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Evi-2, a common site of viral integration in BXH-2 myeloid lymphomas, is located within a large intron of
the NfI tumor suppressor gene. Viral integration at Evi-2 appears to induce disease by disrupting normal Nf1
expression. During our attempts to characterize the nature of the proviruses located at Evi-2, we found that
approximately half of the proviruses were defective nonecotropic proviruses (A. M. Buchberg, H. G. Bedigian,
N. A. Jenkins, and N. G. Copeland, Mol. Cell. Biol. 10:4658-4666, 1990). This was surprising, since most
proviruses characterized at other BXH-2 common integration sites are full-length ecotropic viruses. In the
studies described here, we found that this defective provirus carries two large deletions, one in pol and one in
env, and is structurally related to another murine retrovirus, the murine AIDS retrovirus. By using oligonu-
cleotide probes specific for this defective provirus, designated MRV, we showed that MRV-related proviruses
are carried as endogenous germ line proviruses in most inbred strains. In addition, we identified the endog-
enous MRYV provirus that gives rise to the defective proviruses identified at Evi-2. We present a model that
accounts for the positive selection of MRV proviruses at Evi-2, which may allow selective identification of

common viral integration sites harboring tumor suppressor genes.

BXH-2 mice have the highest incidence of spontaneous ret-
rovirally induced myeloid leukemia of any known inbred strain
and, as such, represent a valuable model system for identifying
novel myeloid disease genes (3). BXH-2 is a recombinant in-
bred strain derived from a cross between C57BL/6J and C3H/
HeJ mice (5). Although the leukemia incidence in the two
parental strains is low, greater than 95% of BXH-2 mice die of
myelomonocytic leukemia by 1 year of age (3, 22). The high
incidence of myeloid leukemia in BXH-2 mice is causally as-
sociated with the expression of a B-ecotropic murine leukemia
virus (MuLV) that is horizontally transmitted in this strain (4,
26).

Chronic MuL Vs, such as ecotropic viruses, induce disease by
insertional activation or alteration of cellular proto-oncogenes
or by insertional inactivation of tumor suppressor genes (re-
viewed in references 6, 25, 32, 37, and 52). The disease genes
that are affected by viral integration are initially identified as
common viral integration sites in tumor DNAs. One common
viral integration site that has been identified in BXH-2 myeloid
tumors is Evi-2 (ecotropic viral integration site 2) (7). The
Evi-2 locus is located within a large intron of the neurofibro-
matosis type 1 (NfI) gene (35, 53). NfI is a tumor suppres-
sor gene that has been shown to function as a mammalian
GTPase-activating protein (reviewed in reference 19). Proteins
with GTPase-activating activity catalyze the exchange of GDP
for GTP on Ras. Since Ras is active only in the GTP-bound
state, one normal function of the Nfl protein appears to be as
a negative regulator of Ras.

Mutations in the human Nf7 gene produce a variety of clin-
ical features, the most notable of which are hyperpigmented
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patches on the skin (cafe-au-lait spots) and neurofibromas
(19). Neurofibromas are benign polyclonal tumors which are
composed of a variety of cell types, including Schwann cells
and fibroblasts. Patients with neurofibromatosis type 1 are also
at increased risk for developing a variety of frank malignancies.
In addition, juvenile patients with neurofibromatosis type 1
have a greatly increased incidence of myeloid leukemia, includ-
ing juvenile chronic myelogenous leukemia and monosomy 7
syndrome (46). Bone marrow samples from children with neu-
rofibromatosis type 1 who develop malignant myeloid disor-
ders show loss of heterozygosity at the NfI locus, and the NfI
allele that is retained in the tumor is the one inherited from the
parent with neurofibromatosis type 1. The normal NfI allele is
deleted (45). These results strongly suggest that mutations in
the human NfI gene predispose to the development of myeloid
disease.

On the basis of results obtained with human juvenile pa-
tients with neurofibromatosis type 1 it has been speculated that
viral integration at Evi-2 induces myeloid disease by preventing
the production of a functional Nf1 protein. Consistent with this
prediction, about 30% of BXH-2 tumors with viral integrations
at Evi-2 have viral integrations in both NfI alleles (7, 32). This
pattern of biallelic integration would be expected for a tumor
suppressor gene in which both alleles must be mutated for
tumor formation to occur. For tumor suppressor genes with
only one viral integration, it is possible that the second allele is
mutated by a spontaneous nonviral event such as a small de-
letion or point mutation.

Characterization of a large number of proviruses located at
Evi-2 produced an unexpected result (7). Approximately half
of the proviruses (6 of 14) appeared to represent a deleted
provirus that is about 5.3 kb long. The deletion included at
least part of the env gene in addition to other, undetermined
viral sequences. This result was surprising since proviruses
located at other common viral integration sites in BXH-2 my-
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eloid tumors are primarily full-length ecotropic proviruses,
which is consistent with the postulated causative role of eco-
tropic viruses in BXH-2 disease. It appears, therefore, that
there is something special about the Evi-2 common integration
site that selects for the presence of this defective provirus. In
the studies described here, we cloned and characterized one of
these defective proviruses. We also generated oligonucleotide
probes specific for this defective provirus and used them to
examine the origin of this defective provirus. The results of
these studies indicate that this defective provirus is carried in
the BXH-2 germ line as a single-copy endogenous provirus and
is presumably transmitted to tumor cells following rescue by an
ecotropic virus helper. Interestingly, sequence analysis has in-
dicated that this defective provirus is closely related to the
murine AIDS (MAIDS) virus (2, 11). Inoculation of mice with
the MAIDS virus induces an immunodeficiency disease with
striking similarities to human AIDS.

MATERIALS AND METHODS

Preparation and analysis of genomic DNA. High-molecular-weight genomic
DNA was prepared and analyzed by Southern blotting. Evi-2-specific probe D (7)
and an MuLV U3 long terminal repeat (LTR)-specific probe (40) were labeled
by random priming with the Prime It kit (Stratagene). For “unblot analysis”
(hybridization to dried gels), the procedure of Tsao et al. (50) was followed with
minor modifications. Briefly, 10 g of restriction endonuclease-digested DNA
was separated on a 0.8% agarose gel, dried under vacuum for 1.5 h at 50°C, and
hybridized for 6 h at 65°C (Apol) or 55°C (Aenv) in 6X SSCP (1X SSCP is 87.7
g of NaCl, 44.1 g of sodium citrate, and 0.0375 g of citric acid in 500 ml)-5X
Denhardt’s solution-1% bovine serum albumin-0.5% sodium dodecyl sulfate
(SDS)-0.05% sodium phosphate-10 mg of denatured salmon sperm DNA per
ml. Oligonucleotide probes (Aenv and Apol) were labeled with [y->>P]JATP by
using polynucleotide kinase (New England Biolabs). Washes were done at high
stringency (1X SSCP) for 15 min or at lower stringency (5%, 3X, or 2X SSCP).
Probes were stripped from the dried gels by alkali denaturation for reuse (41).
Southern blots (or dried gels) were subjected to autoradiography with Kodak
XAR-5 film and two intensifying screens (Dupont). Autoradiography was done
at —70°C for 1 to 10 days.

Construction and screening of subgenomic, size-selected A libraries. BXH-2
spleen DNA from animal 82-60 was digested with EcoRI and electrophoresed
through a 0.8% agarose gel. Fractions of DNA in the 14-kb size range were
purified as follows. Agarose slices were homogenized and incubated with 200 .l
of phenol and subsequently incubated in a dry-ice—ethanol bath for 12 min. The
tubes were spun at 4°C in an Eppendorf microcentrifuge for 15 min, and the
aqueous phase was removed. A 200-ul volume of TE (10 mM Tris-Cl [pH 8.0], 1
mM EDTA [pH 8.0]) was added to each phenol-agarose mixture and vortexed
prior to another 15 min of spinning at 4°C. The two aqueous phases from each
gel slice were pooled and subjected to phenol extraction and two chloroform
extractions. Sodium acetate was then added to a final concentration of 300 mM
before ethanol precipitation. The pellets were dried in a vacuum centrifuge and
resuspended in TE. The fractions were subjected to Southern blot analysis with
Evi-2-specific probe D (7) and the U3 LTR probe. The fraction most enriched for
the defective Evi-2 provirus was ligated to N DASH EcoRI arms and packaged
with Gigapack Gold Plus as recommended by the manufacturer (Stratagene).
Approximately 8.4 X 10° recombinant phage were screened (41) with probe D,
the U3 LTR probe, and an ecotropic virus-specific env probe (9). Of 49 clones,
1 that hybridized to probe D and the U3 LTR probe but not to the envelope
probe was selected and purified for further analysis.

Germ line MrvI was cloned from BXH-2 cell line B114 (32). High-molecular-
weight DNA from B114 was digested with EcoRI and electrophoresed through
a 0.8% low-melting-point agarose gel. Fractions of DNA in the 10-kb size range
were purified as previously described (47). The fraction containing the MrvI
provirus was ligated to A DASH EcoRI arms and packaged with Gigapack Gold
Plus as recommended by the manufacturer (Stratagene). Approximately 8.4 X
10° recombinant phage were screened with a 42-bp PCR-generated probe spe-
cific for the Mrvl envelope deletion. Briefly, the 42-bp probe, which contains
exactly 21 bp from the 5’ and 3’ sides of the MrvI envelope deletion, was
generated from pAMLYV, a plasmid subclone containing the defective Evi-2
provirus (see Results). This fragment was gel purified and used as a template for
the production of a discrete high-specific-activity DNA probe by PCR by a
modification of the method of Schowalter and Summer (43). Of 10 positive
clones, 1 was plaque purified and subcloned into plasmid KS(+) (Stratagene).
This clone was designated pMrvI.

DNA sequencing. The pAMLYV plasmid subclones were sequenced in accor-
dance with the double-stranded dideoxy-chain termination method (42) by using
the Sequenase version 2.0 and Taquence kits (United States Biochemical Cor-
poration). The complete nucleotide sequence of both DNA strands was deter-
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mined. The pMrvI plasmid subclone was sequenced with the PRISM ready-
reaction dyedeoxy terminator cycle sequencing kit (Perkin Elmer). The
sequencing reactions were run on a 373A automated sequencing apparatus in
accordance with the manufacturer’s (Applied Biosystems) protocol. The com-
plete nucleotide sequence of both DNA strands from both pAMLV and germ
line pMrvl was determined.

Oligonucleotide synthesis. All sequencing primers and oligonucleotide probes
were synthesized on an Applied Biosystems 380B DNA synthesizer. The Apol
probe is a 39-mer (GGGAGGTCAGGGTCAGAAGTCCTCCATGATTGCC
TCGAG), the Aenv probe is a 26-mer (GTCTTCAATGTTACAAGGGTGG
TTTG), and the U3 LTR probe is a 22mer (ATTAACAGTTACAAATCA
AGGC). The primers used to generate the 42-bp MrvI envelope deletion-specific
PCR probe were CCTCACCAGGTCTT and ACAGTCTCTCAAACC. Se-
quences are shown in the 5'-to-3’ orientation.

Computer-assisted sequence analysis. Nucleotide and protein sequence anal-
ysis was performed on a VAX 8600 with the Genetics Computer Group software
package (14). All available databases were searched for related sequences. Se-
quence comparisons and alignments were done with the programs GAP, Pileup,
and Prettyplot.

RESULTS

Cloning and sequence analysis of a defective provirus from
the Evi-2 locus. As a first step in characterizing the defective
provirus identified at Evi-2, we cloned one of these proviruses
from BXH-2 tumor 82-60 (7). Briefly, tumor DNA was di-
gested with EcoRI, an enzyme that does not cleave the defec-
tive provirus, and a 13.7-kb fragment containing the provirus
and 5’ and 3’ Evi-2-flanking DNA was cloned in A\ DASH.
Positive N clones were recognized by virtue of their hybridiza-
tion to a genomic Evi-2 probe and to an ecotropic MuLV LTR
probe and by their failure to hybridize with an ecotropic MuLV
env probe (data not shown). The 13.7-kb fragment was then
subcloned into the EcoRI site of pBluescript II KS+. This
subclone was designated pAMLV. Finally, the pAMLYV sub-
clone was cleaved with PstI, an enzyme that cleaves the defec-
tive provirus once in each proviral LTR, and a 5.2-kb virus-
containing fragment was cloned into the PsI site of pBluescript
II KS+. This subclone was designated pASC. Subclones
pAMLV and pASC were then sequenced by the double-
stranded dideoxy-chain termination method (42). The com-
plete nucleotide sequence of both strands of the provirus was
determined (Fig. 1).

Nucleotide sequence comparisons indicate that the defective
virus is 4,765 bp long and has suffered two large deletions
relative to wild-type MuLV (20). One of the deletions is in pol,
and the other is in env (Fig. 2). The pol deletion is 1,812 bp
long and includes the 5" half of pol. The env deletion is 1,567
bp long and includes the 3’ end of gp70 and the 5’ end of p15E.
Both deleted regions are flanked by direct repeats in the wild-
type virus and are present only once at the site of the deletion
in the defective viral genome (Fig. 1). Similar deletions are
carried by another defective virus, the MAIDS virus (2, 11).
The MAIDS virus also demonstrates high sequence homology
throughout the gag, pol, and env genes with the defective Evi-2
provirus (data not shown), and both viruses encode a complete
gag open reading frame (Fig. 3). Because of the relatedness of
these two viruses, we designated the defective Evi-2 virus the
MAIDS virus-related virus (MRV).

Many features of MRV, however, distinguish it from the
MAIDS virus. The MAIDS virus has suffered a number of
small deletions in pol and env that are not present in MRV
(Fig. 2). The restriction maps of MRV and the MAIDS virus
are also relatively divergent (Fig. 2), as are the C-terminal
p15%8 and p12%“® coding regions (Fig. 3). Finally, nucleotide
sequence comparisons show that the MRV LTR is xenotropic
virus related (36) while the MAIDS virus LTR is ecotropic
virus related (data not shown).

Inbred mouse strains carry endogenous MRV-related loci.
To determine if inbred mouse strains carry endogenous MRV-
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FIG. 1. Nucleotide sequence of the cloned defective Evi-2 provirus. The LTR (U3, R, and US), leader, and structural gene boundaries are indicated by arrows.
Potential gag products are also delineated with arrows. Underlined sequences indicate the regions where the two large deletions occurred. Underlined sequences are
present in wild-type virus as direct repeats and flank the deleted region. Numbers to the left and right indicate the positions of the adjacent nucleotides.



VoL. 69, 1995

] env LTR

I gag | pol
W pol I
v

MAIDS Virus R J=—{  gag [ pol env R[]

¥
gag I pol [env
Jl T T T P
P [EX K B| Bs/smN EB XhA|NSmA| X| | Pv | [BBSNPSE K
Sm B E Sm

B KBs Pv A

FIG. 2. MRV and the MAIDS virus encode large deletions in pol and env. A
comparison of the proviral structures of the MAIDS B-ecotropic helper virus
(BMS5; 11), MRV, and the MAIDS virus (BM5d; 11) is shown at the top. The
lines between the viruses represent the approximate regions deleted. Only rela-
tively large deletions are shown; very small deletions have not been included. An
MRV restriction map for enzymes that have been used to characterize the
MAIDS virus is shown at the bottom. Restriction enzyme abbreviations: A, Accl;
B, BgllI; Bs, BstEIlL; E, EcoRV; K, Kpnl; N, Ncol; P, PstI; Pv, Pvull; S, Sacl; Sm,
Smal; X, Xbal; and Xh, Xhol. Restriction sites located on the bottom line are not
present in the MAIDS virus. The two arrows above the virus represent the
deletion breakpoints.

related proviruses that may be the source of the defective
provirus identified at Evi-2, we created synthetic oligonucleo-
tide probes that symmetrically spanned the two MRV deletion
breakpoints and specifically recognized the defective provirus
at Evi-2. The pol probe (Apol) was 39 bp long and contained
three nucleotide mismatches that were introduced into the
probe to prevent nonspecific hybridization caused by the high
G - C content of the pol direct repeat. The env probe (Aenv)
was 26 bp long and contained no nucleotide mismatches. Each
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Mv [LTALIESVL[IJTHOPTWDDCOOLLGTLLTGEEKORVLLEARKAVRGNDGRP| 299
Maids |LTALIESVLTTHOPTWODCOOLLGTLLTGEEKORVLLEARKAVRGNDGREP| 295
Eco [TOLPNEVNSAFPLERPDWDYTTPEGRNHLVLYRGLLLAGLONAGRSPTNL] 35
My ITQLPNEVNAJAFPLERPDWDYTTJEGRNHLVLYROQLLLAGLONAGRSPTNL| 349
Maids [TOLPNEVNSAFPLERPDWOYTTPEGRNHLVLYROLLLAGLONAGRSPINL| 34
Eco AKVKGITOGPNESPSAFLERLKEAYRRYTPYDPEDPGOETNVSHSFIWOG| 400
Mv AKVKGITOQGPNESPSAFLERLKEAYRRYTPYDPEDPGOETNVSMSFIWOQS| 399
Maids |AKVKGITOGP[SESPSAFLERLKEAYRRYTPYDPEDPGOETNVSMSF IWQS| 305
Eco [APATGRKLERLEDLKSKTILGDLVREAEKIFNKRETPEEREERIRRETEEK] 450
Mv APDIGRKLERLEDLKSKTLGDLVREAEKIFNKRETPEEREERIRRE TEEK 443
Maids [APDIGRKLERLEDLKSKTLGDLVREAEKIFNKRETPEEREERIRRE TEEK| 445
p30 <> p10
Eco [EERRRAIGJDEQREKERDRRRIQREMSKLLATVVIGORODROGGERRRPOLDK| 500
My EERRRAEDEOQOREKERDRRRHREMSKLLATVVIGORQDRQGGERRRPOQOLDK| 499
Maids |EERRRAEDEOREKERDRRRHREMSKFILATVVIGORODROGGERRRPOLDK| 495
P10«
Eco DOCAYCKEKGHHAKDCPKKPRGPRGPRPOTSLL TLIOD 537
Mv [DOCAYCKEKGHWAKDCPKKPRGPRGPRPOTSLLTLGD 536
Maids [DQCAYCKEKGHHAKDCPKKPRGPRGPRPOTSLLTLGD 532

FIG. 3. Amino acid sequence comparisons of the gag genes of the B-eco-
tropic MAIDS helper virus (Eco), the MAIDS virus (Maids), and MRV (Mrv).
The Genetics Computer Group programs Pileup and Prettyplot were used for
alignment and identity, respectively. Boxed amino acids indicate regions of iden-
tity or conservation between MRV and either the MAIDS virus or the MAIDS
B-ecotropic helper virus, while dashes are used for optimal alignment. The
proteolytic products of gag, including p15, p12, p30, and p10, are delineated with
arrows. Numbers to the right indicate the positions of the adjacent amino acids.
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FIG. 4. Inbred mouse strains carry endogenous MRV-related loci. Inbred
strain DNAs were digested with EcoRI and electrophoresed through 0.8% aga-
rose gels. The gels were dried and hybridized with the Aenv probe (top) and then
stripped and rehybridized with the Apol probe (bottom). Numbers to the right
are molecular size markers expressed in kilobases. Note that the weaker hybrid-
izing env mutant fragments were not detected under more stringent hybridization
and wash conditions (data not shown) and therefore appear to represent cross-
hybridization to a more divergent set of proviruses.

probe was then hybridized to unblots (see Materials and Meth-
ods) containing EcoRI-digested DNAs from 33 inbred mouse
strains and substrains (Fig. 4). If both probes recognized the
same-size restriction fragment, this was taken as preliminary
evidence that a single provirus carries both deletions (env and
pol).

Strains AKR/J, BUB/BnJ, HRS/J-hr/hr, RF/J, SEC/1Rel,
SJL/J, and ST/bJ and Mus spretus did not carry endogenous
viral loci that hybridized with either the Apol or Aenv probe,
whereas 25 strains carried at least one endogenous viral locus
that hybridized with one of the two probes (Fig. 4). HRS/J-
+/+ mice carry an endogenous MRV-related provirus that is
not carried by HRS/J-hr/hr mice (Fig. 4). This provirus appears
to represent a Y-linked provirus that is carried on many inbred
strain Y chromosomes (see below). Only 8 of the 25 strains,
AU/SsJ, CBA/Cal, C57BL/KsJ, C57BL/6J, C58/J, I/Lnl, LT/
Sv, and NZB/B1N]J, appeared to carry a provirus with deletions
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FIG. 5. Unblot analysis of MRV-related proviruses carried by male and fe-
male C57BL/6J, C3H/HelJ, and DBA/2J mice. DNAs were digested with EcoRI
and hybridized with the Aenv probe (top). A similar blot was also hybridized with
the Apol probe (bottom).

in both pol and env (Fig. 4). Finally, the proviruses seem to be
located at many different sites within inbred-strain DNAs (as
judged by the sizes of hybridizing MRV-related EcoRI restric-
tion fragments) and their copy number is low. These results
suggest that these endogenous loci were recently acquired in
the mouse germ line and are relatively mobile in mouse chro-
mosomes. This finding was surprising since these proviruses are
replication defective because of the deletions in pol and env (18).

We were particularly interested in characterizing the Mrv-
related loci carried by C57BL/6]J and C3H/HeJ mice since
these are the two progenitors of the BXH RI strains. Hybrid-
ization of EcoRI-digested male and female C57BL/6J and
C3H/HeJ DNAs with the Aenv and Apol probes identified five
MAIDS-related proviruses (Fig. 5). One provirus, identified as
a 10.0-kb env mutant fragment, was identified only in male
DNA (Fig. 5). This provirus therefore appears to be located on
the Y chromosome. A 10.0-kb pol mutant fragment was also
identified when a similar blot was hybridized with the Apol
probe; however, the 10.0-kb pol mutant fragment was present
in both male and female DNAs (Fig. 5). The hybridization
intensities of the male and female 10.0-kb pol mutant frag-
ments appeared to be equal when corrected for DNA loading
(data not shown). These results suggest that there are actually
two 10.0-kb proviruses; one provirus is an env mutant and is
carried on the Y chromosome, while the other provirus is a pol
mutant and is presumably carried on an autosome. Finally,
C57BL/6J mice carry an 8.5-kb env pol mutant provirus that is
not carried by C3H/HeJ mice, while C3H/HeJ mice carry a
16.5-kb env mutant provirus and a 10.4-kb pol mutant provirus
not carried by C57BL/6J mice.

Chromosomal mapping of C57BL/6J and C3H/HeJ MRYV-
related loci. The C57BL/6J and C3H/HeJ MRV-related loci

J. VIROL.
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FIG. 6. Segregation of Mrv loci in BXH RI strains. Genomic DNAs from 12
BXH RI strains were digested with EcoRI and subjected to unblot analysis with
the Aenv (top) and Apol (bottom) probes. Lane numbers correspond to BXH RI
strain numbers.

were initially mapped by recombinant inbred (RI) analysis with
the BXH RI strains. The 8.5-kb C57BL/6J-specific env pol
mutant provirus was mapped to chromosome 4 with both the
Aenv and Apol probes (Fig. 6 to 8 and Table 1) and was
designated Mrvl (MAIDS-related viral locus 1). Likewise, the
16.5-kb C3H/HelJ env mutant provirus was mapped to chromo-
some 2 (Mrv2) and the 10.4-kb C3H/Hel pol mutant provirus
was mapped to chromosome 18 (Mrv3). The 10.0-kb pol mu-
tant provirus could not be mapped in the BXH RI strains since
it is carried by both C3H/HeJ and C57BL/6J mice.

The 10.0-kb pol mutant provirus was mapped by using the
BXD (C57BL/6J X DBA/2J) Rl strains (Fig. 7 and 8 and Table
2). DBA/2J mice carry a single 10.4-kb pol mutant provirus
(Mrv3; Fig. 5), which is separable from the 10.0 kb pol mutant
provirus (designated Mrv4) and 8.5-kb env pol mutant (Mrv1)
proviruses carried by C57BL/6J mice (Fig. 8). The 10.0-kb pol
mutant provirus mapped to chromosome 5 (Table 2 and Fig.
7). In addition, the map locations of Mrvi and Mrv3, deter-
mined in the BXD RI strains, were consistent with their map
locations determined in the BXH RI strains (Table 2 and Fig.
7).

Three of the four Mrv loci cosegregated with already
mapped endogenous proviruses (Fig. 7), raising the possibility
that they represent previously identified viral loci. The xeno-
tropic MuLV (Xmv) and modified polytropic MuLV (Mpmv)
proviruses were mapped with probes from the env region (16,
17). Mrv3 and Mrv4 do not react with the Aenv probe and may
contain an intact env gene. Mrv3 and Mrv4 are also carried by
the same inbred mouse strains as Xmv29 and XmvI7, respec-
tively (16). It is possible, therefore, that Mrv3 and Mrv4 rep-
resent already mapped proviruses. The probe used to map
Xmmy23 shows 91.4% identity to MRV over a 200-bp over-
lapping region (data not shown). However, Mrv! is unlikely to
represent Xmmy23, as C57BL6/J mice carry Mrvl but lack
Xmmy23 (13).
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FIG. 8. Segregation of Mrv loci in BXD RI strains. Genomic DNAs from 26

FIG. 7. Chromosomal locations of Mrv loci. Partial chromosome linkage
maps showing the approximate map locations of MrvI to Mrv4. Map locations
were determined with RI Manager v2.5.2 (34), from the data reported in Tables
1 and 2, by using the linkage statistics developed by Silver (48). Mean interlocus
distances in centrimorgans (= the standard errors) are shown to the left of each
chromosome map.

Origin of the Y chromosome-linked Mrv-related provirus.
The Y chromosome-linked Mrv-related provirus, designated
M5 (Fig. 5), appears to be widely distributed among inbred-
strain Y chromosomes. Analysis of male and female DNAs
from 29 inbred mouse strains identified only 5 strains that did
not carry Mrv5 (Table 3). Inbred mouse strains are derived
from a minimum of six male mice belonging to two distinct
subspecies, M. musculus and M. domesticus (51). Interestingly,
all strains carrying Mrv5 have previously been shown to trans-
mit an M. musculus Y chromosome while four of the five
strains that lack Mrv5 transmit an M. domesticus Y chromo-
some (51). These results suggest that Mrv5 was introduced into
inbred strains by one or more M. musculus male mice. The
single exceptional strain is C57BL/10J (Table 3). These mice
carry an M. musculus Y chromosome, yet they do not transmit
Mrv5. This was surprising since all C57BL substrains, as well as
C57L and C57BR, were derived from the mating of female 57
with male 52 from Miss Abbie Lathrop’s stock and C57BL/6J,
C57L/], and C57BR/cd] mice transmit Mrv5 (Table 3). It is
therefore likely that C57BL/10J mice originally carried M5

BXD RI strains were digested with EcoRI and subjected to unblot analysis with
the Apol probe. Lane numbers correspond to BXD RI strain numbers.

but it was lost during subsequent substrain propagation, pos-
sibly by homologous recombination across the LTRs.

Cloning and sequence analysis of Mrv1. All of the defective
proviruses characterized at Evi-2 have been found to hybridize
with both the Apol and Aenv probes, indicating that they are all
derived from a common env pol mutant progenitor (12b). Since
Ml is the only BXH-2 endogenous Mrv locus that carries
both env and pol deletions, this result suggests that the defec-
tive proviruses characterized at Evi-2 are, at least in part,
derived from Mrv1. To determine if this is the case, we cloned
and sequenced Mrvl (see Materials and Methods). As pre-
dicted, the defective Evi-2 proviruses are derived from MrvI as
the sequences of MrvI and the defective Evi-2 provirus are
identical except for a C-to-T change at position 559 in the MrvI
sequence (Fig. 1).

Retroviral replication is error prone (15). The sequence
identity between MrvI and the defective Evi-2 provirus, shown
here, suggests that few replication cycles separate the two
proviruses. This sequence similarity also suggests that the Mrv1
virus is not vertically transmitted in the BXH-2 strain, in con-
trast to the B-ecotropic virus, since this should rapidly lead to
sequence divergence between the two proviruses.

Transmission of the Mrvi-encoded virus to myeloid tumor
cells likely involves rescue of Mrvl by a B-ecotropic virus,

TABLE 1. Strain distribution pattern of C57BL/6J and C3H/HeJ MRV-related loci?

Origin of locus in BXH RI strain:

Strain of Provirus
Locus Chromosome . .
origin mutation(s) 2 3 4 5 6 7 8 9 10 1 12 14 19
Ml 4 B eny pol B B H B H H B H H H B B H
Mrv2 2 H env B B B H B B H B H B H H B
Mrv3 18 H pol B H H H B B H B H B B B H

“B, C57BL/6J; H, C3H/Hel.
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TABLE 2. Strain distribution pattern of C57BL/6]J and DBA/25J] MRV-related loci®

Strain of Provirus Origin of locus in BXD RI strain:
Locus  Chromosome . .

origin mutation(s) 1 5 s 6 8 9 11 12 13 14 15 16 18 19 20 21 22 23 24 25 27 28 29 30 31 32
Ml 4 B enwpol D B B B D BBDDDDBDIBBDBDBDBDBD BD
Mrv3 18 D pol BDBDBDBDBBDDDBDBDDDBBBIBBDD
M4 5 B pol DDDBBBDDIBBBDBDDBBIBBBDDIBBDD

@ B, C57BL/6J; D, DBA/2J.

which is predicted to occur only rarely. Since the MrvI-en-
coded virus does not appear to be vertically transmitted in the
BXH-2 strain, MrvI rescue likely occurs de novo in each ani-
mal harboring somatic MrvIs. This may explain why only 12%
of BXH-2 tumors harbor somatic MrvIs (12a). It may also
explain why the few BXH-2 tumors that carry somatic Mrvi
proviruses often harbor multiple somatic Mrvl proviruses,
since virus rescue, and not virus replication, may be the rate-
limiting step in the formation of tumors with somatic MrvIs
(12a). If this hypothesis is correct, why have no other Mrv-
related proviruses or proviruses derived from other defective
endogenous proviral families (1, 19, 38) been identified at
Evi-2? While a number of explanations are possible, one likely
explanation is that Mrvl is expressed in a cell type that is
susceptible to infection by the B-ecotropic virus helper.

DISCUSSION

Approximately half of the proviruses characterized at Evi-2
represent defective nonecotropic proviruses (7). This was sur-
prising since most proviruses located at other BXH-2 common
viral integration sites represent full-length ecotropic MuLVs.
To more fully characterize this defective provirus, we cloned
and sequenced one of the defective proviruses from BXH-2
tumor DNA. Sequence analysis indicated that the defective
provirus carries two large deletions, a 1.8-kb deletion in pol
and a 1.6-kb deletion in env. Similar deletions have been iden-
tified in another murine retrovirus, the MAIDS virus (2, 11).
Because of the structural similarity between these two viruses,
we designated the defective Evi-2 virus MRV.

Unblot analysis with oligonucleotide probes that span the
MRV env and pol deletions showed that most (25 of 33) inbred
mouse strains carry endogenous MRV-related proviruses.
However, most of these MRV-related proviruses have a dele-
tion in only env or pol; only 8 of 33 strains tested carried
proviruses with both deletions.

Unblot analysis of BXH-2 DNA showed that BXH-2 mice
carry three endogenous MRV-related proviruses. One provi-
rus, Mrv5, maps to the Y chromosome and is carried by most
inbred-strain Y chromosomes that are of M. musculus origin.
The other two BXH-2 MRV-related proviruses, Mrv! and
Mrv4, are autosomal. Only one of the BXH-2 MRV-related
proviruses, Mrv1, carries both the env and pol deletions, sug-
gesting that the defective Evi-2 provirus is derived from Mrvi.
Sequence analysis of MrvI is consistent with this prediction, as
the sequences of Mrvl and the defective Evi-2 provirus are
nearly identical. The MAIDS virus must also have originated,
in part, from Mrvi. The original source of the MAIDS virus
was the Duplan-Laterjet strain of radiation leukemia virus,
derived from a nonthymic lymphoma arising in an X-irradiated
C57BL/6 mouse (33). C57BL/6J mice, like BXH-2 mice, trans-
mit a single env pol mutant provirus, namely, Mrv1.

Despite the similarities we observed between MRV (MrvI)
and the MAIDS virus, the MAIDS virus has a number of
distinguishing differences from MRYV. These differences in-

clude a number of point mutations and small deletions not
found in MRV. The MAIDS virus also carries unique se-
quences within the C-terminal end of p15%¢ and p125“%, as well
as an ecotropic LTR rather than the xenotropic LTR found in
MRV. These differences most likely reflect the fact that the
MAIDS virus is a recombinant virus derived from MrvI and at
least two other viruses. One virus appears to represent the
MAIDS ecotropic virus helper, which is the probable donor of
the MAIDS virus LTR. A second virus, which is carried as an
endogenous virus in the mouse genome (8, 30), is thought to
have donated the unique MAIDS virus gag sequences.

C57BL/6J mice infected with the MAIDS virus develop a
syndrome that has many features in common with human
AIDS, including early polyclonal proliferation of T and B cells,
hypergammaglobulinemia, enhanced expression of gamma in-
terferon, and development of B- and T-cell lymphomas (10, 12,
23, 28, 31, 49). The pathogenic determinants of the MAIDS
virus map to the p15%*¢ and p12%“¢ regions (29, 39). MAIDS
virus gag is expressed as a 60-kDa (Pr60%“%) polyprotein that is
phosphorylated and myristylated but, in contrast to other viral
gag polyproteins, is not processed efficiently and is membrane
associated (21, 22). It has been suggested that this membrane-
bound Pr60*“¢ stimulates B- and T-cell proliferation by acting
as a superantigen for Vb5 and Vbll T cells (24, 27, 44).
However, recent studies by Huang and Jolicoeur (22) showing
that a myristylation-negative mutant of the MAIDS virus is
unable to induce expansion of infected cells and is nonpatho-
genic suggest that MAIDS virus Pr60**® does not function as a
superantigen. Instead, MAIDS virus Pr60°*® may induce pro-
liferation of infected cells by interacting with other membrane-
bound effectors, which could lead to the secretion of some
factor(s) detrimental to the immune system or stop the secre-
tion of some factor(s) essential for normal functioning of the
immune system.

The fact that MRV does not carry the unique p12%“¢ and
p15%78 sequences found in the MAIDS virus is consistent with
the hypothesis that MRV induces disease by a different mech-
anism, namely, insertional mutagenesis. While a number of
models can be envisioned to explain the selection of somatic
MRV proviruses at Evi-2, one model we are currently investi-

TABLE 3. Mrv5 is carried on an M. musculus Y chromosome

Y chromosome

Mrv5 Inbred strain(s) origin

+ A/HelJ, AU/SsJ, BALB/cByJ, BDP/J,
C3H/HelJ, CSTBL/6J, CS7TBR/cdJ,
C57L/J, C58/3, CBA/Cal, CBA/J,
CE/J, DA/HuSn, DBA/1J, DBA/
23, FS/Ei, HRS/J, I/LnJ, LP/J,
NZB/BINJ, P/J, RIIIS/J, SEA/
GnJ, SEC/1ReJ

- AKR/J, MA/MyJ, PL/J, RF/J

- C57BL/10J

M. musculus

M. domesticus
M. musculus
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gating assumes that this selection stems from the fact that Evi-2
encodes a tumor suppressor gene (NfI) rather than a domi-
nantly acting oncogene. For a tumor suppressor gene to be
oncogenic, both alleles must be inactivated. This is a different
situation from that of a dominantly acting oncogene, in which
only one allele needs to be altered for tumor formation to
occur. Inactivation of both NfI alleles could occur by two
independent viral integrations; however, if the first integration
involved a nondefective ecotropic virus, viral interference
could be established, preventing a second round of viral infec-
tion and integration. Consistent with this hypothesis, we have
identified a number of primary BXH-2 tumors and cell lines
with integrations in both Evi-2 alleles, and in each case, an
ecotropic virus is integrated in one allele and an MRV is
integrated in the second allele (7, 32). In a related model,
MRYV proviruses may be better able to affect normal transcrip-
tion when integrated into the coding region of a tumor sup-
pressor gene than are full-length ecotropic proviruses. If either
or both of these alternative models prove correct, it may be
possible to use the MRV-specific probes described here to
identify other common viral integration sites that harbor tumor
suppressor genes.
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