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The unstable dilute-coat-color mutation (d) of DBA/2J mice has been shown to be the result of integration of
an ecotropic murine leukemia virus within the mouse genome. Molecular cloning and restriction enzyme
analysis of the dilute allele and the viral preintegration site (+ allele), as well as two independent dilute
revertants (d*> and d*7%), suggested that reversion is due to virus excision occurring by homologous
recombination involving the viral long terminal repeats. The DNA sequence has now been determined for the
cell-virus junctions of the provirus associated with the d mutation, for the viral preintegration site, and for the
two revertant sites. These data (i) indicate that the 4 mutation was caused by a normal virus integration, (ii)
confirm that virus excision occurs by precise homologous recombination, as exactly one long terminal repeat
is present in each revertant site, and (iii) suggest that the virus induced the d mutation by integration into a

noncoding sequence.

Upon infection of a cell, retroviral RNA is reverse tran-
scribed into DNA, which then integrates into the host
genome at many different sites (for a review, see reference
35). The integrated form of the virus, termed the provirus,
bears several structural and functional similarities to trans-
posable elements of bacteria, yeast, and Drosophila species.
Both retroviral proviruses and transposable elements inte-
grate into DNA with little, if any, sequence homology to the
element genome, terminate with short inverted repeats, and
generate a short duplication of cellular DNA at the site of
integration.

Such elements, which are not directed to a specific site of
integration, have the potential of acting as insertional muta-
gens. Retroviruses and transposable elements have been
shown to be capable of either activating or inactivating
normal gene function. Activation of cellular onc genes by the
integration of retroviruses has been demonstrated in a number
of systems (6, 16, 21, 22-27), and is generally regarded as the
causative event for tumor induction by retroviruses. Activa-
tion can occur either directly, by utilizing the promoter
sequences of the viral long terminal repeat (LTR), or indi-
rectly, by using LTR enhancer sequences. In the latter case,
the virus is not required to integrate near the 5’ end of the
gene and can integrate some distance away (23-25, 27).
Inactivation of a gene by a transposable element is most
easily understood when the integration is within the tran-
scriptional unit (8, 13, 17, 28, 31). Nevertheless, inactivation
of gene expression has been seen by integration of transpos-
able elements external to the known transcriptional and
regulatory boundaries of some genes (19, 20).

Germline integration of retroviruses in mice has caused at
least two mutations (3, 10, 11). The integration of a Moloney
murine leukemia virus (Mo-MuLV) at the Mov-13 locus
resulted in a recessive lethal mutation (10). In this case, the
virus induced the mutation by integrating into the first intron
of the al(I) collagen gene (4), resulting in the inhibition of
collagen gene expression. We have shown that the integra-
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tion of an ecotropic MuLV (designated Emv-3, endogenous
ecotropic proviral locus 3 [12]) at the dilute locus has caused
the dilute (d)-coat-color mutation of DBA/2J mice (3). That
the dilute mutation also results from the inactivation of a
gene is suggested by the fact that it is a recessive mutation.
Furthermore, deletions within the dilute locus produce the
same coat-color phenotype as the viral integration does (29;
unpublished data).

Previously we showed by hybridization and restriction
enzyme mapping that revertants of the d mutation (d*) still
retain one LTR, suggesting that virus excision occurred by
homologous recombination and that the virus was not inte-
grated in a coding sequence (3). In extending this analysis,
we have now sequenced the DNA at the site of integration of
the provirus associated with the d mutation. The results
presented here support the proposal that virus integration
occurred in noncoding sequences. Furthermore, sequence
analysis of two revertant sites showed that revertants of the
d mutation retain exactly one LTR, confirming that virus
excision occurs by homologous recombination.

MATERIALS AND METHODS

Molecular cloning and DNA sequencing. The cloning of an
18-kilobase EcoRI fragment containing the complete proviral
genome of Emv-3 into Charon 9 and subcloning in pBR325
was done as previously described (3). For sequencing the
cell-virus junctions of Emv-3, a Kpnl subclone containing all
the flanking cellular sequences in the U3-R region of the 5’
LTR and the US region of the 3' LTR was constructed as
previously described (3). Subclones were constructed in the
M13mp8 and M13mp9 cloning vectors. Similarly, fragments
of the 9.0-kilobase-pair EcoRI fragment from the DNA of a
CS57L/J mouse (+/+ at the dilute locus) were subcloned into
the M13 vectors. The 9.0-kilobase EcoRI fragment had been
similarly subcloned into pBR325 (3).

DNA sequences were determined by the dideoxy chain-
terminator DNA sequence procedure of Sanger et al. (30).
The sequencing strategy is given in Fig. 1. Single-stranded
template DN A was purified and the sequence reactions were
carried out as described in the Bethesda Research Labora-
tories Cloning/Sequencing kit instruction manual. DNA se-



2900 HUTCHISON, COPELAND, AND JENKINS

R P P

MoL. CELL. BioL.

-
r
-
0

d*Ha

s

H
d (Kpn Subclone)
¢ a2

+

—— 100bp

2

FIG. 1. Derivation of M13 subclones of wild-type (+), d, d*?/, and d*#¢ DNAs. M13 subclones were isolated after EcoRI (R), Pst1 (P),
Smal (S), and HindIII (H) digestions of DNA from the Kpnl subclone of the original d clone (3), the d*?/ and d*#“ revertant clones, and the
clone containing the Emv-3 preintegration site (+ allele) isolated from C57L/J DNA. The Kpnl subclone derived from the d clone was
produced by deleting part of the 5’ and 3' Emv-3 LTRs, as well as all of the internal Emv-3 sequences, to generate a subclone that contains
exactly one LTR (which is a composite LTR containing both 5 and 3’ LTR sequences), as well as 5’ and 3’ flanking cellular DNA (3). This
subclone should be identical to the d*?/ and d*#¢ clones if in these two reversions the virus was excised by homologous recombination,
leaving exactly one LTR behind in revertant DNAs. The directions of the sequencing are shown by the arrows. Sequencing of the
preintegration site (+) DNA began at the PstI site 5’ to the LTR and continued through the viral integration site (indicated by a solid triangle).

quences were analyzed on an Apple Ile computer by using
the sequencing program of Larson and Messing (18).

RESULTS

DNA sequence of the Emv-3 LTR. The DNA sequence of
the LTR of Emv-3, the provirus associated with the dilute
mutation, was determined by sequencing several M13
subclones derived as described above (Fig. 1). The Emv-3
LTR is 523 base pairs (bp) in length and bears a strong
homology to the sequence of the AKR-type ecotropic MuLV
LTR (7, 34; Fig. 2). There are only five single-base changes
between the Emv-3 LTR and the LTR of AKR(623), a
prototype AKR ecotropic provirus. Three of these changes
(nucleotides 49, 366, and 510) have been seen previously in
the nucleotide sequence of the LTR of BL/Ka(B) virus, a
nonleukemogenic B-ecotropic virus isolated from C57BL/Ka
mice (15). None of these base changes occur in any of the
known viral LTR regulatory sequences. The Emv-3 LTR is
99 bp shorter than the AKR(623) LTR, missing one of the
two 99-bp direct repeats which encompass the enhancer
equivalent sequence (nucleotides 109 to 207). The LTR
terminates in the normal 11-bp inverted repeat, and the LTR
does not contain the 190-bp insert associated with many
endogenous MuLV LTR sequences (14).

Revertants of the d mutation retain exactly one LTR.
Revertants of the d mutation are readily detectable by a
change in the coat color of the mouse and occur at a high
frequency (3, 11). Previously we showed by hybridization
and restriction enzyme mapping that revertants have lost the
virus but retain one LTR (3). DNA of two independent
revertants (d*?/ and d*#%) have now been sequenced. To the
nucleotide, exactly one LTR remained in each revertant site
(Fig. 3). The five nucleotides which distinguish the Emv-3
LTR from the AKR(623) LTR were also present in the
revertant LTRs; no additional base changes were detected;
there was only one copy of the 99-bp repeat; and the
cell-LTR junctions were identical to the cell-virus junctions
of the intact provirus (Fig. 3, see below).

The sequence of the preintegration site for the Emv-3 pro-
virus was also determined (Fig. 3). As is typical of retroviral
integrations, there was a duplication of cellular DNA upon
integration. In the case of the Emv-3 provirus, four bases of
cellular DNA, 5'-GTAC-3', were duplicated and flank the

provirus as direct repeats. These duplicated bases are part of
a short inverted repeat, 5'-TGTACA-3'. This sequence re-
sembles the integration site of the ecotropic MuLV AKR(614)
where the five-base sequence, 5'-GTGAC-3', is duplicated
upon integration (34). Again, this sequence is part of a short
imperfect inverted repeat, 5'-TGTGACA-3'.

Emy-3 provirus integrated into A-T-rich DNA. The se-
quence of 623 bp of cellular DNA flanking the provirus was
also determined (Fig. 4). This region is particularly adenine-
thymine (A-T) rich (65%), with the 40 nucleotides immedi-
ately surrounding the Emv-3 provirus being 73% A-T. The
integration sites for several other retroviruses have also
been shown to be A-T rich (32, 33), suggesting that these
may be preferred regions for virus integration. Many of the
A-T residues surrounding the Emv-3 provirus are clustered,
generating A-T tracts in the DNA sequence (Fig. 4).

Emy-3 provirus has integrated into a noncoding sequence.
The position of nonsense codons in all six possible reading
frames flanking Emv-3 are shown in Fig. 5. These nonsense
codons appear approximately every 50 bases. The longest
open reading frame is 234 bp, into which the virus has
integrated. It appears, however, that this open reading frame
is not utilized for purposes of coding as there are no
appropriately placed promoters or splice sequences to ac-
cess it (see below).

Since it was possible that the virus integrated into an
intron or into 5’ or 3’ noncoding sequences, a search was
made for potential splice sites and promoter sites. Sequences
which resemble the canonical ““TATA’’ box with the asso-
ciated ‘‘CAT"’ box were found in the flanking cellular DNA.
A stability profile was then generated for each of these sites
according to the method of Bensimhon et al. (1), who
recently reported that eucaryotic promoters are character-
ized by highly stable, helical regions (high guanine - cyto-
sine) flanking a stability minimum region (the TATA box).
None of the potential TATA sequences in the DNA flanking
the Emv-3 provirus fit this pattern, although the promoter
within the viral LTR did (data not shown). This suggests that
these TATA sequences do not represent useful promoter
sites.

Several potential splice sites were also identified in this
region and are interspersed among the nonsense codons
shown in Fig. 5. However, in the absence of information on
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u3 + 20 40 60
TGAAAGACCCCTTCATAAGGCTTAGCCAGCTAACTGCAGTAACGCCATCTTGCAAGGCATGGGAAAATACCAGAGCTG
T

80 100 120 140
ATGTTCTCAGAAAAACAAGAACAAGGAAGTACAGAGAGGCTGGAAAGTACCGGGACTAGGGCCAAACAGGATATCTGT

9 bp

160 180 200 220
GGTCAAGCACTAGGGCCCCGGCCTAGGGCTAAGAACAGATGGTCCCCAGAAATAGCTAAAACAACAACAGTTTCAAGA
C c

240 260 280 300
GACCCAGAAACTGTCTCAAGGTTCCCCAGATGACCGGGGATCAACCCCAAGCCTCATTTAAACTAACCAATCAGCTCG

320 340 360 380 R+
CTTCTCGCTTCTGTACCCGCGCTTATTGCTGCCCAGCTCTATAAAAAGGGTAAAAACCCCACACTCGGCGCGCCAGTC
G

400 420 440 Us+ 460
CTCCGATAGACTGAGTCGCCCGGGTACCCGTGTATCCAATAAAGCCTTTTGCTGTTGCATCCGAATCGTGGTCTCGC

480 500 520
TGATCCTTGGGAGGGTCTCCTCAGAGTGATTGACTGCCCAGCTTGGGGGTCTTTCA
c
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FIG. 2. DNA sequence of the Emv-3 LTR. The sequence of the Emv-3 LTR present in the Kpnl subclone of the d clone was determined
as described in the text. This sequence is compared with that of the AKR(623) MuLV LTR (7, 34), with homologous regions shown as a solid

line. Five single-base differences were noted (nucleotides 49, 180, 186, 366, and 510) between the two LTRs. In addition, only one copy of
the 99-bp sequence that is duplicated in the AKR(623) LTR is present in the Emv-3 LTR.

RNA transcripts from this segment of DNA it cannot be
determined whether any of these splice sites are used.

DISCUSSION

Mice carry a large complement of retrqviruses in their
genomes. As such, they have the potential for an enormous
impact on the expression of the mouse genome. Retro-
viruses and their structural homologs, the transposable
elements, have been shown to act as insertional mutagens on
many occasions. These mutations can act as activators or
inactivators of gene function. The mutator function of trans-
posable elements has been shown to confer selective advan-
tage in bacteria (2) and may be the reason for the tolerance
of a large viral load in the mouse genome.

We have shown that the normal integration of an ecotropic
MuLYV at the dilute locus of mice has caused the dilute-coat-
color mutation (3). The results presented here support
several predictions. Within the limitations of hybridization
and restriction enzyme mapping, our previous work strongly
suggested that the Emv-3 provirus in dilute-coat-color rever-
tants was excised by homologous recombination between
the Emv-3 LTRs. The DNA sequence of two dilute rever-
tants described here shows that this is the case, with
recombination being precise and exactly one LTR being
retained in each revertant DNA. In this regard, recombina-
tion leading to excision is unlike recombination leading to
retroviral integration, which requires little if any homology
to the genomic DNA. Loss of a retrovirus or transposable
element by homologous recombination between LTRs has

) AGAAACTTAATGCATTGTACACTAAACAGAAAAAAAA
d
g+ AATGCATTGTAC | TGAAAGACCCC...se. «GGGGTCTTTCA | GTACACTAAACAG

goua

LTR

FIG. 3. DNA seqilence of the preintegration site (+) and the cell-LTR junctions of the d (Kpn subclone), the d*?/, and the d** revertants.
The 4 bp of cellular DNA duplicated during integration of the Emv-3 provirus (GTAC) are underlined. The sequence of the LTRs remaining
in the d*?/ and d* 4 revertants were identical to the sequence (Fig. 2) of the LTR present in the d Kpn subclone.
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20 40 60
AATATCAGGTAAATAGTGACACTTGGTGTCAGGGGAAATGTTACTCACATTGTAGGAAGATATGTTTATTGCAAGGCT

80 100 120 140
TTGGCCTTCAGCTGCCTAGAGAAGAAATCCATTGCTCAATAGACTGAGTATATCCTTTCATAGTAGAGGTTCAAGATG

160 180 200 220
GCCATTTGAAGATTTGTAGAGGAAGCTACAGTGCTCAATAATTGAAATGTAGCATGAAGAGAAATGAAAATGTATGTG

240 260 280 300
CTTGGAATCCCAGCAGTGGTAACACTACAGCTCTACAAGGGCGCCACAACTTCAAGGATGGGATAAATGGAGACTCGT

320 340 360 380
ACCTGCAGCTCTTAGCCTTACTTCATTTCTGAACAGAAACTTAATGCAT ACTAAACAGAAAAAAAACTTACAT

400 420 440 460
GCTGACCATTTTGAGAAAGCATGGCCAGTGATGACCACAGAGGAAAAACAGTTCATAAATACCCACAAATTAAATAT

480 500 520 540
ATACACCTTAGGAAACATTAGCTTATTCTTTATTTACAGGCAAAAGTACAGATCTTATTTAAGTATGTGGTTAAGTGT

560 580 600 620
AAATTTAATTTATTGAATTAATTGTAACTTTTATACTTAAGAGTATCTTATTATAGAAAGGGAATTGTGTCCATCCAT

FIG. 4. Sequence of 623 bp of cellular DNA flanking the Emv-3 provirus. The sequence was determined as described in the text with the
M13 subclones isolated as described in the legend to Fig. 1. The integration site of the Emv-3 provirus (GTAC) is shown as a solid box.

unequal crossing over during meiosis between the 5’ LTR on
one chromosome and the 3' LTR on the other chromosome.

been seen previously and seems to be the common mode of
element excision (19, 28, 36). We cannot, however, deter-

mine at this point whether the recombination event was
intrachromosonal, producing a chromosome containing a
single LTR as well as a circular virus, also with a single
LTR, or whether the recombination event was due to

Such an event would produce a chromosome with one LTR
and a chromosome with a tandemly duplicated provirus. The
latter allele would presumably still have the mutant pheno-
type and would not be detected in our mouse colony.

—Emv-3—>

* % * x%

<«Emv-3~

FIG. 5. Location of nonsense codons in all six possible reading frames in the cellular DNA sequences immediately flanking Emv-3. The
presence of nonsense codons are indicated by an asterisk. The orientation of the Emv-3 provirus 5’ to 3’ is shown by an arrow.
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The integration site of the Emv-3 provirus, like the inte-
gration sites of other retroviruses (32, 33), is A-T rich.
Whether this is an important feature of the integration sites
of ecotropic MuLVs is unknown. They could represent
regions of the DN A which would be easily denatured. In this
regard, Isberg and Syvanen (9) suggested that transposition
in bacteria involves single-stranded regions of DNA.

The retention of the LTR in the revertant DNA suggests
that the virus did not integrate into a coding sequence to
cause the dilute-coat-color mutation. This is also consistent
with sequencing data. All six possible reading frames sur-
rounding the Emv-3 provirus are blocked with multiple
nonsense codons (Fig. 5), the longest open reading frame
being 234 bp in length. It is possible, however, that the virus
integrated into 5’ noncoding sequences. In fact, several
promoter-like sequences appear in the flanking cellular
DNA. However, when these were analyzed for helical
stability, they did not resemble other eucaryotic promo-
ters.

A second alternative is that the virus integrated into an
intron. This result would be similar to that seen by Varmus
et al. (36) for inactivation of v-src by a Mo-MuLV integra-
tion into a Rous sarcoma virus carried in a transformed rat
cell line and by Wolf and Rotter (37) for inactivation of the
p53 cellular-encoded tumor antigen by integration of Mo-
MuLV into the first pS3 intron. Hawley et al. (5) found
repetitive DNA elements related to intracisternal A particles
within the intervening sequences of k-light-chain genes in
two mutant hybridoma cell lines defective in k-light-chain
synthesis. Furthermore, integration of Mo-MuLV within an
intron of the al(I) collagen gene has also been shown to
induce a recessive lethal mutation (4). Consistent with this
model, there are a number of potential splice sites which
might serve as boundaries for introns near the viral integra-
tion site at the dilute locus. Work is currently in progress to
determine whether RNA is transcribed from this segment of
the dilute locus and whether any of these splice sites are
used.

A third alternative is that the integration of the virus is
some distance from the dilute locus and is acting in some
unknown manner, inactivating genes from a distance. Such a
model has been proposed by Modolell et al. (20) for the
inactivation of genes in D. melanogaster by a 7.3-kilobase
mobile element.

The sequence we determined for the Emv-3 LTR was
deduced by sequencing parts of the 5' and 3’ viral LTRs.
Therefore, it is conceivable that the two LTRs diverged and
differ in the regions not sequenced. However, both LTRs
retained by the revertants are identical to the composite
LTR, suggesting that this is not the case. Furthermore, the
major LTR functions, including promoter, enhancer and
polyadenylate addition signals, are in the regions sequenced,
and all appear normal. Therefore, this LTR has the potential
of being transcriptionally active. Whether the LTR remain-
ing in revertant DNAs is functionally active remains to be
determined.

The present work supports the model that the Emv-3
provirus caused the dilute mutation by integrating into a
noncoding region of the mouse genome. It further confirms
that revertants of the dilute locus result from precise homol-
ogous recombination between viral LTRs. However, the
location of the dilute gene with respect to the Emv-3 provirus
is still unknown, as is the nature of the dilute gene product.
Experiments in progress with several X-ray-induced dele-
tion mutations that have been generated at the dilute locus
(29) will hopefully answer these questions.
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