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The recombinant retrovirus, MoFe2-MuLV (MoFe2), was constructed by replacing the U3 region of Moloney
murine leukemia virus (M-MuLV) with homologous sequences from the FeLV-945 LTR. NIH/Swiss mice
neonatally inoculated with MoFe2 developed T-cell lymphomas of immature thymocyte surface phenotype.
MoFe2 integrated infrequently (0 to 9%) near common insertion sites (CISs) previously identified for either
parent virus. Using three different strategies, CISs in MoFe2-induced tumors were identified at six loci, none
of which had been previously reported as CISs in tumors induced by either parent virus in wild-type animals.
Two of the newly identified CISs had not previously been implicated in lymphoma in any retrovirus model. One
of these, designated 3–19, encodes the p101 regulatory subunit of phosphoinositide-3-kinase-gamma. The
other, designated Rw1, is predicted to encode a protein that functions in the immune response to virus
infection. Thus, substitution of FeLV-945 U3 sequences into the M-MuLV long terminal repeat (LTR) did not
alter the target tissue for M-MuLV transformation but significantly altered the pattern of CIS utilization in the
induction of T-cell lymphoma. These observations support a growing body of evidence that the distinctive
sequence and/or structure of the retroviral LTR determines its pattern of insertional activation. The findings
also demonstrate the oligoclonal nature of retrovirus-induced lymphomas by demonstrating proviral insertions
at CISs in subdominant populations in the tumor mass. Finally, the findings demonstrate the utility of novel
recombinant retroviruses such as MoFe2 to contribute new genes potentially relevant to the induction of
lymphoid malignancy.

The gammaretroviruses represent a group of mammalian
oncogenic retroviruses typically associated with the induction
of leukemia and lymphoma in the natural host. Moloney mu-
rine leukemia virus (M-MuLV), a prototype gammaretrovirus,
induces a T-lymphoblastic lymphoma of the thymus in virtually
100% of susceptible neonatal mice, with a latency of 3 to 4
months. The major determinant of tumorigenic potential and
T-cell disease specificity resides in the M-MuLV long terminal
repeat (LTR), particularly within the tandemly duplicated,
75-bp transcriptional enhancers (13). The M-MuLV LTR func-
tions preferentially in T cells, a consequence of the cell type-
specific binding of nuclear proteins to sites in the transcrip-
tional enhancers. The cell type-specific activity of the
M-MuLV enhancers has been correlated positively with the
efficient induction of T lymphoma by the retrovirus (41). Feline
leukemia virus (FeLV) is a naturally occurring gammaretrovi-
rus that infects the domestic cat. Unlike M-MuLV, infection
with FeLV in the natural host is associated with a variable and
rather unpredictable disease outcome. Natural FeLV infec-
tions in the domestic cat are associated with malignant and
proliferative diseases, including lymphomas and leukemias of
lymphoid, myeloid, or erythroid origin, as well as degenerative
diseases, including anemia (40).

We previously described a natural isolate of FeLV, termed

FeLV-945, from non-T-cell malignant, proliferative, and de-
generative diseases that occurred in a geographic cohort. Al-
though FeLV-945 was not identified in T-cell lymphomas in
the cohort, it was identified in non-T-cell multicentric lympho-
mas of uncertain phenotype, as well as in cases of myelopro-
liferative disease and anemia (1, 7). The LTR of FeLV-945 is
characterized by a unique repeat motif not previously de-
scribed from any other natural FeLV isolate. The U3 region of
the FeLV-945 LTR contains only a single copy of the tran-
scriptional enhancer, unusual for tumor-derived proviruses,
followed 25 bp downstream by the tandem triplication of a
21-bp sequence. Our previous studies showed that the 21-bp
triplication contributes enhancer function to the LTR, that it
functions preferentially in a cell type-specific manner, and that
it confers a replicative advantage to the virus in those cells (2,
24, 38). Recent studies showed that the activity of the 21-bp
triplication depends on the specific binding of the c-Myb tran-
scription factor to sites that cross the repeat junctions and the
consequent recruitment of the coactivator CBP (15). To exam-
ine the influence of the triplication-containing FeLV-945 LTR
on disease induction, we previously created an MuLV-FeLV
recombinant retrovirus in which the U3 region of the
M-MuLV LTR was substituted with homologous sequences
from FeLV-945. The recombinant virus was termed MoFe2-
MuLV (MoFe2). MoFe2 was shown to be infectious and tu-
morigenic in NIH/Swiss mice. Specifically, when neonatal an-
imals were inoculated intraperitoneally with MoFe2,
lymphomas of T-cell origin arose uniformly with a latency of 4
to 10 months (43).
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The LTR of M-MuLV or FeLV, like those of other gam-
maretroviruses, functions in the malignant process by directing
high levels of virus expression in relevant target tissues and
also by insertionally activating oncogenes at the sites of provi-
ral integration. When the same genetic locus is observed to be
interrupted by proviral integration in multiple independent
tumors, it is inferred that the commonly interrupted locus
encodes an oncogene whose activation is relevant to tumor
induction (22, 44). Such a locus is then referred to as a com-
mon insertion site (CIS). Indeed, the CISs used by M-MuLV
and FeLV in the induction of lymphoma have been well char-
acterized. Approximately 80% of M-MuLV-induced thymic
lymphomas contain proviral insertions within at least one of
three cellular loci: c-myc, pim-1, or pvt-1 (13). The c-myc and
pim-1 loci are also involved in thymic lymphomas induced by
FeLV, along with other loci, including bmi-1 and fit-1 (45). In
contrast, in the non-T-cell multicentric lymphomas from which
FeLV-945 was identified, none of these loci is targeted as a
CIS. Rather, a locus in feline DNA of unknown function,
termed flvi-1, is a common target of FeLV-945 proviral inte-
gration. Presumably, the unique structure of the FeLV-945
LTR is relevant to activation of a gene sequence within or near
flvi-1 (1, 24). Considering that the MoFe2 LTR contains se-
quence elements typical of both M-MuLV and FeLV-945, it
was of interest to evaluate the patterns of oncogene activation
by the recombinant virus and to determine whether it resem-
bles either parent virus. Initial studies suggested that the on-
cogenes known to be targeted by the parental viruses are not
targets for integration by MoFe2. Specifically, no integrations
at c-myc, pim-1, pvt-1, or flvi-1 loci were detected in an initial
analysis of 12 animals (43). Thus, the pattern of oncogene
involvement in MoFe2-induced tumors is apparently distinct
from both M-MuLV and FeLV-945. In the present study, mul-
tiple approaches were used to identify CISs in a large set of
MoFe2-induced lymphomas. The results revealed infrequent
utilization of c-myc, pim-1, pvt-1, or flvi-1. CISs were identified
at six loci, none of which had previously been reported as a CIS
in tumors induced by either parent virus in wild-type animals
and two of which had not previously been reported in any
model. These findings demonstrate that the substitution of
FeLV-945 LTR sequences into M-MuLV significantly altered
the pattern of oncogene utilization in tumors, thus supporting
a growing body of evidence that the distinctive sequence
and/or structure of the retroviral LTR determines its pattern of
insertional activation (5, 8, 12, 31, 32, 34, 35, 39). In addition,
the data demonstrate the oligoclonal nature of retrovirus-in-
duced lymphomas with respect to proviral integration at CISs
and indicate the utility of recombinant retroviruses such as
MoFe2 to identify novel oncogenes associated with lymphoma.

MATERIALS AND METHODS

Virus inoculations and tumor collection. Newborn NIH/Swiss mice (�24 h of
age) were inoculated intraperitoneally with 106 infectious units of MoFe2-MuLV
in a 0.1-ml volume. Animals were monitored regularly and sacrificed by carbon
dioxide asphyxiation when signs of morbidity were apparent. Necropsy was per-
formed and tissues were collected for storage at �80°C.

Flow cytometry. Thymocytes from diseased animals (�106 cells) were sus-
pended in 100 �l of standard azide buffer (SAB; pH 7.2) (containing [per liter]
10 g of FA Bacto buffer [Difco], 1 g of sodium azide, and 10 ml of heat-
inactivated fetal bovine serum). Antibody was added (0.5 �g/106 cells) and was
incubated for 30 min on ice in the dark. Cells were washed and resuspended in

100 �l of SAB without fetal bovine serum. Flow cytometry was performed on a
Becton Dickinson FACSCalibur flow cytometer and analyzed with Becton Dick-
inson CellQuest Pro software. The antibodies used, obtained from BD Bio-
sciences (San Jose, Calif.), were as follows: phycoerythrin-conjugated rat anti-
mouse CD8a (Ly-2) monoclonal antibody (53–6.7), fluorescein isothiocyanate-
conjugated rat anti-mouse CD4 (L3T4) monoclonal antibody (RM4-5),
phycoerythrin-conjugated rat immunoglobulin G2a(�) [IgG2a(�)] monoclonal
immunoglobulin isotype control (R35-95), and fluorescein isothiocyanate-conju-
gated rat IgG2a(�) monoclonal immunoglobulin isotype control (R35-95).

Southern blot analysis. Large-molecular-weight DNA was isolated from tu-
mors, and Southern blot analysis was performed as previously described (1). The
T-cell-receptor � (TCR�) locus was examined by using 86T5, a 600-bp EcoRI
fragment from the murine TCR� cDNA (18). Proviral insertion patterns were
analyzed by using a hybridization probe specific for the FeLV portion of the
MoFe2 LTR. The probe, rLTR1, contains the FeLV-derived portion of the
MoFe2 LTR between EcoRV and HincII restriction sites. The flvi-1 locus was
examined by using probe A, a 1.2-kb PstI-EcoRI fragment, and probe D, a 0.9-kb
BamHI-SacI fragment, cloned from feline flvi-1 flanking the domain of common
retroviral insertion (25). The c-myc locus was examined by using pSVcmyc1
(ATCC 41029), a clone of mouse genomic DNA representing c-myc exons 2 and
3. The pim-1 locus was examined by using a 0.9-kb BamHI fragment of murine
pim-1 genomic DNA (a gift from Anton Berns, The Netherlands Cancer Insti-
tute). The pvt-1 locus was examined by using a 2.2-kb XbaI fragment of murine
pvt-1 (9). Genomic DNA was digested with EcoRI, BamHI, or HindIII for
analysis of the flvi-1, c-myc, pim-1, and pvt-1 loci.

Construction and screening of libraries for identification of CISs. Genomic
DNA from the thymic tumor of animal MF8 was digested with EcoRI and size
fractionated on a 16.5 ml of 5 to 20% potassium acetate gradient by centrifuga-
tion in an SW28 rotor at 20,000 rpm for 15.5 h at 20°C. Fractions containing
DNA of the appropriate size were pooled and cloned into the bacteriophage �
vector � ZapII (Stratagene, La Jolla, Calif.). The fragment of interest containing
the host-virus junction was then isolated by screening the resulting clones with
the rLTR1 probe. The fragment was then submitted for automated sequence
analysis. A 301-bp region of host DNA near the site of integration was PCR
amplified with the primers MF8T-1 (5	-TACTTGACACCAGCCTGAGTACC-
3	) and MF8T-2 (5	-CTCTGTCTAGCATCTCACAG-3	). The resulting ampli-
fication product, MF8T-HVJ, was radiolabeled and used as a probe for Southern
blot analysis of DNA from other MoFe2-induced tumors in the collection. A
recombinant library of genomic DNA from MoFe2-induced tumor 493–3 (43)
was prepared in a bacteriophage � vector, �GEM-II (Stratagene), as previously
described (26). Recombinants containing integrated MoFe2-MuLV proviral
DNA were then isolated from the library using radiolabeled rLTR1 as a probe.
From one of the selected recombinants, �3–19, a 500-bp EcoRI-HindIII frag-
ment was isolated from host DNA immediately flanking the integrated provirus.
That fragment, termed 3-19HR0.5, was used as a probe for Southern blot anal-
ysis of DNA from other MoFe2-induced tumors in the collection.

Proviral integrations in the MF8T or 3–19 loci were PCR amplified with one
primer specific for the proviral LTR and the other specific for host sequences
near the site of insertion. Oligonucleotide primers used in PCR to amplify
host-virus junction fragments from tumor DNA included A, B, C, and D from the
MoFe2 LTR sequence; E, F, and G from the MF8T sequence; and H, I, and J
from the 3-19 sequence. Primer sequences were as follows: A, 5	-CTCTTGCA
GTTGCATCCGACTTGT; B, 5	-GCTGTTCCATCTGTTCCTGACCTTGA;
C, 5	-AGGCTTAACTGTTCTTGGCCTCAAGC; D, CGCAAGTCTATGCTG
AGACTTGAC; E, 5	-ACAATGAACAGCCAGCGAG; F, 5	-GTCTTCAATG
CCCCTGTGTAGTG; G, 5	-GTCTTCAATGCCCCTGTGTAGTG; H, 5	-AT
GCAAGGCTTCCAATGC; I, 5	-ATGACCTTGTGGTCGGT; and J, 5	-GGC
TGGCCTTAAACTTGTGTATAGTCGGA. Amplification products were
examined by agarose gel electrophoresis, extracted from the gel by using Qiaquik
gel extraction kit (Qiagen, Inc., Valencia, Calif.), and subjected to automated
sequence analysis. The resulting sequence from each integration site was com-
pared to the Mouse Genome Database by using Ensemble (http://www.ensemble
.org/Mus_musculus/) and the NCBI Mouse Genome Resources (http://www
.ncbi.nlm.nih.gov/genome/guide/mouse/) assemblies. Each proviral integration
was thereby positioned precisely in the mouse genome.

PCR-based approach for identification of CISs. Host-virus junctions were
PCR amplified from tumor DNA by using the Universal genome walker kit (BD
Biosciences) as described in the user manual, with the modifications described
below. High-molecular-weight DNA was digested with DraI or StuI, and libraries
were constructed as described in the manual. PCRs were performed by using the
Advantage cDNA polymerase mix (BD Biosciences) in a PE Biosystems Gene-
Amp PCR 2400. Amplification conditions for primary and secondary reactions
were as follows: 1 cycle of 94°C for 15 s, 7 cycles of 94°C for 2 s and 70°C for 3

58 JOHNSON ET AL. J. VIROL.



min, and 32 cycles of 94°C for 2 s and 65°C for 3 min, followed by an elongation
step at 68°C for 10 min. Primary amplification was performed with the primers
AP1 (BD Biosciences) and FeLV.307m (5	-TAAATGAGGCGGAAGGTCGG
ACTCTG-3	). Secondary PCR was performed with a 1:50 dilution of the primary
reaction with primers AP2 (BD Biosciences) and MoFe.206m (5	-GCTATATC
CGAGGCTTAACTGTTCTTGGC-3	). Secondary amplification products were
examined by agarose gel electrophoresis, extracted from the gel by using Qia-
Quik gel extraction kit (Qiagen), and subjected for automated sequence analysis.
The resulting sequence from each integration site was compared to the Mouse
Genome Database by using Ensemble and the NCBI Mouse Genome Resources
(http://www.ncbi.nlm.nih.gov/genome/guide/mouse/) assemblies. Each proviral
integration was thereby positioned precisely in the mouse genome. Each inte-
gration site was then compared to the Mouse Retroviral Tagged Cancer Gene
Database (RTCGD; http://rtcgd.ncifcrd.gov) to determine whether it had been
previously reported as a proviral insertion site.

Northern blot analysis. Total cellular RNA was isolated from tissues by using
TRIzol reagent (Invitrogen Corp., Carlsbad, Calif.) according to the instructions
of the manufacturer or by guanidinium isothiocyanate extraction and cesium
chloride density gradient ultracentrifugation as described previously (27). North-
ern blot analysis was performed with 10 �g of total cellular RNA as previously
described (27). Hybridization probes for Northern blot analysis were developed
by reverse transcriptase-PCR (RT-PCR) with tumor-derived RNA that had been
treated with DNA-free (Ambion, Inc., Austin, Tex.). RT-PCR was performed
with Superscript One-Step RT-PCR reagents with Platinum Taq (Invitrogen)
according to the manufacturer’s instructions. Oligonucleotide primers used in
RT-PCR to amplify probes for Northern blot analysis included Rasgrp.F (5	-G
CAGAAACTATGACAACTACAGGCG), Rasgrp.B (5	-CGGAGGTGAAGT
TCTGGTTTTG), P101.F (5	-ACATCCTACAGGAAGTCCTTCTC), P101.B
(5	-GCTGGTGCTCTTTAAGAGTTTATAG), Spred1.F (5	-CAAGTCAGCC
AGATACCATTCAGTC), and Spred1.B (5	-CGTTCCCCATCCTCTTTTCT
TC). Amplification products were examined by gel electrophoresis, cloned into
pGEM-T plasmid vector (Promega Corp., Madison, Wis.), and verified by nu-
cleotide sequence analysis.

RESULTS AND DISCUSSION

Our original report of the MuLV-FeLV recombinant retro-
virus, MoFe2, described the induction of T-cell lymphoma in
12 infected animals after a latency of 15 to 41 weeks (average
of 24 weeks) (43). In the present study, an additional 51 NIH/
Swiss mice were inoculated as neonates with MoFe2, and tu-
mors were collected after a latency of 2 to 8 months (average
of 16 weeks). The more rapid kinetics of tumor induction are
probably a reflection of the inoculum size used in the present
study (106 infectious units) compared to the previous study
(260 PFU as measured on XC cells [43]). Tumors were de-
tected at multiple sites in individual animals, typically involving
the thymus, spleen, and lymph nodes. As reported in the pre-
vious study (43), analysis of TCR� gene rearrangement con-

firmed the tumors as lymphomas of T-cell origin and demon-
strated that the multiple tumors within an individual animal
typically represented the same clonal expansion (data not
shown). Flow cytometric analysis indicated that MoFe2-in-
duced lymphomas represented phenotypes of immature and
maturing thymocytes, including CD4� CD8�, CD4� CD8�,
and CD4� CD8� cells (Fig. 1). These findings indicated that
MoFe2-induced lymphomas apparently originate in the thy-
mus, as do tumors induced by M-MuLV (13). Thus, the target
tissue for M-MuLV transformation was not altered by the
introduction of FeLV-945 U3 sequences. Southern blot anal-
ysis was used to detect clonal MoFe2 insertions at loci com-
monly targeted for integration in tumors induced by either
M-MuLV or FeLV-945. Previous studies have shown that c-
myc, pvt-1, and pim-1 and are targets of M-MuLV integration
in �50, �10, and �60% of lymphomas examined, respectively
(10, 14, 47). FeLV-945 was not found to integrate at any of
these loci but was identified at a locus termed flvi-1 in 36% of
tumors examined (1, 24). In the present study, the c-myc, pvt-1,
pim-1, and flvi-1 loci were found to be targeted infrequently by
MoFe2 integration in lymphomas (6, 0, 9, and 0%, respec-
tively). These observations confirmed our previous finding that
the pattern of oncogene activation by the recombinant virus is
distinct from either parent virus and suggested that novel tar-
gets of common integration might be identified in MoFe2-
induced tumors.

Several approaches were used to identify CISs in MoFe2-
induced lymphomas. First, when proviral integration patterns
were examined in the multiple tumors of individual animals,
clonal integrations were observed in 8 of 44 cases that distin-
guished the tumor in one tissue from other tissues in the same
animal. For example, animal MF8 developed tumors in the
thymus, spleen, and lymph nodes that appeared by examina-
tion of TCR� gene rearrangement to represent the same
clonal expansion (Fig. 2A). The tumors also exhibited nearly
identical patterns of MoFe2 integration; however, the thymic
tumor contained a single clonal proviral insertion that was not
apparent in tumors from other anatomic sites (Fig. 2B). This
observation indicated that clonal insertion occurred after tu-
mor spread and only in the thymic lymphoma, suggesting that
integration in that locus might be involved in tumor mainte-
nance or progression in the thymus. To localize the insertion
and analyze it further, the unique host-virus junction fragment

FIG. 1. Flow cytometric analysis of MoFe2-induced thymic lymphomas. Surface expression of CD4 and CD8 on three tumors was examined
by flow cytometry. The results demonstrate CD4� CD8� (A), mixed tumor (CD4� CD8� and CD4� CD8�) (B), and CD4� CD8� (C) surface
phenotypes.
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(Fig. 2B) was isolated by size selection on a potassium acetate
gradient, molecularly cloned into a bacteriophage � vector, and
isolated by screening with a probe specific for the MoFe2 LTR.
A restriction fragment of host DNA adjacent to the proviral
insertion site was then used as a probe in Southern blot anal-
ysis to screen other MoFe2-induced tumors for insertion in the
same locus. The results demonstrated clonal interruption of
the locus not only in the thymic tumor from animal MF8 but
also in thymic lymphomas from 5 other animals of 62 examined
(Fig. 3). Interruption of the locus in 6 of 62 MoFe2-induced
tumors thus defines it as a CIS. The locus was termed MF8T.
Southern blot analysis further demonstrated that, in three an-

imals, insertion at MF8T occurred exclusively in the thymic
tumor and not in tumors at other anatomic sites. In three other
animals, interruption of MF8T was identified in thymus, as well
as in tumors of spleen or kidney (Fig. 3). Insertion at MF8T
exclusively in the thymic tumor in three of six cases supports
the hypothesis that MF8T insertion may be related to tumor
maintenance or progression in the thymus.

The identity of the MF8T locus was obtained by isolating it
in unintegrated form from a genomic library of NIH/Swiss
mouse DNA. Once the Mouse Genome Database became
publicly available, comparison with sequence information from
the unintegrated locus rapidly localized MF8T to mouse chro-
mosome 2:E5. A PCR-based strategy was then developed to
precisely position the clonal proviral integrations that had oc-
curred at the MF8T locus in multiple independent lymphomas.
Specifically, Southern blot analysis was first used with probes
from the unintegrated locus to narrow the region within which
each insertion occurred. Each host-virus junction was then
PCR amplified with one primer specific for the proviral LTR
(primer A, B, C, or D) and the other specific for host se-
quences near the site of insertion (primer E, F, or G). Ampli-
fication products were then sequenced to determine the pre-
cise position and transcriptional direction of each integrated
provirus. The results demonstrated that proviral insertions at
MF8T occurred within a domain of 3.9-kb of genomic DNA
and that all were in the same transcriptional direction (Fig. 4).
The PCR-based strategy was then used again to evaluate
whether proviral integrations may have occurred at MF8T in
other tumors in which insertion was not detectable by Southern
blot analysis. In fact, host-virus junction fragments were am-
plified by using this strategy from 2 of 20 tumors examined. In
both cases, proviral integration occurred within the previously
identified 3.9-kb domain, although the insertion in animal
MF18 was observed to be in opposite transcriptional orienta-
tion from the others (Fig. 4). These results indicate that �10%
of MoFe2-lymphomas contain subdominant populations with
insertions at MF8T. It is noteworthy that flvi-1, a CIS previ-
ously identified in FeLV-945-induced lymphomas, was origi-
nally localized to mouse chromosome 2:E1-E5 by in situ hy-
bridization to metaphase chromosomes (25). Comparison of
the flvi-1 sequence to the mouse genome database more pre-
cisely localized the CIS to mouse chromosome 2:E1, ca. 30
Mbp from MF8T.

Use of the Mouse Genome Database predicted several
genes in the region of chromosome 2:E5 surrounding the pro-
viral insertions, including Spred-1 located 282 kb away and
Rasgrp1 located 58 kb away from the domain of common in-
sertion (Fig. 4). The majority of proviral insertions at MF8T
were located upstream and in a transcriptional orientation
opposite that of Spred-1 and Rasgrp1, a finding consistent with
potential activation through enhancer insertion (Fig. 4). Oth-
ers have reported that proviral insertion can affect the expres-
sion of multiple genes near the integration site, that insertion
does not always affect the expression of the closest gene, and
that insertion can activate the expression of cellular genes over
distances as great as 300 kb (19, 23). With this in mind, ex-
pression of Spred-1 and Rasgrp1 were analyzed by Northern
blot analysis in normal mouse tissues, in tumors containing
proviral insertions, and in those without detectable insertions
at MF8T. Although Spred-1 transcripts of 5.1 and 3.8 kb were

FIG. 2. Southern blot analysis of DNA from MoFe2-induced lym-
phoma of animal MF8. (A) Genomic DNA (8 �g) from lymphoma in
the spleen (S), in the thymus (T), and from uninvolved control tissue
of the same animal (C) was digested with HpaI and hybridized to
radiolabeled probe for the TCR� locus. The closed circles indicate the
germ line configuration of the TCR� locus. (B) Genomic DNA sam-
ples (8 �g) from lymphomas in the spleen (S), thymus (T), and lymph
node (LN) of animal MF8 were digested with KpnI and hybridized to
rLTR1, a probe specific for the integrated provirus of MoFe2-MuLV.
The open circle indicates a clonal host-virus junction fragment that
distinguishes the thymic tumor from tumors in other tissue sites of the
same animal.

FIG. 3. Southern blot analysis of the MF8T locus in MoFe2-in-
duced lymphomas. DNA was digested with HindIII and hybridized to
the MF8T-HVJ probe. Shown are DNA samples from six tumors with
insertions in the MF8T locus, indicated by the animal number and
tissue origin of the tumor (T, thymus; S, spleen; K, kidney). The arrow
indicates the germ line configuration of the locus.
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readily detected in brain of uninfected animals, little or no
expression was detected in MoFe2-induced tumors with or
without insertions at MF8T (data not shown). Thus, proviral
insertion did not activate expression from Spred-1. A 4.8-kb
Rasgrp1 transcript was detected in the brain of uninfected
NIH/Swiss mice and was also expressed to variable levels in
tumors with MF8T insertions. In contrast, Rasgrp1 expression
was low or undetectable in tumors from animals without MF8T
proviral insertion (Fig. 5). Thus, proviral insertion at MF8T
may activate expression of Rasgrp1 but does not do so uni-
formly.

Rasgrp1 encodes a guanine nucleotide exchange factor re-
quired for T-cell development (11). Examination of the
RTCGD revealed that Rasgrp1 had not previously been iden-
tified as a target for common insertion in tumors induced by
M-MuLV in wild-type mice. The locus was previously identi-
fied as a CIS in genetically modified animals infected with
M-MuLV (20, 33), in SL3-3-induced T-cell lymphomas (22),
and in AKXD and BXH2 tumor models (44) (Table 1). Pro-

viral insertions near Rasgrp1 have been reported to cluster in
four domains of the locus, within intron 2 or 3, or in clusters
from 0 to 80-kb upstream of the gene (17, 22, 33, 44). The CIS
identified in MoFe2-induced tumors occurs within the previ-
ously identified cluster 50 to 63 kb upstream of the gene (Fig.
4). Although expression of Rasgrp1 was not uniformly upregu-
lated in MoFe-2-induced end-stage tumors (Fig. 5), it is pos-
sible that an effect of proviral insertion on Rasgrp1 expression
may occur earlier in the disease process, a possibility that has
not yet been examined. Expression of Rasgrp1 has not been
examined in other studies in which it was identified as a CIS.

A second approach to identify CISs in MoFe2-induced lym-
phomas involved the construction and screening of a recom-
binant library of tumor DNA. A genomic library was con-
structed in a bacteriophage � vector from a MoFe2-induced
tumor shown by Southern blot analysis to contain only three
clonal proviral insertions (data not shown). Proviral integra-
tions were selected from the library by hybridization with a
probe specific for the FeLV portion of the MoFe2 LTR. Host
DNA sequences adjacent to the proviral insertions were then
isolated and used as probes in Southern blot analysis to screen
other MoFe2-induced tumors for interruptions of the same
loci. Two of the clonal proviral insertions were characterized
by this approach. One integration site was identified by se-
quence analysis as Kpnb1, a locus not previously identified as
an integration site in any retrovirus model. This locus was not
shown to be a CIS in MoFe2-induced tumors (Table 1). The
other integration site was found to be interrupted in 5 of 64
tumors examined, thus defining it as a CIS (Fig. 6). This locus
has been termed 3-19. Insertions at 3-19 were identified in
tumors at multiple anatomic sites, including the spleens, thy-
muses, and lymph nodes of infected animals (Fig. 6). Thus,
unlike MF8T, there does not appear to be a selective advan-
tage for insertions in 3-19 in any specific tissue. Once the
Mouse Genome Database became publicly available, the 3-19
locus was readily mapped by sequence comparison to mouse

FIG. 4. Physical map of the MF8T locus. Depicted is the 3.9-kb domain of common proviral insertion. Vertical lines represent the positions of
proviral integrations (indicated by animal number) with the transcriptional orientation of each provirus depicted by the direction of the arrow. Solid
lines represent insertions detectable by Southern blot analysis. Checkered lines represent insertions undetectable by Southern blot analysis but
identified by PCR amplification. Oligonucleotide primers used in PCR to amplify host-virus junctions are illustrated as horizontal arrowheads. The
positions and transcriptional directions of the Spred-1 and Rasgrp1 genes are indicated.

FIG. 5. Northern blot analysis of Rasgrp1 expression in tumors con-
taining (MF8T�) or lacking (MF8T�) proviral insertion at MF8T.
Total RNA (10 �g) was examined from lymphomas indicated by ani-
mal number and by the anatomic origin of the tumor (T, thymus) and
also from normal tissues of uninfected NIH/Swiss mice (B, brain; K,
kidney). Northern blots were hybridized to a probe specific for Rasgrp1
exons 9 to 16 and were subsequently hybridized to a GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) probe as a loading control.
Size of the observed transcript is indicated.
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chromosome 11:B3. Proviral insertions at 3-19 were precisely
positioned by PCR with one primer specific for the proviral
LTR (primer A, B, C, or D) and the other specific for host
sequences near the site of insertion (primer H, I, or J). Am-
plification products were then sequenced to determine the
precise position and transcriptional direction of each inte-
grated provirus. The results demonstrated that proviral inser-
tions at 3-19 occurred within a domain of 5.5 kb of host DNA
and that all were in the same transcriptional direction (Fig. 7).

When the same PCR-based strategy was used to identify pos-
sible proviral integrations in 3-19 that were not detectable by
Southern blot analysis, host-virus junction fragments were am-
plified from 2 of 18 tumors examined. In both cases, insertions
occurred within the previously identified 5.5-kb domain and in
the same transcriptional orientation as others in the cluster
(Fig. 7). Thus, �11% of MoFe2-induced lymphomas contain
subdominant populations with insertions at 3-19.

Use of the Mouse Genome Database further facilitated the

TABLE 1. Sites of proviral insertion identified in MoFe2-induced lymphomas in NIH/Swiss mice

Locus
(chromosome) Full gene name

CIS in MoFe2-
induced
tumorsa

Previously
identified

insertion siteb

Modelsc

Mouse strain (virus) (reference) Tumor type

MF8T (2:E5) Ras guanyl releasing protein 1 Y Y (CIS) BXH2 (Akv) (44) Myeloid
E�Myc (M-MuLV) (33) B cell, T cell
p27Kip�/� (M-MuLV) (20) B cell, T cell
p27Kip�/� (M-MuLV) (20) T cell
AKXD (Akv) (44) B cell, T/B mix
NIH/Swiss (SL3-3) (22) T cell
E�Myc;Pim1(�);Pim2(�)(M-MuLV)(33) B cell, T cell

3-19 (11:B3) P101 regulatory subunit of PI3K
 Y N

Jundm2 (12:D1) Jun dimerization protein 2 (predicted) Y Y (CIS) p27Kip�/� (M-MuLV) (20) T cell
p27Kip�/� (M-MuLV) (20) T cell
E�Myc (M-MuLV) (33) B cell
NMRI (SL3-3) (42) T cell
Cas-Br-M (Cas-Br-M MuLV) (21) Myeloid

Ahi1 (10:A3) Abelson helper integration site Y Y (CIS) SIM.S, NIH/Swiss (A-MuLV) (37) B cell
Cdkn2a�/� (M-MuLV) (29) B cell
p27Kip�/� (M-MuLV) (20) T cell
p27Kip�/� (M-MuLV) (20) T cell
NIH/Swiss (SL3-3) (22) T cell
AKXD (Akv) (44) B cell
Cbfb-MYH11 (MLV-Ampho4070A) (6) Myeloid
E�Myc; Pim1(�);Pim2(�)(M-MuLV)

(33)
B cell, T cell,

T/B mix
E�Myc (M-MuLV) (33) B cell
BXH2 (Akv) (44) Myeloid

Rras2 (7:E3) Ras-related protein 2 Y Y (CIS) Cdkn2a�/� (M-MuLV) (29) Lymphoma
(unspecified)

p27Kip�/� (M-MuLV) (20) T cell
p27Kip�/� (M-MuLV) (20) T cell
NIH/Swiss (SL3-3) (22) T cell
AKXD (Akv) (44) B cell, T/B mix
AKXD (17) Myeloid, T cell
E�Myc; Pim1(�); Pim2(�) (M-MuLV)

(33)
B cell, T cell

Rw1 (1:B) RW1 protein (predicted) Y N � �

Rin2 (2:G1) Ras and Rab interactor 2 N Y (CIS) BXH2 (Akv) (44) Unspecified

Irs2 (8:A1.1) Similar to insulin receptor substrate 2
(predicted)

N Y (CIS) E�Myc; Pim1(�); Pim2(�) (M-MuLV)
(33)

B cell

AKXD (Akv) (44) B cell, T/B mix

Traip (9:F1) TRAF-interacting protein N N � �

Grf2 (2:A3) Guanine nucleotide releasing factor 2 N N � �

Lamr1 (9:F3) C laminin receptor N N � �

Kpnb1 (11:D) Karyopherin (importin) beta 1 N N � �

a To determine whether a proviral integration site was a CIS in MoFe2-induced lymphomas, Southern blot analysis of multiple tumors was performed by using a
region of each integration site as a probe. Y, yes; N, no.

b To determine whether a proviral integration site in MoFe2-induced lymphomas had been previously reported, integration sites were compared to the RTCGD. Y,
yes; N, no. Previously identified CISs are indicated in parentheses.

c When proviral integration sites were previously identified on the RTCGD, the strain of mouse, virus infection, and tumor type from each study are indicated. T/B
mix, mix of T and B cells.
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identification of genes in the vicinity of 3-19 (Fig. 7). The
cluster of insertions was located immediately upstream of a
recently identified gene that encodes the p101 regulatory sub-
unit of phosphoinositide-3-kinase-gamma (PI3K
) (3, 4). (The
predicted gene, designated F730038I15RIK on the Mouse Ge-
nome Database, is referred to below as p101.) One proviral
insertion occurred 273 bp downstream of the p101 transcrip-
tion start site. The remainder occurred within 5.5 kb upstream
of the transcriptional start, all in opposite transcriptional ori-
entation. Analysis of p101 expression revealed three transcripts
of 4.5, 2.8, and 1.13 kb (Fig. 8). By comparison, the Ensemble
database predicts a 2.8-kb transcript that encodes p101. Be-

cause p101 is a recently identified gene about which little is
known, neither the coding capacity nor the relationship be-
tween the multiple transcripts is understood. In general, lym-
phomas that contained proviral insertion at 3-19 were observed
to express higher levels of one or more of the transcripts. For
example, the 4.5-kb transcript was detected in three of four
animals with insertions in 3-19 but was observed at low or
undetectable levels in tumors lacking that insertion. It was

FIG. 6. Southern blot analysis of the 3–19 locus in MoFe2-induced
lymphomas. Shown are DNA samples from five lymphomas indicated
by the animal number and anatomic origin of the tumor (T, thymus; S,
spleen; LN, lymph node) and from an uninfected NIH/Swiss mouse
(C). DNA was digested with EcoRI (477–4, -11, and -18) or KpnI
(493–3 and 477–2) and hybridized to a radiolabeled probe representing
the 3–19 locus. The arrow represents the germ line configuration of the
locus.

FIG. 7. Physical map of the 3–19 locus. Depicted is the 5.5-kb domain of common proviral insertion. Vertical lines represent the positions of
proviral integrations (indicated by animal number) with the transcriptional orientation of each provirus depicted by the direction of the arrow. Solid
lines represent insertions detectable by Southern blot analysis. Checkered lines represent insertions undetectable by Southern blot analysis but
identified by PCR amplification. Oligonucleotide primers used in PCR to amplify host-virus junctions are illustrated as horizontal arrowheads. The
positions and transcriptional directions of the Netrin-1, p101, and Q8K323 genes are indicated.

FIG. 8. Northern blot analysis of p101 expression in tumors con-
taining (3–19�) or lacking (3–19�) proviral insertion at 3–19. Total
RNA (10 �g) was examined from lymphomas indicated by animal
number and by the anatomic origin of the tumor (T, thymus; S, spleen;
LN, lymph node). Northern blots were hybridized to a probe specific
for p101 exon 10. The membranes were subsequently hybridized to a
GAPDH probe as a loading control. The sizes of the observed tran-
scripts are indicated.
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noteworthy, however, that the 4.5-kb transcript was not uni-
formly detected in tumors from all anatomic sites of the same
animal. For example, the transcript was readily detectable in
the lymph node tumor of animal MF18 but not in the tumor
from the spleen, although both contained the proviral insertion
(Fig. 6). Similarly, tumors of the spleen and thymus of animal
MF11 demonstrated apparently clonal proviral insertion at
3-19 (Fig. 6), but the patterns of p101 expression were distinct
(Fig. 8). These observations suggest that the microenviron-
ment of the tumor may influence expression of p101. PI3K
, of
which p101 is the regulatory subunit, is known to be activated
by G-protein-coupled receptors through direct interaction with
G�
. Further, it is an activator of mitogen-activated protein
kinase signaling and is expressed preferentially in cells of he-
matopoietic lineage (3, 4, 28). Thus, PI3K
 function may be
relevant to growth regulation in the target cell for transforma-
tion by MoFe2. Examination of the RTCGD revealed that the
3-19 locus has not previously been identified as a locus of
common insertion in M-MuLV-induced tumors or in any other
model (Table 1).

In our previous analysis of MoFe2-induced lymphoma, vari-
ations in LTR sequence were observed that correlated with
time to disease induction. Specifically, LTRs in relatively early
appearing tumors (19 to 23 weeks) retained the original
MoFe2 LTR intact and unaltered, but LTRs in late-appearing
tumors (29 to 41 weeks) had acquired various duplications of
the enhancer (43). In the present study, the sequences of LTRs
were examined from five insertions at MF8T and from three
insertions at 3-19. This analysis demonstrated that all LTRs
retained the original sequence intact and unaltered (data not
shown). Thus, the LTR sequence variation observed in the
previous study was not recapitulated. This may reflect the
generally shorter latency to tumor induction in the present
study (16 weeks versus 24 weeks; (43).

A third approach to identifying CISs in MoFe2-induced tu-
mors was PCR based with commercially available reagents
designed to amplify DNA sequences for which little informa-
tion is available (Universal Genome Walker Kit; BD Bio-
sciences); thus, the reagents were ideal for amplifying host-
virus junction fragments from tumor DNA. For this approach,
tumor DNA was digested with a restriction enzyme, ligated to
adaptor molecules, and PCR amplified with primer AP1 spe-
cific for the adaptor and primer FeLV.307m specific for the
MoFe2 LTR. To increase the specificity, secondary amplifica-
tion was performed with primer AP2 specific for the adaptor
and primer MoFe.206m specific for the MoFe2-LTR. Second-
ary amplification products representing host-virus junctions
were then sequenced, and the exact site of proviral insertion
was mapped by comparison to the mouse genome database.
Insertion sites were then compared to the RTCGD to evaluate
which ones had been previously identified as targets of inte-
gration. Probes were developed from the host sequence at each
integration site for Southern blot analysis of other tumors in
the collection to determine whether any integration site rep-
resented a CIS. Using this PCR-based approach, three tumors
have been examined and nine clonal proviral integrations have
been characterized. Of these, four were found to be CISs in
MoFe2-induced lymphomas (Table 1). First, the Jundm2 locus
on mouse chromosome 12:D1 was found to be interrupted by
proviral insertion in 2 of the 41 tumors examined. Two inser-

tions were identified in the locus in a single tumor, one located
58-kb upstream from the predicted Jundm2 gene and the other
located within the Jundm2 coding region between exons 2 and
3. The insertion located upstream of the gene was undetectable
by Southern blot analysis and thus represents a subdominant
population in the tumor mass (data not shown). The Jundm2
gene is predicted to encode a member of the AP-1 family of
transcription factors that functions as a Jun dimerization part-
ner. The second CIS identified by the PCR-based approach
was localized to mouse chromosome 10:A3 and identified as
Ahi-1 (Table 1). Ahi-1, shown to be interrupted by proviral
insertion in 2 of 32 MoFe2-induced tumors examined, was
originally described as a common target of integration for the
helper virus of Abelson-MuLV in pre-B-cell lymphomas (37).
As determined by Southern blot analysis, the insertions at
Ahi-1 were subclonal in one case and clonal in the other (data
not shown). Third, the Rras2 locus on mouse chromosome
7:E3 was also identified as a CIS, clonally interrupted in 2 of 41
MoFe2-induced lymphomas examined (Table 1). Rras2 is a
member of the superfamily of Ras-related proteins previously
shown to possess oncogenic potential (16). None of these loci,
i.e., Jundm2, Ahi-1, or Rras2, has been previously been de-
scribed as a CIS in M-MuLV-induced tumors in wild-type
mice; however, they were previously identified as a CIS or a
single insertion site in M-MuLV-induced lymphomas in genet-
ically modified animals, including E�Myc mice that do not
express pim-1 and pim-2 (33), p27Kip1 knockout mice (20), or
Cdkn2a knockout mice (29). The fourth CIS identified in
MoFe2-induced lymphomas by the PCR-based approach was
identified as the Rw1 locus on mouse chromosome 1:B, shown
to be clonally interrupted in 2 of 32 tumors examined (Table
1). Little is known about the Rw1 protein, although it is
thought to function in the immune response to virus infection
(46). The Rw1 locus has not previously been reported as a
target of retroviral insertion in lymphomas induced by M-
MuLV or in any other retrovirus model. Of the remaining
insertions isolated by the PCR-based approach, none was iden-
tified as a CIS in MoFe2-induced lymphomas. Two of the
insertion sites, Rin2 and Irs2, have been previously identified as
CISs in other model systems, including E�Myc mice that do
not express pim-1 and pim-2 (33) and the BXH2 and AKXD
models (44). The remaining insertion sites—Traip, Grf2, and
Lamr1—have not previously been reported (Table 1).

Taken together, the studies described above show that the
substitution of FeLV-945 U3 sequences into the M-MuLV
LTR did not alter the target tissue for M-MuLV transforma-
tion (Fig. 1) but significantly altered the pattern of CIS utili-
zation in the induction of T-cell lymphoma. CISs in MoFe2-
induced tumors were identified at six loci, none of which had
been previously reported as CISs in tumors induced by either
parent virus in wild-type animals. Two of the CISs had not
previously been implicated in lymphoma in any retrovirus
model (Table 1). These observations support a growing body of
evidence that the distinctive sequence and/or structure of the
retroviral LTR determines its pattern of insertional activation
(5, 8, 12, 31, 32, 34, 35, 39). It is noteworthy that the CIS
pattern of the recombinant virus, although distinct from either
parent virus, resembled that of SL3-3 MuLV. SL3-3 has been
reported to integrate near c-myc and pim-1 with a frequency
like that of MoFe2 (�10%) and also near Rasgrp1, Rras2, and
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Jundm2 (22, 42). In fact, Rras2 was identified as the most
common target for insertion of SL3-3 in lymphomas induced in
NIH/Swiss mice (22). The transcriptional enhancer element in
the MoFe2 LTR contains a core binding site distinct from
M-MuLV (TGTGGTAAG) but identical to SL3-3 (TGTGGT
TAA) (36, 43). Unlike M-MuLV or SL3-3, the U3 LTR se-
quence of MoFe2 contains the unique 21-bp element tripli-
cated in tandem downstream of the enhancer (43). Recent
studies showed that the 21-bp triplication binds the transcrip-
tion factor c-Myb, which then recruits the coactivator CBP to
the LTR (15). Assembly of this transcription factor complex
may be important for modulating expression of a distinctive set
of target oncogenes. The present findings further demonstrate
the oligoclonal nature of retrovirus-induced lymphomas that
appear by Southern blot analysis to represent clonal expan-
sions. MoFe2-induced lymphomas were apparently clonal, as
evidenced by Southern blot analysis of TCR� gene rearrange-
ment and proviral integration pattern (representative example
in Fig. 2). Nonetheless, ca. 10% of tumors were shown to
contain subdominant populations with insertions at MF8T or
3-19 loci (Fig. 4 and 7), and another tumor contained subdomi-
nant populations with insertions near Jundm2 and Ahi-1 (data
not shown). The presence of subdominant populations in an
apparently clonal tumor have also been reported in Akv, M-
MuLV, and type B leukemogenic virus tumor models (5, 30).
Finally, the studies reported here demonstrate the utility of
novel recombinant retroviruses such as MoFe2 for the identi-
fication of new oncogenes involved in lymphoma. The search
for CISs in the present study was by no means exhaustive;
nonetheless, new CISs were identified whose potential impact
on tumor induction is intriguing.
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