JOURNAL OF VIROLOGY, July 1998, p. 5994-6003
0022-538X/98/$04.00+0

Vol. 72, No. 7

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

In Vivo Protein Binding and Functional Analysis of cis-Acting

Elements in the U3 Region of the Bovine Leukemia
Virus Long Terminal Repeat

JIANQIAO XIAOt ano GERTRUDE C. BUEHRING*
School of Public Health, University of California, Berkeley, California 94720

Received 27 May 1997/Accepted 9 April 1998

Bovine leukemia virus (BLV) is a member of the human T-cell leukemia virus (HTLV)/BLV group of retro-
viruses. These viruses regulate their own transcription by producing Tax, a protein which activates the virus
promoter region, the long terminal repeat (LTR). To explore the molecular mechanisms involved in the trans-
activation, we identified protein binding elements by in vivo footprinting and analyzed their function by site-
directed mutagenesis. We used in vivo dimethyl sulfate footprinting by ligation-mediated PCR to detect con-
stitutive in vivo protein-DNA interactions in a BLV-producing cell line, Bat,Cl. The U3 region and part of the
R region of the LTR were footprinted. In addition to the cis-acting elements (three cyclic AMP-responsive ele-
ments [CREs] and two AP4 sites) reported by others to be important for Tax-mediated activation of the BLV
LTR, we found footprints in regions flanking these elements and in the core promoter region. The importance
of these sites for transcriptional activation was studied by site-directed mutagenesis followed by promoter func-
tion analysis of the mutants with a chloramphenicol acetyltransferase reporter system. Qur data corroborate
those of others showing that the CREs are necessary for transactivation of the LTR, and they identify two new
functional sites not previously reported by others. We show that the middle region of the BLV U3 contains
multiple dual-functioning cis-acting elements which act as either positive or negative regulatory elements de-
pending on the cell type tested. This is the first report of a functional mapping of the cis-acting elements of a

virus of the HTLV/BLYV group.

Bovine leukemia virus (BLV) is the etiologic agent of enzo-
otic bovine leukosis, a disease characterized by persistent lym-
phocytosis and development of B-cell lymphomas after a long
latent period. It also causes chronic lymphocytic leukemia and
lymphomas in experimental animals such as sheep and goats
(reviewed in reference 24). BLV is a retrovirus closely related
to human T-cell leukemia viruses (HTLV-1 and HTLV-2).
Like HTLV, BLV contains a pX region between the env gene
and its 3’ long terminal repeat (LTR), in addition to three
genes common to all retroviruses: gag (group-specific antigen),
pol (polymerase, endonuclease, and integrase) and env (enve-
lope proteins). One of the proteins encoded in the pX region
is p34 Tax (transactivator from the X region), which acts on the
5" LTR to stimulate transcription of the BLV genome (9, 10,
25, 44). p34Tax can also activate some cellular promoters such
as c-fos promoter (23). Expression of BLV in vivo is believed to
be regulated by cellular frans-acting factors that bind to the
cis-acting elements in the U3 region of the BLV LTR in the
presence of p34 Tax (reviewed in reference 24).

The LTR region of a retrovirus consists of U3, R, and U5
regions. Although the R and US regions are essential for virus
replication, it is the U3 region that is critical for transcriptional
control of a retrovirus (8). As with HTLV, the BLV U3 region
contains three imperfect direct repeats (DRs) of 21 bp (DRI,
bp —163 to —143; DR2, bp —138 to —118; DR3, bp —63 to
—43), which are called fax-responsive elements (TREs) (9,
25, 44). In the middle of each 21-bp repeat is an octamer
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homologous to the core sequence of the cyclic AMP-response
element (CRE), each with only a 1-bp difference from the
consensus CRE sequence (Fig. 1). By analyzing the promoter
function of deletion mutants, Derse (9) and Katoh et al. (23)
found that the three CREs are cis-acting elements important
for the responsiveness of the BLV LTR to p34Tax. A few other
elements which may also be important in transcription regula-
tion have been identified: an E-box sequence (CAGCTG),
which is the binding site for the cellular transcription factor
AP4 (the upstream AP4 site [—151 to —146] is hereafter des-
ignated AP4-1, and the downstream one [—124 to —119] is
designated AP4-2) (42); a nuclear factor kB (NF-«kB) binding
site (6); and a glucocorticoid response element (GRE) (29,
45a) (Fig. 1).

Although p34Tax does not bind DNA directly (1, 44), it has
been shown, by in vitro studies of others, to interact directly
with the proteins binding to some of the cis-acting sequences,
e.g., members of the CREB/ATF family of bZip proteins which
were shown to bind the CRE-like sequences in vitro (4, 25).
p34Tax may also interact with other cellular transcription fac-
tors that recognize some of these sequences, such as AP4 and
NF-«B (6, 42). For HTLV, it was shown that transactivation of
the LTR involves interactions between p40Tax and multiple
cellular transcription factors (reviewed in reference 1). Tran-
scription factor CREB functions as either a positive or nega-
tive regulator depending on whether it binds to the CRE-like
sequences in the U3 region or to a nonconsensus CRE se-
quence in the R region (46). It has been reported that both
positive and negative regulatory elements are present in the
LTR region of other retroviruses such as human immunode-
ficiency virus, mouse mammary tumor virus, and Rous sarcoma
virus, and that cellular regulatory factors that bind to specific
sequences in the LTR region of these viruses are responsible
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FIG. 1. cis-acting elements in the U3 region of BLV. (A) Schematic map of
the BLV LTR showing the locations of the cis-acting elements in the U3 region
and the binding sites for the primers used for in vivo footprinting. (B) Nucleotide
sequence comparison of response elements in the BLV U3 region: the TREs,
consensus CRE and CRE-like sequences including the AP4 sites, and the con-
sensus GRE and GRE-like sequence. Bases different from the consensus se-
quences are shown in boldface type.

for the regulation of viral expression and tissue specificity of
these viruses (5, 18, 21, 40, 47).

BLYV is usually nondetectable in vivo in infected lymphocytes
or tumor cells (reviewed in reference 24), but nothing is known
about how BLV expression is suppressed in vivo. It is obvious
that interactions between p34Tax and cellular proteins activate
the viral promoter, but whether similar interactions are in-
volved in repressing transcription has not been studied. We
sought to clarify these interactions by determining the sites in
the U3 region of the BLV at which LTR proteins are bound
and whether these proteins function cooperatively with BLV
p34Tax to control the expression of BLV by binding to nega-
tive regulatory elements (NREs) and/or positive regulatory
elements (PREs). First we looked at constitutive in vivo pro-
tein-DNA interactions in the U3 region in a virus-producing
cell line, Bat,Cls. Then we applied site-directed mutagene-
sis to delete or mutate the individual protein-binding sites
we detected (13 of the protein-binding sites and 1 site with
no visible footprints were mutated or deleted, and 25 mu-
tants were created). The wild-type and mutant LTRs were
cloned into chloramphenicol acetyltransferase (CAT) re-
porter constructs, and promoter function was analyzed in six
cell lines, representing different species and tissue types, by
transient gene transfection assays in the presence or absence
of Tax.
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MATERIALS AND METHODS

Cell lines. Tb,Lu, a bat lung epithelial cell line negative for BLV (16), was
from the University of California San Francisco Cell Culture Facility (San Fran-
cisco, Calif.). Bat,Cls, a BLV-producing cell line derived from Tb,Lu cells
infected with the virus by cocultivation with lymphocytes from a BLV-infected
cow (16), was obtained from K. Radke (University of California Davis, Davis,
Calif.). FLK, a BLV-producing fetal lamb kidney fibroblast line (43), and MCF-7,
a mammary epithelial cell line established from a human breast carcinoma (38),
were obtained from the former Naval Biosciences Laboratory (Oakland, Calif.).
GR, a cell line derived from a mouse mammary tumor (26), was obtained from
G. Firestone (University of California Berkeley, Berkeley, Calif.). Raji, a human
B-cell line derived from a Burkitt’s lymphoma (12, 32), was obtained from R.
Emmons (California Department of Health Services, Berkeley, Calif.). BL3, a
BLV-infected bovine B-lymphocyte line, was obtained from Harris Lewin (Uni-
versity of Illinois, Champaign, IIl.). Cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (GIBCO, Grand Island, N.Y.) or, for BL3,
Liebovitz medium (GIBCO) supplemented with 5 to 10% heat-inactivated fetal
bovine serum (FBS) (Sigma, St. Louis, Mo.), 10 ng of insulin (Sigma) per ml, and
antimicrobial agents and incubated at 37°C in a humidified atmosphere of 5%
CO,.

In vivo footprinting with DMS. (i) Primers and linkers used for footprinting.
The primers and linkers used are described in Table 1 and are based on the BLV
provirus sequence reported by Sagata et al. (35). Oligonucleotides were synthe-
sized either by the Microchemical Facility, Department of Molecular and Cell
Biology, University of California, Berkeley, or by Operon Biotechnologies, Al-
ameda, Calif. A common linker was prepared by annealing equimolar amounts
of each linker in 250 mM Tris-HCI by the method of Pfeifer and Riggs (31).

(ii) DNA preparation, primer extension, and ligation. DNA preparation,
primer extension, and ligation were done by the method of Pfeifer and Riggs
(31). Briefly, DNA was extracted by standard phenol-chloroform procedures (36)
from Bat,Cl, cells with or without DMS treatment. DNA from cells not treated
with DMS was treated with DMS after purification. DNA methylated with DMS
was then cut with hot piperidine (90°C), precipitated, dried, and redissolved in
distilled water at 0.5 to 1.0 pg/wl. Primer extension and ligation were done
exactly as described by Pfeifer and Riggs (31) with 1 g of each cleaved template
for each reaction. Primers Al, B1, and C1 (Table 1) were used for primer
extension to make double-stranded DNA fragments, which were ligated to the
common linker (prepared by annealing linkers 1 and 2) (Table 1).

(iii) PCR. A two-round PCR was used to amplify the U3 region of BLV
provirus DNA (from Bat,Cl, cells) in a thermal cycler (Perkin-Elmer Cetus,
Norwalk, Conn.). Ligated DNA (50 pl) was mixed with 50 pl of freshly made 2x
PCR reaction mix (10 ul of 10X Taq polymerase buffer [Mg>* free; Promega,
Madison, Wis.]; 10 pl of 25 mM MgCl,; 1 pl each [20 pmol] of primer A2, B2,
or C2; 1 pl [20 pmol] of linker 1; 0.8 pl of 10 mM deoxynucleoside triphosphates
[dNTPs; Promega], 3 U of Taq polymerase; 27 pl of water). The reaction mix was
heated to 95°C for 5 min to denature the DNA and then run with the following
cycle profile: 94°C for 1 min, 60°C for 2 min, and 75°C for 3 min for 35 cycles. To
extend all DNA fragments completely, an additional incubation at 72°C was done
for 20 min. The PCR products were extracted by the standard phenol-chloroform
procedure, precipitated, dried, and dissolved in 20 wl of distilled water. The
second-round PCR was run in a 10-pl volume containing 1X Taq polymerase
buffer (Promega), 2 ul of the PCR-amplified DNA (see above), 0.5 U of Tag
polymerase, 2.5 mM MgCl,, 200 uM each dNTP, and about 100 fmol (25,000
cpm) of primer A3, B3, or C3, which was 5'-end labeled with 32P by using T4
DNA kinase (Promega) and [y-*>P]ATP (Amersham, Arlington Heights, TlL.)
and gel purified by standard methods (36). The samples were heated at 95°C for
2.5 min, and then 25 to 30 cycles of 95°C for 30 s, 66°C for 1 min, and 75°C for
2 min were run with a 20-min incubation at 72°C at the end. A 5-pl volume of
stop buffer (95% formamide, 1 mM EDTA, 0.5% xylene cyanol, 0.5% bromphe-
nol blue) was then added to each reaction mixture. The PCR products were
analyzed by a 6% polyacrylamide—-urea sequencing gel run as suggested by the
manufacturer (Bio-Rad Laboratories, Hercules, Calif.). The DNA concentration
of the samples was standardized by loading equal counts per minute. After
electrophoresis, the gel was dried and exposed to Fuji X-ray film for 12 to 96 h.
The film was developed manually.

Site-directed mutagenesis of the BLV LTR. (i) Preparation of plasmid DNA.
The pGEM-T plasmid used to clone the BLV LTR was purchased from Pro-
mega. pBL CAT3 plasmid, which contains only the basic chloramphenicol acetyl-
transferase (CAT) gene without any eukaryotic promoter (27), was kindly pro-
vided by Isabelle Cludts. Escherichia coli TG1 cells were transformed with the
appropriate plasmid as described by Sambrook et al. (36). Large-scale plasmid
DNA was prepared as described by Sambrook et al. (36) by the alkali lysis and
CsCl-ethidium bromide banding methods. Plasmid minipreps were prepared by
Qiagen Quick Spin plasmid purification kits as specified by the manufacturer.

(ii) DNA sequencing. DNA sequencing was done with the Silver Sequence
DNA-sequencing system (Promega), which uses the enzymatic method of Sanger
et al. (37). The sequencing reaction was done in a thermal cycler (Perkin-Elmer
Cetus). The sequencing gel was stained with silver nitrate, and permanent
records were made by exposing the gel (for 10 to 15 s) to Silver Sequence film
(Promega), which was developed manually.
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TABLE 1. Sequences of primers and linkers used in this study

Name Location

Sequence

Gene-specific primers used for in vivo footprinting
Primer set A (noncoding strand)

Al (bp —211 to —191) 5'-TGTATGAAAGATCATGCCGA-3’
A2 (bp —200 to —180) 5'-ATCATGCCGACCTAGGAGCCG-3'
A3 (bp —181 to —156) 5'-CCACCGCCCCGTAAACCAGACAGA-3'

Primer set B (coding strand)

B1 (bp 8 to —16) 5'-AGCTCAATCGCCGTGGTCTTCGCAA-3’
B2 (bp —6 to —30) 5'-CCGCTAACTCGACAGGGCCGGCATT-3'
B3 (bp =30 to —57) 5'-TTATTAATTTATCAGCAGGTGAGGTCAG-3’

Primer set C (coding strand)

5'-TACCTGACCGCTGCCGGATAGCCG-3'
5'-CCGGATAGCCGACCAGAAGGTCTCG-3'
5'-GGGAGCAAGAGAGCTCAGGACCGA-3’

C1 (bp 97 to 74)

Cc2 (bp 84 to 60)

C3 (bp 60 to 34)
Linkers

1

2

Primers used for mutagenesis
Vector primers
1
2

Universal primers
1
2

Primers for CAT plasmid constructs

1 LTR 5’ primer
2 LTR 3’ primer

5'-GCGGTGACCCGGGAGATCTGAATTC-3'
5'-GAATTCAGATC-3’

5'-ACGGUUAUCCACAGAAUCA-3’

5'-ACUGGAACAACACUCAACC-3'

5'-AUUCUGUGGAUAACCGUA-3'
5'-AGUGUUGUUCCAGUTTGG-3’

5'-TGTATGAAAGATCATGCCGAC-3’
5-ATTGTTTGCCGGTCTCTCCT-3’

(iii) Restriction enzyme digestion and ligation reaction. All the restriction
enzymes and T4 DNA ligase were purchased from Promega. For restriction
enzyme digestion, 1 to 20 pg of plasmid DNA was digested at 37°C for 2 h to
overnight in the buffer provided by the manufacturer. DNA fragments of interest
were purified with a GeneClean kit (Bio 101, La Jolla, Calif.). All the ligation
reactions were performed as described by Sambrook et al. (36). Briefly, 50 to 100
ng of each vector and insert DNA (equimolar) was mixed with 0.2 U of T4 DNA
ligase in 10 pl of 1X ligation buffer (20 mM Tris HCI [pH 7.7], 5 mM MgCl,, 5
mM dithiothreitol, 1 mM ATP) and incubated at 16°C for 3 h. Then 1 to 2 pl of
the ligation mix was used to transform competent TG1 cells as described above.

(iv) Construction of CAT plasmids. Construction of CAT plasmids was gen-
erally done by standard procedures (36). The whole LTR region of BLV was
amplified by PCR with Bat,Cl; DNA as the template and BLV LTR specific
oligonucleotides as primers (Table 1). The LTR PCR product was first cloned
into the pGEM-T vector (Promega) in the 5'-to-3" direction (confirmed by
sequencing) as specified by the manufacturer. The LTR DNA was then sub-
cloned into plasmid pBL CAT3 upstream of the CAT gene. Clones containing
inserts (which have a higher molecular weight than the parental plasmid) were
selected, and the cloned DNA was further amplified in TG1 cells. The orienta-
tions of the LTR inserts were determined by restriction enzyme digestion, and
the U3 region of BLV LTR in the constructs was sequenced to confirm that the
sequence was correct. The same method was used to construct mutant LTR-CAT
plasmids after the mutations were made in plasmid pGEM-T/LTR (described
below).

(v) PCR amplification. The reaction was done in 50 pl of 1X PCR buffer (10
mMTris-HCl [pH 8.3], 50 mM KCI, 2 mM MgCl,, 5 mM 2-mercaptoethanol,
0.005% gelatin) containing 10 pmol of each primer, 100 to 500 ng of template
DNA, 2.5 U of Tagq polymerase, and 0.2 mM each dNTP. The reaction was
performed in a thermal cycler with the following cycling profile: 94°C for 1 min,
50 to 56°C for 1 min, and 72°C for 2 min for 30 cycles followed by an extension
cycle at 72°C for 10 min. The PCR products were stored at —20°C until use.

(vi) Mutagenesis of cloned BLV LTR. The method of Rashtchian et al. (33)
was modified to create mutations or deletions in the cloned BLV LTR. Vector
and universal primers used for mutagenesis are listed in Table 1. In addition, one
pair of mutagenic primers was synthesized for each mutant to introduce a small
deletion or base substitution. Mutagenic primers are not included in Table 1, but

the mutations introduced are summarized in Table 2. Each mutagenic primer
was 20 bases long and corresponded to the wild-type LTR sequence except for
the introduced mutation approximately in the center of the sequence. Three
PCRs were run separately with three pairs of primers: vector primers were used
to amplify most of the pPGEMT vector DNA (bp 1000 to 3000), universal primer
1 coupled with a mutagenic primer 1, and universal primer 2 with a mutagenic
primer 2 were used to amplify part of the plasmid and part of the cloned LTR.
Three PCRs amplified the complete sequence of the vector containing the cloned
LTR. Since the universal primers overlapped the vector primers, since mutagenic
primer 1 overlapped mutagenic primer 2, and since the thymidines in the over-
lapping region were replaced by uridines, amplification of the template plasmid
by PCR resulted in the incorporation of the primers and the desired mutation
into the PCR products. Excision of the deoxyuracil residues in the PCR products
by uracil deoxynucleotide glycosylase (UDG) destabilized base pairing at the
ends of DNA molecules and thus generated 3’ protruding ends. Due to the
overlapping nature of the primers, the resulting 3’ protruding ends were com-
plementary and could anneal after treatment with UDG.

After the PCRs, 5- to 10-pl volumes of each of the three PCR products were
combined and 1 U of UDG was added to the mixture, which was then incubated
at 37°C for 30 min, heated at 98°C for 15 min to cleave the abasic nucleotides,
and reincubated at 37°C for 30 min (annealing). The UDG-treated PCR prod-
ucts were then ethanol precipitated and dissolved in 5 to 10 pl of water. A 2-ul
volume of this DNA solution was used to transform competent TG1 cells. The
template DNA was treated so that no intact circular plasmid DNA was left; i.e.,
no transforming colony could be found after transforming the cells by using the
PCR products without UDG treatment. Only the mutant plasmid DNA formed
by annealing of the UDG-treated PCR DNA could transform the bacteria. For
reactions with universal and mutagenic primers, the plasmid was linearized with
Sspl, which cuts the vector three times at positions 2199, 2384, and 2408. For
reaction with the vector primer, the template was treated with Sacl and SacII,
which cut the vector at bp 94 and 46, respectively. Miniprep plasmid DNA was
prepared from the transformed colonies, and sequencing analysis was done to
screen the mutants containing the desired sequence changes.

Gene transfer. Tb,Lu cells were used to detect the promoter function of the
BLV LTRs (wild type and mutants) which were cloned upstream of the CAT
gene. For each transfection, 4 X 10° to 5 X 10° cells were seeded into a 35-mm
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TABLE 2. Sequence changes of 25 BLV LTR mutants

made by site-directed mutagenesis

Name® Site of Original Mutated
ame oy
mutation sequence sequence

d-CRE1 —157to —153 AGACG Deleted
d-CRE2 —131to =129 GAC Deleted
d-CRE3 —57 to =54 TGAC Deleted
s-CRE3 —56 G T
d-CRE 1/2 —157to =153 AGACG Deleted

—131to —129 GAC Deleted
d-CRE 1/3 —157to =153 AGACG Deleted

=57 to —54 TGAC Deleted
dCRE 1/s-GRE —157to =153 AGACG Deleted

=71 to =60 ACA---TG-CT  TAT---AC--TA
dCRE2/s-GRE —131to —129 GAC Deleted

=71 to —60 ACA---TG--CT TAT---AC--TA
d-CRE2/3 —131to —129 GAC Deleted

=57 to =54 TGAC Deleted
d-CRE3/a-GRE =57 to =54 TGAC Deleted

=71 to =72 Wild type TATCC added
d-CRE1/2/3 —157to —153  AGACG Deleted

—131to —129 GAC Deleted

=57 to =54 TGAC Deleted
d-CRE1/2/s-GRE —157to =153 AGACG Deleted

—131to —129 GAC Deleted

=71 to —60 ACA---TG--CT TAT---AC--TA
d-CRE2/3/a-GRE —131to =129 GAC Deleted

=57 to =54 TGAC Deleted

=71 to =72 Wild type TATCC added
d-CRE1/2/3/a-GRE ~ —157 to —153 AGACG Deleted

—131to —129 GAC Deleted

—57 to =54 TGAC Deleted

=71 to =72 Wild type TATCC added
s-GRE =71 to —60 ACA---TG--CT TAT---AC--TA
s-167 —167 A G
s-AP4-1 —151 G T
s-142,3 —142to —143 AG CT
s-140 —140 A G
s-AP4-2 —124 G T
s-116 —116 C A
s-107,8 —107 to =108 CC AT
s-99 -99 C T
s-83,4 —83to —84 TC CT
s,a-TATA —41 to —40 TA AT

—37 to —38 Wild type T added

“ Abbreviations: a, addition; d, deletion; s, substitution; AP4, activating pro-

tein 4.

? Positions of sequence changes are indicated by the numbers which represent
the distance (in base pairs) relative to the RNA start site (+1).

petri dish and cultured for 24 h, and then the cells were transfected with plasmid
DNA by using Lipofectamine (GIBCO) as specified by protocol provided by the
manufacturer. Serum-free DMEM was the transfection medium, and 6 pl of
Lipofectamine was used. Cells were incubated with the DNA-Lipofectamine
mixture for 20 h before DMEM with FBS was added to a final concentration of
10% FBS. The cells (~10%dish) were harvested for CAT assay 48 h after the
transfection was started. To detect basal promoter function, 1 wg of LTR-CAT
plasmid DNA was used for each 35-mm dish. To detect promoter function in
response to p34Tax, 0.5 pg of each LTR CAT DNA and 0.5 pg of pSG-tax
plasmid DNA (a kind gift from Luc Willems), which contains the BLV tax gene
under the control of the simian virus 40 early promoter, were used for each
35-mm plate.

CAT ELISA. The promoter function of the BLV LTR was measured as the
amount of CAT protein produced by the transfected cells. CAT was detected by
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an enzyme-linked immunosorbent assay (ELISA) with the CAT ELISA kit
(Boehringer-Mannheim, Indianapolis, Ind.) as specified by the manufacturer.
Briefly, 48 h after transfection, cells were lysed with 0.5 to 1 ml of kit lysis buffer.
Cell lysates were pelleted, and 50 to 100 pl of the supernatant was used for the
ELISA. The absorbance readings were translated into CAT protein concentra-
tions from a standard curve established simultaneously in each ELISA experi-
ment, and the amount of CAT protein in each sample was adjusted according to
the concentration of total proteins in the cell lysate. The protein concentration
was measured with the bicinchoninic protein assay system as specified by the
manufacturer (Pierce, Rockford, IlL.).

EMSA. Oligonucleotides representing wild-type or mutated protein binding
sites were used as probes (Table 1). Double-stranded oligonucleotides were
obtained by mixing the complementary strands in a 1:1 ratio, heating to 80°C for
5 min, and cooling at room temperature for 1 h to anneal; they were stored at
4°C. For each electrophoretic mobility shift assay (EMSA) experiment, 1 pmol of
each oligonucleotide was 5'-end labeled with [y->?P]ATP (Amersham) and gel
purified (36). Nuclear protein extracts were prepared from Bat,Cls and Tb,Lu
cells essentially as described by Adam et al. (1). Extracts were stored at —70°C
until use.

A 1-pl volume of cell extract (=2 pg of total protein) was mixed with 1 ug of
sheared calf thymus DNA and 5 pl of 3?P-labeled oligonucleotide probe (10
fmol; 30,000 cpm) in 13 pl of binding buffer (40 mM NaCl, 20 mM Tris-HCI [pH
7.5], 4 mM DTT, 1 mM EDTA, 0.002% Triton X-100, 750 p.g of bovine serum
albumin per ml, 10% glycerol). The mixture was incubated for 1 h at room
temperature and then separated on a 5% polyacrylamide gel (10 V/cm) in 90 mM
Tris-borate buffer with 2 mM EDTA. The gels were dried and subjected to
autoradiography at —70°C with intensifying screens.

Statistical analysis. For CAT assays, differences between the various mutants
and the wild type were analyzed by the Dunnett ¢ test. This is a multiple-
comparison method which uses a pooled standard deviation and allows a com-
parison of multiple values to a single control. The minimum significance level was
P < 0.05 (two-sided test).

RESULTS

In vivo footprinting reveals multiple protein-binding sites in
the U3 region of BLV. Figure 2 shows the DMS methylation
patterns of both the noncoding strand (lanes 1 and 2, primer
set A) and the coding strand (lanes 3 and 4, primer sets B and
C) of the U3 region of BLV. At three CRE sites, two AP4 sites,
the TATA box, and the putative GRE site, the guanidines were
protected from DMS methylation on at least one strand, sug-
gesting that these areas are protein binding sites. In the NF-«B
site (bp —70 to —118), which contains a CAT box in the
middle, the guanidines were protected at several sites on both
strands, but one hypersensitive sites (bp —106 to —107) was
found on the noncoding strand. This suggests that the NF-xB
site is bound by multiple proteins or a large protein complex.
In addition, protein contacts were found in sequences on both
sides of the DR1/DR?2 region, in the core promoter region (bp
—40to +1), and in the R region shown on this gel (from RNA
start site to bp +30) and showed decreased sensitivity to DMS
for most of the residues, with a few hypersensitive ones.

Site-directed mutagenesis, EMSA (gel shift), and transient
gene transfection studies were used to further evaluate the in
vivo protein binding sites. The sequences of 13 protein binding
sites and 1 site with no detectable protein contacts were mu-
tated by site-specific mutagenesis, resulting in a total of 25
mutants (Table 2). Sequences of these mutants were confirmed
by sequencing both before and after subcloning into pBLCAT3
plasmid (data not shown). The promoter function of these
mutant LTRs was determined by a CAT ELISA after the
plasmid DNA was transfected into Tb,Lu cells (a cell line
identical to Bat,Clg, except that it is not infected with BLV).
The basal promoter activity of the wild-type and mutant LTRs
(in the absence of p34Tax) was detected by transfecting Tb,Lu
cells only with the LTR-CAT plasmid. To determine the func-
tion of the wild-type or a mutant LTR in response to p34Tax,
we cotransfected the LTR-CAT plasmid DNA into Tb,Lu cells
with plasmid pSGtax, which contains the BLV tax gene driven
by the simian virus 40 early promoter.
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FIG. 2. In vivo DMS footprinting of the BLV U3 region in the presence of
Tax. BLV-infected Bat,Cl, cells were used as the source of DNA. Lanes: 1 and
2, noncoding strand with primer set A; 3 and 4, coding strand with primer sets B
and C. In vitro (purified DNA) DMS-treated samples are in lanes 1 and 3. In vivo
(living cells) DMS-treated samples are in lanes 2 and 4. The locations of the
bands relative to the RNA start site are labeled at the left of each gel (negative
numbers for sequences upstream and positive numbers for the downstream of
the start site). Increased sensitivity to DMS (band in lane 2 darker than in lane
1, and band in lane 4 darker than in lane 3) is indicated by arrows pointing away
from the gel, and decreased sensitivity to DMS (lighter or no bands in lanes 2 and
4) is indicated by arrows pointing toward the gel. cis-acting elements reported in
the literature are indicated by open boxes on the right of the gel, the consensus
sequences of the AP4 sites are indicated by solid boxes, the core sequences of
three CRE-like elements are indicated by the hatched boxes, and the GREs are
indicated by dotted boxes.

Mutations in protein binding sites decrease or abolish pro-
tein binding. Three of the protein binding sites detected by in
vivo footprinting were further tested for protein binding by
EMSA:s. Figure 3 shows that wild-type sequences correspond-
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ing to CRE2 and site —142 to —143 bound to nuclear proteins
from BLV-producing Bat,Cl, cells but not from BLV-negative
Tb,Lu cells. In vitro protein binding at CRE2 was abolished by
a 3-bp deletion; protein binding at site —142 to —143 was
diminished by a 2-bp substitution. As reported in a separate
communication, the putative GRE site demonstrated binding
to purified glucocorticoid receptor protein, and this binding
was abrogated by each of six different types of mutations (45a).

Basal LTR promoter activity (in the absence of p34Tax) is
abolished by any mutation at any of the protein binding sites.
In the absence of p34Tax, all mutants except the negative
control mutant (s-167) showed three- to sixfold lower activity
than the wild-type LTR (Fig. 4A); the difference was statisti-
cally significant by the Dunnett ¢ test. The negative-control
sequence was from a site where no footprints were found; this
mutant (s-167) was the only one to show a similar function to
the wild-type LTR in both the absence and presence of p34Tax
(Fig. 4A and B).

The LTR promoter activity of mutants in the presence of
p34Tax is decreased, increased, or unchanged depending on
the location of the mutated protein binding site. (i) Mutants
with activity similar to the wild type. In addition to the nega-
tive control (s-167), six mutants showed activity similar to the
wild-type LTR. These six involved deletions or mutations in
the DR1 region (s-AP4-1 and s-140), the DR3 region (d-CRE3,
s-CRE3, and d-CRE3/aGRE), or both (d-CRE1/3) (Fig. 4B).

(ii) Mutants with decreased promoter activity. Seven mu-
tants showed only 0 to 20% of the wild-type LTR promoter
activity. Two of these mutants involved a mutation or deletion
of a single protein binding site in the DR1 region (s-142-3 and
d-CRE1) (Fig. 4B). The other five mutants all had deletions or
mutations in two or all the CREs with or without mutations in
the GRE region.

(iii) Mutants with increased promoter activity. Eleven of the
mutants had significantly stronger responsiveness to Tax than
did the wild-type LTR (Fig. 4B; from left to right, d-CRE2, s-
AP4-2,5-116, s-107,8, d-CRE1/2, 5-99, 5-83,4, s-GRE, d-CRE1/
s-GRE, d-CRE2/s-GRE, and s,a-TATA). All these mutants
involve sequence changes in the middle region of U3, including

CRE2 Site -142,3
Wild type  Mutant Wild type Mutant
@ e © ©
S ST = A
2 a 2 3 g 3 2 a
T LTI
Cold probe - -+ - - % MUY LA
. . .
Protein bound p» - - -
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1 2 3 4 5 6 7 8 9 10 11 12

FIG. 3. Gel shift assay to detect in vitro protein binding to wild-type and
some mutant cis-acting elements in the BLV LTR. Synthetic double-stranded
oligonucleotides were end labeled with [y->>P]ATP and used as probes. Nuclear
protein extracts were prepared from Bat,Cly (BLV-producing cell line) and
Tb,Lu (BLV-free parental cell line of Bat,Cly). Labeled probes were incubated
with nuclear extracts in the presence (+) or absence (—) of unlabeled probe (100
times the concentration of the labeled probe) and separated on a 5% nondena-
turing polyacrylamide gel. Protein-bound and free probes are indicated by the
arrowheads. Tb,Lu cell extracts were used for lanes 1, 4, 7, and 10 and Bat,Cl,
cell extracts were used for the remaining lanes.
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FIG. 4. Basal promoter function of the wild-type BLV U3 and 25 LTR mutants in the absence (A) and presence (B) of p34Tax (solid bars) with values in the absence
of p34Tax (open bars) shown for comparison. LTRs were inserted into a CAT reporter construct and transfected into BLV-negative Tb,Lu cells with or without
cotransfection with a tax-containing plasmid. Mutants are arranged according to their location on the U3 map (Fig. 1). Promoter activity was measured as nanograms
of CAT protein per 10 pg of total protein, and values were standardized by scaling the activity of the wild-type LTR to 1.0. Each value is the mean of five (A) or two
(B) trials in separate experiments. Asterisks indicate that the CAT activity of the mutant is significantly different from the wild-type LTR (P = 0.05 [Dunnett ¢ test]).
Abbreviations: a, addition; d, deletion; s, substitution; WT, wild type. Acronyms in capital letters refer to sites illustrated in Fig. 1.

the DR2, GRE, CAT box, and its flanking sequences (NF-«kB
site). Deletion in both CRE1 and CRE2 (d-CRE1/2) resulted
in significantly higher CAT activity than that of the wild type.
A 3-nucleotide deletion in CRE2 (Fig. 4B, d-CRE2) increased
the promoter function threefold, and the mutant with both a
deletion and a GRE mutation (d-CRE2/s-GRE) showed a
further increase in promoter activity.

Of these 11 mutants, 3 contained only a single mutation
(Table 2) (s-AP4-2, s-116, and s-99). It is interesting that a
single-base-pair mutation in AP4-1 (Table 2, s-AP4-1) did not
change the promoter function significantly but the same mu-
tation in AP4-2 (s-AP4-2) gave rise to the strongest promoter

function of all mutants, 14 times that of the wild-type LTR.
Point mutations at —116, (s-116), —107 to —108 (s-107,8), —99
(s-99), and —83 to —84 (s-83,4) increased promoter function
three- to fivefold, respectively (Fig. 4B). The TATA box (—43
to —36) was mutated so that it contained an AT-to-TA change
at the beginning and a T addition at the 3’ end (Table 2). This
dramatically increased the CAT activity (=~ 12-fold).

The effect of mutations on LTR promoter activity varies in
different cell types. To examine the role of the host cell in the
function of BLV cis-acting elements, we determined the CAT
activity of 11 LTR mutants in five other cell lines besides
Tb,Lu: BL3, a BLV-infected bovine B-lymphocyte cell line;
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CAT ACTIVITY RELATIVE TO THE WILD TYPE LTR

WTLTR
d-CRE1
s-AP4-1
d-CRE2
s-AP4-2
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d-CRE3
s, a-TATA

LTR CONSTRUCTS

FIG. 5. Promoter function of the wild-type BLV LTR and 11 LTR mutants
in six different cell lines: BL3 (bovine B lymphocytes) (A), Raji (human B
lymphocytes) (B), FLK (sheep fibroblasts) (C), GR (mouse mammary epithelial
cells) (D), MCF-7 cells (human mammary epithelial cells) (E), and Tb,Lu (bat
lung epithelium) (F). For BL3 and FLK cells, only the plasmid with the wild-type
or mutant LTR sequences was transfected, since these cell lines contain endog-
enous p34Tax. For the other four lines, wild-type or mutant LTR was cotrans-
fected into cells with the pSGtax plasmid. Bars represent the mean values
(nanograms of CAT protein per 10 pg of total protein) from two to four
independent experiments. Values were standardized by scaling the activity of the
wild-type LTR to 1.0. Asterisks represent statistically significant differences (P =
0.05 [Dunnett ¢ test]) relative to the wild-type LTR.

Raji, a human B-lymphocyte cell line; FLK, a BLV-producing
fibroblast cell line from fetal lamb kidney; GR, a mouse mam-
mary epithelial cell line; and MCF-7, a human mammary epi-
thelial cell line. These cell lines were chosen because they
originated from different cell types and species and also be-
cause they are convenient for transfection studies. The con-
structs used were the ones that contained a mutation or dele-
tion at only one protein binding site, so that the functions of
individual protein-binding sites could be analyzed. The effects
of mutations on promoter function are shown as increased or
decreased CAT activity of the mutants relative to the wild-type
LTR. The CAT activity of the LTR mutants in the six different
cell lines is shown in Fig. 5. Three types of responses of the
mutants to p34Tax were found: (i) mutations at CRE1 and
CRES3 are the only ones that showed decreased CAT activity in
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all the cell lines (some decreases were not statistically signifi-
cant); (ii) the CAT activity of some mutants was similar to that
of the wild-type LTR in some cell lines but increased or de-
creased in other cell lines; and (iii) FLK and Tb,Lu were the
only cell lines to show any increased activity with mutations at
any site.

The BLV U3 region of BLV can be largely divided into four
functional units. Figure 6 summarizes the data from in vivo
footprinting of the BLV U3 region in the virus-producing
Bat,Cl, cells and the CAT assays to detect promoter function
of the mutants in Tb,Lu cells. According to CAT activities of
mutant LTRs, the U3 region was shown to contain four func-
tional units: a core promoter region, from the RNA start site to
the 5’ of the TATA box; a dual regulatory region, from the 5’
end of DR3 to the 5’ end of AP4 (including CRE2, AP4, the
NF-«B site, and GRE); and two positive regulatory regions,
CREI1 and DR3.

DISCUSSION

Using in vivo footprinting and EMSA, we demonstrated
multiple protein binding sites in the U3 region of the BLV
LTR, and by site-directed mutagenesis and transient gene
transfection studies, we found that protein-DNA interactions
at these sites are important for the transactivation of the BLV
LTR. In the absence of p34Tax (Fig. 4A), all except one of the
mutants showed lower CAT activity than the wild-type LTR,
indicating that basal promoter activity of the BLV LTR re-
quires an intact U3 region in which none of the protein binding
elements are dispensable. The only mutant (s-167) that showed
basal CAT activity similar to the wild-type LTR was the one at
a position where no footprints were found (Fig. 2). It was used
as a negative control. These results suggest that binding of
cellular proteins to viral cis-acting elements is necessary for the
basal-level promoter function of the LTR and may explain how
BLV transcription is launched in the initial absence of p34Tax.

In the presence of p34Tax, however, the promoter function
of the mutants varied with each mutated protein binding site
and with the cell type used. Footprints were obvious at three
CRE-like cis-acting elements shown by others to be recognized
by cellular proteins in EMSASs (1, 44). Partial deletion of the
core sequences of CRE1 and CRE3 reduced the CAT activity
in all cell lines tested (Fig. 5), suggesting that these elements
may be the binding sites for ubiquitous positive regulatory
proteins. Since CRE3 is immediately upstream of the TATA
box, the transcription factor specific for this element may help
stabilize the binding of the TATA factor (TFIID) to the TATA
box. Hirano and Wong (20) demonstrated that such interaction
is possible and that proteins binding to the promoter contain-
ing the TATA box and the upstream enhancer elements are
cooperative in their function. This may explain why a deletion
in CRE3 had a greater effect than the one in CREI1. The
cooperative effects of the three CREs on the promoter func-
tion of BLV LTR were studied in the Tb,Lu line. Various
mutants were made to contain a deletion of 3 to 5 bp in one,
two, or all three of the CRE core sequences. Our findings that
CRE2 alone (when both CRE1 and CRE3 were partially de-
leted) was able to maintain some normal function and that the
CRE?2 sequence was able to be bound by proteins in vitro (Fig.
3) are consistent with the results of previous studies by Katoh
et al. (23), who reported that a synthetic promoter containing
only CRE2 was responsive to BLV p34Tax. We found that
CRE1 had no function in the absence of intact downstream
CREs, although it may function as an upstream enhancer in
p34Tax-mediated transactivation of the BLV LTR (9). In our
study, the mutant containing CRE3 alone (both CRE1 and
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in other cell lines.

CRE?2 were partially deleted) had significantly increased func-
tion. In contrast, Derse (9) found that CRE3 was almost non-
functional in the absence of the upstream cis-acting elements.
In his study, large deletions created by restriction enzymes,
rather than small deletions made by site-directed mutagenesis,
were used and all the sequences upstream of CRE3 were
deleted. These technical differences may explain the discrepant
results. Truncation of the upstream sequence may affect pro-
tein binding at downstream cis-acting elements close to the
core promoter. Parekh and Hatfield (30) reported that pro-
teins binding to an upstream activating sequence can activate
transcription from a downstream promoter by DNA bending.
We found footprints at two AP4 sites shown by others to be
recognized by proteins in gel shift assays (42) and in in vitro
(DNase I) footprinting assays (6). Like Unk et al. (42), we
found that transcription factor AP4 may be involved in the
transactivation of BLV LTR, but according to our data, the
effect may vary with the cell line and is affected by sequences
flanking the E-box, since the same point mutation in AP4-1
and AP4-2 affected the function of the LTR differently in
different cell lines. Since the AP4 sites overlap those of the
CRE:s, binding of AP4 to its consensus sequence may also be
affected by other regulatory proteins such as CREBs. AP4 may

either enhance or suppress the function of the LTR depending
on which of the two sites it binds.

Mutations in the NF-kB site (Fig. 6; Table 2, s-83, 4, s-99,
and s-116) also showed opposite effects in different cell types.
Our finding are consistent with previous reports that the
NF-«B site is a dual-function element. In addition to function-
ing as a transcriptional enhancer element for a variety of genes
(reviewed in reference 6), it can exert a negative effect on some
cellular genes (13-15). The negative effect of the NF-kB site
can also result from binding of other repressors that compete
with NF-«kB for the DNA sequence (15).

It is surprising that mutation of the TATA box also had
different effects in different cell lines. Possible explanations
come from previous observations that the function of the tran-
scription initiation complex is affected by the upstream en-
hancer binding transcription factors (17, 20, 22). Grayson et al.
(17) also showed that subtle sequence changes in the TATA
box affected the tissue-specific function of the myoglobin gene
promoter. It is likewise possible that the presence or absence
of tissue-specific transcriptional factors determines whether
the BLV TATA box is functional.

Our data indicated that novel cis-acting elements other than

CREs, AP4 and NF-«B sites may play a role in the BLV LTR
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transactivation. One such element, as yet unnamed, is presum-
ably located at the 3’ end of DRI, since a 2-base mutation at
—142 and —143 significantly reduced the promoter activity of
the LTR (Fig. 4B, s-142,3, P < 0.005) and greatly reduced
protein binding in the gel shift assay (Fig. 3). Another such
element is the GRE-like sequence just upstream of the CRE3,
which we have previously shown to be a key element in the
responsiveness of BLV to glucocorticoids such as dexametha-
sone (29, 45a).

Both positive and negative regulation may be involved in the
transcriptional activation of the BLV LTR. If a deletion or
mutation results in decreased activity, it indicates that the
cis-acting element is necessary for promoter activation and
therefore is a PRE. On the other hand, if a deletion or muta-
tion leads to increased promoter function, it suggests that this
sequence is an NRE normally bound by a protein which sup-
presses the transcription activation of the LTR. In the pres-
ence of p34Tax, two AP4 sites, the second 21-bp repeat (DR2),
the NF-kB site, and the GRE function as either PREs or
NRESs. However, in the absence of p34Tax, all sites function as
PREs. There are at least two possible explanations for this: (i)
some cellular proteins may function as transcription factors to
maintain low-level transcriptional activity in the absence of
p34Tax, but they can function as repressors in the presence of
p34Tax to prevent overactivation of the LTR; and (ii) p34Tax
may activate its own promoter both by recruiting critical tran-
scription factors and by releasing transcription repressors. In
the absence of p34Tax, no such transcription factors are avail-
able for transcription activation and the LTR cannot be acti-
vated even in the absence of repressors. Therefore deletion or
mutation of a repressor sequence does not increase the pro-
moter activity of the LTR in the absence of p34Tax.

cis-acting elements in the U3 region of proviruses are the
major determinants for retrovirus tissue tropism at the repli-
cation level (8), although sequences outside the LTR may also
affect the tissue tropism of some retroviruses (45). Our results
suggest that BLV transcription varies in different cell types and
raise the possibility that host regulatory factors play an impor-
tant role. This is particularly intriguing, since the tissue tropism
of BLV in vivo is now known to extend beyond bovine B
lymphocytes to mammary epithelial cells (7) and possibly to T
lymphocytes (2, 28) and endothelial cells (34). Tissue-specific
and/or differentiation-specific proteins may be required for the
activation of BLV transcription, as is the case for the human
papillomaviruses (39). This is supported by previous observa-
tions that BLV expression (virus particles, RNA, or viral pro-
teins) was not detected in freshly isolated peripheral blood
lymphocytes of animals infected with the virus or in BLV-
positive tumor cells, but these cells were able to produce virus
after 24 to 48 h in culture (reviewed in reference 24). Virus
production was further increased with mitogens such as con-
canavalin A, lipopolysaccharide, and pokeweed mitogen (3, 11,
41). In vivo, positive lymphocytes were detected only in lymph
nodes, where B cells would be undergoing differentiation to
plasma cells (19).

Expression of BLV appears to be regulated by soluble host
factors (41, 48, 49). Zandomeni et al. reported that both stim-
ulatory and inhibitory factors are present in plasma and lym-
phatic fluid of infected cows. After removal of the stimulatory
factor, the inhibitory activity can consistently be detected. Al-
though these investigators identified the host inhibitory factor
as a molecule that binds to immunoglobulin G, the nature of
the inhibitory factor is still unclear and even less is known
about the molecular mechanisms involved in this phenomenon.
It is possible that NREs in the U3 region of the BLV LTR are
the target for this host inhibitory factor, which may be respon-
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sible for BLV latency. A possible advantage of an NRE is to
keep BLV expression at a low level in vivo and hence to reduce
the host immune response to the virus.

In this research, we have for the first time delineated in vivo
protein-DNA interactions in the entire U3 region of BLV and
systematically analyzed the interaction sites by site-directed
mutagenesis. Similar work has not been reported for any mem-
ber of the HTLV/BLV group of retroviruses. Based on our
data, we propose that the U3 region of BLV LTR consists of
four functional units (Fig. 6): the core promoter region; two
positive regulatory elements (the 5" region of the U3 region
containing the DR1 and part of DR3 containing CRE3), and a
dually functional region containing the cis-acting elements
CRE2, AP4-2, and the NF-«B site. Although site-directed mu-
tagenesis was not performed in the first 60 nucleotides of the
U35’ region, previous studies by Derse showed that this region
is an enhancer element. Further experiments testing the ex-
pression pattern of recombinant viruses containing mutations
in these regions in different cell types are necessary to deter-
mine if this dually functional region is responsible for the la-
tent status of BLV in vivo in infected peripheral B lymphocytes
and tumor cells.
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