JOURNAL OF VIROLOGY, Sept. 1982, p. 819-829
0022-538X/82/090819-11$02.00/0

Copyright © 1982, American Society for Microbiology

Vol. 43, No. 3

Acquisition of Proviral DNA of Mouse Mammary Tumor
Virus in Thymic Leukemia Cells from GR Mice

ROB MICHALIDES,!* ELS WAGENAAR,' JOHN HILKENS,' JO HILGERS,' BERND GRONER,? AND
NANCY E. HYNES?

Departments of Virology and Genetics, Antoni van Leeuwenhoekhuis, The Netherlands Cancer Institute,
1066 CX Amsterdam, The Netherlands,' and Kernforschungszentrum Karlsruhe, Institute for Genetics and

Toxicology, D-7500 Karlsruhe 1, Federal Republic of Germany*

Received 7 December 1981/Accepted 26 May 1982

Male mice of strain GR develop T-cell leukemia at a low frequency late in life.
These leukemia cells contain large amounts of mouse mammary tumor virus
(MMTYV) RNA and MMTYV proteins in a precursor form (Nusse et al., J. Virol.
32:251-258, 1979). We used restriction enzyme analysis and molecular hybridiza-
tion to identify MMTYV proviruses in the DNA of these leukemia cells. GR
leukemia cells contained additional integrated MMTYV proviruses at various sites
in the genome. This amplification of MMTYV proviruses in GR leukemia cells is not
restricted to one particular endogenous MMTV provirus of strain GR. The
number and location of the extra MMTYV proviruses present in transplants of GR
leukemia cells did not change upon serial transplantation of the leukemia cells.
Acquisition of MMTYV proviruses was also found in a similar leukemia, L1210 of
the DBA/2 mouse strain, but not in three other leukemias, SL2 of DBA/2, BW5147
of AKR, and a spontaneous thymoma of BALB/c. The two main classes of
MMTYV RNA, 35S and 24S, were present in the cytoplasmic RNA of GR leukemia
cells, indicating that the aberrant processing of MMTV precursor proteins is not
due to anomolously sized RNAs. We could not detect extra RNAs in GR leukemia
cells which would represent read-through transcripts of cellular genes adjacent to
the extra MMTYV proviruses, initiated by a promoter signal in the right MMTV
long terminal repeat sequence. These data suggest that acquisition of MMTV

proviruses may coincide with the onset of leukemogenesis in GR male mice.

Mouse mammary tumor virus (MMTYV) in-
duces mammary tumors in inbred strains of
mice. All inbred strains of mice carry proviruses
of genetically transmitted, endogenous MMTV
variants. In addition, some strains of mice, such
as RIII or C3H, contain a milk-transmitted,
exogenous MMTYV variant. The exogenous
MMTVs are usually highly oncogenic. The in-
volvement of endogenous MMTYV proviruses in
the development of mammary tumors is unclear,
except for the endogenous MMTV proviruses
associated with mammary tumor induction loci
Mtv-1 and Mtv-2. These genes control the devel-
opment of mammary tumors in the C3Hf and GR
mouse strains, respectively (30, 31), and contain
one endogenous MMTV provirus (15). The
transforming activity of MMTYV is restricted to
the murine mammary gland, but expression of
MMTYV in other organs has been observed (for
review, see reference 1). High levels of MMTV
expression were detected in two other types of
tumors, Leydig cell tumors (32) and lymphoid
leukemias of mouse strains GR (18) and DBA/2
(28). The expression of MMTYV in Leydig cell

tumors and lymphoid leukemias appeared to be
impaired at various stages of processing of the
viral proteins (18, 24, 28). Whether the expres-
sion of MMTYV in these types of tumors is in any
way linked to tumor development remains un-
known.

In the present report, we examined the ar-
rangement of MMTV proviruses in lymphoid
leukemic cells of strain GR with restriction
enzyme analysis and molecular hybridization
techniques. GR male mice develop thymic lym-
phomas around 400 days of age at an incidence
of about 20% (11). These leukemia cells are
easily transplantable in vivo, and many trans-
plantable lines of leukemia cells have been es-
tablished. We used these leukemia cells to inves-
tigate whether the high level of MMTV
expression is correlated with the acquisition of
additional MMTYV proviruses. Our findings indi-
cate that leukemia cells of strain GR have ac-
quired extra MMTYV proviruses which are inte-
grated at various sites of the cellular genome.
Serial passaging of these leukemia cells has no
apparent effect on the arrangment and number of
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MMTYV proviruses. These extra MMTYV provir-
uses are present in primary leukemia cells, sug-
gesting that they may be associated with the
onset of leukemogenesis in GR mice.

MATERIALS AND METHODS

Leukemia cells, mice, and virus. Spontaneous leuke-
mia cells arise in 1-year-old male GR mice as thymo-
mas which spread through the animal. The leukemia
cells are easily transplantable in vivo, and various
lines have been obtained from different spontaneous
leukemias. The in vivo transplantable lines of GR
leukemia cells were maintained as ascites lines, as
described previously (10). Two primary thymomas and
two transplanted leukemia cell lines at passages 9 and
92 have been used in this study. GR and AKR/Ru mice
were obtained from the breeding colony of the Nether-
lands Cancer Institute, Amsterdam. The transplant-
able thymic lymphoma SL2 and DBA/2 mice were a
kind gift of H. Dullens of the Department of Patholo-
gy, University of Utrecht, The Netherlands. The cell
line BW5147 was kindly provided by G. Klein, Karo-
linska Institute, Stockholm, Sweden, and the L1210
cells, a transplantable leukemia cell line in DBA/2
mice, was obtained from I. Steuden, Ludwik Hirzfeld
Institute of Immunology and Experimental Therapy,
Wroclaw, Poland. MMTV (C3H) was obtained from
the Mm5mt/c1 mammary carcinoma cell line (4) and
was provided by the Frederick Cancer Center, Bethes-
da, Md.

Purification of MMTYV viral RNA, preparation of
¢DNA, and extraction of poly(A)-containing RNA.
MMTV RNA was isolated from virions purified from
the MmSmt/c1 cell line, and >?P-labeled MMTV cDNA
was synthesized as described previously (15). Poly-
adenylate [poly(A)]-containing RNAs were isolated
from spleens and cell pellets with the citric acid RNA
isolation procedure as described previously (23).
Poly (A)-containing RNA was isolated by passage of
total RNA through columns of oligo-deoxythymidylate
cellulose.

Digestion of DNA with restriction endonucleases, gel
electrophoresis, DNA transfer, and hybridization. Re-
striction enzymes EcoRI, Hindlll, PstI, and BamHI
were purchased from Boehringer Mannheim Corp.
Twenty micrograms of DNA was digested to comple-
tion with an excess of enzyme in the appropriate buffer
for 12 h at 37°C. The extraction of the DNA, gel
electrophoresis conditions, DNA transfer, and hybrid-
ization with 32P-labeled MMTV cDNA were per-
formed as described previously (15).

Poly(A)-containing RNA was electrophoresed on a
1% agarose slab gel, transferred to a nitrocellulose
filter, and hybridized with 3?P-labeled MMTV c¢cDNA
as described previously (7).

RESULTS

MMTYV proviruses in primary and transplanted
leukemia cells of GR mice. The arrangement of
MMTYV proviruses in the cellular DNA of trans-
planted leukemia cells of GR mice was studied
with restriction enzyme analysis and molecular
hybridization techniques. Restriction enzymes
which cut MMTYV DNA infrequently were used,
such as EcoRI, which recognizes one site in
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unintegrated viral DNA of MMTV (GR) (22) and
MMTV (C3H) (3) and in integrated MMTV
DNAs of BALB/c (2) and GR (5) mice.

To compare the genomic locations of MMTV
proviruses in the DNAs of GR leukemia cells
with nontumorous tissues, DNAs isolated from
leukemia cells and from livers of healthy mice
were digested with EcoRI, the DNA fragments
were fractionated by electrophoresis and trans-
ferred to nitrocellulose filters, and proviral
DNA-containing fragments were identified. Fig-
ure 1, lane 1, shows the EcoRI pattern charac-
teristic for GR DNA with 10 main MMTV DNA
bands at 22, 16, 11.5, 11.0, 10.0, 8.1, 7.8, 7.0,
6.9, and 6.7 kilobases (kb). The bands in the 7.8-
to 8.1-kb and 7.7- to 7.0-kb regions usually
appear to be superimposed. The EcoRI patterns
of four different leukemia DN As (lanes 2 through
5) all showed extra MMTV-specific bands when
compared with that of liver DNA (lane 1). The
extra MMTV DNA bands in the different GR
leukemia cells all appeared at various locations.
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FIG. 1. Presence of extra MMTYV proviruses in GR
leukemia cells. Twenty micrograms of cellular DNA
was digested to completion with EcoRI, the DNA
fragments were transferred to nitrocellulose sheets,
and MMTV DNA-containing cellular DNA fragments
were identified by hybridization with MMTV 32p-
labeled cDNA as described in the text. EcoRI-digested
A DNA was used as a molecular weight marker. Lane
1, GR liver DNA; lanes 2 and 3, DNAs of tvo different
primary GR leukemia cell lines; lanes 4 and 5, DNAs
of two different transplanted GR leukemia cell lines at
passages 9 and 92, respectively; lane 6, BALB/c liver
DNA; lane 7, BALB/c thymoma DNA.
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Lanes 6 and 7 in Fig. 1 represent EcoRI diges-
tions of BALB/c liver DNA (lane 6) and of DNA
from a spontaneous BALB/c thymoma (lane 7)
which does not show any extra MMTV DNA-
containing fragments. The extra MMTYV provi-
ruses in the GR leukemia DNAs are also evident
in the digestion patterns with other restriction
enzymes, such as HindIII and BamHI, which
recognize one and two cleavage sites, respec-
tively, in the unintegrated MMTV (GR) DNA
(22; see Fig. 2). Digestions with HindIII (Fig. 2,
lanes 1 through 5) and with BamHI (lanes 6
through 10) yielded results similar to those ob-
tained with EcoRI digestion (Fig. 1, lanes 1
through 5); extra MMTV DNA bands
appeared to be present in the DNA of GR
leukemia cells compared with control liver
DNA. The more intense internal BamHI 1.2-kb
MMTV DNA bands in the leukemia DNAs
(lanes 7 through 10) confirmed the amplification
of MMTYV proviruses in the GR leukemia DNAs.
The extra MMTV DNA bands shown in Fig. 1
and 2 showed different intensities if the four
different leukemias were compared with each
other, but also within one particular leukemia
DNA. This may be owing to heterogeneity of the
tumor cells.

The extra MMTV DNA bands in cellular
DNA fragments with bigger sizes than uninte-
grated MMTYV DNA digested by the correspond-
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ing restriction enzymes (3, 22) suggest that these
extra MMTV DNA fragments are integrated in
the cellular DNA and do not result from diges-
tion of unintegrated viral DNA. This was also
shown by dividing a GR leukemia cell DNA
preparation and treating one half with EcoRI and
leaving the other half untreated. Both samples
were then subjected to gel electrophoresis. Only
undigested cellular DNA of >25 kb hybridized
with MMTYV 3?P-labeled cDNA, and no hybrid-
ization occurred with DNA fragments in the 9-
to 10-kb or lower size ranges (Fig. 3, lane 2). The
extra MMTV-specific fragments present in the
EcoRI digest of this GR leukemia DNA (Fig. 3,
lane 3) appear, therefore, to be associated with
high-molecular-weight DNA and integrated in
the cellular DNA of the leukemia cells.

It has been demonstrated that MMTV-produc-
ing tissue culture cell lines contain a large num-
ber of MMTYV proviruses (6, 22). These extra
copies are thought to arise during serial passage
of the cells from either new virus infection or
reverse transcription of cellular MMTV RNA.
To determine whether the number of extra
MMTV proviruses in GR leukemia cells would
change upon further passage of the cells, DNA
was isolated from various passages of a GR
leukemia cell line and digested with HindIII, and
the MMTV DNA-containing fragments were
identified (Fig. 4). The fifth passage (lane 1)
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FIG. 2. Extra MMTYV proviruses in GR leukemia cells. Twenty micrograms of cellular DNA was digested to
completion with either HindIlI (lanes 1 through 5) or BamHI (lanes 6 through 10) and analyzed for the presence
of MMTV DNA-containing fragments as described in the legend to Fig. 1. The DNAs are the same as those
described in Fig. 1, lanes 1 through 5. EcoRI-digested A DNA was used as a molecular weight marker.
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FIG. 3. Extra MMTYV proviruses in GR leukemia
cells integrated in the cellular genome. Twenty micro-
grams of cellular DNA was either digested with EcoRI
or left untreated and analyzed for the presence of
MMTYV DNA-containing fragments as described in the
legend to Fig. 1. Lane 1, GR liver DNA treated with
EcoRI; lane 2, untreated DNA of transplanted GR
leukemia cells; lane 3, EcoRI-treated DNA of trans-
planted GR leukemia cells (the same DNA preparation
as that shown in lane 2). EcoRI-digested A DNA was
used as a molecular weight marker.

contained extra MMTYV proviruses as compared
with the HindlIII pattern of GR liver DNA (lane
4). The later passages, passages 8 and 10 of this
leukemia cell line, maintained the same HindIII
pattern as the leukemia DNA from cells in the
fifth passage. These results indicate that extra
MMTYV proviruses are present at early passages
of the leukemia cells and that no gross rear-
rangements occur upon multiple passaging of
these cells.

Since GR leukemia is of T-cell origin (10, 11),
the amplification of MMTYV proviruses in leuke-
mia cell DNA may be due to a different pattern
of MMTYV proviral sequences in the original T-
cells. However, the EcoRI patterns of GR liver

J. ViroL.

and GR thymus DNA showed no differences
(Fig. 5, lanes 1 and 2), indicating that the extra
MMTYV proviral DNA sequences in GR leuke-
mia cell DNA (Fig. 5, lane 3) are not present in
normal T-cells of strain GR. It has not yet been
feasible to isolate cells at the preleukemic stage,
and therefore, we are unable to determine
whether the acquisition of MMTYV proviruses is
instrumental in the onset of leukemogenesis or
whether it is a result of leukemogenic develop-
ment.

The acquisition of extra MMTYV proviruses in
GR leukemia DN As did not coincide by a similar
increase of C-type-related proviruses, since hy-
bridization with Moloney leukemia virus and
AKR virus-specific cDNAs did not show extra
bands in DNAs of early transplants of two
different GR leukemia cell lines (A. Berns and
W. Quint, unpublished data). We also did not
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FIG. 4. Effect of serial transplantation on presence
of extra MMTV proviruses in GR leukemia cells.
Twenty micrograms of cellular DNA was digested
with HindIII and analyzed for the presence of MMTV
DNA-containing fragments as described in the legend
to Fig. 1. Lanes 1 through 3, DNA of transplants of GR
leukemia cell line 16, passages 5, 8, and 10, respective-
ly; lane 4, GR liver DNA. Hindlll-digested A DNA
was used as a molecular weight marker.
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observe any change in number or location of the
B-globin gene in the four different leukemia cell
lines as compared with liver DNA (data not
shown).

Two types of MMTYV proviruses can be recog-
nized in acquired copies of leukemia cells. The
endogenous proviruses of the GR mouse strain
can be distinguished into at least two classes
which differ from each other in several restric-
tion enzyme recognition sites: the one character-
ized by Shank et al. (22) and another recently
obtained by molecular cloning methods and
termed GR-40 (13). This GR-40 provirus is not
involved in mammary tumor formation in GR
mice. The class characterized by Shank et al.
contains 1.6-, 1.3-, 4.1-, and 1.9-kb internal Ps¢I
fragments, whereas GR-40 contains 1.0-, 0.6-,
5.4-, and 1.9-kb internal Ps:]I fragments (Fig. 6).
We used three molecular probes to characterize
the acquired copies which are present in leuke-
mia cell DNA. These probes are MMTV
¢DNA,,, representative of the whole MMTV
genome, and two subcloned PstI fragments de-
rived from GR-40. One subclone contains a 5.4-
kb internal PstI fragment of GR-40, and the
second contains a 1.0-kb PstzI fragment posi-
tioned within the long terminal repeat (LTR)
region of strain GR-40 (13). The analysis of
normal and leukemia cell DNA cut with PszI and
probed with MMTV cDNA,, is shown in Fig. 7.
DNAs of GR liver and thymus (Fig. 7, lanes 1
and 2) contain the Pstl fragments (5.4, 4.1, 1.9,
1.6, 1.3 and 1.0 kb) characteristic for the endog-
enous proviral types shown in Fig. 6 (the 0.6-kb
fragment has run off this gel). Leukemia cell
DNA (lane 3) cut with PszI shows an increased
intensity of hybridization in the 5.4-, 4.1-, 1.9-,
and 1.6-kb region of the gel. The 1.0- to 1.3-kb
region cannot be clearly interpreted, owing to
the resolution of the gel. The increased intensity
of hybridization in the 5.4- and 4.1-kb regions,
however, suggests that both types of proviruses
shown in Fig. 6 are included among the extra
copies of MMTV proviral DNA in leukemia
cells.

To strengthen this conclusion, the 5.4-kb Pstl
fragment of GR-40 DNA was used as a hybrid-
ization probe in the analysis shown in Fig. 8.
Lanes 5 and 6 show the hybridization of the 5.4-
kb fragment to EcoRI-cut leukemia cell and liver
DNA. As expected, all of the DNA fragments
recognized by MMTYV cDNA,, (Fig. 3, lane 3)
hybridized with this DNA fragment. The intensi-
ty of the bands which correspond to fragments
containing right-hand (3') MMTYV proviral DNA
information is less because only 0.9 kb of these
fragments are represented in the 5.4-kb probe
(see Fig. 6). Lanes 1 and 2 show the results
obtained with Psrl-digested DNAs. Pstl-digest-
ed leukemia cell DNA shows an increased hy-
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FIG. 5. Absence of extra MMTV proviruses in
thymocytes of GR leukemia cells. Twenty micrograms
of cellular DNA was digested with EcoRI and ana-
lyzed for the presence of MMTV DNA-containing
fragments as described in the legend to Fig. 1. Lane 1,
GR liver DNA; lane 2, GR thymus DNA (a pool of
thymuses from young male mice was used for the
DNA extraction); lane 3, DNA of transplanted GR
leukemia cells. HindlIll-digested A DNA was used as a
molecular weight marker.

bridization signal in the 5.4- and 4.1-kb region as
compared with liver DNA. The Pst] fragment of
1.3 kb, which shares homology with the 5.4-kb
fragment of GR-40 DNA, also shows an in-
creased amount of hybridization. This result
supports the conclusion drawn from Fig. 7; i.e.,
proviral DNA characterized by both the 5.4- and
4.1-kb internal Pstl fragment is increased in
copy number in leukemia cell DNA.

Finally, we used as a hybridization probe the
1.0-kb PstI fragment located in the LTR region
of GR-40 (Fig. 6) to analyze the sequences of the
acquired MMTYV copies in leukemia cell DNA.
Lanes 7 and 8 of Fig. 8 show the hybridization of
the 1.0-kb probe to EcoRI-digested leukemia cell
and liver DNA. For both DNAs, the hybridiza-
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FIG. 6. Schematic diagram of restriction enzyme cleavage sites in MMTV proviral DNAs in GR DNA.
Arrows indicate the restriction cleavage sites of EcoRI (E) and PstI (p). The cleavage map of MMTV (GR) DNA
is from Shank et al. (22), and that of MMTYV (GR- 40) DNA is from Hynes et al. (13). The numbers between the ar-

rows indicate the sizes of the fragments in kb x 1073

The indicated Pstl fragments of MMTV (GR-40) DNA were

used as probes for terminal (1.0-kb fragment) and internal (5.4-kb fragment) MMTV DNA sequences.

tion pattern was the same as that seen when
MMTYV cDNA,,, was used as a probe (Fig. 3,
lanes 1 and 3). This leads to two conclusions.
First, the 1.0-kb probe is derived from the LTR
region of one of the endogenous proviruses of
GR mice (13; Fig. 6). Since both 5’ and 3’ sides
of the endogenous proviruses hybridize with this
probe, all five must have similar LTR regions.
Second, since the extra MMTV copies in the
leukemia cell DNA hybridize with the 5.4-kb as
well as with the 1.0-kb probe, these extra provi-
ruses also contain LTR-specific DNA. This con-
clusion was further investigated by digesting
both DNAs with PstI and then hybridizing them
with the 1.0-kb probe. There were a number of
additional PstI fragments in the range of 2 to 7
kb in the leukemia cell DNA (Fig. 8, lane 3) as
compared with liver DNA (lane 4). These frag-
ments probably represent the right-hand (3')
joints of acquired MMTV proviral DNA and
flanking host sequences. The Pstl fragments of
1.6 and 1.0 kb indicative for the ends of the two
MMTYV proviral classes (see Fig. 6) do not seem
to increase in hybridization intensity in leukemia
cell DNA as compared with liver DNA (lane 3
versus lane 4). Thus, although the internal Ps¢I
fragments of the two proviral classes are over-
represented in leukemia cell DNA, their corre-
sponding ends, the 1.6- and 1.0-kb Pstl frag-
ments, appear to be present in similar amounts
in liver and leukemia cell DNA. Instead, a new
band between 1.0 and 1.3 kb is present in
leukemia cell DNA. This result suggests that the
terminal sequences of the acquired MMTYV pro-
viruses in leukemia cell DNA do not correspond
to either class of endogenous proviral DNA but

contain a new Pstl fragment not previously
present in liver DNA.

Expression of MMTV RNA in GR leukemia
cells. GR leukemia cells express high levels of
MMTY proteins. The processing of the MMTV
gag precursor into internal MMTYV proteins ap-
pears, however, to be inhibited at the step of
phosphorylation (18). We wished to see whether
this could be owing to the synthesis of aberrant-
ly sized MMTV RNA molecules and to investi-
gate the possibility that integration of extra
MMTYV proviruses may lead to transcription of
genes juxtaposed to these extra MMTYV provi-
ruses. The transcription of juxtaposed genes
may be enabled by the viral promoter located in
the 3' LTR. Poly(A)* RNA from GR leukemia
cells and from spleens of healthy GR mice was
therefore separated by agarose gel electrophore-
sis, transferred to nitrocellulose, and hybridized
with three different MMTV DNA probes: a total
MMTYV 3?P-labeled cDNA representative for the
whole MMTV RNA genome, the 1.6-kb PssI
fragment of MMTV (GR) DNA representative
for the whole LTR region (see Fig. 6), and a
probe specific for the US5 part of the LTR region.
The latter probe contains 80 nucleotides from
the 3’ end of the US part of the LTR plus
approximately 150 nucleotides of the adjacent 5’
end of MMTV DNA (14) (Fig. 9). All three
probes detected a 35S and a 24S MMTV RNA
class in the poly(A)* RNA from GR leukemia
cells, suggesting that the aberrant processing of
the MMTYV gag precursor in GR leukemia cells
as observed by Nusse et al. (18) is not due to
major deletions in the MMTV RNA.

Using LTR- and U5 LTR-specific probes, we
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FIG. 7. Amplification of particular PstI MMTV
DNA fragments in GR leukemia cells. Twenty micro-
grams of cellular DNA was digested with Pszl and
analyzed for the presence of MMTV DNA-containing
fragments. Lane 1, GR liver DNA; lane 2, GR thymus
DNA; lane 3, DNA of transplanted GR leukemia cells.
The bars at the right mark the amplified MMTV DNA-
containing bands. HindllI-digested A DNA was used
as a molecular weight marker.

did not detect extra RNAs hybridizing besides
the 35S and 24S RNAs (Fig. 9, lanes 2 and 3),
nor were any detected at longer exposure times,
indicating that there were no transcripts of cellu-
lar genes juxtaposed with extra MMTV provi-
ruses initiated by a promoter in the right MMTV
LTR, as occurs in avian leukosis virus- induced
chicken leukemia (16, 19).

Additional MMTV proviruses in leukemia
DNASs of other mouse strains. The finding of extra
MMTYV proviruses in GR leukemia cell DNA is
surprising in view of the fact that MMTYV has no
known leukemogenic activity. We therefore ex-
amined two other leukemia DNAs for the pres-
ence of extra MMTYV proviruses: the transplant-
able thymic lymphoma SL2 of mouse strain
DBA/2 (3a, 33) and the cell line BW5147 derived
from a spontaneous AKR/J thymic lymphoma
12).
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No extra MMTV proviral sequences were
detected in either of these two T-cell leukemias
(data not shown). However, another B-cell leu-
kemia, L1210, showed an amplification of
MMTYV proviruses. The transplantable L1210
leukemia cell line is derived from a chemically
induced B-cell leukemia in mouse strain DBA/2.
It contains MMTYV antigens associated with the
mammary leukemia antigen (17, 27). This mam-
mary leukemia antigen contains incompletely
processed MMTYV precursor proteins (34). DNA
from L1210 cells and DBA/2 mouse livers as a
control was digested with EcoRI and HindIII,
and the MMTYV DNA-containing fragments were

. identified (Fig. 10). The EcoRI and HindIII

MMTYV DNA patterns of L1210 DNA (Fig. 10,
lanes 2 and 4) contained many more bands than
were present in the control, DBA/2 liver DNA
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FIG. 8. Identification of amplified Pszl MMTV
DNA fragments in GR leukemia DNA. Twenty micro-
grams of cellular DNA was digested with either Pstl
(lanes 1 through 4) or EcoRI (lanes 5 through 8) and
hybridized to the 5.4-kb internal PstI MMTV DNA
fragment of MMTYV (GR-40) DNA (lanes 1, 2, 5, and 6)
or the 1.0-kb terminal PstI MMTV DNA fragment of
MMTYV (GR-40) DNA (lanes 3, 4, 7, and 8). The Pszl
MMTYV (GR-40) DNA fragments were nick-translated
with 32P. The bars in lanes 1 through 4 mark the main
amplified MMTV DNA fragments. HindIlI-digested A
DNA was used as a molecular weight marker.
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FIG. 9. Expression of MMTV RNA in GR leuke-
mia cells. Five micrograms of poly(A)* RNA was
analyzed for the presence of MMTV-specific se-
quences as described in the text. A, Poly(A)* RNA
from spleens of healthy GR mice; B, poly(A)* RNA
from GR leukemia cells. Lane 1, Hybridization with an
MMTYV 3?P-labeled cDNA representative of the whole
MMTYV RNA genome; lane 2, hybridization with a 2P-
labeled 1.6-kb Psil fragment of MMTV (GR) repre-
sentative of the MMTV LTR (see also Fig. 6); lane 3,
hybridization with a *?P-labeled MMTV (GR) DNA
fragment representative of the MMTV LTR US region
(14). The 28S and 18S ribosomal RNA species serving
as molecular weight markers were visualized by ethi-
dium bromide staining.

(lanes 1 and 3), indicating that L1210 cell DNA
had acquired MMTYV proviruses which also ap-
pear to be integrated (data not shown). The
phenomenon of acquisition of MMTV provi-
ruses in leukemia cells is therefore not restricted
to the GR leukemia system but can also be
detected in the chemically induced B-cell leuke-
mia cell line L1210 of DBA/2 mice.

DISCUSSION

Murine mammary gland cells have always
been considered the target tissue for MMTYV.
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The expression of MMTYV in other tissues has
been explained as either an occasional expres-
sion of the endogenous MMTYV or, in the case of
MMTYV expression in lymphocytes, as the result
of an infection by MMTYV as it travels to the
mammary gland cells (8). To date, the trans-
forming activity of MMTYV has been described
only in mammary gland cells. The molecular-
biological mechanisms of this target specificity
and of the transformation process of mammary
gland cells by MMTYV are still unclear.

In this study, we have shown that thymic
leukemia cells of mouse strain GR contain extra
MMTV proviruses integrated in the cellular
genome. The extra MMTV proviruses are al-
ready present in primary leukemia cells and
behave as stable elements during serial trans-
plantation. This leads to the crucial question: Is
amplification of MMTV proviruses in thymic
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FIG. 10. Demonstration of extra MMTV provi-
ruses in L1210 leukemia cells. Twenty micrograms of
cellular DNA was digested with either EcoRI (lanes 1
and 2) or HindlII (lanes 3 and 4) and analyzed for the
presence of MMTV DNA-containing fragments as
described in the legend to Fig. 1. Lanes 1 and 3, DBA/
2 mouse liver DNA; lanes 2 and 4, L1210 leukemia cell
DNA. Hindlll-digested A DNA was used as a molecu-
lar weight marker.
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leukemia cells of strain GR associated with the
onset of leukemogenesis?

The involvement of retroviruses in originating
spontaneous tumors which are nonvirally in-
duced appears to be, in general, difficult to
approach. One may search for a close correla-
tion between tumor development and expression
of the retrovirus or for permanent molecular-
biological events, such as integration of provi-
ruses in the DNA of tumor cells. These are,
however, no definite proofs for a causative
relationship, which can be obtained only by
inducing tumors upon infection of susceptible
animals with the particular retroviruses. No
evidence as yet exists that MMTV can induce
leukemia upon infection of mice. The finding of
additional MMTV proviruses in the DNA of
leukemia cells and their absence in normal thy-
mocytes may suggest that this acquisition of
MMTYV proviruses and the onset of leukemia are
coinciding events, but it does not provide any
proof for a causative relationship between them.
Such an acquisition could have been the result of
chromosomal rearrangements or translocations
or both. Spira et al. (25) have reported a trisomy
of chromosome 15 in murine T-cell leukemias.
Such a trisomy cannot be held responsible for
the many additional copies of MMTYV proviruses
in GR leukemia cells since chromosomal amplifi-
cation would result in more intense bands but
not in extra bands at different genomic locations,
as observed in GR leukemia DNAs. In addition,
analysis of PstI-digested liver and leukemia cell
DNA hybridized with the 1.0-kb LTR-specific
probe (Fig. 8, lanes 3 and 4) showed that the
DNA fragments representing the joint between
proviral and cellular DNA did not have an
increased hybridization intensity in leukemia
cell DNA. Thus, the region of the chromosome
containing the endogenous MMTYV proviruses
has not been amplified in leukemia cell DNA.
Moreover, a chromosomal analysis of GR leuke-
mia cells did not show any gross rearrangements
(Hilkens, unpublished data).

GR mice have five endogenous MMTYV pro-
viruses; one of them becomes expressed in
complete virus particles in mouse milk and is
associated with the mammary tumor induction
locus Mtv-2 (15). The extra MMTYV proviruses
in GR leukemia cells may be derived from the
milk-transmitted MMTYV, but they may also be
DNA copies from the other endogenous MMTV
proviruses. The finding of extra MMTV provi-
ruses in GR leukemia cells may therefore be the
result of an early infection of preleukemia cells
by milk-transmitted MMTV, or it may be due to
integration of MMTV DNA copies from activat-
ed endogenous MMTYV proviruses without prior
viral infection of the cells. To determine which
one of these endogenous proviruses is responsi-
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ble for the extra copies found in leukemia cell
DNA, we used probes specific for internal re-
gions and termini of MMTV proviral DNA.
From the data shown in Fig. 8, we concluded
that at least two types of endogenous proviruses
of strain GR are included among the extra copies
found in leukemia cell DNA. It seems that the
termini of the extra proviruses contain a PstI
fragment of approximately 1.3 kb which is not
present in liver DNA. One possible explanation
for this result is that both types of viral DNA
shown in Fig. 6 are present in leukemia cells, but
upon integration into genomic DNA, a small
deletion of DNA close to the termini has oc-
curred. For example, if 300 bases of DNA
encompassing the second PstI site shown for
GR-40 DNA were lost, the new terminal frag-
ment of approximately 1.3 kb which we ob-
served in the Pstl digest of leukemia cell DNA
(Fig. 8, lane 3) could be generated from both
types of endogenous proviruses. To verify this
hypothesis, it will be necessary to isolate and
sequence the ends of the leukemia cell-specific
MMTY proviruses. Variation in LTR sequences
of acquired proviruses has also been observed in
Moloney murine leukemia virus-induced leuke-
mia cells (29).

The finding that leukemia cells of GR mice
contain extra MMTYV proviruses is unprecedent-
ed. Acquisition of proviruses is usually due to an
infection of the cells by a retrovirus, followed by
viral DNA synthesis and integration. In GR
leukemia cells, very little mature MMTV has
been observed, either in in vivo transplants or in
in vitro-maintained leukemia cells (18). The ex-
tra MMTYV proviruses are, then, most likely
derived from DNA transcripts of MMTV RNA
molecules present in preleukemia cells. A simi-
lar result has been observed in MMT V-infected
rat hepatoma cells, where unintegrated viral
DNA can be found. Since these cells produce no
virus, the viral DNA was assumed to arise from
reverse transcription of MMTV RNA (20, 21).
However, in these rat hepatoma cells, most of
the MMTV DNA molecules do not become
integrated, whereas the extra MMTV DNA mol-
ecules in the leukemia cell DNA appear to be
integrated in the cellular genome at various
locations. This conclusion arises from the result
that DNAs from different leukemia cell lines
gave different patterns of MMTV-specific frag-
ments when digested with three different restric-
tion enzymes. In general, proviruses resulting
from exogenous viral infection integrate at ran-
dom sites of the cellular genome, as has been
reported for both MMTV and murine leukemia
RNA tumor viruses (3, 6, 26). This, then, also
holds true for the amplified MMTYV proviruses in
GR leukemia cells.

Owing to the large number of extra bands, it is
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not possible to identify extra MMTYV proviruses
integrated at similar cellular sites in the four
different GR leukemia cell lines. The presence of
a promoter sequence in the LTR region of the
integrated provirus could lead to continuous
expression of the gene downstream from the
proviral promoter, as appears to be the case in
avian leukosis virus-induced leukemia cells in
chickens (16). The insertion of new MMTV
proviral DNA in GR leukemia cells does not,
however, result in such a transcription of juxta-
posed genes under the direction of the added
promoter signals, since no other bands than the
viral 35S and 24S RNAs were detected with
LTR- and U5 LTR-specific MMTYV probes (Fig.
9). It is still possible that such a transcript would
be of the same size as the viral RNAs and
thereby comigrate with them and remain unde-
tected. Also, transcription of juxtaposed genes
may not be derived from the extra MMTV LTR
promoter signal but from disturbing the genetic
surrounding by inserting the extra MMTYV provi-
ral DNA. These transcripts would not be detect-
ed by LTR-specific probes but by probes specif-
ic for juxtaposed cellular sequences (19).

We did not observe an extensive acquisition
of MMTYV proviruses in other T-cell leukemias,
such as SL/2 from DBA/2 mice or BW5147 from
AKR mice. These T-cell leukemias express no
MMTYV RNA. Interestingly, the MLA leukemia
line from DBA/2 mice, which expresses large
amounts of MMTV RNA, did not show any
rearrangements of MMTV proviruses, as has
been reported (28). The L1210 B-cell leukemia
from DBA/2 mice, however, also demonstrated
an acquisition of MMTYV proviruses in leukemia
DNA. L1210 leukemia cells resemble GR leuke-
mia cells in having incompletely processed
MMTYV proteins and no synthesis of complete
virus particles. The most likely explanation for
the presence of extra MMTYV proviruses in the
GR and L1210 leukemia systems is that expres-
sion of endogenous MMTYV proviruses leads to
an accumulation of MMTV RNA, resulting in
integration of MMTV viral DNA without prior
viral infection of the cell. Whether this integra-
tion occurs at the onset of leukemia develop-
ment and thereby provides a marker for T-cell
leukemia development in GR male mice remains
a challenging question.
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