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The Gross passage A murine leukemia virus (MuLV) induced T-cell leukemia of clonal (or oligoclonal) origin
in inoculated mice. To study the role of the integrated proviruses in these tumor cells, we cloned several newly
integrated proviruses (with their flanking cellular sequences) from a single tumor in procaryotic vectors. With
each of the five clones obtained, a probe was prepared from the cellular sequences flanking the provirus. With
one such probe (SS8), we screened several Gross passage A MuLV-induced SIM.S mouse tumor DNAs and
found that, in 11 of 40 tumors, a provirus was integrated into a common region designated Gin-i. A
26-kilobase-pair sequence of Gin-i was cloned from two A libraries, and a restriction map was derived. All
proviruses were integrated as a cluster in the same orientation within a 5-kilobase-pair region of Gin-i, and
most of them had a recombinant structure of the mink cell focus-forming virus type. The frequency of Gin-i
occupancy by provirus was much lower in thymoma induced by other strains of MuLV in other mouse strains.
Using somatic-cell hybrid DNAs, we mapped Gin-i on mouse chromosome 19. Gin-i was not homologous to 16
known oncogenes and was distinct from the other common regions for provirus integration previously
described. Therefore, Gin-i appears to represent a new common provirus integration region. The integration
of a provirus within Gin-i might be an important event leading to T-cell transformation, and the Gin-i region
might harbor sequences which are involved in tumor development.

The acute transforming defective retroviruses harbor a
cell-derived oncogene on their genomes and induce neo-
plasms after a short latent period. The oncogenic viral
sequences have been shown to be primarily responsible for
the initiation and maintenance of the transformed state (for a
review, see references 1 and 55). In contrast, the nondefec-
tive slow-transforming retroviruses, such as avian leukosis
virus, mouse mammary tumor virus, and murine leukemia
virus (MuLV), generally induce malignant diseases of mono-
clonal or oligoclonal origin after a long latent period. These
viruses do not harbor a cell-derived oncogene, but, as
observed with different strains of MuLVs, the 3' ends of
their genomes, and more specifically the U3 long terminal
repeat (LTR), seem important for tumor induction (4, 9-11,
23, 30).
The molecular mechanism by which these nondefective

retroviruses induce cell transformation appears to operate
by the insertion of their provirus in the vicinity of a cellular
oncogene or of a gene involved in growth control. In a high
proportion of avian leukosis virus-induced tumors, provi-
ruses have been found to be inserted close to c-myc (20, 33,
37) and to c-erbB (15), leading to an increased transcription
of these oncogenes. Two regions, int-i (34, 35) and int-2 (12,
38), in DNA of mouse mammary tumor virus-induced mouse
mammary carcinoma and one region, int41 (17), in DNA of
mouse mammary tumor virus-induced kidney adenocarci-
noma have been reported to represent common regions for
provirus integration, whose transcription was activated by
these insertions. In MuLV-induced T-cell lymphoma, c-myc
(7, 31, 43, 49) and a putative new tyrosine kinase oncogene,
tck (58), have been shown to be activated by provirus
insertion. Similarly, c-myb (45, 46) and c-mos (3) were
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shown to be activated, in some MuLV-induced myeloid and
B-cell tumors, respectively, by the integration of LTR se-
quences in their vicinity. Recently, the interleukin-2 (6) and
interleukin-3 (59) genes were also found to be activated by
nearby integration of LTR sequences in gibbon T-lymphoid
MLA 144 and in mouse WEH1-3B myelomonocytic leuke-
mia cell lines, respectively. Six other apparently distinct
regions, designated Mlvi-1, Mlvi-2, Mlvi-3 (51-54), Mis-
llpvt-J (18, 29, 57), Pim-1 (8), and Fis-J (47), have been
reported to be the sites of common provirus integrations in
mouse or rat T-cell or myelogenous leukemic DNA and
might represent putative new oncogenes. Among these,
provirus insertions have been shown to activate the tran-
scription of Pim-1 (8, 44). Except for Pim-1, which is
occupied by provirus in about 60% of the tumors induced by
a specific strain of MuLV, i.e., the Moloney strain, these
regions have been shown to harbor proviruses at a low
frequency in MuLV-induced tumors, suggesting that other
undetected genetic events, possibly integrations in other
regions, were occurring.
To test this hypothesis and to identify new common

proviral integration regions which could contain putative
new oncogenes, we searched for such a region in Gross
passage A (Gross A) MuLV-induced T-cell lymphoma.
Gross A MuLV is a leukemogenic, nondefective, ecotropic,
fibrotropic, and thymotropic virus which was initially de-
rived from a spontaneous AKR tumor and subsequently was
passaged serially in mice (2, 11, 19). Gross A MuLV induced
thymoma in various mouse strains after a latent period of 4
to 8 months postinoculation. Its primary leukemogenic viral
determinant has been shown to lie within the enhancer
sequences of the U3 LTR (9, 11). By cloning several
virus-host junction fragments of one Gross A MuLV-
induced thymoma, we derived probes with the flanking
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cellular sequences and used them to search for provirus
integration within the homologous region in other
thymomas. With one such probe, we identified a region of
chromosomal DNA in which proviruses were integrated
relatively frequently. This region was designated Gin-i
(Gross A MuLV integration site), and we report its charac-
terization.

MATERIALS AND METHODS

Mice and viruses. Mice were from our breeding colony.
The inbred SIM.S mice were originally obtained from A.
Axelrad (University of Toronto, Toronto, Ontario, Canada).
The outbred NIH/Swiss mice were obtained from Small
Animal Resources (National Institutes of Health, Bethesda,
Md.). Both strains were Fv-l/1 and were susceptible to
Gross A MuLV (56). Newborn (<48-h-old) mice were inoc-
ulated intraperitoneally with 0.15 ml of filtered (pore size,
0.45 ,um; Millipore Corp., Bedford, Mass.) tissue culture
medium containing 105 PFU of pGD-17 MuLV, a molecu-
larly cloned derivative of Gross A MuLV (56). Leukemia
developed 4 to 8 months postinoculation, and mice were
sacrificed when they were moribund.
DNA extraction and endonuclease digestion. High-molec-

ular-weight cellular DNA was prepared from primary
thymomas or from livers by phenol extraction and was
ethanol precipitated and digested with various restriction
endonucleases (New England BioLabs, Inc., Beverly,
Mass.; Boehringer Mannheim Biochemicals, Montreal; and
P-L Pharmacia, Montreal) under the conditions recom-
mended by the manufacturers as previously described (29).
Bacteriophage and plasmid DNAs were prepared essentially
as described elsewhere (32).

Agarose gel electrophoresis and hybridization procedure.
DNA analysis by agarose gel electrophoresis and transfer to
nitrocellulose membranes were done by the technique of
Southern (48), as described previously (56). Specific DNA
fragments were detected by hybridization with 32P-labeled
cloned DNA fragments. These cloned DNA fragments were
excised from the vector with appropriate restriction
endonucleases, and the inserts were separated from the
vector by agarose gel electrophoresis. The DNA fragments
were recovered by electroelution and ethanol precipitation,
as described previously (9-11), and were used directly as
hybridization probes. Probes were labeled by nick transla-
tion (41) or by incubating the denatured fragment in the
presence of hexamers and the Klenow fragment of polymer-
ase 1 (14). Filters were hybridized in 50% formamide, 3 x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
and Denhardt solution at 42°C. After hybridization, the
filters were washed sequentially in 2x SSC for 15 min at
room temperature, in 0.lx SSC-0.1% sodium dodecyl sul-
fate for 1 h at 55°C, and in 0.1x SSC for 2 min at room
temperature. Membranes were air dried and exposed at
-70°C to RP-Royal X-Omat film (Eastman Kodak Co.,
Rochester, N.Y.) with a Cronex Lightning-Plus intensifying
screen (Du Pont Co., Wilmington, Del.).
Molecular cloning procedure. DNA from tumor 9 was

digested with EcoRI and centrifuged on a sucrose density
gradient (15 to 30%) as previously described (29). Fractions
containing fragments from 10 to 20 and 2 to 10 kilobase pairs
(kbp) were pooled separately and ethanol precipitated. DNA
(0.5 ,g) from each pool was then ligated respectively to
EcoRI-cleaved Charon 4A arms (1 ,ug) or to EcoRI-cleaved
AgtWES arms and was packaged as described elsewhere (29,
32). The MuLV recombinant phages (1.3 x 106 phages) were

identified by hybridization with a mixture of 32P-labeled
ecotropic MuLV-specific AKV-5, AKV-6 (21), and eco (5)
probes (Fig. 1), as previously described (32). Larger regions
of Gin-i sequences were cloned by screening two libraries of
lambda phages with a 32P-labeled SS8 probe. One of the
libraries was prepared in Charon 4A with partially digested
EcoRI DNA from thymoma 9 (8 x 105 phages). The other
library (kindly provided by J. G. Seidman, Harvard Univer-
sity, Cambridge, Mass.) was prepared in Charon 4A with
partially digested HaeIII DNA from a C57BL/6 mouse (106
phages). The 15- to 20-kbp partially digested thymoma 9
DNA fragments were enriched on sucrose density gradient
and prepared for cloning as described above. Subcloning of
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FIG. 1. Analysis of proviruses in Gross A MuLV-induced
thymomas. DNAs from representative primary thymomas or from
normal SIM.S mouse liver were digested with EcoRI, fractionated
by electrophoresis on a 1% agarose gel, and transferred to nitrocel-
lulose membrane as described in the text. The filter was then
hybridized with 32P-labeled ecotropic MuLV-specific probe eco (A)
or AKV-5 (B). DNAs were from thymomas 6 (lane 1), 7 (lane 2), 8
(lane 3), 9 (lane 4), and 12 (lane 5) and from normal mouse liver (lane
6). (C) Partial restriction map of the viral genome from ecotropic
Gross A MuLV and from an MCF-type MuLV (5, 21, 56). The
localization of the sequences homologous to the eco, AKV-5, and
AKV-6 probes is illustrated. The MCF-specific sequences extend in
other regions in other classes of MCF MuLV (13). Fragment size
was estimated with HindIll-digested X DNA as markers. Symbols:
=Z, LTR; , viral genome; -, cellular sequences; ,

nonecotropic MCF-type recombinant sequences. Restriction sites:
E, EcoRI; H, Hindlll; K, KpnI.
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FIG. 2. Restriction endonuclease maps of the cloned Gross A MuLV proviruses from thymoma 9. The five recombinant phages were

cleaved with EcoRI, and each insert was subcloned into pBR322. For mapping, each plasmid DNA was digested with EcoRI and then with
other restriction endonucleases. DNA fragments were electrophoresed on a 1.4% agarose gel and visualized with ethidium bromide. They
were transferred to nitrocellulose membranes and successively hybridized with 32P-labeled eco, AKV-5, AKV-6, LTR-specific, and
representative viral probes. Fragment size was estimated by using HindIlI-digested A DNA as markers. A cellular fragment of each clone was

subcloned into an Sp64 vector and was designated HH4 (HindIII fragment), SE3 (SacI-EcoRI fragment), SS8 (Sacl fragment), SE10
(SacI-EcoRI fragment), or XE12 (XbaI-EcoRI fragment). It was then used as a sihgle-copy hybridizing probe. Symbols: -, Gross A
proviral sequences; , cellular sequences; =, endogenotis viral sequences; XIJ, LTR. Restriction sites: B, BamHI; Bg, BglI; E, EcoRI;
H, HindIlI; K, KpnI; P, PstI; S, SmaI; Sc, Sacl; X, XbaI; Xh, XhoI.

DNA fragments into vector pBR322 or SP64 was done
essentially as described previously (11, 29, 32).

Somatic cell hybrids. The isolation of the mouse-hamster
cell hybrids has been described previously (25-27). Mouse
chromosomes were identified directly by Giemsa-trypsin
banding followed by staining with Hoechst 33258 (Hoechst-
Roussel Pharmaceuticals, Inc., Somerville, N.J.). Hybrid
cells were typed for the presence of specific mouse markers
as described previously (25-27).

RESULTS

Cloning of virus-cell junction fragments of thymoma 9.

Gross A MuLV is a leukemogenic retrovirus able to induce
a high percentage (80%) of T-cell leukemia (thymoma) in
inoculated inbred SIM.S mice after a latent period of 4 to 8
months (2, 19, 56). To analyze the structure of the proviruses
in the thymoma DNAs, we first performed a restriction
endonuclease analysis by the Southern blot procedure (48).
EcoRI was most suitable for this analysis because it did not
cleave the ecotropic Gross A MuLV genome (56) and,
therefore, with an env ecotropic MuLV-specific (eco) (5)

probe, allowed the detection of each newly acquired ecotro-
pic Gross A provirus flanked by cellular sequences (Fig. 1A).
However, with another ecotropic MuLV-specific probe,
AKV-5 (21), several additional newly integrated viral se-

quences, some of them smaller than the full-length genome
(8.8 kbp), were detected in each tumor (Fig; 1B). The
ecotropic MuLV-specific AKV-6 probe (Fig. 1) detected the
same fragments as the AKV-5 probe (data not shown). These
probes have previously been shown to detect mink cell
focus-fornming (MCF)-type recombinant proviruses (21).
These MCF genomes harbor sequences from the ecotropic
MuLV genome at the 3' end of env and sequences from an

endogenous nonecotropic genome at the 5' end of env and
the 3' end of pol (21). They were also found to harbor an

EcoRI site at position 6.9 (21). All 40 Gross A MuLV-
induced thymomas screened appeared to harbor several
recombinant proviruses of the MCF type; all of them also
contained at least one provirus from the inocuiated parental
ecotropic Gross A MuLV. With the three probes used, each
tumor DNA showed a specific and different set of virus-
specific fragments, suggesting that these tumors were clonal
(or oligoclonal) in origin.
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FIG. 3. Restriction endonuclease map of the Gin-i region. Three recombinant phages hybridizing with the SS8 probe were isolated from
two mouse libraries and designated X L985C, LH81C, and L982C. DNA from these clones was digested with various restriction
endonucleases to derive a restriction map of the region, essentially as described in the legend to Fig. 2. The map was also confirmed by
digesting normal mouse DNA with several restriction endonucleases alone and in combination, by using the SS8 probe. The KpnI sites were
mapped with a HindIII-KpnI digestion of normal DNA hybridized with end probes U and E. Large fragments of the region were subcloned
into pBR322, and smaller, nonreiterated fragments were isolated or subcloned into SP64 or pBR322, to be used as hybridizing probes (A to
E and U to Z). Underlined restriction sites have not been mapped on the whole region. Symbols:. en, highly reiterated sequences; _,
fragments used as probes; -- -, uncloned sequences. Restriction sites: B, BamHI, Bll, BgIII; E, EcoRI; H, HindIII; K, KpnI; P, PstI; Pv,
PvuII; S, SmaI; Sc, Sacl; X, XbaI.

To study whether some of these proviruses were inte-
grated in a common region of the cellular genome in different
thymomas, we attempted to clone all the proviruses from a
single tumor. We selected tumor 9, a tumor with a less
complex pattern of viral insertions as revealed by hybridiza-
tion with AKV-5 and AKV-6 probes (Fig. 1A and B, lanes 4).
EcoRI-cleaved tumor 9 DNA was cloned in vectors Charon
4A and XgtWES by using eco, AKV-5, and AKV-6 as
probes. Five of the six detectable proviruses were success-
fully cloned, subcloned into pBR322, and analyzed by re-
striction endonucleases and Southern blot analysis with eco,
AKV-5, AKV-6, and representative and LTR-specific
probes (data not shown). The restriction map of each of
these clones is presented in Fig. 2. The G19-C3 clone
represents a full-length ecotropic Gross A provirus with its
flanking cellular sequences. The GI9-C4 clone represents the
3' end of Gross A pl5E sequences and the Gross A LTR
inserted within an endogenous mouse provirus. The GI9-C8,
G19-C1O, and G19-C12 clones represent the 3' end of MCF-
type recombinant Gross A proviruses flanked by cellular
sequences. Indeed, these clones harbored the EcoRI site (at
position 6.9), which is specific to MCF proviruses (13). All
clones harbored the two PstI sites within the LTR charac-
teristic of the Gross A LTR (56). These results clearly
showed that MCF-type recombinant MuLVs were present in
Gross A MuLV-induced thymomas.
A cellular fragment from each clone was isolated,

screened for the absence of repetitive sequence elements by
hybridization to EcoRI-cleaved mouse DNA, and subcloned
into SP64. These fragments were used as single-copy hybrid-
ization probes to search for common integration sites in
other thymomas. A completed search with one probe (SS8)
derived from clone GI9-C8 was positive, and we could detect
rearrangement of this region in other thymoma DNAs (see
below). The region, which appeared to be the site of frequent
provirus integrations in Gross A MuLV-induced thymomas,
was designated Gin-i.

Molecular characterization of the Gin-i region. The unoc-
cupied chromosomal region surrounding the sequences ho-
mologous to the SS8 probe was further characterized by
restriction enzyme analysis of normal mouse cellular DNA.
By using different restriction endonucleases alone or in
combination, it was possible to derive a partial restriction
map of the region (data not shown) suitable for subsequent
screening of thymoma DNAs and for gross mapping of the
inserted proviruses.
To analyze this region in more detail and to derive

additional probes necessary for a finer mapping of the
inserted proviruses, we screened a partially EcoRI-digested
phage library of thymoma 9 DNA and a partially HaeIII-
digested phage library of C57BL/6 DNA with probe SS8.
Two positive clones (X L985C and A L982C) were obtained
from the first library, and a third clone (X LH81C) was
obtained from the second library. These three overlapping
clones spanned a region of about 26 kbp of cellular DNA. A
restriction analysis of the cloned DNAs was performed (data
not shown). This analysis allowed the derivation of a restric-
tion map of the Gin-i region (Fig. 3). Furthermore, several
single-copy hybridization probes (Fig. 3, A to E and U to Z),
spanning most of the cloned Gin-i region, were prepared by
subcloning several fragments from the three lambda clones
into pBR322 or SP64.

Detection of proviruses integrated with the Gin-i region of
Gross A MuLV-induced thymoma DNAs. To determine
whether Gin-i was a common region for provirus integration
in Gross A MuLV-induced thymomas, we screened a total of
40 Gross A MuLV-induced thymoma DNAs digested with
EcoRI, HindIII, or KpnI and hybridized them with the SS8
probe. EcoRI, HindlIl, and KpnI allowed the screening,
respectively, of 5.4-, 14-, and 30-kbp regions of Gin-i (Fig.
3). Hindlll cleaved the Gross A MuLV genome once (56).
KpnI cleaved within the Gross A LTR (or its MCF recom-
binant) provirus. EcoRI did not cleave the Gross A MuLV
genome (56), but did cleave the MCF MuLV genome once at
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probes B and E, respectively (Fig. 3). The novel 4.6-kbp
BamHI and 18-kbp EcoRI fragments were clearly observed
in each tumor (Fig. 5, lanes 1 and 3). The same filters were

washed, reexposed to monitor the absence of signals, and
-U d. hybridized with a mixture of AKV-5 and AKV-6 viral
\S--v n *_ probes. As expected, several virus-specific fragments were

detected. One of these fragments comigrated exactly with
the novel fragment previously detected with the Gin-i
probes (Fig. 5, lanes 2 and 4), suggesting the presence of
viral and Gin-i sequences on the same fragment. Because
most of the tumor DNAs harbored numerous virus-specific
fragments of a length similar to that of the novel Gin-i
fragments, the results of this experiment with the other
thymoma DNAs were not conclusive (data not shown).

Therefore, to determine whether the novel Gin-i-specific
fragments were generated by the insertion of a provirus, to
map the integration site of the provirus more precisely, and

mas containing a novel DNA fragment to determine the orientation of the integrated provirus rela-
DNAs (15 ,ug) from representative tive to the Gin-i region, we performed a restriction analysis
EcoRI (A), Hindlll (B), or KpnI (C), of the tumor DNAs by using a Gin-i probe closer to the

is on a 0.8% agarose gel, transferred to integration site. A representative example of this analysis is
id hybridized with a 32P-labeled SS8 presented in Fig. 6. DNA from thymoma 33 was digested
omas 30, 9, 49, and 47 digested with with EcoRI, PstI, or BamHI and hybridized with the SS8
ely); (B) thymomas 34, 44, 50, 42, and probe; no novel fragment could be detected with EcoRI or

-s 5 to 9, respectively); (C) thymomas PstI digestions (data not shown), but a novel 6.0-kbp BamHI
KpnI (lanes 10 to 13, respectively), fragment observed (Fig. 6, lane 2). Hybridization of

by using HindlIl-digested X DNAs as EcoRI-digested thymoma 33 DNA with probe B did

reveal a novel fragment (data not shown). These results
indicated that the provirus was integrated within the BamHI

the 40 DNAs from the Gross A fragment; more precisely it was located within the 300-base-
nalyzed, 11 showed novel frag- pair PstI-EcoRI fragment upstream of fragment B (probe B).
normal cellular fragment of the DNA from this tumor was then digested with PstI and
le (Fig. 4, Table 1). These results hybridized with probe B. A 2.2-kbp novel fragment was

i a common region for provirus detected in addition to the normal 1.9-kbp PstI fragment
(Fig. 6, lane 4), indicating the presence of a novel PstI site

if proviruses in the Gin-i region. If within this region and confirming the insertion site of the
detected in some thymoma DNAs provirus. The orientation of the provirus was determined
ienerated because of the insertion with a double digestion (PstI-KpnI), which generated a

on, the same fragments should be 1.9-kbp novel fragment comigrating with the normal frag-
ic probes. To test this hypothesis, ment (Fig. 6, lane 3). The difference in length between the
and 44 were digested with BamHI novel 2.2-kbp PstI fragment and the novel 1.9-kbp PstI-KpnI
nd were hybridized with the Gin-i fragment corresponded to the distance separating these two

TABLE 1. Restriction enzyme analysis of the Gin-i region containing proviruses in 11 independent thymomas

Type of Mouse Fragment size (kbp) after digestion with probeb:
Type of DNA provirus strain SS8 hybridized to: B hybridized to: E hybridized to

inserteda tan__________________________K B B-K H H-K E E-K E-K P P-K E

Liver DNA SIM.S 30 7.0 7.0 14 14 5.4 5.4 8.7 1.9 1.9 8.7
Tumorsc

1 MCF SIM.S 20 8.6 5.6 23 14 N ND 1.2 ND ND 10
4 MCF SIM.S 20 8.6 5.6 23 14 N ND 1.2 1.3, 1.0 1.0, 1.0 10
gd MCF SIM.S 20, 15 8.9, 4.3 ND 11, 14 ND 4.1, 11 2.3, 5.5 ND ND ND ND
30e MCF SIM.S 7.7 9.0 ND 8.7 ND 4.1 2.4 ND ND ND ND
33 ? SIM.S 20 6.0 4.7 15 13 N ND N 2.2 1.9 ND
42 ? SIM.S ND ND ND 16 ND N ND ND ND ND ND
44 ECO NIH 20 7.5 6.2 16 ND N ND 1.8, 7.5 1.6, 0.7 1.6, 0.4 18
49 ? SIM.S 20 ND ND ND ND 15 ND ND ND ND ND
50 MCF SIM.S 20 7.7 6.4 16 ND N ND 2.0, 7.3 ND ND ND
54 MCF SIM.S 20 6.6 5.3 16 ND N ND 0.95 1.55, 0.75 1.25, 0.75 10
70 MCF SIM.S 20 6.7 5.4 16 14 N ND 1.0 1.5, 0.8 1.5, 0.8 10

a The presence (MCF type) or the absence (ecotropic type) of an EcoRI site at position 6.9 was used as the criterion for this classification.
b Abbreviations: B, BamHI; H, HindIlI; K, KpnI; P, PstI; N, normal fragment only; ND, not done.
c In each tumor, the normal fragment seen in liver DNA was also detected.
d A second novel fragment which did not contain viral sequences was detected in this tumor.
' Gin-] region was rearranged by a provirus insertion and by another unknown event.
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FIG. 5. Comigration of a novel fragment hybridizing with both
Gin-i and pl5E viral probes in thymomas 33 and 44. DNAs from
thymomas 33 and 44 were digested with BamHI and EcoRI, respec-
tively, and were electrophoresed on a 0.8% agarose gel. DNA
fragments were transferred to nitrocellulose membranes and hybrid-
ized with 32P-labeled Gin-i probe E for thymoma 44 and with probe
B for thymoma 33. The filters were then washed at 90°C for 1 h in
0.1x SSC-0.1% sodium dodecyl sulfate, reexposed to monitor the
efficiency of the washing procedure, and rehybridized with 32p_
labeled AKV-5 and AKV-6 viral probes. (A) BamHI-digested
thymoma 33 DNA hybridized with Gin-i probe B (lane 1) or with
AKV-5 and AKV-6 viral probes (lane 2). (B) EcoRI-digested
thymoma 44 DNA hybridized with Gin-i probe E (lane 3) or with
AKV-5 and AKV-6 viral probes (lane 4). The arrows indicate the
fragment hybridizing with both probes.

sites within the Gross A LTR. We confirmed the orientation
of the provirus with BamHI and BamHI-KpnI digestions
(Fig. 6, lanes 1 and 2), which generated novel fragments
predicted by the insertion of a provirus. The results of this
restriction analysis showed that the provirus was inserted
100 base pairs from the first PstI site downstream of the SS8
sequences, in the orientation 5' to 3' (Fig. 6).
To map the provirus in tumor 44, DNA was digested with

a combination of EcoRI and KpnI and hybridized with probe
B. KpnI was chosen because it cleaved the provirus within
the LTR and therefore allowed more precise mapping.
Under these conditions, three fragments were detected: two
EcoRI-KpnI fragments (1.8 and 7.5 kbp) and one EcoRI
fragment (8.7 kbp) (Fig. 6, lane 7). The 8.7-kbp EcoRI
fragment corresponded to the fragment from the unoccupied
and unrearranged normal allele, since it was the only frag-
ment detected in normal DNA. This digestion indicated that
a novel KpnI site was close to the EcoRI site bordering
probe B, and we therefore placed the site of insertion of the
provirus quite precisely, depending on its orientation, at a
maximal distance of 1.5 kbp from the EcoRI site. To
determine the orientation of the provirus, the same tumor
DNA was digested with PstI (which cleaves within the LTR)
and was hybridized with the same probe (B). Again, three
PstI fragments could be detected, i.e., two novel fragments
of 1.6 and 0.7 kbp, in addition to the normal 1.9-kbp
fragment (Fig. 6, lane 6). When a double digestion with
PstI-KpnI was performed, the novel 1.6-kbp PstI fragment
was not cleaved with KpnI, but the novel 0.7-kbp PstI
fragment, harboring sequences downstream of the proviral
insertion site, was cleaved once to generate one detectable

PstI-KpnI fragment of 0.4 kbp (Fig. 6, lane 5). These results
indicated that provirus was integrated in tumor 44 at 300
base pairs from the PstI site bordering probe B, in a 5' to 3'
orientation (Fig. 6). Because of the length of the EcoRI-KpnI
novel fragment hybridizing with probe B (1.8 kbp) in tumor
44, an opposite orientation would not agree with the other
results obtained and would place the integration site down-
stream of the PstI site bordering probe B, i.e., beyond probe
B detection.
An approach similar to that for tumor 44, with the same

restriction endonucleases and the same hybridizing probes,
was used to map the provirus in tumor 54 (Fig. 6, lanes
8-10). To further confirm the orientation of this provirus in
tumor 54, an EcoRI digestion was performed, and the DNA
fragments were hybridized with probe E. A novel 10.2-kbp
EcoRI fragment was detected in this tumor in addition to the
normal 8.7-kbp fragment (Fig. 6, lane 11). The difference in
length between this novel 10.2-kbp EcoRI fragment and the
novel 8.4-kbp EcoRI-KpnI fragment corresponded to the
distance separating the EcoRI within an MCF provirus and
the KpnI site within the LTR. Moreover, the integration of
the provirus in an opposite orientation would have generated
a 15-kbp EcoRI fragment. Therefore, in thymoma 54, the
provirus was integrated at 450 base pairs from the EcoRI site
bordering probe B, in the orientation shown in Fig. 6.

Fine mapping of each provirus integrated within Gin-i was
performed in a similar way, and a summary of the results
from most digestions is presented in Table 1. A map of Gin-i
with the precise integration site of the provirus and its
orientation for each positive thymoma detected is shown in
Fig. 7. The proviruses were all integrated as a cluster within
a 5-kbp region of Gin-l. Interestingly, except for the
provirus in thymoma 42, which has not been oriented, the
proviruses were all integrated in the same orientation rela-
tive to Gin-l. Most of the inserted proviruses (seven of eight
which could be studied with certainty) had an MCF-type
structure, as judged by the presence of an EcoRI site at
position 6.9. Only one inserted provirus of the eight provi-
ruses studied had the structure of the inoculated ecotropic
Gross A MuLV (absence of the internal EcoRI site).

Gin-i maps on mouse chromosome 19. To map the Gin-i
single-copy sequences to a specific chromosome, we used a
series of hamster-mouse somatic-cell hybrids which had
segregated different mouse chromosomes. The cell hybrids
were generated by fusion of Chinese hamster cells (E36) with
peritoneal cells or spleen cells of BALB/c, A/J, and
NFS/Akv-2 congenic mice. The characterization of these
hybrids and their uses in the chromosomal mapping of other
cellular genes have been described elsewhere (25-27). DNAs
from these cell hybrids were cleaved with EcoRI and ana-
lyzed by the Southern blotting technique with the SS8 probe.
Under the conditions of hybridization used, the probe did
not hybridize to hamster cell DNA. A total of 25 hybrid cell
DNAs were analyzed by this method. Figure 8 shows a
representative example of the results. All hybrid DNAs
analyzed were scored as positive or negative for the pres-
ence of the 5.4-kbp EcoRI fragment homologous to the SS8
probe. The mouse chromosomal content of these hybrids
revealed that, except for one, clones positive for the pres-
ence of Gin-i sequences also carried mouse chromosome 19
and that all clones which did not harbor the 5.4-kbp EcoRI
Gin-i fragment were also negative to chromosome 19 (Table
2). Therefore, these results indicated that the mouse Gin-i
fragment maps to chromosome 19.

Gin-i is not homologous to known oncogenes. To determine
whether the Gin-i region contained sequences homologous
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to known oncogenes, we hybridized EcoRI-digested DNA
from the two lambda clones, L985C and K L982C, at high
stringency with 32P-labeled DNA fragments of v-onc or of
cDNA from c-onc (1, 55). We found no hybridization of
Gin-i sequences with sequences from abl, erbA, erbB, ets,
fms,fos, fps, mos, myb, myc, p53, rasH, rasK, rasN, ros, and
sis (data not shown).

Specificity of provirus integration within Gin-l. The fre-

quency of occupancy of Pim-J (8) or myc (36) by proviruses
has been previously shown to be associated with, respec-
tively, the early and late stages of leukemogenesis in MuLV-
induced T-cell leukemias. To determine whether the fre-
quency of Gin-i occupancy varied in T-cell tumors induced
by different MuLV strains in different mouse strains, we

screened 17 spontaneous AKR thymoma DNAs and 11
DNAs from SL3-3-induced thymomas ofNFS mice with the
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FIG. 7. Location and orientation of the proviruses integrated
within the Gin-i region. An expanded view of a segment of the Gin-i
region where all integrations detected occurred. The orientation of
provirus in tumor 42 has not been determined. Symbols: , site of
provirus integration; , orientation of provirus 5' to 3'. Numbers
are thymoma designations. Restriction endonucleases are abbrevi-
ated as defined in the legend to Fig. 3.

Gin-i SS8 probe to detect rearrangements within the Gin-i
region. In none of these tumor DNAs did we observe a novel
KpnI fragment with the SS8 probe (Table 3). In contrast, the
myc locus was found rearranged in a low percentage of the
tumors analyzed, including those induced by Gross A
MuLV. The three Gross A tumors positive for myc rear-
rangement were negative for Gin-i occupancy. These results
suggested that provirus integration within Gin-i was MuLV
or mouse strain specific or both.
The frequency of provirus integration within Gin-i was

compared with the time of appearance of the disease. We
found no obvious correlation between the latent period of
the disease and the frequency of Gin-i occupancy.

DISCUSSION

In an effort to understand the molecular mechanism by
which nondefective Gross A MuLV induced T-cell leuke-
mia, we tested the insertional mutagenesis model. This
model holds that one of the genetic events leading to tumor
formation is the activation of a cellular oncogene by the
integration of a provirus in its vicinity. A prediction of this
model is that at least one provirus in each tumor will be
integrated within the same chromosomal region as in some
other tumors and that such a common integration region will
harbor an oncogene.

1 2 3 4 5 6 7 8
10 12

9 1! 13

Kbp

At

5.4 -

TABLE 2. Correlation of mouse chromosomes and Gin-i in 25
hybrid clones

Mouse No. of hybrid clones with Gin-il
chromosome chromosome retention % Discordant

no. +/+ _ +/_ _/+

1 8 5 4 5 41
2 7 6 5 4 41
3 3 5 2 3 39
4 7 7 4 3 33
5 2 9 11 1 52
6 8 6 5 4 39
7 11 3 2 7 39
8 6 7 6 3 41
9 6 8 6 2 36
10 2 9 11 1 52
11 0 8 8 0 50
12 3 1 2 7 69
13 3 6 2 2 31
14 4 8 9 2 48
15 5 0 0 8 62
16 4 4 3 7 47
17 6 3 2 5 44
18 3 6 2 3 36
19 12 9 0 1 5
X 8 6 3 4 33

To test this model experimentally, we attempted to clone
all the proviruses present in a single Gross A MuLV-induced
thymoma, hoping to identify all the genetic events required
for the induction of this retrovirus-induced tumor. We suc-
ceeded in cloning five of the six proviruses integrated in
thymoma 9 DNA, and we found that one of these proviruses
was inserted within a chromosomal region which happens to
be occupied by proviruses in a significant percentage of the
other Gross A MuLV-induced thymomas tested. This com-
mon region for Gross A MuLV provirus integration was
designated Gin-l. It was found occupied by provirus in about
28% of Gross A MuLV-induced thyrnomas of SIM.S mice.
Considering that provirus integration seemed to occur at
random in the mouse genome, the integration of proviruses
within a small region of the genome, such as Gin-i, in more
than one-fourth of the tumors, represented a very significant
clustering and suggested a strong association of this genetic
event with tumor formation. However, the Gin-i region was
not occupied by provirus in all thymomas, suggesting that
another genetic event(s) important for tumor development
and not involving Gin-i was occurring in the Gin-i-negative
tumors. Some of these events could represent integration of
a provirus in other well-defined regions already shown to be
specific integration sites for proviruses or in other yet
unidentified loci. Indeed, in three of the tumor DNAs

k

FIG. 8. Hybridization of the SS8 Gin-i probe with mouse, Chi-
nese hamster, and hybrid cell DNAs. DNAs (5 F.g) were digested
with EcoRI, electrophoresed on a 1% agarose gel, transferred to
nitrocellulose membranes, and hybridized with a 32P-labeled SS8
probe. DNAs were from NIH/Swiss mouse liver (lane 1), E36
Chinese hamster cells (lane 2), and hybrids HM32 (lane 3), HM34
(lane 4), HM36 (lane 5), HM38 (lane 6), HM46 (lane 7), HM49 (lane
8), HM59 (lane 9), HM61 (lane 10), HM62 (lane 11), HM63 (lane 12),
and HM64 (lane 13).

TABLE 3. Incidence of rearrangements of Gin-I and myc regions
in retrovirus-induced mouse T-cell lymphonias

No. of rearrangements
Type of thymomas Mouse

analyzed strain Gin-la Frequency mycb Frequency

Gross A induced SIM.S 10/37 27 3/34 9
NIH/Swiss 1/3 33

SL3-3-inducedc NFS 0/11 0 1/11 9
Spontaneous AKR 0/17 0 5/15 33

a Gin-i was screened with SS8 probe.
b KpnI was used for screening of c-myc.
c DNAs kindly provided by Herbert C. Morse III.

B

VOL. 7, 1987



520 VILLEMUR ET AL.

screened, we documented integration within the myc locus.
In fact, none of the common regions for provirus integration
described to date have been found to be the target site for
provirus integration in a very high proportion of the MuLV-
induced tumors. On the contrary, most regions were found
occupied by proviruses in a low percentage of the tumors,
and only Pim-i was found occupied in more than 50% of
some MuLV-induced tumors tested (8). Most likely, several
possible factors could explain the relatively low frequency of
provirus integration in each of the specific regions identified
to date. One factor is probably the biology of the system
itself. Interestingly, by using a well-defined virus-host sys-
tem, O'Donnell et al. (36) were indeed able to show that the
frequency of MuLV provirus integration in the vicinity of the
mouse c-myc is dependent on the stage of leukemogenesis.
Another factor might be the presence in the genome of
several functionally similar genes which could be activated
independently by a molecular event such as provirus inte-
gration to provide the cell with a growth advantage. Already,
16 specific chromosomal regions (five oncogenes [myc, myb,
erbB, tck, and mos], two genes coding for growth factors
[IL-2 and IL-3], and nine other less characterized regions
[int-i, int-2, int41, Mlvi-J, Mlvi-2, Mlvi-3, Mis-llpvt-i,
Pim-i, and Fis-i]) have been shown to represent a common
integration site for provirus in retrovirus-induced tumors,
and possibly several other regions remain to be identified.
The frequency of provirus integration within Gin-i ap-

pears to be dependent on the virus strain inoculated or the
mouse strain used or both. Indeed, we could not detect
occupancy of the Gin-i region in DNAs from other
thymomas induced in different mouse strains by other
MuLV strains (Table 3). The same kind of specificity has
been observed for Pim-i (8) and Fis-i (47) in MuLV-induced
mouse hematopoietic tumors and for Mis-llpvt-i in Moloney
MuLV-induced rat thymomas (L. Villeneuve and P. Joli-
coeur, unpublished observations). But the nature of this
specificity remains unclear.
Each mapped provirus found within Gin-i was integrated

in the same 5' to 3' orientation, and all integrations occurred
within S kbp of each other. Such integrated proviruses falling
into a cluster in the same orientation had been observed
previously near the oncogenes myc, myb, and erbB. In
virus-induced bird or mouse tumors, the proviruses were
most frequently found integrated upstream of avian c-myc
(16, 33, 42) or c-erbB (15, 40) and of murine c-myb (46), in the
same orientation, with the LTR as the promoter. However,
in mouse T-cell lymphomas, proviruses were most fre-
quently found integrated in a cluster upstream of the first
exon of c-myc and in an opposite transcriptional orientation
(7, 31, 43). Clustered insertion sites have also been observed
within the other common regions for provirus integration,
i.e., int-i (34, 35), int-2 (13, 38), Pim-i (8), and Mis-llpvt-i
(18, 29, 57). Among the regions in which a transcription unit
has been identified, namely, int-i (34, 35), int-2 (12, 38), and
Pim-i (44), the proviruses were found integrated within two
domains, either upstream of the transcription unit, generally
in an opposite orientation, or downstream of the transcrip-
tion unit in the same orientation. We have not yet observed
two domains of integration within the 30 kbp of Gin-i region
that we screened. But, if a similar molecular mechanism
operates in Gin-i as in the other regions, then by analogy
with previous findings, the clustered integiration sites identi-
fied may be downstream or upstream of a transcription unit.
The fact that the proviruses had integrated as a cluster, and
all in the same orientation, indeed suggested a specific
molecular requirement for this genetic event to be significant

for T-cell transformation, assuming that the Gin-i region
plays some role in leukemogenesis.
Most of the proviruses found within Gin-i had a recombi-

nant structure, as judged by the presence of an EcoRI site in
the env region at position 6.9. Although we can rely only on
this single criterion to classify these recombinant proviruses,
they most likely represent the genome of MCF-type MuLVs,
already found to be present in several other MuLV-induced
lymphomas (13) and more specifically in thymomas induced
by SL3-3 MuLV, a virus related to Gross A MuLV (50). In
most of the thymoma DNAs analyzed, these recombinant
genomes appeared to be more numerous than proviruses
from the inoculated parental ecotropic MuLV. In thymoma
9, from which we cloned five of the six integrated proviruses,
three had a recombinant structure with an EcoRI site in env.
All three proviruses had conserved the LTR of the parental
inoculated ecotropic Gross A MuLV, which typically con-
tains two PstI sites within its U3 region. Since the recombi-
nant MuLV proviruses were found to be more numerous in
each thymoma DNA than in the parental ecotropic Gross A
MuLV genomes, it was not unexpected that they constituted
the majority of proviruses found integrated within Gin-l.
However, several other biological or molecular factors could
specifically favor the preferential choice of a recombinant
provirus to integrate within Gin-l. It remains to be deter-
mined whether this event reflects the higher copy number of
these proviruses or a more specific requirement.
By using mouse-hamster cell hybrids, we mapped the

unique copy sequence of the Gin-i region on mouse chro-
mosome 19. Because of this chromosomal location, Gin-i is
distinct from int-i and int-2, which map on mouse chromo-
somes 15 (34, 39) and 7 (39), respectively. Gin-i also maps
on a different chromosome than Pim-i (chromosome 17)
(22), Mis-llpvt-i (chromosome 15) (18, 24), Mlvi-i, Mlvi-2
(chromosome 15) (28, 53), and Fis-i (chromosome 7) (47).
The restriction map of the Gin-i region is distinct from those
of Mlvi-3 (51, 52) and int4i (17). Moreover, we found no
homology of Gin-i with 16 oncogenes tested, and no
oncogene has yet been reported to map on mouse chromo-
some 19. Therefore, Gin-i appears to be a new common
region for provirus integration.
Among such regions previously described, three regions

harbor already well characterized oncogenes (myc, myb, and
erbB), and three other regions harbor sequences which are
thought to represent new putative oncogenes (Pim-i, int-i,
and int-2). Still another region (Mis-llpvt-i) has recently
been shown to be also the site of a specific breakpoint during
a chromosomal translocation [6; 15] in B-cell lymphomas
(18, 57). So the Gin-i region might also contain a new
cellular oncogene whose transcription might be activated by
the specific integration of a provirus, which is true for myc,
myb, int-i, int-2, erbB, and Pim-i. However, using various
Gin-i probes, we were unable to detect RNA transcripts
from this region in a variety of cell types. This negative
result could be due to technical defects (very low abundance
of mRNA, very short exons, etc.) or could mean the total
absence of transcripts within the region screened, the
provirus possibly acting at a much greater distance. Alter-
natively, the integration of a provirus within Gin-i might
disrupt specific sequences whose integrity is required for
regulated cell growth. The provirus could be inactivating the
transcription of a gene not expressed in the normal or
malignant cell types we tested but expressed only in some
normal subpopulation of T cells which are the target for
Gross A MuLV transformation. Since only one of the Gin-i
alleles is in general occupied by a provirus, this model also
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assumes that the expression of the normal Gin-i allele would
not be sufficient to prevent transformation. Whatever the
underlying molecular mechanism, the integration of a
provirus within Gin-i is likely to be one of the important
events leading to T-cell transformation after Gross A MuLV
inoculation, and the Gin-i region may harbor sequences

which are involved in tumor development.
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