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The molecularly cloned infectious Kaplan radiation leukemia virus has previously been shown to be unable
to replicate on mouse fibroblasts (E. Rassart, M. Shang, Y. Boie, and P. Jolicoeur, J. Virol. 58:96-106, 1986).
To map the viral sequences responsible for this, we constructed chimeric viral DNA genomes in vitro with
parental cloned infectious viral DNAs from the nonfibrotropic (F-) BL/VL3 V-13 radiation leukemia virus and
the fibrotropic (F+) endogenous BALB/c or Moloney murine leukemia viruses (MuLV). Infectious chimeric
MuLVs, recovered after transfection of Ti-6 lymphocytes with these recombinant DNAs, were tested for
capacity to replicate on mouse fibroblasts in vitro. We found that chimeric MuLVs harboring the long terminal
repeat (LTR) of a fibrotropic MuLV replicated well on mouse fibroblasts. Conversely, chimeric MuLVs
harboring the LTR of a nonfibrotropic MuLV were restricted on mouse fibroblasts. These results indicate that
the LTR of BL/VL3 radiation leukemia virus harbors the primary determinant responsible for its inability to
replicate on mouse fibroblasts in vitro. Our results also show that the primary determinant allowing F+ MuLVs
(endogenous BALB/c and Moloney MuLVs) to replicate on mouse fibroblasts in vitro resides within the LTR.

The Kaplan strain of radiation leukemia virus (RadLV)
was isolated after successive passages of cell extracts of
T-cell lymphoma (thymoma) initially induced by fractionated
doses ofX rays (19, 20). This virus preparation was shown to
have a very high leukemogenic potential and to lose its
leukemogenicity when propagated on mouse fibroblasts in
vitro (24). It was selectively thymotropic in vitro as well as
in vivo (3, 4, 22). A lymphoid cell line (BL/VL3) established
from thymomas induced by this highly leukemogenic, thy-
motropic, passaged RadLV was shown to produce a mixture
of retroviruses which have conserved the same high leuke-
mogenic potential, thymotropism, and inability to replicate
on fibroblasts as the parental in vivo-passaged RadLV (3,
23). From BL/VL3 cells, we have recently molecularly
cloned ecotropic retroviruses responsible for the high leuke-
mogenic potential of BL/VL3 RadLV (31). As the parental
BL/VL3 RadLVs, these cloned RadLVs were found to be
highly leukemogenic, thymotropic, and unable to replicate
on mouse fibroblasts in vitro (31). To map the region of the
BL/VL3 viral genome harboring the sequences responsible
for this inability to replicate on mouse fibroblasts, we
constructed chimeric viral DNA genomes between parental
cloned infectious DNAs of nonfibrotropic (F-) BL/VL3
V-13 RadLV and fibrotropic (F+) endogenous BALB/c or
Moloney murine leukemia viruses (MuLVs).

MATERIALS AND METHODS
Cells and viruses. The origins of NIH 3T3, BALB/3T3,

SC-1, and SIM.R fibroblast cell lines and of the Ti-6 lym-
phoid cell line have been given elsewhere (16, 30). Mus
dunnii cells (21) were obtained from Janet Hartley (National
Institutes of Health). Fibroblasts were maintained in Dul-
becco modified Eagle medium supplemented with 10% calf
serum (GIBCO Laboratories, Grand Island, N.Y.). Ti-6
lymphoid cells were maintained in RPMI 1640 medium
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supplemented with 10% inactivated fetal calf serum
(GIBCO). All cells were grown at 37°C in a humidified
atmosphere containing 5% CO2. Virus infection of fibro-
blasts was done in the presence of 8 ,ug of Polybrene per ml.
Ti-6 lymphocytes were treated with 2 ,ug of Polybrene per ml
for 24 h prior to virus infection.

Construction of DNA recombinant. The parental BL/VL3
V-13 (31), p75-2 (8), and Moloney (7, 35) infectious DNA
molecules have been described. Recombinant p75-2 repre-
sents the genome of the endogenous N-tropic BALB/c
MuLV except in its gag region, which is derived from the
endogenous B-tropic BALB/c MuLV. This chimeric MuLV
is now B tropic.
For subcloning, 5 to 10 pLg of parental viral DNAs was

cleaved with restriction endonucleases. The desired frag-
ments were separated on 1 or 1.4% agarose gels and isolated
by electroelution (8). These fragments were then ligated with
T4 DNA ligase (Pharmacia P-L Biochemicals, Montreal,
Quebec, Canada) at 20°C for 16 h in 0.01 ml of ligase buffer
(50 mM Tris [pH 7.8], 10 mM MgCl2, 20 mM dithiothreitol,
1 mM ATP) and used to transform competent Escherichia
coli 1061. Colonies were screened by the method of Grun-
stein and Hogness (11), with 32P-labeled purified homolo-
gous viral DNA fragments. Positive clones were isolated,
and plasmid DNA was extracted and molecularly analyzed
with appropriate restriction endonucleases by agarose gel
electrophoresis as described previously (8, 31).

Preparation of viral DNA and hybridization procedures.
Unintegrated viral DNA was prepared from the Hirt super-
natant of newly infected SIM.R cells as described previously
(16, 29, 30). Genomic DNA from cells chronically infected
with chimeric MuLVs was extracted as already described
(16, 30). Restriction enzyme analysis of unintegrated or
integrated viral DNA was done under the conditions recom-
mended by the supplier (Boehringer Mannheim Biochemi-
cals, Montreal, Canada; New England BioLabs, Inc., Bev-
erly, Mass; Pharmacia P-L). The viral DNA was analyzed by
agarose gel electrophoresis, transferred to nitrocellulose
membranes by the method of Southern (36), and detected by
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hybridization with 32P-labeled DNA probes. The probes
used were a gp7O ecotropic MuLV-specific fragment (2), a
U3 BL/VL3-specific fragment corresponding to the U3 re-
gion of the BL/VL3 RadLV long terminal repeat (LTR) (31),
and a U3 Moloney-specific fragment corresponding to the
U3 region of the Moloney MuLV LTR. This PstI-SacI LTR
Moloney fragment was isolated from subclone MM9R54
(33). The purified fragments were labeled by random oligo-
hexamer primer extension (Pharmacia P-L), as described
previously (9).

Hybridization procedures. Hybridization was performed as
already described (30, 31). Briefly, after hybridization with
the 32P-labeled probes (50% formamide-3 x SSC [1 x SSC is
0.15 M NaCl plus 0.015 M sodium citrate]-Denhardt solution
at 42°C), the filters were washed sequentially in 2x SSC for
20 min at room temperature, in 0.lx SSC-0.1% sodium
dodecyl sulfate for 1 h at 60°C, and in 0.1 x SSC for 5 min at
room temperature. Membranes were air dried and exposed
at -70°C to Kodak RP-Royal X-OMAT film with a Cronex
Lighting-Plus intensifying screen (E. I. du Pont de Nemours
& Co., Inc., Wilmington, Del.).

Electroporation procedure. The viral inserts from the
recombinant DNA plasmids (20 ,ug) were excised from the
vector by restriction endonuclease, phenol and chloroform
extracted, ethanol precipitated, and ligated at a concentra-
tion of 20 ,ug/ml with T4 DNA ligase (Boehringer Mannheim,
Canada). The ligated chimeric viral recombinant DNAs were
phenol extracted, ethanol precipitated, and transfected into
Ti-6 lymphoid cells by either electroporation (28, 31) or a
DEAE-dextran (26) procedure. The presence of retroviruses
in the culture supernatant was detected by the reverse
transcriptase assay, as described previously (16, 30, 33).
DNA sequence analysis. Sequencing of the LTR of the BL/

VL3-V-13 RadLV was performed on the infectious DNA
molecule (31). Appropriate restriction fragments were
treated with alkaline phosphatase (Boehringer Mannheim,
Canada) and labeled at their 5' end with 500 ,uCi of [y-
32P]ATP (3,000 Ci/mmol; Dupont, NEN Research Products,
Boston, Mass.) and 20 U of polynucleotide kinase (GIBCO-
Bethesda Research Laboratories, Inc., Canada) as already
described (25). The same fragments were also labeled by
filling out the 3' end with 50 ,uCi of one of the a-32P-labeled
deoxynucleoside triphosphates (3,000 Ci/mmol; Dupont,
NEN Research Products) and the Klenow fragment of DNA
polymerase I (Pharmacia P-L). End-labeled fragments were
cleaved when necessary with appropriate restriction endo-
nucleases and isolated by polyacrylamide gel electrophore-
sis, and the sequence was determined by the method of
Maxam and Gilbert (25).

RESULTS

Characteristics of the parental MuLVs used to construct
chimeric viruses. Chimeric MuLVs were constructed with
the viral genomes of BL/VL3 RadLV, BALB/c endogenous
recombinant p75-2 MuLV, and Moloney MuLV. BL/VL3
RadLV (clone 13) is a molecularly cloned virus derived from
the passaged RadLV (Kaplan strain) (31). It has been shown
to be B tropic and highly thymotropic and to replicate
poorly, if at all, on several mouse fibroblasts in vitro
(nonfibrotropic, F-) (31). The p75-2 recombinant MuLV was
constructed from the N- and B-tropic BALB/c endogenous
viruses (6, 8). It carries the gag region (PvuI-HindIII) of the
B-tropic MuLV, the remaining regions being derived from
the N-tropic MuLV. This MuLV replicates efficiently on
most mouse fibroblasts in vitro (fibrotropic, F+). It is also B

tropic (6), thus allowing the constructed chimeric MuLVs to
be tested on Fv-1 b/b cells, as the BL/VL3 RadLV. Moloney
MuLV has been well characterized (10, 18) and is known to
be NB tropic and to replicate very efficiently on mouse
fibroblasts (fibrotropic, F+). All three parental viruses are
known to replicate efficiently on the C57BL/6 lymphoid cell
line Ti-6 (31). Therefore, these parental viruses appeared to
have sufficiently distinct replication potential on fibroblasts
to identify the viral sequences responsible for the nonfibro-
tropism of BL/VL3 RadLV.

Construction and characterization of chimeric viral gen-
omes. The construction of chimeric viral genomes from the
parental viral DNAs of BL/VL3 RadLV and p75-2 MuLV
was facilitated by the fact that the two genomes share
several restriction endonuclease sites. The first recombi-
nant, p75-2/VL3-PK, was constructed by ligating the PstI-
KpnI LTR fragment (489 base pairs [bp]) of the BL/VL3
parental DNA with the complementary fragments of p75-2
(Fig. 1). The second recombinant, p75-2/VL3-XK, was con-
structed by ligating the XbaI-KpnI pl5E-LTR-containing
fragment (1 kilobase pair [kbp]) of the BL/VL3 DNA with
the complementary fragments of p75-2 (Fig. 1). The third
recombinant, VL3/pBR7, was obtained by ligating the PstI-
PvuI LTR-containing fragment (465 bp) of the p75-2 parental
DNA with the complementary fragment of BL/VL3 RadLV
DNA. The fourth recombinant, VL3/Mo-PK, was produced
by ligating the PstI-KpnI LTR fragment (445 bp) of the
parental Moloney MuLV DNA with the complementary
fragments of BL/VL3 RadLV (Fig. 1). The PstI site within
the LTR of Moloney MuLV was constructed by site-specific
mutagenesis, and the LTR fragment was isolated from clone
MM9R54 (33) (Fig. 1). Finally, recombinant Mo/VL3-P was
constructed by ligating the 3' LTR of BL/VL3 (starting at the
PstI site) with the ClaI-PstI fragment from clone MM9R54
and with the complementary fragments from a linear Molo-
ney MuLV genome. Restriction enzyme analysis was per-
formed on each recombinant DNA to verify the origin of
each fragment. Each chosen recombinant had the expected
structure (data not shown).

Recovery and characterization of infectious chimeric
MuLVs. To recover infectious chimeric viruses, the viral
inserts from p75-2/VL3-PK, p75-2/VL3-XK, and VL3/pBR7
DNAs were excised with HindIlI and ligated with T4 DNA
ligase to produce nonpermuted DNA molecules. The recom-
binant VL3/Mo-PK and Mo/VL3-P genomes were con-
structed as linear proviruses and did not require this process.
The recombinant DNA molecules were then electroporated
on Ti-6 lymphoid cells, and infectious viruses were recov-
ered from the culture supernatant 15 to 20 days later. Titers
of all viruses were determined by endpoint dilution on Ti-6
cells, utilizing the reverse transcriptase assay.
The recovered viruses were further characterized by anal-

ysis of either unintegrated viral DNA obtained by Hirt
extraction of acutely infected SIM.R cells (recombinants
p75-2/VL3-XK, p75-2/VL3-PK, and VL3/pBR7) or cellular
DNA of chronically infected SIM.R cells (VL3/Mo-PK and
Mo/VL3-P).
For analysis, the Hirt supernatant DNAs from p75/VL3-

XK, p75/VL3-PK, and VL3/pBR7 MuLV-infected cells and
appropriate control DNAs were cleaved with PstI, KpnI, or
PstI-KpnI, since these sites allow us to distinguish the origin
of each region of the genome. After KpnI digestion, using a
gp7O ecotropic MuLV-specific probe (2, 13), we could detect
the presence of a 3.4-kbp fragment (pol-env) of RadLV origin
(17, 31) in VL3/pBR7 MuLV DNA and a fragment of 3.9 kbp
of p75-2 origin in p75-2/VL3-XK and p75-2/VL3 PK MuLV
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FIG. 1. Construction of the chimeric MuLVs. The 5.2-kbp EcoRl-Pstl and the 6.8-kbp Kpnl-EcoRI fragments from p75-2 and the
complementary 489-bp PstI-Kpnl fragment from BL/VL3 (V-13) were ligated with T4 DNA ligase and cloned in E. coli to generate p75-2/
VL3-PK. The 4.7-kbp EcoRI-XbaI and the 6.8-kbp Kpnl-EcoRl fragments from p75-2 were ligated with the complementary 1-kbp XbaI-KpnI
fragment from BL/VL3 (V-13) to generate p75-2/VL3-XK. The 7.6-kbp Pvul-Pstl fragment from BL/VL3 (V-13) was ligated with the
complementary 465-bp PstI-Pvul fragment from p75-2 and cloned in PstI-cleaved pBR322 to generate VL3/pBR7. The 8.8-kbp Sall, the
4.1-kbp SalI-Pstl, and the 1.5-kbp KpnI-SalI fragments of BL/VL3 (V-13) were ligated with the 445-bp PstI-KpnI fragment from Moloney
MuLV, isolated from the mutagenized clone MM9R54 (33), to form VL3/Mo-PK. The 9.5-kbp SphI, the 2.6-kbp SphI-ClaI, and the 177-bp
ClaI-PstI fragments from Moloney MuLV were ligated with the 2.1-kbp Pstl-Sphl fragment from BL/VL3 (V-13) to generate Mo/VL3-P.
Symbols: *, viral DNA from BL/VL3 (V-13); l, viral DNA from p75-2; E, viral DNA from Moloney MuLV; -- -, cellular sequences
flanking the provirus; , pBR322; , M13mpl9 vector. Boxes represent LTRs. C, Clal; H, Hindlll; K, KpnI; P, PstI; Pv, PvuI; R, EcoRI;
S, Sall; Sp, SphI; X, XbaI. Only relevant restriction sites are illustrated.

DNAs, as expected (Fig. 2A). The use of a probe specific for
the LTR of BL/VL3 RadLV (31) allowed the detection of the
chimeric viral DNAs containing the BL/VL3 RadLV LTR in
their structure (p75-2/VL3-XK and p75-2/VL3-PK MuLVs)
(Fig. 2B and C). After Pst digestion, the same probe con-
firmed the presence of two LTRs of the same origin on these
chimeric viral DNAs. Viral DNA from VL3/pBR7 MuLV
was not detected with this probe, as expected. Finally, we
used a mixture of the 1.35-kbp (P15E-LTR) KpnI fragments
isolated from the two parental genomes as a probe to analyze

the KpnI-digested DNA from the three chimeric MuLVs and
the two parental MuLVs. Since the U3 LTR of the parental
BL/VL3 RadLV is larger than that of the parental p75-2
MuLV, we could document that chimeric p75-2/VL3-PK and
p75-2/VL3-XK MuLV DNAs carry the U3 LTR of the
parental BL/VL3 RadLV and that the U3 LTR of the VL3/
pBR7 MuLV genome was derived from the p75-2 parental
MuLV (Fig. 2D).
For analysis of VL3/Mo-PK and Mo/VL3-P chimeric

MuLV genomes, genomic DNAs of chronically infected

J. VIROL.
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FIG. 2. Hybridization analysis of chimeric and control parental MuLV genomes. Infectious viruses recovered from transfected Ti-6

lymphoid cells were used to infect SIM.R cells at a multiplicity of infection of 1 in the presence of 8 ,ug of Polybrene per ml. After 48 h of
incubation, Hirt supernatant DNA was extracted and digested with restriction endonucleases. The DNA fragments were separated by 1%
agarose gel electrophoresis, transferred to nitrocellulose filters, and hybridized with 32P-labeled DNA probes. Virus-specific DNA was
detected by autoradiography. Hirt supernatant DNA from cells infected with p75-2 (lane a), p75-2/VL3-PK (lane b), p75-2/VL3-XK (lane c),
VL3/pBR7 (lane d), and BL/VL3 (V-13) (lane e) MuLVs were digested with KpnI (panels A, B, and D), PstI (panel E), or PstI-KpnI (panel
C) and hybridized with ecotropic MuLV-specific probe (panel A), U3 LTR BL/VL3 probe (panels B, C, and E), or a mixture of the 1.35-kbp
KpnI fragments isolated from the two parental MuLV DNAs (panel D), as described in Materials and Methods. (F) Partial restriction map
of parental and chimeric MuLV genomes showing the sizes of the expected fragments. Open boxes indicate LTRs. Restriction sites: K, KpnI;
P, PstI; Pv, PvuI; X, XbaI. Numbers are lengths in kilobase pairs. Only relevant restriction sites are illustrated.

E
a bc d (e

Kbp

8.2 - -

PROBES ECO u

VOL. 62, 1988 3843

t35-



3844 RASSART ET AL.

A

.;

1.'L)

8.2 2w

75r
o

:"

{, _

23.

40

I

O 7 ---

.J 7'/ ....

PROFBES L3 Mr

MuL V vLY.3IMo-F3L 3 _
f;Ir, / I

C.ft .. i: t.

IU'. E4I / 'v'I s..

V 'P. - J. 'K

C

X

Mo - MU

VL3 /Mo-PK

Mo!VL3 -P - t

[ --I {sI II

;.,)A Q,

? 3

X X

7 5-.

.. PI / ..

+4 --

1

F.

r ' UL[ N IV i TR
i ~~r

2 .si~~~~~;I i J .Kb
4 5~ (9i Kbp

FIG. 3. Hybridization analysis of cellular DNA extracted from SIM.R cells chronically infected with VL3/Mo-PK or Mo/VL3-P chimeric
MuLVs. The DNA from the cells infected with VL3/Mo-PK (lanes 1 to 3 and 10 to 13) was digested with PstI (lanes 1, 10, and 11), Sacl (lanes
2 and 12), or XbaI (lanes 3 and 13). The DNA from cells infected with Mo/VL3-P (lanes 5 to 8) was digested with PstI (lanes 5 and 6), ScaI
(lane 8), or PstI-SacI (lane 7). The fragments were separated by electrophoresis in 1% agarose gels, transferred on nitrocellulose filters, and
hybridized with the U3 LTR Moloney-specific (U3 Mo) (A) or BL/VL3-specific (U3 BL/VL3) (B) probe or with the gp7O ecotropic
MuLV-specific probe (ECO) (C). The molecular weight markers are the 32P-labeled HindlIl fragments of DNA (lanes 4, 9, and 14). Panels
A (lanes 1 to 4) and C (lanes 11 to 14) come from the same filter, which was washed and rehybridized. (D) Partial restriction map of parental
and chimeric MuLV genomes showing the sizes of the expected fragments. Open boxes indicate LTRs. Restriction sites: P, PstI; S, Sac;
Sc, ScaI; X, XbaI. Numbers are lengths in kilobase pairs.

D

BLIVL3 V-13
c5C.,.

T

J. VIROL.

... I

i,



DETERMINANT OF FIBROTROPISM WITHIN LTR OF MuLV

TABLE 1. Replication of chimeric and parental MuLVs on fibroblasts

Reverse transcriptase activity (103 cpm) in the given cell linea
Virus

BALB/3T3 SIM.R M. dunnii Mink SC-1 Ti-6

p75-2 148 370 460 3 350 848
BL/VL3(V-13) 4 2 3 4 40 1,070
Moloney 800 500 NDb ND 1,200 930
VL3/pBR7 700 165 290 5 700 990
p75-2/VL3-XK 3 4 4 3 29 210
p75/VL3-XK 3 5 4 6 21 200
VL3/Mo-PKc 390 150 ND ND ND 1,500
Mo/VL3-Pc 45 1.2 ND ND ND 780

a The reverse transcriptase assay was performed 20 days after infection on a fraction (1/10) of a suspended virus pellet from 8 ml of supernatant, as described
before (31).

b ND, Not done.
C Assay done 10 days after infection.

SIM.R cells were used (Fig. 3). The analysis was carried out
with restriction endonucleases which cleave within the pro-
virus to facilitate interpretation. The viral DNA from VL3/
Mo-PK MuLV-infected cells, cut with PstI, SacI, or XbaI,
hybridized well with the U3 LTR Moloney-specific probe
(Fig. 3, lanes 1 to 3) but did not hybridize with the U3 LTR
BL/VL3-specific probe (Fig. 3, lane 10), indicating that the
LTRs of the recombinant MuLV were derived from Molo-
ney MuLV, as expected. The lengths of the internal frag-
ments observed with this probe or with the gp7O ecotropic
MuLV-specific probe were of a size expected for the chi-
meric molecule. An 8.2-kbp PstI fragment was detected with
both probes, as expected for a virus with the BL/VL3 coding
region (Fig. 3, lanes 1 and 11). With the U3-specific Moloney
probe, a 1.1-kbp Sacl fragment corresponding to a fragment
from the 3' end of env was detected (Fig. 3, lane 2). A
4.4-kbp Sacl and a 7.5-kbp XbaI fragment, corresponding
respectively to the internal fragment of BL/VL3 genome and
a novel chimeric fragment, was detected with the ecotropic
MuLV-specific probe (Fig. 3, lanes 12 and 13). The viral
DNA from MoNVL3-P MuLV-infected cells hybridized with
the BL/VL3-specific U3 LTR probe (Fig. 3, lanes 6 to 8) but
not with the Moloney-specific U3 LTR probe (Fig. 3, lane 5),
indicating that its LTR was derived from BL/VL3 RadLV.
The length of the internal fragments observed with the BL/
VL3-specific U3 probe confirmed that the genome of Mo/
VL3-P had the expected structure: a 1.0-kbp PstI fragment,
corresponding to the 5' LTR up to the PstI site in the gag
region of Moloney MuLV, was detected with this probe (Fig.
3, lane 6). After ScaI digestion, a fragment of 2.3 kbp could
be detected (Fig. 3, lane 8), corresponding to a novel
chimeric fragment from the Scal site in Moloney env to the
ScaI site in the BL/VL3 U3 LTR. These results indicated
that the recombinant MuLV genomes had the expected
chimeric structures and did not appear to have rearranged
during their replication on the Ti-6 cell line in vitro.

Fibrotropism of chimeric MuLVs. To identify the viral
sequences responsible for the restricted replication of BL/
VL3 RadLV on mouse fibroblasts, each chimeric MuLV was
tested for its ability to replicate on mouse fibroblasts.
Control parental and chimeric MuLVs were assayed on
Fv-l (BALB/3T3 and SIM.R) or Fv-1- (Sc-1) fibroblasts,
on M. dunnii and mink (CCL-64) fibroblasts, and on permis-
sive lymphoid cell line Ti-6. Virus replication was monitored
by the reverse transcriptase assay at different times after
infection. The parental BL/VL3 RadLV replicated very
efficiently on Ti-6 cells and after a longer delay on SC-1 cells
(Table 1), but was unable to replicate on four types of

fibroblasts. The other parental p75-2 and Moloney MuLVs
replicated efficiently on all mouse fibroblasts tested, but
were restricted on mink fibroblasts, as expected for ecotro-
pic MuLVs. In contrast, the chimeric p75-2/VL3-PK and
p75-2/VL3-XK MuLVs were unable to replicate on BALB/
3T3, SIM.R, and M. dunnii fibroblasts, although they repli-
cated very efficiently on Ti-6 lymphoid cells and, after a
longer delay, on SC-1 cells. The chimeric VL3/pBR7 MuLV
replicated efficiently on all tested mouse fibroblasts. These
results indicated that the LTR of MuLV, and not the pi5E
region, determined ability to replicate on mouse fibroblasts
in vitro.
The VL3/Mo-PK recombinant MuLV had the same spec-

ificity as the parental Moloney MuLV toward replication on
mouse fibroblasts, indicating that the addition of the Molo-
ney LTR to the BL/VL3 RadLV was sufficient to make it
fibrotropic. However, chimeric Mo/VL3-P MuLV did not
show the same replication pattern as p75-2/VL3 PK or BL/
VL3 RadLV; similarly to these two viruses, it could not
replicate on SIM.R fibroblasts. However, in contrast to
p75-2/VL3-PK or BL/VL3 RadLV, it was not restricted on
BALB/3T3 cells and could replicate on these cells, although
at a slower rate. Taken together, these results indicate that
the primary determinant restricting the ability of BL/VL3
RadLV to replicate on mouse fibroblasts lies within its U3
LTR region. A given chimeric MuLV will replicate on
permissive fibroblasts in vitro only if its genome harbors the
U3 LTR region of a fibrotropic MuLV.
Comparison of nucleotide sequences of the LTR from F-

BL/VL3 (clone 13) RadLV and F+ p75-2 MuLV. Since the
LTR region of BL/VL3 RadLV was found to be so critical in
restricting its replication on mouse fibroblasts, it was of
interest to compare its sequence with other sequences from
F+ MuLVs. The sequence of the BL/VL3 RadLV clone
V-13 LTR was determined by the Maxam and Gilbert
technique (25). The sequence of the p75-2 LTR has already
been published (8) and is presented for comparison (Fig. 4).
Sequences of both genomes are identical in U5 and almost
identical in the R region. However, major differences (point
mutations and base-pair deletions and insertions) are found
in the U3 region, more specifically, in the enhancer region.
The BL/VL3 V-13 enhancer contains sequences identical to
those of the 99-bp repeat of p75-2 MuLV sequences fre-
quently duplicated in tandem in several MuLVs (8, 12, 31,
34) and a large insertion. This enhancer is made of three
perfect 43-bp repeats separated by 11 bp (Fig. 4B).
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FIG. 4. (A) Nucleotide sequence of the LTR of the BL/VL3 (clone V-13) RadLV. For comparison, the same region of the genome of
BALB/c N-tropic endogenous MuLV (8) is shown. The inverted repeats, CAT box, promoter, and poly(A) signal are boxed. A nucleotide
identical to the one in BALB/c endogenous MuLV is indicated by a dot, and space left for an insertion in the corresponding region is indicated
by a dash. The 43-bp (thin line) and 11-bp (thick line) direct repeats of BL/VL3 clone V-13 are indicated under the sequence by horizontal
arrows. (B) Schematic representation of the U3 LTR tandem direct repeat structure of AKR-614 (12), N-tropic endogenous BALB/c (8)
MuLVs, and BL/VL3 RadLV viral DNAs.

DISCUSSION

Using chimeric MuLVs constructed in vitro from parental
genomes of nonfibrotropic and fibrotropic MuLVs, we
mapped the viral determinant involved in the inability of BL/
VL3 Kaplan RadLV to replicate in mouse fibroblasts within
its U3 LTR. This ecotropic passaged BL/VL3 RadLV is
unique among retroviruses in its inability to replicate in
mouse fibroblasts in vitro. To the best of our knowledge, it is
the only representive member of its class among the ecotro-
pic MuLV family of retroviruses. Among other mouse
retroviruses, the wild-type mouse mammary tumor virus,
which induces mammary carcinoma (27), and one of its
variants, which induces T-cell leukemia (5), have also been
found to be unable to replicate in vitro on mouse fibroblasts.
The data presented here clearly indicate that the determinant
of the inability of BL/VL3 RadLV to replicate on mouse
fibroblasts resides within its LTR, most likely within its U3

region, which is remarkably distinct from that of other
murine retroviruses.
Comparison of the LTR sequence of BL/VL3 V-13 RadLV

with that of p75-2 BALB/c N-tropic MuLV revealed differ-
ences scattered throughout the U3 region. In addition, the
BL/VL3 V-13 sequence has an insertion of 5C immediately
upstream of the promotor. This insertion is unlikely to be
involved in the inability of this virus to replicate in mouse
fibroblasts since other fibrotropic primary RadLVs (31) also
present this insertion. The most striking change within the
U3 LTR of BL/VL3 RadLV is the presence of a large
insertion in its enhancer. This structure has a direct repeat of
43 bp repeated three times and spaced by a stretch of 11 bp
also repeated (Fig. 4B). This 43-bp repeat is unique to the
passaged BL/VL3 RadLV, although some of the isolates
only contain two 43-bp repeats instead of three (15, 31).
Nevertheless, all isolates that harbored two or three 43-bp
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repeats in the U3 LTR were unable to replicate in mouse
fibroblasts (31). This specific enhancer is likely to contribute
to the inability of BL/VL3 RadLVs to replicate in mouse
fibroblasts. However, the construction of finer chimeric
molecules will be needed to determine the exact region of the
LTR involved in this restriction.

Since most MuLVs replicate efficiently on fibroblasts, our
data also indicate that this fibrotropism phenotype is con-
ferred by the LTR. Studies on the variant BL/VL3 RadLV
were instrumental in uncovering this specific determinant.
Indeed, the addition of LTR sequences from a fibrotropic
MuLV was sufficient to give to BL/VL3 RadLV the ability to
replicate on mouse fibroblasts. Considering that the deter-
minants of thymotropism (8, 32), preferential replication of
oncogenic mink cell focus-forming MuLVs on SC-1 cells
over NFS mouse embryo cells (14), and disease specificity
(1, 7, 37, 38) have previously been mapped within the same
region of the genome (LTR), our finding that the same region
governs the ability of MuLV to replicate on fibroblasts was
not unexpected. It extends the function of this structure and
emphasizes its role in virus replication in different cell lines.
We used two distinct parental sequences to construct

chimeric MuLVs with BLIVL3 RadLV, namely, a derivative
of the endogenous BALB/c N-tropic MuLV and the Molo-
ney MuLV. The BL/VL3 genome under the control of
endogenous BALB/c MuLV LTR (VL3/pBR7) or Moloney
MuLV LTR (VL3/Mo-PK) was equally active in replicating
in mouse fibroblasts, indicating that these LTRs were func-
tionally identical for this phenotype. However, the endoge-
nous BALB/c MuLV genome (p75-2/VL3-PK) and the Mo-
loney MuLV genome (Mo/VL3-P) under the control of the
BL/VL3 LTR behaved somewhat differently. The p75-2/
VL3-PK MuLV was as restricted as the parental BL/VL3
RadLV, while the Mo/VL3-P chimeric MuLV was not
restricted on all fibroblasts; in fact, it replicated relatively
well, but after a longer delay, on BALB/3T3 cells (Table 1).
This result indicates that the gag-pol-env sequences from
endogenous BALB/c and Moloney MuLVs are distinct and
influence the primary determinant of nonfibrotropism within
the BL/VL3 LTR. This influence could be exerted in trans
through one of the proteins encoded by these genes. Proteins
of endogenous and Moloney MuLVs are known to have
several amino acid differences (12, 34). Alternatively, this
effect could be caused by cis-acting elements. To our knowl-
edge, this is the first time that other MuLV sequences have
been shown to modify the effect of an LTR determinant in
vitro.
We previously reported that the restriction of RadLV on

mouse fibroblasts was not at the membrane level, but rather
occurred after the synthesis of unintegrated linear or super-
coiled viral DNA (31). Our present data confirm that this
restriction is indeed intracellular. It could be operating at the
integration level itself, where the LTR is the critical viral
structure used for the colinear integration of the provirus.
Alternatively, the restriction could be at the transcription
level, the BL/VL3 promotor/enhancer region within the LTR
being inactive in mouse fibroblasts. This last model is
certainly compatible with the known role of LTR in tran-
scription of retroviruses. A block later during the virus
cycle, at the translation or assembly level, cannot be ruled
out at this moment, but this appears less likely considering
that MuLV LTR has never been shown to be involved in
these steps.
The mechanisms by which LTR blocks replication of BL/

VL3 RadLV has not been uncovered by our present work.
But it clearly appears that the interaction of this BL/VL3

LTR with cell factors is distinct from that of other fibrotropic
MuLVs. Thus, the cellular factors which usually interact
with fibrotropic MuLVs do not seem to interact with the BL/
VL3 LTR. The specific structure of BL/VL3 LTR appears to
require an interaction with distinct and possibly specific
factors. These putative factors could be activators and
would then be present in permissive Ti-6 cells and absent in
most mouse fibroblasts. Alternatively, these factors could be
repressors, being present in fibroblasts and absent in Ti-6
lymphoid cells. Further work will be needed to characterize
these putative cellular factors involved in the LTR-mediated
restriction of BLIVL3 RadLV.
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