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Expression of mouse mammary tumor virus (MMTV)-encoded superantigens in B lymphocytes is required
for viral transmission and pathogenesis. We have previously established a critical role of an enhancer element
within the long terminal repeat (LTR) for MMTV sag gene expression in B-lymphoid progenitor cells. We now
demonstrate enhancer activity of this element in a promyelocytic progenitor cell line. We also map the position
of the enhancer within the U3 region of the MMTV LTR and show that the progenitor cell enhancer shares
functional elements with a previously described mammary gland-specific enhancer.

Mouse mammary tumor virus (MMTV), a murine B-type
retrovirus, causes a high incidence of mammary gland carci-
noma in infected females (15). MMTV-induced T-cell lympho-
mas are observed at a lower incidence. Infectious MMTV is
produced by infected mammary gland epithelial cells and
transmitted from mother to offspring via milk (3, 8). MMTV
gene expression and virus production in mammary gland epi-
thelial cells is constitutively activated through a mammary
gland cell-specific enhancer element within the proviral long
terminal repeats (LTRs) (14) and is further increased during
pregnancy by receptor-mediated glucocorticoid hormone in-
teraction with steroid-hormone-responsive elements near the
major MMTV promoter. After passage through the gastroin-
testinal tract, the virus infects B lymphocytes, and these cells
play an important role in virus spread in an infected animal (2,
9). MMTV encodes a superantigen (Sag) which, when it is
expressed on the surfaces of B cells or other antigen-presenting
cells, activates a large number of T cells by interaction with
specific T-cell-receptor b-chains (1, 17). The resulting T-cell
response in turn stimulates the infected B cells to proliferate
(9) and thus amplifies the numbers of virus-infected cells (10)
and potential target bystander cells. The subsequent clonal
elimination of activated T cells results in a progressive deple-
tion of a specific T-cell subset during the course of the infec-
tion (11). Infection of mammary gland epithelial cells com-
pletes the viral life cycle.

MMTV can also be genetically inherited in the form of
endogenous proviruses (Mtv proviruses) in the host germ line.
Sag expression from inherited proviruses usually leads to de-
pletion of T-cell subsets that express reactive T-cell-receptor
b-chains (6) but can also, as in the SJL mouse model of fol-
licular B-cell lymphoma, induce T-cell-dependent, interleukin
(IL)-mediated proliferation of B-lymphoma cells (22).

The viral sag gene encoding the MMTV superantigen is
located within the 39 viral LTR of a provirus (Fig. 1). The
mechanism of MMTV sag gene expression has been contro-

versial, and a total of four different promoters have been
implicated in superantigen expression (19). The relative func-
tional significance of putative MMTV promoters and enhanc-
ers for sag gene expression from an infectious, oncogenic
MMTV provirus (21) has been tested by a major histocompat-
ibility complex class II-independent superantigen reporter as-
say on the basis of a recombinant superantigen-luciferase gene
that we developed earlier (19, 20). With this system we were
able to detect sag gene expression in cells of the B-lymphocyte
lineage and to demonstrate that promoters within the 59 LTR
are not required for sag gene expression. We have also de-
scribed a transcription enhancer within the viral pol gene that
is necessary for efficient expression of the sag gene in B-cell
lines (19) (Fig. 1). In the B-cell progenitor line Ba/F3, sag gene
expression and general gene expression from the MMTV LTR
require a separate enhancer within the viral LTRs (20). Our
recent data demonstrate expression of the MMTV sag gene in
the myeloid progenitor cell line FDC-P1 (V. A. Tovar Sepul-
veda, B. Berdel, J. M. Coffin, and F. U. Reuss, submitted for
publication). FDC-P1 cells were also found in electron micro-
graphic experiments to produce MMTV-like virions in a dex-
amethasone-dependent fashion from an endogenous provirus.
These data raise the question of whether MMTV gene expres-
sion in myeloid progenitor cells is also regulated by the en-
hancer in B-cell progenitor cells that we previously character-
ized. In the present study we demonstrate the activity of this
enhancer element in the myeloid progenitor cell line FDC-P1
and show that the transcription enhancers for hematopoietic
progenitor and mammary gland cells share functional ele-
ments.

The MMTV progenitor cell enhancer is active in B-cell pro-
genitor and promyelocytic cell lines. The murine, bone mar-
row-derived hematopoietic progenitor cell lines Ba/F3 and
FDC-P1 are IL-3 dependent and nontransformed and repre-
sent pro-B and promyelocytic cell types, respectively. MMTV
gene expression in the progenitor B-cell line Ba/F3 depends on
the function of an enhancer element within a 548-bp region
(nucleotides 9 to 556, positions 21162 to 2613) of the
MMTV(Mtv-1) LTR (4) present at the 59 terminus of the
Mtv-1/C3H provirus called hybrid MMTV (20, 21). The corre-
sponding region within the MMTV(C3H) LTR (13) at the 39
position of the reporter provirus has the same stimulatory
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effect. To address the question of whether this LTR region has
enhancer activity in the murine FDC-P1 progenitor cell line,
we have tested the ability of this enhancer to stimulate reporter
gene expression from a heterologous promoter in these pro-
myelocytic cells. We used the enhancer test plasmid pGL2-
Promoter (Promega). Plasmid pGL2-Promoter carries an en-
hancerless simian virus 40 (SV40) promoter upstream of the
luciferase reporter gene. DNA fragments containing putative
enhancer elements can be inserted in either orientation up-
stream or downstream of the promoter-luciferase gene unit.
Plasmid pGL2-Promoter carrying the Mtv-1 LTR fragment
from nucleotides 6 to 556 (positions 21126 to 2613 relative to
the position of the transcription start site in Mtv-1) either 59 or
39 of the promoter-luciferase unit in either the plus or minus
orientation has been described (20). For our enhancer test with
FDC-P1 cells, we selected plasmid pGL2-E31, which contains
the LTR fragment 39 of the promoter-luciferase unit in the
positive orientation. The position of the enhancer 39 of the
luciferase transcription unit was chosen to exclude contribu-
tions from potential promoters within the fragment. Test plas-
mids were linearized within the plasmid backbone with a re-
striction enzyme and used for transfection of the mouse
progenitor cell lines FDC-P1 (promyelocytic) and Ba/F3 (pro-
B). Cells were harvested after 24 h and lysed. The luciferase
activity and protein concentration were determined from the
lysate. We found that the 548-bp enhancer fragment from
positions 21162 to 2613 of Mtv-1 stimulated gene expression
in this assay system from an enhancerless SV40 promoter in
both Ba/F3 and FDC-P1 cells by factors of 38 and 30, respec-
tively (Fig. 2). We conclude that this enhancer is similarly
active in both Ba/F3 B-cell progenitor and FDC-P1 promyelo-
cytic progenitor cells. The effect of this enhancer element in
primary hematopoietic progenitor cells remains to be tested.

The MMTV enhancer for B-cell progenitors is located
within a 265-bp region of the LTR and overlaps with a previ-
ously described mammary gland cell enhancer. Also within the
MMTV LTR, mammary gland-specific enhancer elements

have been variously described at positions 21075 to 2978 (24),
positions 21094 to 2739 (14), positions 21180 to 2902 (7),
and positions 21078 to 2870 (12) of MMTV (strain C3H)
(Fig. 1B). The different limits of this enhancer may derive from
differences in the levels of resolution of the individual analyses
and the use of different cell lines or assay systems by these
investigators. This enhancer promotes general MMTV gene
expression in mammary epithelial cells. The region of the
MMTV (Mtv-1) LTR that we found to be active as the tran-
scription enhancer in the hematopoietic progenitor cell lines
Ba/F3 and FDC-P1 corresponds to positions 21186 to 2638 of
MMTV(C3H) and includes all of the previously characterized
mammary gland enhancer elements. To determine the position
of the newly identified progenitor cell enhancer within the
MMTV LTR and to answer the question of whether the mam-
mary gland and pro-B-cell enhancers are separate entities, we
selected the luciferase reporter plasmid pGL2-Pro with the
MMTV(Mtv-1) enhancer region (positions 21162 to 2613)

FIG. 1. Schematic representation of an MMTV provirus and regulatory el-
ements for MMTV gene expression. (A) MMTV provirus. The positions of viral
genes (gag, pro, pol, env, and sag), promoters (filled squares), LTR and pol gene
enhancers (E) (open circles), functional regions within the LTRs (U3, R, and
U5), and the sag gene are indicated. (B) MMTV LTR. Shown is the LTR of
MMTV strain C3H, with the positions of the mammary gland cell enhancer, as
described by four different labs (7, 12, 14, 24), represented as solid lines below
the LTR. The location of the newly characterized hematopoietic progenitor cell
enhancer from positions 21025 to 2761 of the Mtv-1 LTR, corresponding to the
region from positions 21049 to 2785 of the C3H LTR, is shown as a hatched
box. The positions of promoters (P) within the LTR, functional regions (U3, R,
and U5), and the transcription start site (11, arrow) are indicated.

FIG. 2. Activity of the MMTV LTR enhancer in hematopoietic progenitor
cell lines. FDC-P1 and Ba/F3 cells were transfected either in the absence of a
reporter gene plasmid (mock) or with the enhancer test plasmid pGL2-Promoter
(pGL2-Pro) or pGL2-Pro containing the Mtv-1 LTR fragment from positions
21162 to 2613 cloned into the unique BamHI site 39 of the promoter-reporter
gene cassette (21162 to 2613). The schematic structure of the reporter plasmid
is shown below the graph. An enhancerless SV40 promoter (PSV40) controls the
expression of the luciferase reporter gene (luc). The MMTV enhancer element
is represented by an open box, with an arrow indicating the positive orientation
of the fragment. The IL-3-dependent mouse progenitor cell lines Ba/F3 (16) and
FDC-P1 (5), gifts from U. Klingmüller, were maintained in RPMI 1640 medium
supplemented with 10% fetal calf serum, 10% WEHI 3B-conditioned medium,
penicillin (100 IU/ml), and streptomycin (100 mg/ml). DNA was introduced by
electroporation with a Bio-Rad Genepulser. Equimolar amounts of test plasmids
(2 pmol) were linearized outside of the cloned provirus with a restriction enzyme.
Carrier plasmid pGEM-2 and TE (10 mM Tris, 1 mM EDTA [pH 7.0]) were
added to a constant DNA amount and volume. Cells were harvested after 24 h,
washed twice in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4), and lysed in reporter lysis buffer (Promega). The
luciferase assay system (Promega) was used for detection of firefly luciferase
(duplicate assays). Light emission was determined for 10 s in a model ILA911
(Tropix) or a model Lumat LB 9501 (Berthold, Wildbad, Germany) luminom-
eter. Protein concentration in cellular extracts was measured by the Bio-Rad
protein assay. Results are expressed as relative light units and represent the
arithmetic means 6 standard deviations from at least three parallel experiments
with two different DNA preparations.
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integrated 59 of the SV40 promoter luciferase reporter gene in
either the plus (pGL2-E51) or minus (pGL2-E52) orientation
(20). Relative enhancer strength in Ba/F3 cells was tested after
analysis of progressive exonuclease deletion from the 59-end-
flanking plasmid region (Fig. 3). We found that truncation
from the 59 terminus up to position 21025 did not affect
reporter gene expression. Deletion to position 2972 resulted
in a partial loss (to 22%) and deletion to position 2840 and
beyond resulted in a complete loss (#1%) of enhancer activity.
Removal of sequences from the 39 end to position 2761 left
enhancer activity unchanged. A moderate reduction in en-
hancer activity to 46% was noticed when the enhancer was
shortened to position 2838. Truncation of the enhancer to
position 2893 and beyond resulted in a complete loss of ac-
tivity (#2%). These data suggest that a functional pro-B-cell
enhancer is present within a region from positions 21025 to
2761 of the MMTV(Mtv-1) U3 region. The 59 limits of the
B-cell progenitor enhancer are found between positions 21025

and 2972, and the 39 border is located between positions 2761
and 2838.

The MAF and NFI binding regions contribute to MMTV
pro-B-cell enhancer activity. To test the hypothesis that the
MMTV(Mtv-1) LTR region from positions 21025 to 2761
retains the full enhancer activity, we isolated the corresponding
region as a PCR-generated fragment and cloned this element
between the BamHI and SalI sites of the luciferase reporter
plasmid pGL2-Promoter. The resulting plasmid contained the
potential enhancer in a position 39 of the SV40 promoter
luciferase gene reporter unit (pGL2-E31[21025/2761]).
When the enhancer activity of this plasmid was compared to
that of the pGL2-E31 plasmid, which includes the original
enhancer (positions 21162 to 2613), in Ba/F3 cells, no signif-
icant difference was observed (Fig. 4A). We conclude from this
experiment, that a fully functional pro-B-cell enhancer is lo-
cated within a region from positions 21025 to 2761 of the
MMTV(Mtv-1) LTR. This region corresponds to positions
21049 to 2785 of MMTV(C3H) and is largely identical to the
mammary gland-specific enhancer previously characterized in-
dependently by four different laboratories (7, 12, 14, 24) (Fig.
1B). The B-cell progenitor enhancer region identified here is
separate from the glucocorticoid response elements at posi-
tions 2202 to 252. It contains the previously identified binding
sites for mammary cell-activating factor (MAF) and CTF (also
called NFI) (14) (Fig. 4B), which are involved in enhancer
activity in mammary gland cells. MAF is an Ets-related tran-
scription factor (23) and binds at two sites within the enhancer
(Fig. 4B).

The truncation analysis results shown in Fig. 3 suggest an
important role for the 39 MAF binding site: loss of the region
between positions 2838 and 2893, including this MAF binding
site, drastically reduced enhancer activity from 46% to less
than 1% of the intact enhancer. The NFI and MAF sites at the
59 end of the enhancer are not sufficient to maintain detectable
enhancer activity. To specifically test the contribution of the
MAF and NFI transcription factor binding sites at the 59 ter-
minus of the element to enhancer activity in pro-B cells, we
successively removed these two sites (Fig. 4). We found that
enhancer elements truncated in steps to position 2976 showed
gradually reduced enhancer activity (Fig. 4). In this analysis the
loss of the region from 21025 to 2998 that includes the NFI
interaction site had only a minor effect. Further truncation to
position 2987 near the MAF binding site or removal of this
site after deletion to position 2976 reduced activity from 88 to
68 or 35%, respectively. The region from positions 2976 to
2761 that included only the 39 MAF site still retained 35% of
the maximal activity. This is in good agreement with our pre-
vious results shown in Fig. 3, where truncation from the 59
terminus to position 2972 was found to reduce enhancer ac-
tivity to 22%.

We conclude that the MMTV transcription enhancer for
B-cell progenitor and possibly also myeloid progenitor cells
largely colocalizes with a previously characterized MMTV
mammary gland enhancer (Fig. 1B). Both enhancers share
specific functional regions that include the previously de-
scribed NFI and MAF binding sites. Regions including the NFI
and MAF binding sites at the 59 end of the enhancer had a
weak-to-moderate effect, while the region surrounding the 39
MAF binding site had a strong effect on enhancer activity.

The MMTV sag gene within the LTR encodes isolate-spe-
cific superantigens that activate specific T-cell populations
when they are expressed on the surfaces of antigen-presenting
cells (1). Our previous screen for functional elements within
the MMTV provirus that mediate sag gene expression demon-
strated, surprisingly, that promoters within the 59 LTR are not

FIG. 3. Localization of the MMTV pro-B-cell enhancer within the Mtv-1
LTR by deletion analysis in Ba/F3 cells. The enhancer test plasmid pGL2-
Promoter with the Mtv-1 LTR fragment from positions 21162 to 2613 cloned
into the unique XhoI site 59 of the promoter-reporter gene cassette in either the
plus (pGL2-E51, filled squares) or minus (pGL2-E52, open triangles) orienta-
tion and mutant plasmids with truncations to positions 21025, 2972, 2840,
2750, and 2737 for pGL2-E51 and to positions 2761, 2838, 2893, 2969,
21096, and 21154 for pGL2-E52 were linearized with BamHI and transfected
into Ba/F3 cells by electroporation. For each plasmid, a total of four transfec-
tions with two different plasmid preparations was done. After 30 h, cells were
harvested and lysed and luciferase activity was determined as described in the
legend to Fig. 2. Results are expressed as relative light units and represent the
arithmetic means 6 standard deviations from at least three parallel experiments
with two different DNA preparations. Shown below the graph are a diagram of
the MMTV (Mtv-1) enhancer fragment from positions 21162 to 2613 as de-
scribed previously (20) and a representation of the MMTV LTR with the func-
tional regions (U3, R, and U5), transcription start site (11) (labeled by a bent
arrow), and restriction sites indicated. A hatched box indicates the region re-
quired for full activity.
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required for sag gene expression in B-lymphoid cell lines (19,
20). By contrast, expression of the MMTV sag gene in the
mouse pro-B cell line Ba/F3 depends on an enhancer element
within the viral U3 region (20). We demonstrate now that this
enhancer is similarly active in a nonlymphoid hematopoietic
progenitor cell line, FDC-P1, which is committed in its differ-
entiation capacity to the myeloid cell lineage that includes
monocytes/macrophages, granulocytes, platelets, and erythro-
cytes (5). These data suggest that the observed expression of
the MMTV sag gene and the production of MMTV virions in
FDC-P1 cells (Tovar Sepulveda et al., submitted) is regulated
by the effect of the MMTV LTR enhancer in the LTR on
individual promoters. For sag expression, our data indicate
that a non-LTR promoter is used (Tovar Sepulveda et al.,
submitted), but the effect of the LTR enhancer on sag expres-
sion in these cells has not directly been tested yet. It is inter-
esting that monocytes and macrophages are antigen-presenting
cells and express the major histocompatibility complex class II
antigens required for MMTV superantigen activity. MMTV
transmission requires the presence of B cells, but MMTV su-
perantigen presentation, T-cell stimulation, and T-cell deletion
are possible in the absence of B cells (2). The non-B antigen-
presenting cells that are able to mediate the superantigen ef-

fect have not yet been identified, but the involvement of my-
eloid cell types appears likely.

The MMTV transcription enhancer for pro-B cells maps to
the region from positions 21025 to 2761 of the MMTV
(Mtv-1) LTR (4). This region corresponds to positions 21049
to 2785 of MMTV(C3H) (13). The DNA sequences of the
endogenous provirus Mtv-1 and the exogenous C3H virus iso-
late in this region differ in eight positions scattered throughout
the region. As previously shown, there are no strain-specific
differences with respect to enhancer activity between the Mtv-1
and C3H- LTRs in Ba/F3 B-cell progenitor cells (20). A region
from the MMTV(C3H) LTR that contains this enhancer ele-
ment has the same stimulatory effect on sag gene expression in
the context of our hybrid MMTV reporter provirus.

The B-cell progenitor enhancer described here largely colo-
calizes with the mammary gland-specific enhancer previously
characterized by four independent laboratories (7, 12, 14, 24)
of the MMTV (C3H) LTR. Specifically, the MMTV enhancer
for gene expression in pro-B cells contains the previously iden-
tified binding sites for MAF and NFI (14) (Fig. 4B). The
regions surrounding the NFI, 59 MAF, and 39 MAF binding
sites have only a weak, a moderate, and a strong effect on
enhancer activity in Ba/F3 cells, respectively. At the 39 border

FIG. 4. A 265-bp region from the Mtv-1 LTR is sufficient as an enhancer in Ba/F3 cells. (A) Ba/F3 cells were transfected without added reporter plasmid DNA
(mock) or with the enhancer test plasmid pGL2-Pro or pGL2-Pro carrying the Mtv-1 regions indicated cloned into the unique BamHI and SalI sites 39 of the
promoter-reporter cassette. Cells were harvested and lysed, and luciferase activity was determined. Results are expressed as relative light units and represent the
arithmetic means 6 standard deviations from at least three parallel experiments with two different DNA preparations. PSV40, SV40 promoter (solid square). The NFI
(solid oval) and MAF (open oval) sites are shown. (B) The DNA sequence of the Mtv-1 LTR region (8) from positions 21025 to 2761 is presented below the graph.
Established NFI and MAF binding sites (14) are shown by dashed and solid ovals, respectively.
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of the enhancer, still uncharacterized functional elements
downstream of the MAF site have a moderate effect on en-
hancer function. These data suggest that functional elements
are shared between the mammary gland cell and B-cell pro-
genitor enhancers. The involvement of additional transcription
factors and binding sites for enhancer activity in hematopoietic
progenitors is possible. Additionally, the specificity of MMTV
gene expression may be influenced by regulatory elements
outside the previously characterized mammary gland and pro-
genitor cell enhancers (18).
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