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Fv-4 is a mouse gene which controls susceptibility to infection by ecotropic murine leukemia virus (MuLV).
We previously cloned part of an endogenous MuLV associated with the resistance allele of the Fv-4 gene (Fv-4").
In this report, we describe an extended clone of the Fv-4" allele consisting of a 17-kilobase DNA fragment
containing the retroviral sequence and its 5'-flanking sequence. The new DNA clone contains a truncated
MuLYV with Apol-env-long terminal repeat sequences but no other MuL V-reactive sequence within 13 kilobases
upstream of the truncated MuLV. Transfection of this clone into mouse cells led to transcription of Fv-4 env
mRNA, expression of the Fv-4"-specific MuLV envelope protein, and resistance to infection with ecotropic
MuLV but not amphotropic and dualtropic MuLVs. Restriction of ecotropic viruses appears to occur at or
before viral cDNA synthesis. This result is consistent with a model of receptor interference for Fv-4 restriction.
Our data also suggest that the 5’ non-MuLV sequence is important for biological function, since a DNA clone
which lacks most of the 5’'-flanking sequence did nnt efficiently confer the resistance phenotype.

There are many copies of murine leukemia virus (MuLV)-
related sequences in the mouse genome (8, 48). These
sequences were probably generated by MuLV infection of
germ cells or early embryonic cells. Endogenous MuL Vs
may affect biological functions of host animals in several
ways. Insertional mutations by MuL Vs have been found as
heritable mutations at several loci (9, 13, 25, 46, 49). Expres-
sion of infectious viruses derived from endogenous proviral
loci and amplification of the viruses or their recombinant
progeny are key events in spontaneous viral leukemogenesis
(52). Viral leukemogenesis appears to be modified by expres-
sion of endogenous retroviral proteins. For example, alleles
at Fv<4 (27, 50) and Rmcf (3, 16, 43) are associated with
expression of MuLV envelope (env) glycoproteins and re-
sistance to retroviral leukemogenesis. It is also known that
in chickens a few avian endogenous retrovirus loci have
similar resistance effects (2, 17, 40).

Mouse gene Fv-<4 (27, 50) and an apparently identical gene,
Akvr-1 (10, 11, 34), are located on chromosome 12 (24, 36).
Fv-4 controls susceptibility to retrovirus infection and there-
fore to virus-induced tumors. The resistance allele at the
Fv4 locus (Fv4") is dominant over the susceptibility allele
(Fv<4°) (50). Two phenomena are associated with the Fv-<4"
allele: constitutive expression in a variety of cells of a unique
MuLV env-related antigen (22, 23, 54) and inheritance of a
MuLV env sequence (21, 30). These markers were found in
three of three Fv-4" congenic mouse strains (21; H. Ikeda;
unpublished data) which were established from independent
wild or laboratory Fv<4" mice. On the basis of clear genetic
concordance of these markers with Fv<4", we have proposed
a receptor interference model for Fv<4 restriction (22, 23).
Virus interference refers to the phenomenon in which cells
chronically infected with one virus are resistant to superin-
fection with other viruses bearing the same virus envelope
specificity. Interference is probably due to blockage of the
virus receptors by the envelope glycoprotein of the initially
infecting virus.
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We have pieviously cloned a 5.2-kilobase (kb) DNA
fragment which contains an Fv-4"-associated, MuL V-related
sequence (21). The cloned DNA consists of the 3’ half of an
ordinary endogenous MuLV, including the 3’ portion of the
pol region, the entire env gene, and the 3’ long terminal
repeat (LTR). Sequence analysis indicated that Fv<4 env is
distinct from but most related to the env gene of exogenous
ecotropic MuLV isolates and of the AKV virus, which is the
only strain of endogenous ecotropic MuLV found in labora-
tory mice (8). Fv<4 env is probably related to endogenous
MuLVs carried by wild mice (6, 7, 31), which is consistent
with the finding that many wild mice of Japan, Southeast
Asia, and North America have an Fv4'-like resistance
gene(s) (11, 35, 36, 51). 5’ of the pol sequence in the 5.2-kb
DNA clone was about 250 base pairs of a non-MuLV
sequence, suggesting that the Fv-4" provirus is truncated.

This report describes another genomic DNA clone con-
taining the Fv-<4"-associated, MuLV-like structure and its
5’-flanking region. We tested the biological activity of this
cloned DNA by transfection. The results showed that this
DNA, although lacking a 5’ LTR, induces efficient expres-
sion of the Fv-¢-specific env protein and makes transfected
Fv<4 env* cells resistant specifically to ecotropic MuLVs.
These functional activities suggest that the Fv4" gene is a
combination of the non-MuLV sequence and the truncated
MuLV.

MATERIALS AND METHODS

DNA cloning frowi a genomic library. A DNA library was
prepared by ligation of BamHI arms of bacteriophage A J1,
provided by J. Mullins (Harvard University), and 10- to
20-kb fragments of partially Mbol-digested DNA from livers
of BALB/c Fv<4w" mice (36). The library was screened with
a 32P-labeled Fv<4 env-specific probe pFvdenv (21). One
clone (A Fv4-17) was isolated from approximately 3 X 10°
recombinant phage. The insert of A Fv4-17 was 17 kb long
and contained the Fv-4-associated MuLV structure and its
5'-flanking sequence.

Plasmids. pFv4 is a plasmid with a 5.2-kb EcoRI insert
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containing the Fv-4"-associated MuLV (21) (see Fig. 1).
pcDFvdeny is a pcDX-derived vector (38) in which the Fv4
env region was inserted between the simian virus 40 (SV40)
early promoter and the SV40 polyadenylation signal (see
Fig. 3). pcDFvd4env was constructed by ligation of the
following three DNA fragments: (i) a 240-base-pair fragment
containing the SV40 promoter and splice donor and acceptor
sites which was isolated from a 1.3-kb Ps¢I fragment from
pcDX DNA which was blunt ended with Escherichia coli
DNA polymerase I and then restricted with HindIII; (ii) a
2.4-kb Accl-Kpnl fragment containing the Fv-4 env region
from pFv4, the ends of which were blunt ended with E. coli
DNA polymerase I; and (iii) a 2.6-kb fragment containing the
SV40 polyadenylation signal and a plasmid sequence iso-
lated from a 3.0-kb BamHI fragment of pcDX, which was
blunt ended and restricted with HindIIl. These three frag-
ments were ligated and propagated in E. coli HB101 cells.
Two DNA constructs with Fv<4 env in opposite orientations,
termed pcDFv4env and pcDFvdenv(R), were obtained.
pSV2neo is a vector containing the SV40 early promoter and
the neomycin resistance gene (45). p0.8 is a plasmid contain-
ing a 0.8-kb BamHI fragment from Friend MuLV env which
was used to detect Friend MuLV cDNA (44).

DNA transfection into mouse cells. NIH 3T3 cells were
transfected with pSV2neo and Fv-4 env-containing plasmid
(or phage) DNAs by the calcium phosphate method (38).
Selection of Neo” cells began 2 days after transfection with
addition of G418 (GIBCO Laboratories) to culture medium
at a concentration of 400 p.g/ml.

IF staining. For immunofluorescence (IF) staining, normal
and transfected NIH 3T3 cells were trypsinized, washed
with 199 medium containing 1% fetal calf serum, incubated
for 30 min at 37°C with Fv-4 env-specific antiserum (BALB/c
anti-BALB/c Fv4w") (22), washed, and reacted with fluores-
cein isothiocyanate-conjugated rabbit anti-mouse immuno-
globulin. Fluorescence-positive cells were counted under a
fluorescence microscope or with a cytofluorograph (Ortho
Spectrum III).

Virus assay. NIH 3T3 cells and transfected NIH 3T3 cells
were infected with a mixture of nondefective helper MuLV
and mouse sarcoma virus (MSV) pseudotyped with helper
MulLV [MSV (MuLV)]. The helper MuLVs used were
amphotropic (4060A strain), dualtropic (AKR13 strain), and
ecotropic (Friend, Moloney, and AKR623 strains) MuLVs
which were kindly provided by Janet Hartley (National
Institutes of Health). Sarcoma virus was rescued from C-182
cells (4) by ecotropic MuLVs and from S* L™ mink cells
(provided by J. Hartley) by amphotropic and dualtropic
MuLVs. Before infection, cells were treated with Polybrene
at a concentration of 20 pg/ml for 6 to 18 h.

Analysis of DNA and RNA. Genomic and cytoplasmic
DNAs were isolated as previously described (20, 21, 32).
RNA was prepared by the guanidine thiocyanate procedure
(32). Southern and Northern (RNA) blot analyses were
performed with nick-translated probes. Hybridization was
performed as previously described (21), except that the
hybridization temperature was 50°C rather than 45°C.

RESULTS

Cloning of DNA associated with Fv-4 resistance. We previ-
ously cloned a 5.2-kb EcoRI fragment which is associated
with the resistance allele of the Fv<¢ locus (Fv<4") and
contains an MuLV segment (pFv4 in Fig. 1) (21). To under-
stand this chromosomal region better, we cloned a 17-kb
DNA fragment (A Fv4-17) which contains the Fv-<4"-asso-
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FIG. 1. Structure of Fv-4"-associated MuLV and its flanking
sequences. The general structure of an integrated MuL.V is shown at
the top. The restriction map was developed with two DNA clones,
pFv4 and \ Fv4-17, from BALB/c Fv-4w" mouse DNA. The enzyme
sites indicated are HindIIl (H), Pstl (P), EcoRI (E), Kpnl (K), and
BamHI (B). The retroviral sequence is indicated by the boxed area.
Probes A and B indicate a BamHI fragment of Fv<4 env and a
Kpnl-HindlIII fragment of the 5'-flanking sequence.

ciated retroviral sequence (about 4 kb long) plus its upstream
region (about 13 kb) (Fig. 1). The cloned DNA was digested
with restriction enzymes and hybridized with several MuLV
segments to identify sequences homologous to MuLV. No
MuL V-reactive sequence was found in the upstream region
from the insert of pFv4 (data not shown). It was necessary to
determine whether the newly cloned DNA was derived from
an intact genomic DNA or was a cloning artifact, because
the phage library of genomic DNA was prepared from
partially Mbol-digested DNA from Fv<4"-carrying mice. Our
previous Southern blot analysis showed that the Fv<4 env-
specific probe (probe A in Fig. 1) hybridized to a 14-kb Kpnl
fragment of Fv<4" mouse DNA. The insert of A Fv4-17 also
had a 14-kb Kpnl fragment, and both the A probe and a
Kpnl-HindlIlI fragment (probe B in Fig. 1) located about 14
kb upstream from the Kpnl site of the Fv< 3’ LTR hybrid-
ized to the same 14-kb Kpnl fragment of Fv<4" mouse DNA,
indicating that the insert was derived from intact genomic
DNA.

Introduction of Fv-4 MuLV DNAs into tissue culture cells.
Despite close genetic linkage of Fv-<4 resistance, the pres-
ence of the endogenous MuLV-like sequence (21, 30), and
expression of the unique MuLV env protein in Fv<4" mice
(22, 23), there had been no direct evidence that these are
functions of the same Fv<4" gene. To resolve this question,
we performed DNA transfection experiment with newly
cloned Fv<4 DNA. These experiments were particularly
interesting because the Fv-4-associated MuLV-like structure
lacks a 5’ LTR, the regulatory element for transcription of
retroviral genes. Hence, it was unclear whether the cloned
DNA could have biological activity.

The cloned DNAs or DNA constructs derived from them
were cotransfected with a selectable marker (pSV2neo) into
tissue culture mouse cells. Cell clones growing in medium
containing G418 were isolated, analyzed for expression of
Fv-4 env protein, and tested for susceptibility to infection
with MuLVs. NIH 3T3 cells were used for these experi-
ments, because (i) they are susceptible to infection by
MuLVs of three interference groups (amphotropic, dual-
tropic, and ecotropic MuLVs) (12, 15, 29, 33, 37, 42) and (ii)
they do not carry endogenous ecotropic MuLVs which
cross-hybridize with the Fv<4 env probe.

Expression of the Fv-4 env glycoprotein was detected with
Fv-4 env-specific antiserum (23) by membrane IF (by light
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FIG. 2. IF flow cytometry analysis of Fv-<4 env expression with
anti-Fv-4" alloantiserum. Single-cell suspensions were incubated
with BALB/c anti-BALB/c Fv4w" alloantiserum (37°C, 30 min),
followed by fluorescein-conjugated rabbit anti-mouse immunoglob-
ulin G (37°C, 30 min). Panels: a, embryo fibroblast cells from
BALB/c mice; b, embryo fibroblast cells from BALB/c Fv4w" mice;
¢, NIH 3T3 cells; d, G418-resistant NIH 3T3 cells containing
pSV2neo; e, G418-resistant, Fv-4 env® NIH 3T3 cells containing
pSV2neo and pcDFv4env.

microscopy in early experiments and by flow cytometry
later). Fv-4" antiserum reacted with embryo fibroblasts from
BALB/c Fv4w" (Fv<4"") congenic mice but not with those
from BALB/c (Fv-4°*) mice (Fig. 2). The Fv-<4 env antigen
was undetectable on NIH 3T3 cells or pSV2neo-transfected
NIH 3T3 cells (Fig. 2). Furthermore, no significant fluores-
cence was found on NIH 3T3 cells persistently infected with
various ecotropic, dualtropic, and amphotropic MuLVs
(data not shown), indicating that the reactivity of the antise-
rum was highly specific for the Fv<4 env protein under our
assay conditions.

Transfected DNAs were pFv4, \ Fv4-17, pcDFv4env, and
pcDFvdenv(R) (Table 1). The latter two DNAs were made

TABLE 1. Generation of Fv-4 env* cell clones by transfection
with various DNAs“

No. of Fv<4 env*

DNA(Gs) clones/no. of
transfected Neo* clones (%)
PSV2NEO0 ..euieiiiiiii e 0/8 (0)
PSV2neo-\ Fva-17 ....coiviiniiiiiiieieiieeieenens 25/41 (61)
PSV2neo—pFv4 ..o 6/36 (17)
pPSV2neo-pcDFV4eny .....ccccovviiiiniiiiiiniiiiienianenens 30/48 (63)
pSV2neo—pcDFv4env(R)%......ovvvviiiiieeeeeeeeeaaennes 0/12 (0)

2 NIH 3T3 cells were transfected with pSV2neo (1 pg) alone or with the
indicated DNAs (10 pg) (Fig. 1 and 3). Neo* cell clones were analyzed for
expression of Fv<4 env protein by indirect IF with BALB/c anti-BALB/c
Fv<4w” serum (23).

® The Fv-4 env region was inserted in the reverse orientation with respect to
the SV40 promoter.
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by inserting the coding region of Fv<4 env (Accl-to-Kpnl
fragment) between the SV40 early promoter and the poly-
adenylation signal from the pcDX vector (38) (see Fig. 3). On
the basis of alignment of Fv<4 env with other MuLV env
sequences, the Accl site in Fv4 MuLV lies between the
splice acceptor and the initiation codon of the env region,
whereas the Kpnl site is located 13 bp upstream of the
polyadenylation signal in the LTR (21).

After transfection of A Fv4-17 and pSV2neo DNAs, 61%
(25 of 41) of Neo" clones expressed detectable levels of the
Fv4 env antigen (Table 1). In contrast, pFv4 DNA yielded
only 17% (6 of 36) Fv<4 env* clones. The low frequency of
Fv<4 env™ cell clones was probably not due to a defect in the
coding region of Fv<4 env, because NIH 3T3 cells expressed
the Fv-<4 env antigen at a high frequency (63%; 30 of 48)
when they were transfected with pcDFvd4env DNA (Table
1). No Fv<4 env™ clones were obtained following transfec-
tion with pSV2neo or pSV2neo plus pcDFv4env(R).

The relative amount of antigen on each Fv<4 env* clone
was estimated on the basis of the mean fluorescence inten-
sity (Fig. 3). The Fv<4 env antigen was highly expressed on
cell clones transfected with A Fv4-17 DNA (in most clones,
11 to 100 times over the background level of NIH 3T3 cells).
Both pcDFvdenv- and pFv4-transfected cells expressed
lower levels of the antigen (5 to 50 and 3 to 11 times the
background, respectively).

The copy number of transfected DNA was estimated by
Southern blot analysis for several independent cell clones
from each group of transfectants. All cell clones tested
appeared to carry one to several copies of the transfected
DNAs. There was no correlation between the copy number
and level of Fv<4 env expression (data not shown).

By Northern blot analysis, the Fv<4 env RNA in trans-
formed Fv4 env™* cells was compared with the transcript in
Fv-4’-carrying mice. Fv-4 env mRNA in vivo is about 3.0 kb
long (Fig. 4, lane 10). This size is indistinguishable from the
MuLV env mRNA in MuLV-infected cells (21) (Fig. 4, lane
11). Cell clones carrying A\ Fv4-17 expressed a 3.0-kb Fv4
env RNA (Fig. 4, lanes 5 and 6). pcDFv4env-transfected
cells expressed a few different species of Fv-4 env RNA (Fig.
4, lanes 3 and 4), but the major transcript had the expected
size, namely, about 250 base pairs shorter than in vivo Fv4
env RNA.

Three pFv4-transfected cell clones which produced low
amounts of Fv-4 env antigen expressed two major species of
Fv4 env RNA, both of which were slightly longer than the
normal Fv-<4 env RNA in Fv-<4"-carrying mice (Fig. 4, lanes 7
to 9). These abnormal-size RNAs probably derive from a
transfected DNA construct rather than peculiar integration
sites in chromosomal DNA, because all of three cell clones
expressed the same two RNAs. Our preliminary S1 mapping
analysis using a probe derived from the 5’ end of the Fv<4
env region suggests that in these RNAs the same splicing
acceptor site of env is used as in cells transfected with A
Fv4-17 DNA (data not shown). Thus, the larger RNAs could
be readthrough products or could contain a unique 5’-
untranslated exon. Although we did not characterize these
RNAs further, the available evidence suggests that pFv4
DNA does not contain the normal Fv-4" promoter which
leads to a 3.0-kb Fv<4 env mRNA.

Resistance to ecotropic MuLVs conferred by A Fv4-17. We
examined the susceptibility of the transformed cells to
infection by various MuLVs. Preliminary experiments
showed that primary clones of Fv<4 env® cells—although
they expressed large amounts of Fv-4" antigen—were vari-
ably susceptible to ecotropic MuLVs. For instance, of 13
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FIG. 3. Expression of the Fv-4 env antigen on NIH 3T3 cells transfected with various DNAs. The DN As indicated were cotransfected with
pSV2neo, and individual G418-resistant cell clones were analyzed for Fv-4 env expression on the cell surface by IF flow cytometry (Fig. 2).
%IF*, Percentage of Fv-4 env* cell clones among the G418-resistant clones tested. The structure of Fv-4"-associated MuLV and its flanking
sequences is indicated at the top. The three DNAs used for transfection are shown below the top map. The restriction enzymes shown are
Accl (Ac), BamHI (B), and EcoRI (E), and Kpnl (K). Abbreviations: SA, splice acceptor site; ATG, initiation codon of env; N-gp70, N
terminus of gp70; SV40-P, promoter of SV40. In the graph of relative IF intensity, the mean fluorescence intensity of each cell clone is
indicated as a point. Background fluorescence (IF intensity, <2) indicates the mean fluorescences of NIH 3T3 cells and pSV2neo-transfected
NIH 3T3 cells. Data on cell clones with a mean IF intensity of <2 are not shown.

Fv-4 env* cell lines which were transfected with A Fv4-17
DNA, 8 clones were resistant, whereas 5 were intermedi-
ately or fully susceptible to infection by ecotropic MuLV.
Since minor contamination (<2%) with Fv<4 env™ cells
could lead to susceptibility to MuLV, we isolated two or
three secondary clones by a limiting dilution from three
resistant and three susceptible cell lines. All of the second-

<
n 2 A 3
A
it 0? c? ‘:v «?
- o Q ~ Q
1 23 46 6 7 8 9
-8kb
288~
‘.'.“'. -3kb
198-

Exposed :x1 x6

FIG. 4. Expression of Fv<4 env RNA in cells transfected with
various DNAs. Five micrograms of total cellular RNA was electro-
phoresed and transferred to a nitrocellulose filter. The filter was
hybridized with a 32P-labeled BamHI fragment from Fv-4 env (probe
A in Fig. 1). The rightmost panel, showing lanes 9 to 11 (indicated as
exposed X6), was exposed six times longer than the film on the left.
Note that in lane 11, 8 and 3 kb indicate full-length and spliced env
mRNAs, respectively, of Friend MuLV (FLV) which cross-hybrid-
ized with probe A.

ary clones expressed Fv-<4 env antigen in amounts compara-
ble to those of the parental cells, and all were resistant to
infection by ecotropic MuLVs. For further analyses, we
used the secondary clones carrying pFv4, A Fv4-17, and
pcDFvdenv. The mean Fv+4 env IF intensities of the sec-
ondary cell lines were 11, 23, and 13, respectively.

The secondary cell lines were infected by MSV pseudo-
typed with ecotropic (Moloney, Friend, and AKV623
strains), amphotropic (4060A), or dualtropic (AKR13)
MuLVs. Parental and pSV2neo-transfected NIH 3T3 cells
were susceptible to all of these viruses (Fig. 5). A Fv4-17-
and pcDFv4env-transfected NIH 3T3 cells were susceptible
to amphotropic and dualtropic MuL Vs but strongly resistant
to the three strains of ecotropic MuLVs, being at least
103-fold less susceptible than NIH 3T3 cells. pFv4-trans-
fected cells were also susceptible to amphotropic and dual-
tropic MuLVs but intermediately resistant to ecotropic
MuLVs. These results indicated that the cloned Fv<4'-
associated MuLV-like structure and its flanking sequence
are biologically able to induce resistance specific to ecotro-
pic MuLV infection.

However, the following results suggested that the restric-
tion to ecotropic MuLVs in Fv-4 env* cells is not absolute.
Normal and transfected Fv<4 envt NIH 3T3 cells were
infected by ecotropic MuLVs or mixtures of MSV pseudo-
typed with ecotropic MuLV and ecotropic MuLV, and then
the virus replication of ecotropic MuLV was assayed by the
XC plaque test. XC plaques were detectable in Fv<4 env*
cells, but the number of plaques was about 102-fold less than
in control NIH 3T3 cells (data not shown). Furthermore, XC
plaques generated in Fv-<4 env* cells were smaller than those
in NIH 3T3 cells. In such experiments, it was not known
whether these Fv<4 env* cells had generally higher sensitiv-
ity to various groups of MuL Vs, since the XC plaque test
cannot be used to detect nonecotropic MuLVs. Probably,
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FIG. S. Susceptibility of transformed NIH 3T3 cells to MuLVs. MSV pseudotyped with amphotropic (Ampho), dualtropic (AKV13), or
ecotropic (Moloney [Mo], Friend [F], and AKV623 strains) MuLVs were used to infect NIH 3T3 cells and transfected NIH 3T3 cells. MSV

foci were scored 5 days postinfection.

the more sensitive virus assay system, i.e., the XC test,
allowed detection of smaller amounts of virus replication.
Possible occurrence of Fv-4 restriction before or at proviral
synthesis. In the previous experiment, virus susceptibility of
cells was tested by an MSV focus assay (Fig. 5), which
involves many cycles of viral replication. We therefore
wished to examine the susceptibility of these cells to the
initial steps of viral replication. After retroviruses attach to
and enter cells, viral RNA is reverse transcribed into cDNA
and linear and closed circular forms of viral DNAs are
detectable in the cytoplasm of infected cells. NIH 3T3 cells
and Fv+4 env* NIH 3T3 cells carrying pcDFvdenv were
infected by a high titer of Friend MuLV, and Hirt superna-
tant from each cell type was isolated 6, 12, 24 and 48 h
postinfection. In infected NIH 3T3 cells, both linear (form
III) and closed circular (form I) viral cDNAs were found 6 h
postinfection, and the amount of viral cDNA increased until
24 h postinfection. In contrast, in infected pcDFv4env-
transfected cells, viral DNAs were not detectable until 12 h
postinfection, and the amount of viral cDNA was much less
(Fig. 6). This leakiness of the restriction of viral cDNA
synthesis in Fv-4 env™ cells appeared to be consistent with
the incomplete resistance of these cells to ecotropic MuL Vs
when virus replication was assayed by the XC plaque test
(see above). Thus, Fv+4 restriction appeared to function at

some step before or at viral cDNA synthesis, such as virion
adsorption, penetration, and uncoating.

DISCUSSION

We cloned and characterized an Fv-4"-associated DNA
about 17 kb long which contains a truncated endogenous
MuLV and about 13 kb of 5’ nonretroviral sequences. DNA
transfection experiments demonstrated that the DNA is
transcriptionally active, encodes the Fv-¢ env-specific anti-
genic determinants, and confers resistance to retrovirus
infection on transfected cells, all of which are phenomena
previously shown to be associated with the Fv-<4 resistance
allele. Therefore, we conclude that the cloned 17-kb frag-
ment contains the functional Fv4" gene. Furthermore, the
env region within the 17-kb DNA must be directly related to
virus resistance, since the same resistance phenotype was
shown with pcDFv4env, which contains only the env region
of Fv4" in an SV40 expression vector.

One of the unexpected structural features of the MuLV-
like sequence of the Fv<4" gene is the absence of a 5' LTR
within 13 kb of the env-coding sequence. The previous
sequence analysis indicated that the 3' LTR of Fv<¢ MuLV
has the characteristics of a complete 3’ LTR of infectious
MuLV (21). We therefore suspect that the truncated Fv<4
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FIG. 6. Restricted synthesis of viral cDNA in Fv-4 env® NIH
3T3 cells postinfection by ecotropic MuLV. NIH 3T3 (a) and
pcDFv4env-transfected NIH 3T3 (b) cells were infected by ecotro-
pic Friend MuLV, and Hirt supernatants were isolated 6, 12, 24, and
48 h postinfection. Cytoplasmic DNA was blotted and hybridized to
a Friend MuLV env probe (44). I and III indicate sizes of closed
circular and linear viral cDNAs, respectively.

MuLV was originally part of an endogenous MuLV and that
either a deletion of more than S kb in the 5’ proviral sequence
or an insertion of more than 12 kb in the 5' half of the
putative endogenous MuLV occurred. Furthermore, the
demonstrated interference specificity of Fv-4 env (Fig. 5) and
the characteristics of the Fv4 env sequence (21) suggest that
the prototype MuLV of Fv<4" would be a member of the
ecotropic MuLV class.

In contrast to A Fv4-17, pFv4, which contains the trun-
cated Fv<4 MuLV and its short 5’ and 3’ cellular sequences
(Fig. 1), showed weak or atypical biological activity when
transfected into NIH 3T3 cells. (i) Fv4 env mRNA ex-
pressed in pFv4-transfected cells was larger than the natural
mRNA in Fv-4" mice (Fig. 4), (ii) Fv-4 env™ cell clones were
generated at a relatively low frequency (Table 1) and ex-
pressed a lower concentration of the env antigen (Fig. 3),
and (iii) these Fv-4 env* cells showed weaker resistance to
infection by ecotropic MuLVs (Fig. 5). pFv4 structurally
differs from A Fv4-17 in the absence of a 13-kb 5’-flanking
cellular sequence and the presence of a 1.5-kb 3’-flanking
cellular sequence and the bacterial vector DNA. Although
there are many possibilities, it seems most likely that the
difference between pFv4 and A Fv4-17 is due to the presence
of the 5’-flanking region of N Fv4-17, which contains tran-
scriptional regulatory (enhancer and promoter) elements,
splice donor sites, and/or an untranslated exon(s). We are
currently searching for promoter activity in the upstream
region which may lead to high expression of Fv-4 env mRNA
in a variety of tissues in mice with Fv-¢" (F. Laigret and H.
Ikeda, unpublished data).

We previously hypothesized that Fv-4 restriction is medi-
ated via receptor interference (22, 23). Mouse cells have at
least three virus receptor types (15), Rec-1 for ecotropic
MuLVs (12, 33, 37, 42), Ram-1 for amphotropic MuLVs
(12), and Rmecf-1 for dualtropic MuLVs (29). Recently, a
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c¢DNA clone that may encode the receptor for ecotropic
MuLV has been identified (1), but the biochemical nature of
these receptors is still unclear (see reference 26). In view of
the resistance specificity of Fv<4 env™* cells, the Fv<4 env
protein may saturate the Rec-I receptor. The receptor inter-
ference model is also consistent with the finding that Fv<4
env ™ -transformed cells restricted viral cDNA synthesis after
ecotropic MuLV infection (Fig. 6). Similar restricted cDNA
synthesis was reported by Dandekar et al. (10), who char-
acterized the virus susceptibility of embryo fibroblast cells
with Akvr-1"" and Akvr-1°° genotypes, which are identical to
the Fv4"" and Fv-<4*° genotypes (34).

Several mouse strains, such as AKR and SL/Ni, express
env glycoprotein of endogenous ecotropic MuLV on the cell
surface (19, 39, 53), but these mice are not as strongly
resistant to exogenous infection by ecotropic MuL Vs as are
Fv-4" mice. There are two major differences between ecotro-
pic AKYV proviral loci in these laboratory mice and the Fv4"
gene. One is in the env sequences. The amino-terminal
(variable) region of Fv-4 env shares about 70 to 75% of the
nucleotides and deduced amino acid homology with AKV
env (21). The difference in env polypeptides might be crucial
for interference activity in vivo. The other difference lies in
the structures outside of the env region. Most of the AKV
proviral loci in AKR mice appear to be structurally compe-
tent for full expression of infectious virus (5, 41), while the
Fv-4" gene contains only a truncated provirus. This may
result in either quantitative or qualitative differences be-
tween the env glycoproteins, leading to different resistance
activities. Fv<4 env might accumulate on the cell surface
more than AKV env, since AKV env could be released from
the cell surface as virions, whereas Fv<4 env would not be
expected to. Alternatively, unidentified transcriptional reg-
ulatory sequences of the Fv<4" gene might provide tissue-
specific expression different from that of AKV loci, whose
expression should be controlled by the 5’ LTR. Cell-specific
expression of endogenous env, especially by target cells for
MuLV, must be extremely important for in vivo resistance.
It is also possible, but less likely, that lack of viral protease
sequences (encoded in the gag-pol region) in Fv<4" results in
different processing of the env protein precursor, Pr80°™,
because while Pr80°"" is thought to be cleaved into gp70 and
pl5(E) by a host protease, pl5(E) is further cleaved to
pl2(E) by the viral protease (28). However, the second
cleavage is thought to occur in virions (18). Thus, it remains
unknown why Fv-4"-endogenous env has such strong in vivo
activity.

Most endogenous viruses are thought to have no biological
effect on host animals (8), but in several cases, deleterious or
beneficial effects have been found. Deleterious effects in-
clude leukemogenesis caused by infectious MuLVs which
have arisen from endogenous virus loci (such as AKV loci)
(52) and insertional mutation at essential genes of host
animals (9, 13, 25, 46, 49). Beneficial effects were proposed
for the avian endogenous virus locus (ev-3), which reduces
the immunological response of a host to viral proteins
post-infection with exogenous viruses, leading to reduction
of a wasting that seems to be induced by a strong immune
reaction to infected lymphoid cells (14). The other beneficial
effect—interference with exogenous infection—is probably a
consequence of expression of retrovirus envelope glycopro-
teins on the cell surface. The Fv<4" gene is one such example.
Analogous genes exist in the avian system and include
endogenous virus loci ev-3, ev-6, and ev-9. These endoge-
nous viruses have various deletions or mutations in the viral
genomes but are able to express env glycoprotein on the host
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cell surface and thereby interfere with exogenous infection
by the same group of viruses (2, 17, 40). An additional
example is the mouse Rmcf gene, which seems control both
expression of an env glycoprotein related to dualtropic
MuLV and resistance to infection by dualtropic MuLV (3,
16, 43). However, it has not been elucidated whether Rmcfis
an endogenous virus locus or a regulatory gene for expres-
sion of other endogenous virus loci.

It is well documented that endogenous virus loci respon-
sible for viral interference restrict the spread of viruses in
somatic cells, but it is not known whether they affect
infection of germ cells in vivo. If the latter occurs, endoge-
nous retroviruses could restrict the evolutionary amplifica-
tion of endogenous viruses in host species and thus might
provide a selective advantage by minimizing insertional
mutations and reducing retrovirus-induced diseases. Studies
of endogenous retroviruses in mice (8, 48) and humans (47)
indicated that certain endogenous retroviruses exist in mul-
tiple copies, all of which appear to be inactive. In evolution-
ary terms, these might reflect ancient, repeated acquisition
of infectious virus. Reasons for the disappearance of such
active viruses from each species are not known, but they
could involve generation of interfering env loci, such as the
Fv4" gene.
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