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Expression of mouse mammary tumor virus (MMTV)-encoded superantigens in B lymphocytes is required
for viral transmission and pathogenesis. The mechanism of superantigen expression from the viral sag gene in
B cells is largely unknown, due to problems with detection and quantification of these low-abundance proteins.
We have established a sensitive superantigen-luciferase reporter assay to study the expression and regulation
of the MMTYV sag gene in B-cell lymphomas. The regulatory elements for retroviral gene expression are
generally located in the 5’ long terminal repeat (LTR) of the provirus. However, we found that neither
promoters nor enhancers in the MMTYV 5’ LTR play a significant role in superantigen expression in these cells.
Instead, the essential regulatory regions are located in the pol and env genes of MMTYV. We report here that
maximal sag expression in B-cell lines depends on an enhancer within the viral pol gene which can be localized
to a minimal 183-bp region. Regulation of sag gene expression differs between B-cell lymphomas and pro-B
cells, where an enhancer within the viral LTRs is involved. Thus, MMTYV sag expression during B-cell

development is achieved through the use of two separate enhancer elements.

Retroviral transcription is generally initiated within the 5’
copy of the two long terminal repeats (LTRs) that flank the
viral genes after integration into the host genome as a provirus
(10). Promoter and enhancer elements within the LTR deter-
mine the transcription initiation rates, preferential transcrip-
tion in certain cell types, and responses to external stimuli such
as hormones.

Mouse mammary tumor virus (MMTV) is a murine B-type
retrovirus and causes a high incidence of mammary gland car-
cinomas in infected females (43). MMTV-induced T-cell lym-
phomas are observed at a lower incidence. Infectious MMTV
is transmitted from mother to offspring via milk (5, 20), and
after passage through the gastrointestinal tract, infection of B
lymphocytes plays an important role in the viral life cycle (4,
23).

MMTYV encodes a superantigen (Sag) that, when expressed
on the surface 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, 48). The resulting T-cell response
in turn stimulates the infected B cells to proliferate (23) and
thus amplifies the number of virus-infected cells (24) and po-
tential target bystander cells. The subsequent clonal elimina-
tion of activated T cells results in a progressive depletion of a
specific T-cell subset during the course of the infection (25).
MMTYV can also be genetically inherited in the form of endog-
enous proviruses (Mtv) in the host germ line. Sag expression
from inherited proviruses usually leads to depletion of T-cell
subsets expressing reactive T-cell receptor (8 chains (16), but it
can have other consequences as well. In the SJL. mouse model

* Corresponding author. Mailing address: Department of Molecular
Biology and Microbiology, Tufts University School of Medicine, 136
Harrison Ave., Boston, MA 02111. Phone: (617) 636-6528. Fax: (617)
636-8086. E-mail: jcoffin_par@opal.tufts.edu.

T Present address: Deutsches Krebsforschungszentrum, Forschun-
gsschwerpunkt Angewandte Tumorvirologie F0400, 69120 Heidelberg,
Germany.

6073

of follicular B-cell lymphoma, Sag expression from the endog-
enous provirus Mty-RCS in major histocompatibility complex
(MHC) class II-positive B-cell lymphomas provides the neces-
sary T-cell stimulation in vivo to induce T-cell-dependent, in-
terleukin-mediated proliferation of B lymphoma cells (54). A
similar paracrine mechanism has been implicated in the gen-
eration of human follicular B-cell lymphoma (9, 17). Recently,
human autoimmune type I diabetes mellitus has been linked to
the superantigen expression from an MMTV-like endogenous
retrovirus in the pancreas (11).

The viral sag gene encoding the MMTV superantigen is
located within the 3’ viral LTR. Subgenomic MMTV sag
mRNA:s, initiated at four separate promoters and spliced to
remove gag, pol, and env genes, have been described under
different conditions. Candidate promoters are (i) the classical
promoter at the U3-R border (P4, also called P;) (7, 55),
used for the expression of all retroviral genomes and structural
genes; (ii) a second promoter within the U3 region (Pgqg, also
designated P,) (18); (iii) a T-cell-specific phorbol ester-induc-
ible promoter in the env gene (P,,4, or P,,,.) (15, 40, 58); and
(iv) a second, LTR-proximal promoter (Pgyg or P,,..) (2)
within the env gene.

The lack of a sensitive and quantitative assay for MMTV
superantigen expression has long prevented a detailed under-
standing of sag gene regulation. Superantigen activity determi-
nations in mixed lymphocyte reactions require coexpression of
MHC class II molecules on the same cell. Constant MHC class
IT antigen levels effectively limit the extent of T-cell stimulation
in response to varying amounts of superantigen (36). Due to
the very small amounts of Sag proteins that are available in B
cells and sufficient for T-cell stimulation, Sag detection by
monoclonal antibodies is problematic (57). Rigorous tests re-
garding the relative functional significance of putative MMTV
promoters for sag gene expression and the identification of
B-cell-specific regulatory elements have only recently become
possible. We have described a Sag reporter assay on the basis
of a recombinant Sag-placental alkaline phosphatase gene
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(50). This method combines high sensitivity with MHC class
II-independent quantification and is thus superior to conven-
tional Sag assays for the quantitative analysis of sag gene ex-
pression mechanisms.

MMTYV gene expression has been extensively analyzed in
mammary gland epithelial cells. In this cell type, MMTYV tran-
scription is constitutively activated through a mammary gland
cell-specific enhancer element within the proviral LTRs (41).
During pregnancy, MMTV gene transcription is further in-
creased by glucocorticoid hormone interaction with steroid
hormone-responsive elements near the major MMTV pro-
moter. The second cell type exhibiting elevated levels of
MMTYV transcripts consists of cells of the B-lymphocyte lin-
eage. Endogenous MMTV mRNAs are found in normal cells
and cell lines representing pro-B, pre-B, and mature stages of
B-cell development (35). MMTV transcription in mature B
cells can be further increased in response to lipopolysaccharide
or interleukin-5 (27, 49). We have recently described an en-
hancer within the MMTV LTRs that is required for efficient
expression of the sag gene in a pro-B-cell line (50). However,
the mechanisms that determine sag expression, putative en-
hancer elements, and interacting cellular transcription factors
within the main Sag-presenting cell, the B lymphocyte, remain
to be discovered.

In this study, we used an improved, firefly luciferase-based
Sag reporter assay to extend our previous studies to B-cell
lines. We found that the promoters and enhancers in the 5’
LTR are dispensable for sag expression. By contrast, the major
determinants for sag gene expression in B lymphoma cells are
found in the pol and env genes of the virus. We identify and
map a novel enhancer element in the pol gene, present evi-
dence for additional positive regulatory regions in the pol or
env gene, and test the functional significance of these elements
in the context of an intact MMTYV provirus.

MATERIALS AND METHODS

Plasmids. The Mtv-1/C3H-recombinant proviral clone, hybrid MMTV, in
pBR322 (53) was a gift from H. Varmus. References to nucleotide positions are
based on the Mtv-1 LTR (12) and C3H LTR (37) for the 5’ and 3’ LTR,
respectively, and on MMTV(BR6) (42) for the internal region. The designation
for MMTYV promoters used throughout this paper identifies the promoters (Pyog,
P1196> P7246, and Pgyog) by the position of the major transcription initiation site
within the reference proviral sequence MMTV(BR6) (42). Plasmid CMV-luc
was generated by introduction of the cytomegalovirus (CMV) immediate-early
promoter from plasmid pRC/CMV (Invitrogen) as a Bg/lII-BamHI fragment into
vector pGL2-basic (Promega).

Recombinant viral constructs. Plasmid pM including the hybrid MMTV pro-
virus (53) has been described previously (50). Recombinant luciferase genes were
generated by PCR with Pfu DNA polymerase (Stratagene) under standard con-
ditions with primers luc5 (5" TGACCTAGGGAAGACGCCAAA 3') or luc5.2
(5" CCAGATCTTAACGTGCTTCTTTTAAAAAAGAAAAAAGGGGGAAA
TGGAAGACGCC 3') and luc3 (5" CTAGCCTAGGCGGCCGCTTACAATT
TGGA 3') and template pGL2-basic (Promega). The product generated with
primers lucS and luc3 was digested with Avrll and inserted into the AvrIl site
within the 3 LTR of the hybrid MMTV provirus (M*®/7-4¢) Products resulting
from the amplification with the luc5.2-luc3 primer pair were cut with Bg/II and
Avrll to replace the BglII-AvrIl fragment at the junction of the env gene and 3’
LTR (M*®8’-¢) Plasmid pM**¢!7"¢ (EproB™ ™) lacks the AvrIT-AfIII fragment
of the 3’ LTR (C3H). Proviral 5 truncations were generated with the EcoRI site
in pGEM2 and MMTV sites Styl (position 1637), Styl (position 2412), Styl
(position 3264), StyI (position 4251), StyI (position 5055), EcoRI (position 5803),
Clal (position 7478), and Bg/II (position 8532) or with the PstI site in pGEM2
and MMTYV PstI (position 1459). The MMTYV internal deletion mutants AE and
AP were generated by PCR. For AE, two fragments surrounding the pol gene
enhancer were amplified with primers FP3 (ACACACGCTACTCAGTGTCGA
CAAACATTTACAAAGGTTAATCC) and FMR5846 (AGATCTGTCGACT
AGTGCGTGGCT) or FP1 (GGATGGGCTAGCATCATAATAGATCTACA
AGA) and FP2 (ACACACGTCGACCTCCCTTCCTTGTATATA). For AP,
two fragments flanking the CAAT box and TATA box were amplified with
primers FP5 (ACACACGAATTCGCTAGTCGACGAAGTTGCCCCCCAAA)
and FP6 (CTGCTTCATACCATCGAT) or FP3 and FP8 (GTACACGTCGAC
CCCTGAGTTCCCCAAG). The two flanking regions were combined by using
the central Sall site and introduced into the M**?7“¢ provirus to replace the
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wild-type sequence either singly (AE, AP) or in combination (AE+P). Mutant
AE to P was generated by Sall digestion of AE+P. To generate the pGL2-pol
plasmids 5+, 5—, 3+, and 3—, the MMTYV pol gene region from nucleotides (nt)
5055 to 6255 was isolated from plasmid pM?*@s/7#¢A5055 as a BamHI fragment
and inserted into the Bg/II site or the BamHI site of plasmid pGL2.promoter
(Promega). The orientation was determined by restriction analysis. Truncation
mutants of the MMTYV pol gene enhancer in pGL2-pol 3+ were generated by
PCR with Pfu polymerase (Stratagene) and the following primers: FM5204
(GATGATGGATCCGACACCGC), FM5351 (GATGATGGATCCAAAAGA
CC), FM5499 (GATGATGGATCCTATAATTAAAG), FM5655 (GATGATG
GATCCCAGAACAAA), FM5812 (GATGATGGATCCGCTTTAGAG),
FM5952 (GATGATGGATCCGCAATTAGG), FM6109 (GATGATGGATCC
AAGGATGTG), and FMR6252 (ACTACTAGATCTGTCGACTCCCCGTG
AC) or FM5499 and FMR6017 (AGATCTGTCGACATGAGTAACATC),
FMR5846 (AGATCTGTCGACTAGTGCGTGGCT), FMR5738 (AGATCTG
TCGACGATATGACCAATG), FMR5681 (AGATCTGTCGACAGTTCTGT
GTA), FMR5622 (AGATCTGTCGACACCCTGTCACAT), and FMRS5559
(AGATCTGTCGACTAATGACTGCCA). PCR fragments were digested with
BamHI and Sall and cloned into plasmid pGL2.promoter (Promega) cut with the
same enzymes.

Cell lines and transfection procedures. The interleukin-3-dependent mouse
pro-B-cell line Ba/F3 (46), a gift from U. Klingmiiller, was maintained as de-
scribed previously. The mouse B-cell hybridoma line LBB-IIV.11 (44), abbrevi-
ated LBB.11 in this paper, and mouse B-cell lymphomas CH28 (22), A20 (26),
and M12 (21) were obtained from B. Huber (Tufts University School of Medi-
cine, Boston, Mass.). The mouse pre-B-cell lines 2M3/M (51) and 300-18 (31),
immortalized by Abelson murine leukemia virus, were provided by N. Rosenberg
(Tufts University School of Medicine). All lymphoid cell lines were maintained
in RPMI 1640 medium supplemented with 10% fetal calf serum, 50 uM B-mer-
captoethanol, penicillin (100 UI/ml), and streptomycin (100 pg/ml). DNA was
introduced by electroporation with a Bio-Rad Gene Pulser. Equimolar amounts
of test plasmids (2 pmol) were linearized outside 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. We used a single
batch of cells for all the transfections of a particular cell line in a specific
experiment to control for growth condition or density-dependent differences.
Cells were harvested at the previously determined peak of luciferase activity,
which may differ between cell lines.

Reporter gene assay. Cells were harvested, washed twice in phosphate-buff-
ered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,, 1.4 mM KH,PO,),
and lysed in reporter lysis buffer (Promega). The luciferase assay system (Pro-
mega) was used for detection of firefly luciferase (duplicate assays). Light emis-
sion was determined for 10 s in an ILA911 luminometer (Tropix). The protein
concentration in cellular extracts was measured by the Bio-Rad protein assay.

RESULTS

Sag-luciferase fusion protein as Sag reporter. We have pre-
viously described a sensitive and quantitative assay for the
MMTYV sag gene product expressed from a cloned provirus.
The assay is based on a recombinant Sag-human alkaline phos-
phatase fusion protein (50). This approach allowed us to char-
acterize a region within the MMTV LTR that has an important
function for sag gene expression as an enhancer element in a
pro-B-cell line. However, analysis of sag gene expression in the
main effector cell for Sag activity, B cells, was not possible due
to high endogenous alkaline phosphatase levels in these cells
(13; our unpublished results). To study the regulation of
MMTYV sag gene expression in B cells, we replaced the re-
porter gene in our MMTYV constructs with the gene encoding
firefly luciferase (luc). A luciferase gene lacking its original
initiation codon was inserted into the 3’ LTR sag gene of the
infectious and oncogenic provirus hybrid MMTYV (53), a hybrid
of the endogenous Mtv-1 and exogenous C3H proviruses. In-
sertion of the luciferase gene after sag gene codon 17 created
a hybrid sag-luciferase gene (sagl7-luc) (Fig. 1). All MMTV
proviral sequences are present in this construct (pM?*&’7-<),
As previously demonstrated, expression of the reporter gene in
this system depends on the cotranslation with the 17 N-termi-
nal amino acids of the C3H strain Sag protein (50) and thus
reflects functional sag expression at the major translational
initiation site codon Met 1 (8, 29). This is also the case for our
second MMTYV proviral construct (pM**¢’-%<) which contains
a wild-type luc gene exactly in the position of the sag gene but
lacks sag gene codons 2 to 17 (Fig. 1).
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FIG. 1. Schematic representation of the MMTYV provirus, Sag-reporter proviruses, and regulatory elements for MMTYV sag gene expression in B cells. The positions
of viral genes (gag, pro, pol, env, and sag), promoters (Pyog, P1196, P7246, and Pgyog), newly characterized pol gene enhancer (E), and functional regions within the LTRs
(U3, R, and U5) are indicated. An additional stimulatory element (hatched box) is located between E and P-,,4. The Sag-reporter proviruses M**¢’7¢ (sag]7-luc) and
Mpeasl-ue (sag]-Juc) differ from the MMTV provirus in the 3’ LTRs only. The recombinant 3’ LTRs are depicted below the original LTR. The position of the reporter
gene firefly luciferase (luc) in the recombinant constructs is shown. Regulatory elements with demonstrated relevance for sag gene expression are represented as open

and hatched boxes.

Sag-reporter expression from newly introduced MMTYV pro-
viruses in cell lines representing pro-B, pre-B, and B-cell
stages. B cells are derived from hematopoietic stem cells and
differentiate into plasma cells. Specific intermediate stages
during this process can be identified based on characteristic
events during immunoglobulin gene rearrangement and differ-
ences in gene expression: pro-B, pre-B, and B cells. Our pre-
vious experiments detected and analyzed MMTYV sag expres-
sion in the pro-B-cell line Ba/F3 (50). In this study we extend
our analysis to the pre-B and mature stages of B-cell develop-
ment. As examples of pre-B cells, we selected the two Abelson
murine leukemia virus-transformed lines 2M3/M and 300-18.
The mature B-cell stage was represented by the murine B-cell
lymphomas CH28, A20, and M12. We also tested LBB.11, an
M12-derived B-cell hybridoma that is frequently used for Sag
activity tests in mixed-lymphocyte stimulatory assays after the
introduction of MMTYV sag genes (3). All B-lymphoma and
hybridoma lines are characterized by surface immunoglobulin
(sIg™) and MHC class II antigen (Ia™) markers. The cell lines
were tested for MMTV-dependent luciferase expression after
transient transfection of sag reporter plasmids pM**’”< or
pM#s-lu¢ and the corresponding negative control A8532, lack-
ing the 5" LTR and all but 43 nucleotides of the internal coding
region of the provirus (see Fig. 3).

In all B-lymphoid cell lines tested, we were able to detect
significantly higher sag-reporter expression with the intact
MMTV proviral reporter constructs pM**¢’ 7% and pM®*s’-ue
than with the respective negative controls (Fig. 2). We found
that the luciferase enzyme encoded by sagl-luc generally
yielded larger absolute numbers than did the Sag-luciferase
recombinant enzyme expressed from sagl7-luc. The luciferase
signal obtained with the two Sag-reporter plasmids (sagl-luc +
sagl7-luc) was on average 38-fold (in Ba/F3 cells), 8- and
31-fold (in pre-B cells 300-18 and 2M3/M), and 64, 188, 10,000,
or 12,000-fold (in B cells CH28, LBB.11, A20, and M12) higher
than that obtained with the negative controls.

We conclude that B-lymphoid cell lines representing the
pro-B, pre-B, and B-cell stages allow expression of the MMTV
sag gene from a newly introduced provirus. In all these cell
types, sag gene expression can be sensitively monitored over a
wide range through the relative activity of the Sag-luciferase
reporter enzyme. The high background signals previously re-
sulting from alkaline phosphatase-based negative control con-
structs (48) were not present in the luciferase reporter system.
Thus, the sag-luc reporter proviruses provide excellent tools
for the quantitative analysis of MMTV Sag expression at all
stages of B-cell development.

MMTYV sag gene expression in B-cell lymphomas is stimu-
lated by a cell-type-specific regulatory element in the pol gene.
A number of MMTV-derived sag mRNAs, initiated at one of
four different promoters and spliced to remove most of the gag,
pol, and env genes, has been associated with Sag expression in
B lymphoid cells. However, experimental evidence for the rel-
ative importance of specific mRNAs and promoters is not
available, and B-cell-specific regulatory elements analogous to
the mammary gland cell enhancer (41) have yet to be charac-
terized.

To functionally define the regions within an MMTYV provirus
that are essential for expression of the sag gene in mature
B-cell-derived lymphoma cell lines, we used our Sag-reporter
system M*“/7-%c - Plasmid pM?**¢’/7%¢ carries a full-length
MMTYV provirus including the Sag-luciferase reporter gene
sagl7-luc. We generated a series of truncations from the 5" end
of the provirus progressively removing the 5" LTR (A1463) and
the internal region (A1637 to A8532). The respective numbers
characterize the size of a specific truncation. The resulting
mutants were tested in transient-transfection assays, and lucif-
erase levels were determined.

Our initial experiments focused on the 5’ LTR. Partial trun-
cation (data not shown) or complete deletion (Fig. 3) of the 5’
LTR did not significantly decrease the sag expression levels in
B-cell hybridoma LBB.11. Subsequently, a wider panel of trun-
cations spanning the 5" LTR and the internal coding region
were tested in both B-cell lymphoma A20 and B-cell hybrid-
oma LBB.11 and compared to that in Ba/F3 pro-B cells (Fig.
3). In all three cell lines, sag reporter levels were not signifi-
cantly affected by the removal of the 5’ LTR (A1459). In the
B-cell lines A20 and LBB.11, truncations of the 5" LTR and the
internal coding region up to position 5055 in the pol gene
affected sag reporter expression weakly or not at all. Further
reduction of the MMTYV provirus revealed that a region of the
pol gene from nt 5055 to 5803 had a strong positive effect on
sag expression (Fig. 3) in the more mature B-cell lines. Loss of
this region (A5803) decreased sag expression to 1% (A20) and
7% (LBB.11) relative to the initial activity. The adjacent region
from nt 5803 to 8532 also contributes to sag expression, as
demonstrated by a further reduction to 0.3% (A7478) and
0.06% (A8532) in LBB.11 cells and 0.3% (A7478) and 0.2%
(A8532) in A20 cells of initial sag gene expression.

In Ba/F3 pro-B cells, in agreement with our previous data
(50), MMTYV mutants lacking up to 5,803 nt (A5803) were still
capable of generating approximately wild-type sag levels. De-
letion of the pol gene region from nt 5055 to 5803 did not affect
sag expression. Only upon further deletion of the internal re-
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FIG. 2. MMTYV sag-reporter activity in cell lines representing pro-B, pre-B, and mature stages of B-cell development. MMTV sag-reporter proviruses M#s!7-uc
(sagl 7-luc) and M®®8!-¢ (sag]-luc), and positive control plasmid CMV-luc were transfected into the pro-B-cell line Ba/F3, the pre-B-cell lines 300-18 and 2M3/M, the
B-lymphoma lines A20, CH28, and M12, and the B-cell hybridoma LBB.11. We used 2 pmol of each test plasmid, except for CMV-luc, for which we used 0.5 pmol
of plasmid. The full-length MMTYV reporter constructs are denoted by plus signs, whereas the negative control constructs lacking the 5’ LTR and most of the internal
region are represented by minus signs. Cells were harvested after 24 h and lysed. The relative luciferase activity (RLU) and protein concentration were determined
with this extract. The numbers represent the arithmetic mean * standard deviation (SD) of at least three separate experiments with two different DNA preparations.

gion from positions 5803 to 7478 or 8532 was a reduction of
sag-reporter activity to 30 and 4% found. Sag-reporter levels
are maintained at these comparatively high levels due to the
presence of a sag gene intragenic enhancer in the 3’ LTR (50).

We conclude that in B cells neither promoters nor enhancers
in the 5’ LTR play a major role in MMTV Sag expression.
However, due to the limited resolution of our assay, minor
contributions from the 5" LTR cannot be excluded. In B-cell
lines but not pro-B cells, the pol gene region from nt 5055 to
5803 has a strong stimulatory effect on sag gene expression.
Previously, no regulatory function has been assigned to this
section of the MMTYV pol gene.

MMTYV sag gene expression in B-cell lymphomas does not
involve the sag gene intragenic enhancer. We have previously
identified a sag gene intragenic enhancer element (E ) that
stimulates MMTYV sag expression in a pro-B-cell line from both
the 5’ and 3’ LTR (50). Its potential involvement in MMTV
gene expression in the more mature stages of B-cell develop-
ment has not yet been addressed. The 3" LTR copy of this

regulatory element was present in all the above-tested MMTV
mutants and could potentially modulate sag reporter levels in
our system. To test the effect of this pro-B-cell enhancer on sag
expression in the more mature B cells, we deleted a 0.9-kb
region, including E, on, from the 3" LTR U3 region (nt 54 to
991) of provirus M*“&/7%¢ The resulting mutant provirus,
Mes!7lue [B | pei-], lacks the 3' LTR copy of the E,, 5 en-
hancer but retains the copy in the 5" LTR, while the original
M*e8!714¢ hag an E, . g++ enhancer status. Removal of the 5'
LTR renders these proviruses E, 5 and E, 5+, respec-
tively. Proviruses M*“¢77%4 [E__ p+], M 7uct] [Epro-], and
a number of 5’ truncation mutants (EproB i+ or B, op-) were
compared with regard to sag expression in LBB. 11 and Ba/F3
cells following transient transfection.

In Ba/F3 pro-B cells (Fig. 4, top) all MMTV mutants lacking
E,op in both the 5" and 3’ LTR (E,,,5--), such as M7
[Epron+-] AS055, A5803, A7478, and A8532, show clearly
reduced sag expression compared to their E -+ counter-

parts. This occurs even though for M*’7/“ [E__ .++] the
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FIG. 3. Functional analysis of MMTYV proviral regions that are involved in
sag gene expression by 5’ truncation analysis of MMTYV sag-reporter provirus
Msagl7-luc. The sag-luciferase reporter provirus M*@&7-#¢ g series of 5’ trun-
cation mutants (1459, 1637, 2412, 3246, 4251, 5055, 5803, 7478, and 8532), or
positive control plasmid CMV-luc were transfected into Ba/F3 pro-B cells, A20
B-cell lymphoma, or LBB.11 B-cell hybridoma. We used 2 pmol of each test
plasmid, except for CMV-luc, for which we used 0.5 pmol of plasmid. Cells were
harvested after 24 h, and the lysate was tested for luciferase activity and protein
concentration. The numbers represent the arithmetic mean + SD of at least
three separate experiments with two different DNA preparations. The MMTV
proviral construct is depicted below the graph. The positions of the viral genes
(gag, pol, env, and sag) and reported promoters (P) are indicated. The relative
result for each truncation mutant is represented at the position of the truncation
endpoint within the MMTYV provirus.

E,.op deletion in the 3" LTR results in an increased reporter
expression, possibly due to a loss of negative regulatory ele-
ments (19). In LBB.11 cells, no significant differences in sag
expression between E  p-+ and E, g~ reporter proviruses
were found (Fig. 4, bottom). This indicates that the activity of
the MMTV pro-B-cell enhancer E, 5 is limited to early B-
lymphoid cells and has no effect in B cells. Consequently, for
MMTYV gene expression in B cells, a second enhancer must be
postulated that is active predominantly in mature B cells and is
located outside of the tested U3 LTR region of the MMTV
provirus.

The MMTYV pol gene contains an enhancer element for B
cells. We hypothesized that the stimulatory region that we had
identified in the viral pol gene might be identical to the pos-
tulated B-cell enhancer. To test this hypothesis, we analyzed
the effects of the corresponding pol region on gene expression
from a heterologous promoter. A 1.2-kb region from the 3’ end
of the MMTYV pol gene (nt 5055 to 6255) was placed into the
enhancer test plasmid pGL2, with a simian virus 40 (SV40)
promoter regulating the expression of a luciferase reporter
gene, to generate pGL2-pol. The MMTYV test fragment was
inserted in a position either 5’ or 3’ of the promoter/reporter
unit in either the sense or antisense orientation. The effect on
luciferase reporter levels was quantified after transient trans-
fection into B-cell lymphomas M12 and A20 and B-cell hybrid-
oma LBB.11.

All three B-cell lines, A20, M12, and LBB.11, showed in-
creased reporter gene expression in response to the MMTV-
derived test fragment (Fig. 5). Basal expression from the en-
hancerless SV40 promoter was stimulated up to 15-fold
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FIG. 4. MMTV Sag expression in B cells is independent of the sag gene
intragenic enhancer. Reporter plasmids pM**’7“(E_ p++) (open circles) and
pMses? 7"""(EPmB+/7) (open squares), with their respective truncation mutants
A5055, A5803, A7478, and A8532, and luciferase control plasmid CMV-luc (solid
squares) were transfected into either Ba/F3 pro-B cells (top) or B-cell hybridoma
LBB.11 (bottom). The mock transfection is represented by solid circles. We used
2 pmol of each test plasmid, except for CMV-luc, for which we used 0.5 pmol of
plasmid. Cells were harvested after 24 h, and luciferase activity was determined.
Results are expressed as relative luciferase units (RLU) per microgram of pro-
tein and represent the arithmetic mean + SD of at least three separate experi-
ments with two different DNA preparations. The viral constructs with nucleotide
positions are depicted below the graphs. The approximate positions of coding
regions (gag, pol, and env), promoters (P), and reporter gene luciferase (luc) are
shown. The specific constructs transfected are identified above the graphs.

(LBB.11) or 20-fold (M12 and A20). The strongest effect was
observed in all three cell lines, when the MMTYV fragment was
in the 5’ position and the sense orientation. However, alterna-
tive positions and orientations resulted in an increase of at
least 11-fold (LBB.11), 9-fold (M12), or 4-fold (A20) over
vector-induced reporter gene expression.

These results demonstrate a strong positive effect of the
selected MMTYV pol gene region on gene expression from a
heterologous promoter. The ability of this fragment to stimu-
late gene expression from positions 5’ or 3’ of the reporter
gene and in both orientations provides definite evidence for
the presence of an enhancer element within the tested po/ gene
region. Although this enhancer is functionally comparable to
the MMTV mammary gland enhancer or murine leukemia
virus enhancer within the viral LTRs (30, 41), its location
within the pol gene is highly unusual.

The MMTYV B-cell enhancer is located within a 183-bp re-
gion in the RNase H domain of the pol gene. To define the size
and position of the minimal functional enhancer element
within the 1.2-kb pol gene region (nt 5055 to 6255), we gener-
ated a set of defined truncations of the MMTYV pol gene en-
hancer fragment from either the 5’ or the 3’ terminus. The
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FIG. 5. The MMTYV pol gene contains an enhancer element for gene expression in B cells. (A) Stimulation of SV40 promoter-directed luciferase expression by an
MMTYV pol gene fragment (nt 5055 to 6255). (B) Schematic representation of enhancer test constructs pGL2-pol. Control plasmid pGL2-promoter (VE) contains an
enhancerless SV40 promoter upstream of the firefly luciferase reporter gene. The MMTYV pol gene fragment (nt 5055 to 6255) was introduced in a position either 5’
or 3’ from the SV40 promoter-luciferase reporter gene of enhancer test plasmid pGL2-promoter, in either the sense (+) or antisense (—) orientation, to generate
pGL2-pol 5+, 5—, 3+, and 3—, respectively. These plasmids, pGL2.promoter (VE) and CMV.luc (PC), were transfected into B-cell lines LBB.11, M12, and A20. We
used 2 pmol of each test plasmid, except for CMV-luc, for which we used 0.5 pmol of plasmid. The cells were harvested after 24 h (A20 and LBB.11) or 48 h (M12),
and the luciferase activity and protein concentrations in the cell lysate were determined. Results are expressed as relative luciferase units (RLU) per microgram of
protein and represent the arithmetic mean * SD of at least three separate experiments with two different DNA preparations. As previously established (50a),
introduction of an irrelevant piece of DNA into pGL2-promoter does not result in increased luciferase expression.

stimulatory activity of these fragments on SV40 promoter-
driven luciferase gene expression was analyzed with the
MMTYV fragment in the 3’ position and sense orientation rel-
ative to the promoter and reporter gene so as to avoid inter-
ference with potential promoters in the tested sequence. Stim-
ulation of reporter gene expression was assayed in the B-cell
hybridoma line LBB.11 after transient transfection.

Truncation of the initial pol gene enhancer (nt 5055 to 6255)
from the 5' direction to position 5499 had no effect on en-
hancer activity in LBB.11 cells (Fig. 6). However, a sharp
reduction was observed when an additional 156 bp (from po-
sitions 5499 to 5655) was eliminated. All further truncation
mutants exhibited similar, slightly elevated expression levels
compared to the vector control. With the 5’ extension of the
functional enhancer thus identified between MMTV nt 5499
and 5655, the remaining functional region (MMTYV nt 5499 to
6255) was progressively shortened from the 3’ terminus in
several steps. We found that all truncations up to nt 5681 left
the enhancer activity unchanged. Beyond this, more extensive
truncations to nt 5622 and 5559 gradually reduced pol enhanc-
er-induced reporter expression, suggesting the presence of sev-
eral regulatory elements within this area. The 3’ boundary of
the pol gene enhancer is located between nt 5622 and 5681.

In our analysis, a 183-bp fragment from the MMTYV pol gene
(nt 5499 to 5681) was sufficient for full B-cell enhancer activity.
The entire enhancer element is contained within the region
encoding the RNase H domain of the viral enzyme reverse
transcriptase. It covers the central portion of the RNase H
domain and three of the seven conserved active-site amino acid
residues (39).

In B cells the MMTYV pol gene enhancer and a promoter
within the env gene contribute to sag expression from an intact

MMTYV provirus. The activity of the MMTYV B-cell enhancer in
the viral pol gene has been defined through reduction of the
MMTYV provirus to its essential functional regions and in the
absence of dispensable parts of the provirus. To firmly estab-
lish the biological significance of this enhancer for sag gene
expression, we tested its effect within a complete MMTYV pro-
virus. Since our data suggested the use of one or more non-
LTR promoters in sag gene transcription, we also wished to
functionally analyze the effect of the env gene promoter P,
on this process.

Specific, small deletions were introduced into the full-length
MMTV provirus M*¢’7"¢ to disable either the pol gene en-
hancer or the env gene promoter P,,,, while preserving the
overall architecture of the MMTYV provirus. In particular, the
5" LTR was present in all constructs and all deletions were
generated at least 1.3 kb from the sag gene splice acceptor site.
We removed either the complete 183-bp B-cell enhancer (AE)
or a 29-bp fragment including the TATA box and putative
CAT box of the P,,, env gene promoter (AP) from positions
—52 to —24 with respect to the transcriptional start site. A
third mutant combined these defects and lacked both the pol
gene enhancer and the P, env promoter (AE+P). To test for
potential functional elements between E,; and P,,,6, an ad-
ditional mutant, lacking E,,;, P,,,, and the 1.3-kb intervening
region (AE to P), was generated. The sag-luciferase expression
from full-length MMTV provirus M**¢’7¢ and the mutant
proviruses was compared after transfection into the B-cell lines
A20, LBB.11, and M12.

In A20 and LBB.11 cells, specific excision of the pol gene
enhancer reduced sag gene expression to 7% (A20) or 4%
(LBB.11) of wild-type activity (Fig. 7). In contrast, removal of
the conserved promoter elements from P,,,, had weaker, but
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FIG. 6. Localization of the functional B-cell enhancer region within the MMTYV pol gene. (A) Enhancer activity of MMTV pol gene regions. (B) Nucleotide
sequence of the MMTYV pol gene enhancer region. The MMTYV pol region (nt 5055 to 6255) in pGL2-pol 3+ was successively truncated from the 5’ terminus (solid
arrowhead) and from the 3’ terminus (open arrowhead). The truncation mutants were transfected into LBB.11 B cells. After 24 h, the cells were harvested and lysed
and the luciferase activity and protein concentrations determined. The numbers indicate the position of the test fragment within the MMTYV provirus. Specific
truncation mutants are identified below the graph for the 5" truncation series (solid circles) and above the graph for the 3’ truncations (open circles). The truncation
mutant 6252 represents the vector control and is identical to the plasmid pGL2-Promoter (Promega). The bars below the graph represent the pol gene fragment
analyzed, with the shaded portions indicating the parts required for enhancer activity in the respective 5’ and 3’ truncations and the hatched portions specifying the
dispensable parts. Approximate positions of the env gene and splice acceptor (SA) site are indicated.

significant effects. Sag-reporter levels observed with these P54,

LBB.11 cells), indicating the absence of major regulatory ele-
mutants in A20 or LBB.11 cells were 50 and 17%, respectively.

ments.

This reduction, albeit moderate, represents a stronger effect on
sag gene expression than the removal of the complete 5" LTR,
for which no significant difference was observed (Fig. 3). The
combined E,,, and P,,, deletions resulted in only a minor
further reduction (to 3% of wild-type activity in A20 and 4% in
LBB.11) compared to the effect of the AE mutant alone. Sim-
ilarly, in these two cell lines, removal of the proviral region
between E,,; and P46 ., had only a moderate effect on sag
gene expression (reduction to 0.7% in A20 cells and 1.7% in

Transfected MMTV Constructs A20

B cell lines

The situation in M12 B-lymphoma cells was sharply differ-
ent. In these cells, the E,,,-mediated effects (30% of total sag
expression [compare the second and third bars from the top in
the right panel of Fig. 7]) as well as the combined effects of E,,,,;
and P,,,,, (54% of total sag expression [compare the second and
fifth bars from the top in the right panel of Fig. 7]) were much
smaller than in the previous two cell lines. This result was
surprising in view of the very similar activity of E,,; in our
previous heterologous enhancer assay in M12 and LBB.11
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FIG. 7. Effect of the MMTYV pol gene enhancer and env gene promoter P,,,¢ on sag gene expression in a complete provirus. An intact MMTYV provirus (MMTYV)

and deletion mutants lacking the pol gene enhancer (AE), env gene promoter P54 (AP), both elements (AE+P), or the pol gene enhancer, P,,4, and the intervening
region (AE to P), the negative control pM**$/7-““A8532 (A8532), or control plasmid CMV-luc were transfected into the B-cell lines A20, LBB.11, and M12. We used
2 pmol of each test plasmid, except for CMV-luc, for which we used 0.5 pmol of plasmid. After 24 h, the cells were harvested and lysed, and luciferase activity and protein
concentrations were determined. Results are expressed as relative luciferase units per microgram of protein and represent the arithmetic mean = SD of at least three
separate experiments with two different DNA preparations.
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(Fig. 5). In M12 cells, it was only after further removal of the
region between E,; and P,,,, that a drastic reduction of sag-
luciferase expression to 0.3% of wild-type levels was observed.
This result strongly argues for the presence of an auxiliary
stimulatory element between the newly described pol gene
enhancer and the P,,,, env gene promoter. Thus, in M12 cells,
sag gene expression is probably maintained at high levels
through a second, parallel enhancer that is recognized by a
different set of cellular proteins. In all three cell lines tested,
the mutant provirus lacking E,,, P74, and the intervening
region (AE to P) exhibits only residual sag reporter expression
of =2% of full activity.

In conclusion, the majority of MMTV sag expression
(=98%) in B-cell lines is controlled by stimulatory elements
within a 1.7-kb region of the MMTYV pol and env genes. This
region includes the pol gene enhancer, env gene promoter
P,,46, and intervening sequence. The newly defined MMTV
pol gene enhancer (E,,;) contributes to sag gene expression to
a large extent in at least two of three B-cell lines tested (93%
in A20 and 96% in LBB.11 cells). In spite of the general
activity of the pol gene enhancer in all three tested sIg" Ta™
B-cell lines, in one of these lines an auxiliary stimulatory ele-
ment, possibly associated with the env gene promoter P,
ensures expression of the sag gene even after E,,, has been
removed. A potential candidate for this function is the MMTV
env gene transcriptional activator, previously described as T-
cell specific and activation dependent, located between E,,
and P,,,6 (40, 52). It will be of great interest to determine
whether this additional activity can be attributed to a specific
physiological status or developmental stage of B lymphocytes.

DISCUSSION

The perception of MMTV as a predominantly mammary
gland-tropic virus changed drastically after the discovery of the
immuno-stimulatory Sags encoded in the LTR of this virus (16,
38). Subsequently, it was demonstrated that a critical part of
the viral life cycle involves infection of lymphocytes and that
the expression of the Sag-encoding sag gene in B lymphocytes
is required for successful transmission of the infectious virus
(4). However, the molecular mechanism of MMTV gene ex-
pression in B lymphoid cells remained virtually unknown. The
clearly established function of the MMTYV Sags in B cells made
the sag gene a promising tool for the analysis of MMTYV gene
expression in B cells.

Conventional Sag assays, either by Sag activity measure-
ments or by serological detection, have so far been unable to
address the regulation of the MMTYV sag gene within an intact
provirus. We have established a sensitive, quantitative, and
MHC class II-independent reporter assay for the expression of
the MMTYV sag gene in all cell types. This assay is based on the
enzymatic activity of a Sag-firefly luciferase fusion protein and
replaces an earlier alkaline phosphatase-based assay (48). The
high background signals previously seen with alkaline phos-
phatase-based negative control constructs were not present in
the luciferase reporter system. Luminometric analysis allows
the detection and quantification of recombinant Sag-luciferase
over a very wide dynamic range.

The analysis of MMTYV sag gene expression in B cells re-
vealed a number of unusual features (Fig. 1). (i) Promoters
and enhancers within the 5" LTR are not required for sag gene
expression. The complete 5" LTR can be deleted without any
detectable effect on sag expression. These results argue against
a major role of either of the two promoters in the U3 region of
the LTR, Pgyg and P44 (18, 55), in this process. However,
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minor contributions of these promoters to sag expression can-
not be excluded.

(i) A newly identified transcriptional enhancer (E,,) is
present in the MMTYV pol gene (Fig. 1). Its stimulatory activity
has been demonstrated in all B-cell lines tested, and specific
excision of E,,, from an otherwise intact provirus strongly
reduces (=93%) sag expression in two of three cell lines ana-
lyzed. An alternative explanation, the reduction of sag expres-
sion through an effect on sag mRNA splicing, is considered
unlikely due to the long distance between the pol gene en-
hancer and the LTR-proximal sag splice acceptor (2.8 kb), the
sag splice donor in the env gene (1.7 kb), or the splice donor
between 5’ LTR and gag gene (4.0 kb).

Retroviral enhancer elements are generally located within
the U3 region of the LTRs. An additional internal enhancer
within the viral coding region has been reported for the pol and
vif genes of human immunodeficiency virus (56). Internal pro-
moters with associated, conditional enhancers are known from
the MMTYV env gene (52) and the spumavirus env gene (6).
Only for spumaviruses has the biological relevance of these
findings been firmly established.

This is the first report to demonstrate an effect of an internal
enhancer within the pol gene on retroviral gene expression.
The entire B-cell enhancer element is located within the region
encoding the RNase H domain of the viral enzyme reverse
transcriptase. The enhancer covers the central portion of the
RNase H domain and three of the seven conserved active-site
amino acid residues (39). Within the retroviral genome, the
nucleotide sequence of the pol gene shows the highest degree
of conservation between different isolates of a virus or even
between different viruses. As a consequence, the position of
this enhancer within the pol gene strongly suggests that a func-
tional B-cell enhancer is present in all MMTYV strains and most
endogenous Mtv proviruses. Nucleotide sequence comparison
of our Mv-1-derived pol gene enhancer with the corresponding
region of proviruses Mtv-§/MMTV(GR40), MMTV(BR6), and
MMTV(JYG) (14, 42, 45) identified no, two, and four differ-
ences, respectively within the 183-bp region. Comparison with
the MMTV-like group of human endogenous retroviruses
HERV-K revealed a 61% identity between the two sequences
(47) in a 103-nt region. Genetically inherited Mtv proviruses
within the germ line no longer require all the viral replication
functions for their maintenance in the host. One notable ex-
ample is the endogenous provirus Mtv-6. Sequence analysis of
Mtv-6 revealed that most of the internal coding region includ-
ing all of the pol gene and most of the env gene has been lost
(7). Despite these limitations, Mtv-6 is able to express sufficient
amounts of Sag to direct thymic deletion of a specific T-cell
subset (16). The positive effect of a cellular enhancer in the
vicinity of the M1v-6 integration site may be responsible for the
continued M1v-6 sag expression in this case.

The MMTYV pol gene enhancer for B cells is the second such
element that we have identified for MMTYV sag expression in
the B-cell lineage. Previously, we have described the stimula-
tory function of an intragenic enhancer within the sag gene
itself on sag gene expression in pro-B cells (50). Thus, MMTV
sag expression during B-cell development is achieved through
the use of two separate enhancer elements.

(iii) All major regulatory regions for MMTYV sag expression
in B cells are located within the pol and env genes. We found
that in all B-cell lines tested, the internal region from the pol
gene enhancer E,; to the P, env gene promoter directs 98
t0 99.7% of sag gene expression (Fig. 7). Although the pol gene
enhancer is responsible for most of this effect, excision of the
P46 TATA box and CAAT box causes a 30 and 50% reduc-
tion of sag expression, respectively, in two of the three cell lines
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tested. We would like to point out that the measured numbers
are likely to be an underestimation of P,,,, function, since
promoter inactivation is frequently partially compensated by
newly activated, cryptic promoters (34). In this particular case,
compensation by one or more of the remaining three MMTV
promoters appears possible. These results indicate that the
overall contribution of the P,,,, env promoter to sag gene
expression is higher than the contribution of both LTR pro-
moters (Pgog and Py o6), where no significant effect of their
deletion was detected. In our system, the Pg,o¢ env gene pro-
moter (2) alone is not sufficient to induce more then 0.3% of
wild-type sag-reporter expression. However, despite our exper-
imental support for involvement of the P,,,, env gene pro-
moter, contributions from other MMTYV promoters are possi-
ble, in particular in response to external stimuli, cellular
differentiation processes, or different host cell types.

Both MMTYV and the spumaviruses use an internal pro-
moter within the env gene for the regulation of viral gene
expression (6, 33). In both MMTYV and spumaviruses, the in-
ternal promoter is used to express accessory genes 5’ to or
overlapping the 3" LTR. In spumaviruses, the high basal activ-
ity of the internal promoter directs expression of the Bel I
transactivator gene early after infection to initiate Bel [-en-
hanced expression from the classical U3 and the internal pro-
moters (32). Hypothesizing an analogous biphasic expression
mechanism for MMTYV, initial sag expression predominantly
from the internal promoter is likely to induce or enhance
T-cell-mediated B-cell activation and subsequent differentia-
tion into antibody-secreting B cells. Concomitant induction of
general MMTYV gene expression from the 5" LTR would stim-
ulate the production of viral structural components to generate
infectious virions. In support of this hypothesis are reports
demonstrating induction of MMTV LTR-driven gene expres-
sion by agents such as lipopolysaccharide or interleukin-5 that
activate B-cell differentiation (27, 28). These differentiating B
cells increase immunoglobulin p chain expression, J chain ex-
pression, and antibody secretion, can migrate to mucosal sites
of secretory immunity, and are potential vehicles for the trans-
mission of MMTYV to the mammary gland.
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