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Moloney murine leukemia virus (M-MuLYV) is capable of inducing promonocytic leukemia in 50% of adult
BALB/c mice that have received peritoneal injections of pristane, but Friend MuLV strain 57 (F-MuLV) is
nonleukemogenic under similar conditions. It was shown earlier that these differences could not be mapped to
the U3 region of the virus long terminal repeat, indicating the probable influence of structural genes and/or
R-US sequences. In this study, reciprocal chimeras containing exchanged structural genes and R-US sequences
from these two closely related viruses were analyzed for differences in ability to induce disease. Results showed
that two regions of F-MuLV, ¥-gag-PR and env, when substituted for those of M-MuLV were dramatically
disease attenuating. The 5'-most region, which is widely distributed, overlaps with the 5’ end of the env intron
and includes the RNA packaging region, W, the entire gag coding region, and the viral protease coding region
(PR) of pol. It was also found that reciprocal constructs having substitutions of both of these regions of
M-MuLYV in an F-MuLV background allowed full reestablishment of promonocytic leukemia. These leukemias
were positive for c-myb rearrangements which are characteristic of M-MuLV-induced promonocytic leukemias.
Neither region alone, however, was sufficient to produce disease with a greater incidence than 13%. Further
studies demonstrated that the inability of viruses with W, gag, PR, or env sequences from F-MuLV to induce
leukemia in this model system was not due to their inability to replicate in hematopoietic tissue, to integrate
into the c-myb locus early on after infection in vivo, or to express gag-myb mRNA characteristic of

M-MuLV-induced preleukemic cells and acute leukemia.

Moloney murine leukemia virus (M-MuLV)-induced my-
eloid leukemia (MML) can be induced with high incidence in
adult BALB/c mice, but only when the mice are undergoing a
chronic peritoneal inflammation as a result of pristane injec-
tion (26, 37, 38). The disease manifests itself at the peritoneal
inflammatory site at 3 to 4 months after virus inoculation and
is characterized by proliferation of promonocytic leukemia
cells. Analysis of leukemias has demonstrated that 100% of
them have undergone insertional mutagenesis at the c-myb
locus (reference 26 and unpublished data).

Since Friend MuLV (F-MuLV) is closely related to M-
MuLV but does not induce promonocytic leukemias in adult
pristane-treated mice, we have had an ongoing interest in
determining the genetic basis for the different in vivo responses
of the viruses. In a previous study, we determined that the
different abilities of F- and M-MuLVs to induce promonocytic
disease could not be attributed to sequences in the U3 region
of the long terminal repeat (LTR) (36), even though other
studies had shown that the U3 regions of F-MuLV and
M-MuLV contain determinants for erythroid and lymphoid
leukemia (5, 6, 17, 30).

In this study, we set out to determine which of the genes
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outside of the U3 region in M-MuLV influence development
of promonocytic leukemia in adult mice. Reciprocal chimeras
between the two viruses were analyzed for disease induction
and the ability to replicate in hematopoietic tissue of adult
BALB/c mice. In addition, leukemias which developed in these
mice were analyzed for virus integration and rearrangement of
the c-myb gene. Our results show that two distinct regions, the
W¥-gag-PR and env regions, contain the determinants that are
responsible for the different abilities of F-MuLV and M-
MuLV to induce MML in adult BALB/c mice.

MATERIALS AND METHODS

Molecular constructions. Viral DNA chimeras of F-MuLV
(22) and M-MuLV 8.2 (28) were prepared from plasmids
containing permuted versions of MuLV genomic DNA bearing
a single LTR. F-MuLV 57 DNA was cloned in the EcoRI site
of either pUC19A (30) or Bluescript to obtain p57A and
pBS/57, respectively. M-MuLV 8.2 was cloned in the HindIII
site of pUC19B (30), providing p8.2B. These constructs were
used to prepare recombinant plasmids pFME/A, pFMP/B, and
pFMUS5G/A as previously described (23). The designation A
or B at the end of a plasmid name refers to pUCI19A or
pUCI19B, respectively. pPFMUSGE/A was prepared by ligating
the 2.6-kb Sphl-Clal fragment of p8.2B containing mostly env
sequences (Fig. 1) to the 8.4-kb Sphl-Clal fragment of
pFMUS5G/A. The chimeras pMFP/B and pMFE/B contain the
2.4-kb Bcll-Sphl and the 2.6-kb Sphl-Clal fragments of F-
MuLV, respectively, in the M-MuLV 8.2 context. The con-
struct used to generate the virus MFL contains the 0.62-kb
Clal-Kpnl fragment of F-MuLV 57 in the MuLV 8.2 back-
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FIG. 1. Features within LTR and gag regions of M-MuLV. SD,
splice donor used in envelope message processing. Cryptic SD, splice
donor used in c-myb activation by the retrovirus. gag translation begins
at AUG shown. Spel and BglII are restriction endonuclease sites used
in preparation of viruses with a chimeric gag region.

ground and was described by Chatis et al. (6), who called it
MF-3. The construct pMFE/B was described by Sitbon et al.
(30), who called it MFM.

The viral chimeras pMFUSSD/B, pMF¥YMACA/B, and
pMFNCPR/B were constructed as follows. The Nhel-Sall
fragment of M-MuLV 8.2, which encompasses all of R, U5,
and gag and less than half of the pol gene, was cloned into
pBR327, yielding pMRG, and the similar KpnI-EcoRI frag-
ment of F-MuLV57 was cloned into pUC19, yielding pFU5G
as previously described (23). These two plasmids were subse-
quently used to create the intermediate chimeric Friend and
Moloney constructions pMRGF(U5SD), pMRGF(YMACA),
and pMRGF(NCPR) as described below. The 0.24-kb Kpnl-
Spel fragment of pFUSG was ligated with the 4.4-kb Kpnl-
Spel and 2.6-kb KpnlI-Kpnl fragments of pMRG to create
pPMRGF(U5SD). The 1.6- and 5.6-kb Spel-BglII fragments of
pFUS5G and pMRG were ligated to create pMRGF(WYMACA),
and the 0.83- and 6.4-kb BgI/II-Bcll fragments of pFUS5G and
PMRG, respectively, were ligated to create pMRGF(NCPR).
pMFU5SD/B, pMF¥YMACA/B, and pMFNCPR/B were as-
sembled by ligation of the 4.1-kb Nhel-Sall fragment of the
corresponding intermediate constructions with the 6.8-kb Sall-
Nhel fragment of p8.2B.

Tissue culture, transfection, and viral stocks. NIH 3T3
fibroblasts were cultivated in Dulbecco’s modified Eagle’s
medium with glutamine (2 mM), penicillin (50 IU ml™'),
streptomycin (50 g ml~'), and 10% heat-inactivated fetal calf
serum. Plasmid DNA (6 to 8 pg) was digested with EcoRI to
excise the permuted retroviral genomic DNA and transfected
into NIH 3T3 cells without prior ligation according to the
following adaptation of the method described by Golub et al.
(18). DNA was dissolved in 10 wl of TE (10 mM Tris [pH 7.5],
1 mM EDTA). Cells were adjusted to a concentration of 5 X
10° cells ml~! in Tris-buffered saline (25 mM Tris HCI [pH
7.4], 137 mM NaCl, 5 mM KCl, 0.7 mM CaCl,, 0.5 mM MgClL,,
0.6 mM NaHPO,). Two microliters of the cell suspension and
25 pl of 1 mg of DEAE-dextran ml™" in Tris-buffered saline
were added to the DNA solution. After gentle vortexing, the
cells were incubated at 37°C. Transfection was monitored by
focal immunofluorescence assay (31) and assay of reverse
transcriptase activity (16).

Viral stocks prepared from 24-h supernatants were titrated
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by the UV-XC syncytial plaque assay (24). For the quantitation
of the number of bone marrow cells producing viruses (infec-
tious centers), bone marrow cells were plated on NIH 3T3
cells; the number of infectious centers was then determined by
the UV-XC plaque assay.

Animal experiments. For determination of viral infectivity
and leukemogenicity, 4- to 6-week-old female BALB/cANCr
mice (Frederick Cancer Research Facility, Fort Detrick, Fred-
erick, Md.) were injected intraperitoneally with 0.5 ml of
2,6,10,14-tetramethylpentadecane (pristane; Aldrich Chemical
Co., Milwaukee, Wis.), and after an additional 10 days to 3
weeks, they were inoculated intravenously with cell culture
supernatant containing 5 X 10° PFU of recombinant virus.
Mice were monitored for development of leukemia as previ-
ously described (37) by preparing smears of peritoneal ascites
fluid and staining with Diff-Quik (American Scientific Prod-
ucts, McGaw Park, Ill.). Latency was defined as the first day a
positive smear was found for a leukemic mouse.

Southern blot hybridization of genomic DNA. DNA was
extracted and analyzed for c-myb rearrangement by Southern
blot hybridization as previously described (37). DNA was
digested with either EcoRI or BamHI and hybridized with a
nick-translated 1.4-kb genomic mouse c-myb Bglll fragment
that contains exon 5(vE2) (26).

Preparation of total RNA. Total RNA was prepared by the
method of Chomczynski and Sacchi (9). Spleen, bone marrow,
and granuloma were each resuspended in guanidinium thiocy-
anate extraction buffer as whole organs and then divided into
0.5-ml aliquots for further preparation of RNA.

Reverse transcription and amplification of RNA (RT-PCR).
Reverse transcription of RNA into ¢cDNA and amplification
were carried out by a method based on published procedures
of Kawasaki et al. (19) and Ferre and Garduno (15). Briefly, 5
pg of RNA in a 5-pl volume was mixed with 1 pl containing 20
pmol of the 3’ negative-strand primer (PCR primer 1B) (see
below) and incubated at 70°C for 10 min. This mixture was
then incorporated into a total reaction mixture of 20 pl
containing 200 U of M-MuLV reverse transcriptase (GIBCO/
BRL), 20 U of RNasin (Promega), 0.01 M dithiothreitol, and
1 mM each deoxynucleoside triphosphate (ANTP). After incu-
bation at 37°C for 45 min, the mixture was diluted to 50 pl, and
additional reagents were added to give final concentrations of
1X PCR buffer (Perkin-Elmer), 1 pM each primer, M1A or
F1A (the prefix M or F indicates whether gag sequences were
from M-MuLV or F-MuLV, respectively) and 1B, and 0.5 U of
Taq polymerase (Perkin-Elmer). A second amplification using
nested primers was done in 50 ul by using 5 ul of the first
reaction mixture; final concentrations were 1 uM primer M2A
or F2A and 2B, 100 pM each dNTP, and 0.5 U of Taq
polymerase. Amplification reaction mixtures were overlaid
with mineral oil and subjected to thermal cycling in a program-
mable thermal cycler (MJ Research, Cambridge, Mass.). The
program included an initial 94°C incubation for 30 s, followed
by a three-step cycle that was repeated 25 times and consisted
of a 94°C denaturation step for 1 min, a 55°C annealing step for
1 min, and a 72°C elongation step for 1 min. A final incubation
was at 72°C for 10 min. Every set of PCR included a negative
control that had no template added and a positive control for
which MML tumor cell line RNA was used as a template.
Southern blot analysis of PCR products was performed as
follows. Fifteen microliters from each PCR was electropho-
resed on a 4% gel (3% NuSieve [FMC] and 1% agarose
[GIBCO/BRLY])). Gels were blotted and hybridized by standard
techniques (25). Oligonucleotides MJEX-3, FJEX-3, MJEX-4,
and FJEX-4 were 5’ end labeled and used separately to probe
blots. Oligonucleotides prefixed with M were used for tissues
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FIG. 2. Structures of chimeric viral genomes with M-MuLV back-
ground and F-MuLV substitutions. Open bars, F-MuLV sequences;
closed bars, M-MuLV sequences. The overall disease incidence for
each virus is presented on the right.

from mice infected with viruses that had gag regions from
M-MuLV, and those prefixed with F were used for tissues from
mice infected with F-MuLV gag.

Synthetic oligonucleotides. Oligonucleotides used for ampli-
fication and hybridization were prepared on an Applied Bio-
systems DNA synthesizer (model 381A). All sequences are
shown 5’ to 3. PCR primers were as follows: MIA,
GGACTCTGCTGACCGG gug sense (nucleotides [nt] 1444 to
1459) (27); F1A, GGACCCTGCTGACGGG gag sense (nt
1445 to 1460) (GenBank accession no. X02794); 1B, CAGAC
CAACGCTTCGGACC myb antisense (nt 595 to 613) (2);
M2A, CCAATGAAGTCGATGCCGC gag sense (nt 1534 to
1552) (27); F2A, CCAATGACATTAATGATGC gag sense
(nt 1535 to 1553) (GenBank accession no. X02794); and 2B,
GATGAGTTCAGGGTTCAGCAC myb antisense (nt 517 to
537) (2). All of the following JEX oligonucleotides are myb
antisense sequences and were used to hybridize blots contain-
ing RT-PCR products: MJEX-3, GCTTCTCATCCTGCCT
GGG (nt 1588 to 1596 [27]; nt 406 to 415 [2]); FIEX-3,
GCTTCTCATCCTCGTTGGG (nt 1589 to 1597 [GenBank
accession no. X02794]; nt 406 to 415 [2]); MJEX-4, TGTCCG
GTTCTGCCTGGG (nt 1588 to 1596 [27]; nt 478 to 486 [2]);
and FJEX-4, TGTCCGGTTCTCGTTGGG (nt 1589 to 1597
[GenBank accession no. X02794]; nt 478 to 486 [2]).

RESULTS

Attenuation of MML by substitution of distinct regions of
F-MuLV. F-MuLV is nonleukemogenic for the first 6 months
after virus inoculation in adult BALB/c mice. To determine
which genetic regions of F-MuLV are unable to support
disease, specific regions of the M-MuLV genome were re-
placed with analogous regions of F-MuLV, and the resulting
chimeras were evaluated for infectivity and leukemogenicity.

J. VIROL.

TABLE 1. Attenuation of M-MuLV-induced leukemia by
substitution with F-MuLV sequences

IC/2 x 10°
bone marrow  disease/total no.
cells of mice®

4,930
3,800
20,800
19,500

No. of mice with  Avg
latency

(days)
25/50 85 771

c-myb

Virus?
rearrangement?

M-MuLV*

MFL*
MFE

15/25 113 7/9
29,890 2/25 89 171
3,150
32,000
5,300
69,170
168,000
282,000
4,000 0/20
1,800
2,700
>25,000 0/20
3,300
1,300
2,400
3,000 8/24 111 212
12,500
49,000
650

MFP 10/25 128 3/3
MFNCPR

MFYMACA

MFUSSD

“ Genomic structures are depicted in Fig. 2.

® IC, infectious centers. Bone marrow cells were harvested between 2 and 4
weeks after virus inoculation.

< Mice were injected with pristane and 3 weeks later inoculated intravenously
with virus. The method of diagnosis is described in Materials and Methods.

4 Number of leukemias with c-myb rearrangements per number evaluated.

¢ Disease incidence data and c-myb rearrangements for M-MuLV and MFL
were previously published (26, 36, 37).

The viruses used in this study are depicted in Fig. 2. The MFL
virus, which has an U3 LTR derived from F-MuLV and its
remaining genome from M-MuLV, was previously reported
and is as leukemogenic as M-MuLV (36). Chimeric viruses
constructed for this study had F-MuLV substitutions in the env
region (MFE), pol region (MFP), sequences encoding the gag
nucleocapsid (NC) and protease (PR) (MFNCPR), the RNA
encapsidation region (¥) and sequences encoding the matrix
(MA), pp12, and capsid (CA) proteins of gag (MF¥YMACA),
and R-US and the leader sequence including the splice donor
site (MFUS5SD). The approximate locations of restriction
endonuclease sites used in the viruses for recombination are
depicted in Fig. 1. All of the viruses were able to replicate in
hematopoietic tissues in vivo, as monitored by infectious center
assays using bone marrow cells taken 2 to 4 weeks after virus
infection. As shown in Table 1, the average number of
infectious centers for each virus was greater than 2,500 per 2 X
10° bone marrow cells. The leukemogenic potential of these
viruses was determined by inoculating intravenously 5 X 10°
PFU of virus into pristane-treated adult BALB/c mice, and
mice were examined for up to 6 months after virus infection for
evidence of promonocytic leukemia. The disease incidences
shown in Fig. 2 and Table 1 for M-MuLV and MFL were
previously reported (26, 36) and are presented here for
comparison. It was found from this study that the env sequence
from F-MuLV was attenuating, giving an MML incidence of
only 8% (two tumors in 25 injected mice), compared with an
incidence of 50% for M-MuLV (Fig. 2 and Table 1). In
addition, gag sequences from F-MuLV had an even more
potent negative effect on disease induction, since two chimeric



VoL. 68, 1994

TABLE 2. Establishment of promonocytic leukemia in F-MuLV by
substitution with M-MuLV sequences

IC%2 X 10°  No. of mice with Avg b
Virus® bone marrow  disease/total no.  latency cmy “
cells of mice® (days) rearrangemen
F-MuLV* 10,900 0/50
2,500
970
13,500
FML~ 0/23
FME >6,200 1/25 104 0/1
5,100
FMP >25,000 0/25
25,000
11,800
FMUS5G >25,000 6/45 122 4/4
>25,000
>25,000
FMUSGE 62,000 16/25 123 4/5
2,900
1,200
20,300
1,930

2 Genomic structures are depicted in Fig. 4.
5 IC, infectious centers. Bone marrow cells were harvested between 2 and 4
weeks after virus inoculation.
< Mice received pristane and virus as described in footnote of Table 1, footnote
c
4 Number of leukemias with c-myb rearrangements per number evaluated.
¢ Data on disease incidence for F-MuLV and FML were previously published
(36).

viruses, MFNCPR and MF¥MACA, which contain sequences
from two different regions of gag were unable to induce MML.
In contrast, substitution of pol or R-US-splice donor sequences
of F-MuLV for those of M-MuLV allowed significant induc-
tion of MML (Fig. 2 and Table 1).

DNAs from leukemias induced by the chimeras were exam-
ined for rearrangements at the c-myb locus because this has
been a characteristic of 100% of leukemias induced by M-
MuLV (26). For each virus construct, the overall number of
tumors that were positive for c-myb rearrangements per num-
ber tested is reported in Table 1, and examples of the
rearrangements are shown in Fig. 3. DNAs depicted in Fig. 3
had rearrangements of a 4.2-kb EcoRI fragment, which is the
most typical rearrangement observed in M-MuLV-induced
promonocytic leukemias.

Establishment of promonocytic leukemia in F-MuLV by
substitutions of sequences of M-MuLV. Our results indicated
that ¥-gag-PR and env sequences of F-MuLV, when placed in
the context of the M-MuLV genome, attenuate promonocytic
disease in adult BALB/c mice, whereas the LTR and pol
sequences do not. Reciprocal chimeras were prepared to
determine the regions of M-MuLV capable of conferring
MML-inducing capabilities in an F-MuLV background. The
genetic structure of the viruses used in this experiment are
depicted in Fig. 4. F-MuLV as well as the chimeric viruses
constructed for this study were tested for infectivity in hema-
topoietic tissue and were found to be positive (Table 2). The
incidence and latency of promonocytic disease for this set of
viruses is presented in Table 2, and the overall percentage of
disease incidence is given in Fig. 4. As previously reported (36),
neither F-MuLV nor FML induced promonocytic leukemia.
The next set of viruses, FME, FMP, and FMUS5G, had major
substitutions which included large segments of M-MuLV env,
pol, or R-US-gag, respectively. Only one mouse developed
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FIG. 3. c-myb rearrangements in leukemias induced by viruses
having M-MuLV genomic backgrounds and F-MuLV substitutions.
DNAs were digested with EcoRI, and blots were hybridized with a myb
probe. Sizes are indicated in kilobases.

leukemia after infection with FME, and it was shown to have
no rearrangement at the c-myb locus (Fig. 5). No leukemias
were induced by FMP. Six leukemias were induced by
FMUSG, all of which were positive for c-myb rearrangements
(Table 2 and Fig. 5); however, the incidence was only 13%,
compared with 50% for M-MuLV. These results demonstrated

Virus Structure Promonocytic Leukemia
(% Incidence)
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FIG. 4. Structures of chimeric viral genomes with the F-MuLV
background and M-MuLV substitutions. Open bars, F-MuLV se-
quences; closed bars, M-MuLV sequences. The overall disease inci-
dence for each virus is presented on the right.
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FIG. 5. c-myb rearrangements in leukemias induced by viruses having the F-MuLV genomic background with M-MuLV substitutions. DNAs
were digested with EcoRI or BamHI and hybridized with a myb probe. Sizes are indicated in kilobases.

that no chimeras with single regions of substitution could
mimic the wild-type virus. We next tested the effect of substi-
tution of the two regions of M-MuLV, ¥-gag-PR and env,
which conferred partial MML-inducing ability, into an F-
MuLV context. The corresponding virus, FMU5SGE (Fig. 4),
produced a very high incidence of disease (64%), and four of
five FMUSGE-induced leukemias examined for c-myb rear-
rangement were positive (Table 2 and Fig. 5). This finding
confirmed the results shown in Fig. 2 and Table 1 on attenu-
ation of M-MuLV by F-MuLV sequences, which suggested
that these two regions of F-MuLV located outside the LTR
were entirely responsible for its lack of MML-inducing ability.

Insertional mutagenesis of c-myb after virus infection. Since
no correlation was observed between the ability of F-MuLV,
M-MuLV, or chimeric viruses to replicate in hematopoietic
tissue and cause disease (Table 2), we began to look for other
potential blocks in the disease process of the non-MML-
inducing viruses. Previous analysis of M-MuLV-induced tu-
mors had indicated that the formation of gag-myb mRNA is
required as a part of the activation mechanism of c-myb in
M-MuLV-induced tumors and that a specific donor splice site
is utilized in gag to produce this RNA (26). In addition, we had
previously demonstrated that in mice inoculated with M-
MuLV, gag-myb mRNA produced as a result of insertional
mutagenesis of the c-myb locus could be detected in preleuke-
mic mice by RT-PCR as early as 2 to 3 weeks after virus
infection (21). Since gag functions in proto-oncogene activa-
tion and gag is in part responsible for the nonpathogenic nature
of F-MuLV, one explanation for the inability of viruses con-
taining gag sequences from F-MuLV to cause disease might be
their inability to support the formation of the gag-myb mRNA.
Therefore, we examined bone marrow, spleen, and inflamma-
tory granuloma tissue, caused by pristane injection, by RT-
PCR for the presence of gag-myb fusion message. Total RNA
was extracted from tissues obtained from mice infected for 4 to
8 weeks with M-MuLV, F-MulLV, or several chimeric viruses.
The RNA was subjected to reverse transcription, and two
rounds of amplification were performed with nested primers

homologous to gag and myb. Products from the second round
of amplification were separated on agarose gels, and Southern
blots derived from these products were hybridized with oligo-
nucleotide probes specific for three different gag-myb junc-
tions. The JEX-3 and JEX-4 probes detected splice junctions
of gag to myb, exons 3 and 4, respectively. These are the
junctions found to be present in all M-MuLV-induced
promonocytic leukemias examined so far. The results in Table
3 demonstrated that both F-MuLV- and M-MuLV-inoculated
mice were positive for the leukemia-specific messenger. All of
12 F-MuL V-inoculated mice were positive in at least one tissue
(this includes data from tissue samples taken both 4 and 8
weeks after virus infection). All of these mice were positive
with the FJEX-4 probe and usually at multiple sites; in
addition, three mice were positive with the FJEX-3 probe.
Figure 6 depicts PCR products in F-MuL V-infected mice after
hybridization with FJEX-4, which demonstrates the spliced
mRNA product which is most commonly observed in M-
MuLV-induced leukemias. As shown in Table 3, mice inocu-

TABLE 3. Number of virus-infected mice positive in RT-PCR
analysis for gag-myb message

No. of mice positive for gag-myb
mRNA®“/total no. tested

Virus

4 wk 8 wk
M-MuLV 5/6 5/6
MFE 4/6 0/6
MFNCPR 5/6 1/6
MFYMACA 6/6 4/6
F-MuLV 6/6 6/6
FME 6/6 4/6
FMP 6/6 6/6
FMUSGE 2/3 3/3

“ Number of mice positive for gag-myb RNA in one or more tissues (bone
marrow, spleen, and peritoneal granuloma resulting from pristane injection) with
the JEX-3 or JEX-4 probe.
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FIG. 6. Detection of gag-myb fusion mRNA in tissues of F-MuLV-infected mice. Mouse tissues were examined either 4 or 8 weeks after virus
inoculation. Hybridization was carried out with the FIEX-4 probe. BM, bone marrow; SP, spleen; GR, granuloma.

lated with a number of other chimeras, with and without
F-MuLV-derived gag, were also strongly positive for gag-myb
mRNA. A comparison of the tissue distribution of gag-myb-
positive cells in F-MuLV- and M-MuLV-infected mice is
presented in Table 4. Since there were no tissues for which
M-MuLV-infected mice were demonstrated to be more posi-
tive than F-MuLV-infected mice, it was concluded that a
difference in tissue distribution of the leukemia-specific mes-
sage is not likely to account for the difference in pathogenicity
of the two viruses.

DISCUSSION

This study and one reported previously demonstrate that
clearly distinct determinants of F-MuLV are responsible for its
lack of induction of MML in adult-inoculated animals and T
lymphomas in newborn-inoculated animals. Whereas it had
been shown, using M-MuLV/F-MuLV chimeras, that the U3
region of M-MuLV is necessary for lymphoid disease (5, 17),
our previous studies showed that sequences independent of the
LTR of M-MuLV are necessary for promonocytic leukemia. In
fact, reciprocal M-MuLV/F-MuLV chimeric viruses that ex-

TABLE 4. Tissue distribution gag-myb positive cells in mice
infected with F-MuLV or M-MuLV

No. of mice positive for gag-myb

Time (wk) mRNA®“/total no. tested)
Virus _after vims
inoculation mi?:w Spleen Granuloma
F-MuLV 4 5/6 4/6 3/6
8 6/6 5/6 5/5
M-MuLV 4 1/6 4/6 4/6
8 1/6 5/6 2/6

“ Number of mice having PCR products positive with the JEX-3 or JEX-4
probe.

change the U3 region cause either lymphomas or promono-
cytic leukemias but not both (36). The results of the present
study further define the determinants of M-MuLV specifically
required for inducing promonocytic leukemia in adult BALB/c
mice. These are found in two separate regions, ¥-gag-PR and
env. When M-MuLV substitutions including both of these
regions were present in a backbone of F-MuLV, it was possible
to reestablish a high incidence of induction of promonocytic
leukemia by F-MuLV. When individual M-MuLV ¥-gag-PR
or env regions were substituted for analogous regions of
F-MuLV, however, wild-type pathogenicity was never ob-
tained; individual substitution of either of these regions did not
produce a disease incidence that exceeded 13%.

When our present studies implicated an important role of
M-MuLV gag in the development of promonocytic leukemias
involving c-myb, we envisioned that this region might be
important in the alternative splicing from gag to myb observed
in M-MuLV-induced promonocytic leukemias (21, 26). Fur-
thermore, we proposed that F-MuLV might be defective in
promoting this splicing. However, when we examined F-
MuLV-infected mice early on for the presence of gag-myb
mRNA, we were able to detect the fusion message with at least
equal frequency as we detected this mRNA in M-MuLV-
infected mice. Nevertheless, it remains possible that in F-
MuL V-infected animals, gag-myb RNA products are not effec-
tive in producing a functionally active gag-myb protein or that
the alternatively spliced RNA is not expressed in the specific
myeloid or precursor target cells that are required for leuke-
mogenesis.

Since we found that envelope influences the lack of induc-
tion of MML by F-MulLV, it is possible that differences in Env
can affect cell distribution in vivo. Several studies have de-
scribed a difference in ecotropic receptor recognition between
F-MuLV and M-MuLV in a mouse cell line (8, 14), and
recently we have shown that F-MuLV and M-MuLV may
present different interference patterns in vivo, which suggested
different receptor recognition according to the cell compart-
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ment (10, 11). An alternative explanation for env influence on
leukemia induction might be that distinct antigenic properties
of the F-MuLV and M-MuLV env gene products stimulate the
immune response differently. We are currently evaluating the
pathogenicity of F-MuLV, M-MuLV, and chimeras in immu-
nocompromised mice to address this point.

Enhancer sequences have been important in determining
disease specificity in several leukemogenic models (3, 4, 6, 7,
12, 13, 33, 34, 39). Since enhancer sequences are not always
confined to the LTR of retroviruses (1, 35), we must consider
the possibility that there are differences between F-MuLV and
M-MuLV in enhancer-like sequences in gag and/or env that
could account for differential expression of the viruses in
cellular subsets.

Using a different model of pathogenesis, we showed previ-
ously that F-MuLV inoculated into newborn mice induces
severe hemolytic anemia (EHA) independently of leukemo-
genic ability and M-MuLV is ineffective in inducing EHA (23,
30, 32). Interestingly, in both the EHA model and that
described here, determinants dispersed along the ¥-gag-PR
region play a major role in the difference in pathogenesis
observed between F-MuLV and M-MuLV (reference 23 and
this study). The facts that myb activation involves alternative
splicing from this region and induction of EHA depends on
efficient formation of the spliced env subgenomic message raise
the interesting possibility that the opposite virulence of F-
MuLV and M-MuLV in the MML and EHA models could be
due to cell-specific regulation of splicing influenced by the
W-gag-PR region. In favor of this view is the description of a
negative regulatory sequence for splicing in the capsid encod-
ing region of Rous sarcoma virus (20). Therefore, the ¥-gag-
PR region of M-MuLV is implicated in both enhancement of
MML and attenuation of EHA, whereas the same region of
F-MuLV has the opposite influence. Further studies on these
models are likely to provide more insight on the precise
mechanisms by which these sequences influence pathogenesis
in the promonocytic and erythroid models.

ACKNOWLEDGMENTS

We thank F. Pozo for excellent technical assistance.

J.R. was supported by a Poste Vert from the Institut National de la
Santé et de la Recherche Médicale, and A.C. was supported by a
fellowship from the Fondation pour la Recherche Médicale (Paris).
Part of this work was supported by awards from the Philippe Founda-
tion, Inc., to A.C. and M.S. and NATO grant 921144 to M.S. and L. W.

REFERENCES

1. Arrigo, S., M. Yun, and K. Beemon. 1987. cis-acting regulatory
elements within gag genes of avian retroviruses. Mol. Cell. Biol.
7:388-397.

2. Bender, T. P., and W. M. Kuehl. 1986. Murine myb protooncogene
mRNA: cDNA sequence and evidence for 5’ heterogeneity. Proc.
Natl. Acad. Sci. USA 83:3204-3208.

3. Bosze, Z., H.-J. Thiesen, and P. Charnay. 1986. A transcriptional
enhancer with specificity for erythroid cells is located in the long
terminal repeat of the Friend murine leukemia virus. EMBO J.
5:1615-1623.

4. Celander, D., and W. A. Haseltine. 1984. Tissue-specific transcrip-
tion preference as a determinant of cell tropism and leukaemo-
genic potential of murine retroviruses. Nature (London) 312:159-
162.

5. Chatis, P. A,, C. A. Holland, J. W. Hartley, W. P. Rowe, and N.
Hopkins. 1983. Role for the 3’ end of the genome in determining
disease specificity of Friend and Moloney murine leukemia vi-
ruses. Proc. Natl. Acad. Sci. USA 80:4408-4411.

6. Chatis, P. A., C. A. Holland, J. E. Silver, T. N. Frederickson, N.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

J. VIROL.

Hopkins, and J. W. Hartley. 1984. A 3’ end fragment encompass-
ing the transcriptional enhancers of nondefective Friend virus
confers erythroleukemogenicity on Moloney leukemia virus. J.
Virol. 52:248-254.

. Chen, L S. Y., J. McLaughlin, and D. W. Golde. 1984. Long

terminal repeats of human T-cell leukaemia virus II genome
determine target cell specificity. Nature (London) 309:276-279.

. Chesebro, B., and K. Wehrly. 1985. Different murine cell lines

manifest unique patterns of interference to superinfection by
murine leukemia viruses. Virology 141:119-129.

. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA

isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
traction. Anal. Biochem. 162:156-159.

Corbin, A., J. Richardson, C. Denesvre, F. Pozo, H. Ellerbrok, and
M. Sitbon. The envelopes of two ecotropic murine leukemia
viruses display distinct efficiencies in retroviral vaccination by
interference. Virology, in press.

Corbin, A., and M. Sitbon. 1993. Protection against retroviral
diseases after vaccination is conferred by interference to superin-
fection with attenuated murine leukemia viruses. J. Virol. 67:
5146-5152.

DesGroseillers, L., and P. Jolicoeur. 1984. Mapping the viral
sequences conferring leukemogenicity and disease specificity in
Moloney and amphotropic murine leukemia viruses. J. Virol.
52:448-456.

DesGroseillers, L., E. Rassart, and P. Jolicoeur. 1983. Thymotro-
pism of murine leukemia virus is conferred by its long terminal
repeat. Proc. Natl. Acad. Sci. USA 80:4203-4207.

Eiden, M. V., K. Farrell, J. Warsowe, L. C. Mahan, and C. A.
Wilson. 1993. Characterization of a naturally occurring ecotropic
receptor that does not facilitate entry of all ecotropic murine
retroviruses. J. Virol. 67:4056—4061.

Ferre, F., and F. Garduno. 1989. Preparation of crude cell extract
suitable for amplification of RNA by the polymerase chain reac-
tion. Nucleic Acids Res. 17:2141.

Goff, S., P. Traktman, and D. Baltimore. 1981. Isolation and
properties of Moloney murine leukemia virus mutants: use of
rapid assay for release of virion reverse transcriptase. J. Virol.
38:239-248.

Golemis, E., Y. Li, T. N. Frederickson, J. W. Hartley, and N.
Hopkins. 1989. Distinct segments within the enhancer region
collaborate to specify the type of leukemia induced by nondefec-
tive Friend and Moloney viruses. J. Virol. 63:328-337.

Golub, E. L., H. Kim, and D. J. Volsky. 1989. Transfection of DNA
into adherent cells by DEAE-dextran/DMSO method increases
drastically if the cells are removed from surface and treated in
suspension. Nucleic Acids Res. 17:4902.

Kawasaki, E. S., S. S. Clark, M. Y. Coyne, S. D. Smith, R.
Champlin, O. N. Witte, and F. P. McCormick. 1988. Diagnosis of
chronic myeloid and acute lymphocytic leukemias by detection of
leukemia-specific mRNA sequences. Proc. Natl. Acad. Sci. USA
85:5698-5702.

McNally, M. T., R. R. Gontarek, and K. Beemon. 1991. Charac-
terization of Rous sarcoma virus RNA splicing. Virology 185:99-
108.

Nason-Burchenal, K., and L. Wolff. 1993. Activation of c-myb is an
early bone marrow event in a murine model for acute promono-
cytic leukemia. Proc. Natl. Acad. Sci. USA 90:1619-1623.

OIliff, A. L., G. L. Hager, E. H. Chang, E. M. Scolnick, H. W. Chan,
and D. R. Lowy. 1980. Transfection of molecularly cloned Friend
murine leukemia virus DNA yields a highly leukemogenic helper-
independent type C virus. J. Virol. 33:475-486.

Richardson, J., A. Corbin, F. Pozo, S. Orsoni, and M. Sitbon. 1993.
Sequences responsible for the Friend and Moloney murine leuke-
mia viruses are dispersed but confined to the ¥-gag-PR region. J.
Virol. 6§7:5478-5486.

Rowe, W. P., W. E. Pugh, and J. W. Hartley. 1970. Plaque assay
techniques for murine leukemia viruses. Virology 42:1136-1139.

. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular

cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

Shen-Ong, G. L. C., and L. Wolff. 1987. Moloney murine leukemia
virus-induced myeloid tumors in adult BALB/c mice: requirement



VoL. 68, 1994

27.

28.

29.

30.

31

32.

of c-myb activation but lack of v-abl involvement. J. Virol. 61:
3721-3725.

Shinnick, T. M., R. A. Lerner, J. G. Sutcliffe. 1981. Nucleotide
sequence of Moloney murine leukemia virus. Nature (London)
293:543-548.

Shoemaker, C., S. Goff, E. Gilboa, M. Paskind, S. W. Mitra, and D.
Baltimore. 1980. Structure of a cloned circular Moloney murine
leukemia virus DNA molecule containing an inverted segment:
implications for retrovirus integration. Proc. Natl. Acad. Sci. USA
77:3932-3936.

Sitbon, M., L. d’Auriol, H. Ellerbrok, C. Andre, J. Nishio, S.
Perryman, F. Pozo, S. F. Hayes, K. Wehrly, P. Tambourin, F.
Galibert, and B. Chesebro. 1991. Substitution of leucine for
isoleucine in a sequence highly conserved among retroviral enve-
lope surface glycoproteins attenuates the lytic effect of the Friend
murine leukemia virus. Proc. Natl. Acad. Sci. USA 88:5932-5936.
Sitbon, M., H. Ellerbrok, R. Pozo, J. Nishio, S. F. Hayes, L. H.
Evans, and B. Chesebro. 1990. Sequences in the US5-gag-pol region
influence early and late pathogenic effects of Friend and Moloney
murine leukemia viruses. J. Virol. 64:2135-2140.

Sitbon, M., J. Nishio, K. Wehrly, D. Lodmell, and B. Chesebro.
1985. Use of a focal immunofluorescence assay on live cells for
quantitation of retroviruses: distinction of host-range classes in
virus mixtures and biological cloning of dual-tropic murine leuke-
mia viruses. Virology 141:110-118.

Sitbon, M., B. Sola, L. Evans, J. Nishio, S. F. Hayes, K.
Nathanson, C. F. Garon, and B. Chesebro. 1986. Hemolytic
anemia and erythroleukemia, two distinct pathogenic effects of

INFLUENCE OF RETROVIRAL GENES ON PROMONOCYTIC LEUKEMIA

33.

34.

35.

36.

37.

38.

39.

5107

Friend MuLV: mapping of the effects to different regions of the
viral genome. Cell 47:851-859.

Stocking, C., R. Kollek, U. Bergholz, and W. Ostertag. 1986. Point
mutations in the U3 region of the long terminal repeat of Moloney
murine leukemia virus determine disease specificity of the myelo-
proliferative sarcoma virus. Virology 153:145-149.

Thiesen, H. J., Z. Bosze, L. Henry, and P. Charnay. 1988. A DNA
element responsible for the different tissue specificities of Friend
and Moloney retroviral enhancers. J. Virol. 62:614-618.

Verdin, D., N. Becker, F. Bex, L. Droogmans, and A. Burny. 1990.
Identification and characterization of an enhancer in the coding
region of the genome of human immunodeficiency virus type 1.
Proc. Natl. Acad. Sci. USA 87:4874-4878.

Wolff, L., and R. Koller. 1990. Regions of the Moloney murine
leukemia virus genome specifically related to induction of
promonocytic tumors. J. Virol. 64:155-160.

Wolff, L., J. F. Mushinski, G. L. C. Shen-Ong, and H. C. Morse IIL.
1988. A chronic inflammatory response: its role in supporting the
development of c-myb and c-myc related promonocytic and mono-
cytic tumors in BALB/c mice. J. Immunol. 141:681-689.

Wolff, L., and K. Nason-Burchenal. 1989. Retrovirus-induced
tumors whose development is facilitated by a chronic immune
response: a comparison of two tumors committed to the monocytic
lineage. Curr. Top. Microbiol. Immunol. 149:80-87.

Yoshimura, F. K., B. Davison, and K. Chaffin. 1985. Murine
leukemia virus long terminal repeat sequences can enhance activ-
ity in a cell-type-specific manner. Mol. Cell. Biol. 5:2832-2835.



