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Germ line acquisition of ecotropic proviruses occurs at a high frequency in the progeny of SWR/J-RF/J
hybrid mice carrying two genetically linked RF/J ecotropic proviral loci, Emv-16 and Emv-17 (N. A. Jenkins
and N. G. Copeland, Cell 43:811-819, 1985). To determine if genetic background affects proviral integration
frequency, I analyzed a series of crosses in which the two RF/J proviral loci were transferred onto different
provirus-negative background strains. Unlike SWR/J-RF/J hybrid progeny, few CBA/CaJ-RF/J hybrid mice
were identified that carried new germ line proviral loci. These results indicate that genetic factors other than
the linked RF/J proviral loci contribute to the increased frequency of germ line provirus integration seen in the
SWR/J-RF/J hybrids. The frequency of proviral acquisition appeared to increase when females carrying
Emy-16, Emv-17, and at least one new proviral locus were further backcrossed, suggesting that integration
frequency can be increased by genetic manipulation. The breeding data are consistent with the hypothesis that
virus from the mother infects the egg or the early embryo. Analysis of the transmission frequency and
cosegregation patterns of new proviral loci indicated that (i) viral integration occurs after the first round of
DNA replication and before the germ line is set aside during embryogenesis, with a majority of viral
integrations occurring at the two-cell stage of development, and (ii) independent viral integrations can occur in

the same or in different cells of the embryo.

Exogenous DNA can integrate into vertebrate genomes
and cause insertional mutations that either activate or inac-
tivate gene expression (5, 12, 22, 35, 38). Integration of both
retroviral and microinjected DNA into the mouse germ line
can result in heritable mutations that are usually recessive
and lethal, although nonlethal insertional mutations have
been described (3, 8, 14, 21, 37, 39). Most insertional
mutations recovered in mice have resulted from experimen-
tal manipulation of embryos; dilute mice, however, carry a
recessive coat color mutation that has been bred for many
years and is caused by integration of an ecotropic provirus at
the d locus (3).

Ecotropic proviruses are found at a number of different
heritable loci in many but not all inbred strains of mice (10,
13, 33). Because ecotropic proviruses can give rise to virus
capable of infecting murine cells, these ecotropic proviral
loci probably arose from infection of mouse germ line cells.
The finding that the highly viremic AKR strain of mice fixes
new germ line proviral loci at a higher frequency than do
nonviremic mice supports the hypothesis that expressed
ecotropic proviral loci can promote germ line integration of
new loci (1, 6, 20, 23, 32). Analysis of congenic lines carrying
expressed AKR ecotropic proviral loci indicates that new
loci arise from maternally derived virus (26).

Jenkins and Copeland (9) have recently documented the
acquisition of new germ line ecotropic proviral sequences in
mice carrying two genetically linked ecotropic proviral loci,
Emv-16 and Emv-17 (where Emv means endogenous ecotro-
pic murine leukemia proviral locus), after transfer of these
loci from the RF/J strain of mice onto the SWR/J back-
ground. Although RF/J mice exhibit only a low level of
viremia that occurs late in life (16), these mice carry a single
dominant locus responsible for viremia that occurs early in
life in hybrids between RF/J and other strains. This locus
segregates with the Emv-16 and Emv-17 proviruses and not
with another proviral locus, Emv-1, that is also found in the
RF/J strain (18). The viremic phenotype may be suppressed
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on the RF/J background because these mice carry a
semirestrictive allele (Fv-1"") at the Fv-1 locus (15), which
controls the permissiveness of cells to infection by many
ecotropic viruses; RF/J females also transmit a nongenetic
maternal resistance factor to their progeny that prevents
infection by ecotropic viruses (2, 16, 17). The SWR/J strain
is negative for ecotropic proviral loci and carries a permis-
sive allele (Fv-1") at the Fv-1 locus (10, 11). Jenkins and
Copeland (9) have shown that female carriers of Emv-16 and
Emv-17 that had been backcrossed for two, three, or four
generations (the N2, N3, and N4 backcross generations,
respectively) onto the SWR/J background give rise to prog-
eny that have sustained new proviral integrations in both
somatic and germ line tissue. More than 50% of the progeny
in some litters acquired new proviruses, and the frequency
of these integration events appeared to be substantially
higher than the estimated frequency of germ line integration
in AKR mice.

As part of an evaluation of this approach to generating
insertional mutants in mice, I determined that genetic factors
affect embryonic proviral acquisition. A series of crosses
between the RF/J strain and two ecotropic virus-negative
strains of mice, SWR/J and CBA/CalJ, were analyzed. The
results described here indicate that the genotype of the
virus-negative strain influences the frequency of acquisition
of new ecotropic proviruses. Moreover, the data indicate
that most integrations occur early in embryogenesis, but
after the first round of DNA replication, and that multiple
integrations can occur in the same or different embryonic
cells.

MATERIALS AND METHODS

Mice. All inbred mice were purchased from the Jackson
Laboratory, Bar Harbor, Maine, and all animals were main-
tained at Cold Spring Harbor Laboratory.

DNA preparation. Genomic DNA from tail biopsies of
2-week-old mice was prepared as follows. Tail pieces (0.5 to
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1.0 cm) were digested in 50 mM Tris hydrochloride (pH
7.4-100 mM NaCl-50 mM disodium EDTA-1.0% SDS
(sodium dodecyl sulfate) containing 400 pg of proteinase K
(Merck & Co., Inc., Rahway, N.J.) per ml in a total volume
of 0.5 ml. No homogenization was necessary if tails were
incubated overnight at 55°C. After extraction with phenol
and with phenol-chloroform (1:1), high-molecular-weight
DNA was precipitated by the addition of an equal volume of
isopropanol. The DNA was spooled with a small glass rod
and rinsed in 70 and 100% ethanol. The DNA was air dried
briefly and dissolved into 0.5 ml of 10 mM Tris hydrochloride
(pH 8.0)-1 mM disodium EDTA. The DNA concentration
was determined by assaying the optical density of represen-
tative samples, and most preparations yielded 30 to 60 p.g of
DNA.

DNA analysis. A portion of each DNA preparation (5 to 10
ng) was digested in 200 pl of appropriate buffer with 10 to 20
U of restriction enzyme (New England BioLabs, Inc., Bev-
erly, Mass., or International Biotechnologies, Inc., New
Haven, Conn.) for 12 to 20 h. The addition of spermidine to
a final concentration of 4.0 mM was necessary to achieve
complete digestion with some of the restriction enzymes
(e.g., HindIII). The digested DNAs were precipitated with 2
volumes of ethanol after the addition of ammonium acetate
to a final concentration of 2.5 M. The DNA was rehydrated
in agarose gel loading buffer (0.025% bromphenol blue,
0.025% xylene cyanol, 2.5% Ficoll-400 [Pharmacia Fine
Chemicals, Piscataway, N.J.], 0.8% SDS). After separation
by electrophoresis through a 0.8% agarose gel in TAE buffer
(50 mM Tris hydrochloride (pH 8.05), 20 mM sodium ace-
tate, 1.0 mM disodium EDTA), DNA was transferred to
nitrocellulose filters by the method of Southern (31). Filters
were hybridized with a restriction fragment isolated from
pAKYV-4 (7), an ecotropic provirus-specific probe containing
367 base pairs of AKV DNA in the env gene. The fragment
was made radioactive by nick translation (24). Hybridization
was for 36 h at 42°C in 50% formamide-5x SSC (1x SSC is
0.15 M NaCl plus 0.015 M sodium citrate)-5x Denhardt
solution (4)-20 mM NaHPO, (pH 6.8)-0.1% SDS-10 mM
disodium EDTA-100 pg of denatured salmon sperm DNA
per ml. After hybridization the filters were washed for 45 min
in three changes of 2x SSC-0.1% SDS at room temperature
and for 90 min in three changes of 0.2x SSC-0.1% SDS at
55°C. The filters were exposed to x-ray film (X-ARS; East-
man Kodak Co., Rochester, N.Y.) at —70°C with an inten-
sifying screen for approximately 7 days.

RESULTS

Experimental design and detection of new proviral loci. To
generate ecotropic proviral integrations into the mouse germ
line, three master crosses were set up and propagated by a
further series of crosses. For the first cross RF/J males were
mated with females of the CBA/CaJ strain. The CBA/Cal
strain was chosen because it was available at the time the
experiments were started and because it appeared to be a
good candidate to be permissive for proviral acquisition.
This is because the CBA/CaJ strain, like the SWR/J strain, is
ecotropic provirus negative and carries a permissive allele at
the Fv-1I locus (Fv-1") (10, 11). In all cases F1 progeny were
mated with CBA/CaJ mice to begin backcrossing, and mice
of the N2, N3, and N4 backcross generations carrying
Emv-16 and Emv-17 were set up in mating with CBA/CaJ
mice. Because these hybrids exhibited a very low frequency
of proviral acquisition (see below), a comparison of integra-
tion frequencies was made by establishing a second series of
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crosses involving RF/J males and SWR/J females. Offspring
carrying Emv-16 and Emv-17 were selected for mating with
SWR/J mice. A third series of crosses was set up with mice
carrying Emv-16 and Emv-17 on a hybrid background to
determine if the RF/J strain carried loci that suppress germ
line proviral acquisition. Mice of the second backcross
generation (N2) onto the CBA/CaJ background and carrying
Emv-16 and Emv-17 were mated with SWR/J mice. Offspring
were selected for further mating with SWR/J mice as de-
scribed above.

Detection of the endogenous ecotropic RF/J proviral loci
(Emv-1, Emv-16, and Emv-17) and new proviral loci was
accomplished as follows. Genomic DNA prepared from tail
clips was digested with the restriction enzyme PvuIl. This
enzyme generates distinct virus-cellular DNA junction frag-
ments containing env gene sequences of each RF/J provirus
(18). After separation by agarose gel electrophoresis and
transfer to nitrocellulose filters, restriction fragments were
visualized by hybridization to the env gene probe (see
Materials and Methods). Pvull digestion products comple-
mentary to the probe but differing in size from those pro-
duced by the endogenous loci were scored as new proviral
loci.

Most of the new loci were also detected by digestion of the
DNA with at least one other restriction enzyme (data not
shown), thus reducing the possibility that the Pvull frag-
ments were artifacts resulting from partial DNA digestion.
Proviral loci represented by fragments comigrating with
fragments corresponding to Emv-16 and Emv-17 (4.6 and 6.0
kilobases [kb]) were not scored unless present in animals
that did not carry these endogenous loci. New proviral loci
transmitted to progeny were assayed by digestion of DNA
with PstI to check for gross deletions. PstI digestion of intact
ecotropic proviruses generates an 8.2-kb DNA fragment
because there is a single Ps:I site in each flanking long
terminal repeat. Only 3 of the 40 loci analyzed generated PstI
fragments of altered mobility, suggesting that most new loci
do not carry gross deletions (data not shown).

Ecotropic provirus acquisition with different strain combi-
nations. The three master crosses tested for acquisition of
new proviral loci are shown in Fig. 1. In all breeding
schemes, only the N2, N3, and N4 animals carrying Emv-16
and Emv-17 were used in subsequent crosses. The results
shown in Fig. 1 are pooled from several individual crosses of
each genotype and are not pedigrees of single breeding pairs.
For example, Fig. 1B shows that initially SWR/J females
were mated with RF/J males. The F1 progeny were used in
two reciprocal matings. The cross involving SWR/J females
(S?) and F; males (F13) produced 113 N2 offspring with no
new proviral loci. The N2 offspring of this cross were also
set up in reciprocal crosses. N2 females (N2?) were mated
to SWR/J males (S3), and testing of 402 N3 progeny
identified 54 new proviral loci, whereas testing of 46 off-
spring of SWR/J females and N2 males identified no new
proviral loci.

Reciprocal crosses were set up for two reasons. The first
was to test the hypothesis that only female carriers of
Emv-16 and Emv-17 could produce offspring with new pro-
viral loci. This situation prevailed in all crosses tested, and
the only crosses productive for new loci involved female
carriers of Emv-16 and Emv-17 (e.g., Fig. 1B, lines 4 and 5).
Reciprocal crosses were also used to carry Emv-16 and
Emv-17 through the male germ line. Because the RF/J
maternal resistance factor to viremia was retained by some
females with RF/J fathers (2), the possibility that female
carriers of the endogenous loci could suppress proviral
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FIG. 1. Genetic crosses tested for proviral acquisition. The parental genotypes are shown at the top of each breeding scheme, the
genotypes of the resulting progeny are shown by an arrow to the line below, and crosses involving offspring are identified by a dashed line

connecting the progeny genotype to the subsequent cross. The numbers

of new proviral loci scored relative to the total number of progeny

tested are indicated in brackets next to the appropriate genotype. By convention, the maternal genotype is always listed first. Abbreviations:

C, CBA/Cal; R, RF/J; S, SWR/I.

acquisition in their grandchildren was tested. The data in
Fig. 1 indicate that this is not the case because after the first
backcross (N2) generation, the sex of the grandparent has
little or no effect. For example, the analysis of N4 offspring
(Fig. 1B, line 4) shows that new proviral loci were identified

in those progeny whose grandmother (N2?) was a carrier
(5/61) and in those progeny whose grandfather (N23) was a
carrier (8/70).

A tabulation of data for each of the crosses productive for
ecotropic proviral integrations is shown in Table 1. In all

TABLE 1. Genotype distribution of new proviral integrations

No. of positive mice/

No. of integrations/ Frequency of

Genotype of progeny Parental genotypes total analyzed % Positive mice total analyzed integrations Location in Fig. 1¢

N2 F1 x C? 3/348 0.9 3/348 0.01 A2
N3 N2 x S¢ 26/402 6.5 54/402 0.13 B3
N4 N3(N2xS)4 x S 5/61 8.2 5/61 0.08 B4
N4 N3(SxN2) x S 3/70 4.3 8/70 0.11 B4
NS N4(N3xS) x S 10/39 25.6 12/39 0.31 BS
NS N4(SXN3) x S 3/14 214 3/14 0.21 BS
N2N2 N2F1 x S 11/156 7.0 20/156 0.13 C2
N2N3 N2N2 x S 6/83 7.3 6/83 0.07 C3

a Letters refer to the breeding scheme; numbers refer to the line within the breeding scheme containing each set of progeny data.

5 C, CBA/Cal.

< S, SWR/J.

4 Genotypes of the grandparents, where significant, are shown in parentheses. Fig. 1 contains full pedigrees.
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TABLE 2. Litter distribution of new integrations in N3 progeny*

N2 No. positive mice/no. of mice in litter: No. of positive Total
mouse offspring/ integrations

no. L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 total offspring
9497 0/8 0/2 0/5 0/7 3/7 0/1 3/30 13
9498 177 1/6 1/6 217 1/4 217 0/3 0/3 0/1 8/44 16
9501 0/5 2/6 0/7 07 0/8 ND?  0/5 2/38 3
9989 0/9 0/8 0/9 ND ND ND 0/7 0/7 0/6 0/4 1/6 3/7 4/63 10
10287 ND 0/6 0/3 177 1/8 2/24 2
10292 ND 0/7 0/6 0/6 0/7 0/26 0
10293 0/8 17 0/7 0/6 0/1 1/29 1
11322 0/4 0/4 0/7 0/7 0/8 2/6 2/36 2
11323 0/2 0/7 ND 0/6 0/4 03 0/8 ND 0/7 0/2 0/39 0
11325 173 0/6 ND 0/7 1/6 ND 0/5 0/5 2/4 4/36 7
11326 0/3 0/5 0/10 0/18 0
Other  0/19 0/19 0
Total 2/68 4/64 1/60 3/60 6/53 4/17 0/28 0/15 2/18 0/6 1/6 3717 26/402 54

¢ These N3 progeny are from N2(S?XF13) females and SWR/J males.
® ND, Not determined.
¢ Three females, each bearing a single litter.

cases both the percentage of positive mice from each cross
and the frequency of proviral acquisition (total
integrations/total mice analyzed) are displayed. The percent-
age of positive mice may be relevant to the mode of proviral
acquisition, whereas the integration frequency is relevant to
an evaluation of this method in generating insertions. These
numbers differ because many mice contained multiple inte-
grations; on average, each mouse that scored positive had
two new loci.

Examination of the data presented in Fig. 1 shows that
proviral acquisition frequency was affected by the virus-
negative strain onto which the RF/J loci Emv-16 and Emv-17
were crossed. Most of the crosses tested with CBA/CaJ as
the ecotropic virus-negative recipient strain did not score
positive for new proviral loci (Fig. 1A). The one positive
cross involved mating F1 females (F19) with CBA/Cal
males (Cd). Three new proviral loci were identified in an
analysis of 348 N2 progeny (Fig. 1A, line 2), with a fre-
quency of 0.01 integrations per mouse (Table 1). Not only
was the frequency of proviral acquisition very low, but the
three new loci were all scored in the progeny of one female
among the 38 females set up in this particular mating
scheme. In contrast, several of the crosses tested with
SWR/J as the virus-negative recipient strain were positive
for new proviral loci, and the acquisition frequency was
consistently higher than that observed with CBA/CaJ mice
(Fig. 1B, Table 1). Proviral acquisition was seen in N3, N4,
and NS backcross progeny descended from the pool of N2
animals with SWR/J mothers (S?) and F1 fathers (F138).

Because proviral acquisition in both crosses was low or
not detected in the F1 and N2 backcross generations, the
RF/J strain may contain loci that suppress proviral acquisi-
tion until these loci are lost by backcrossing. If this is the
case, crosses begun with mice carrying Emv-16 and Emv-17
on a CBA/CalJ-RF/J hybrid background might show embry-
onic proviral acquisition after fewer backcross generations.
This possibility was tested by establishing the mixed strain
cross shown in Fig. 1C. The cross was started by mating
SWR/J animals to both male and female N2 backcross
progeny of the genotype (F12 x C3) (Fig. 1A, line 2). The
20 new proviral loci were identified in analysis of 156 N2N2
progeny of the mixed strain cross (Fig. 1C, line 2). These
mice are the second backcross generation onto the SWR/J
background. This positive result differed from the negative

result obtained in analyzing the second backcross generation
onto the SWR/J background from the SWR/J x RF/J mating
(Fig. 1B, line 2). These results indicate that the RF/J
background is less permissive than the CBA/CalJ background
for proviral acquisition.

A comparison of proviral acquisition among the produc-
tive crosses seen in Table 1 shows that the N3 and N4
backcross progeny of the SWR/J X RF/J cross and the N2N2
and N2N3 progeny from the mixed strain cross produced
from 4.3 to 8.2% positive mice, whereas the NS backcross
progeny from the SWR/J X RF/J cross produced 21.4 and
25.6% positive mice in two different crosses. The exception-
ally high rate of provirus acquisition in the latter crosses may
be due to further backcrossing onto the SWR/J background
or to the fact that all N4 mice mated had already sustained
one new proviral integration. Mice in all other crosses either
carried no new proviral loci or, in the case of N3(N2¢? X S3)
females giving rise to N4 progeny (Table 1, line 3), were a
combination of animals with and without new proviral loci.
These results suggest that the percentage of progeny mice
sustaining proviral integrations can be increased by genetic
manipulation. The relative contributions of backcrossing and
selection to the increased integration frequency, however,
cannot be determined from the data.

Litter distribution of proviral integrations. To determine if
there is any pattern to proviral acquisition among individual
mothers, the litter distribution of proviral integrations in one
of the sets of productive crosses was examined in detail.
Proviral acquisition by litter for 11 N2 females (N29)
crossed to SWR/J males (S3) are shown in Table 2. These
N3 offspring (N2? X S3) are the animals whose pooled data
is shown in Fig. 1B, line 3. Eight of these females had at least
one offspring positive for new integrations, whereas three
females produced only negative offspring (no. 10292, 11323,
11326). All of the eight females with positive offspring had
both positive and negative litters, and in no case were all
members of a litter positive. Thus, a permissive maternal
genotype is not sufficient to ensure that all progeny will
acquire new proviral loci. Examination of the total number
of positive offspring from all 1st through 12th litters shows
no obvious pattern of increase or decrease of integration
efficiency by litter (see totals at bottom of Table 2).

Germ line transmission of new proviral integrations. The
autoradiographs resulting from hybridization of the env gene
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FIG. 2. Representation of new ecotropic proviral loci in tail genomic DNA. Pvull-digested tail genomic DNA was separated by agarose
gel electrophoresis, transferred to nitrocellulose filters, and hybridized with the [*?P]labeled env gene probe. Each lane contains DNA from
a different founder mouse carrying at least one new proviral fragment, which is identified by a number (the numbering system is described
in the text). The fragments corresponding to the endogenous loci (Emv-1, Emv-16, Emv-17) are marked by arrows when present in the lane
and have sizes of 4.0, 4.6, and 6.0 kb, respectively, relative to size markers (A DNA digested with HindIII). The dots to the left of lanes I
and J identify hybridizing sequences that were not transmitted to progeny. Exposures were for 7 days at —70°C with an intensifying screen.

probe to tail DNA from each of 11 founder mice analyzed for
transmission frequency are shown (Fig. 2). To estimate the
representation of each new locus in tail DNA, the relative
intensities of bands corresponding to new loci were com-
pared visually with bands corresponding to Emv-16 and
Emv-17. These endogenous loci should be present at one
copy per diploid genome. For example, Fig. 2C shows bands
in the tail DNA of founder mouse C that correspond to loci
3 and 4, and both loci appear to be approximately half the
intensity of the upper endogenous band representing
Emv-17. The bands representing new loci appeared to have
from 10 to 100% of the intensity of the endogenous
bands.

An analysis of the germ line transmission of newly ac-
quired proviral integrations is shown in Table 3. Each
founder mouse was set up in mating with a mouse of a
provirus-negative strain (CBA/CaJ or SWR/J), and the prog-
eny were monitored for new loci. Each locus was given a
number as it was transmitted to progeny (numbers 16 and 17
were not assigned to avoid confusion with Emv-16 and
Emv-17). To date, 40 new proviral loci have been transmitted

through the germ line. Although 111 new loci were pro-
duced, some mice died before breeding or did not breed;
only two loci carried in mice for which enough progeny were
collected to permit analysis (more than 15 progeny) were not
transmitted. Analysis of the transmission frequency of 24
representative loci (Table 3) shows that the frequencies
range from 6 to 35%, with an average transmission frequency
of 22%. These frequencies are lower than the 50% maximum
expected for a provirus present at one copy per cell, which
is found for the heterozygous loci Emv-16 and Emv-17.
Comparison of Fig. 2 and Table 3 allows an estimation of
the relative representation of each new locus in the somatic
tail tissue and in the germ line. In most cases the represen-
tation of a new locus in tail DNA corresponded to the
frequency of germ line transmission. For example, the band
representing locus 6 of founder mouse E (Fig. 2, lane E) is
approximately half the intensity of the bands representing
Emv-16 and Emv-17, and this locus was transmitted to 32%
(8 of 25) of the progeny. A few exceptions were noted,
however. Bands representing loci 10 and 19 (Fig. 2F) are of
equal intensity in the autoradiograph of tail DNA of founder
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TABLE 3. Germ line transmission of new proviral integrations

a Proportion . Lane
Locus' tranf:litt ed® % Transmission display®
1 4/17 23 A
2 3/23 13 B
3 9/35 26 C
4 4/35 1 C
5 19/55 35 D
6 8/25 32 E
7 14/50 28 F
8 16/50 32 F
9 10/50 20 F
10 15/50 30 F
11 7/50 14 F
12 16/50 32 F
13 317 18 G
14 117 6 G
15 117 6 G
18 16/50 32 F
19 6/50 12 F
20 15/50 30 F
21 4/14 29 H
22 1/10 10 I
23 3/55 5 D
24 1/4 25 J
254 312 25 C
26 3/18 17 K

2 Numbers 16 and 17 were not assigned to avoid confusion with Emv-16 and
Emv-17.

5 No. of progeny with new locus/total no. of progeny of founder mouse.

< Tail genomic DNA of founder mouse as shown in Fig. 2.

4 Locus 25 was analyzed in only 12 of the 35 progeny of founder mouse C
because it comigrates with Emv-16 in Pvull digestions.

mouse F, yet locus 10 was transmitted to 30% (15 of 50) and
locus 19 was transmitted to 12% (6 of 50) of the progeny.
Segregation of nine new proviral loci transmitted from one
founder mouse. The segregation of new loci from one of the
founder mice was monitored to determine if the nine new
proviral integrations present in this mouse occurred in one or

ABCD EF

R L J KL
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more embryonic cells. Male mouse 11526 was the N3 off-
spring (Fig. 1B, line 3) of an N2 female (N2?) crossed to an
SWR/J male (S3&). It carried a total of 11 proviral loci, which
included Emv-16 and Emv-17 in addition to the nine new loci
(7-12, 18, 19, 20).

The transmission patterns of these loci are shown (Fig. 3,
Table 4). The env gene probe hybridization pattern of tail
DNA of the founder and 17 representative progeny of the 50
total progeny analyzed is shown in Fig. 3, whereas the
segregation patterns of the loci are tabulated in Table 4. The
results indicate that two separate populations of cells con-
taining new proviruses are present in the germ line of this
mouse. Examination of Table 4 shows that in general one
group of seven loci (7, 8, 9, 10, 12, 18, 20) appeared along
with Emv-16 and Emv-17 in random combinations in the
offspring. The data in Fig. 3 demonstrate this segregation
pattern. For example, the offspring whose DN As are in lanes
G, H, and I carry the folowing loci: (G) 9 and 18; (H) 7, 9, 10,
12, and 20; and (I) 7, 8, 10, and 12. Six of these loci, 7, 8, 10,
12, 18, and 20, were all transmitted at a frequency of about
30%, whereas locus 9 was transmitted to 20% of progeny
(Table 3). Most loci appear with the others or with Emv-16
and Emv-17 at approximately the frequencies expected if
multiple integrations occurred in a single embryonic cell
after the one-cell stage. Two exceptions to random segrega-
tion of these seven loci suggest that (i) loci 7 and 18, which
never appear together but which appear with the other loci,
are located on homologous chromosomes and (ii) loci 12 and
20 may be linked because they cosegregate with a frequency
of approximately 85%.

A separate group of two loci (11 and 19) appeared with
each other and with Emv-16 and Emv-17 in the progeny, but
never with the other seven loci. An example of this segre-
gation pattern is shown in Fig. 3, lanes L and P, which show
DNAs of offspring carrying loci 11 and 19 and 19 alone,
respectively. The two loci were transmitted at a lower
efficiency (average 13% positive progeny) through the germ
line than loci in the first group (Table 3). These results
indicate that multiple viral integrations occurred in at least

MN O P Q

FIG. 3. Segregation of nine new ecotropic proviral loci from one founder mouse. Tail genomic DNAs of the founder mouse (lane 11526)
and 17 progeny (lanes A through Q) were digested with Pvull, separated by agarose gel electrophoresis, and transferred to nitrocellulose
filters. The filters were hybridized with the [*?P]labeled env gene probe. The nine new loci of the founder mouse are indicated by numbers
to the left of lane 11526. The positions of the two fragments corresponding to the endogenous proviral loci (Emv-16 and Emv-17) present in
some of these mice are marked by arrows to the right of the lanes and have sizes of 4.6 and 6.0 kb, respectively, relative to size markers (A
DNA digested with HindII). Several loci have comigrating Pvull restriction fragments (new loci 12, 20, and Emv-17; new locus 18 and Emv-16)
that produce bands of greater hybridization intensity relative to other bands in the same lane; these loci were distinguished by use of other
restriction enzymes. The dot to the left of lane G indentifies hybridizing sequences that were not transmitted to progeny. Exposures were for

7 days at —70°C with an intensifying screen.
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TABLE 4. Segregation of new proviral loci in 50 progeny of mouse 11526*

Locus
Locus
7 8 9 10 11 12 18 19 20 Emv-16, Emv-17
Emv-16, Emv-17 6° 6 4 9 2 8 9 1 8 (22)°

20 8 8 5 7 0 13 7 0 (15)
19 0 0 0 0 2 0 0 ©)
18 0 7 7 6 0 7 (16)
12 9 8 5 8 0 (16)
11 0 0 0 0 (@)
10 8 6 5 1s)

9 3 5 (10)

8 9 (16)

7 (14)

2 Six progeny carried no ecotropic proviral loci, whereas two progeny carried only Emv-16 and Emv-17.
® Number of times locus at the top of the column has been found in the same offspring as locus in the far left column. A total of 50 progeny were scored.
¢ Numbers in parentheses refer to number of times each locus was transmitted in analysis of 50 progeny.

two different cells of the embryo and that members of these
lineages were both recruited to the germ line of mouse
11526.

DISCUSSION

I examined some of the genetic parameters that influence
the integration frequency of ecotropic proviral sequences
into the DNA of early mouse embryos. Indirect evidence
suggested that certain hybrid strain backgrounds might be
permissive for embryonic proviral acquisition (26). Jenkins
and Copeland (9) have recently documented this phenome-
non and have defined a permissive strain combination. They
have shown that proviral loci Emv-16 and Emv-17 of the
RF/J strain are important for embryonic proviral acquisition
and that other proviral loci capable of expressing virus do
not substitute for the RF/J loci (N. Jenkins and N. Copeland,
personal communication).

The data presented here indicate that other genetic factors
also contribute to embryonic proviral acquisition and specif-
ically that the virus-negative background onto which the
RF/J proviral loci are crossed is important. Crossing Emv-16
and Emv-17 onto the SWR/J background for three genera-
tions results in a higher frequency of integration events (0.13
per mouse) than crossing Emv-16 and Emv-17 onto the
CBA/CaJ background for three generations (none detected
in 94 mice). Both strains lack endogenous ecotropic proviral
loci and carry an allele at the Fv-I locus (Fv-1") that is
permissive for infection by the ecotropic RF/J virus (10, 11).
Therefore, other loci that differ between the two strains must
affect embryonic proviral acquisition. The second backcross
onto the SWR/J background starting with N2 animals of the
genotype F1? X CdJ was positive for proviral acquisition, in
contrast to the second backcross onto the SWR/J back-
ground starting with RF/J animals. This finding indicates that
at least one genetic locus that differs between the RF/J and
CBA/CalJ strains affects the efficiency of proviral acquisi-
tion. One locus that may affect proviral acquisition in this
case is Fv-1 because RF/J and CBA/CaJ carry different
alleles; RF/J has the semipermissive Fv-1"" allele whereas
CBA/CaJ has the permissive Fv-1" allele.

Further evidence that genetic factors contribute to this
phenomenon is that matings set up with N4 females carrying
at least one new proviral integration in addition to Emv-16
and Emv-17 showed an increased percentage of offspring
with new integrations (see Table 1). This increase is proba-
bly not caused by the presence of the new loci per se because

to date none of the females carrying new loci in the absence
of Emv-16 and Emv-17 have had offspring with additional
new loci (unpublished results). This finding, therefore, pro-
vides additional evidence that genetic factors are involved
in this phenomenon and suggests that the efficiency of
proviral acquisition may be increased by genetic manipu-
lation.

Several lines of evidence support the hypothesis that
infection rather than DNA-mediated transposition is the
mechanism whereby new proviral loci are generated. The
establishment of viremia in an animal is known to involve
both genetic and epigenetic factors (25, 27); the data pre-
sented here show that embryonic proviral acquisition is
affected by genetic factors. The litter distribution of integra-
tions (Table 2) shows that a permissive maternal genotype is
not sufficient to ensure that all progeny will acquire new
proviral loci, and other genetic or epigenetic factors must
determine whether an integration event will actually occur in
a permissive situation. The same backcrossing protocol that
relieves suppression of viremia in other RF/J hybrid mice
(18) promotes embryonic proviral acquisition, further sup-
porting the hypothesis that proviral acquisition and viremia
are linked.

The virus infecting the oocyte or embryo probably origi-
nates from the mother. The probability that an embryo will
acquire a new provirus is determined at least in part by the
maternal genotype, because only female carriers of Emv-16
and Emv-17 gave rise to progeny with new loci. The pres-
ence of Emv-16 and Emv-17 in the embryonic genome is not
correlated with the probability that the genome will acquire
a new provirus, thus ruling out the possibility that embryonic
cells produce virus which reinfects cells in the same embryo
(unpublished results). If maternal infection is responsible for
proviral acquisition, a correlation may exist between viremia
in the blood or tail tissues of females and proviral acquisition
that can be used to increase the embryonic proviral integra-
tion frequency by selection.

The new proviral loci detected in these experiments are
transmitted through the mouse germ line. Because all of the
loci were transmitted at less than 50% (heterozygous) effi-
ciency, I conclude that integration of proviral sequences in
most cases occurred after the onset of DNA replication in
the zygote. In general the representation of a new locus in
tail DNA corresponds to the frequency of germ line trans-
mission, indicating that most integration events occur before
the embryonic germ line is set aside and that infected cells
can contribute equally to both somatic and germ line tissue.
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It is possible that infection and proviral integration are
separate events occurring at different times; that this may be
the case is suggested by the fact that the zona pellucida, an
effective barrier to virus infection in vitro (28), surrounds
mouse embryos during the preimplantation stages when
provirus integration is probably occurring.

The two separate cosegregation patterns of nine loci in
progeny from founder mouse 11526 indicate that proviral
integrations can occur in two different embryonic cells. The
fact that both lineages are represented in the germ line
indicates that at least two distinct cells from the early
embryo contributed to the germ line of this mouse. This
finding is consistent with analyses of mouse embryos and
chimeras, which have indicated that 10 to 200 cells are
recruited from a larger pool of embryonic cells to form the
germ line (19, 29, 30).

Because recruitment leads to formation of the mouse germ
line, it is impossible to determine exactly from transmission
data the timing of the integration events during development.
Nevertheless, the correspondence between somatic repre-
sentation and germ line transmission and the average trans-
mission frequency of 22% suggests that integration may
often occur at the two-cell stage of embryogenesis. Addition
of the average transmission frequencies (30 and 13%) of the
two separate cell populations contributing to the germ line of
mouse 11526 approximates heterozygous (50%) transmis-
sion, supporting this hypothesis. Analysis of transmission
frequencies of multiple loci that do not cosegregate in four
additional founder mice revealed that in three cases the
combined frequencies also approximate 50% (unpublished
results). It is thought that cellular DNA synthesis is required
for proviral integration (36); therefore, the data indicating
viral integration at the two-cell stage are consistent with the
model that integration occurs after cellular DNA synthesis is
activated during embryogenesis. Although proviral integra-
tions occurring at successively later stages in development
would be more difficult to detect by both the tail DNA assay
and by transmission to progeny, I only identified one locus
not detected by the tail DNA assay of founder animals in
analysis of over 800 progeny of founder mice. This finding
suggests that most germ line integration events occur early
during development.

Integration of these new proviruses into the mouse germ
line may result in insertional mutations leading to activation
or inactivation of host genes. Although retrovirus integration
appears to be random with respect to nucleotide sequence
(34), recent investigations of targeted mutagenesis by retro-
viruses in culture suggest that integration may not be com-
pletely random (12). If proviral integration into actively
transcribed DNA is favored, then detectable mutations
recovered from this method of generating insertions might
involve genes active early in mouse development because
most proviral integrations occur at this time. It is not known,
however, whether any bias of proviral integration will favor
or disfavor disruption of gene expression. Therefore, choice
of a large target size may increase the probability of detect-
ing retroviral insertion mutations in mice and allow for an
estimation of the efficiency of this form of mutagenesis. To
this end, I assayed the new loci for all visually detectable
phenotypes in mice; none were detected in founder animals
or mice carrying heterozygously the 40 independent proviral
loci (unpublished results), indicating that these insertion
events did not generate visually detectable dominant muta-
tions. I am currently attempting to make these 40 loci
homozygous to screen for recessive phenotypes and for
recessive lethal mutations.
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