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In order to explore the potential of retrovirus vectors for efficiently transferring foreign genes into mouse
embryos, a replication-competent recombinant Moloney murine leukemia virus (Mo-MLYV) vector carrying a
mutant dihydrofolate reductase (DHFR) cDNA insert in the U, region of the viral long terminal repeat was used
to infect pre- and postimplantation embryos. When preimplantation mouse embryos were infected with the
vector, as expected, the provirus integrated into the embryos and the germ line with the same efficiency as that
observed with wild-type Mo-MLYV, leading to inactivation of the recombinant virus. In contrast, when
postimplantation mouse embryos were microinjected with virus-producing cells, between 90 to 100% of the
surviving animals proved to be infected with the virus. The recombinant virus spread as efficiently as wild-type
Mo-MLY in the infected embryos, resulting in up to three to five proviral copies per genome in heart, thymus,
and brain tissues. Substantial expression of mutant DHFR*-coding viral message was found in all somatic
tissues analyzed, the amounts correlating with the proviral copy number in the respective organ. These results
suggest that replication-competent vectors are useful for efficient transfer and expression of foreign genes into
tissues or whole animals when virus spread is needed.

Retrovirus vectors are powerful tools for the transfer of
foreign genes because they have been shown to infect
efficiently a variety of cells in vitro and in vivo (16, 18,
33-35). However, one potential use for the vectors that has
not yet been fully exploited is to introduce and express
foreign genes in mice at different stages of development.
This approach would greatly facilitate the understanding of
mechanisms of expression of defined genes during develop-
ment as well as of the effect of foreign gene expression on
development. Furthermore, retrovirus-mediated gene trans-
fer might be used to mark cell lineages during development
as has been demonstrated already in other systems (16, 18,
21, 25, 31, 33).

Most retrovirus vectors described so far are replication
defective and require helper functions for packaging their
RNA into infectious virus particles. Such replication-defec-
tive vectors have been successfully used for the introduction
of several genes into preimplantation mouse embryos (7, 13,
24, 28, 32). However, as has been shown for wild-type (wt)
virus, expression of these vectors has been shown to be
suppressed when the gene is under the control of the viral
long terminal repeat (LTR) (13, 28). In contrast, when
replication-competent Moloney murine leukemia virus (Mo-
MLYV) is used to infect postimplantation mouse embryos
between days 8 and 10 of embryogenesis, no inactivation of
viral genes occurs and the virus can replicate unrestricted in
most somatic tissues (9, 15). In an attempt to exploit that
property, we previously used a replication-defective retro-
virus for infection of postimplantation mouse embryos and
showed that the bacterial marker gene Ecogpt can be intro-
duced and expressed in many somatic tissues of the infected
animal (29). However, the fraction of cells infected with the
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vector was -very low, indicating the need for virus spread
after infection of postimplantation embryos (29).

In order to overcome this limitation, we have constructed
Mo-MLV-derived replication-competent vectors carrying in
addition a selectable gene. A series of vectors carrying
inserts with a mutant dihydrofolate reductase (DHFR¥*)
cDNA (26) as a selectable marker gene in the U; region of
the viral LTR have been constructed and analyzed in vitro
for stability of the virus and expression of DHFR (30). In this
report, we describe the use of such a replication-competent
vector for introducing the mutant DHFR* gene at different
stages of embryogenesis. We examined the efficiency of
infection, the levels of DHFR* expression, and the proper-
ties of the recombinant virus in vivo. In addition, we
explored the possibility of methotrexate selection of the
infected embryos in vivo.

MATERIALS AND METHODS

Mice, cell lines, and mouse embryo infection. BALB/c
CS57BL/6J, and CBA mice were obtained from the Jackson
Laboratories and bred in our mouse colony. NIH 3T3, XC
cells, and DHFR*-5H-E cells (30) were grown in Dulbecco
modified Eagle medium (DMEM) supplemented with 10%
calf serum, penicillin, and streptomycin. The clone DHFR*-
SH-E was derived by three passages of MLV DHFR*-S in
vitro without methotrexate selection and subsequent single-
cell cloning. DHFR*-5H-E cells contain 15 to 20 proviral
copies per cell and produce a titer of 107 XC plaques per ml
and 5 X 10° Mtx" colonies per ml, respectively.

Four- to sixteen-cell C57BL/6J preimplantation embryos
were isolated and cocultivated with DHFR*-5H-E cells for
24 to 28 h, as described previously (11, 14). Embryos which
had developed to the late morula-blastocyst stage were
transferred into the uteri of pseudopregnant (C57 male X
CBA female) foster females.

Postimplantation mouse embryos were microinjected in
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situ at day 9.5 of gestation (vaginal plug counted as day 1)
with 10® to 10* DHFR*-5H-E cells, as described previously
(9, 29). The cells were treated before microinjection with 10
g of mitomycin C per ml for 3 h to prevent mitosis. The
presence of p30 in the serum of mice was determined by a
competitive radioimmunoassay as described previously (20).

DNA preparation and Southern hybridization analysis.
High-molecular-weight DNA from embryo and adult tissues
was prepared as described previously (10). Agarose gel
electrophoresis and Southern hybridization was performed
by standard procedures (19), using ZETABIND membranes
(AMF/Cuno, Inc.) for DNA transfer. A 660-base-pair (bp)
DHFR* cDNA fragment was nick translated by using stan-
dard procedures (19).

RNA preparation and S1 nuclease analysis. Organs from
embryos or adult mice were removed and quick-frozen in
liquid N,. The tissues were homogenized in 4 M guanidinium
thiocyanate-25 mM sodium citrate (pH 7)-0.5% sarcosyl-0.1
M B-mercaptoethanol-1 drop of Antifoam A (Sigma Chem-
ical Co.), using a polytron (Brinkmann Instruments, Inc.).
Total cellular RNA was prepared by the method of Chirgwin
et al. (2) as described by Cone et al. (3).

S1 nuclease analysis was performed essentially as de-
scribed by Hentschel et al. (5), using 1 pg of total cellular
and 5 pg of Saccharomyces cerevisiae tRNA as carrier for
each reaction. A 3?P-5'-end-labeled 840-bp Sspl-BamHI
fragment and a 1,300-bp Sspl-Scal fragment from a pLTR
subclone (22) containing a simian virus 40 (SV40) promoter-
DHFR* cDNA insert were used as probes. Hybridization
was performed with RNA concentrations of 0.5 pg/ml at
52°C for 18 h. The hybrids were digested with 30 U of S1
nuclease (Boehringer Mannheim Biochemicals) for 1 h at
37°C. Protected DNA fragments were analyzed by electro-
phoresis through 7% polyacrylamide-urea gels.

Infectious center assays. To analyze virus production in
embryonal tissues, single-cell suspensions were prepared
by a limited digestion of tissue (30 to 60 min at 37°C) in
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid) buffer (pH 7.1) containing 1% heat-inactivated chicken
serum (GIBCO Laboratories)-0.1 mg of trypsin per ml-0.1
mg of collagenase per ml-0.01 mg of DNase I (Worthington
Diagnostics) per ml. Cells were counted, and serial dilutions
from 10~ to 105 of the single-cell suspension were plated in
DMEM-F12 (1:1) medium supplemented with 15% fetal calf
serum-10 mM HEPES (pH 7.3)-2 mM L-glutamine-penicil-
lin-streptomycin—fungizone—4 pg of Polybrene per ml along
with NIH 3T3 cells seeded 1 day earlier in 24-well petri
dishes either at a density of 5 x 10* cells per well (for a
methotrexate assay) or 0.5 x 10* cells per well (for an XC
assay) (23). Cells were passaged 2 days later into methotrex-
ate selection medium (DMEM supplemented with 10% dia-
lyzed calf serum—0.3 mM methotrexate [Lederle Laborato-
ries]). To analyze for infectious virus, the cells were
subjected directly to an XC assay (23) at 5 to 6 days after
cocultivation.

To analyze for MLV DHFR*-5 in the blood of infected
animals, 200 pl of blood was collected retroorbitally and
diluted 1:2 in HEPES buffer (pH 7.1) containing 10 U of
heparin per ml-2% calf serum. NIH 3T3 cells in 24-well
dishes were overlaid with 0.2 ml of diluted blood samples
and analyzed for Mtx" and XC-positive virus as described
above.

Methotrexate treatment of embryos. Postimplantation em-
bryos were injected either with DHFR*-5H-E cells or
DMEM medium, respectively. Pregnant females were in-
jected intraperitoneally with 0.2 to 0.6 mg of methotrexate
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(Lederle) in a single or double dose between days 11.5 and
18.5 of pregnancy. Surviving animals were tested for viremia
at 4 to 6 weeks of age by a competitive radioimmunoassay as
described previously (20).

RESULTS

Characteristics of MLV DHFR*-5 producer cell line used
for embryo infection. Since the construction of the replica-
tion-competent vector pMLV DHFR*-5, and the generation
of virus-producing cell lines has been described elsewhere
(30), only the main characteristics of the virus are summa-
rized here. pMLV DHFR*-5 is a replication-competent
Mo-MLV-derived vector carrying an insert of about 1 kilo-
bases (kb) in length in the U, region of the viral LTR
upstream from the viral promoter and enhancer sequences.
The insert encompasses a 660-bp mutant DHFR* (26) cDNA
and upstream SV40 early region promoter sequences (Fig. 1
bottom). The virus-producing cell line DHFR*-SH-E was
derived by three virus passages in vitro without drug selec-
tion and subsequent single-cell cloning. DHFR*-5H-E cells
contain about 15 proviral copies per cell and produce a titer
of 107 XC plaques per ml and 5 X 10° Mtx" colonies per ml,
respectively. The proviruses carry a 40- to 65-bp deletion in
the SV40 sequences encompassing the promoter and part of
the 21-bp repeats (30), suggesting that DHFR* expression is
under the transcriptional control of the virus. DHFR*-5H-E
cells were used for infection of pre- and postimplantation
mouse embryos. To distinguish between MLV DHFR*5
virus and mouse strains carrying integrated MLV DHFR*-5
sequences, we refer to MLV DHFR*5 virus as MLV
DHFR* virus throughout the article. Mouse strains are
numbered (e.g., MLV DHFR*-1).

Infection of preimplantation mouse embryos. Preimplanta-
tion mouse embryos were infected in vitro at the 4- to 16-cell
stage by cocultivation with MLV DHFR*-producing cells
and transplanted to pseudopregnant foster females as de-
scribed previously (11, 14). Of 29 animals derived from the
infected embryos, 13 were found to carry MLV DHFR*
sequences in their tail DNA, thus indicating a similar effi-
ciency of infection as that found with wt Mo-MLV or
Mo-MLV sup, containing a bacterial supF gene in the LTR
(11, 27). Figure 1 (top) shows a Pvull digest of tail DNAs
from the 13 infected animals, probed with a 3?P-labeled
660-bp DHFR* fragment. Each tail DNA gave rise to a 3’
internal Pvull fragment of about 1.10 kb in length, indicating
that the proviral copies in the infected animal contained the
same 50- to 100-bp deletion in the SV40 sequences present in
the MLV DHFR provirus from the producer cell line (com-
pare lanes P and C) (30). Furthermore, all mice were mosaics
with respect to proviral integration, as indicated by 5’
flanking Pvull fragments of submolar intensities. The in-
fected animals harbored between one to nine MLV DHFR*-
5 integration sites (Fig. 1 top).

To determine whether MLV DHFR* proviruses would be
genetically transmitted, six mosaic males were mated with
normal C57BL/6J females. The results are shown in Table 1.
When a total of 214 F, offspring were analyzed, 14 different
mice carrying genetically transmitted proviruses (DHFR*-1
to DHFR*-14) could be identified. Whereas some founder
animals transmitted proviral sequences with very low effi-
ciency through the germ line (e.g., 3 F), nearly 100% of the
F, offspring from 3 L were positive for one or more provirus
integrations, each offspring carrying between two to five
MLV DHFR* copies (data not shown). These results indi-
cate that a large fraction of germ cells in mosaic animal 3L
was infected with multiple copies of MLV DHFR*.
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FIG. 1. Southern hybridization analysis of tail DNA from 13 mice infected as preimplantation embryos with MLV DHFR*-5 recombinant
virus. (Top) High-molecular-weight DNA (10 pg) from the tail was digested to completion with Pvull. The filter was hybridized with 2 x 107
cpm of 32P-labeled 660-bp DHFR* cDNA fragment. Lanes: A to N, tail DNA from founder animals A to N; P, 10 ug of NIH 3T3 DNA mixed
with 15 pg of pMLV DHFR*-5, Pvull digested; 3T3, 10 ng of NIH 3T3 DNA, Pvull digested; C, 10 pg of DNA from clone DHFR*-5H-E,
Pvull digested. The bands in the uninfected NIH 3T3 control (lane 3T3) represent hybridization of the DHFR* probe with endogenous DHFR
fragments. The size markers indicate the positions of the internal Pvull fragment in pMLV DHFR*-5 (1.17 kb) and in the proviral copies
present in the tail DNAs (1.10 kb), respectively. The intensely hybridizing fragment in lane C is probably due to a contamination in the
restriction enzyme digest. (Bottom) Schematic diagram of integrated proviral DNA derived from MLV DHFR*-5 infection, the restriction
enzymes, and the probe used for Southern hybridization analysis. Solid lines indicate proviral sequences; waved lines indicate host DNA

sequences.

Further breeding analysis of the F; offspring showed that
of 13 mice carrying different MLV DHFR* integration sites,
10 could be obtained homozygous so far (see Table 1).
Analysis of the DHFR*-5 locus indicated proviral integration
on the X chromosome (data not shown).

The germ line-transmitted proviral MLV DHFR* copies
were highly methylated as shown by digestion of the DNA
from F, offspring with the methylation-sensitive enzyme
Smal (data not shown). When analyzed for expression of
infectious virus, none of the mosaic founder animals nor
their offspring carrying MLV DHFR* proviral copies con-
tained detectable amounts of viral p30 in the serum at 4
weeks or 2 or 4 months after birth, using a radioimmunoas-

say (20). However, by using a very sensitive infectious
center assay from blood, infectious MLV DHFR* virus
could be detected in most strains at levels 2 to 3 orders of
magnitude lower compared with fully viremic Mov 14 con-
trol mice (see Table 1). Furthermore, none of the mosaic
mice nor offspring transmitting the MLV DHFR* provirus
was found to develop leukemia up to 6 to 12 months after
birth. However, after treatment of primary embryo fibro-
blast cultures or whole animals with 5-azacytidine (data not
shown) (12), the proviruses could be activated and the
animals were found to develop viremia as with wt Mo-MLV.
These results indicate that the MLV DHFR* provirus trans-
mitted through the germ line can give rise to infectious virus.
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TABLE 1. Germ line transmission and expression of MLV
DHFR*-5 provirus®

Germ line Expression of
Eﬁ?;:lebr transmission of DSCTZ Homozygosity? MLV DHFR*
proviral copies (%) provirus®
A 4/25 (16) 1 + +
dK 10/38 (26) 2 + +
3 + +
M 21/61 (34) 4 + +
S X chromosome +
8F 4/41 (10) 6 + -
3L 15/16 (93) 7 + +
8 + +
9 + +
10 + +
11 + +
2 ¥ +
13 ? +
3B 1/33 (3) 14 ND# ND

4 CSTBL/6J embryos were infected at the 4- to 16-cell stage by cocultivation
with DHFR*-5H-E cells overnight and transplanted into the uteri of
pseudopregnant (C57BL/6J male X CBA/J female) females.

® The genotypes of the founder animals and the offspring were analyzed by
Southern blot analysis of tail DNA as described in the text.

< Male founder animals were bred with normal C57BL/6J female to obtain
germ line transmission of proviral copies.

4 Heterozygous males and females of the same genotypes were intercrossed
to generate homozygous strains.

€ Virus expression in the blood was assayed by an infectious center assay as
described in Materials and Methods.

£ 9, Number of offspring was too small to determine homozygosity.

2 ND, Not determined.

However, spread of the virus leading to the development of
viremia and leukemia in the transgenic mice is impaired by a
mechanism that is not well understood.

Infection of postimplantation mouse embryos. Midgestation
mouse embryos at day 9.5 of embryogenesis were injected in
situ as previously described (9, 29) with 10* to 10* mitomycin
C-treated DHFR*-5H-E cells. The developing animals were
analyzed either at the end of gestation at days 17 to 19 of
embryogenesis or as adults between 1 to 2 months after birth
(Table 2). Of 13 litters analyzed, 42% of the embryos
survived the physical trauma of manipulation at the time of
examination. About 97% of the surviving animals proved to
be infected with the recombinant virus when analyzed for
the presence of proviral copies in their DNAs as well as for
virus production in an infectious center assay when exam-
ined before birth (see below) or for viremia by a p30
radioimmunoassay as adults, respectively. These results
show that after treatment with mitomycin C, the injected

TABLE 2. Infection of midgestation mouse embryos?®

No. of infected

No. of No. of survivors/ imals/ £
Time of analysis litters no. of embryos an!mals ?o.t od
injected injected (%) anima s teste
(%)
17-19 days of 3 15/18 (83) 14/15 (93)
embryogenesis
1-2 mo after birth 10 23/72 (32) 21/21 (100)
Total (avg %) 38/90 (42) 35/36 (97)

“ Mouse embryos at day 9.5 of gestation were microinjected in situ with 10°
to 10* mitomycin C-treated DHFR*-SH-E cells as descibed in Materials and
Methods. The developing animals were analyzed either before birth between
days 17 and 19 of gestation or as adults at 1 to 2 months of age for infection
with the recombinant virus as described in the text.
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cells continued to produce infectious virus in the embryos
and the postimplantation embryos were infected with high
efficiency.

All postimplantation-infected animals developed viremia
when analyzed at 4 weeks after birth for the presence of viral
p30 in the serum by radioimmunoassay (Table 2). Further-
more, every animal became leukemic and died between 4 to
6 months after birth. Thus, the replication-competent vector
shows the same biological properties as wt Mo-MLV when
introduced at the postimplantation stage (9).

To examine the number and stability of proviral copies in
different organs of the infected animals, we performed Kpnl
digestion and Southern blot analysis of high-molecular-
weight DNA. Figure 2A shows the results from four em-
bryos of two different litters analyzed at day 18 (part 18A, B,
C) or day 19 (part 16A) of embryogenesis. In addition to the
endogenous DHFR fragments hybridizing to the DHFR*
cDNA probe (Fig. 2A, part 16A, lane c), a predominant
fragment of about 2.2 kb in length was visible, corresponding
to the 3’ internal Kpnl fragment of MLV DHFR* (part 16A,
lane b; see Fig. 1B). The number of proviral genomes per
cells was found to be different in the various organs, with
about three to five copies in liver, skin, and limb DNAs when
compared with the single-copy standard of pMLV DHFR*
(Fig. 2A, part 16A, lane a). Furthermore, the copy number
varied also among different infected embryos (compare Fig.
2A, part 18B with 18C), probably reflecting whether during
infection the virus-producing cells were delivered into or
close to the embryo or into extraembryonic tissues. In
addition to the Kpnl fragment of the expected size, smaller
fragments of distinct sizes were found to hybridize to the
DHFR* c¢cDNA probe with lower intensities, presumably
representing deleted proviruses (Fig. 2A). No Kpnl frag-
ments that included 5’ flanking sequences could be detected
in the DNA, indicating multiple integration sites due to
extensive virus spread in the infected embryos.

The analysis of two postimplantation-infected animals at
6.5 weeks (3 37-27) and 8.5 weeks (@ 27-9) after birth,
respectively, by Kprnl digestion of DNA from 10 different
organs is shown (Fig. 2B). DNA from every somatic tissue
analyzed as well as from ovary and testis tissues contained
up to three to five proviral copies per cell as estimated by the
intensity of the 3’ internal Kpnl fragment. As for the analysis
of infected embryos at days 18 to 19 of gestation, distinct
smaller Kpnl fragments of lower intensities were visible.
Similar results were obtained when three other mice infected
as postimplantation embryos were analyzed at 1 to 2 months
of age (data not shown). Although none of these animals had
developed leukemia at the time of examination, additional
submolar Kpnl fragments indicative of specific integration
were detected in thymus DNA from some animals, suggest-
ing the onset of clonal tumor growth in the thymus (Fig. 2B,
& 37-27, lane e). The highest number of MLV DHFR*
proviruses were invariably found in spleen and heart tissues,
whereas liver, kidney and testes or ovary tissues contained
significantly lower copy numbers.

The data in Fig. 2 show that infection of postimplantation
embryos with MLV DHFR* resulted in efficient insertion of
proviral genomes in the DNA of all somatic tissues analyzed.
The data also indicate that extensive virus spread occurred
in the infected embryos, during which the majority of the
proviruses apparently did not accumulate deletions. Al-
though proviral copies were found in the DNA from testes
and ovary tissues (Fig. 2B), no germ line transmission of
MLV DHFR* could be detected when 71 offspring of vire-
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FIG. 2. Southern hybridization analysis of organ DNA from animals microinjected with virus-producing cells at day 9.5 of embryogenesis.
High-molecular-weight DNA (10 ng) was digested to completion with Kpnl. The filters were hybridized with 2 x 107 cpm of 32P-labeled 660-bp
DHFR* fragment. (A) Analysis of four embryos from two litters at day 18 (18A, B, C) or day 19 (16A) of embryogenesis. (16A) Lanes: a, 15
pg of pMLV DHFR*-5 DNA; b, 10 ug of DHFR*-SH-E DNA, Kpnl digested; ¢, 10 pg of NIH 3T3 DNA, Kpnl digested; d to k, 10 ug of DNA
from thymus (lane d), kidney (lane e), lung (lane f), brain (lane g), liver (lane h), skin (lane i), limb (lane j), and placenta (lane k). (18A, B,
C) Ten micrograms of DNA from brain (lanes a, f, and k), liver (lanes b, g, and 1), skin (lanes c, h, and m), limb (lanes d, i, and n), and placenta
(lanes e, j, and 0). (B) Analysis of two adult animals at 6.5 (3 27-37) and 8.5 (2 27-9) weeks after birth. Lanes: Ten micrograms of DNA from
liver (lane a), spleen (lane b), kidney (lane c), intestine (lane d), thymus (lane €), heart (lane f), lung (lane g), brain (lane h), ovary (2 27-9,
lane i), muscle (3 37-27, lane i), testes (3 37-27, lane j), tail (? 27-9, lane j; & 37-27, lane k), NIH 3T3 control (? 27-9, lane k), DHFR*-5-E
control (lane 1), 15 pg of pMLV DHFR*-5 (lane m). The size marker indicates the position of the 2.2-kb internal Kpnl fragment in the MLV

DHFR*-5 DNA.

mic, postimplantation-infected males were analyzed for the
presence of virus-specific copies (data not shown).
Expression of MLV DHFR* in postimplantation infected
animals. To determine the fraction of MLV DHFR*-5 virus-
producing cells in a given organ from postimplantation-
infected animals, we employed an infectious center assay.
Single-cell suspensions from different organs of day 18
embryos (Fig. 2A, part 18A, B, C) were prepared, and serial
dilutions were plated onto NIH 3T3 cells. The fibroblast cells
were tested for the production of infectious virus by an XC
plaque assay (23) as well as for expression of the mutant
DHFR* by methotrexate selection (see Materials and Meth-
ods). The results, summarized in Table 3, show a rough
correlation between the frequency of infectious centers and
the number of proviral copies in the DNA of the respective
tissues (Fig. 2A). In embryos 18A and 18B, which were
infected with about one to five proviral copies per cell in
various organs (see Fig. 2A), infectious MLV DHFR* virus
was expressed in cells from every organ analyzed in vitro. In
thymus, brain, and spleen tissues, we found the highest viral
titer, with up to 1 of 20 cells yielding an XC plaque and 1 of
40 cells yielding Mtx" colonies in infectious center assays. As
found with MLV DHFR* virus fibroblast producer cells (30),
the XC titers were consistently higher compared with the
Mtx" colony titers, probably because of the higher DHFR*
expression levels necessary to confer resistance to meth-
otrexate. These frequencies are in the same order of magni-
tude as found for viremic Mov animals (11). It should be
emphasized that the infectious center assay may underesti-
mate the fraction of infected cells in vivo in the animal (see

TABLE 3. Frequency of infectious centers per 1,000 cells in
organs from day 9.5 microinjected embryos®

No. of infectious centers/10?

No. of
Embryo Organ proviral cells
copies Mtx" colonies XC plaques
18A Brain 1 0.8 10
Thymus 25 50
Spleen 0.3 3
Liver 3-5 0.2 7.6
Lung 1.3 13
Kidney 0.04 1.2
18B Brain 2 25 130
Thymus 0.25 25
Spleen 0.2 20
Liver 3-5 2.5 1.5
Lung 1.7 3
Kidney 0.7 2.7
18C Brain <0.1 0.15 0.2
Thymus <0.04 0.01
Spleen 0.025 0.025
Liver <0.1 <0.001 0.001
Lung <0.002 <0.01
Kidney <0.002 <0.01

< Mouse embryos were infected at day 9.5 of gestation with MLV DHFR*-5
virus as described in Materials and Methods. Three embryos from one litter
were dissected at day 18 of embryogenesis. Single-cell suspensions were
prepared, and serial dilutions were cocultivated with NIH 3T3 cells in the
presence of 4 pg of Polybrene per ml (see Materials and Methods). The NIH
3T3 cells were assayed for virus infection by a methotrexate assay as well as
an XC plaque assay (23). The number of proviral copies in brain and liver
DNAs were estimated from the intensities of Kpnl fragments by Southern
analysis (Fig. 2A).
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FIG. 3. S1 hybridization analysis of Mo-MLV- and DHFR*-specific transcripts in tissues from postimplantation-infected animal ? 27-9.
One microgram of total cellular RNA mixed with 5 ug of S. cerevisiae tRNA was hybridized with 5 x 10? cpm of a 32P-5'-end-labeled 840-bp
Sspl-BamHI fragment (probe 1) or a 1,300-bp Sspl-Scal fragment (probe 2). The protected S1 fragments were separated on a 7%
polyacrylamide urea gel. Lanes: RNA from liver (lane a), spleen (lane b), kidney (lane c), intestine (lane d), thymus (lane e), heart (lane ),
lung (lane g), brain (lane h), muscle (lane i), ovary (lane j), NIH 3T3 control (lane k), DHFR*-5H-E cells (lane 1), wt Mo-MLV-producing clone
(lane m), and probe 1 (lane n) and probe 2 (lane o) alone. On the left, the sizes of the $X fragments, cut with Haelll, are indicated. The
structure and sizes of pLTR DHFR*-5 DNA, the DNA probes, and the protected fragments are indicated at the bottom.

Materials and Methods) since only a fraction of the infected
cells may give rise to an infectious center.

To examine the expression of the integrated MLV
DHFR*-5 genomes, total RNA was isolated from different
organs of adult mice infected at the postimplantation stage
and analyzed by S1 hybridization. Figure 3 shows the results
using RNA from animal ? 27-9 (Fig. 2B). Hybridization of
genomic or spliced env MLV DHFR* RNA to probe 1 gave
rise to a protected 237-bp S1 fragment. The same fragment
was also obtained by using RNA from NIH 3T3 clones
producing either MLV DHFR* virus or wt Mo-MLYV virus,
respectively (Fig. 3, lanes 1 and m). Using probe 2, which
was labeled 104 bp inside the DHFR* cDNA at the Scal site,

two protected S1 fragments of 180 and 185 bp in length were
found in all tissues, identical to those found in the producer
cell clone DHFR*-5H-E (Fig. 3, lane 1). No fragments
indicating a transcriptional start site in the SV40 early
promoter (1) could be detected. This result shows that the
virus replicating in the postimplantation-infected animals
had identical 3’ boundaries of the deletion in the SV40
promoter sequences as those of the virus used for infection.
When the 5’ deletion boundaries were analyzed by S1
mapping, a rather heterogeneous population of protected
fragments, identical to those using DHFR*-5SH-E RNA, was
found (data not shown). Thus, as suggested by Southern
analysis of the proviral DNA, the MLV DHFR* retrovirus
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vector, carrying a 50- to 70-bp deletion in the SV40 promoter
and 21-bp repeat region, was stable upon replication in
infected midgestation embryos and did not give rise to
further deletions.

The levels of RNA from ? 27-9, as determined by S1
analysis, were consistent with the number of proviral copies
present in the respective organs (Fig. 2B), indicating no
restriction to virus expression in the postimplantation-in-
fected animals. Virus-specific RNA from heart tissue was
about as abundant as that in the DHFR*-SH-E producer
clone (Fig. 3, compare lane f with lane 1). In contrast, liver
RNA contained barely visible amounts of viral RNA (Fig. 3,
lane a). These results were confirmed by Northern blot
analysis of RNA (data not shown).

Methotrexate treatment of postimplantation-infected ani-
mals. The results presented so far showed that postimplan-
tation mouse embryos could be infected with high efficiency
by using a replication-competent MLV DHFR* virus and
that expression of the inserted genome could be detected at
substantial levels before and after birth in different organs of
the infected mice. We therefore addressed the question
whether resistance to methotrexate could be detected in vivo
in the infected animals. For this, we attempted to design a
scheme of drug treatment either during late stages of gesta-
tion or after birth, respectively. This scheme should prefer-
entially allow infected animals to survive while uninfected
controls would die. In a series of methotrexate treatments of
23 litters during embryonal development, animals in the
same litter at day 9.5 of gestation were either injected with
MLV-DHFR*-producing cells or with DMEM, respectively.
Of 224 total embryos, 161 (72%) were infected with virus.
Between 0.2 and 0.6 mg of methotrexate was administered
intraperitoneally to the pregnant mother in a single or double
dose at later stages of gestation (days 11.5 to 18.5). Of 37
surviving animals, 21 (57%) tested positive for viremia at 4 to
6 weeks of age by using a p30 radioimmunoassay (20). Thus,
although we could define conditions which were lethal to the
embryos but not to the pregnant mother, the methotrexate
treatment exhibited an equally toxic effect on both infected
and control animals. A similar result was found when
postimplantation-infected animals were treated with meth-
otrexate as adults (data not shown).

DISCUSSION

In this study, we explored the possibility of using replica-
tion-competent retrovirus vectors for gene transfer into
whole mice in vivo at different stages of development. For
this, we used an Mo-MLV-derived vector which carries a
mutant DHFR* cDNA as well as SV40 regulatory sequences
inserted in the U, region of the viral LTR. The resulting
virus was shown to stably transmit a methotrexate-resistant
phenotype during multiple rounds of replication in vitro and
was produced at high titers from fibroblast cells.

Infection of mouse embryos at the preimplantation stage
resulted in efficient infection of embryos and insertion of the
recombinant virus into the germ line. However, similar to wt
Mo-MLYV, the viral sequences became inactivated in most
tissues and highly methylated. When initiating these exper-
iments, we were interested in analyzing whether expression
of DHFR* could be facilitated from the internal SV40
promoter in the viral LTR. However, the germ line-trans-
mitted provirus proved to contain a nonfunctional SV40
promoter because of a deletion event which had occurred
during initial virus passages in vitro (30), and no DHFR*
transcript could be detected in the mice. In future experi-
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ments, we are planning to construct retrovirus vectors which
contain additional nonviral transcriptional signals for expres-
sion of heterologous genes. Most of the strains containing
germ line-integrated MLV DHFR* proviral sequences acti-
vated infectious virus at very low levels, which could be
detected in the serum as well as primary fibroblast cultures
by cocultivation experiments (unpublished results). Spread
of virus was obviously impaired in the animals, the mecha-
nism for which remains obscure.

Injection of mouse embryos at the postimplantation stage
with virus-producing cells resulted in nearly 100% efficiency
of infection. Furthermore, analysis of infected animals at
later stages of development indicated that the replication-
competent MLV DHFR* vector could spread without re-
striction in all somatic tissues in the infected embryo,
resulting in up to one to five proviral copies per cell in some
organs. In contrast, infection of postimplantation embryos
with replication-defective vectors, either alone or in combi-
nation with helper Mo-MLYV, resulted in only a very low
fraction of cells infected with the recombinant vector (29;
unpublished results). Although the MLV DHFR* virus had
to replicate extensively while spreading throughout the
embryo, the majority of proviral copies appeared not to have
accumulated further deletions. The low level of deleted
provirus observed is presumably a consequence of the large
number of rounds of replication in the developing embryo.
Similar results were obtained from studies with Mo-MLV
recombinant virus containing a bacterial suppressor tRNA in
the LTR (22). We can exclude the presence of surviving
virus-producing fibroblasts used for infection of the em-
bryos, since these cells had been treated with mitomycin C
before injection.

The biological properties of MLV DHFR* virus were
similar to those of wt Mo-MLV when introduced into
postimplantation embryos; upon infection, the virus was
expressed and replicated to give rise to viremia and subse-
quently to thymus-derived leukemia (9, 15). The infection
was limited, however, to somatic cells in infected postim-
plantation embryos, since no germ line transmission of MLV
DHFR* could be detected. This result is in agreement with
those of earlier studies, showing a very low frequency of
germ line integration (11). Analysis of postimplantation
infected embryos revealed that cells from every organ were
able to express infectious virus and that substantial levels of
viral RNA containing the DHFR* cDNA were expressed in
some organs like heart, thymus, spleen, and brain. In
general, the analysis showed a correlation between the
number of proviral copies and the amount of RNA expressed
in a given organ.

The ability of MLV DHFR* to confer methotrexate resis-
tance upon infected cells in vitro raised the possibility that
similar selective schemes might be used in vivo. Unfortu-
nately, although expression of the DHFR* gene could be
demonstrated in vivo, preliminary attempts at developing a
selection scheme in vivo were not successful. Besides the
possibility that not every somatic cell was infected and that
the expression of the DHFR* gene in vivo was insufficient
for methotrexate selection, several other possibilities exist.
First, the timing and precise dosage of methotrexate admin-
istration necessary for effective selection may be very criti-
cal and is not yet defined. Whereas the conditions of
selection used in the current study did lead to the death of
uninfected embryos while sparing the mother, the death of
embryos carrying the MLV DHFR provirus may have been
due to effects on maternal-derived cells supporting embryo-
logical development. Also, it is possible that normal folate
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metabolism may be critical for early stages of development
and that altered levels of DHFR expression may be toxic to
the developing embryo. We are currently examining these
possibilities. Recently, systemic resistance to methotrexate
in transgenic mice carrying a mutant DHFR* gene has been
reported (8). These mice contained between one to several
copies of the DHFR* gene in every cell, yet expression of
DHFR* was very low (4). In view of the results presented in
this report, the prolonged survival of the transgenic mice is
surprising.

In conclusion, the results presented in this report suggest
that infection of postimplantation mouse embryos with rep-
lication-competent vectors is an important route to introduce
foreign genes efficiently into somatic tissues. In the avian
system, Rous sarcoma virus-derived replication-competent
vectors have been used recently to transfer and express
foreign genes under the transcriptional control of the viral
LTR (6, 17). In future experiments, we plan to introduce
genes which are potentially important for development.
Furthermore, we are interested in the development of vec-
tors which will target expression of the recombinant genome
to specific cell types both in the embryo and in the adult,
thus enabling us to study the function of specific genes in
distinct cell types at defined stages of development.
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