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We recently showed that different routes of inoculation affect the leukemogenicity of the Mo+PyF101 variant
of Moloney murine leukemia virus (M-MuLV). Intraperitoneal (i.p.) inoculation of neonatal mice with
Mo+PyF101 M-MuLV greatly enhanced its leukemogenicity compared with subcutaneous (s.c.) inoculation.
We previously also suggested that the leukemogenic defect of Mo+PyF101 M-MuLV when inoculated s.c. may
result from the inability of this virus to form env gene recombinant (mink cell focus-inducing [MCF]) virus.
In this study, virus present in end-stage tumors and in preleukemic animals inoculated i.p. by Mo+PyF101
M-MuLV was characterized. In contrast to s.c. inoculation, all tumors from i.p.-inoculated mice contained high
levels of recombinant MCF virus. Furthermore, Southern blot analyses demonstrated that the majority of the
tumors contained altered Mo+PyF101 M-MuLV long terminal repeats. The U3 regions from several tumors
with altered long terminal repeats were cloned by PCR amplification. Sequence analyses indicated that the
M-MuLV 75-bp tandem repeat in the enhancer region was triplicated. This amplification was also previously
observed in mice infected s.c. with a pseudotypic mixture of Mo+PyF101 M-MuLV and Mo+PyF101 MCF
virus. The enhancer triplication was an early event, and it occurred within 2 weeks postinfection. Recombinant
MCEF viruses were not detected by Southern blot analyses until 4 weeks postinfection. Thus, the M-MuLV
enhancer triplication event was initially important for efficient propagation of ecotropic Mo+PyF101 M-
MulLV. The increased leukemogenicity following i.p. inoculation could be explained if the triplication enhances
Mo+PyF101 M-MulLV replication in the bone marrow and bone marrow infection is required for recombinant

MCF virus formation.

Moloney murine leukemia virus (M-MuLV) is a typical non-
acute retrovirus that induces T-lymphoblastic lymphoma in
mice, with a disease latency of 3 to 4 months. An important
mechanism in nonacute retroviral leukemogenesis is proviral
activation of cellular proto-oncogenes, either by promoter in-
sertion or by enhancer activation (9). Experiments on MuLVs
demonstrated that the enhancers in the viral long terminal
repeat (LTR) are major determinants of the type of leukemia
induced (4, 8, 14). We have demonstrated that various en-
hancer rearrangements and insertions in the M-MuLV LTR
alter biologic properties in vivo and in vitro (11-13).

Another event associated with MuLV leukemogenesis is the
appearance of recombinant mink cell focus-inducing (MCF)
viruses. These are env gene recombinants between the infect-
ing MuLV and endogenous polytropic provirus resident in the
mouse genome. The importance of MCF viruses in leukemo-
genesis has been demonstrated (20). We have previously made
extensive use of the poorly leukemogenic Mo+PyF101 M-
MuLV variant to study preleukemic events in M-MuLV leu-
kemogenesis (2, 5, 10, 15). This virus contains an LTR in which
enhancer sequences from the F101 strain of murine polyoma-
virus (Py) have been inserted at position —150 in the LTR,
between the M-MuLV enhancer sequences and the basal pro-
moter elements (7). From comparative studies of wild-type and
Mo-+PyF101 M-MuLV, we have proposed that wild-type M-
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MuLV induces a preleukemic state consisting of general he-
matopoietic hyperplasia in the spleen, which secondarily re-
sults from a defect in bone marrow hematopoiesis. Moreover,
the bone marrow hematopoietic defect results from growth-
inhibitory effects on bone marrow stroma, which in turn result
from combined infection by M-MuLV and an MCF recombi-
nant virus (16). Analysis of Mo+PyF101 M-MuLV was instru-
mental in allowing us to reach these conclusions. In particular,
the low leukemogenicity of Mo+PyF101 M-MuLV after sub-
cutaneous (s.c.) inoculation was correlated with (i) a lack of
preleukemic splenic hyperplasia (6), (ii) no in vitro bone mar-
row stromal defects (16), and (iii) an inability to generate
(and/or propagate) MCF recombinant viruses in the animal (2).

The utility of Mo+PyF101 M-MuLV in leukemogenesis
studies was recently extended by the observation that intraper-
itoneal (i.p.) inoculation greatly enhanced its leukemogenicity.
In contrast, wild-type M-MuLV was equally leukemogenic
when infected i.p. or s.c. (1). Virological studies on mice inoc-
ulated i.p. with Mo+PyF101 M-MuLV indicated that the en-
hanced leukemogenicity was highly correlated with establish-
ment of early infection in the bone marrow. It was not
correlated with establishment of early infection in either the
spleen or the thymus. This finding pointed to a role for bone
marrow infection in early stages of M-MuLV leukemogenesis.
Apparently a cell type normally involved in delivery of wild-
type M-MuLV from the site of s.c. inoculation to the bone
marrow cannot replicate Mo+PyF101 M-MuLV, presumably
because of incompatibility with the PyF101 sequences in the
Mo+PyF101 M-MuLV LTR.
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In this study, we have characterized the proviruses present in
mice infected i.p. by Mo+PyF101 M-MuLV in end-stage tu-
mors and at preleukemic times. We report that i.p. inoculation
of Mo+PyF101 M-MuLV leads to the generation of recombi-
nant MCEF virus. This result provides a molecular explanation
for the enhanced leukemogenic potential of Mo+PyF101 M-
MuLV when inoculated i.p. Further, the viruses in these mice
contain changes within the LTR that are apparently important
for in vivo propagation and leukemogenesis.

MATERIALS AND METHODS

Virus and inoculation of mice. The generation of Mo+PyF101 M-MuLV has
been previously described (7). Viral stocks were cell culture supernatants derived
from productively infected NIH 3T3 fibroblasts. Virus titers were determined by
the UV/XC plaque assay (18). NIH Swiss mice were inoculated i.p. or s.c. with
0.15 ml of virus stock (10° XC PFU) within 48 h of birth.

Southern blot analysis. DNA was obtained from tumors as previously de-
scribed (12). Southern blot analyses were performed as previously described
(12), using GeneScreen Plus (New England Nuclear). Hybridization probes for
c-myc, pim-1, and pvt-1 were as described previously (11). The c-myb probe was
a gift from Linda Wolff (17). The Py enhancer probe was prepared from the
PyF101 Pvull-4 enhancer fragment isolated from a pGEM construct containing
the complete genome of PyF101. The probe for the 3’ env region of M-MuLV
was prepared from the 1.1-kb BamHI-Clal fragment of M-MuLV. Radioactive
probes were prepared by the random primer method according to standard
procedures (21).

PCR cloning and sequencing. Primers and amplification were as previously
reported (3). Amplified fragments from four independent tumor DNAs were
isolated on low-melting-temperature agarose gels, purified with Gene Clean (Bio
101), and ligated to the TA cloning vector (Stratagene). Recombinant clones
were selected by blue/white colony screening on 5-bromo-4-chloro-3-indolyl-B-
D-galactopyranoside (X-Gal) plates. Colonies containing recombinant plasmid
were screened for inserts by PCR. One plasmid clone from each transformation
reaction was amplified and subsequently isolated by using Qiagen maxiprep
columns (Qiagen Inc.). Sequencing was performed with an automated laser
fluorescence sequencer, using fluoresceinated PCR primers.

RESULTS

Proviral insertion near cellular proto-oncogenes. T-lympho-
blastic lymphomas induced by wild-type M-MuLV typically
show proviral insertions adjacent to at least one of three cel-
lular loci, c-myc, pim-1, and pvt-1 (19). Because Mo+PyF101
M-MuLV inoculated i.p. efficiently induced the same disease
as M-MuLV, we tested if proviral insertions were occurring
adjacent to the same cellular proto-oncogenes. Tumor DNAs
from mice infected i.p. with Mo+PyF101 M-MuLV were
tested by Southern blot hybridization using radioactive probes
for each of these three loci as described previously (11).
Mo+PyF101 M-MuLV-induced tumors showed proviral inte-
grations near these proto-oncogenes in less than 25% of the
cases examined (2 of 17 for c-myc, 2 of 17 for pim-1, and none
for pvt-1), which was significantly less than the 60 to 75%
frequency of insertion next to c-myc, pim-1, and pvt-1 observed
in wild-type M-MuLV-induced tumors (11). We also examined
these tumors for integration in the c-myb locus, frequently
observed in M-MuLV-induced promyelomonocytic tumors
(17). Again, no integrations (0 of 17) were observed. These
results suggested that other cellular proto-oncogenes were ac-
tivated in the majority of Mo+PyF101 M-MuLV-induced tu-
mors or that leukemogenesis did not require proto-oncogene
activation for these virus-induced tumors.

Detection of MCF proviruses in mice inoculated i.p. with
Mo+PyF101 M-MuLV. We previously reported that the leu-
kemogenic defect of Mo+PyF101 M-MuLV when inoculated
s.c. into neonatal mice was correlated with a failure to generate
recombinant MCF viruses (2). Because i.p. inoculation re-
sulted in a significant increase in leukemogenicity, we tested
the possibility that Mo+PyF101 M-MuLV could generate re-
combinant MCF virus when inoculated i.p. We tested DNAs
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FIG. 1. Detection of MCF provirus by Southern blot hybridization. (A) Re-
striction maps of M-MuLV (top) and the env gene MCF recombinant virus
(bottom). Probe is indicated by the heavy bar. The portion of the env gene
involved in recombination with endogenous polytropic sequences is shown by the
hatched box. Digestion of high-molecular-weight DNA with BamHI and Clal
yields a diagnostic 1.9-kb fragment hybridizable with an ecotropic 3" env probe
from tumors containing MCF recombinant provirus. (B) High-molecular-weight
DNA (5 pg) was digested with BamHI plus Clal and analyzed by gel electro-
phoresis and Southern blot hybridization using a probe specific for the envelope
region (shown as the bold line in panel A). Lanes: a, uninfected control thymus;
lanes b to j, Mo+PyF101 M-MuLV-induced tumor DNAs from i.p.-inoculated
mice; k, tumor DNA obtained from an animal inoculated s.c. with Mo+PyF101
M-MuLV. The s.c.-infected animal’s tumor was confirmed to be virus infected by
the presence of the 1.1-kb band (not shown). The more slowly migrating bands
that were also detected in uninfected DNA represented cross-hybridizing M-
MuLV-related endogenous proviruses.

from 17 independently derived tumors induced in mice in-
fected i.p. by Mo+PyF101 M-MuLV for recombinant MCF
viruses by Southern blot analysis as done previously (3) (Fig.
1). Digestion with BamHI plus Clal would yield a 1.1-kb frag-
ment specific for the ecotropic envelope (electrophoresed off
the bottom of the gel) and a diagnostic 1.9-kb fragment specific
for a MCF recombinant virus detectable by a labeled DNA
fragment from the 3’ portion of the ecotropic M-MuLV enve-
lope gene (Fig. 1A). As expected, the MCF virus-specific band
was not present in control uninoculated mouse DNA (Fig. 1B,
lane a). Furthermore, tumor DNA from an animal inoculated
s.c. with Mo+PyF101 M-MuLV showed no evidence for MCF
recombinant viruses, consistent with our previous studies (2)
(Fig. 1B, lane k). The 1.9-kb MCF recombinant virus-specific
band was detected in all of the tumors induced by i.p. inocu-
lation of Mo+PyF101 M-MuLV examined (Fig. 1B, lanes b to
j, and eight additional tumors not shown). These results indi-
cated that the efficient leukemogenesis associated with i.p.



VoL. 69, 1995

inoculation of Mo+PyF101 M-MuLV was correlated with the
generation of MCF recombinant viruses. This finding was also
consistent with our previous conclusion that the leukemogenic
defect associated with Mo+PyF101 M-MuLV after s.c. inocu-
lation was related to an inability to generate recombinant MCF
viruses (2).

Alterations in the viral LTR in tumors induced by i.p. inoc-
ulation of Mo+PyF101 M-MuLV. We previously investigated
the MCEF virus defect of Mo+PyF101 M-MuLV when it is
infected s.c. Using an Mo+PyF101 MCF virus generated by
molecular cloning, we found that although Mo+PyF101 MCF
virus was infectious in NIH 3T3 fibroblasts in vitro, it failed to
propagate efficiently in NIH Swiss mice (3). On the other hand,
a pseudotypic mixture of Mo+PyF101 M-MuLV and
Mo +PyF101 MCEF virus allowed in vivo propagation and effi-
cient leukemogenesis (1). This was accompanied by two kinds
of alterations in the Mo+PyF101 M-MuLV LTR: triplication
of the M-MuLV enhancer element and loss of the Py se-
quences. Thus, the restriction on the Mo+PyF101 M-MuLV
LTR in MCEF virus propagation and/or leukemogenesis could
be circumvented by these two alterations. These results sug-
gested that similar changes might occur in animals inoculated
i.p. with Mo+PyF101 M-MuLV, allowing for the generation
and/or propagation of recombinant MCF viruses. To test this
possibility, tumor DNAs were digested with Sau3a plus Sst1,
which encompasses the M-MuLV enhancer region and in-
cludes the inserted Py sequences. The molecular organization
of the Mo+PyF101 LTR is diagrammed in Fig. 2A. Hybrid-
ization with a probe specific for the inserted Py enhancer
sequences would yield a 500-bp fragment which allowed for
more accurate determination of size differences. Analysis of
representative tumors is shown in Fig. 2B. All tumor DNAs
yielded the 500-bp fragment diagnostic of input virus (Fig. 2B,
lane a), and they therefore retained the inserted Py sequences.
Additionally, most tumors yielded a hybridizing species larger
than the 500-bp input virus. In more than 80% of the tumors
examined, the larger fragment had an apparent size of approx-
imately 600 bp. This increase in LTR size would be consistent
with the triplication of the 75-bp M-MuLV enhancer element
(originally present in two copies), as we had observed previ-
ously (3).

Molecular cloning and sequencing of the variant LTRs. To
characterize the LTR changes observed in Fig. 2, DNA se-
quence analyses were performed. The strategy used to molec-
ularly clone and sequence the altered LTRs is diagrammed in
Fig. 3. Briefly, oligonucleotide primers flanking the LTR re-
gion were used in PCR of four independently derived tumor
DNAs. Three of the four tumor DNAs chosen contained al-
most exclusively an LTR fragment of the altered size as de-
tected by Southern blot analyses. One of the tumors chosen for
analysis contained hybridizing fragments similar in size to both
input virus and the altered-size LTR. The amplified fragments
were ligated and cloned into the TA cloning vector (Strat-
agene) as described in Materials and Methods. Each of the
four PCRs yielded clones, which were sequenced. The se-
quence data confirmed the presence of Mo+PyF101 M-MuLV
LTRs with three copies of the M-MuLV 75-bp repeat in all
clones (diagrammed in Fig. 3B). This was the same specific
LTR alteration previously observed in animals inoculated with
the pseudotypic mixture of Mo+PyF101 MCF virus plus
Mo+PyF101 M-MuLV (1). Tumor 151, which contained both
the increased-size LTR fragment plus a fragment similar in
size to input virus, was particularly interesting. Sequence anal-
ysis of a single PCR-derived clone showed a deletion of one of
the 54-bp tandem repeats of the B and C, cores found within
the Py enhancer sequences. This was interesting in light of the
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FIG. 2. Analysis of proviral LTRs in end-stage tumors. (A) Organization of
the Mo+PyF101 M-MuLV LTR. The relative locations of the Sau3a and SstI
restriction sites are indicated. (B) High-molecular-weight DNA (5 pg) from
tumors was digested with Sau3a plus SstI and analyzed by gel electrophoresis and
Southern blot hybridization using a probe specific for the Py enhancers. Lanes:
a, Mo+PyF101 M-MuLV producer cell line DNA (10 pg); b, uninfected control
thymus DNA; ¢ to k, Mo+PyF101 M-MuLV-induced tumor DNAs from i.p.-
inoculated mice. The age of the animal when moribund is indicated in weeks.
Lanes under the same number represent tumorous tissues from different ani-
mals. All lanes were from the same Southern blot, but the photographic expo-
sures were adjusted to account for different numbers of viral integration events.
Sizes are indicated in base pairs.

observation that a different Py enhancer variant of M-MuLV,
Mo+PyF441 M-MulLV, is as leukemogenic as wild-type M-
MuLV (11). The PyF441 enhancer element contains only one
copy of the B and C, cores. Thus, the deletion in clone 151 of
one of the 54-bp tandem duplications in the Py sequences of
Mo+PyF101 M-MuLV was likely important in the increased
leukemogenicy (11).

Presence of the altered LTR in preleukemic animals. The
preceding results showing LTR alterations in the Mo+PyF101
M-MuLV-induced tumors after i.p. inoculation suggested that
the M-MuLV enhancer triplication was important for relieving
a defect of the Mo+PyF101 LTR in leukemogenesis. However,
the restrictive step for Mo+PyF101 M-MuLV could be either
an early or a late step in this process. The presence of virus
with the altered LTR only in end-stage tumors, not in preleu-
kemic animals, would suggest that the LTR change was a late
event in leukemogenesis. Alternatively, the detection of virus
with the altered LTR in preleukemic animals would suggest
that the block for Mo+PyF101 M-MuLV that could be cor-
rected by triplication of the M-MuLV 75-bp repeat was at an
early step (2, 10). Therefore, DNA was prepared from the
hematopoietic organs of preleukemic animals infected i.p. with
Mo+PyF101 M-MuLV and analyzed for LTR alterations by
Southern blot analysis as described above. Our initial studies
showed that at 4 weeks postinfection, virus with altered LTRs
could be found in the spleen, thymus, and bone marrow (data
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FIG. 3. (A) Schematic diagram of the strategy used to molecularly clone and sequence variant variant Mo+PyF101 M-MuLV LTRs. Details of the cloning and
sequencing procedures are described in Materials and Methods. (B) Schematic diagram of the molecular organization of the altered LTRs as determined from sequence
analyses. All sizes distances are drawn to scale. Three of the four tumors analyzed had the same structure, i.e., retention of the Py insertion and a triplication of the
M-MuLV 75-bp enhancer. The corresponding Southern blot analyses of the parent tumors showed only one fragment hybridizable with the Py-specific probe, with an
apparent mobility corresponding to 575 bp (data not shown). One tumor (tumor 151) had a deletion of one copy of the B-core sequence of the Py enhancer but also
a triplication of the M-MuLV enhancer. The corresponding Southern blot analysis of tumor 151 showed a fragment with a mobility slightly faster than those of the other

three tumors analyzed (data not shown).

not shown). Examination of progressively earlier time points
demonstrated that virus with the altered LTR was present as
early as 2 weeks postinfection in all organs examined. Figure 4
shows analyses of two animals at this time. It was interesting
that the predominant virus detected at this time contained the
altered LTR. We further attempted to define the time frame

14d p.i.
BM Sp Th BM Sp Th

Input virus

w > I .

abcde f g

FIG. 4. Proviral LTRs in i.p.-inoculated mice at 2 weeks postinfection. High-
molecular-weight DNASs (5 pg) from bone marrow (BM; lanes a and d), spleen
(Sp; lanes b and e), and thymus (Th; lanes ¢ and f) from two different mice
neonatally inoculated i.p. with Mo+PyF101 M-MuLV were digested with Sau3a
plus SstI and analyzed by gel electrophoresis and Southern blot hybridization
using a probe specific for the Py enhancers. Lane g contains DNA from the
Mo-+PyF101 producer cell line used as the virus source for the inoculations. 14d,
14 days. Sizes are indicated in base pairs.

for triplication of the M-MuLV enhancer. Preleukemic DNA
from animals analyzed at 10 days postinfection demonstrated
extremely low or undetectable levels of proviral DNA. For
those samples that had detectable proviral DNA, only input-
size LTRs (two 75-bp repeats) were detected. It is possible that
PCR analyses would have detected altered LTRs at earlier
times.

Presence of the altered LTR on Mo+PyF101 MCF recom-
binant virus. These results indicated that LTR alteration of
Mo+PyF101 M-MuLV occurred very early, between 10 and 14
days postinfection in i.p.-inoculated animals. We previously
suggested that the M-MuLV enhancer triplication was impor-
tant for in vivo propagation of an MCF recombinant virus
driven by the LTR of Mo+PyF101 (3). Because the M-MuLV
enhancer triplication occurred within 2 weeks postinfection in
the mice inoculated i.p. with Mo+PyF101 M-MuLV, it seemed
possible that MCF recombinant virus was forming at this time
also. Therefore, several preleukemic animals (4 weeks of age)
were assayed for MCF recombinant virus by the BamHI-plus-
Clal analysis described above. As shown in Fig. 5, Mo+PyF101
MCEF recombinant virus generally could not be detected in the
spleen or thymus prior to 4 weeks postinfection, while eco-
tropic virus was uniformly detectable. Combined with the re-
sults of Fig. 4, this finding suggested that the enhancer tripli-
cation occurred first on ecotropic Mo+PyF101 M-MuLV,
before MCF recombinant virus was generated.

The BamHI-plus-Clal digest used for Fig. 1 and 5 did not
include LTR sequences in the diagnostic 1.9-kb fragment. Di-
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FIG. 5. Tests for MCF provirus early after infection. Restriction maps of
ecotropic M-MuLV and MCF recombinant virus are shown in Fig. 1A. Restric-
tion enzyme digestion of high-molecular-weight DNA with BamHI plus Clal
yields a unique 1.9-kb fragment from recombinant provirus and a corresponding
1.1-kb fragment from M-MuLV. High-molecular-weight DNA was prepared
from five animals inoculated i.p. with Mo+PyF101 M-MuLV at 4 weeks postin-
fection, and 5 g from spleen (Sp) or thymus (Th) was digested with BamHI plus
Clal and analyzed as for Fig. 1B. Lanes: a to j, Mo+PyF101 M-MuLV-infected
tissue, induced tumor DNAs; k, Mo+PyF101 M-MuLV producer cell line DNA.
Spleen and thymus from the same animal are indicated by continuous lines above
the lanes. The 1.9-kb MCF diagnostic fragment is apparent only in the spleen of
one infected animal.

rect characterization of the LTR present on a recombinant
MCEF virus required a different approach. This was particularly
important with regard to determining if the MCF recombinant
viruses detected in Fig. 1 contained altered LTRs. Therefore,
tumor DNAs were digested with BamHI plus SstI. SstI digests
3’ to the inserted Py sequences in the Mo+PyF101 M-MuLV
LTR. Ecotropic Mo+PyF101 M-MuLV would yield a frag-
ment of 1.9 kb, while a recombinant Mo+PyF101 MCF virus
would yield a fragment of 2.7 kb. M-MuLV enhancer triplica-
tion on either of these viruses would yield detectably larger
fragments (2.0 and 2.8 kb, respectively). Compared with
Mo+PyF101 M-MuLV producer cell line DNA and uninfected
control DNA (Fig. 6, lanes a and b, respectively), tumor DNAs
contained novel fragments in the 2.0- and 2.8-kb size ranges
which hybridized to the ecotropic env-specific probe. These
results showed that altered Mo+PyF101 M-MuLV LTRs were
present on both the ecotropic and the recombinant MCF vi-
ruses. The minimal observed size increase could be accounted
for by triplication of the M-MuLV enhancer. To determine if
the size heterogeneities involved LTRs that contained Py se-
quences, the blot was rehybridized with a Py-specific probe
(Fig. 6B). This analysis showed that all of the novel fragments
in Fig. 6A retained the Py enhancer sequences. The mobility of
the recombinant Mo+PyF101 MCF-specific fragments (e.g.,
lanes g and h) were slower than that predicted for a triplicated
M-MuLV enhancer element. This finding suggested that fur-
ther alterations may have occurred in the Mo+PyF101 MCF
virus LTR. Additional changes beyond M-MuLV enhancer
triplication might be necessary for efficient replication of the
recombinant MCF virus.

DISCUSSION

In these experiments, molecular characterizations of T lym-
phomas arising after i.p. inoculation of Mo+PyF101 M-MuLV
were carried out. Several points emerged. First, these tumors
showed relatively low frequencies of proviral insertion near the
proto-oncogenes that are commonly activated by wild-type M-
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FIG. 6. Detection of altered LTRs on ecotropic and MCF provirus by South-
ern blot hybridization. Restriction maps of M-MuLV and M-MuLV-MCEF virus
are shown in Fig. 1A. The SsfI site is 3’ to the Py insertion, shown in Fig. 2A.
Digestion of high-molecular-weight DNA with BamHI and SstI yields a fragment
of 1.9 kb which is derived from ecotropic provirus and a fragment of 2.7 kb which
is derived from the MCF recombinant virus. Both of these fragments should be
hybridizable with the ecotropic env probe and the Py-specific probe. (A) High-
molecular-weight DNA (5 pg) was digested with BamHI plus SstI and analyzed
by gel electrophoresis and Southern blot hybridization using a probe specific for
the envelope region (shown as the bold line in Fig. 1A). The relative mobilities
of the parental ecotropic (1.9 kb) and the predicted MCF recombinant virus
envelope fragment (2.7 kb) are indicated by arrows. Our molecular clone of
Mo+PyF101 MCF virus happens to contain an additional Ss¢I site within the env
region, unlike most M-MuLV MCEF viruses. Therefore, this DNA was not used
as a gel mobility standard. Lanes: a, uninfected control thymus DNA; b,
Mo+PyF101 M-MuLV producer cell line DNA; ¢, M-MuLV producer cell line
DNA; d to i, Mo+PyF101 M-MuLV-induced tumor DNAs from i.p.-inoculated
mice. All lanes were from the same Southern blot, but the photographic expo-
sures were adjusted to account for differential amounts of viral integrations. Note
that there is an endogenous cross-hybridizing fragment of 2.5 kb that was de-
tected in all lanes, including uninfected mouse DNA. (B) The blot shown in
panel A was stripped of probe and rehybridized with a probe specific for the Py
enhancers.
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MuLV (c-myc, pim-1, and pvt-1), even though the efficiencies
of leukemogenesis and type of leukemia were the same. Sec-
ond, tumors induced by i.p. inoculation with Mo+PyF101 M-
MuLV showed the presence of recombinant MCF viruses in all
cases. In contrast, tumors arising after s.c. inoculation with the
same virus showed no evidence of MCF viruses. Third, in mice
inoculated i.p. by Mo+PyF101 M-MulLV, triplication of the
M-MuLV 75-bp enhancer sequences occurred at early times,
apparently relieving an in vivo replication block for the virus.

These molecular studies confirm and extend our previous
studies on M-MuLV leukemogenesis as described in the intro-
duction. We were initially surprised to find recombinant MCF
viruses in the tumors resulting from i.p. inoculation of
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Mo+PyF101 M-MuLV, since s.c. inoculation with the same
virus did not yield MCF viruses. However, the finding of re-
combinant MCEF viruses after i.p. inoculation was actually very
consistent with the enhanced leukemogenesis. Moreover, i.p.
inoculation with Mo+PyF101 M-MuLV results in significantly
enhanced splenic hyperplasia compared with s.c.-inoculated
animals (1b), which is consistent with our previous conclusions
that recombinant MCF viruses are involved in the establish-
ment of this state. Thus, these results lend further support to
our current model of M-MuLV leukemogenesis and the role of
recombinant MCEF viruses in preleukemic events.

We previously had shown that a pure Mo+PyF101 MCF
virus is unable to propagate after s.c. inoculation into adult
mice, from which we concluded that the in vivo block for
Mo +PyF101 M-MuLV-MCEF virus generation is in the prop-
agation of MCF virus (3). Moreover, we also found that s.c.
inoculation of a pseudotypic mixture of Mo+PyF101 M-MuLV
and Mo+PyF101 MCEF virus resulted in rapidly occurring tu-
mors containing viral LTRs with the same triplication of the
MuLV enhancers as observed in the i.p.-inoculated mice stud-
ied here (2). We suggested that the M-MuLV enhancer trip-
lication may allow a recombinant MCF virus to escape a tran-
scriptional block in MCF virus propagator cells. In light of
these results, we initially expected that the selective pressure
for the appearance of the altered LTRs in the mice inoculated
i.p. with Mo+PyF101 M-MuLV would be for propagation of
recombinant MCF viruses. However, this was not the case, as
demonstrated in Fig. 4 and 5, since the altered LTRs appeared
in the infected mice well before recombinant MCF virus did.
Thus, the LTR alterations reflected selective pressure for rep-
lication of ecotropic Mo+PyF101 M-MuLV.

It was also noteworthy that in Fig. 4, several tissues at 14
days postinoculation contained only virus with the M-MuLV
enhancer triplication. This finding emphasized the importance
of this alteration for early Mo+PyF101 M-MuLV propagation
in i.p.-inoculated animals. In contrast, end-stage tumors typi-
cally showed approximately equal concentrations of Mo+PyF101
M-MuLV LTRs with two and three copies of the M-MuLV
enhancers (Fig. 2). Thus, at later times after i.p. infection,
there may have been an opposite selection for the virus with
the parental LTR. Alternatively, at later times, cell types that
can efficiently propagate the parental LTR may have become
infectable.

As indicated in the introduction, recent virological analyses
of mice infected i.p. versus s.c. with Mo+PyF101 M-MuLV
implicated early bone marrow infection as a critical event in
leukemogenesis (1). It seems possible that the recombination
event leading to triplication of the M-MuLV enhancers could
take place in cells of the bone marrow. Animals infected i.p.
with Mo+PyF101 M-MuLV showed the triplication, and they
established early infection in the bone marrow, while those
infected s.c. were deficient for both of these properties. The
recent i.p.-versus-s.c. studies may also suggest an interpreta-
tion different from our previous conclusion that the primary
defect for Mo+PyF101 M-MuLV relative to MCF viruses and
leukemogenesis is at the level of MCF virus propagation. In
our earlier experiments, the infections of cloned Mo+PyF101
MCEF virus were done s.c. (3). It is now apparent that the cells
that transport M-MuLV (and perhaps MCEF viruses) from the
site of s.c. inoculation to the bone marrow are restrictive for
the Mo+PyF101 M-MuLV LTR as discussed above. Our pre-
vious experiments as well as those reported here could be
explained by in vivo MCF virus formation requiring early in-
fection of the bone marrow. Thus, s.c. infection by Mo+PyF101
M-MuLV would not result in appearance of MCF viruses as a
result of lack of early infection in the bone marrow. In contrast,
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i.p. infection would yield MCF viruses as a result of early bone
marrow infection. In support of this proposal, we have also
found that delayed i.p. infection with Mo+PyF101 M-MuLV
(12 days of age versus neonatal) results in reduced leukemo-
genesis and lack of early bone marrow infection (1); in parallel,
MCEF recombinants and LTRs with M-MuLV enhancer tripli-
cations were found at low frequency in the resulting tumors
(1a).

LTR alterations have also been detected in tumors arising at
lower efficiencies in mice inoculated s.c. by Mo+PyF101 M-
MuLV (1la). However, in those tumors, the LTR alterations
were generally deletions of the Py sequences from the
Mo+PyF101 M-MuLV LTR rather than the M-MuLV en-
hancer triplications observed after i.p. inoculation. This mech-
anism for escape from the Mo+PyF101 M-MuLV LTR restric-
tion has also been observed previously (3). This finding further
supports that hypothesis that the M-MuLV enhancer triplica-
tion for Mo+PyF101 M-MuLV requires infection of the bone
marrow, since s.c. inoculation does not result in efficient bone
marrow infection or appearance of Mo+PyF101 M-MuLV
LTRs with triplications. We have not systematically tested
mice infected s.c. by Mo+PyF101 M-MuLV for the timing of
appearance of the deleted LTRs.

As described above, less than 25% of the T lymphomas
arising after i.p. inoculation of Mo+PyF101 M-MuLV con-
tained proviral insertions in the vicinity of c-myc, pim-1, or
pvt-1. One possible explanation for this could be that the
PyF101 sequences in the Mo+PyF101 M-MuLV LTR altered
its relative ability to activate these proto-oncogenes. Thus, it is
possible that other proto-oncogenes known to be activated by
M-MuLV in mice or rats might have been activated. Alterna-
tively, other novel proto-oncogenes might have been involved.
It is also theoretically possible that these tumors did not result
from activation of proto-oncogenes, although the rapid time
course of disease makes this unlikely.
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