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The Gross passage A murine leukemia virus (MuLV) is a highly leukemogenic,
ecotropic fibrotropic retrovirus. Its genome is similar to that of other nonleukemo-
genic ecotropic fibrotropic MuLVs but differs at the 3' end and in the long
terminal repeat. To determine whether these modifications were related to its
leukemogenic potential, we constructed a viral DNA recombinant in vitro with
cloned infectious DNA from this highly leukemogenic Gross passage A MuLV
and from a weakly leukemogenic endogenous BALB/c B-tropic MuLV. Infectious
viruses, recovered after microinjection of murine cells with recombinant DNA,
were injected into newborn mice. We show here that the Gross passage A 1.35-
kilobase-pair KpnI fragment (harboring part of gp7O, all of pl5E, and the long
terminal repeat) is sufficient to confer a high leukemogenic potential to this
recombinant.

Several different oncogenes have been identi-
fied in defective retroviruses (1). These usually
induce malignant diseases with a short latency.
The nondefective replication-competent retro-
viruses usually induce neoplasms after a long
latency, and no oncogenes have yet been identi-
fied in their genomes. The Gross passage A
murine leukemia virus (MuLV) is one of these
retroviruses. It is a highly leukemogenic viral
preparation which appears to contain a mixture
of nondefective ecotropic, xenotropic, and
recombinant dualtropic MuLVs (8). One viral
isolate, propagated in vitro in NIH cells, has
retained its leukemogenic potential (3). This
leukemogenic MuLV was ecotropic, N-tropic,
fibrotropic, and XC+. We have recently cloned
the genome of this ecotropic, N-tropic MuLV in
procaryotic vectors and have shown that the
virus recovered after transfection of this infec-
tious DNA is leukemogenic (38). By fingerprint
analysis of its RNA genome (2) and by restric-
tion endonuclease mapping of its viral DNA
genome (38), major differences were observed
within the 3' end of the genome, as compared
with its putative parent, the nonleukemogenic
AKR MuLV, suggesting that this region might
be involved in the leukemogenic potential of this
virus. Similar modifications have been detected
in several MuLVs isolated from lymphoid cell
lines established from spontaneous AKR thy-
moma (24, 25). Also, the nondefective murine

mink cell focus-inducing (MCF) viruses, which
are thought to be involved in the leukemogenic
process (5, 8, 13, 22), have been shown to have
acquired xenotropic sequences in the env gene
through recombination (7, 31, 33). Similarly, the
env gene coding for the gp52 protein of spleen
focus-forming virus has been shown to be re-
quired for the induction of erythroid cell prolif-
eration (17). In the avian system, studies with in
vivo-derived recombinants between oncogenic
and nononcogenic nondefective avian leukosis
viruses have shown that the U3 long terminal
repeat (LTR) determines their oncogenic poten-
tial (30, 37).
These studies directly or indirectly suggest

that the env gene or the LTR or both confer the
leukemogenic potential to these viruses. To
identify unambiguously the Gross A MuLV se-
quences responsible for leukemogenicity, we
constructed DNA recombinants in vitro with
parental DNA from this highly leukemogenic
Gross A MuLV and the weakly leukemogenic
BALB/c B-tropic MuLV. Infectious viruses
were recovered from cells microinjected with
recombinant DNA, and their leukemogenic po-
tentials were tested in mice. We present here our
results obtained with one recombinant DNA.
We show that the Gross A 1.35-kilobase-pair
(kbp) KpnI fragment (harboring the 3' end of env
and the LTR) is sufficient to confer a high
leukemogenic potential to this recombinant.
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MATERIALS AND METHODS

Cells and viruses. The origin of the Fv-1 - SC-1 cells
has been given elsewhere (12). The infectious viruses
recovered after transfection of pGD-17 cloned DNA
from Gross passage A MuLV (38) and of XB16 cloned
DNA (26) from BALB/c B-tropic (B-Cl-11) MuLV (15)
have been described previously. pGD-17 MuLV was
propagated in NIH/3T3 cells. B-Cl-11 and XB16
MuLVs were propagated in BALB/3T3 cells, and
pSGD-1 MuLV was propagated in SC-1 cells. Cells
were grown in Dulbecco modified Eagle medium sup-
plemented with 10%o calf serum (GIBCO Laboratories,
Grand Island, N.Y.).

Construction of the DNA recombinant. The infec-
tious viral DNA genomes XB16 (26) and XGD17 (38)
from BALB/c B-tropic and Gross passage A MuLV,
respectively, were described previously. They were
subcloned into pBR322 at the HindIlI site and desig-
nated pB16-5 and pGD-17, respectively. pB16-5 DNA
(10 ,ug) was partially digested with KpnI (New England
Biolabs), and four bands in the range of 10 to 13 kbp
were separated on a 1% agarose gel and isolated by
electroelution (28). Their structures were character-
ized by complete digestion with KpnI. Band 2 (11.2
kbp), which was shown to be deleted of its 0.6-kbp
LTR and 3'-terminal 1.35-kbp KpnI fragments, was
used for ligation. pGD-17 DNA (20 ,ug) was cleaved
with KpnI, and the 1.35-kbp fragment was purified on
a 1.4% agarose gel. This fragment was ligated to band
2 (11.2 kbp) of pB16-5 with 20 U of T4 DNA ligase
(New England Biolabs) at 12°C for 16 h in 0.01 ml of 50
mM Tris-hydrochloride (pH 7.5)-10 mM MgCl,-20
mM dithiothreitol-1 mM ATP (ligase buffer) and was
used to transform (19) Escherichia coli JF1161 (35).
Colonies that hybridized with the 32P-labeled (29) 1.35-
kbp KpnI fragment were isolated by the method of
Grunstein and Hogness (11) and grown. Positive
clones were characterized with PstI, XbaI, and
BamHI to ascertain their correct recombinant struc-
ture.

Microinjection procedure. The viral insert of p5GD-1
DNA (2 ,Lg) was excised from pBR322 by digestion
with HindlIl (Boehringer Mannheim), phenol and
ether extracted, and ligated with T4 DNA ligase (50 U)
in 0.5 ml of the ligase buffer (28). The ligated recombi-
nant viral genome was phenol extracted and ethanol
precipitated. DNA was suspended (200 ,ug/ml) in 1%
KCI and microinjected into 500 to 1,000 SC-1 cells as
described previously (28). Cells (105) were seeded in
60-mm petri dishes 24 h before microinjection. lnfec-

tious viruses were recovered in the culture superna-
tant 10 days later.
DNA sequencing. pGD-17 DNA (250 ,ug) was digest-

ed with PstI and BglI, and the short 580-bp fragment,
separated by 6% polyacrylamide gel electrophoresis,
was eluted (20) and further cleaved with Hinfl, DdeI,
AluI, or Sau3A. The resulting fragments (0.5 ,ug) were
treated with alkaline phosphatase (Boehringer Mann-
heim) and labeled at their 5' ends with 600 to 900 ±Ci
of [-y-32P]ATP (New England Nuclear Corp.; 3,000 Ci/
mmol) and 20 U of polynucleotide kinase (Bethesda
Research Lab) as previously described (20). The same
fragments (0.5 Rg) were also labeled by filling out the
3' ends with one a-32P-labeled deoxynucleotide tri-
phosphate (New England Nuclear Corp.; 3,000 Ci/
mmol) and the Klenow fragment of Poll (9). This
labeling reaction was performed in 20 ,ul of a solution
containing 50 mM potassium phosphate (pH 7.4), 5

mM MgCl2, 10 mM dithiothreitol, 50 to 100 ,Ci of one
a-32P-labeled deoxynucleotide triphosphate, and 0.5 U
of the Klenow fragment for 20 min at 20°C. End-
labeled DNA fragments were cleaved with appropriate
restriction endonucleases or were strand separated
and then isolated by polyacrylamide gel electrophore-
sis as previously described (20). The nucleotide se-
quence was determined by the procedure of Maxam
and Gilbert (20).

RESULTS

Characteristics of parental MuLVs used in this
study. The main biological characteristics of the
parental MuLVs used in this study are summa-
rized in Table 1. Gross A MuLV preparations
have been reported to be highly leukemogenic in
a variety of mouse strains, inducing leukemia
after a relatively short latency (3 to 6 months) (3,
10, 38). We reported that 5 x 104 to 5 x 105 PFU
of the endogenous B-tropic BALB/c MuLV (B-
Cl-11) has a low leukemogenic potential, induc-
ing leukemia only after a mean latent period of
11 months (15). The molecular characterization
of the DNA genomes of these two parental
MuLVs has been carried out. A detailed restric-
tion endonuclease map is available for both
genomes (26, 27, 38), and the infectious viral
DNA genomes of Gross A and B-CI-11 MuLV
have been cloned in procaryotic vectors and

TABLE 1. Biological characteristics of the parental MuLVs used for in vitro constructions

Parental MuLV Origin Host range Fvet1 trisnt XC plaques Leukemogenicity Latency

BALB/c B-tropic Normal spleen Ecotropic B-tropic XC+ Weakly 11
Fibrotropic leukemogenicb
Thymotropic

Gross passage A AKR thymoma Ecotropic N-tropic XC+ Highly 3-6
(serial passages)' Fibrotropic leukemogenic'

Thymotropic
a Reference 10.
b Reference 15.
C References 3 and 10.
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designated, respectively, pGD-17 (38) and AB16
(26) (or pB16-5 after subcloning into pBR322).
The virus recovered after transfection with
pGD-17 DNA has been shown to be highly
leukemogenic (38). The virus recovered after
transfection of XB16 DNA appeared weakly
leukemogenic, being unable to induce thymomas
by 9 months after its intrathymic inoculation into
newborn SIM.R mice (Table 2). Intraperitoneal
injection of the same virus gives rise to a thy-
moma in one of eight mice injected after 9
months (unpublished data). Therefore, these
two parental MuLVs appear to have a sufficient-
ly distinct leukemogenic potential to use it as a
biological marker of each parental genome.

Construction of viral DNA recombinant p5GD-
1. To map the region responsible for the higher
leukemogenic potential of Gross A MuLV, we
constructed recombinants in vitro between these
two parental DNA genomes: the N-tropic, thy-
motropic, highly leukemogenic Gross A MuLV
pGD-17 DNA and the B-tropic, thymotropic,
weakly leukemogenic B-CI-11 MuLV pB16-5
DNA. These constructions were facilitated by
the fact that they share several identical restric-
tion endonuclease sites (26, 27, 38). One recom-
binant (p5GD-1) was constructed by inserting
the shorter 1.35-kbp KpnI fragment from pGD-
17 DNA into a partially KpnI-digested pB16-5
DNA genome (Fig. 1). This short pGD-17 DNA
fragment, which essentially covers the LTR, all
of p1SE, and the carboxy terminus of gp7O,
harbors significant modifications as compared
with the identical region of the AKR MuLV, its
putative parent (2, 38). The short Gross A 1.35-
kbp KpnI fragment was ligated to the comple-
mentary fragment of pB16-5 (linked to pBR322),
and the hybrid molecule was cloned into E. coli.
Several clones were picked and studied by using
restriction endonucleases. One clone (p5GD-1)
which appeared to have the desired structure
was studied further. This cloned recombinant

DNA molecule was studied by using restriction
endonucleases to ascertain the origin of each
fragment and prove its recombinant structure.
The absence of the XbaI site (Fig. 2, lanes g
through k) and the presence of two PstI sites in
the LTR, thus generating a 140-bp fragment
(Fig. 2, lanes o through q), indicated that the
short 1.35-kbp KpnI fragment was derived from
the parental pGD-17 DNA. The presence of a
larger 1.2-kbp BamHI-HindIII fragment (1.2
versus 1.15 kbp; Fig. 2, lanes d through f) and of
an additional PvuII site in the env region, gener-
ating a 1.25-kbp fragment (Fig. 2, lanes a
through c), indicated that each of the two other
possible KpnI fragments (7.3 and 3.9 kbp) was
derived from the parental pB16-5 DNA.

Recovery of infectious MuLV from recombi-
nant p5GD-1 DNA. To recover infectious virus-
es, the 8.2-kbp viral insert of p5GD-1 DNA was
first excised with HindIlI and ligated with T4
DNA ligase to obtain nonpermuted circular viral
genomes or linear concatemers. Previous ex-
periments have indeed indicated that these two
steps are necessary to achieve infectivity (26,
38). These DNA molecules (200 ,ug/ml) were
then microinjected into SC-1 cells. Infectious
viruses were recovered in the culture superna-
tant 10 days later and titers were determined on
NIH/3T3 and BALB/3T3 cells to determine their
Fv-1 tropism. p5GD-1 MuLV was B-tropic (data
not shown), suggesting that the gag region was
derived from parental B-tropic pB16-5 DNA.
Indeed, we have recently shown (L. DesGro-
seillers and P. Jolicoeur, manuscript in prepara-
tion) that the B-tropic host range of pB16-5
MuLV maps in the gag BamHl-HindIII frag-
ment. This fragment would be included on the
7.3-kbp KpnI fragment made of pBR322 se-
quences fused with viral sequences (Fig. 1).

Leukemogenicity of p5GD-1 MuLV. To deter-
mine the leukemogenic potential of p5GD-1
recombinant MuLV, it was injected, along with

TABLE 2. Biological characterization of pSGD-1 recombinant MuLV

Virus XC Fv-1 tropism Mouse No. of mice with Latency
injecteda (104 PFU/ml)b determinantb strain thymomas/no. of (mo)mice inoculated"

pSGD-1 2 B-tropic SIM.R 9/17 6-7
B-Cl-11 6 B-tropic SIM.R 0/5 9
XB16 5 B-tropic SIM.R 0/8 7
pGD-17d 1 N-tropic SIM.S 5/15 7-8

a Recovery of infectious MuLV from XB16 DNA (the viral DNA which was subcloned into pBR322 and
designated pB16-5) and from pGD-17 DNA has been described previously (26, 38). Viruses were filtered (0.45-
p.m membrane filter, type HAWP; Millipore Corp.) before intrathymic (0.05-ml) injection of newborn mice.

b Titration was carried out by the XC assay (32) by using NIH/3T3 or BALB/3T3 cells.
c Mice were considered positive when the thymus showed an asymmetric enlargement of more than twofold as

compared with thymuses from uninoculated mice. In 50% of the mice with thymoma, the spleen was also
enlarged two- to fourfold.

d Reported from reference 38.
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FIG. 1. Construction of the p5GD-1 MuLV recombinant. The 11.2-kbp Kpnl fragment obtained from a partial
digest of pB16-5 DNA was ligated with the complementary 1.35-kbp KpnI fragment from pGD-17 DNA to
generate a complete permutated hybrid viral genome which was amplified in E. coli. One clone (p5GD-1) that had
the correct recombinant structure was studied further. Symbols: Open and black boxes, LTR; line, pB16-5; thick
line, pGD-17; wavy line, pBR322.

appropriate control MuLVs, into the thymus of
newborn Fv-1n (SIM.S) or FV-1b (SIM.R) per-
missive mice. SIM.S and SIM.R mice, which are
congenic for the Fv-1 locus (39), were used to
minimize genetic differences between strains in
their susceptibility to leukemia. Mice were ob-
served weekly for signs of disease, and all were
sacrificed after 6 to 9 months. A significant
percentage of the mice injected with recombi-
nant p5GD-1 MuLV had thymic leukemia after a
6- to 7-month latent period (Table 2). None of
the animals injected with parental XB16 or B-Cl-
11 MuLV was leukemic after 7 or 9 months,
whereas parental Gross A pGD-17 MuLV in-
duced thymomas in 5 of 15 animals injected after
the same period. The latent period for the ap-
pearance of the disease was longer than usual in
this experiment, presumably because of the low
titers of our virus stocks. These results indicated

that the short Gross A 1.35-kbp KpnI fragment
was sufficient to confer a high leukemogenic
potential to this recombinant.
Sequence analysis of the 3' end of env. Because

the 1.35-kbp KpnI fragment seemed to be signifi-
cant for the higher leukemogenic potential of
gross A MuLV, it was of interest to determine
which types of modifications could be detected
on this segment, as compared with the nonleuke-
mogenic AKR virus, its putative parent. Our
previous restriction analysis identified only two
changes (the absence of the XbaI site and the
presence of an additional PstI site) on this
fragment (38). We have already reported, how-
ever, the sequence of the pGD-17 Gross A LTR
and showed that it has point mutations and a 36-
bp insertion in the U3 99-bp direct repeat, as
compared with its putative parent, the AKR
MuLV genome (38). To determine whether

Kpn I

Kpn I

KpnI HINl
I

Kpn I
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FIG. 2. Molecular characterization of p5GD-1 DNA. Parental pB16-5, pGD-17, and recombinant p5GD-1
DNAs (2 ,ug each) were digested with restriction endonucleases, and DNA fragments were separated on 1.4%
agarose (A) or 6% polyacrylamide (B) gels, as previously described (20, 27). Bands were stained with ethidium
bromide and revealed by UV illumination (26). (A) pB16-5 (lanes a, d, and g), p5GD-1 (lanes b, e, h, and i), and
pGD-17 (lanes c, f, j, and k) DNAs cleaved with HindII-Pv'ull (lanes a, b. and c), HindIII-RamnHI (lanes d, e,
and f), and XbaI (lanes g through k). Plasmid pPy2B1A (containing one Xbal site) was added into the XbaI
reaction tubes (lanes i and k) to monitor complete digestion in this assay. Xbal-digested (lane 1) and undigested
(lane m) pPy2B1A DNA are also shown. HindlIl-digested X DNA (lane n). (B) Pstl digestions of pB16-5 (lane o),
p5GD-1 (lane p), and pGD-17 (lane q) DNAs. The larger and the smaller x and y fragments contain two copies
and one copy of LTR, respectively. The arrows indicate pBR322 fragments. B, BamHI; H3, HindIlII K, Kpnl; P,
PvuII; Ps, PstI.

these modifications on the LTR could account
by themselves for its high leukemogenic poten-
tial or whether additional modifications could be
detected in the other part of the 1.35-kbp KpnI
pGD-17 DNA fragment, we sequenced the re-
gion adjacent to the LTR by the Maxam and
Gilbert technique (20) (Fig. 3). As shown, eight
point mutations could be detected in this region,

as compared with the AKR MuLV sequence
(16), and six of them (at positions 41, 85, 403,
423, 486, and 495) generated codons for different
amino acids, thus mutating the pl5E protein.
The two other mutations (positions 78 and 221)
did not affect the amino acids coded. By com-
parison with the corresponding sequence of the
leukemogenic Moloney MuLV (34), the point

rI r- 11r.. r 1; b c,1.

i-
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MOLONEY - Val Gln
Ala Thr Gln Gln Phe Gln Gin Lou Gln Ala Ala Met Gln 13pGD-17 ITO GCC AC CAG CaG TTC Caa Caa C7C CAG GCT GCC ATC CMG (41)

AKR-623 { C
His

Arg Ser Lys
Asp Asp Lou Lys Glu Val Glu Lys Ser Ile Thr Asn Lou Giu Arg 28
GAT GAC CTT AAA GAA GCT GAA AAG TCC ATC ACT AAT TTA CAA GA (86)

C A
Lou Lys

Ser Lou Thr Ser Leu Ser Glu Val Val Leu Gln Asn Arg Arg Cly 43
TCT T?G ACC TCC TTG TCC GAA GTA GTG TTA CAG AAT CGC aGA GGC (131)

Leu Asp Loeu Leu Pbe Lou Lys Glu Gly Gly Leu Cys Ala Ala Leu 58
CTA GAT CTA CTA TTC CTA AAA GMG GGA GGT TTG TGT GCT GCC TTA(176)

Lys Glu Glu Cys Cys Phe Tyr Ala Asp His Thr Gly Leu Val Arg 73
AAA GAA GAA TGC TGT TTC TAT GCC GAC CAC ACA GGA TTG GTA CGA (221)

G
Arg

Asn
Asp Ser Met Ala Lys Leu Arg Giu Arg Leu Ser Gln Arg Gln Lys 88
GAT AMC ATG GCC AAA CTT AGA GAA AGA TTG AGT CM AGA CAA AAG (266)

Thr Arg
Leu Phe Glu Ser Gln Gln Gly Trp Phe Glu Gly Leu Phe Asn Lys 103
CTC TTT GAA TCC CAA CAA GGG TGG TTT GAA GGG CTG TTT AAT AAG (311)

Ser Pro Trp Phe Thr Thr Leu Ile Ser Thr Ile Met Gly Pro Lou 118
TCC CC? TGG TTC ACC ACC CTG ATA TCC ACC ATC ATG GGT CCC CTG (356)

Val Met
Ile Ile Leu Leu Lou Ile Lou Leu Phe Gly Pro Cys I le Leu Asn 133
ATA ATC CTC TTG TTA ATT TTA CTC TTT GGG CCT TGT ATT CTC AAT (401)

208B

Arg Val Asp
His Leu Val Gln Phe Ile Lys Asn Arg Ile Ser Val Val Gln Ala 148
CAC GTC CAG T?T ATC AAA AAC AGG ATT TCG GTA GTG CAG CCC (446)
Gt 213 G

Arg Asp

Pro Glu Tyr
Lou Vai Leu Thr Gln Gln Tyr His Gln Lou Lys Thr Ile Lys Asp 163
CTG GTT CTG ACT CAA CAA TAT CAT CAA CTT AAG ACA ATA AMA GAT (491)

G
Glu

Glu Pro End
Cys Glu Ser Arg Glu End
TGT GM TCA CGT GM TM MGATTTTATTCAGTTTACAGAAAGACGGGGGAT (544)

A
Lys LTR

GMAGACCCCTTCATMGGCTTAGCCMCTMCTGCAG (582)

FIG. 3. Nucleotide sequence of the 3' end of Gross passage A pGD-17 DNA. Base changes and amino acid
differences of the same region of the putative parental nonleukemogenic AKR MuLV (clone 623) previously
sequenced (16) are presented for comparison. Amino acid differences with pl5E of leukemogenic Moloney
MuLV (34) are also shown. All amino acids of pl5E from AKR and Moloney MuLVs and all bases of AKR
MuLV which are not indicated are identical to those of Gross passage A MuLV (pGD-17). The C at position 405
(arrow) was previously sequenced in T, oligonucleotide 208B as an A (2). This band was lost on the sequencing
gel, suggesting the presence of a methyl group (20). G was present at this position on the opposite strand. The
position of T1 oligonucleotides 208B and 213, previously sequenced (2), is shown.
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mutation at position 41 is the most likely to be
biologically significant, with both the Gross A
and Moloney plSE being similar at this site (gln)
and different from the AKR MuLV (his). At four
other positions (85, 403, 423, and 486), the amino
acids differ between AKR MuLV and Gross A
MuLV, but they are identical between AKR
MuLV and Moloney MuLV, suggesting they
might not be involved in leukemogenicity.

DISCUSSION

Using molecular cloning techniques, we have
shown that the sequences of Gross passage A
MuLV located within the 3' end 1.35-kbp KpnI
fragment confers a high leukemogenic potential
to this virus. The mutated pl5E protein or the
rearrangement in the U3 LTR (38) or both could
account for this high leukemogenic potential.
U5, R, and the right part of U3 LTR cannot be
responsible for this effect, since the pGD-17
LTR sequence (38) and the pB16-5 LTR se-
quence that we have recently obtained (L. Des-
Groseillers, E. Rassart, and P. Jolicoeur, Proc.
Natl. Acad. Sci. U.S.A., in press), are identical
in U5, R, and part of U3. A sequence of about
345 bp, coding for the carboxy terminus of gp70,
could also harbor this leukemogenic potential.
At least four amino acid mutations (correspond-
ing to T1 oligonucleotides 207, 211, and 205)
have previously been described for this portion
of Gross A gp7O as compared with the AKR
MuLV gp7O (2, 16).
Previous studies have reported a strong corre-

lation between the leukemogenicity of several
SL ecotropic AKR MuLVs and the presence of
the T1 oligonucleotide 36B in U3 LTR (2, 24,
25). This oligonucleotide was always associated
with piSE oligonucleotide 208B in leukemogenic
viral isolates (24), suggesting a role for this
protein in the leukemogenic process. The corre-
lation between leukemogenic potential and the
presence of ecotropism-specific sequences in
plSE in various AKR MCF MuLVs also sug-
gests a role for this protein in leukemogenicity
(4). In a recent study, Lung et al. (18) have
provided additional information on the impor-
tance of pl5E ecotropic sequences in determin-
ing the leukemogenic potential of AKR MCF
MuLVs. The isolation from AKR/J mouse pre-
leukemic thymuses of several ecotropic MuLVs
which had recombined within pl5E and U3 LTR
has also stressed the biological importance of
this region (36). Studies with in vivo-derived
recombinants between oncogenic and nononco-
genic avian leukosis viruses also indicate that
U3 LTR determines their oncogenic potential
(37), although more recent evidence suggests
that another region might contribute to it (30).
We do not know yet which of the 3' end of env or

U3 LTR sequences is necessary and sufficient to
confer the leukemogenic potential. If the U3
LTR alone is sufficient for leukemogenicity,
then it could be through an "enhancer" effect on
transcription of adjacent cellular oncogenes as
shown with avian leukosis virus (14, 21, 23). It
could also facilitate viral replication in target
thymocytes through its rearranged 99-bp direct
repeat (38), as we have recently found for Gross
passage A and for another BALB/c MuLV (Des-
Groseillers et al., in press). A close correlation
between thymotropism and leukemogenicity of
MuLV has indeed been reported (5, 6).

If the leukemogenic potential is conferred by
other regions of the genome, either by them-
selves or in association with U3 LTR, our re-
sults would suggest that the 3' end of env is a
likely candidate. Other regions in gag and pol or
in env might be important, however, as suggest-
ed earlier (17, 24, 28), and as found with avian
retroviruses (30). If so, the choice of the weakly
leukemogenic B-tropic BALB/c MuLV as one of
the parents in the construction of p5GD-1 MuLV
was fortunate, since these sequences might be
present on this parental pB16-5 genome and
absent in nonleukemogenic N-tropic AKR or
BALB/c MuLV. Other recombinants are being
constructed to test this hypothesis.
The mechanism by which this env-U3 region

contributes to the leukemogenic potential of
Gross A MuLV remains unclear. This region
might induce transformation directly by its inte-
gration adjacent to an oncogene (14, 21, 23) or
by a specific activity of pl5E in the transforma-
tion process. Alternatively, this region might
somehow promote recombination with endoge-
nous sequences more efficiently to generate
recombinant viruses, possibly MCF MuLVs,
which could be the actual leukemogenic agents.
Indeed, it has recently been shown that the
development of thymic leukemia after injection
of Gross passage A MuLV preparations is ac-
companied by the expression of recombinant
MCF-type MuLVs and of ecotropic MuLVs (8).
The recombinant MCF MuLVs that were isolat-
ed were found to be leukemogenic. The isolated
ecotropic MuLVs were also leukemogenic, but
MCF-type pr-env protein could be detected in
the thymomas induced by them, suggesting that
the leukemogenic potential of ecotropic MuLVs
might be related to their ability to generate
recombinant MuLVs. We are currently testing
the thymomas generated by p5GD-1 MuLV for
the presence of MCF MuLV footprints. The
approach described here should help to deter-
mine which sequences of the ecotropic Gross
passage A MuLV genome are necessary and
sufficient to generate recombinant MCF MuLV.
This approach should also help to elucidate
whether ecotropic Gross passage A MuLV in-
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duces leukemia directly or through its ability to
generate recombinant MCF MuLVs.
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ADDENDUM IN PROOF

We constructed another recombinant (designated
p7GD-1) with the short 3'-end 1.35-kbp KpnI fragment
from pGD-17 DNA and the long complementary 11.2-
kbp KpnI fragment from pN20-7 DNA, a cloned
infectious viral genome from the nonleukemogenic
BALB/c N-tropic MuLV (DesGroseillers et al., in
press). The virus recovered from this recombinant
DNA was also leukemogenic, suggesting that the
p5GD-1 sequences derived from the weakly leukemo-
genic pB16-5 genome are unlikely to contribute to the
leukemogenic potential of this recombinant.
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