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In mouse Ltk- cells that were transfected with recombinant bacteriophage DNA containing a complete
proviral copy of an integrated endogenous mouse mammary tumor virus (MMTV) with its flanking cellular
sequences, the newly acquired MMTV proviruses were transcribed in a glucocorticoid-responsive fashion.
After hormone treatment of selected cell clones in culture we isolated the nuclei, elongated the nascent
RNA chains in vitro, and determined the number of RNA polymerase II molecules on the transcribed
MMTV DNA as well as on the flanking mouse DNA sequences. We found that the specific increase in the
polymerase loading after hormone treatment is proportional to the increase in the amount of stable MMTV
mRNA. When the DNA sequences which are responsible for hormone-receptor binding and for the
increased MMTV mRNA levels were deleted, no increase in RNA polymerase II loading on MMTV DNA
was observed. Nuclear RNA chains which were transcribed in response to hormone treatment were
detected not only from the transfected MMTV DNA but also from the mouse DNA sequences adjacent to
the 3' end of the provirus.

The expression of mouse mammary tumor virus (MMTV)
in mice as well as in tissue culture cells is regulated by
steroid hormones (18, 23, 25, 28, 38). Studies utilizing
homologous and heterologous cell lines revealed that the
strong stimulation of viral RNA synthesis could be attributed
to the action of glucocorticoids alone. The regulation is
mediated by a hormone-receptor complex; it is very rapid
and independent of simultaneous protein synthesis (30, 34).
The hormone-receptor complex binds specifically to se-
quences in the long terminal repeat (LTR) of MMTV DNA
(9, 11, 26, 27, 32). In transfection experiments it was shown
that the same DNA region is involved in glucocorticoid-
regulated transcription (7, 13, 16, 17, 19). Upon deletion of
some of these sequences, the hormonal effect on MMTV
transcription is lost (2, 7, 21). It was demonstrated that the
sequences required for the hormone response reside be-
tween -100 and -200 nucleotides upstream from the initia-
tion site for viral RNA synthesis (2, 21). Larger DNA
fragments containing this sequence but lacking the MMTV
promoter were shown to confer hormone inducibility to
other, normally non-hormone-responsive promoters (3, 21).
As a result of hormonal treatment, the rate of viral RNA
synthesis increases, as measured by pulse labeling (12, 29,
36, 37, 40), and higher levels of stable mRNA accumulate.
From these studies it was deduced that the rate of initiation
of viral RNA synthesis is increased, but they could not
exclude the possibility of rapid metabolic effects of glucocor-
ticoids, which may alter for example the stability of the
MMTV mRNA. To further study the molecular events which
are caused by hormone-receptor binding to DNA, it was
therefore necessary to apply an approach which looks more
directly at initiation of transcription. In the experiments
presented here we measured the number of RNA polymer-
ase II molecules transcribing MMTV DNA with and without
hormone treatment. With the same experimental design, we
also looked at transcription from adjacent cellular sequences
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to explore the possibility of promoter or enhancer insertion
models for transformation by MMTV.

MATERIALS AND METHODS
Cell lines. Ltk- aprt- cells (provided by M. Perucho and

M. Wigler via N. Hynes) were transfected with different
recombinant pBR322 plasmids (2) and with a recombinant
Charon 4A phage (6). The 15-1 cell line (6) had acquired a
functional thymidine kinase gene (tk) of herpes simplex virus
by transfection with a recombinant plasmid containing this
gene (39). Cell line 16-3 (6) was co-transfected with the tk
plasmid and a recombinant Charon 4A phage (AJ-1) harbor-
ing a complete endogenous MMTV provirus from the A/Jax
mouse with its flanking mouse DNA sequences. It carries six
copies offoreign DNA. The cell lines -600, -204, -149, and
-105 were derived by transfection of a plasmid containing
the MMTV LTR deleted to different extents fused to the tk
coding sequence (2). The numbers indicate the remaining
LTR sequences upstream from the cap site for the MMTV
RNAs. These cell lines were generously provided by E.
Buetti.

Preparation of the nuclei. The tk+ cell lines were grown in
HAT selective medium (20) without added hormone to 90%
confluency. A small amount of medium with or without the
synthetic glucocorticoid dexamethasone (final concentra-
tion, 10-6 M) was added, and after 2 h the cells were
harvested in ice-cold phosphate-buffered saline. The nuclei
were then purified according to a modification (33) of the
method described by Hewish and Burgoyne (15) with the
following adaptation for cells in tissue culture. The cells
were resuspended in 0.5% Nonidet P-40 and 0.3 M sucrose in
buffer A (60 mM KCl, 15 mM NaCl, 0.15 mM spermine, 0.5
mM spermidine, 14 mM beta-mercaptoethanol, 0.5 mM
EGTA [ethyleneglycol-bis(q-aminoethyl ether)-N,N'-tetra-
acetic acid], 2 mM EDTA, 15 mM HEPES [N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid]. pH 7.5), homoge-
nized in a Dounce homogenizer with pestle B and
centrifuged (2,500 rpm, 4°C, 10 min, HB4 rotor of a Sorvall
centrifuge) through a cushion of 30% sucrose in buffer A.
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The nuclei were then treated for 30 min on ice with 5 ,ug of
RNase A per ml in 0.3 M sucrose in buffer A and centrifuged
again twice through 30% sucrose in buffer A. In the first
experiments described, an additional centrifugation step was
performed. The nuclei were taken up in 2 M sucrose in buffer
B (the same buffer as buffer A, but with 0.1 mM EGTA and
0.1 mM EDTA) and centrifuged through a cushion of the
same composition in an SW50.1 rotor in a Beckman centri-
fuge at 3 x 104 rpm at 40°C for 1 h. This step proved to be
unnecessary for nuclei isolated from cells in culture. The
nuclei were resuspended in nuclei storage buffer (20 mM
Tris-hydrochloride, pH 7.9, 75 mM NaCl, 0.5 mM EDTA,
0.85 mM dithiothreitol, 0.125 mM phenylmethylsulfonyl
fluoride, 50% glycerol) and used directly or stored at -70°C.
The DNA content of each preparation was measured by the
method of Giles and Myers (10).

In vitro elongation and hybridization. The elongation of
nascent RNA chains was carried out at 26°C following the
protocol of Schibler et al. (33) according to the method of
Gariglio et al. (8), omitting the RNase inhibitor. The RNA
was extracted and hybridized to filter-bound DNA as de-
scribed by Groudine et al. (14), except that 0.5% sodium
dodecyl sulfate was added and no dextran sulfate was used
in the hybridization mixture.
MMTV and flanking mouse DNA subclones used as hybrid-

ization probes. The pBR322 recombinant plasmid p2.0 (7)
harbors the 2.0-kilobase (kb) PstI fragment of an exogenous
GR-MMTV. It was purified by banding in a cesium chloride-
ethidium bromide gradient. The single-stranded probes C
and D (a gift of N. Fasel) were derived by subcloning the
PstI-BglII fragment from the gag-pol region of exogenous
GR-MMTV (1) into the single-stranded phages M13mp8 and
M13mp9 and preparing the phage single-stranded DNA by
the method of Sanger et al. (31). For the subclones A, B, E,
F, and pl.lfl, the corresponding fragments were cut out from
the lambda phage AJ-1 (6) and subcloned in M13mp8-11 and
pBR322, respectively. The recombinant single-stranded or
double-stranded DNA was purified as mentioned above. The
single-stranded phage DNA was directly spotted onto nitro-
cellulose filters. The inserts of the different plasmids were
cut out with the appropriate restriction enzyme, and the
fragments were separated on 1% agarose gels and trans-
ferred to nitrocellulose filters.

RESULTS
In vitro elongation in isolated nuclei. We used the method

of in vitro elongation of nascent RNA chains initiated in vivo
(14) to show that the effect of glucocorticoid stimulation of
transcription takes place at the level of initiation. An in-
crease in the frequency of initiation results in a higher
number of RNA polymerase II molecules bound to the DNA
in the presence of hormone and therefore in a larger number
of nascent RNA chains.
To perform this study, a tissue culture cell line (16-3)

stably transfected with a cloned integrated endogenous
MMTV provirus (6) was used. The newly acquired MMTV
proviruses are transcriptionally active and regulated by
glucocorticoid hormones (6). The nuclei of this cell line were
purified as described above, and the preexisting RNA was
removed by exposing the nuclei to RNase A. RNA frag-
ments of 60 nucleotides in length are protected from the
RNase A digestion by RNA polymerase II molecules bound
to their DNA template (33). These RNA chains were then
elongated in vitro in the presence of heparin (1 mg/ml), an
RNase inhibitor, and ammonium sulfate (350 mM), which
prevents reassociation of unbound RNA polymerase II mol-

ecules with DNA (4). A time course of such an elongation
reaction with total cellular RNA is shown in Fig. 1. The
elongation products after 2, 5, and 10 min of incubation were
analyzed by agarose gel electrophoresis. The average length
of the nascent RNA chains after 10 min of incubation (lanes 3
and 6) reached ca. 260 nucleotides, indicating an elongation
rate of about 20 nucleotides per min at 26°C. The preceding
RNase treatment had no effect on the reaction, as we found
no difference in trichloroacetic acid-precipitable radioactiv-
ity after elongation in RNase-treated and untreated nuclei
(data not shown). The addition of the synthetic glucocorti-
coid dexamethasone to the cells in culture for 2 h before
preparation of the nuclei had no apparent effect on the
overall incorporation, as measured by trichloroacetic acid-
precipitable counts (data not shown), or on the elongation
rate (Fig. 1). The UTP pool in the cells (determined by the
method described by Cox [5]) was not changed by the
hormone treatment (data not shown).

Elongation of MMTV-specific transcripts. By using this
assay, three different cell lines (16-3, 15-1, L-cells) were
investigated for expression of MMTV-specific sequences.
Cell clone 16-3 is derived from Ltk- cells which had been
stably transfected with cloned endogenous integrated provi-
ral DNA together with plasmid containing the herpes tk gene
(6). This clone contains approximately six copies of foreign
MMTV DNA in addition to the L-cell endogenous MMTV
proviruses. The cell clone 15-1 was transfected with the tk
plasmid alone, and the Ltk- cells served as a nontransfected
control. These three cell lines were grown for 2 h in the
presence of dexamethasone (10-6 M), and the nuclei were
prepared and an in vitro elongation reaction was performed
as described above. The labeled purified RNA chains were

1 2 3 M 4 5 6

U - 659
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FIG. 1. RNA chain elongation in vitro. Nuclei of the cell line 16-
3 were prepared as described in the text. The RNA chains were

elongated for 2, 5, and 10 min and purified by extraction with hot
phenol saturated with 20 mM sodium-acetate and 50 mM NaCl.
After precipitation with 1 M ammonium-acetate in ethanol, the RNA
was glyoxylated (22) and separated on a 2% agarose gel. Lanes 1
through 3: Nuclei from 16-3 cells treated for 2 h with 106 M
dexamethasone. Lanes 4 through 6: Nuclei from untreated 16-3 cells.
Lanes 1 and 4, 2-min incubation; lanes 2 and 5, 5-min incubation;
lanes 3 and 6, 10-min incubation. Lane M: Denatured Aluil restriction
fragments of pBR322 DNA.
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then hybridized to DNA fragments, previously separated by
agarose gel electrophoresis and transferred to nitrocellulose
filters. The result of the analysis of nascent RNA molecules
from these cell lines in presence of the hormone is shown in
Fig. 2. In the nuclei of cell line 16-3, MMTV-specific
transcripts were detected by their hybridization to the 2.0-kb
PstI fragment (p2.0 in Fig. 5) of exogenous MMTV (Fig. 2,
lane B). This transcription was inhibited by actinomycin D
(lane A). No MMTV-specific transcription was observed in
nuclei of cell line 15-1 (lane C) or of L-cells (lane D),
demonstrating that the endogenous MMTV proviruses pres-
ent in L-cells are not expressed even in the presence of
dexamethasone. This is in agreement with the results ob-
tained by analyzing stable mRNA of these lines (6). With the
RNA from the cell lines cotransfected with the unlinked ptk
plasmid (39) (16-3 [lane B] and 15-1 [lane C]), weak hybrid-
ization also occurred to the linearized pBR322 DNA (4.3 kb)
present on the filter. This suggests low levels of transcription
of pBR322 sequences which could have been initiated either
at the tk promoter or at TATA box-like sequences in the
plasmid. These transcripts were not detected consistently
and therefore not further analyzed.

Increased RNA polymerase II loading on the MMTV
genome in response to hormone treatment. To investigate the
effect of hormone treatment, cell line 16-3, kept in culture
medium without added hormone, was grown for 2 h in the
presence or absence of dexamethasone. After transcription-
elongation in isolated nuclei, the labeled RNA was purified
and hybridized to various DNAs bound to a filter. Hormone-
responsive transcription was observed for the MMTV se-
quences, as determined by hybridization to the 2.0-kb PstI
fragment (Fig. 3, panels B and D, lanes 2 through 4). It is
noteworthy that large amounts of unlabeled DNA must be
present on the filter to produce conditions of excess DNA
(compare lane 4 and lane 2 in panels B and D) in these
hybridization reactions, an observation which has already
been made (14). Only the amount of DNA in lane 4 was
excessive, and higher amounts of DNA did not increase the
signal (data not shown). Because most preexisting RNA

A
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FIG. 3. Hormone-responsive transcription of MMTV DNA by

RNA polymerase II. Cell line 16-3 was grown in the presence (A, B)
or absence (C, D) of dexamethasone, and the nuclei were prepared
as described. RNA chains were elongated in the absence (B, D) or
presence (A, C) of alpha-amanitin (20 ,ug/ml), purified as described,
and hybridized to filter-bound DNA. Lanes 1, ptk DNA; lanes 2
through 4, p2.0 DNA cut with Pstl, 4, 10, and 20 ,ug, respectively;
lanes 5, pl.fl DNA (1.4 ,ug) partially cut with HindIlI, linearized
plasmid (5.4 kb), and excised insert (1.1 kb); lanes 6, Charon 4A
DNA.

4.3-

2.0- 4

A B C D

FIG. 2. MMTV-specific transcription in cell line 16-3. The trans-
fected cell lines 16-3 and 15-1 and Ltk- cells were grown for 2 h in
the presence of 10-6 M dexamethasone. Nuclei were prepared and
the RNA was elongated as described. The 32P-labeled RNA was

hybridized to a filter containing 30 ,ug of DNA of the plasmid p2.0
cut with PstI. Source of RNA: (lane A) 16-3, elongation reaction in
the presence of actinomycin D (200 ,ug/ml), (lane B) 16-3, (lane C)
15-1, (lane D) L-cells.

molecules in the preparation of nuclei were digested with
RNase A, there was little unlabeled RNA which might
compete in the hybridization reaction with the labeled na-
scent RNA chains. The increased intensity of the hybridiza-
tion signal (compare lane 4 of panels B and D) due to the
hormone treatment was about 10-fold, as measured by
densitometry of the autoradiographs. As the nuclei were
treated with RNase A before the in vitro incubation and as
de novo polymerase association with DNA was prevented,
elongation only takes place on nascent RNA chains protected
from nuclease digestion by RNA polymerase molecules.
Therefore, the amount of labeled RNA specific for a certain
DNA sequence is directly proportional to the number of
RNA polymerase molecules bound to that sequence. The 10-
fold increased hybridization signal therefore indicates that 10
times more polymerase molecules are active on the corre-
sponding MMTV sequence in the presence of the hormone.
No increase in transcription of the cotransfected tk gene

and the lambda Charon 4A DNA was observed after hor-
mone treatment (panels B and D, lane 1 and 6). Lane 5 of
panels B and D shows hybridization of in vitro elongated
transcripts to the recombinant plasmid pl.fl (see Fig. 5)
which contains a DNA sequence adjacent to the A/Jax
endogenous MMTV provirus (6) but which does not contain
MMTV sequences. Transcripts hybridizing to this plasmid
seem to increase after hormone treatment. This effect was
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FIG. 4. In vitro elongation in nuclei of cells transfected with

LTR deletion mutants. The cell lines -600, -204, -149, and -105
were grown in the absence (-) or presence (+) of dexamethasone.
The in vitro elongated RNA chains were purified and hybridized to
plasmid ptk (4 ,ug) and dotted to nitrocellulose filters as described.
Lane 1: Cell line -600, 5 x 105 cpm applied in each hybridization
reaction. Lane 2: Cell line -204, 0.9 x 106 cpm. Lane 3: Cell line
-149, 1.2 x 106 cpm. Lane 4: Cell line -105. 1.6 x 105 cpm. The
stimulation factor is indicated for each cell line.

studied further (see below). Alpha-amanitin strongly inhibit-
ed transcription corresponding to the DNA fragments pres-
ent on the filter (Fig. 3, panels A and C).

Deletion of the sequences required for hormone regulation
results in the loss of increased RNA polymerase II loading. It
has recently been shown that removal of certain DNA
sequences from the viral LTR leads to a loss of hormone
responsiveness of transcription (2, 3, 17, 21) and to a loss of
the hormone-receptor binding (32). DNA sequences between
about -100 and -200 base pairs upstream from the initiation
site of viral transcription are required for glucocorticoid
stimulation (2, 21).

Cell lines stably transfected with a partially deleted LTR
linked to the herpes tk coding region (2) were grown in the
presence or absence of dexamethasone for 2 h. Nuclei were
purified and the RNA was elongated in vitro as described.
As hybridization probe to detect MMTV transcripts we used
the DNA of the plasmid ptk, bound to nitrocellulose filters.
Figure 4 shows that increased RNA polymerase II loading in
the presence of the hormone can be detected until the
deletion reaches -204 base pairs upstream from the initia-
tion site of transcription (lanes 1 and 2). The removal of the
sequences between -204 and -105 base pairs upstream of

A
'la

LTR

the cap site previously shown to be required for increased
accumulation of stable mRNA in the same cell lines (2) leads
to a loss of the hormone-induced increase in RNA polymer-
ase II loading (lanes 3 and 4 with and without dexametha-
sone). The absolute level of transcription observed in the
individual cell clones transfected with the deletion mutants
cannot be directly compared, as the cell clones contain
different copy numbers of the foreign DNA (e.g., lanes 1
through 4, without dexamethasone).

Transcription of sequences flanking MMTV DNA. As
shown in Fig. 3 (panel B, lane 5), we detected hybridization
of the nuclear RNA elongated in vitro to cellular sequences
flanking an integrated MMTV provirus. To investigate fur-
ther the nature of the transcripts in the vicinity of the
integrated provirus, single-stranded probes of 5' and 3'
MMTV flanking mouse sequences were prepared (Fig. 5)
and used for the hybridization with in vitro elongated RNA
extracted from cells transfected with the AJ-MMTV proviral
DNA (16-3 cells). The result of this experiment is shown in
Fig. 6. As demonstrated previously (Fig. 3), transcripts
complementary to the coding strand of MMTV DNA (probe
D) were synthesized in response to dexamethasone (com-
pare in Fig. 6 panels A and B, dots D). Very little hybridiza-
tion was observed to probe C, which represents the opposite
strand. Hormone-dependent transcripts also hybridized with
roughly the same intensity to the coding strand of the 3'
flanking mouse DNA (probe F), whereas no hybridization
was observed to the 5' flanking mouse DNA in presence or
absence of the hormone (dots A and B). Thus, transcription
initiated under the control of a hormone-regulated promoter
can be detected in downstream mouse sequences flanking
the integrated provirus.

DISCUSSION
Several attempts have already been made to define pre-

cisely the event which finally leads to the increased levels of
stable MMTV-specific mRNA in hormone-treated cells. The
assumption that the crucial step is the initiation of RNA
synthesis is based on experiments where transcription was
measured after pulse labeling with radioactive precursors
(12, 29, 36, 37, 40). This conclusion was supported by the
observation that the half-life of the viral mRNA was not
increased (40), and the elongation rate and splicing efficiency
were unaffected by the hormone (36).
We decided to further investigate the mechanism of hor-

monal regulation by using a different approach. For these
studies we used a mouse cell line which had been stably

H HE

AJ-1

ss probes

p 0pp2.0 ip,,flI ds probes
-.1 kbp

FIG. 5. Insert of the recombinant Charon 4A clone AJ-1 with description of the subcloned DNA fragments used as hybridization probes.
The restriction sites utilized for the subcloning of the flanking mouse sequences are indicated: E, EcoRI; S, Sstl; H, Hindlll. The single-
stranded (ss) probes A through F were generated from recombinant M13mp8-11 phage DNA. The arrows are pointing from the 5' to the 3'
direction. Probe D represents the coding strand for MMTV-initiated transcripts. The double-stranded (ds) probes p2.0 and pl.fl were derived
by cloning the corresponding restriction fragments into the plasmid pBR322 (for details see the text).

MMTV
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FIG. 6. Hormone-regulated transcription in mouse flanking se-

quences. Cell line 16-3 was grown in the presence (A) or absence (B)
of dexamethasone, and the nuclei were prepared as described. The
in vitro elongated RNA was hybridized to single-stranded recombi-
nant phage M13 clones spotted onto nitrocellulose. Spots A and B:
5' flanking mouse sequences. Spots C and D: Internal MMTV
sequences. Spots E and F: 3' flanking mouse sequences. Spots A, C,
and E: Noncoding strand for MMTV transcripts. Spots B, D, and F:
Coding strand for MMTV transcripts. See also Fig. 5.

transfected with the recombinant phage AJ-1 containing an
endogenous MMTV provirus of A/Jax mouse and adjacent
flanking mouse DNA (Fig. 5). It was previously demonstrat-
ed (6) that the transfected MMTV copies are expressed in a
hormone-responsive fashion. Stable MMTV-specific mRNA
accumulates to about 10-fold higher levels in the presence of
glucocorticoids. We prepared nuclei from these cells and
measured the number of RNA polymerase II molecules
bound to the MMTV provirus by in vitro elongation of
nascent RNA chains. The data presented here demonstrate
that the number of active RNA polymerase II molecules on
MMTV DNA increases to the same extent as the specific
mRNA level and can therefore account entirely for the effect
of glucocorticoid hormones on MMTV transcription. This
increase in polymerase loading most likely reflects a higher
frequency of initiation of viral RNA synthesis in the pres-
ence of the hormone. Moreover, we show that this hormone-
mediated increase requires upstream DNA sequences ex-

tending to nucleotide -204 from the cap site. Further
deletion of the DNA between positions -204 and -149
abolished the increase, whereas a constitutive level of tran-
scription was still detectable. These results confirm and
extend those obtained by analyzing stable mRNA tran-
scribed from deletion mutants (2, 21) in that they establish
the initiation of transcription as the primary target for the
glucocorticoid stimulation. Several authors have reported
binding in vitro of glucocorticoid hormone-receptor com-
plexes to a DNA region including these sequences (9, 11, 26,
27, 32). Taken together, these findings are consistent with
the model that the hormone-receptor complex binds to a
specific DNA sequence which does not comprise an RNA
start site and destabilizes the DNA in this region so that the
initiation of transcription can take place more frequently by
providing a polymerase entry site (35). As this sequence can
be turned around (3) or moved away with respect to the
promoter (3, 17, 21), it has the features of an enhancer
element, analogous to those found in several different tran-
scription units (24).
With the assay used in this study which measures the in

vitro elongation of RNA chains initiated in vivo, we could
address another important question, namely, whether tran-
scription downstream from MMTV DNA in flanking cellular
sequences does occur. In previous reports (36, 37) no stable
transcripts corresponding to adjacent cellular DNA frag-
ments were detected in the infected cell lines used. If such
transcripts exist, they may not have been stable enough to be

detected in those experiments. In our assay, where we used
nascent RNA chains, we detected as much hybridization to
downstream flanking mouse sequences as to internal MMTV
DNA sequences. The origin of these transcripts has not been
determined precisely. They may be initiated in the left LTR
and run through the site of polyadenylation in the right LTR
or they may be initiated in the right LTR. A third possibility
is that they may start at a cellular promoter located very near
the provirus and become hormonally regulated due to the
presence of the adjacent MMTV right LTR. It has been
shown (3, 17, 21) by using chimeric DNA molecules in
transfection experiments that MMTV sequences responsible
for glucocorticoid stimulation can confer hormonal control
to a heterologous, nonregulated promoter. Si nuclease map-
ping of nuclear RNA and primer extension experiments will
be required to distinguish between the above possibilities.
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