig. 5A, all three
proteins recognized the kB site in the BLV LTR. Binding
could be competitively inhibited with the NF-kB consensus
oligonucleotide, and the addition of a nonspecific protein such
as CREB did not result in a shift (data not shown). The ra-
diolabeled NFLTR and kB consensus oligonucleotides were
then incubated with crude nuclear extracts from a BLV-in-
fected sheep. Even at very low crude nuclear extract concen-
trations, most of the NFLTR was completely shifted and did
not enter the gel (Fig. 5B). The nuclear extracts tested show a
specific DNA-protein shift when a radiolabeled kB consensus
sequence was used as the DNA target. The addition of an
unlabeled NFLTR probe resulted in complete loss of binding
to the radiolabeled kB consensus sequence, whereas the addi-
tion of up to a 100:1 molar ratio of a nonspecific DNA se-
quence, such as the CRE consensus sequence or linearized
pUCIS plasmid, had no effect on sequence-specific binding to
the kB consensus (data not shown).

The BLV LTR kB site acts as an enhancer element. To
determine if the kB binding site in the BLV LTR could act as
a functional enhancer, the BLV LTR kB binding site was
inserted upstream of the SV40 promoter in the plasmid
pCAT-P (Fig. 6A). Transient transfection of this pCAT-P-
NFLTR plasmid into CV-1 cells resulted in a 4.5-fold increase
in CAT activity compared with that of the pCAT-P plasmid in
the same cell line. However, treatment of the transfected cells
with PMA to upregulate expression of NF-«kB resulted in a
29-fold increase in CAT expression (Fig. 6B). The positive
control, pCAT-C, which contains an NF-«B site in the SV40
enhancer region, also responded to PMA stimulation, whereas
the negative control, pCAT-P, showed little change in activity.

DISCUSSION

The NF-kB enhancer element was first identified in the gene
for the immunoglobulin light chain kappa and has since been
found to regulate a wide variety of genes, including those for
interleukin 2 (IL-2), IL-4, and IL-6; the IL-2 receptor a (IL-
2Ra) chain; nitric oxide synthetase; granulocyte-macrophage
colony-stimulating factor; and serum amyloid A (6, 13, 29, 31,
46). The coordinated induction of genes in B cells activated by
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FIG. 6. Enhancer activity of NF-«kB binding site in BLV LTR. (A) CAT
expression plasmid with three 53-bp inserts containing putative BLV LTR
NF-«kB binding site (NFLTR). Arrows below the inserts indicate orientation. (B)
Transient cotransfection assays in CV-1 cells using pCAT-P (lane P), pCAT-P-
NFLTR (lane NF), and pCAT-C (lane C) plasmids. PMA, transfected cells
treated with PMA for 16 h before lysate collection. CAT activity was assayed 72
h following transfection, and the percent acetylated '*C-labeled chloramphenicol
was determined by PhosphorImage analysis. Cm, chloramphenicol; Ac-Cm,
acetylated chloramphenicol.

lipopolysaccharide has recently been shown to be mediated by
NF-«B (33). The kB consensus site has also been found in the
LTR of human immunodeficiency virus type 1, and the
HTLV-I trans-activating protein Tax can activate human im-
munodeficiency virus replication via this enhancer element
(34). An NF-«B binding site has been reported in the HTLV-I
LTR between the second and third CREs (35) but was not
associated with the classical kB consensus sequence GGGRN
NYYCC.

We report here the presence of an NF-kB enhancer element
between the second and third CREs in the BLV LTR (Fig. 7).
NF-kB is constitutively expressed in B cells, the host cell for
BLV (32, 38), which is consistent with our finding that DNase
I protection is conferred with both BLV-infected and nonin-
fected bovine lymphocytes. This constitutive expression could
provide a low level of transcriptional activity, which is then
upregulated when the cell is immunologically activated by a
second, unrelated event. Since only a small proportion of cir-
culating B cells are infected in the preclinical stages of BLV
infection, progression of the disease may depend on an unre-
lated activation event which stimulates rare BLV-infected B
cells. Once such cells are stimulated, activation of the BLV
provirus via NF-kB would result in increased transcription of
viral proteins, including Tax, and increased viral replication. If
BLV Tax acts in a manner similar to its HTLV-I counterpart,
BLV Tax could, in turn, enhance binding of NF-kB to both
cellular regulatory genes and the viral LTR. This positive cycle
may explain the progression from long-term subclinical infec-
tion to a shorter period of preneoplastic polyclonal persistent
lymphocytosis as selected subpopulations of lymphocytes are
chronically stimulated. In addition, the viral Tax protein of
HTLV-I has been shown to downregulate DNA repair (42). A
similar function in BLV Tax would predispose rapidly dividing
B cells to accumulate mutations, eventually resulting in a
monoclonal lymphoma. The finding that BLV-infected B lym-
phocytes express high levels of IL-2Ra when stimulated (44)
also suggests a multigene upregulation mediated by NF-kB.
Further, the phenomena of spontaneous BLV-infected B-cell
proliferation and viral transcription in vitro may involve NF-kB
stimulation. Recent studies have shown that soluble Tax pro-
tein from HTLV is taken up by cells in culture and rapidly
translocates to the nucleus, where it induces NF-kB binding
activity (30).

As previously reported (3, 20), p65 did not appear to bind as
a homodimer under the conditions in the footprint assay but
did bind as a homodimer in EMSA. Ganchi et al. (17) have
recently shown that p65 homodimers do occur in vivo and are
independently regulated from the classic p50/p65 heterodimer
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combination. The nuclear extracts most likely have several
species of NF-kB proteins which could form several homo- and
heterodimer combinations. The binding sites seen in the
DNase I protection assay may have different affinities for dif-
ferent kB heterodimers, and more than one may bind the
NFLTR probe at once, which may account for the distinct shift
with purified homodimers but complete aggregation of the
probe with even low concentrations of several different types of
nuclear extracts in EMSA. The BLV LTR kB site can compete
specifically for binding, even at low molar ratios, with the kB
consensus sequence. This may reflect multiple kB binding sites
within the 53-bp fragment from the BLV LTR or differential
binding affinities for the different kB heterodimers found in
nuclear extracts. Preliminary studies with the 5’ half of this
fragment suggest preferential binding for purified NF-kB p50,
whereas the full fragment binds all three species of NF-«kB in
both footprinting assays and EMSA. Further studies are nec-
essary to characterize the affinities and interactions of different
NF-«kB/Rel proteins on the BLV LTR.

Binding of CREB has been studied extensively on the BLV
LTR and has recently been reported with a newly character-
ized protein, CREB2 (1, 45). Deletion mutant studies by Katoh
et al. (26) and Derse (9) documented the importance of the
three 21-bp repeats in BLV trans-activation. However, data
from those studies suggested that the loss of the region en-
compassing the putative NF-kB binding site appeared to result
in decreased enhancer activity independent of the loss of a
CREB binding site. Numata et al. reported that HTLV-I has
an NF-kB-like binding site between the second and third 21-bp
repeats which acts synergistically with the third CRE (35). A
similar relationship between these sites remains to be demon-
strated for BLV.

Our finding that the BLV LTR contains a binding site for
NF-kB proteins raises new implications for the relationship
between transcriptional activation of the virus, activation of the
host B cell, and neoplastic transformation of infected lympho-
cytes. It remains to be determined if NF-kB proteins are the
common link between these events and to what extent they
interact with the BLV frans-activating protein, Tax, and the
other regulatory proteins such as CREB that bind to the LTR.

BLV 5'LTR

-%//,r@r@x@_

Cap Site

FIG. 7. Schematic map of protein-DNA interactions on BLV 5’ LTR.
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