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The procaryotic chloramphenicol acetyltransferase (CAT) gene controlled by the murine mammary tumor
virus (MMTV) promoter shows reduced activity in a rat mammary tumor cell line after infection with MMTV
but to a considerably lesser extent than the CAT gene controlled by a heterologous promoter, indicating
trans-acting regulation of promoter activity by MMTV. Cotransfection of vectors capable of expressing RNA
from the 3' open reading frame (orf) of MMTV with the CAT-MMTV construct resulted in enhanced CAT
activity, suggesting that orf carries a transactivating potential. Since transactivation was also found with a
vector containing only orf and part of the viral env gene, it was concluded that a separate transcriptional unit
exists for the orf message.

The murine mammary tumor virus (MMTV) genome con-
tains at its 3' terminus an open reading frame of 960
nucleotides in addition to the common retroviral genes gag,
pol, and env. This orf sequence is part of the proviral long
terminal repeat (LTR) (6, 7, 10, 14, 16). In vitro it can code
for four polypeptides with apparent molecular weights of
36,000, 24,000, 21,000, and 18,000, respectively (4, 5, 23, 24).
The orf sequence may be responsible for enhanced lobuloal-
veolar development of the mammary gland (2, 3), preceding
neoplastic conversion associated with the activation of oth-
erwise dormnant cellular int oncogenes by MMTV provirus
integrated in their vicinity (11, 19, 20, 22). By analogy to
human T-cell leukemia virus types I and 11 (26), the bovine
leukemia virus (25), and the human immunodeficiency virus
(1), we assumed that the orf sequence of MMTV could code
for a trans-acting protein, which would stimulate transcrip-
tion directed by the MMTV promoter and presumably also
stimulate transcription of some cellular genes.

If transactivation occurs in the MMTV replication pro-
cess, it should be detectable as a difference between infected
and uninfected cells. At least one report describes the lack of
a difference in MMTV promoter activity in the murine
mammary tumor cell line 34i cl-101 as compared with the
murine fibroblastic L-cell line (21). To our knowledge,
however, there are no reports that deal with MMTV-infected
and uninfected cells of the same origin. To compare MMTV-
infected and uninfected cells, we turned to a rat mammary
tumor cell line, SDMT/c13. This cell line was derived from a
spontaneous carcinosarcoma occurring in a 2-year-old SD/
Rij breeding female in our animal facility (M. A. Dubbeld,
personal communication). Infection with a host-range vari-
ant of MMTV (13) was checked by Northern blot analysis
using a nick-translated probe of the MMTV LTR. All three
virus-specific messages 'of 8.4, 4.0, and (faintly) 1.6 kilobases
were found to be present in the infected cell line and absent
in the uninfected control. Both infected and uninfected
SDMT/c13 cells were transfected with constructs with the
chloramphenicol acetyltransferase (CAT) gene fused to ei-
ther the simian virus 40 (SV40) promoter or the MMTV
promoter (Fig. 1A). Cells' were grown for 48 h in the
presence of 5 x 10-6 M dexamethasone before being lysed.
CAT assays were performed as described before (12). The
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protein content of all of the preparations was determined.
Total amounts of protein in the samples for the CAT assays
varied from 60 to 150 ,g. Each value was matched to the
equivalent of 100 jig of total protein.
The time course of the CAT assays of uninfected (Fig. 2A)

and infected (Fig. 2B) SDMT/c13 cells transfected with the
plasmids containing the CAT gene under control of the SV40
promoter (pSV2CAT) or the MMTV promoter (pSupL) was
determined. Overall CAT activities in the infected cells were
lower than those in the uninfected cells. This is not due to
differences in growth characteristics or cellular metabolism.
Most likely it represents some infection-associated repres-
sion factor. The inactivation due to MMTV infection as seen
in Fig. 2 is not exerted specifically on the MMTV LTR, since
the SV40 promoter activity was also markedly decreased in
the infected cells. The same holds true for a construct,
pADA-CAT, containing the CAT gene under control of the
promoter of the human adenosine deaminase gene (courtesy
of D. Valerio). After 90 min of incubation in the CAT assay,
uninfected cells showed 4.0% acetylation, which was re-
duced to 1.4% in the infected cells. This points to the
existence of an aspecific down-regulation of certain promot-
ers as a result of MMTV infection.

In the uninfected SDMT/c13 cell line both the SV40 and
the MMTV promoter were of approximately equal strength,
but in the infected SDMT/cl3'cells the MMTV promoter was
clearly the stronger one. After 90 min of incubation the
relative strength of the MMTV promoter was 0.97 in the
uninfected and 4.89 in the infected cells (a three- to fivefold
difference was routinely observed). This difference could be
interpreted as partial inactivation of both promoters due to
MMTV infection, counteracted by specific transactivation of
the MMTV promoter.
To examine whether MMTV orf could exert this possible

transactivating potential, we used various plasmids contain-
ing the MMTV orf sequence (see Fig. 1B) as'donors for
transactivation. As determined by slot-blot analysis (Fig. 3),
all of these plasmids were capable of synthesizing orf-
specific RNA at levels of 0.3 to 1% of total cellular RNA,
except pTorf. Digestion of pEnorf with BamHI, which
separates env sequences from bacterial sequences, did not
influence RNA production, whereas digestion with PstI,
which dissociates the LTR from env, completely abolished
RNA production. Transcription of orf could also' be evoked
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FIG. 1. Schematic representation of the constructs used either as targets (A) or donors (B) for transactivation of promoters directing the
CAT gene. Donors include the following. pSPsL is a plasmid in which the first of the two tandem SV40 transcriptional units of pLO (8) was
used to drive the 5' MMTV LTR (open box) PstI fragment. This sequence lacks the first initiation codon of orf. pRN604 is a pAT153-derived
plasmid inserted with the junction of an MMTV provirus and the int-i gene isolated from mouse mammary tumor 604 DNA (a gift from R.
Nusse from the Netherlands Cancer Institute). This plasmid contains the entire proviral env gene, the LTR, and flanking mouse. DNA. pTorf
is a pGEM-1 plasmid (Promega Inc., Leiden, The Netherlands), inserted with the entire LTR orf. The insert was cloned from the BgIII site,
43 base pairs (bp) before the first initiation codon of orf, and the Sacl site, 27 bp beyond the termination codon. Plasmid pEnorf is as for pTorf,
inserted with the complete orf sequence and the 3' part of the env gene (size, 1 kbp). Plasmid pMoMuL was made by replacing in pRN604
the env gene by the LTR of Mo-MuLV. This LTR is flanked by approximately 200 bp of mouse DNA at the 3' side and by approximately 200
bp of Mo-MuLV env sequences at the 5' side.

by fusion to a heterologous eucaryotic promoter such as the
SV40 promoter (pSPsL) or the Moloney murine leukemia
virus (Mo-MuLV) LTR (pMoMuL).
These expression vectors were cotransfected with either

the transactivation-susceptible target plasmid (pSupL) or the
inert target plasmid (pSV2CAT) to NIH 3T3 cells. The
highest relative promoter strength of the MMTV promoter,
as compared with the SV40 one (which remained constant
throughout the experiment, ruling out inactivation), was
obtained with the plasmid pMoMuL (Table 1). This plasmid
contains MMTV orf, whose expression is controlled by the
promoter present in the LTR of Mo-MuLV.
The pSPsL construct, which contains the widely used PstI

fragment of the 5' MMTV LTR fused to the SV40 promoter,
had little stimulatory effect on the expression of the CAT
gene directed by the MMTV promoter. This is not due to
lack of transcriptional activity (Fig. 3 and Table 1). The PstI
fragment of the LTR lacks only a few nucleotides at the
beginning of the orf sequence, including the first AUG
codon. All four sequenced MMTV strains contain four

internal AUG codons within orf. Initiation of protein syn-
thesis on either of these starting codons would lead to
proteins with molecular weights of 32,000, 24,000, 21,000 or
18,000 (6). Racevskis and Prakash (24) have argued, using
the postulations put forth by Kozak (15), that the relative
efficiency of the initiation codon of the 32,000-molecular-
weight protein is far less than that of the 24,000-molecular-
weight protein. They found an excellent correlation with the
amount of in vitro translation products encoded by hybrid-
selected RNAs isolated from mammary glands of lactating
GR mice. Therefore, initiation at the next probable AUG
codon could result in the loss of as much as one third of the
coding potential. The presence of a complete orf sequence
seems to be required for efficient stimulation of the CAT
gene directed by the MMTV promoter.
High ratios for the MMTV promoter were also obtained by

cotransfecting the plasmids pEnorf or pRN604, containing
MMTV orf and a large part of the adjacent env gene. The
pTorf plasmid, which contains the complete orf sequence of
MMTV but only a small part of env, had no positive effect on
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FIG. 2. Time course of the CAT assays performed on rat mammary tumor cells of line SDMT/c13 (A) and on SDMT/c13 cells infected with
MMTV (B). Cells were transfected with 10 ptg of a plasmid with the CAT gene under the direction of either the SV40 promoter (pSV2CAT,
*) or the MMTV LTR (pSupL, O) and were grown for 48 h in the presence of 5 x 10-6 M dexamethasone. CAT assays were performed as
described (12). Percentage acetylation is shown as a function of the incubation time in the assay. Lines are best-fitted straights including the
origin.

the CAT gene driven by the MMTV promoter. The MMTV
LTR contains a region responsive to a negative regulatory
factor (18, 21), probably a labile cellular protein. This could
counteract transactivation to some extent, but could also
result in an increase in CAT activity by dilution of this factor
after cotransfection with an LTR-containing expression plas-
mid. The fact that pTorf and pEnorf contain the same part of
the LTR, but have different effects on CAT activity, rules
out this latter possibility. The lack of MMTV-specific RNA
after transfection of pTorf in contrast to pEnorf indicates
that transcription of orf is needed for transactivation.
These results also suggest that the env gene contains a

promoter that may control the expression of orf. The env

gene contains several TATA boxes (17), one of which is
thought to be the inducible promoter present in env from
which an LTR-specific RNA is synthesized in EL4.E1 cells
(9). The transcription of this RNA does not stem from the 5'
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FIG. 3. RNA production of the various expression vectors as
depicted in Fig. 1A, produced after transfection and incubation
under conditions identical to the CAT assay. Total cellular RNA
(amounts ranging from 2 to 20 ,ug) was spotted in one to five serial
dilutions on nitrocellulose and hybridized to an orf-specific (1.1 kb
BgIII-SstI LTR fragment) probe. Lanes: 1, pSPsL; 2, pRN604; 3,
pTorf; 4, pEnorf; 5, pMoMuL; 6, expression vector pLO without
LTR sequences; 7, MMTV RNA reference starting at 20 ng.

LTR. The hypothesis of a separate transcription unit for the
orf message is (at least for endogenous MMTV) supported
by the identification of a 1.7-kilobase RNA molecule con-
taining the orf sequence in lactating mammary glands of
uninfected BALB/c mice (27).
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provided by L. Dorssers. We are grateful to R. Michalides and D.
Valerio (who also provided plasmid pADA-CAT) for reading the
manuscript.

TABLE 1. Influence of cotransfection with activator donor
plasmids on target plasmid CAT activitya

Activator % RNA Target % Relative promoter
plasmid productionb promoter Acetylation strengthplasmid ~~~~~~~(MMTV/SV40)
pSPsL 0.3 MMTV LTR 4.6 1.8

SV40 2.5
pRN604 1.0 MMTV LTR 11.5 4.3

SV40 2.7
pTorf <0.01 MMTV LTR 1.8 0.9

SV40 2.0
pEnorf 0.5 MMTV LTR 12.0 6.3

SV40 1.9
pMoMuL 0.6 MMTV LTR 23.5 7.3

SV40 3.2

"CAT assays were performed after the donor plasmids (Fig. 1B), together
with either pSupL or pSV2CAT (Fig. 1A) at 10 p.g each, were cotransfected
to NIH 3T3 cells grown on a 10-cm dish. Lysates were incubated for 1 h.
Every experiment was repeated at least once to test reproducibility of the
observations.

b RNA production is expressed as a percentage of total cellular RNA
determined by slot-blot hybridization (see Fig. 3).
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