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Mlyi-1 defines a locus of proviral integration in rat thymomas induced by Moloney murine leukemia virus.
pvt-1/Mis-1 represents an independently identified locus which becomes rearranged either by chromosomal
translocation in murine plasmacytomas or by provirus insertion in retrovirus-induced murine and rat thymic
lymphomas. Although it had been claimed that pvt-1/Mis-1 and Mlvi-1 represent two different loci, we present
here evidence showing that they are identical. This finding demonstrates the need for rigorous characterization
of any newly identified common regions of integration in retrovirus-induced neoplasms.

The main factor in oncogenesis by nontransforming retro-
viruses is the induction of insertion mutations mediated by
the integration of the provirus into the cellular genome (22).
Two lines of evidence led to this conclusion. It was shown
that the provirus may integrate in the domain of cellular
proto-oncogenes and alter their expression. In addition, it
was shown that provirus integration in the genome of virus-
induced tumor cells could occur in regions of integration
which were common among tumors. In both cases, the
integrated proviruses appear to activate neighboring cellular
genes by mechanisms such as promoter insertion, enhancer
insertion, and truncation of the normal gene (2, 14, 22).

The importance of provirus integration in the induction of
retrovirus-induced rodent hematopoietic tumors was dem-
onstrated first in MoMuL V-induced thymic lymphomas in
rats (19). These studies revealed that in these tumors the
MoMuLV provirus integrates reproducibly in a common
region of integration which was named Mlvi-I (Moloney
leukemia virus integration locus 1) (19, 21). The effects of
provirus integration in the Mlvi-I locus have been elusive
until very recently. We now know that provirus insertion in
this locus, which maps at least 300 kilobases 3’ to the myc
proto-oncogene, affects the expression of this gene probably
in cis (P. A. Lazo and P. N. Tsichlis, submitted for publica-
tion). In addition, the same integrated provirus is associated
with the expression of an RNA message which contains
sequences located immediately upstream of the cluster of the
Mlvi-1 proviruses (P. N. Tsichlis and P. A. Lazo, submitted
for publication). Following the description of Mlvi-1, at least
15 additional common regions of integration were identified
in retrovirus-induced murine and rat hematopoietic tumors
(3-5, 11, 13, 15, 18, 21, 23, 24, 26, 27). The gene(s) that may
be deregulated because of provirus integration in most of
these loci has not been identified yet. This introduces a
major difficulty in determining the relationship between new
and previously discovered common loci of integration. This
difficulty is compounded by the fact that there are no
established rules of identity for such loci.
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In this report, we present data showing that Mlvi-I was
rediscovered twice, and we suggest certain rules that may
prevent this problem in the future.

The description of Mlvi-1 was followed by the discovery of
the Mis-1 locus, which was rearranged because of provirus
integration in MoMuL V-induced rat thymic lymphomas (11).
This, in turn, was followed by the discovery of the pvt-1
locus, which was rearranged in murine plasmacytomas car-
rying the 6;15 plasmacytoma variable translocation (4) and in
virus-induced AKR thymomas (5). Although Mlvi-1, Mis-1,
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FIG. 1. (A) Hybridization of mouse probe E from the pvt-1 locus
to genomic DNA from rat thymoma 2774. Sizes are in kilobases. (B)
Restriction map of the rat Mlvi-1 locus. BamHI1 (B), Hpal (Hp),
Hindlll (H). Kpnl (K), Pvull (Pv), Sacl (Sc).
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FIG. 2. (A) Southern blot analysis of tumor DNA digested with
the indicated restriction enzyme and hybridized to the indicated
probe. (B) Restriction map of the pvt-1/Mlvi-1 locus showing the
proviral insertions and using endonucleases EcoRI (R), BamHI (B),
and Kpnl (K). The probes are indicated as boxes under their
corresponding positions in the maps. (C) Restriction map of
MCF69L1 proviral DNA.

and pvt-1 were all mapped to murine chromosome 15 (4, 8,
9), it was claimed that they were different from each other
because either the clones representing them did not cross-
hybridize or their restriction endonuclease maps were dif-
ferent. Shortly later, it was reported that Mis-I and pvt-1
were identical. It was claimed again, however, that both
were different from Mlvi-1 (25).

During studies on the induction of the rat thymic lympho-
mas, we identified a new common region of integration
(Mlvi-4) which, similar to Mlvi-1, Mis-1/pvt-1, and myc, was
also mapped to murine chromosome 15 (J. Lee et al.,
manuscript in preparation). This clustering of provirus inser-
tions led us to examine the relative map position of these loci
in the rat genome. In the course of these studies, pvt-1 probe
E (4) was hybridized to normal rat genomic DNA digested
with multiple restriction endonucleases in an effort to gen-
erate a restriction map of the rat Mis-1/pvt-1 locus. To our
surprise, the sizes of the detected rat pvr-I restriction
fragments were identical to those of comparable Mlvi-I
fragments as suggested by comparison with the Mlvi-I
restriction map (Fig. 1). The tentative conclusion that the
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Mis-1/pvt-1 locus was identical to the Mlvi-I locus was
confirmed with the following experiments. Genomic DNA
from AKR thymic lymphomas induced by a mink cell
focus-forming virus (15-17) was digested with EcoRI or
BamHI and, after agarose gel electrophoresis and transfer to
nitrocellulose, it was hybridized to two Mlvi-1 probes and
two pvt-1 probes (Fig. 2B). Hybridization was done at 42°C
in 4x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-50% formamide-15 mM sodium citrate (pH 7.0)-1X
Denhardt solution-500 pg of salmon testis DNA per ml-10%
dextran sulfate-1% sodium dodecyl sulfate. Filters were
washed twice with 0.1% SSC-1% sodium dodecyl sulfate at
room temperature and then twice at either 55°C for the pvt-1
probes or 42°C for the Milvi-1 probes. A representative
sample of the results is shown in Fig. 2A, while Fig. 2B
shows a compilation of the data in diagrammatic form. The
sizes of the germ line Mlvi-1 and pvt-1 restriction endonu-
clease fragments detected with these probes were identical.
Furthermore, with these probes it was shown that all the
tumors carrying a rearrangement of the Mlvi-1 locus also
carried a rearrangement of the pvz-1 locus and that the Mlvi-1
and pvr-1 rearranged bands were identical in size. The only
exception was tumor 2822, in which the sum of the sizes of
the Mlvi-1 and pvt-1 rearranged bands equaled the size of the
germ line band plus 8.8 kilobases (the size of the MCF
provirus) (Fig. 2C), indicating that the provirus had inte-
grated in the region between the two probes.
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FIG. 3. Hybridization of specific restriction fragments from the
rat Mis-I locus to fragments from the rat Mlvi-I locus. The locations
of the fragments from Mis-I and Mlvi-1 are indicated in reference to
their common restriction map at the bottom of the figure.
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FIG. 4. (A) Hybridization of three different probes from the rat
Mlvi-1 locus to two cosmid clones from the murine pvr-/ locus.
Probe pBS8.1 was hybridized to clone ¢W28, and probes pBS8.6
and pTS26 were hybridized to clone cW17 (2). (B) Restriction map
of the murine pvt-1 locus hybridized to rat Mlvi-1 clones showing the
regions which cross-hybridize between the two loci. The reference
site is the location of the A4 translocation in the murine pvz-1 locus.
Abbreviations: R, EcoRI; B, BamHI.

Next, we hybridized three probes derived from clones of
the rat Mis-1 locus (8, 25) to four cloned DNA fragments
derived from the Mlvi-1 locus. The hybridization was per-
formed under conditions of high stringency (10). The results
revealed strong homology between the Mivi-1 and Mis-1
cloned DNA fragments (Fig. 3).

Finally, we hybridized three probes from the rat Mivi-1
locus (pBS8.1, pBS8.6, and pTS26) to DNA from two
different cosmid clones (cW28 and ¢cW17) that were derived
from the murine pvt-1 locus (4) and digested with BamHI,
EcoRl, and Sacl. Hybridization and washes were done
under medium stringency conditions (20). The results in Fig.
4 showed homology between Mlvi-1 and pvt-1 cloned DNA
fragments. The order and distance among the three homol-
ogous fragments are similar jn the rat and mouse genomes.

The data presented here clearly indicate that the identifi-
cation of any newly identified common regions of integration
in retrovirus-induced tumors presents a real challenge. To
avoid the confusion that may be created by the rediscovery
of already known loci, it would be advisable to follow some
clearly defined guidelines. The most definitive approach
toward the identification of these loci would be the identifi-
cation and characterization of the gene(s) whose expression
may be affected by the integrated provirus. However, this
may be a difficult task which may take a long and serious
effort to be realized. Furthermore, provirus integration may
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also affect the expression of genes that may be located at
very long distances from the site of integration (Lazo and
Tsichlis, submitted). Because of this, it would be important
to determine the precise chromosomal localization of the
locus in at least one of two species (mice or humans) for
which a wealth of mapping information is already available.
This can be done either by in situ hybridization (7) or by
genetic methods (1). If the newly discovered region of
integration maps in the vicinity of any known loci, it would
also be important to determine whether the two are identical.
If they are not identical, an effort should be made to
determine the distance between them.

The Mlvi-1/Mis-1/pvt-1 locus and the myc proto-oncogene
are the only elements known to be the sites of either provirus
insertion or chromosomal translocation with or without
amplification in neoplasms derived from multiple species,
including humans (6, 12). To avoid the confusion generated
by the multiple names of this important locus, we propose
the introduction of a new name that should be agreed upon
by the laboratory specialists working on this locus.

We thank J. Adams and P. Jolicoeur for providing us with pvr-/
and Mis-1 probes, respectively. We also thank S. Bear for critical
review and P. Bateman for typing the manuscript.

This work was supported by Public Health Service grants CA-
31491 and CA-16599 to P.V.O., CA-38047 to P.N.T., and CA-06927
and RR-05539 from the National Institutes of Health and by an
appropriation from the Commonwealth of Pennsylvania to the Fox
Chase Cancer Center. P.N.T. is a Scholar of the Leukemia Society
of America.

LITERATURE CITED

1. Benoit, R., P. Barton, A. Minty, P. Danbas, A. Weydert, F.
Bonhomme, J. Catalan, D. Chazottes, J. L. Guenet, and M.
Buckingham. 1985. Investigation of genetic linkage between
myosin and actin genes using an interspecific mouse backcross.
Nature (London) 314:181-183.

2. Bishop, J. M. 1987. The molecular genetics of cancer. Science
235:305-311.

3. Corcoran, L. M., J. M. Adams, A. R. Dunn, and S. Cory. 1984.
Murine T lymphomas in which the cellular myc oncogene has
been activated by retroviral insertion. Cell 37:113-122.

4. Cory, S., M. Graham, E. Webb, L. Corcoran, and J. M. Adams.
1985. Variant (6;15) translocations in murine plasmacytomas
involve a chromosome 15 locus at least 72 kb from the c-myc
oncogene. EMBO J. 4:675-681.

5. Graham, M., J. M. Adams, and S. Cory. 1985. Murine T
lymphomas with retroviral inserts in the chromosomal 15 locus
for plasmacytoma variant translocations. Nature (London) 314:
740-743.

6. Haluska, F. G., Y. Tsujimoto, and C. M. Croce. 1987. Oncogene
activation by chromosome translocation in human malignancy.
Annu. Rev. Genet. 21:321-345.

7. Harper, M. E., and G. F. Saunders. 1981. Localization of single
copy DNA sequences on G-banded human chromosomes by in
situ hybridization. Chromosoma (Berlin) 83:431-439.

8. Jolicoeur, P., L. Villeneuve, E. Rassart, and C. Kozak. 1985.
Mouse chromosomal mapping of a murine leukemia virus inte-
gration region (Mis-1) first identified in rat thymic leukemia. J.
Virol. 56:1045-1048. ’

9. Kozak, C. A., P. G. Strauss, and P. N. Tsichlis. 1985. Genetic
mapping of a cellular DNA region involved in induction of
thymic lymphomas (Mlvi-1) to mouse chromosome 15. Mol.
Cell. Biol. 5:894-897.

10. Lazo, P. A., and P. N. Tsichlis. 1988. Recombination between
two integrated proviruses, one of which was inserted near c-myc
in a retrovirus-induced rat thymoma: implications for tumor
progression. J. Virol. 62:788-794.

11. Lemay, G., and P. Jolicoeur. 1984. Rearrangement of a DNA
sequence homologous to a cell-virus junction in several Molo-
ney murine leukemia virus-induced rat thymomas. Proc. Natl.



VoL. 63, 1989

12.

13.

14.

15.

16.

17.

18.

19.

Acad. Sci. USA 81:38-42.

Mengle-Gaw, L., and T. H. Rabbits. 1987. A human chromo-
some 8 region with abnormalities in B-cell, HTLV-1* T-cell and
c-myc amplified tumors. EMBO J. 6:1959-1965.

Mucenski, M. L., D. J. Gilbert, B. A. Taylor, N. A. Jenkins, and
N. G. Copeland. 1987. Common sites of viral integration in
lymphomas arising in AKXD recombinant inbred mouse strains.
Oncogene Res. 2:33-48.

Neil, J. C., and D. Forrest. 1987. Mechanisms of retrovirus-
induced leukemia: selected aspects. Biochim. Biophys. Acta
907:71-91.

O’Donnell, P. V., E. Fleissner, H. Lonial, C. Koehne, and A.
Reicin. 1985. Early clonality and high-frequency proviral inte-
gration into the c-myc locus in AKR leukemia. J. Virol. 55:
500-503.

O’Donnell, P. V., and F. Traganos. 1986. Changes in thymocyte
proliferation at different stages of viral leukemogenesis in AKR
mice. J. Immunol. 136:720-727.

O’Donnell, P. V., R. Woller, and A. Chu. 1984. Stages in
development of mink cell focus-inducing (MCF) virus-acceler-
ated leukemia in AKR mice. J. Exp. Med. 160:914-934.
Silver, J., and C. E. Buckler. 1986. A preferred region for
integration of Friend murine leukemia virus in hematopoietic
neoplasms is closely linked to the Int-2 oncogene. J. Virol.
60:1156-1158.

Tsichlis, P. N., P. G. Strauss, and L. F. Hu. 1983. A common
region for proviral DNA integration in MoMuLV-induced rat
thymic lymphomas. Nature (London) 302:445-449.

20.

21.

22.
23.

24.

25.

26.

27.

NOTES 2369

Tsichlis, P. N., P. G. Strauss, and C. A. Kozak. 1984. Cellular
DNA region involved in induction of thymic lymphomas (Mlvi-
2) maps to mouse chromosome 15. Mol. Cell. Biol. 4:997-1000.
Tsichlis, P. N., P. G. Strauss, and M. A. Lohse. 1985. Concerted
DNA rearrangements in Moloney murine leukemia virus-in-
duced thymomas. A potential synergistic relationship in onco-
genesis. J. Virol. 56:258-267.

Varmus, H. 1988. Retroviruses. Science 240:1427-1435.
Vijaya, S., D. L. Steffen, C. Kozak, and H. L. Robinson. 1987.
Dsi-1, a region with frequent proviral insertions in Moloney
murine leukemia virus-induced rat thymomas. J. Virol. 61:
1164-1170.

Villemur, R., Y. Monczak, E. Rassart, C. Kozak, and P. Joli-
coeur. 1987. Identification of a new common provirus integra-
tion site in Gross passage A murine leukemia virus-induced
mouse thymoma DNA. Mol. Cell. Biol. 7:512-522.

Villeneuve, L., E. Rassart, M. Graham, and J. M. Adams. 1986.
Proviral integration site Mis-1 in rat thymomas corresponds to
the Pvt-1 translocation breakpoint in murine plasmacytomas.
Mol. Cell. Biol. 6:1834-1837.

Webb, E., J. M. Adams, and S. Cory. 1984. Variant (6;15)
translocation in a murine plasmacytoma occurs near an immu-
noglobulin k& gene but far from the myc oncogene. Nature
(London) 312:777-779.

Wirschubsky, A., P. N. Tsichlis, G. Klein, and J. Sumegi. 1986.
Rearrangement of c-myc, Pim-1 and Mlvi-1 and trisomy of
chromosome 15 in MCF- and Moloney-MuLV-induced murine
T-cell leukemias. Int. J. Cancer 38:739-745.



