
Proc. NatL Acad. Sc. USA
Vol. 80, pp. 110-114, January 1983
Biochemistry

Demethylation and expression of murine mammary tumor
proviruses in mouse thymoma cell lines-

(dexamethasone/DNA methylation)

JEAN-JACQUES MERMOD*t, SUZANNE BOURGEOIS*t, NICOLE DEFER§, AND MICHEL CRPPIN§
*Regulatory Biology Laboratory, The Salk Institute, San Diego, California 92138; and §Laboratoire de Biochimie, Institut Pasteur, Paris 75015 France

Communicated by Renato Dulbecco, October 6, 1982

ABSTRACT Murine mammary tumor virus (MMTV) expres-
sion is analyzed in a T-lymphoid cell line (TIMI) sensitive to the
killing effect of glucocorticoids and in two of its variants, one re-
sistant (TIMir) and one supersensitive (T MI"5) to glucocorticoid-
induced lymphocytolysis. In the TIM, line, MMTV is expressed
and induced approximately 10-fold by short treatment with dex-
amethasone. Southern blot analyses of restriction enzyme digests
of DNA from TIM, cells reveal three proviruses similar to those
of normal C57BL mouse. tissue. In the TIM,"a line, which has re-
tained functional glucocorticoid receptors, MMTV mRNA is in-
ducible by glucocorticoids, while induetion is reduced in the TIMIr
line defective in glucocorticoid receptors. Moreover, the TSMIr
line expresses a strikingly elevated basal level of MMTV mRNA
in the absence of hormone. No rearrangements or superinfection
have occurred in the variants, but all the regions containing 5'-long
terminal repeats are demethylated in the TLMIr variant although
other sites ofthe provirus remain methylated. Because this variant
was selected by prolonged treatment with dexamethasone, these
observations raise the possibility that the continuous transcription
of MMTV that occurred during this selection can result in glu-
cocorticoid-induced demethylation of long-terminal-repeat se-
quences.

Glucocorticoids induce in a-variety of tissues specific responses
by mechanisms that appear to be similar to those ofother steroid
hormones. Glucocorticoids induce cytolysis ofsome murine cell
lines derived from malignant lymphoid T cells (1, 2). This re-
sponse is mediated by the glucocorticoid receptor, which in-
teracts with chromatin, but the mechanism of cell lysis remains
unknown. Lymphoid cells allow a genetic approach to study of
the mechanism of glucocorticoid hormone action because vari-
ants resistant to killing can be selected easily. A number of re-
sistant variants have been isolated and characterized from S49
and W7 cell lines (1-3). More recently, variants supersensitive
to glucocorticoid-induced killing have been isolated from W7
and TIM, cell lines (4).

Glucocorticoids also regulate the transcription of integrated
murine mammary tumor virus (MMTV) proviral DNA in various
cell types (5, 6) including lymphoid cell lines (7). The availability
of lymphoid cell variants having different sensitivities to the
lytic effect ofglucocorticoids allows the study ofMMTV expres-
sion as a function of glucocorticoid sensitivity. Therefore, we
have analyzed the control ofMMTV RNA concentration by dex-
amethasone in wild-type, resistant, and supersensitive TIM,
cell lines by using cloned MMTV sequences.

There is evidence that modification of DNA such as meth-
ylation may be correlated with changes in gene expression (8),
in particular, in MMTV proviral DNA of mouse tissue (9). By
using methylation-sensitive restriction enzymes to detect spe-

cific methylation of.MMTV sequences, we have compared the
methylation of sites within or flanking the long terminal repeat
(LTR) (10) with that of a site within the MMMTV envelope gene.

In this paper, we describe the regulation of MMTV RNA
synthesis and the methylation ofthe MMTV LTR.and envelope
sequences in sensitive, supersensitive, and resistant thymoma
cell lines. We present evidence that the expression of endog-
enous proviruses is different in the various cell lines and appears
to correlate with methylation of the LTR.

MATERIALS AND METHODS
Cell Lines and Growt T1Ml designates the subclone TM~lb

derived from T1Ml 4G-1.3, a thymoma from a C57BL/6 mouse
obtained from R. Hyman (The Salk Institute). TMl"ss designates
the dexamethasone-supersensitive clone T. 12.15.19 derived
from TlMl (4). TlMlr is a dexamethasone-resistant clone, T135r,
derived from TlMl by Ronald Newby (The Salk Institute). All
cell lines were grown in suspension as described (2).

Preparation ofpBR322-MMTV Recombinant Plasmid DNA.
Escherichia coli 1106 (803 rj m- (11) was used for transfor-
mation. MMTV DNA, a gift from H. Diggelman, was subcloned
in plasmid pBR322 DNA by transfecting CaCl2-treated E. coli
cells. Approximately- 103 tetracycline-resistant colonies were
obtained. These were transferred to agar plates covered with
a sterile membrane filter and screened by hybridization with
32P-labeled MMTV cDNA (12). Several positive colonies were
isolated and shown to contain the Pst I MMTV DNA fragment.
Clones were grown preparatively and the recombinant plasmids
were purified by centrifugation in ethidium bromide/CsCl
density gradients.

Gel Electrophoresis of DNA and Filter Transfer Analysis.
High molecular weight cellular DNAwas purified by proteinase
K digestion and phenol extraction. Restriction enzyme-digested
DNA was separated electrophoretically on 1% agarose gels, and
transfer ofDNA to nitrocellulose filters was carried out by the
blotting procedure of Southern (13). Hybridization of nitrocel-
lulose filters was carried out with restriction enzyme-cleaved
nick-translated MMTV DNA fragments having a specific activ-
ity of -5 x 107 cpm/pug.

Isolation and Agarose Gel Electrophoresis of MMTV
Poly(A)+RNA. Washed cells were suspended in 50 mM Trist
HCl, pH 7.4/150 mM NaCl/50 mM EDTA/1% NaDodSO4
containing 400 tkg of proteinase K per ml. Lysed cells were
sheared, incubated for 15 min at room temperature, and ex-
tracted with phenol and chloroform. Nucleic acids were pre-
cipitated with ethanol and collected by centrifugation.

Purified RNA was heated at 90'C for 3 min and cooled

Abbreviations: MMTV, murine mammary tumor virus; LTR, long ter-
minal repeat; kb, kilobase(s).
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FIG. 1. Restriction map of MMTV provirus. The EcoRI (RI), Msp I (M), Pst I (P), and Hha I (H) sites indicated on the map are redrawn from
ref. 10. The cloned DNA fragments used as hybridization probes are shown below the map, and the Msp I DNA fragments detected by hybridization
are shown above the map. The MMTV RNA transcripts are shown below the probes.

quickly, and NaCl was added to 0.5 M. RNA was bound to an
oligo(dT)-cellulose column; unbound material was removed by
washing the column with binding buffer. Poly(A)+RNA was re-
leased from the column by eluting with sterile water and pre-
cipitated with ethanol.

Poly(A)+RNA from thymoma cells was denatured with 2 M
glyoxal in 10 mM sodium. phosphate (pH 6.5) -for 1 hr at 50'C
and electrophoresed in a horizontal 1.5% agarose gel in 10 mM
sodium phosphate (pH 6.5). RNA was transferred to a nitro-
cellulose filter as described (14). The filter was hybridized for
18 hr at 420C in 50% formamide/10% dextran sulfate with re-

striction enzyme-cleaved nick-translated MMTV DNA frag-
ments (specific activity, -5 X 107 cpm/,ug) (15).

RESULTS
MMTV DNA in TIM, Cell Lines. To compare MMTV pro-

viral DNA in the TIM, cell line and its two variants, we have
used the Southern blot technique to analyze cellular DNA cut
with the restriction enzyme EcoRI. This enzyme has only one

cutting site in the MMTV genome (Fig. 1) and gives a MMTV
restriction pattern characteristic of each mouse strain (16). Fig.
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FIG. 2. Analysis ofMMTV proviral DNAs from the T1Mj line and
itsTiMirandTiM1 variants. CellularDNAfrom the various cell lines
was cleaved with EcoRI and 10 ,ug of DNA was electrophoresed in 1%
--agarose gels. The DNA was then transferred from the gel to nitrocel-
lulose and hybridized to the 32P-labeled LTR fiagment. Hybridized
DNA fragments were visualized by autoradiography. Molecular
weights indicated were determined by running Pst I-cut LTR, enve-
lope, and pBR322 in a parallel lane.

2 shows that, by hybridizing with a cloned LTR DNA probe,
we found that the T1M, line has five DNA restriction fragments
characteristic ofthe C57BL/6 mouse (17). The resistant (T1Mlr)
and supersensitive (TIMss) variants show exactly the same
EcoRI restriction DNA fragments, which excludes the possi-
bility that gene rearrangements or superinfection might have
occurred in these variants.
MMTV Expression in Wild-Type, Supersensitive, and Re-

sistant TIM, Cell Lines. Cells were cultured in the absence or
presence of 0.1 AuM dexamethasone for 6 hr and RNAs were
extracted. RNAs were analyzed on a denaturing agarose gel and
transferred to nitrocellulose filters, and the immobilized RNA
was hybridized to a mixture ofLTR- and envelope-labeled DNA
probes. An autoradiograph ofthe RNADNA hybrids from wild-
type, resistant, and supersensitive T1M1 cell lines, without or
with dexamethasone treatment is shown in Fig. 3. These ex-
periments show that 35S, 24S, and 20S RNAs are present in
these T1M, cell lines. The 20S RNA hybridizes poorly to the
envelope probe (data not shown). The 24S RNA/35S RNA ratio
is very high, approximately 10, suggesting that either there is
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FIG. 3. Analysis of MMTV RNAs from T1Mj thymoma cell lines.
Poly(A)+RNAs (5 tg) from TIM1 (lanes 1 and 2), T1M1r (lanes 3 and
4), and T1Mj1 (lanes 5 and 6) cells without (lanes 1, 3, and 5) or with
(lanes 2, 4, and 6) dezamethasone treatment for 6 hr were electropho-
resed in a 1.4% agarose gel. The RNAs were then transferred from the
gel to nitrocellulose filters, hybridized with 32P-labeled LTR and en-
velope cloned DNAs, and exposed for autoradiography for 5 days. The
positionsof the MMTV-specificRNAs are noted by their sedimentation
constants, which were determined by electrophoresis of the rRNAs in
a parallel lane (data not shown).
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FIG. 4. MMTVRNA in dexamethasone (Dex)-sensitive, -supersen-
sitive, and -resistant T1Mj cell lines. Dot blots were prepared with
three amounts of poly(A)+RNA: 5.2 ug (columns a and d), 1.3 ,ug (col-
umns b and e), and 0.3 ,ug (columns c and f). RNAs were extracted from
TAM1, T1M1", and T1Mlr- cells untreated or treated with dexametha-
sone. Hybridization was carried out as described in Fig. 3 with the LTR
and envelope DNA probes.

more envelope MMTV RNA synthesis than whole MMTV ge-
nomic RNA synthesis or there is a higher turnover of genomic
RNA. The MMTV RNA content is increased after dexametha-
sone treatment in the wild-type and supersensitive T1M, cell
lines. In contrast, the MMTV RNA content ofthe resistant cell
line is very high in the absence of hormone and is only slightly
increased by dexamethasone treatment.

It is possible to quantify the total amount of MMTV RNA
from these cell lines by liquid or "dot blot" hybridization (Fig.
4 and Table 1). In the absence of hormone, the amounts of
MMTV are 50, 100, and 800 units, respectively, for the super-
sensitive, sensitive, and resistant cell lines. Short hormone

A

Table 1. MMTV poly(A)+RNA in supersensitive, sensitive, and
resistant T1Mj thymoma lines

TM188 TjMjTjMjT
Without dexamethasone 50 100 800
With dexamethasone 600 1,000 1,000
Poly(A)+RNAs from untreated cell lines or cell lines treated for 6 hr

with 0.1 ,uM dexamethasone were hybridized with either the LTR and
envelope DNA probes or a cDNA probe. RNA was quantified by cal-
culating the concentration of MMTV from Crt curves. The 50% cDNA
hybridization to pure viral RNA corresponds to Crt = 2 x 10-2 molsec/
liter. Results are expressed in molecules per cell and summarize sev-
eral experiments.

treatment (6 hr) increases this amount by a factor of 10 in the
supersensitive and sensitive cell lines but only slightly increases
the MMTV RNA content of the resistant cell line. This is in
agreement with measurements of glucocorticoid receptor in
these lines: althoughthe sensitive and supersensitive lines con-
tain approximately 30,000 receptors per cell (4), the resistant
cells contain only approximately 7,000 receptor sites.

Methylation of the LTR and Envelope MMTV Genes. Pre-
vious results with other systems suggest that gene expression
is correlated with the unmethylated state ofDNA as assayed by
methylation-sensitive restriction enzymes .(8). Thus, Hpa II is
unable to cut C-Cm-G-G sites, whereas Msp I cuts these sites
irrespective of cytosine methylation. Comparison of the differ-
entTjM1 variants showed no overall change in their DNA meth-
ylation as monitored by ethidium bromide staining of gels of
Hpa II-digested DNA (data not shown).

The specific methylation at C-C-G-G sequences in MMTV
proviral DNA can be determined by comparing the Msp I and
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FIG. 5. Methylation of MMTV sequences in T1M1 cell lines. Cellular DNA from the designated cell lines was cleaved to completion with various
restriction enzymes, and 10-,ug samples were analyzed by Southern blot hybridization to LTR and envelope DNA probes as in Fig. 2. (A) DNAs
extracted from T1M1 (lanes 1 and 2) and T1Ml18-(anes 3 and 4) were .cut with Msp I (lanes 1 and 3) and Hpa II (lanes 2 and 4) and hybridized to
the LTR and envelope probes. Completion ofHpa I digestion is shown by the low molecular weight bands generated by digestion of traces of pMB9
added to the DNA of lanes 2 and 4. Molecular weights (kb) of the Pst I fragments of the LTR and envelope (ENV) and of pBR322 are shown. (B)
DNAs extracted from T1Mj (lanes 1 and 2) andTiMlr (lanes 3 and 4) were digested with Msp I (lanes 1 and 3) orHpa II (lanes 2 and 4) and hybridized
to the LTR and envelope probes. Hpa II activity was checked by inclusion of 4X174 DNA in lanes 2 and 4, generating 2.8- and 1.7-kb bands that
were visualized by staining. (C) DNAs extracted from T1Mj (lanes 1 and 2) and T1Mlr (lanes 3 and 4) were digested with Hha I/Msp I (lanes 1 and
3) and Hha I/Hpa II (lanes 2 and 4) and hybridized to the LTR probe. L1, L2, and L3, 5'-LTR fragments; ENV, the 3-kb fragment containing the
3' LTR and the envelope gene (see Fig. lY.
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Table 2. Methylation and size of DNA fragments containing LTR or envelope sequences
L_ L2 L3 ENV

Cell line MspI HpaIH MspI HpalH MspI HpaIH MspI HpaIH
T1M1 (wild type) 5.5 6.7 3.8 - 1.5 - 3.0 -

T1M1j (supersensitive) 5.5 6.7 3.8 - 1.5 - 3.0 -

T1Mjr (resistant) 5.5 5.8 3.8 4.5 1.5 1.5 3.0 -

L1, L2, and L3, the 5'-LTR-containing DNA fragments identified in Fig. 5; ENV, DNA fragments containing the 3' LTR and
envelope sequences. Sizes are given in kb. -, No fragment was detected.

Hpa II digestion patterns of total DNA and the hybridization
to proviral sequences. As shown in Fig. 1, MMTV proviral DNA
contains one C-C-G-G site at the 3' end of each LTR sequence
and another such site in the envelope gene, giving a 3 kilobase
(kb) DNA fragment (10). Msp I digestion will yield a 3-kb frag-
ment containing the 3' LTR and the envelope gene and other
fragments containing the 5'-LTR and 5'-cellular sequences. The
sizes of these 5' fragments (L1, 12, and L3) will vary with the
location of the next Msp I site in the cellular genome. Therefore,
Msp I digests will contain several 5' fragments corresponding
to each provirus integrated at a different site in the genome.
An autoradiograph of Southern blots of the Msp I and Hpa

II-digested DNAs after hybridization with the LTR and enve-
lope DNA probes is shown in Fig. 5. The results obtained with
DNAs from wild-type TIM, and TIMjss are in Fig. 5A. The 3-
kb envelope (ENV) fragment is present in all Msp I digests and
absent in all Hpa II digests, indicating that one or both sites
defining that fragment (Fig. 1) are methylated. Msp I digestion
of the DNA of the TIM, cell lines shows bands corresponding
to the three 5'-end LTR DNA fragments (L1, L2, L3). Hpa II
digestion of the same DNAs shows only one band (6.7 kb), mi-
grating faster than the high molecular weight DNA. This band
hybridizes only with the LTR DNA probe and not with the en-
velope probe (results not shown). From these patterns, we con-
clude that only one 5'-LTR sequence is demethylated in the
sensitive and the supersensitive T1M1 cell lines. The sizes ofthe
5'-end LTR DNA fragments are L1, 5.5 kb; L2, 3.8 kb; L3, 1.5
kb. No difference is detected between the wild type and its
supersensitive variant.
The MMTV DNA methylation of the TIM1 resistant cell line

was analyzed by the same method. The methylation pattern of
the LTR-containing fragments in the wild-type TIM1 line is
compared with that ofthe resistant variant in Fig. SB. Whereas
the envelope gene is methylated, the LTR DNA fragments L1,
L2, and L3 are demethylated in the resistant variant because
Hpa II digestion, which yields only one fragment in the parental
line, yields three fragments in the resistant variant. The Hpa
II fragment associated with L1 is smaller in the resistant line
than in the parent, suggesting demethylation of a site that was
methylated in the parent. Both L2 and L3 fragments generate
Hpa II fragments in the resistant line, indicating demethylation
at or nearby the Msp I sites.
The results of double digestion with Hha I/Msp I and Hha

I/Hpa II of DNAs from T1M, and T1M1T hybridized with the
LTR probe are shown in Fig. 5C. Because both Msp I and Hha
I cut within the LTR (Fig. 1), this analysis specifically monitors
the methylation ofthe Msp I site contained within the LTR. This
site appears partially demethylated in the parent line (lanes 1
and 2) but fully demethylated in the resistant variant (lanes 3
and 4).
The results ofMMTV DNA methylation and the size of the

fragments obtained for the T1M1 lines are summarized in Table
2. The demethylated C-C-G-G sites of L3 are very close to the
extremities of the LTR sequence (1.5 kb). In contrast, the LTR
L1 and L2 fragments of the resistant cell DNA contain Hpa II

sites further upstream from the adjacent Msp I C-C-G-G site
at 0.3 kb and 0.7 kb of this site, respectively.
To test a possible direct dexamethasone effect on the DNA

methylation, we have treated resistant and sensitive cells with
dexamethasone for 18 hr, equivalent to 1.5 cell doublings. Anal-
ysis of LTR and envelope DNA fragments showed no change
in methylation (results not shown).

DISCUSSION
We have compared MMTV expression in several variants ofthe
TIM, cell line. T1M, cells are killed by dexamethasone within
I to 2 days. Two variants ofthe T1MI line that have altered sen-
sitivity to the cytolytic effect of dexamethasone have been ex-
amined: a supersensitive variant (T1M1ss) that is killed faster by
dexamethasone than the parental line (4) and a resistant variant
(T1M1r) that is deficient in glucocorticoid receptors and is not
killed by glucocorticoids. MMTV expression is induced ap-
proximately 10-fold after 6 hr of treatment by dexamethasone
in both the parental T1M1 line and the T1MIss variant, while only
a 20% induction was observed in the T1MJr variant (Table 1).
This result is in agreement with the fact that the T1Ms" variant
contains glucocorticoid receptor undistinguishable from that of
the parental line (4) while the T1M1r variant has a smaller
amount of glucocorticoid receptor. This result indicates that
both the cytolytic response and MMTV induction are mediated
by the glucocorticoid receptor. In hepatoma cells, induction of
MMTV expression also requires a functional glucocorticoid re-
ceptor (18). The most striking result ofthe comparison between
the parental T1M, line and its variant is the very high consti-
tutive level ofMMTV expression observed in the resistant vari-
ant, T1Mr, in the absence ofglucocorticoids (Table 1). The pos-
sibilities that superinfection, site of provirus integration, or
state of proviral DNA methylation could account for this ele-
vated basal level ofMMTV expression have been examined.

Analysis of EcoRI and Msp I digests of the T1M r variant
DNA indicate that the high constitutive expression of MMTV
in this variant as compared with the parental line cannot be
explained by superinfection or MMTV genome rearrange-
ments, because the patterns ofLTR and envelope fragments are
identical in both lines. Comparison ofHpa II digests of the pa-
rental T1M1 line and the resistant T1M1r variant reveals that no
overall genome demethylation can be detected by ethidium
bromide staining and no specific demethylation was detected
in the fragment containing the 3' LTR and the envelope gene.
However, demethylation did take place in the genome of the
resistant variant at all three of the Msp I sites in the 5' LTRs
of the three proviruses (Fig. 5 B and C). This resistant variant
was selected by continuous growth over a period of several
weeks in the presence of a high concentration (10 ,uM) of dex-
amethasone. While we did not observe MMTV provirus de-
methylation after short (18-hr) dexamethasone treatment ofthe
parental T1M, line, our observations suggest that demethylation
can occur by a mechanism involving several cell divisions in the
presence of glucocorticoid. The continuous transcription of
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MMTV in the TIM1 line that took place during selection of the
variant might have played a role in these demethylation events.
This interpretation is in agreement with a recent observation
that estrogen stimulation results in demethylation at the 5'-end
region of the chicken vitellogenin gene (19).

Numerous reports indicate a correlation between gene un-
dermethylation and expression (8, 9, 20), although there are
some exceptions (21, 22). In most cases, it is not known whether
undermethylation is the cause or the consequence of gene
expression. However, 5-azacytidine-induced demethylation
can cause the expression ofsome genes (20, 23). In contrast, our
results, as well as those of Wilks et al. (19), indicate that de-
methylation can be the consequence of prolonged hormone
stimulation. It appears, therefore, that DNA undermethylation
can both precede and follow gene expression. Whether the con-
stitutive expression observed in the resistant variant is related
to the demethylation events is unclear, but it is striking that
demethylation occurred specifically at the same site-i.e., in
the 5' LTR-of the proviruses. Specific and permanent de-
methylation following long-term exposure to a steroid could
conceivably play a role in hormone-induced differentiation.
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