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RF/J mice are susceptible to the induction of thymic lymphomas by the carcinogens 3-methylcholanthrene
and N-methyl-N-nitrosourea. Given the association of mouse mammary tumor virus (MMTV) with certain
thymomas, we examined genomic DNA from chemically induced lymphomas of RF/J mice for new MMTV
proviruses. Of 13 tissue culture lines derived from 3-methylcholanthrene-induced tumors, 5 had acquired new
proviruses. MMTV amplification coincided with the appearance of viral mRNAs and proteins. However, no
primary tumors or animal-passaged tumors contained new proviruses. These observations indicate that
MMTV does not have a role in the tumor induction process, although it may become activated and amplified
in tissue culture lines derived from tumors.

RF/J mice exhibit a low incidence of spontaneous lympho-
mas but are highly susceptible to the induction of lympho-
mas by the chemical carcinogens 3-methylcholanthrene
(MCA) and N-methyl-N-nitrosourea (MNU) (7, 11, 18, 23).
Topical application of MCA at 3 months results in a near
100% incidence of thymic lymphomas by 10 months of age
(11). The molecular events responsible for the conversion of
a normal cell to a lymphomatous one remain largely un-

known. MNU-induced lymphomas frequently contain r-as

genes that have been activated by single-base-pair substitu-
tion mutations (15). No evidence for rearrangements of
oncogenes was found in MCA-induced lymphomas (4).
Karyotypic analysis of MCA-induced tumors showed that
they predominantly exhibit a normal diploid complement of
chromosomes, with no evidence of chromosome 15 trisomy
(13).
One hypothesis for the genesis of chemical lymphomas is

that the carcinogen activates an endogenous retrovirus,
which then proceeds to induce the tumor. Examination of
MCA-induced lymphomas yielded no evidence for the in-
volvement of type C retroviruses (3). However, RF/J mice
also inherit the endogenous type B retrovirus, mouse mam-

mary tumor virus (MMTV). In addition to its causative role
in the generation of mammary carcinomas in mice, MMTV is
associated with various types of T-cell lymphomas. It has
been implicated in spontaneous lymphomas that occur in GR
mice (24). Passaged tumors and cell lines established from
chemically induced thymomas frequently exhibit amplifica-
tion of MMTV proviruses (8-10), and a highly leukemogenic
MMTV has been isolated from a thymic lymphoma cell line
that was induced by the polycyclic aromatic hydrocarbon
7,12-dimethylbenz[a]anthracene (1, 2, 6). MMTV amplifica-
tion has also been detected in a kidney adenocarcinoma cell
line (12, 29) and a pituitary tumor cell line (27).
Prompted by the evidence implicating MMTV, we under-

took a direct investigation of whether this virus is involved in
the induction of lymphomas by MCA and MNU in RF/J
mice. The approach that we used was to examine primary
tumors, animal-passaged tumors, and tissue culture cell lines
derived from MCA-induced lymphomas for the presence of
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MMTV proviruses integrated at novel sites in the cellular
genome. DNA isolated from MCA-induced primary thymic
lymphomas (3, 4, 14) was digested with EcoRI (New En-
gland BioLabs, Inc.), which cleaves most MMTV genomes
once. Samples (20 p.g) of digested genomic DNA were
resolved electrophoretically in 0.8% agarose gels and trans-
ferred to nitrocellulose as described previously (16). The
blots were hybridized to a 32P-labeled probe derived from
the full-length MMTV viral genome (22).
The normal RF/J mouse genome contains 10 resolvable

EcoRI fragments that hybridize with MMTV, indicating the
presence of at least five endogenous proviruses (Fig. 1A). All
nine primary MCA-induced lymphomas that were examined
exhibited exclusively the germ line pattern of fragments (Fig.
1A and 1B). No new MMTV proviruses were detected in
three X-ray-induced lymphomas or one tumor induced by
SL3-3 virus (20) (Fig. IA). Because passage of Abelson
leukemia virus-transformed lymphoma lines in mice was
reported to result in the appearance of new MMTV provi-
ruses (9), we tested some MCA lymphomas that had been
passaged in mice for the presence of new proviruses. Again,
none were detected (Fig. iB). In addition, none were de-
tected in eight primary MNU-induced lymphomas (5) (Fig.
1C). Thus, none of the primary tumors induced with either
agent yielded any evidence of MMTV proviral amplification.

Interpretation of these data to indicate the absence of
MMTV amplification presumes that the tumors were mono-
clonal or at least oligoclonal. If the tumors were polyclonal,
new sites of MMTV integration might not be detectable,
since they would be unique to particular lineages. To detect
clonal events, we chose to examine the lymphoma DNAs for
rearrangements of the T-cell receptor B-chain gene (Tcr-b)
constant regions, Cl and C2. During T-cell maturation, the
Cl region of one or both alleles can undergo alterations that
result in either its rearrangement or its complete deletion.
Detection of specific Cl rearrangements is diagnostic of
clonality.
Lymphoma DNA was digested with HindIII and analyzed

with a probe from the C2 region. No rearrangements were
detected involving the C2 region, which appeared as a
3-kilobase-pair fragment in genomic digests. However, since
all cells contain two copies of C2 (unless a tumor is aneu-
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FIG. 1. Hybridization of the full-length MMTV probe to EcoRl-digested RF/J mouse DNAs. Normal RF/J liver DNA (lanes CON RF) has
10 EcoRI fragments that hybridize (note thait the second and third bands from the origin resolve poorly). DBA/2J liver DNA (lanes CON
DBA/2) is included as a size marker. The DBA/2J fragments were reported to be 16.7. 15.0, 11.7. 10.0, 9.0, 8.3, 7.8, 6.7, 6.5, 5.8, 4.5. and
1.4 kilobase pairs (21). (A) DNAs from eight primary MCA-induced lymphomas (lanes labeled MCA), three primary X-ray-induced tumors

(lanes labeled XR), one SL3-3 virus primary lymphoma (lane SL3-3). and one control sample (lane RF CON) were analyzed. The numbers
in the names of the samples refer to specific individual mice. (B) DNAs from two primary MCA-induced lymphomas (lanes MCA.105 and
MCA.502) are shown. Also analyzed were DNAs from four syngeneic animatl-passaged tumors (MCA 108, MCA.106, MCA.2, and MCA 502).
The serial passage numbers at the time the samples were collected are indicated. (C) DNAs from eight primary MNU-induced lymphomas
are shown.

ploid for the chromosome containing this locus), this ap-

proach provided an internal control for normalizing the
relative amounts of each DNA. The C2 probe also hybrid-
ized with C/ sequences. Rearrangements of Cl could be
identified as novel fragments, whereas deletions were evi-

dent as decreases in hybridization of the germ line CI
fragment without the appearance of new fragments. Since
tumor tissue may also contain nonlymphomatous cells, the
relative intensities of Cl fragments on the blot were not
necessarily integral numbers.
Comparison of tumor DNA with normal liver DNA (Fig.

2, lane RF CON) showed that all of the tumors lacked at

least one of the 9.5-kilobase-pair germ line CI fragments and
most lacked both. The small amount of this fragment seen in
many of the samples was presumably due to the presence of
nontumor cells. Half of the tumors lacked both germ line
fragments and did not show any new bands. This indicated
that these samples either were polyclonal or were monoclo-
nal and had both Tcrh alleles rearranged to the C2 region.
The rest of the tumors had novel Cl fragments. Most of
these had one or two. This was consistent with the predom-
inance of one or two cell lineages in these tumors. One
lymphoma (Fig. 2A, lane MCA.614) clearly showed three
new bands, indicating that this tumor most probably was
either oligoclonal or triploid for the Tcrb-containing chromo-
some.
We conclude that clonal events could be detected in at

least half and probably more of the lymphomas. The absence
of new MMTV proviruses was consistent with a lack of
infection of the prelymphomatous cell rather than an inabil-
ity to detect clonally restricted viral integration sites. Thus,
these results argue that MMTV does not play a causative
role in the generation of MCA- and MNU-induced lympho-
mas.

We also tested tissue culture cell lines established from
MCA-induced thymic lymphomas for the presence of new
MMTV proviruses. Unlike the primary tumors, a total of 5 of
13 lines that were examined had novel MMTV proviruses.
Three lines with new proviruses are shown in Fig. 3. Each
had acquired several new genomes. Lines 106 and 106A
were independent clones derived from the same original
tumor. They clearly had viral genomes integrated at different
locations.

This observation, coupled with the fact that new MMTV
proviruses were detected only in tissue culture cell lines,
argued that proviral amplification in these lymphomas oc-
curred exclusively during tissue culture passage. We did not
attempt to elucidate the origin of the new proviruses. Com-
parisons of viral restriction enzyme site polymorphisms in
other lymphomas that contain new proviruses have shown
that these may originate from endogenous MMTV genomes
(24). Presumably, the new proviruses that we detected were
also derived from one or more germ line proviruses. How-
ever, it is unclear how endogenous MMTV became activated
during passage of the cells.

Several experiments were performed to investigate the
mechanism by which MMTV proviral amplification oc-
curred. RNA was isolated from several lymphoma lines as
previously described (3, 4) and tested by Northern (RNA)
blotting with the MMTV probe (Fig. 4). Thymus and spleen
RNAs from age-matched, untreated RF/J mice showed one
or more species of MMTV-related RNA. Four cell lines were
examined that did not contain any new proviruses. Two of
these (303 and 412) did not express detectable levels of
MMTV sequences. The other two lines without additional
proviruses (103 and 210) expressed an RNA that was slightly
larger than viral envll mRNA. We did not investigate the
nature of this species. Three lines that did have new MMTV
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FIG. 2. T-cell receptor- B-chain rearrangements in chemically
induced lymphomas. DNAs thatt were tested for MMTV rearrange-
ments in Fig. 1 were digested with Hilndlll and hybridized with a
Tcrh C2 probe. The band of high mobility is generated by hybrid-
ization to the C2 region. The other bands are derived from the C l
region. (A) The same MCA-, X-r-ay-. and virus-induced lymphomras
that were tested in Fig. IA were analyzed. (13) The same MNU- and
MCA-induced tumors that were tested in Fig. lB and IC were
analyzed. Insufficient DNA was available fiom MNU tumnors 28 and
3() to perform this analysis. RF CON is from liver cells of an
untreated mouse.

proviruses (106, 106A, and 409) also expressed the same-
sized RNA. In addition, these lines expressed RNAs of 8 and
3 kilobases. These are the sizes characteristic of the full-
length genome and Celi' mRNAs of MMTV in lymphoma cells
(19, 25). Thus, proviral amplification in MCA lymphoma cell
lines was correlated with the presence of the RNAs neces-
sary for viral replication.

Expression of viral antigens was investigatted by using an
antibody generated against disrupted MM1 V particles (Re-
search Resources Division, National Cancer Institute). An-
tibody binding was detected by indirect immunofluorescence
with fluorescein isothyocyanate-coupled rabbit anti-goat im-
munoglobulin G (Organon Teknika) by using a FACS II
fluorescence-activated cell sorter (Becton Dickinson & Co.).
The cell lines that did not express any RNAs (303 and 412
[Fig. 5]) gave the lowest signal. The above background
fluorescence levels may indicate that there is a low level of
cross-reactivity between the antiserum and cellular proteins.
Immunoprecipitation (17) of [3H]leucine-labeled 412 cells
yielded no detectable proteins (data not shown). The lines
that expressed a single RNA species (103 and 210) exhibited
higher levels of viral-antigen synthesis (Fig. 5). The lines that

FIG. 3. MMTV proviruses in tissuie culture cell lines established
from MCA-induced lymphomas. DNAs were digested with EcoRI
and hybridized with the MMTV probe. Four lines are shown; three
(lines 409, 106. and 106A) have new proviruses. whereas one (line
210) does not. Dots to the left of the lanes show the positions of new
fragments that hybridize to MMTV. Normal DNA from a DBA/2
and an RF mouse (lanes DBA/2 CON and RF CON) are also shown.
Sizes of the DBA/2 fragments are listed in Fig. 1.

expressed full-length plus eiiv RNAs and had new MMTV
proviruses (409 and 106) exhibited the highest levels of
viral-antigen expression (Fig. 5). As a control, we deter-
mined the fluorescence of the MMTV particle-producing
murine mammary carcinoma cell line, MM5MI, grown in 10
ktM dexamethasone. This line yielded a level of antigen
similar to that seen in line 409 (data not shown). Immuno-
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1-1G. 4. MMTV RNAs in cell lines from MCA-induced lympho-
mas. Northern blots of total RNA isolated from lymphoma cell lines
were hybridized with the MMTV probe. RNAs isolated from the
thymus (lane CON THY) alnd spleen (lane CON SPL) of a 6-
month-old RF/J mouse were also tested. In one case. 5 jig of
poly(A)-containing RNA wis also tested (lane 412 A'). Arrows
denote the positions of the full-length viral genomic and envelope
subgenomic RNAs.
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FIG. 5. Fluorescence-activated cell sorter analysis of MMTV

antigen expression in cell lines from MCA-induced lymphomats.
Names of the cell lines aire indicated atbove the fluorescence peak for
each.

precipitation of line 106 cells metabolically labeled with
[3H]leucine showed that these cells produced viral envelope
and capsid proteins (data not shown).
The production of viral mRNAs and antigens is consistent

with the possibility that the new MMTV proviruses were

derived by MMTV replication. However, several reports

have noted that production of mature MMTV viral proteins
and virion particles is blocked in particular lymphoma lines
(9, 26, 28). This occurs even when abundant viral mRNA
synthesis can be detected (9). We have not undertaken a

careful analysis of viral protein synthesis, maturation, or

particle assembly. Thus, it remains possible that the new

proviruses were generated by a mechanism distinct from the
standard viral replicative cycle. Whatever the process of
proviral amplification is, it appears to be confined to tissue-
culture-passaged cells in the MCA-induced lymphoma sys-

tem. Although it does not appear to play a role in the
generation of the primary tumors, it may have a role in the
growth of these cells in culture.

We thaink J. Chinsky. M. Goodenow. and U. Dasgupta for

assistance with these experiments. We thank J. Bermin. 0.
Prakash. and N. Sarkar for providing probes used in these studies.
We thank J. Racevskis and P. Etkind for the MM5MI cell line and D.
Lombardi for typing the manuscript.
This work was suppor-ted by Public Health Service program

project grant CA31855 from the National Institutes of Health. R.K.
was supported by Public Health Service training gr-int CA090)60
from the National Institutes of Health. ST I. is at Speciial Fellow of
the Leukemia Society of America. G.C. was supported by an Irmna
T. Hirschl Career Scientist Award. JL. wis supported by ain

American Cancer Society Junior Faculty Research Award.

LITERATURE CITED

1. Ball, J. K., L. 0. Arthur, and G. A. Dekaban. 1985. The
involvement of aI type-B retrovirus in the induction of thymic
lymphomas. Virology 140:159-172.

2. Ball, J. K., G. A. Dekaban, J. A. McCarter, and S. M.
Loosmore. 1983. Molecular biological characterization of a

highly leukemogenic virus isolated from the mouse. 111. Identity
with the mouse mammairy tumor virus. J. Gen. Virol. 64:
2177-2190.

3. Chinsky, J., M. M. Goodenow, NI. Jackson, F. Lilly, L. Lein-
wand, and G. Childs. 1985. Comparison of endogenous mLr-ine

leukemia vir-us provirail organization and RNA expression in
3-methylcholanthrene-induced aind spontaneous thymic lym-
phomas in RF and AKR mice. J. Virol. 53:94-99.

4. Chinsky, J., F. Lilly, and G. Childs. 1985. Comparison of
chemically induced and spontaneous murine thymic lymphomas
in RF and AKR mice: differential expression of c-mvyc and
c-mn,vb. Proc. Natl. Acad. Sci. USA 82:565-569.

5. Dasgupta, U. B., and F. Lilly. 1988. Chemically induced murine
T lymphomas: continLied reairrangement within the T-cell recep-
tor B-chain gene during serial piassage. Proc. Natl. Acad. Sci.
USA 85:3193-3197.

6. Dekaban, G. A., and J. K. Ball. 1984. Integration of type B
retrovir-al DNA in virus-induced primary murine thyrnic lym-
phomras. J. Virol. 52:784-792.

7. Diamond, L., J. Berman, and A. Pellicer. 1987. Differential
expression of surface markers on thymic lymphomats induced by
two carcinogenic agents in different mouse strains. Cell. Immu-
nol. 107:115-120.

8. Dudley, J. 1988. Mouse mammairy tumor proviruses from a
T-cell lymphomia are associated with retroposon LlMd. J.
Virol. 62:472-478.

9. Dudley, J., and R. Risser. 1984. Amplification and novel loca-
tions of endogenous mouse mammary tumor virus genomes in
mouse T cell lymphomas. J. Virol. 49:92-101.

10. Dudley, J. P., A. Arfsten, C.-L. L. Hsu, C. Kozak, and R. Risser.
1986. Molecular cloning and characterization of mouse maim-
mary tumor proviruses from a T cell lymphoma. J. Virol.
57:385-388.

11. Duran-Reynals, M. L., F. Lilly, A. Bosch, and K. J. Blank. 1978.
The genetic basis of susceptibility to leukemic induction by
3-methylcholanthrene applied percutaneously. J. Exp. Med.
147:459-469.

12. Garcia, M., R. Wellinger, A. Vessaz, and H. Diggelmann. 1986.
A new site of integration for mouse mammary tumor virus
proviral DNA common to BALB/Cf(C3H) mammary aind kid-
ney adenocarcinomas. EMBO J. 5:127-134.

13. Goodenow, M., K. Kessler, L. Leinwand, and F. Lilly. 1986.
Absence of trisomy 15 in chemically induced murine T cell
lymphomas. Cancer Genet. Cytogenet. 19:205-211.

14. Goodenow, M. M., and F. Lilly. 1984. Expression of differenti-
ation and murine leukemia virus antigens on cells of primary
tumors and cell lines derived from chemically induced lympho-
mas of RF/J mice. Proc. Nadt. Acad. Sci. USA 81:7612-7616.

15. Guerrero, I., and A. Pellicer. 1987. Mutational activation of
oncogenes in animal model systems of carcinogenesis. MutIt.
Res. 185:293-308.

16. Herr, W., and W. Gilbert. 1983. Somatically acquired recombi-
nant murine leukemia proviruses in thymic leukemias of AKR/J
mice. J. Virol. 46:7(-82.

17. Holt, C. A., K. Osorio, and F. Lilly. 1986. Friend virus-specific
cytotoxic T-lymphocytes recognize both gag acind etm1 gene-
encoded specificities. J. Exp. Med. 164:211-226.

18. Ishizaka, S. T., and F. Lilly. 1987. Genetically determined
resistaince to 3-methylcholainthrene-induced lymphoma is ex-
pressed cit the level of bone marrow derived cells. J. Exp. Med.
166:565-570.

19. Lee, W. T.-L., 0. Prakash, D. Klein, and N. H. Sarkar. 1987.
Structurcal alteraitions in the long terminal repeat of an acquired
mouse mammary tLinuor virus provirus in a T-cell leukemia of
DBA/2 mice. Virology 159:39-48.

20. Lenz, J., D. Celander, R. L. Crowther, R. Patarca, D. W.
Perkins, and W. A. Haseltine. 1984. Determination of the
leukemogenicity of a murine retrovirus by sequences within the
long terminal repeat. Nature (London) 308:467-470.

21. Maclnnes, J. I., V. L. Morris, W. F. Flintoff, and C. A. Kozak.
1984. Characterization and chromosomal location of endoge-
nous mouse mammary tumor virus loci in GR. NFS, and DBA
mice. Virology 132:12-25.

22. Majors, J. E., and H. E. Varmus. 1981. Nucleotide sequences at
host-proviral junctions for mouse mammary tumor virus. Na-
ture (London) 289:253-258.

23. Mayer, A., F. Lilly, and M. L. Duran-Reynals. 1980. Genetically
dominant resistance in mice to 3-methylc6olanthrene-induced

Vol.. 63, 1989



3204 NOTES

lymphoma. Proc. Nati. Acad. Sci. USA 77:296(-2963.
24. Michalides, R., E. Wagenaar, J. Hilkens, J. Hilgers, B. Groner,

and N. E. Hynes. 1982. Acquisition of proviral DNA of mouse

mammary tumor virus in thymic leukemia cells from GR mice.

J. Virol. 43:819-829.
25. Michalides, R., E. Wagenaar, and P. Weijers. 1985. Reairralnge-

ments in the long terminal repeat of extra mouse mammary

tumor provir-uses in T cell leukemias of mouse strain GR result
in a novel enhancerlike structure. Mol. Cell. Biol. 5:823-830.

26. Nusse, R., L. van der Ploeg, L. van Duijn, R. Michalides, and J.
Hilgers. 1979. Impaired maturation of mouse mammall-y tumor-
virus precursor polypeptides in lymphoid leukemia cells, pro-

ducing intracytoplasmic A particles and no extracellular B-type

virions. J. Virol. 32:251-2S8.
27. Racevskis, j., and H. Beyer. 1989. Amplification of mouse

mammary tumor virus genomes in nonmammary tumor cells. J.
Vir-ol. 63:456-459.

28. Vaidya, A. B., C. A. Long, J. B. Sheffield, A. Tamura, and H.
Tamura. 1980. MuL-ine maimmair-y tumor virus deficient in the
major glycoprotein: biochemical and biological studies on virn-
ons produced by a lymphoma line. Virology 104:279-293.

29. W'ellinger, R. J., M. Garcia, A. Vessaz, and H. Diggelmann.
1986. Exogenous mouse mammary tumor virus proviral DNA
isolated from a kidney adenocarcinoma cell line contains alter-
ations in the U3 region of the long terminal repeat. J. Virol.
60:1-11.

J. VIROL.


