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Type B leukemogenic virus (TBLV) induces rapidly appearing T-cell tumors in mice. TBLV is highly related
to mouse mammary tumor virus (MMTYV) except that TBLV long terminal repeats (LTRs) have a deletion of
negative regulatory elements and a triplication of sequences flanking the deletion. To determine if the LTR
triplication represents a viral enhancer element, we inserted the triplication upstream and downstream in
either orientation relative to the thymidine kinase promoter linked to the luciferase gene. These experiments
showed that upregulation of reporter gene activity by the TBLYV triplication was relatively orientation inde-
pendent, consistent with the activity of eukaryotic enhancer elements. TBLV enhancer activity was observed in
T-cell lines but not in fibroblasts, B cells, or mammary cells, suggesting that enhancer function is cell type
dependent. To analyze the transcription factor binding sites that are important for TBLV enhancer function,
we prepared substitution mutations in a reconstituted C3H MMTV LTR that recapitulates the deletion
observed in the TBLV LTR. Transient transfections showed that a single mutation (556M) decreased TBLV
enhancer activity at least 20-fold in two different T-cell lines. This mutation greatly diminished AML-1
(recently renamed RUNX1) binding in gel shift assays with a mutant oligonucleotide, whereas AML-1 binding
to a wild-type TBLYV oligomer was specific, as judged by competition and supershift experiments. The 556
mutation also reduced TBLV enhancer binding of two other protein complexes, called NF-A and NF-B, that did
not appear to be related to c-Myb or Ets. AML-1 overexpression in a mammary cell line enhanced expression
from the TBLV LTR approximately 30-fold. These data suggest that binding of AML-1 to the TBLV enhancer,

likely in combination with other factors, is necessary for optimal enhancer function.

Mouse mammary tumor virus (MMTV) causes mammary
carcinomas and, at lower frequency, T-cell lymphomas in mice
(2, 18, 46). At least one strain of MMTYV, type B leukemogenic
virus (TBLV), causes exclusively T-cell tumors with a short
latency (2 to 3 months) (14). TBLV is virtually identical to
MMTYV strains that cause mammary tumors, except in the
region of the long terminal repeats (LTRs) (4). The TBLV
LTRs have a 443-bp deletion that is accompanied by triplica-
tion of the 62-bp sequences flanking the deletion (4). We and
others have shown that this deletion eliminates several nega-
tive regulatory elements (NREs) that bind the homeoproteins,
special AT-rich binding protein 1 (SATB1) and CCAAT dis-
placement protein, and suppress MMTV expression in lym-
phoid cells (9, 24, 35). Mutation of the promoter-proximal
SATBI binding site in the MMTYV LTR elevates expression in
lymphoid tissues of transgenic mice (35). Acquired MMTV
proviruses in T-cell lymphomas invariably delete this SATB1
binding site in the LTR (4, 24, 32, 35, 45), leading to elevated
transcription of the viral genome and integration near proto-
oncogenes, e.g., c-myc (55). Moreover, Yanagawa et al. showed
that substitution of the L'TRs of a mammotropic MMTYV pro-
virus with truncated LTRs lacking the NREs resulted in a
provirus that caused exclusively T-cell tumors (66). These re-
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sults indicated that loss of the NREs is critical for MMTV-
induced T-cell lymphomas.

Multimerization of sequences flanking the NRE deletion
also is common in MMTYV strains that cause T-cell tumors (4,
32, 45). Paquette et al. have shown that the TBLV LTR (con-
taining both an NRE deletion and a triplication) was sufficient
to direct c-myc or CD4 expression primarily to the thymic
tissues of transgenic mice; the TBLV LTR—c-myc transgenic
mice developed exclusively CD4" CD8" T-cell tumors (54),
whereas TBLV induces both CD4" CD8" and CD4~ CD8~
lymphomas in mice (42, 48). Multimers of L'TR elements have
been proposed to function as T-cell-specific enhancers based
on transfection experiments in cell culture (61, 67). In support
of this hypothesis, results from Yanagawa et al. indicated that
multimerized regions flanking the NRE deletion accelerated
lymphomagenesis compared to MMTYV strains that had simple
LTR deletions (66). Analysis of other leukemogenic murine ret-
roviruses also reveals the presence of repeated regions within the
LTRs that are important for viral disease specificity (10, 15, 25,
33, 56). For example, replacement of the enhancer repeats in the
LTRs of a thymotropic Moloney murine leukemia virus (MuLV)
with the enhancer of an erythroleukemia-inducing MuLV is suf-
ficient to switch viral disease specificity (11, 20, 26). Mutagenesis
experiments have shown that several transcription factor binding
sites within the MuLV enhancers are crucial for the ability of
these viruses to induce T-cell lymphomas, including those for
AML-1 (47) (also known as RUNXI1 [36, 38], polyomavirus en-
hancer binding protein 2 [1], SL3 enhancer factor 1 [62], and core
binding factor [39, 60]), c-Myb (51), and Ets-1 (34, 37, 51, 69).
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To determine the role of the TBLV LTR in viral transcrip-
tional specificity in T cells, we inserted the TBLV LTR en-
hancer region upstream of the C3H MMTV promoter in a
luciferase reporter vector. The repeated region elevated
MMTV promoter activity at least 100-fold in transient trans-
fection assays of T-cell lines. The increased activity was detect-
able when the repeats were upstream or downstream of a
herpes simplex virus (HSV) thymidine kinase (TK) promoter
in either orientation, typical of eukaryotic enhancer elements,
yet the enhancer activity appeared to be cell type specific.
Mutagenesis experiments indicated that a region spanning the
+556 site in the TBLV LTR was crucial for enhancer activity
in T cells. Gel shift experiments indicated that the transcription
factor AML-1, and two unknown complexes, bound to this
critical region. AML-1 overexpression elevated TBLV LTR
reporter gene expression approximately 30-fold in non-T cells.

MATERIALS AND METHODS

Construction of plasmids. Plasmid pC3H-LUC previously described as pLC-
LUC (9), has been modified by the destruction of the SsI site in the polylinker;
this construct contains the MMTV C3H LTR upstream of the firefly luciferase
gene. Plasmid pTBLV-LUC was engineered by replacement of the ~760-bp
Clal-to-SstI fragment of the C3H MMTYV LTR in pC3H-LUC with the ~440-bp
Clal-to-SstI fragment of the TBLV LTR; this region of the TBLV LTR includes
the triplicated enhancer sequence as well as the 443-bp deletion of the NREs (4)
(Fig. 1). The pC3HANRE-LUC vector was created by digestion of pC3H-LUC
with AflII, filling the ends, digestion with Stul, and religation. The vector
pC3H3RANRE-LUC was made by substitution of a ~240-bp Stul-to-SstI frag-
ment from the TBLV LTR (generated by PCR using a 5" primer with a Stul site)
for the ~531-bp Stul-to-SstI fragment of the C3H MMTV LTR. Plasmid
pC3H3R-LUC was engineered by insertion of the Stul-to-SstI fragment of
pC3H3RANRE-LUC into the Stul site of the pC3H-LUC vector.

The pd6 parental vector for substitution mutations was prepared using a
recombinant PCR strategy (23). Using pLC-LUC as a template, two separate
PCRs were performed, one using LTR 329+ (5" CCG CAT CGA TTT TGT
CCT TCA 3') and LTR 523— (5" CGT TTT AGG CCT TTG AGG TTG AGC
GTC TCT TTC T 3') and the other using LTR 1024+ (5" CCT CAA AGG CCT
AAA ACG AGG ATG TGA GAC AAG T 3’) and LTR1068- (5" CTC AGA
GCT CAG ATC AGA ACC TTT GAT 3’). (The added Stul site is shown in
bold.) The products were purified by polyacrylamide gel electrophoresis, and
equimolar amounts of the two PCRs were combined. Using LTR 329+ and LTR
1068—, the final product was amplified, resulting in the deletion of the LTR
sequence from positions 523 to 1024 and the creation of a Stul site. Plasmid
pC3H-LUC was partially digested with Clal and completely digested with SstI,
and the Clal-to-SstI fragment from the C3H LTR was removed by gel purifica-
tion using Prep-A-Gene matrix (Bio-Rad, Hercules, Calif.). The TBLV PCR
product also was digested with Clal and SstI and ligated into the digested vector
to generate pd6. This clone was verified by sequencing. The wild-type 62-bp
enhancer element was cloned into the vector pPGEM-TEasy (Promega, Madison,
Wis.), and the resulting plasmid (pGEM-62) was used to generate single copies
of the substitution mutants by a modification of the QuikChange site-directed
mutagenesis method described by Stratagene (La Jolla, Calif.). Briefly, the plas-
mid vector was mixed with complementary primers containing 6- to 8-bp muta-
tions (including a BglII site) in the enhancer element; each mutation was flanked
by 16 to 22 bp of the pGEM-62 sequence. After PCR using PfuTurbo (Strat-
agene), a mutant enhancer plasmid with staggered nicks was generated and the
reaction was digested with Dpnl, thus cleaving the methylated parental wild-type
DNA. The undigested mutant plasmids then were recovered by transformation
of Escherichia coli DH5a and screened for the presence of an appropriate Bg/II
site. The mutations (shown in Fig. 4A) were verified by sequencing and then
amplified by PCR using primers that had been treated with T4 polynucleotide
kinase. The PCR products then were concatemerized, and the triplicated product
was purified and cloned into the pd6 vector that had been linearized with Stul.
Clones containing the triplication in the correct orientation were verified by
sequencing.

Plasmid pRL-TK (Promega) contains the HSV TK promoter upstream of the
sea pansy (Renilla reniformis) luciferase gene. After digestion with either BamHI,
Bglll, or HindIII to linearize the plasmid, blunt ends were generated by treat-
ment of the linear vectors with Klenow enzyme (New England Biolabs, Beverly,
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Mass.), and 5’ phosphates were removed using calf intestinal phosphatase
(Roche Molecular Biochemicals, Mannheim, Germany). The triplicated en-
hancer region of the TBLV LTR was amplified by PCR using a positive-strand
primer (5" AAT AGA AAG AGA CTC TCA ACC TC 3'), a negative-strand
primer (5" AAC CACTTG TCT CAC ATC CTC G 3'), and pTBLV-LUC as the
template. The primers were treated with T4 polynucleotide kinase prior to
ligation with the vector. Individual clones were verified by sequencing.

Cell culture and preparation of cell extracts for gel shift assays. The culture
of Jurkat human T cells has been described elsewhere (35). The RL1 (42),
LBB.11 (49), and A20 (29) cell lines were maintained in RPMI medium (GIBCO
BRL, Gaithersburg, Md.) supplemented with 7.5% fetal bovine serum (FBS);
Summit Biotechnology, Fort Collins, Colo.), gentamicin sulfate (50 pg/ml),
streptomycin (50 pg/ml), penicillin (100 U/ml), and 5 X 107> M 2-mercapto-
ethanol. Culture of NMuMG (53) and HC11 (5) mouse mammary cells has been
described elsewhere (70). Whole-cell extracts were prepared by washing the cells
with Tris-buffered saline (10 mM Tris-HCI [pH 7.4], 150 mM NaCl) prior to
sonication on ice in microextraction buffer (20 mM HEPES [pH 7.4], 450 mM
NaCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 25% glycerol) supplemented with
1.25 mM phenylmethylsulfonyl fluoride (Sigma, St. Louis, Mo.) and 0.2 mM
pepstatin A (Sigma). After sonication, the lysates were clarified by centrifugation
at 13,000 X g at 4°C, and protein concentrations were determined as previously
described (70). Alternatively, whole-cell extracts were prepared by washing cells
with Tris-buffered saline prior to disruption with glass beads (Sigma).

Transfections. DNA samples for transfection were prepared as described by
Bramblett et al. (9). Jurkat T cells were transfected using SuperFect transfection
reagent (Qiagen, Inc., Valencia, Calif.) as specified by the manufacturer. Cells
(2.5 X 10°) were plated in six-well plates in a volume of 2.5 ml of complete
medium on the day of transfection. In some cases, cells were cultured in 7.5%
charcoal-stripped FBS to remove endogenous steroid hormones. Samples in-
cluded 2 pg of pC3H-LUC or one of the substitution mutants and 0.25 pg of
pRL-TK. DNA was mixed with 75 pl of RPMI medium with no additives.
Superfect (10 pl) was mixed with the DNA and incubated for 10 min at room
temperature. The solution then was added dropwise to the cells and mixed
thoroughly. XC cells were passaged to achieve 90% confluence on the following
day. The wild-type or substitution mutant plasmids (5 pg) and pRL-TK (0.5 pg)
were transfected using DMRIE-C transfection reagent (GIBCO BRL) according
to instructions from the manufacturer. RL1 cells were passaged to achieve 80 to
90% confluence on the following day. The wild-type or mutant plasmids (30 pg)
and pRL-TK (5 pg) were transfected using a BTX (San Diego, Calif.) electro-
porator at 140 V and 1,900 pF in a 0.2-cm cuvette. Cells were electroporated at
a concentration of 107/200 pl in RPMI medium containing 10% FBS. HC11 cells
were passaged to achieve 90% confluence on the following day. Plasmids con-
taining firefly luciferase (30 pg) and pRL-TK (2 pg) were transfected using a
BTX electroporator at 165 V and 1,700 wF in a 0.2-cm cuvette. Electroporations
were performed at a concentration of 107 cells/200 ul in RPMI medium con-
taining 10% FBS. The LBB.11 cells were electroporated by the method of
Knutson and Yee (30). Cells were seeded at 6 X 10° cells/ml the day prior to
transfection, and 2 X 107 cells were electroporated with a test plasmid (30 pg)
and a control reporter plasmid (5 png) in 550 wl of complete medium in a 1-cm
cuvette at 2,000 V and 100 wF (electroporator; University of Wisconsin Medical
Electronics Laboratory). All cells (except for LBB.11) were incubated for 48 h at
37°C prior to preparation of extracts for reporter gene assays. LBB.11 cells were
harvested at 24 h.

Reporter gene assays. Assays were performed using the Dual-Luciferase re-
porter assay system (Promega) that independently measures Renilla and firefly
luciferase activities. Briefly, cells were rinsed once with phosphate-buffered sa-
line and subsequently disrupted using passive lysis buffer (Promega) and two to
three freeze-thaw cycles. The lysates then were clarified by centrifugation at
13,000 X g for 5 min at 4°C. Luciferase activity was determined according to the
manufacturer’s instructions using a Turner TD-20e luminometer (Turner De-
signs, Inc., Sunnyvale, Calif.) after assays for protein concentration. Samples
were normalized for DNA uptake using luciferase values obtained from the
cotransfected pRL-TK or firefly luciferase vectors.

EMSAs. Probes for electrophoretic mobility shift assays (EMSAs) were pre-
pared by annealing the appropriate oligonucleotides and end labeling with Se-
quenase version 2.0 (Amersham Pharmacia Biotech, Piscataway, N. J.) as de-
scribed previously (35). DNA binding reactions (10 to 20 wl) were performed on
ice in a buffer containing 20 mM HEPES (pH 7.9), 1 mM MgCl,, 0.1 mM EGTA,
0.4 mM dithiothreitol, 200 mM KClI, 12 pg of salmon sperm DNA/ml, and 4 pg
of poly(dl-dC) (Amersham Pharmacia). Reactions were analyzed using 4% non-
denaturing polyacrylamide gels and TBE running buffer (22.3 mM Tris base, 22.3
mM boric acid, 0.5 mM EDTA) prior to autoradiography of the dried gel.
Supershift experiments were performed with rabbit antiserum against the
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FIG. 1. Structures of MMTYV and TBLV LTRs. The U5, R, and U3
regions are shown. The start of transcription (+1) occurs at the U3/R
junction. Horizontally striped regions indicate positions of the NREs
in the MMTYV LTR; black and diagonally hatched elements within the
U3 region indicate sequences flanking the NREs in the MMTV LTR
that are present in three copies in the TBLV LTR. The triplicated
element is shown as the T-cell enhancer in the TBLV LTR.

AML-1 peptide Arg-lle-Pro-Val-Asp-Ala-Ser-Thr-Ser-Arg-Arg-Phe-Thr-Pro-
Pro-Ser as described previously (41). To verify the specificity of supershift ex-
periments, the peptide (4 pug) was preincubated with antibody before addition to
EMSAs.

J. VIROL.

RESULTS

Unique cis-acting elements in the TBLV LTR confer T-cell-
specific transcriptional activity. Previous experiments using
TBLV LTR reporter genes in transgenic mice suggested that
TBLYV has a unique transcriptional control region that is pref-
erentially active in CD4" CD8" T cells (54). Examination of
the TBLV LTR sequence shows that there is a deletion of 443
bp of the U3 region and triplication of 62 bp flanking the
deletion relative to the MMTV LTR (Fig. 1) (4). We have
previously reported the presence of several NREs within the
MMTV LTR that inhibit transcription in lymphoid tissues (9,
24). Therefore, the contributions of the NRE and the triplica-
tion to TBLV-mediated transcription were determined. We
compared the transcriptional activity of the wild-type C3H
MMTYV LTR with that of an LTR containing an NRE deletion
between the Stul and AfII sites (p)C3HANRE-LUC), an LTR
with an insertion of the triplicated region from TBLV into the
Stul site (pC3H3R-LUC), or a C3H LTR containing either a
substitution of the TBLV LTR region between the Clal and
Sstl sites (pTBLV-LUC) or Stul and SsfI (pC3H3RANRE-
LUC) (Fig. 2A). Transient transfections of these constructs
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FIG. 2. cis-acting elements in the TBLV LTR lead to high transcriptional activity in T cells. (A) Reporter gene constructs used in transient
transfection assays. The positions of relevant restriction enzyme sites within the U3 region that were used for cloning are shown. The construct
pTBLV-LUC was prepared by substituting the Clal-to-SstI fragment of TBLV for the Clal-to-SstI fragment of pC3H-LUC. The construct
pC3H3RANRE-LUC was made by substitution of a Stul-to-SstI fragment from the TBLV LTR for the Stul-to-SstI fragment of pC3H-LUC. (B)
Activities of reporter gene constructs in Jurkat cells. Luciferase (LUC) activity is given in light units/100 wg of protein normalized for DNA uptake
as measured by cotransfection with the pRL-TK reporter plasmid. Luciferase activity is reported relative to that of pC3H-LUC, assigned a value
of 1; standard deviations from the means of triplicate assays are shown. (C) Activities of reporter gene constructs in RL1 cells. Luciferase activity
is reported relative to pC3HANRE-LUC (assigned a value of 1) since pC3H-LUC was not detected in these assays.
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TABLE 1. Activities of MMTV and TBLV-LTR reporter gene
constructs in non-T-cell lines

Relative luciferase

Cell line LTR promoter activity”

HC11 mammary cells C3H MMTV 1.0 0.1
TBLV 0.5=0.1
XC rat fibroblasts C3H MMTV 1.0 0.2
TBLV 1.0 £ 0.1

LBB.11 B cells C3H MMTV 1.0 0.1
TBLV 1.8 03

“ Luciferase activity in light units/100 pg of protein extract was determined.
Values for pTBLV-LUC then were calculated relative to a value of 1.0 for
pC3H-LUC.

into Jurkat T cells showed that elimination of the NREs be-
tween the C3H MMTV Stul and AfII sites (pC3HANRE-
LUC) elevated reporter gene expression threefold compared
to pC3H-LUC (Fig. 2B). Inclusion of the TBLV triplication in
the NRE-minus LTR (either pTBLV-LUC or pC3H3RANRE-
LUC) increased expression ca. 700- to 800-fold over that
observed with pC3H-LUC, whereas the triplication alone
(pC3H3R-LUC) elevated expression ca. 250-fold above the
activity of the C3H MMTV LTR. These assays revealed that
the combined effects of the deletion and triplication were suf-
ficient to account for the differences in the transcriptional
activities of the MMTYV and TBLV LTRs in Jurkat cells.

Transient transfections with MMTV and TBLV LTR con-
structs also were performed in RL1 T cells and other cell types.
Results for RL1 cells (CD4" CD8") were similar to those for
Jurkat cells except that we could not detect the basal activity of
the MMTV promoter in RLI1 cells (probably due to lower
transfection efficiencies) (Fig. 2C). In contrast to results ob-
tained with T-cell lines, there was little difference in the tran-
scriptional activity of the C3H MMTYV LTR relative to the
TBLV LTR in HC11 mouse mammary cells, XC rat fibroblasts,
or LBB.11 mouse B cells (Table 1). Together, these experi-
ments showed that loss of the NREs and acquisition of the
triplicated region allowed higher transcriptional activity of the
MMTV LTR in T cells but not other cell types, including B
cells.

Enhancer properties and cell-type specificity of the TBLV
triplication. Because the TBLV triplication is reminiscent of
other retroviral enhancer regions that have been shown to be
important for viral disease specificity (10, 16, 33, 56), we am-
plified the entire triplicated region (three copies of the 62-bp
sequence) using PCR and inserted the triplication in both
orientations at three positions upstream and downstream of
the HSV TK promoter in the pRL-TK reporter gene plasmid
(Fig. 3A). The resulting constructs then were used in transient
transfections of Jurkat T cells. Insertions of the TBLV LTR
triplication upstream or downstream showed 9- to 89-fold el-
evation of luciferase expression from the TK promoter, and
expression was relatively orientation independent (Fig. 3B).
The highest level of expression was observed when the tripli-
cation was downstream of the reporter gene in the sense ori-
entation. These results were consistent with the ability of the
TBLYV LTR triplication to act as a transcriptional enhancer (7,
31).

To determine if the LTR enhancer activity was cell type
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FIG. 3. Transcriptional enhancement by the TBLV triplication is rel-
atively independent of distance and orientation from the HSV TK pro-
moter. (A) Structures of plasmids containing the TBLV triplication in the
pRL-TK vector. The transcriptional orientations of the Renilla luciferase
(R-LUC) and ampicillin resistance (Amp") genes are shown by arrows
above the plasmid construct. The TBLV triplication was inserted in three
positions within the TK promoter-luciferase vector at the Bgl/Il, HindIlI,
and BamHI sites. The forward (F) and reverse (R) orientations of the
triplication inserts are shown by arrows below the plasmid construct. (B)
Transient transfections in Jurkat human T cells. (C) Transient transfec-
tions in RL1 mouse T cells. (D) Transient transfections in rat XC fibro-
blasts. Standard deviations from the means of triplicate assays are shown.
Luciferase activity is reported as described in the legend to Fig. 2 except
that values are relative to that for the pRL-TK plasmid without the TBLV
enhancer (assigned a value of 1). DNA uptake was normalized using
pTBLV-LUC.

dependent, we used the pRL-TK plasmids containing the
TBLYV triplication for transient transfections in a second T-cell
line, RL1. Such experiments showed orientation-independent
enhancement of TK promoter activity (Fig. 3C). We also used



J. VIROL.

2178 MERTZ ET AL.

443 bp deletion

A

Stul

T

RU5

insert triplication

7

/

%
2

NN

/il

/ 

WT

540M acagatct-—-——--—=—-———————

cagttgaagaacaggtgcggttcecccaaggcttaagtaagtttatggttacaaactgttcectta

548M ———————-— t-gatcte-——-——— -
556M ———————————————— tag-a--t-- oo ————————
564M -——————————m e — at--—atc-—-—-————mr———
B72M ——m—m—m e —e o A=Cltmmm e
578M ————— e tgag--ct———-—mom -
586M —-—— gagatcta---—-----
594M —— gagatc-t
B 5 200

3 150 — I

3 100 - O Jurkat (CD4+)

g u RL1 (CD4+ CD8+)

& 501

é 0

€ @"& @@é @"Qs <§’°§\ 6\‘& 6‘@ 6‘b§ éb&

LTR-Reporter Constructs

FIG. 4. Characterization of substitution mutants in the TBLV LTR

enhancer. (A) Diagram of the TBLV LTR and positions of enhancer

substitution mutations. The reporter gene plasmid used as the backbone for preparation of the substitution mutations (pd6) was prepared as
described in Materials and Methods. After the NREs were removed and replaced with a Stul site, triplicated regions containing the wild-type (WT)
or mutant (M) sequences were inserted. (B) Reporter gene activity of mutant enhancers in transient assays in Jurkat or RL1 T cells. Means of
triplicate assays with standard deviations are shown. Luciferase activity was determined as described in the legend to Fig. 2 except that values are
relative to that of the pTBLV-WT-LUC vector (assigned a value of 100).

the same constructs to perform transient transfection assays in
XC rat fibroblast cells (Fig. 3D). In these experiments, the
TBLYV triplication did not enhance transcription from the TK
promoter; instead, the presence of the triplication inhibited
(up to fivefold) transcriptional activity of the promoter. Similar
results were obtained with HC11 mammary cells (data not
shown). Together with previous results, these experiments sug-
gest that the TBLV enhancer is active only in specific cell
types, particularly T cells.

Activity of TBLV enhancer mutations. To determine the
specific sequences required for T-cell enhancer activity, we
prepared a reporter gene construct that replicated the TBLV
LTR changes in the context of the C3H MMTYV LTR. A 62-bp
enhancer monomer from the TBLV LTR was synthesized,
triplicated, and inserted into the Stul site of a C3H MMTV
LTR that had been modified by deletion of the 443-bp se-

quence that includes the NRE and replacement with a Stul
restriction site (pTBLV-WT-LUC) (Fig. 4A). Transient trans-
fections comparing the transcriptional activities of pTBLV-
WT-LUC and pTBLV-LUC (Fig. 2) revealed no significant
differences (data not shown). Subsequently, 6- to 8-bp substi-
tution mutations containing a Bg/II site were introduced across
the length of the enhancer monomer, triplicated, and inserted
into the Stul site as indicated for pTBLV-WT-LUC (Fig. 4A).

Transient transfection experiments were performed in two
different T-cell lines (Jurkat and RL1) to compare the reporter
gene activity of the wild-type construct to that of the mutants.
In Jurkat cells, the 540, 564, and 572 mutations affected tran-
scriptional activity less than twofold, whereas the mutations at
positions 548, 578, and 594 suppressed enhancer activity ap-
proximately two- to three-fold (Fig. 4B). On the other hand,
mutations at positions 556 and 586 affected reporter gene
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FIG. 5. AML-1 binding to the TBLV LTR enhancer region. (A)
Comparison of the AML-1 consensus sequence to that from TBLYV,
MuLVs, and the T-cell receptor alpha chain (TCRa). The AML-1
high-affinity site was selected as described previously (63). Sites shown
are as reported by Lewis et al. (34). (B) Supershift experiments show
AML-specific binding to the TBLV enhancer monomer element. The
TBLV enhancer probe (556WT) was used for EMSA with whole-cell
Jurkat extracts in lanes 1 to 6, whereas a known AML-1 binding site
probe was used in lanes 7 to 12. Sequences of probes are shown in Fig.
6A. The NF-A complex (indicated by an arrow) and the AML-1 su-
pershifted complex (indicated by an asterisk) migrate similarly on the
gel. The AML-1 antibody (Ab) specificity has been demonstrated (44).
Normal rabbit immunoglobulin G (IgG) was used as a negative control
in lanes 3 and 9.

expression 20-fold or more. Interestingly, results from the
CD4™" Jurkat line were not identical to those from RL1 cells
(CD4" CD8"). In RL1 cells, mutations at positions 540, 572,
and 578 had wild-type activity, the 564, 586, and 594 mutations
had less than a 2-fold effect on promoter function, and muta-
tion at position 548 gave a 10- to 20-fold loss of reporter gene
activity assayed in this cell type (Fig. 4B). Neither the 548 or
556 mutations compromised LTR reporter gene activity in
HC11 mammary cells (data not shown), suggesting that the
effect of these mutations is cell type specific. Since the muta-
tion at 556 decreased reporter gene activity at least 20-fold in
both CD4" and CD4" CD8" T cells, these results suggested
that the 556 mutation compromised one or more transcription
factor binding sites that are critical for the T-cell enhancer
activity of the TBLV LTR.

AML-1 binding to a crucial region of the TBLV enhancer.
To further characterize the nature of the sequences at position
556, we used the TRANSFAC software program (64) to iden-
tify a putative AML-1 site spanning this mutation. This LTR
sequence closely matched a consensus AML-1 site (39) as well
as a high-affinity AML-1 site in the MuLV LTR described by
Thornell et al. (63) (Fig. 5A). To determine if this TBLV
region contains an AML-1 binding site, we synthesized a 26-bp
oligonucleotide based on the wild-type TBLV LTR (556WT)
sequence. The oligonucleotide was end labeled and used in a
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gel shift assay with whole-cell extracts from Jurkat T cells (Fig.
5B, lanes 1 to 6). As a control, we also used a labeled oligo-
nucleotide containing a known AML-1 binding site (lanes 7 to
12) (6). Results of this experiment showed that the TBLV LTR
probe bound at least two complexes with mobilities similar to
those obtained with the AML-1 probe (compare lanes 2 and 8).
Only the slower-migrating complex was specific, as judged by
its ability to be competed with homologous oligomer; this com-
plex contained AML-1 since it was supershifted with antibody
specific for AML-1 (lane 4; supershifted band comigrates with
NF-A) (41). This supershift was abolished by addition to the
reaction of the peptide used to generate the antibody (lane 5).
At least two other complexes that were not observed with the
AML-1 probe (named NF-A and NF-B) also appeared to be
specific, as judged by competition with homologous oligomer
(lane 6).

Transient transfection experiments in RL1 T cells showed
that two adjacent mutations starting at positions 548 and 556
resulted in dramatic reductions in TBLV enhancer activity
(Fig. 4B). Comparisons of the mutations to the consensus
sequence indicated that the AML-1 binding site spanned these
mutations. However, the effect of the 548 mutation was more
dramatic in RL1 cells than in Jurkat T cells. To determine if
the effect of both mutations in T cells was due to a decrease in
AMLI -1 binding to the TBLV enhancer, we performed gel shift
assays with Jurkat cell extracts to measure competition of var-
ious oligomers for AML-1 binding to the 556WT oligomer
from the TBLV enhancer (Fig. 6A). Oligomers containing a
known AML-1 binding site (Fig. 6B, lanes 3 and 4) or the
TBLV LTR oligomers 548WT and 556WT (lanes 5, 6, 9, and
10) competed for AML-1 binding. The 548M oligomer also
showed competition, suggesting that this mutation did not sig-
nificantly affect AML-1 binding. As expected from previous
results, the AML-1-specific oligonucleotide did not compete
for binding of NF-A and -B (lanes 3 and 4, see arrows). The
NF-A complex was competed with the 548WT and 556WT
oligomers but showed poor competition with the 556M oli-
gomer, whereas the 548M sequence did not compete for this
complex. These results suggested that the NF-A binding site
spans the 548 and 556 mutations. The NF-B complex was
competed with 548WT, 556WT, and 548M sequences, but
competition with the 556M oligomer was minimal (lanes 11
and 12). These assays suggested that the 556 mutation, but not
the 548 mutation, affected binding of both AML-1 and NF-B
binding. Together, these experiments suggest that there are at
least three complexes (NF-A, AML-1, and NF-B) that bind to
the TBLV LTR in close proximity (within 16 bp) to control
enhancer activity. None of these complexes was competed by
oligonucleotides containing consensus binding sites for Myb,
Ets-1, or Ets family members (data not shown).

The cell-type-specific distribution of these complexes also
was determined using gel shift assays with the 556WT probe.
As anticipated from previously published data (40, 47, 57),
AML-1 complexes were abundant as measured using cellular
extracts from Jurkat and RL1 cells (Fig. 6C, lanes 4, 5, 8, and
9). Small amounts of AML-1 also were detectable in mammary
cell extracts, but a more abundant complex migrated slightly
slower than those determined to contain AML-1 by supershift
experiments (Fig. 6C, lanes 2 and 3) (Fig. 6D). LBB.11 B-cell
extracts had no detectable AML-1 activity by gel shift assays or
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FIG. 6. Cell-type specificity of factor binding to TBLV LTR
probes. (A) Nucleotide sequences of probes and competitors used for
gel shift assays. Dashes indicate sequence identities with the 548WT
and 556WT probes; the AML-1 binding site is overlined. (B) Binding
specificity of NF-A, AML-1, and NF-B complexes. The 556WT probe
was labeled and used for EMSA with whole-cell Jurkat extracts in the
presence of 20- to 100-fold molar excesses of the unlabeled competitor
oligonucleotides. The positions of specific complexes are shown with
arrows. Lane 1 had no added cell extract. (C) Cell type specificity of
factor binding to the 556WT probe. Different amounts of whole-cell
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by Western blotting (data not shown). The NF-B complexes
were particularly abundant in HC11 extracts but were easily
detected in extracts from the NMuMG mouse mammary cell
line, the Jurkat and RL1 T-cell lines, and the LBB.11 B-cell
line. Complexes of NF-A were detected using Jurkat and RL1
cell extracts and B-cell extracts but were undetectable or in low
amounts in mammary cell extracts.

Effect of the 586 mutation in Jurkat CD4* cells. Transient
transfection experiments showed that the 586 mutation dra-
matically reduced TBLV enhancer activity in Jurkat but not
RLI1 cells (Fig. 4B). Analysis of transcription factor binding
sites in this region revealed the presence of a glucocorticoid
receptor (GR) site. To determine if the 586 mutation elimi-
nated the GR site, we performed transient transfection assays
in XC rat cells in the presence or absence of dexamethasone
(Fig. 7A). As expected, the wild-type C3H MMTV LTR
showed a strong (over 60-fold) induction in the presence of
glucocorticoids, as did the reconstructed TBLV-WT-LUC
plasmid, confirming that the TBLV enhancer has a functional
GR binding site. However, the 586 mutation, but not the 556
mutation, eliminated the glucocorticoid-induced stimulation of
reporter gene expression.

GR requires the presence of hormone to allow functional
receptor to translocate into the nucleus and allow DNA bind-
ing (27). Jurkat cells appear to have low levels of functional
GR, as measured by low-level enhancement of MMTV LTR
reporter gene expression in the presence of hormones com-
pared to that without added hormone (data not shown). To
determine if the 586 mutation affects TBLV enhancer activity
in the absence of steroid hormones, we used media supple-
mented with hormone-depleted serum to perform transient
transfection assays in Jurkat cells grown without exogenous
glucocorticoids (Fig. 7B). The TBLV enhancer-containing
plasmid had approximately 500-fold greater expression than
the C3H MMTYV LTR, and this activity was greatly diminished
by the 556 and 586 mutations. A similar result was obtained
when the experiment was repeated with stripped serum and
phenol red-free media (data not shown). Thus, the absence of
glucocorticoid hormones did not affect TBLV transcriptional
activity in Jurkat cells, suggesting that binding of GR is not
critical for enhancer function.

AML-1 overexpression in non-T cells. Transient transfection
experiments identified a critical region of the TBLV enhancer
for optimal transcriptional activity in both Jurkat and RL1 cells

extracts from HC11 mammary cells (lanes 2 and 3), Jurkat T cells
(lanes 4 and 5), NMuMG mammary cells (lanes 6 and 7), RL1 T cells
(lanes 8 and 9), and LBB.11 B cells (lanes 10 and 11) were incubated
with the TBLV enhancer probe. Lanes 10 and 11 were derived from a
gel different from that shown for lanes 1 to 9. Lane 1 shows a reaction
with no added cell extract. The positions of NF-A, AML-1, and NF-B
complexes are shown with arrows on the left. Gel shifts using A20
B-cell extract were similar to those shown for LBB.11 (data not
shown). (D) HCI1 cells contain a small amount of AML-1. HC11
extract (5 pg) was incubated with the 556WT probe in the absence of
added antibody (Ab; lane 1) or in the presence of rabbit immunoglob-
ulin G (IgG; lane 2) or antibody specific for AML-1B (lane 3). Note
that a complex that migrates slightly slower than AML-1 (larger
amounts are seen in lanes 2 and 3 [asterisk in panel C]) is not AML-1,
as judged by its failure to supershift with specific antisera. The small
amount of AML-1 in HC11 cells is more apparent after the supershift.
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FIG. 7. The GR binding site mutation in the TBLV enhancer abol-
ishes hormone-dependent transcriptional activation but not T-cell en-
hancer activity. (A) Activity of the GR binding site mutant 586M in
transient transfections of XC rat cells. Hormones were added as indi-
cated 24 h after transfection using the DMRIE-C method as specified
by the manufacturer. After an additional 24 h in the presence or
absence of 107® M dexamethasone, cell extracts were prepared for
reporter gene assays. (B) Activity of the GR binding site mutant in
transient transfection assays of Jurkat T cells grown in the absence of
exogenous steroid hormones. Luciferase (LUC) activity was deter-
mined as described in the legend to Fig. 2 except that values are
relative to that for pC3H-LUC in the absence of dexamethasone (as-
signed a value of 1). Means of triplicate assays with standard deviations
are shown.

(Fig. 4); this region was shown to bind AML-1, a transcription
factor that also binds the MuLV enhancers (69). Because the
TBLV and MMTYV LTRs have equivalent transcription levels
in non-T-cell lines, we tested whether overexpression of the
transcriptionally active splice variant of AML-1 (AML-1B) (43)
would enhance reporter gene activity from the TBLV LTR.
Plasmid pTBLV-LUC was transfected into HC11 mammary
cells in the presence of increasing amounts of an AML-1B
expression vector (43) (Fig. 8A). Cotransfection with the
AML-1B expression plasmid gave approximately 30-fold en-
hancement of reporter gene activity relative to transfections
containing a control plasmid lacking AML-1B. Activity of the
TBLV LTR was dependent on the amount of AML-1B expres-
sion vector; doubling of the AML-1B vector amount resulted in
twice as much reporter gene expression. This effect was specific
for AML-1B since cotransfection of an AML-3 expression con-
struct did not increase transcriptional activity from the TBLV
LTR (data not shown). Overexpression of AML-IB failed to
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elevate expression of a TBLV LTR reporter construct that
contained the 556 mutation (Fig. 8B).

DISCUSSION

Identification of a T-cell-specific enhancer in the TBLV
LTR. TBLV causes exclusively T-cell lymphomas in mice (2, 3).
The major differences between TBLV and closely related
MMTYV strains that cause mammary carcinomas are a deletion
of negative elements within the LTR and triplication of unique
sequences flanking the deletion (4). In this study, we have
shown that the TBLV LTR triplication constitutes a cell-type-
specific enhancer element. In support of this idea, the LTR
triplication increased MMTV promoter activity approximately
250-fold in transient reporter gene assays in Jurkat T cells (Fig.
2B). In addition, the triplication elevated reporter gene expres-
sion from the heterologous TK promoter 10- to 140-fold in T
cells when inserted upstream or downstream in either orien-
tation (Fig. 3B and C). Such properties are consistent with the
action of transcriptional enhancer elements (7, 8, 31). Unlike
some enhancers, however, the TBLV triplication enhances ex-
pression specifically in T cells (Fig. 2 and 3 and Table 1). Even
a closely related lymphoid lineage, B cells, did not support
TBLYV enhancer function. Previous experiments by Paquette et
al. (54) that use the TBLV LTR to drive CD4 or c-myc expres-
sion also are consistent with the T-cell-specific enhancer activ-
ity of the TBLV triplication. However, the latter experiments
did not distinguish the transcriptional activity of the triplica-
tion from the effects of NRE deletion.

Recently members of our group reported that TBLV, similar
to other retroviruses that induce leukemias, frequently inte-
grates near the c-myc oncogene (55). In two of the tumors, the
TBLYV provirus inserted downstream up to 3 kb from the c-myc
third exon in the same transcriptional orientation. Both tumors
showed elevated levels of c-myc RNA compared to that ob-
tained from normal murine thymus or thymomas lacking
TBLYV integrations. Since there was no alteration in the size of
the c-myc RNA observed in TBLV-induced tumors, these re-
sults favor the idea that the TBLV LTR, like the MMTYV LTR,
activates oncogene expression primarily through enhancer,
rather than promoter, insertion (12, 28, 52, 55). Preliminary
experiments in which the TBLV LTR has been inserted up-
stream or downstream of a c-myc expression vector confirm
that the LTR has enhancer activity in transient transfections of
T cells (D. Broussard et al., unpublished data). Thus, it appears
that TBLV enhancer elements can elevate transcription from
MMTYV, TK, and c-myc promoters.

AML-1 binding to a critical region of the TBLV enhancer.
To determine the sequences necessary for TBLV enhancer
function, we engineered substitution mutations into a single
copy of the 62-bp element that then were triplicated and in-
serted into a C3H MMTYV LTR lacking the NREs. The activ-
ities of these mutant LTRs upstream of a luciferase reporter
gene were measured in transient transfection assays in two
different T-cell lines (Fig. 4B). A single substitution mutant
(556M) showed dramatic loss of enhancer function in both cell
lines, and this mutation overlapped a putative AML-1 binding
site (GTGCGGTTC) (compare to consensus in Fig. 5A). Sev-
eral pieces of evidence confirm that AML-1 (recently renamed
RUNXI1 [36, 38]) binding contributes to TBLV enhancer func-
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FIG. 8. Overexpression of AML-1B in transient transfection assays using HC11 cells. Luciferase (LUC) activity was determined as described
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active splice variant of AML-1 with two additional exons, 7B and 8 (43). The amount of AML-IB expression vector used is indicated. All

transfections contained 22.5 pg of total DNA.

tion. (i) Gel shift experiments showed that AML-1 DNA bind-
ing activity was detectable in whole-cell extracts from Jurkat
cells using a wild-type probe that overlapped the 556 mutation
within the TBLV LTR. This complex had a molecular mass
similar to that detected with a known AML-1 binding site
probe. (ii) The DNA binding activity for the TBLV LTR was
confirmed to be AML-1, as judged by supershift experiments
with specific antibody; the supershifted complex was not ob-
tained with antibody against AML-2 or AML-3 (data not
shown). (iii) The AML-1 supershift was greatly reduced by the
addition of an excess of the AML-1 peptide used to produce
the antibody. (iv) Overexpression of AML-1B, but not AML-3
(also known as Runx2 [17]), in mammary cells was sufficient to
elevate TBLV LTR activity 30-fold compared to cells without
AML-1B overexpression (Fig. 8 and data not shown). There-
fore, enhancer mutations, gel shift experiments, and overex-
pression assays indicated that AML-1 DNA binding activity
contributes to the cell-type-specific activity of the TBLV en-
hancer.

MMTYV strains that induce leukemias (other than TBLV)
also have been described (18, 32, 45, 67). Invariably these
strains have an LTR deletion spanning the NREs, and in some
cases, the sequences flanking the deletion are duplicated. The
duplication encompasses sequences in the LTRs of several
mammotropic MMTYV proviruses (RGTGGT) that match five
of six bases within a consensus AML-1 binding site (YGYGGT)
(4,32,45,67). Lee et al. showed that the altered LTR from the
DBA/2 ML T-cell tumor was more transcriptionally active in
NIH 3T3 cells than mammotropic MMTYV LTRs (32), whereas
another altered LTR from the DL-8 tumor showed enhanced
activity in mammary cells compared to LTRs derived from
mammotropic MMTVs (67). However, we observed TBLV
enhancer activity only in T-cell lines. Similarly, Yanagawa et al.
(67) and Theunissen et al. (61) showed that altered MMTV
enhancer elements from DBA/2 or GR-derived leukemias
could stimulate transcription in T cells above that observed
with mammotropic LTRs. As pointed out by Yanagawa et al.
(67), the region of the LTR containing an AML-1 binding site
contributes greatly to T-cell enhancer function. Thus, AML-1
DNA binding activity may be important for T-cell-specific en-
hancer activities of many leukemogenic MMTYV strains.

Mechanism of retroviral enhancers active in T cells. AML-1
binding activity is crucial for the activity of the MuLV family of
enhancers, including those from the gibbon ape and feline
leukemia viruses (69). Many experiments have shown MuLV
LTRs carry viral determinants of leukemogenicity (10, 15, 25,
33, 56) in tandem repeats of 50- to 100-bp segments of the U3
region (21). Exchange of Friend and Moloney MuLV LTR
repeat regions also switched the type of leukemia induced (11,
20, 26). Within the enhancer repeat region of MuLVs that
cause T-cell tumors are binding sites for AML-1. Some MuL.Vs
that induce rapidly appearing T-cell leukemias (e.g., SL3-3)
have two binding sites for AML-1 (called cores I and II) in the
72-bp repeat element (68, 69), and therefore four AML-1
binding sites in the enhancer, whereas other MuLVs, such as
Moloney, have a single AML-1 binding site in each repeat
element (51). Core I of SL3 appears to have the strongest
affinity for binding to AML-1 (68), and mutations within this
binding site reduce leukemogenicity in mice and transcrip-
tional activity in T-cell lines (34, 37, 68, 69). An MuLV strain
(SAA) that has a 1-bp mutation in core I of each enhancer
repeat (TGTGGTCAA) is weakly leukemogenic compared to
SL3-3 (containing TGTGGTTAA), and most SAA-induced
lymphomas had reversions or second-site suppressor mutations
within the enhancer (37). Interestingly, there is a general cor-
relation between increased affinity of AML-1 for the core I
enhancer and both transcriptional activity in T cells and leu-
kemogenicity. However, this correlation can be subtle. For
example, the AML-1 DNA-binding (Runt) domain has an ap-
parent K, of 3.5 X 10" for core I of the weakly leukemogenic
Akv virus and an apparent K, of 2.4 X 10~"! for the highly
leukemogenic SL3-3 core (34). This observation suggests that
binding of factors in addition to AML-1 is important for
MuLV leukemogenicity.

A number of other transcription factor complexes have been
reported to bind to the MuLV enhancer repeats, including
Ets-1, Myb, GR, NF1, and basic helix-loop-helix (HLH) pro-
teins (13, 21, 50, 58). In the Moloney MuLV enhancer, the
AML-1 binding site is flanked by Ets-1 binding sites (also
called LVb and LVc) (58, 59). Intact binding sites for both
Ets-1 and AML-1 are required for constitutive activity of the
MuLV and T-cell receptor B-chain enhancers in T-cells (59).



VoL. 75, 2001

Recent evidence suggests that interactions between Ets-1 and
AML-1 stimulate binding to DNA (65) and that the interaction
counteracts autoinhibitory sequences in both proteins (19, 22).
The Myb-binding site (like core II) is present only in the SL3
and Gross passage A virus (51). Mutations of the Myb site in
the SL3-3 LTR had greater effects on enhancer activity in T
cells than did mutations of the Ets site; however, other MuLVs
(e.g., Moloney) that lack Myb sites also have high transcrip-
tional activity in T cells (51). Interestingly, like the MuLV
enhancers, we found a consensus GR binding site in the TBLV
62-bp repeat, and this site could stimulate transcription in XC
fibroblasts in the presence of glucocorticoids (Fig. 7A). Our
experiments also showed that the GR site was most important
for function of the enhancer in Jurkat CD4"* T cells, and not in
CD4" CD8" cells, one of the major cell targets for TBLV-
induced leukemias (42, 48). Moreover, experiments using hor-
mone-stripped serum suggested that the factor in Jurkat cells
that binds to the GR element of the TBLV enhancer is not GR
(Fig. 7B) and may be related to the basic HLH protein SEF2
or ALF1 described for the MuLV enhancers (51). Neverthe-
less, these data indicate that AML-1 binding in conjunction
with several other proteins may provide potent transcriptional
enhancement in T cells.

The region spanning the 548 and 556 mutations is crucial for
the function of the TBLV LTR enhancer in T cells. The
AML-1 binding site in the TBLV LTR overlapped with both
the 548 and 556 mutations, yet only the 556 mutation abolished
AML-1 binding activity for the viral enhancer (Fig. 6B). The
556 mutation probably eliminates AML-1 binding because it
alters a G residue that universally appears in PCR-based se-
lections for the AML-1-binding site (41). Mutation of the 556
region also affected binding of the NF-A and NF-B complexes
to the TBLV enhancer. Because the failure of both NF-A and
NF-B to bind the TBLV triplication is correlated with dimin-
ished enhancer activity in CD4" CD8" T cells, a target for
TBLV-induced disease, our results suggest that these factors
may be necessary for optimal function of the TBLV enhancer.
The identities of NF-A and -B are unclear since a transcription
factor consensus site spanning the LTR sequence affected by
548 and 556 mutations (other than AML-1) was not detected
by our software analysis. In addition, oligonucleotides with
consensus sites for either Myb or Ets family members did not
compete for NF-A, AML-1, or NF-B binding (data not shown),
suggesting that the TBLV enhancer is unique compared to
those described for the MuLVs. A sequence (CAGGTG) re-
lated to an E-box (CACGTG) overlaps with the 5’ end of the
AML-1 binding site in the TBLV enhancer. Since NF-A bind-
ing is affected by the 548 mutation and appears to be present
in T-cell and B-cell lines, but is absent or low in mammary
cells, it is possible that NF-A is a lymphoid-specific E-box
binding protein. These experiments are consistent with exper-
iments of Zaiman et al. (69), suggesting that AML-1 requires
assistance from other transcription factors for MuLV enhancer
function. The role of NF-A, NF-B, or other factors in TBLV
transcription will await their identification. However, the evi-
dence that AML-1 overexpression in HC11 causes a 30-fold
elevation of transcription from the TBLV LTR strongly sug-
gests that AML-1 binding contributes to the activity of the
novel TBLV enhancer.
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