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The proviral genome of a leukemogenic and thymotropic C57BL/Ka mouse retrovirus, RadLV/VL3(T+ L+),
was cloned as a biologically active PstI insert in the bacterial plasmid pBR322. Its restriction map was

compared with those, already known, of two nonthymotropic and nonleukemogenic viruses of the same mouse

strain: the ecotropic BL/Ka(B) virus and the xenotropic constituent of the radiation leukemia virus complex.
Differences were observed around the gag-pol gene junction, in the pol gene, and in the env gene. Moreover,
the nucleotide sequence of the RadLVNVL3(T+ L+) long terminal repeat revealed the existence of two copies
of a 43-base-pair sequence, of which BL/Ka(B) possesses only one copy.

Radiation leukemia virus (RadLV) is an in vivo-passaged
murine leukemia virus (MuLV) complex, isolated from
thymic lymphomas of X-ray-irradiated C57BL/Ka mice (24).
It can be propagated in vitro from established cultures of
RadLV-induced lymphomas, retaining its thymotropic (T+)
and leukemogenic (L+) properties after reinjection into
C57BL/Ka hosts (9, 10). One of these cultures was termed
BL/VL3. It releases RadLV/VL3, a viral complex of which
the RadLV/VL3(T+ L+) entity occurs in a 1,000-fold excess
over a xenotropic constituent. The proviral genome of
RadLV/VL3(T+ L+) is the subject of the studies described
in the present note. C57BL/Ka mice harbor at least three
classes of nonthymotropic, nonleukemogenic retroviruses
replicating, in contrast with the T+ L+ entity, in cultured
fibroblasts of the appropriate host range. Well characterized
are a B-tropic ecotrope, BL/Ka(B), an N-tropic ecotrope,
BL/Ka(N), and a xenotrope, BL/Ka(X) (31, 32). The T+ L+
entity is believed not to be originally present in the germ line
of C57BL/Ka mice, but rather to have evolved by
recombinational events between endogenous viruses (1, 2).
There seems to be a close correlation between the ability

of some MuLVs to replicate in the thymus and their
leukemogenicity (7, 9, 12). Studies on in vivo- or in vitro-
derived recombinants between some oncogenic and
nononcogenic retroviruses have indicated that the U3 region
of the proviral long terminal repeat (LTR) determines the
growth rate in fibroblasts (38), the thymotropicity (14), the
oncogenic potential (30, 33, 38), and the disease specificity
(6). The tandem repeats in that region (14, 29) could play a
role in the enhancement of expression of a cellular gene (29)
by a mechanism which is not yet understood. In the case of
RadLV/VL3(T+ L+), it is not known if the LTR displays
features which, compared with those of nononcogenic vi-
ruses such as AKR (16, 44), NFS xenotropic (26), or
BL/Ka(B) (27) MuLVs, might be tentatively correlated with
the thymotropicity and leukemogenicity. In the present note,
we describe the nucleotide sequence of the LTR, as it
appears in a biologically active molecular clone that we
prepared from the unintegrated, linear RadLV/VL3(T+ L+)
proviral genome.

* Corresponding author.

BL/RL12-NP is a non-virus-producing cell line derived
from a radiation-induced C57BL/Ka thymic lymphoma. It is
permissive for the replication of the T+ L+ component of
the RadLV/VL3 complex (31). A 20-h coculture of BL/VL3
and BL/RL12-NP cells was processed for extrachromosomal
DNA extraction by the urea-hydroxyapatite method de-
scribed by Shoyab and Sen (41). The resulting DNA prepara-
tion was submitted to a 5 to 20% sucrose gradient velocity
sedimentation, and samples of the collected fractions were
checked for the presence of virus-specific DNA by the
standard procedure of Southern (42) by using a 32P-labeled
cDNA transcript from a RadLV-related viral RNA genome
(23). The fractions shown to contain an 8.9-kilobase-pair
(kbp) proviral DNA molecule were treated with PstI and
yielded an 8.3-kbp proviral DNA fragment which was sub-
mitted to electrophoresis in a preparative agarose slab gel
(42), electroelution (47), and chromatography on a Whatman
DE52 column. It was then ligated to a PstI-digested, bacte-
rial alkaline phosphatase-treated pBR322 plasmid (19). The
reaction product was used to transform Escherichia coli
C600 cells (8), and the tetracycline-resistant colonies, con-
taining a recombinant plasmid, were selected and screened
by colony hybridization (3). Positive colonies were ampli-
fied, processed for rapid alkaline extraction of plasmid DNA
(4), and checked for the presence of an 8.3-kbp insert. One of
the clones obtained, termed pMOL502, was used in the
subsequent experiment.
To test for its biological activity, the PstI insert was

ligated with T4 DNA ligase and calcium precipitated from a
30-,ug/ml solution (17). Carrier-free DNA samples (3 ,ug)
were used to transfect cultures containing 2 x 105 SC-1 cells
at the time of plating (22). As soon as 1 week after transfec-
tion, the 10 SC-1 cultures that had been treated released type
C particles, as attested to by the incorporation of 0.2 pmol of
[3H]deoxyribosylthymine monophosphate in a poly(rA.dT10)-
primed standard reverse transcriptase reaction. Three weeks
after transfection, the clarified medium from one of the
cultures (incorporating 6.5 pmol of [3H]deoxyribosylthymine
monophosphate) was assayed for thymotropicity as de-
scribed by Decleve et al. (11): clarified culture medium was
supplemented with 4 ,ug of Polybrene (Aldrich Chemical
Co.) per ml and inoculated as 50-,lI samples intrathymically
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FIG. 1. Restriction enzyme analysis of the RadLV/VL3(T+ L+) proviral genome. The boxes represent the LTRs, the length of which is
indicated in bp under the 3' terminus. The blank areas delineate the sequences not present in the cloned insert. The restriction maps of
BL/Ka(B) and BL/Ka(X) are from Grymes et al. (18). Symbols indicate the discrepancy between the relative positioning of the neighboring
restriction sites of RadLV and BL/Ka(B) (O) and missing (O) or additional ( t ) restriction sites.

into 30-day-old female C57BL/Ka mice. Three weeks after
inoculation, 10 mice were sacrificed. Thymus cell suspen-
sions were processed for indirect immunofluorescence stain-
ing to detect RadLV-related antigens as described by
Decleve et al. (9, 11). The rat anti-MuLV serum was
obtained from W/Fu rats which had been injected intra-
muscularly for 14 consecutive weeks with 1 x 106 to 10 x 106
W/Fu(SL) cells (9). Fluorescein-conjugated goat anti-rat
immunoglobulin (Nordic) was used at a 1:20 dilution in
phosphate-buffered saline. In parallel, 30-day-old mice
(C57BL/Ka) and 15-day-old rats (R/Cnb) were inoculated
intrathymically with the supernatant from SC-1 cells which
had become virus producers after transfection. The animals
were maintained until they died or showed evidence of
severe illness. They were autopsied to check for the pres-
ence of a thymic lymphoma.
The 10 mice which were inoculated to test for virus

replication in the thymus (11) displayed the presence of
RadLV-related antigens in ca. 90% of the thymus cells. Six
months after the inoculation, 7 of the 16 rats and 6 of the
10 mice inoculated to test for leukemogenicity had devel-
oped a thymic lymphoma. The conclusion that the PstI insert
of pMOL502 could only represent the genome of
RadLV/VL3(T+ L+) was further confirmed by its restriction
map (Fig. 1). It was indeed indistinguishable from that of
either the extrachromosomal provirus isolated from the 20-h
cocultures of BL/VL3 and BL/RL12-NP cells or the inte-
grated proviral species acquired after thymic lymphoma
development in RadLV/VL3-inoculated rats (data not
shown). Manteuil-Brutlag et al. (34) reported that
RadLV/VL3 contains a defective virus characterized by a

shorter (6.5-kbp) genome. Its presence was, however, de-
pendent on culture conditions. It was not observed in
our RadLV/VL3 cultures, was found in only one of the
RadLV stocks investigated by Rassart et al. (37), and is

recognized as not being primarily responsible for oncogene-
sis (18, 37).
Our results clearly demonstrate that a full-length genome

is sufficient to induce leukemia. Because of its extreme
thymotropism (32), one might be astonished by the fact that
RadLV/VL3(T+ L+) was capable of transfecting SC-1 cells.
However, SC-1 cells could be used by the same group to
propagate RadLV (18), and other RadLV isolates replicated
efficiently on these cells (37).
The restriction map of RadLV/VL3(T+ L+) shows one

discrepancy with that of a provirus cloned by Grymes et al.
(18) in lambda phage DNA (the relative position of two
neighboring BamHI and KpnI sites at coordinate 3.7 kbp),
due perhaps to some inaccuracy in mapping two closely
neighboring sites. The molecular clones of RadLV genomes
described elsewhere (37) displayed the same relative posi-
tions of these sites as did RadLV/VL3(T+ L+). Grymes et
al. (18) interpreted their failure to demonstrate biological
activity as the possible result of small lesions in the cloned
DNA rather than of permutation of the clone with respect to
unintegrated linear DNA.
A comparison between the restriction maps of RadLV/

VL3(T+ L+) and BL/Ka(B) reveals some distinct features.
The first is the absence in RadLV/VL3(T+ L+) of two
restriction sites (KpnI and BstEII) located close to one
another around the gag-pol gene junction. The second is the
absence in BL/Ka(B) of two neighboring sites (ClaI and
XbaI) in the pol gene. The third difference resides in the env

gene, where BL/Ka(B) lacks a recognition site for SstI.
Finally, a fourth dissimilarity is the greater length of the LTR
of RadLV/VL3(T+ L+) (583 kbp instead of 529 kbp).
At the present time, we cannot yet make a correlation

between the thymotropic or leukemogenic properties of
RadLV/VL3(T+ L+) and specific features of its proviral
genome. Biological and biochemical studies on mink cell

FIG. 2. Nucleotide sequence of the RadLV/VL3(T+ L+) LTR compared with that of the lymphomagenic BALB/c B-tropic MuLV
(B-CI-11) (14), Moloney MuLV (40), SL3-3 MuLV (30), Gross passage A MuLV (45), and MCF 247 MuLV (25), of the xenotropic NFS-X
MuLV (26), and of the ecotropic BL/Ka(B) (27) and Akv (44) MuLVs. The sequences are arranged relative to each other with respect to their
homologies. The nucleotide positions are numbered accordingly. Boxes delineate the terminal inverted repeats, the core sequences in the
direct repeats, the promoter signals, and the polyadenylation signal. Thick arrows above the sequences indicate the direct repeats; the dashed
arrow delineates a third repeat in SL3-3.
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focus-forming (MCF) viruses have emphasized differences in
the membrane glycoprotein structural gene when they were
compared with ecotropic viruses (15, 20). Similarly, muta-
tions in this gene caused a loss of leukemogenicity in case of
Friend spleen focus-forming virus (39). Comparing MCF
viruses which differ in oncogenicity, Lung et al. (33) showed
that the U3 portion of the LTR and the regions coding for
gp70 and pi5E could all play a role in determining
leukemogenicity. However, RadLV/VL3 is devoid of MCF
activity (10) and the nucleotide sequence of its env gene is
very similar to that of Akv MuLV (J. Merregaert, J. M.
Nuyten, and M. Janowski, submitted for publication).
Therefore, tentative comparisons should remain subject to
caution. On the other hand, studies on avian leukosis viruses
have established that the U3 region of the LTR determines
their growth in rat fibroblasts and their oncogenic potential
(38). Similarly, the same region might be responsible for the
disease specificity of Moloney MuLV (6), the thymotropicity
of a BALB/c MuLV (14), and leukemogenicity of SL3-3
MuLV (5, 30).
We determined the nucleotide sequence of the LTR of the

pMOL502 insert according to the method of Maxam and
Gilbert (35) and compared it with the already known LTR
sequence of the lymphomagenic BALB/c B-tropic MuLV
(B-Cl-11) (14), Moloney MuLV (40), SL3-3 MuLV (30),
Gross passage A MuLV (45), and MCF 247 MuLV (25), of
the xenotropic NFS-X MuLV (26), and of the ecotropic
nonleukemogenic BL/Ka(B) (27) and Akv (44) MuLVs (Fig.
2). All the LTRs contain, in the same order and ap-
proximately at the same distance from each other, the
consensus CCAAT and TATAAAAA promoter sequences
and the AATAAA polyadenylation signal. The LTRs for
which the entire nucleotide sequence are available display
identical, 13-base-pair (bp) inverted repeats at their extremi-
ties.
Sequence homologies were calculated in the domain

where the sequence of NFS-X LTR is available (positions 36
to 551), not taking into account the region where a direct
repeat lacks in some viruses (positions 152 to 263). The
nucleotide sequence ofRadLV/VL3(T+ L+) LTR resembles
more that of the xenotropic NFS (91%) MuLV than that of
the other retroviruses (80, 70, 78, 72, 88, 79, and 79%,
respectively, for the retroviruses listed above). Further-
more, RadLV/VL3(T+ L+) compares with NFS-X in that it
displays a unique 6-bp insertion upstream of the TATA box,
as was found also in the case of the xenotropic NZB-X
MuLV (36). These observations suggest that the
recombinational event leading to the generation of RadLV
(2) involved an LTR from an endogenous xenotropic retro-
virus of the C57BL/Ka mouse.
The LTR of RadLV/LV3(T+ L+) contains two copies of a

43-bp sequence. Similar structures are found in the other
lymphomagenic viruses, except in the case of MCF 247.
They result from deletions and rearrangements, as compared
with their allelic stretches of the 99-bp repeats AKR MuLV.
In the case of RadLV/VL3(T+ L+), they are separated by 11
nucleotides and differ by two point mutations, one being
located in the core sequence TGTGG'CAAG, analogs of
which are found in the enhancer elements (28, 29, 38)
constituted by the direct repeats in viruses as diverse as
simian virus 40, human BK virus, polyoma virus, or retro-
viruses. Such elements can act at a distance from the
initiation site of RNA synthesis independently from their
orientation and from their position relative to the gene they
control. Those from Moloney MuLV, Abelson MuLV, and
SL3-3 MuLV display such properties (29, 43, 46). Moreover,

they are likely to be responsible for the leukemogenicity of
SL3-3 (5, 30) and for the thymotropicity of Gross passage A
(13) and B-Cl-11 MuLV (14). The only relevant difference
between the latter and its nonthymotropic counterpart
BALB/c N-tropic MuLV (N-CI-35) is in the deletions and
rearrangements leading to the appearance of the tandem
repeats. It is therefore tempting to make a parallel with the
compared features of RadLV/VL3(T+ L+) and BL/Ka(B),
which is comparable to N-Cl-35 in that it does not display
direct repeats. The LTRs of MCF 247 and of the xenotropic
NFS and NZB (36) MuLVs do not contain such repeats
either. That ofMCF 247 confers only moderate oncogenicity
when it substitutes for the corresponding region in Akv (21).
Possibly of interest would be the possibility that a
xenotropic-specific LTR might become responsible for
thymotropic and leukemogenic behavior through the acquisi-
tion of such repeats.
Whether the thymotropicity and leukemogenicity of

RadLV/VL3(T+ L+) actually reside in its LTR (being de-
termined by direct repeats acting as enhancer signals) or in
other parts of its genome [possibly those which differ from
the BL/Ka(B) genomel will hopefully be answered by the
results of the in vitro recombination experiments which are
presently under way.
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