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Circular, double-stranded DNA molecules were injected into nuclei of mouse oocytes and one- or two-cell
embryos to determine whether specific sequences were required to replicate DNA during mouse development.
Although all of the injected DNAs were stable, replication of plasmid pML-1 DNA was not detected unless it
contained either polyomavirus (PyV) or simian virus 40 (SV40) DNA sequences. Replication occurred in
embryos, but not in oocytes. PyV DNA, either alone or recombined with pML-1, underwent multiple rounds
of replication to produce superhelical and relaxed circular monomers after injection into one- or two-cell
embryos. SV40 DNA also replicated, but only 3% as well as PyV DNA. Coinjection of PyV DNA with either
PML-1 or SV40 had no effect on the replicating properties of the three DNAs. These results are consistent with
a requirement for specific cis-acting sequences to replicate DNA in mammalian embryos, in contrast to
sequence-independent replication of DNA injected into Xenopus eggs. Furthermore, PyV DNA replication in
mouse embryos required PyV large T-antigen and either the a-B-core or B-core configuration of the PyV origin
of replication. Although the a-core configuration replicated in differentiated mouse cells, it failed to replicate
in mouse embryos, demonstrating cell-specific activation of an origin of replication. Replication or expression
of PyV DNA interfered with normal embryonic development. These results reveal that mouse embryos are
permissive for PyV DNA replication, in contrast to the absence of PyV DNA replication and gene expression

in mouse embryonal carcinoma cells.

Although ori sequences have not yet been demonstrated
as functional elements of eucaryotic chromosomes, they are
implicated strongly by the temporal order of gene replication
(11, 36); the selective amplification of specific genes (53, 65,
74); the existence of autonomously replicating sequences
(26, 76); and the fact that all bacterial, viral, plasmid, and
organelle genomes require one or more unique cis-acting
sequences that act as origins of replication (ori) and interact
with specific gene products. However, some observations
suggest that DNA replication during the early stages of
embryonic development may not require sequence-specific
origins of replication to carry out DNA replication.

Analysis of DNA replication in Drosophila melanogaster
(6, 56, 85) has revealed that the average distance between
chromosome replication bubbles in preblastomere embryos
is at least five times smaller than that in differentiated cells,
suggesting that embryos initiate replication at many more
sequences than do differentiated cells of the same species.
Furthermore, injection of DNA into Xenopus eggs revealed
that semiconservative DNA replication can occur under the
apparent control of the cell division cycle but with no
apparent requirement for specific DNA sequences (34, 57,
58). All of the DNA molecules examined, including simian
virus 40 (SV40) and polyomavirus (PyV) DNA which nor-
mally replicate only in differentiated cells of a specific
mammalian host, replicated to the same extent in amphibian
eggs. Some indication of sequence-specific replication has
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been reported (13, 39), but the interpretation of these results
has been questioned (58).

To determine whether the requirements for DNA replica-
tion during early stages of mammalian development differed
from those of differentiated mammalian cells, we injected
into the nuclei of mouse embryos a variety of DNA se-
quences whose replication in mouse differentiated cells is
well characterized. PyV and SV40 normally replicate their
DNA in nuclei of mammalian cells as a circular chromosome
containing 5.2 kilobases of double-stranded DNA. With the
exception of initiation, all steps in viral DNA replication and
chromosome assembly are carried out exclusively by the
host cell when it enters S-phase (20; M. L. DePamphilis and
M. K. Bradley, in N. Salzman (ed.), Replication of Simian
Virus 40 and Polyoma Virus Chromosomes, in press). Initi-
ation of viral DNA replication requires binding of viral-
encoded large T-antigen protein at or near the viral ori
sequence in the presence of one or more permissive cell
factors. For PyV, these permissive cell factors are found in
mouse differentiated cells. However, mouse differentiated
cells are nonpermissive for replication of SV40, another
member of the papovavirus family, whose normal host is
African green monkey cells. SV40 expresses its early genes
(large and small T-antigens) in mouse differentiated cells and
induces the cell to enter S-phase, but it fails to replicate its
own DNA, and expresses its late genes (capsid proteins)
only at a low rate.

Although PyV replicates in a variety of differentiated
mouse cells (25), neither mouse embryos (44) nor mouse
embryonal carcinoma (EC) cells have been reported to
support PyV DNA transcription (19, 31, 71) or replication
(18, 30). EC cells share many properties found in multipotent
cells of 7- to 8-day-old mouse embryos (54). Since PyV will
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replicate in EC cells after they have differentiated in vitro (7,
77), permissive cell factors for PyV may be expressed only at
specific stages in development.

The PyV cis-acting origin of replication includes an en-
hancer element (12, 23, 62, 79) in addition to a core se-
quence, so called because of its similarity among
papovavirus origins of replication (DePamphilis and
Bradley, in press). SV40 ori is analogous to the PyV core
sequence, but the 72-base-pair enhancer sequences can be
eliminated with little or no reduction in replication activity
(see Fig. 6). Since mutations in the PyV enhancer region
allow PyV T-antigen-dependent DNA replication in mouse
EC cells (see Fig. 6), enhancer elements may be one factor in
determining viral host-range specificity.

Based on published studies of PyV and SV40 DNA
replication in differentiated and embryonic mammalian cells,
one would not expect viral DNA to replicate in mouse
embryos, unless, like amphibian embryos, they are promis-
cuous for DNA replication. We found, however, that mouse
embryos at the earliest stage in development (one-cell)
replicated DNA only when they contained ori sequences
known to function in mammalian cells. Furthermore, em-
bryos exhibited some permissive cell characteristics of
mouse fibroblasts, but failed to utilize one configuration of
the PyV ori sequence that was used in differentiated mouse
cells.

MATERIALS AND METHODS

Bacteria and plasmids. Escherichia coli HB101 (recAl3
dam*)and 011(¢thyA) were obtained from Charles Richardson
(Harvard Medical School, Boston). PyV A3 (69) cloned into
pBR322 (pBRPy314d) was provided by Bill Folk (University
of Texas, Austin). Plasmids pML-1 and pJYM were obtained
from Michael Botchan (University of California, Berkeley).
pML-1 was a 2,969-base-pair molecule derived from pBR322
by deletion of sequences that reduced the ability of SV40
cloned DNA to replicate in cultured cells. pJYM consisted of
SV40 DNA, cleaved at its unique BamHI site in the VP-1
gene, and cloned into the unique BamHI site of pML-1 (49).
Plasmids pdPBla (pBla), pdPBR2 (a-B-core*), pdPdl1-8
(a-B), pdPB503Bg(H) (a-B-core), pdPB503d1300 (a-core), and
pdPP;(B)Bg(H) (B-core) have been described by Muller et al.
(62) (see Fig. 6). They consisted of PyV Al sequences cloned
into pML-2 which is identical to plasmid pML-1. The
designations in parentheses were assigned for simplicity.
pBlaconsisted of PyV A1 DNA, cleaved at its unique BamHI
site in the coat protein genes, and cloned into the unique
BamHI site of pML-2.

Cells and viruses. Mouse 3T6 cells were obtained from
Howard Green (Harvard Medical School). MOP-8 cells have
been described previously (62). SV40 wr800 (35) was prop-
agated in CV-1 monkey cells as described by Anderson et al.
(2). PyV A3 was prepared by transfecting 3T6 cells with PyV
sequences isolated from pBRPy314d (55), and a cell lysate
was used to infect 3T6 cells to produce a virus stock with a
higher titer. Restriction enzyme analysis of PyV form I DNA
from the final lysate confirmed that at least 99% was wild-
type virus. o

Preparation of viral and plasmid DNA. SV40 DNA was
isolated from CV-1 monkey cells 36 h after infection by the
procedures of Hirt (40) and Tapper and DePamphilis (78).
PyV DNA was harvested 26 h after infection of 3T6 cells and
purified as described for SV40 DNA. Plasmid DNAs were
transformed into E. coli HB101, harvested by the sodium

DNA REPLICATION IN MOUSE EMBRYOS 2925

dodecyl sulfate (SDS) lysis procedure of Maniatis et al. (52)
and purified as described for viral DNA.

DNA used for microinjection was stored as an ethanol
precipitate at —20°C. Before injection, the precipitate was
washed once with 70% ethanol at room temperature. Pellets
were dried under vacuum and suspended in 50 mM potas-
sium phosphate-14 mM sodium phosphate (pH 7.2) (33) to
give 0.1 to 15 mg of DNA per ml. All containers and pipettes
that came in contact with the DNA samples were first
washed in deionized water that had been passed through
0.2-um Millipore filters to remove particulate matter, and
washed containers were used to filter the 70% ethanol and
the DNA injection buffer. Immediately before injection, the
DNA samples were centrifuged at 27,000 X g for 1 h (4°C) to
remove particles.

Isolation and culture of mouse oocytes and embryos. (i)
Oocytes. Growing oocytes were dissected manually out of
follicles of ovaries from female CD-1 mice (Charles River
Breeding Laboratories, Inc., Wilmington, Mass.) that were
14 to 19 days old (82). The oocytes were cultured under
Parafilm oil in standard egg culture medium supplemented
with 100 pg of dibutyryl cyclic AMP per ml (75). The
cultures were incubated in 5% CO, at 37°C. Approximately
100 oocytes were recovered per mouse.

(ii) Embryos. CD-1 female mice 5 to 6 weeks old were
induced to superovulate and were mated with CD-1 male
mice (9). One-cell embryos were isolated from females 18 to
20 h after administration of human chorionic gonadotropin,
and two-cell embryos were isolated 40 to 42 h after admin-
istration of human chorionic gonadotropin (8). Embryos
were cultured to the four-cell stage under Parafilm oil in 50 pl
of the medium described by Whitten and Biggers (83) sup-
plemented with 4 uM EDTA (1). The medium was then
suipplemented with 10% calf serum that had been heat-
inactivated at 60°C for 30 min to destroy proteases and
complement. Cultures were incubated in 5% CO, at 37°C.
Approximately 20 to S0 embryos were recovered per mouse.

Injection of DNA into mouse oocytes and embryes. DNA
was injected into the germinal vesicle of oocytes 1 to 4 h
after isolation and into the male pronucleus of one-cell
embryos or into one of the nuclei of two-cell embryos about
24 or 45 h, respectively, after the administration of human
chorionic gonadotropin. The oocytes and embryos were then
cultured in vitro as described above. Micropipettes were
constructed from borosilicate glass capillary tubing (1-mm
outside diameter, 0.5-mm inside diameter; Glass Co. of
America). The tubing was flushed with acetone and then
dried at 60°C. Pipettes were pulled in a pipette puller (PN-3;
Narishige) and stored in dust-free containers. Cell holders
were constructed with a microforge (DeFonbrune) and had a
fire-polished blunt end (40-pm outside diameter, 10-pm
inside diameter). Injection pipettes had tips about 2 pm in
outside diameter that were ground to a bevel and then
siliconized for 12 h at room temperature in the vapor phase
from concentrated SurfaSill (Pierce Chemical Co.,
Rockford, Ill.). Injection pipettes were back loaded with a
Hamilton syringe. The microscopic cell holder and injection
pipette were controlled by DeFonbrune pneumatic
micromanipulators. An Olympus inverted phase-contrast
microscope with a movable stage was mounted on a vibra-
tion-free platform (Kinetics Systems). Mouse ova were
placed in medium described by Whitten and Biggers (83)
with 21 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (pH 7.4) and 4.2 mM NaHCOs in place
of 25 mM NaHCO; and injected within 30 min. From 1 to 3
pl of DNA solution was injected per nucleus, as calculated
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from the amount of injected DNA extracted from the em-
bryos and quantitated by hybridization (dot-blot assay). A
successful injection was recognized by expansion of the
nucleus. From 30 to 50% of the injected embryos lysed
within 30 min and were discarded. The surviving embryos
were cultured as described above.

Extraction of viral and plasmid DNA from injected ova. At
various times after injection, ova were transferred to 40 pl of
sterile DNA isolation buffer (10 mM Tris [pH 7.8], 150 mM
NaCl, 5 mM EDTA, and 2 pg of salmon sperm DNA
[purified and sheared] per ml) lysed in 0.5% SDS, and then
incubated with 100 pg of proteinase K at 37° for 2 h. The
lysate was adjusted to 1 M potassium acetate, 0.67 M acetic
acid, and 0.1 N NaOH (pH 5.0) (5) and incubated at 0°C for
15 min before centrifuging in a horizontal rotor (Beckman
Microfuge 12) at 12,000 x g for 15 min at room temperature.
Supernatants were extracted with phenol and chloroform
(52) before being adjusted to 100 pg of yeast tRNA
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.)
per ml, and the DNA was precipated overnight in 70%
ethanol (—20°C). The DNA was sedimented as described
above, suspended in 2% ammonium acetate (pH 7.0), and
precipitated in 70% ethanol.

Detection of DNA replication by sensitivity to Dpnl restric-
tion endonuclease. DN A samples were suspended in 20 pl of
50 mM Tris (pH 7.5)-100 mM NaCl-10 mM MgCi-1 mM
dithiothreitol-100 pg of sterile gelatin per ml (52). One half of
each sample was digested with 3 U of Sall restriction
endonuclease while the other half was digested with 3 U of
Sall plus 3 U of Dpnl. Each sample contained a total of
about 80 ng of DNA. Samples were incubated at 37°C for 1
h before digestion was terminated in 25 mM EDTA, and the
DNA was fractionated by electrophoresis at room tempera-
ture in a 0.6% agarose gel (8 by 8 by 0.5 cm) in Tris-borate
buffer (pH 8.0) (52) at 5 V/cm. Gels were treated so as to
fragment the DNA (81) and then transferred to nitrocellulose
(Millipore Corp.) as described by Southern (73). Hybridiza-
tion was carried out as described below.

Quantitative analysis of DNA by dot-blot hybridization.
Embryos were transferred to 40 pl of sterile DNA isolation
buffer (see above) supplemented with 8 pg of E. coli 011
[PHIDNA (5.5 x 10* cpm/ug) per ml, and the injected DNA
was extracted as described above. Recovery of DNA during
the purification procedure was determined from the recovery
of [PHIDNA, and all dot-blot data were corrected accord-
ingly. The final ethanol precipitate was suspended in 230 pl
of 10 mM Tris (pH 7.6)-100 mM NaCl-1 mM EDTA.
Samples were adjusted to 0.2 N NaOH, 1.2 M NaCl, 0.1 M
sodium citrate, 6 mM Tris hydrochloride, 0.6 mM EDTA,
and heated at 80°C for 20 min to denature the DNA before it
was rapidly cooled on ice and neutralized by the addition of
2 M Tris hydrochloride to a final concentration of 0.24 M.
Samples were applied to nitrocellulose membranes (58 em?)
with a dot-blot manifold (Minifold SRC-96; Schleicher &
Schuell Inc., Keene, N.H.), and the wells were washed with
standard saline citrate (15 mM sodium citrate [pH 7.0], 0.15
M NaCl). DNA standards (0.5 to 50 pg) were subjected to the
same treatment and applied to the same membrane. A linear
relationship between the amount of DNA and the areas
recorded under densitometer tracings of autoradiograms was
established which was valid to about 0.2 pg of DNA (see Fig.
4A). The filter was dried at 80°C under vacuum for 2 h and
then prehybridized at 68°C for 6 h in 12 ml of 1 part solution
A (0.3 M Tris hydrochloride [stock pH 7.5], 1.5 M NaCl, §
mM EDTA, 0.2 M Na,HPO, [stock pH 6.7], 0.2% Na,P,0-,
0.2% SDS, and 400 pg of heat-denatured salmon sperm DNA
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per ml), and 1 part 20X Denhardt solution (0.4% bovine
serum albumin, 0.4% Ficoll 400, 0.4% polyvinylpyr-
rolidone). This solution was decanted, and the membranes
were sealed in plastic bags containing 3 ml of 1 part solution
A, 0.25 parts 20x Denhardt solution, 0.75 parts water, and 5
x 107 cpm of heat-denatured [*?P]DNA probe (10° cpm/pg)
and incubated at 68°C for 12 h. [*?P]DNA probes were
prepared by nick translation of purified viral or plasmid
DNA (68). Each membrane was then washed twice at room
temperature for 30 min with 0.5 solution A without salmon
sperm DNA, twice at 68°C for 1 h with 0.12 X standard saline
citrate and 0.5% SDS, and once at 68°C for 0.5 h with the
same solution supplemented with 0.5% SDS. The mem-
branes were dried on Whatman 3MM filter paper and ex-
posed to preflashed Kodak XR-5 film together with an
intensifying screen at —70°C (46). The relative intensities of
the spots on the resulting autoradiograms were determined
by densitometry with a Joyce-Loebl microdensitometer.

RESULTS

PyV DNA sequences replicate in one-cell mouse embryos but
not in oocytes. After ovulation, mouse chromosomal DNA
replication was first observed in one-cell embryos (i.e.,
fertilized eggs; see Fig. 3). To determine whether these cells
replicated specific DNA sequences, two circular, double-
stranded DNA plasmids (pBla and pML-1) were coinjected
into the male pronucleus. Plasmid pML-1 is a derivative of
E. coli plasmid pBR322 and does not replicate when
transfected into mouse fibroblasts. Plasmid pBla is a com-
plete PyV genome cloned into pML-1 such that the PyV
early genes (large, middle, and small T-antigens) are ex-
pressed and the PyV origin of replication (ori) is functional
when transfected into mouse fibroblasts (data not shown).
Surviving embryos were cultured in vitro for up to 72 h. At
each time point, one-cell embryos were segregated from the
two-cell embryos that developed in vitro, and the injected
DNA was isolated. Half of the DNA was converted into
linear molecules that were one genome in length by cutting at
the unique Sall restriction site in pML-1, and half was
digested with both Sall and Dpnl restriction endonucleases.
Both samples were then fractionated by gel electrophoresis,
and the DNA was detected by blotting-hybridization with
pML-1 [*’P]DNA used as a probe. Replication of injected
DNA was detected by the loss of Dpnl-sensitive restriction
sites. Dpnl recognition sites that were methylated by prop-
agation of plasmids in dam™ E. coli were completely sus-
ceptible to cleavage by Dpnl. However, one or more rounds
of replication in mammalian cells, which lack this methylase,
resulted in hemimethylated and then unmethylated DNA,
both of which were completely resistant to Dpnl (45, 66).

Replication of injected DNA depended on the presence of
PyV sequences. The amount of pBla DNA increased about
10-fold and became resistant to digestion with Dpnl restric-
tion endonuclease, while the amount of pML-1 DNA present
in the same nucleus remained essentially the same and was
sensitive to Dpnl (Fig. 1, lanes A, B, E, F, 1, J). Since pBla
contained 25 Dpnl sites, 17 of which were shared with the
pML-1 DNA present in the same nuclei, semiconservative
DNA replication involving cis-acting PyV sequences must
account for the observed increase in pBla DNA. The
majority of DNA replication occurred 24 to 48 h postinjec-
tion, a lag period which is in keeping with normal PyV
infection of permissive mouse fibroblasts.

Replication of injected DNA did not occur in all the
embryos. Uninjected embryos normally underwent only one
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FIG. 1. Sequence-specific DNA replication in mouse one-cell embryos. A mixture of pBla DNA and pML-1 DNA was injected into the
male pronucleus of one-cell embryos. The surviving embryos, containing a total of about 0.5 pg of injected DNA, were divided into three
groups and cultured in vitro for the times indicated. The one-cell (lanes A, B, E. F. I, and J) and two-cell (lanes C. D, G, H. K. and L) embryos
were segregated. One fraction of each sample was cut at the unique Sall restriction site located in the pML-1 sequence of each plasmid to
convert all DNA structures into linear molecules that were one genome in length (lanes A, C, E. G, 1. and K). and one fraction was digested
with both Sall and Dpnl restriction endonucleases to identify those molecules that had replicated and that had thus lost their sensitivity to
Dpnl (lanes B, D, F, H, J, and L). The DNA was fractionated by gel electrophoresis, blotted onto nitrocellulose. and hybridized with pML-1
[>*P]IDNA, and the results were visualized by autoradiography. The number of embryos analyzed in each lane varied: lanes A and B, 13
embryos; lanes C and D, 21 embryos; lanes E and F, 10 embryos; lanes G and H, 20 embryos: lanes I and J. 11 embryos; lanes K and L. 19

embryos.

cleavage in vitro (two-cell block) (61), but about 40% of the
injected embryos failed to divide even once, and these
one-cell embryos were the only ones that replicated pBla
DNA (Fig. 1). Since the amount of pML-1 DNA in one- and
two-cell embryos remained essentially the same throughout
the experiment, plasmid DNA replication may have inhib-
ited cell cleavage.

Similar experiments were carried out with growing mouse
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oocytes which do not replicate their chromosomal DNA. A
total of 0.6 pg of pBla and pML-1 DNA was injected into the
germinal vesicle, and the surviving oocytes were cultured in
vitro for up to 48 h. No replication of either plasmid was
detected, even when the combined DNA extracted from 90
oocytes was analyzed as described above (data not shown).
Under these conditions, the Dpnl assay detected pBla
replication in a single one-cell embryo. No significant deg-
radation of the injected DNA was detected, and both early
and late SV40 genes were expressed efficiently (Chalifour et
al., manuscript in preparation). Thus, replication of injected
DNA appeared to depend on the presence of cellular factors
not expressed in mouse oocytes.

Replication of DNA in two-cell mouse embryos is sequence
dependent. In contrast to mouse one-cell embryos, which
develop only to the two-cell stage, the majority (60 to 80%)
of two-cell embryos develop into morphologically normal
blastocysts (five to six cell cleavages) when cultured in vitro
for up to 72 h (42). Therefore, DNA was injected into
two-cell embryos to determine whether the ability of mouse
cells to support replication of injected DNA changed during
embryogenesis. Either pBla and pML-1 or pJYM and
pML-1 DNA were coinjected into one of the nuclei of

FIG. 2. Sequence-specific replication of DNA injected into
mouse two-cell embryos. A mixture of either pJYM and pML-1 (top
panel) or pBla and pML-1 (bottom panel) DNA was injected into the
nucleus of one of the two blastomeres. Each embryo received a total
of about 0.6 pg of DNA. and the survivors were cultured in vitro for
either 0.2 or 72 h. DNA was extracted from morphologically normal
blastocyts (lanes C and D) and morphologically abnormal embryos
(lanes A and B). As in Fig. 1. the injected DNA was extracted, and
one fraction of each sample was digested with Sall (lanes A, C, and
E) and one fraction was digested with Sal/l and Dpnl (lanes B, D,
and F). Purified pJYM. pBla, and pML-1 DNA were cut with Sall
and used as standards (lane G). Each lane contained DNA from five
embryos.
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Morula

Abnormal

FIG. 3. Mouse embryonic development after injection of DNA. Uninjected one- and two-cell embryos were isolated as described in the
text. The male pronucleus is the larger of the two pronuclei evident in the one-cell embryo. The zona pellucida is the thick glycoprotein
envelope surrounding each preimplantation embryo. One of the nuclei in two-cell embryos was injected with about 0.6 pg of a mixture of pBla
and pML-1 DNA. The embryos were cultured in vitro, and four-cell embryos (24 h). morula (48 h), blastocysts (72 h), and morphologically
abnormal multicellular embryos (72 h) were isolated at the times indicated in parentheses. The outside diameter of embryos from the one-cell
to the morula stage is constant (about 80 um) and is limited by the zona pellucida. Blastocyts may be significantly larger because of swelling
of the blastocele cavity. Blastocysts and abnormal embryos are exhibited at the same magnification.

two-cell embryos, and surviving embryos were allowed to
continue development in vitro. pJYM is a recombinant
pML-1 plasmid containing a complete SV40 genome that
expresses both large and small T-antigen genes and repli-
cates when transfected into CV-1 monkey cells (data not
shown). DNA replication was detected by the Dpnl assay as
described above.

The ability of injected DNA to replicate in developing
mouse embryos depended entirely on the sequences present.
pML-1 DNA did not replicate, whether it was injected alone
(data not shown) or together with either pJYM (Fig. 2, top
panel) or pBla (Fig. 2, bottom panel), although it was stable
for up to 72 h. In contrast, pBla replicated extensively in
mouse embryos. pBla DNA was completely sensitive to
Dpnl cleavage at 0.2 h postinjection (Fig. 2, lane F), indi-
cating that little, if any, of this DNA had replicated at that
time. After 72 h of incubation, the amount of pBla DNA
increased approximately sevenfold (Fig. 2, cf. lanes E and
A), and the DNA was completely resistant to cleavage by
Dpnl (Fig. 2, lane B). SV40 sequences also allowed pML-1
DNA to replicate, but to a much lesser extent than that
observed with PyV. pJYM DNA, which contained 25 Dpnl
sites, was completely sensitive to Dpnl cleavage at 0.2 h
after injection (Fig. 2, lane F). By 72 h postinjection, about
20% of pJYM was resistant to Dpnl, while coinjected pML-1
DNA remained completely sensitive (Fig. 2, cf. lanes A and
C with B and D), although little, if any, change was detected

in the total amount of pJYM DNA (Fig. 2, cf. lanes A, C, and
E).

Replication of PyV sequences was always associated with
abnormal embryonic development, whereas replication of
SV40 sequences was observed in both normal (i.e.,
blastocysts) and abnormal embryos (Fig. 2). Noninjected
mouse 2-cell embryos progress to the 4-cell, 8-cell, and
morula (16- to 32-cell) stages during the first 48 h in culture
(Fig. 3). Between 48 and 72 h, when noninjected embryos
developed from morula to blastocysts (64 to 128 cells),
abnormal embryonic development became most apparent
among the injected embryo population. Blastocysts had a
distinctive blastocele cavity enclosed by trophoblast cells
uniformly distributed along the inner surface of the zona
pellucida. In contrast, abnormal embryos contained a large
number of irregularly organized cells that often contained a
poorly defined blastocele cavity (Fig. 3). From 10 to 20% of
newly isolated two-cell embryos developed this abnormal
multicellular appearance, whereas 40 to 90% of embryos
injected with 0.3 to 1 pg of pBla DNA produced abnormal
multicellular embryos. Thus, as was observed previously
with injected one-cell embryos, either extensive replication
of PyV DNA or expression of PyV gene products apparently
promoted abnormal embryonic development.

PyV DNA replication is independent of embryonic develop-
ment. To compare the time course for PyV sequence-
dependent DNA replication with the developmental progress



Voti. S, 1985
@
Qior 4
S 2009
< 8r
N
R 6
<
o 4r
==
S 2r
o
S
& o B R ey
0228 %5 6 97 8 910
(pg)

Final [DNAT/ Tnitial [ONA]

1-Cell Embryo |
6 f
51-
ar |

2-Cell Embryo

010 20 30 40 30 80 70
Time Post-Injection (hrs)

FIG. 4. Time course for the replication of PyV and SV40 se-
quences after microinjection into mouse embryos. (A) Each dot-blot
included a standard curve. Open circles and closed triangles repre-
sent values taken from two duplicate experiments. (B) A mixture of
PyV and SV40 form I DNA was injected into one of the nuclei in
two-cell embryos, and the surviving embryos were cultured in vitro.
Viral DNA was isolated from groups of five embryos at various
times after injection (Final [DNA]), and DNA was quantitated by
dot-blot hybridization with PyV (closed circles) or SV40 (open
circles) [**P]DNA. Initial concentrations (15 min) of viral DNA were
1.5 £ 0.4 and 1.6 * 0.4 pg per embryo, respectively, and defined as
unity (dashed line; Initial [DNA]). Only three-cell embryos were
used in this analysis. Bars at each point reflect the variation inherent
in the extraction and hybridization procedures and were obtained by
dividing the embryonic lysate in two and assaying each fraction
separately. (C) Plasmid pBla was injected into the male pronucleus
of one-cell embryos (closed triangles) and one of the nuclei of
two-cell embryos (open squares), and the amount of pBla DNA
present at the indicated times postinjection was determined as
described above. DNA concentrations were measured on groups of
12 embryos. Initial DNA concentrations (dashed line) were 0.3 = 0.1
(one-cell) and 0.6 = 0.2 (two-cell) pg pBla DNA per embryo. In the
one-cell experiment, only one-cell embryos were analyzed. In the
two-cell experiment, three-cell embryos were collected at 24 h
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of injected embryos, two-cell embryos were injected with a
mixture of PyV and SV40 form I DNA, and surviving
embryos were cultured for various periods of time before the
injected DNA was extracted, applied to a nitrocellulose
filter, and hybridized with either PyV or SV40 [*?P]DNA
(dot-blot assay, Fig. 4A). After a lag period of about 20 h,
PyV DNA increased about sixfold, while SV40 DNA, pre-
sent in the same nucleus, increased 20% (Fig. 4B). Because
of the high concentration of injected DNA, these two-cell
embryos failed to develop beyond the three-cell stage.
Nevertheless, the time course for PyV DNA replication in
embryos that failed to develop past the three-cell stage (Fig.
4B) was essentially the same as that observed for pBla
injected into either one- or two-cell embryos (Fig. 4C). In
those experiments, injected one-cell embryos failed to de-
velop into two-cell embryos, and injected two-cell embryos
developed into abnormal multicellular embryos. Therefore,
replication of PyV DNA was not a function of the progress of
embryonic development. Presumably, the delay between
injection and replication of DNA reflected a requirement for
production and organization of required replication compo-
nents, analogous to a normal PyV lytic cycle in mouse
differentiated cells.

The differences observed in developmental progress of
two-cell embryos in Fig. 4B and C were related to the
amount of DNA injected. Development was arrested at the
three-cell stage whenever 2 to 3 pg of either viral DNA or
plasmid DNA was injected, regardless of sequence compo-
sition. This represented up to 50% of the nuclear DNA
content. Therefore, in most experiments, 0.3 to 0.6 pg of
DNA was injected per nucleus to allow more extensive
development.

The results obtained by coinjecting PyV and SV40 form I
DNAs (Fig. 4B) into two-cell embryos (Fig. 4A) were also
obtained with pBla and pJYM (data not shown), demon-
strating that the results of microinjection were not unique to
either viral or plasmid DNA preparations. Furthermore,
these results show that PyV sequences are unable to stimu-
late SV40 DNA replication and SV40 sequences do not
interfere with PyV replication. The fact that the amount of
viral DNA decreased at 72 h postinjection reveals that some
DNA is either eventually degraded or that some DNA is no
longer extractable under conditions used in this study be-
cause it integrated into cellular DNA or recombined into
large oligomers.

Injected DNA undergoes conformation changes. Form I
DNA underwent changes in superhelical density immedi-
ately after injection that were consistent with assembly of
injected DNA into chromatin. PyV DNA was injected into
one-cell embryos and extracted at various times thereafter
and fractionated by gel electrophoresis, and the results were
visualized through blotting hybridization with PyV
[>’PIDNA (Fig. SA). Before injection, more than 95% of the
DNA was form I (Fig. SA, lane STD). However, within 0.2
h after injection, most PyV DNA migrated as topologically
relaxed circular DNA (form II), while a small fraction failed
to enter the gel. From 6 to 18 h later form I DNA reappeared,
first as a series of topological isomers and then as fully

postinjection, four-cell or greater embryos were collected at 48 h
postinjection, and abnormal multicellular embryos were collected at
72 h postinjection. The other developmental catagories of embryos
taken at each time point did not exhibit DNA replication.
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FIG. 5. Conformation of DNA injected into the nuclei of one-
and two-cell embryos. (A) The male pronucleus of each one-cell
embryo was injected with about 12 pg of PyV DNA, and surviving
embryos were cultured in vitro in five groups. DNA was purified,
fractionated by gel electrophoresis, transferred to nitrocellulose,
and hybridized with PyV [*>P]DNA. DNA from an average of 10
embryos was analyzed at each time point. Development did not
progress beyond the two-cell stage. (B) One of the nuclei in each
two-cell embryo was injected with about 0.3 pg of pBla DNA, and
the surviving embryos were cultured in vitro in four groups. At each
time point after injection one group of embryos was segregated
according to their developmental state, and their DNA was ex-
tracted and analyzed as described above. One-half of the sample
was analyzed directly (lanes A, C, E, and G), and the other half was
digested with Dprl (lanes B, D, F, and H) to determine the fraction
of each DNA species that replicated (i.e., became resistant to Dpnl).
Lanes A and B contained DNA from 10 two-cell embryos, lanes C
and D contained DNA from 11 four-cell embryos, lanes E and F
contained DNA from 18 >four-cell embryos, and lanes G and H
contained DNA from 24 abnormal multicellular embryos. The gels
described in panels A and B contained 1.5 and 0.6% agarose,
respectively. Therefore, the relative mobilities of the three forms of
DNA were different in the two experiments (52). Form I DNA (F1)
is circular, covalently closed superhelical DNA. Form 11 DNA (F2)
is circular, topologically relaxed DNA. Form III DNA (F3) is linear
DNA one genome in length.

supercoiled molecules. Similar observations were made with
SV40 DNA injected into mouse oocytes (manuscript in
preparation) and two-cell embryos (data not shown), dem-
onstrating that DNA replication is not required for this
transition to be observed. Similar changes also have been
observed with DNA injected into Xenopus oocytes (32, 59,
84) and eggs (47) and have been shown to result from the
organization of injected DNA into chromatin. In contrast to
the relative stability of DNA injected into nuclei, at least
90% of form I DNA injected into the cytoplasm of one- or
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two-cell embryos was degraded completely within 24 h (data
not shown).

Products of DNA replication are circular monomers. The
major products of DNA replication were form I and form II
DNA, typical of PyV infection of permissive differentiated
mouse cells (20; DePamphilis and Bradley, in press). pBla
was injected into two-cell embryos, and half of each sample
was digested with Dpnl before electrophoresis to reveal the
fraction of DNA that had replicated. From 4 to 72 h after
injection, the dominant conformations of both unreplicated
and newly replicated DNA were forms I and II (Fig. 5B). A
trace amount of linear monomeric DNA (form III) was also
detected, but high-molecular-weight forms of pBla were
absent. Injection of plasmid pJYM (i.e., cloned SV40 DNA)
gave a similar result except that the amount of replicated
DNA was only about 3% the amount seen with pBla DNA
(data not shown). Furthermore, the distribution of DNA
conformers after injection of PyV DNA into one-cell em-
bryos (Fig. 5A) was similar to that seen after injection of
pBla DNA into two-cell embryos (Fig. 5B). However, at 4 h
postinjection, the proportion of pBla form I DNA in two-cell
embryos was much greater than expected from the results
shown in Fig. SA. This was due to the greater amount of
DNA injected into those one-cell embryos; injection of
smaller amounts of DNA into one-cell embryos gave results
similar to those shown in Fig. 5B.

PyV DNA replication requires PyV T-antigen and specific
configurations of the PyV origin of replication. Three config-
urations of the PyV ori sequence have been identified and
referred to as a-B-core, a-core, and B-core (Fig. 6). These
sequences have been cloned into pML-1 (62). Since none of
these plasmids expressed PyV large T-antigen, they did not
replicate when transfected into mouse 3T6 cells, but a-B-
core, a-core, and B-core did replicate when transfected into
mouse MOP-8 cells that expressed PyV T-antigen from an
integrated PyV genome (60, 62). A plasmid carrying a
deletion in the core sequence (a-B; Fig. 6) failed to replicate
in either cell type, demonstrating that the core element, as
well as the T-antigen, is required for replication in differen-
tiated mouse cells.

When plasmids carrying the B-core sequence (a-B-core™,
a-B-core, or B-core) were injected into one of the nuclei of a
two-cell embryo and then incubated for 72 h in vitro, all of
the DNA remained completely sensitive to Dpnl digestion
(Fig. 7, lanes A through D), demonstrating their inability to
replicate in mouse embryos. However, when each of these
plasmids was coinjected along with pBla which encodes
small, middle, and large PyV T-antigens, each of the three
plasmids replicated along with pBla DNA (Fig. 7, lanes E,
F, and I through N). a-B-Core™ failed to replicate alone (Fig.
7, lanes A and B), despite the fact that it encoded small and
middle T-antigens (60), but did replicate when coinjected
with pB1A (Fig. 7, lane L). Therefore, pBla allowed PyV
ori-containing plasmids to replicate by providing large T-
antigen.

Sequences within the core element were also required for
replication of PyV DNA in mouse embryos. Plasmid o-8
failed to replicate even when it was coinjected with pBla,
while both B-core and pBla DNA, present in the same
nucleus, did replicate (Fig. 7, lanes M and N). When the
parent plasmid for a-, a-B-core™, was coinjected with pBla
and a-core, both pBla and a-B-core” DNA replicated as
expected (Fig. 7, lanes K and L).

Surprisingly, the a-core configuration of PyV ori failed to
replicate in embryos, even when T-antigen was provided by
coinjecting it with pBla. Only pBla DNA replicated and
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FIG. 6. PyV control region and cloned PyV DNA sequences. The scale of the PyV control region is in base pairs. The cis-acting sequences
that comprise the PyV origin of replication (ori), referred to as a, B, core, and auxiliary (DePamphilis and Bradley, in press), were defined
from the data of Muller et al. (62), Katinka and Yaniv (43), Luthman et al. (51), and Tyndall et al. (79). The relationships between PyV ori
and the PyV large T-antigen (T-Ag) binding sites (16, 24, 67), strong and weak gene enhancer elements (21, 22, 37, 48, 60, 79), host range
mutations that allow replication in mouse EC cells (29, 72, 80), DNase I hypersensitive chromatin sites (38), SV40 ori (20; DePamphilis and
Bradley, in press), and PyV transcription and translation initiation signals (17, 41, 60) are shown. PyV mutants that grow on EC PCC4 cells
carried a duplication of a portion of the a-element which substituted for a deleted portion of the B-element. The F9 mutant is a single point
mutation that allows PyV to grow on EC F9 cells and converts the B-element into a strong enhancer (48). Cloned PyV sequences that were
injected into mouse embryos have been described by Muller et al. (62) and are diagrammed as shaded bars. The PyV map position of the

nucleotide at each border is given by the numbers inside the bars.

thus became Dpnl resistant (Fig. 7, lanes G, H, K, and L).
These experiments were repeated four times; and each time
a-core did not replicate, although B-core and a-B-core did
replicate along with the pBla DNA present in the same
nucleus. To ensure that the a-core plasmid, as well as
a-B-core and B-core plasmids, replicated in differentiated
mouse cells, these plasmids were transfected into MOP-8
cells, and their ability to replicate was measured by the Dpnl
assay. All three PyV ori configurations replicated as re-
ported previously (62). Therefore, in the presence of PyV
large T-antigen, a-core was recognized as a PyV ori se-
quence in differentiated mouse cells but not in mouse em-
bryos, while a-B-core and B-core were recognized as ori
sequences in both differentiated and embryonic celis.

DISCUSSION

Requirements for PyV DNA replication during mouse de-
velopment. Results presented here demonstrate that the
requirements for papovavirus DNA replication in mouse
embryonic cells are essentially the same as those in differ-
entiated mouse cells. Sequences within the 254-base-pair
region of PyV ori that contain the g and core elements (Fig.
6) were essential for initiation of PyV DNA replication in
mouse embryos and functioned only when the gene-
encoding large T-antigen was present either on the same or
another DNA molecule. The T-antigen requirement was
consistent with the fact that multiple rounds of PyV DNA

replication occurred even in the absence of cell division
(e.g., one-cell embryos that remained at the one-cell stage
and two-cell embryos that did not proceed beyond the
three-cell stage). Permissive cell factors required for PyV
DNA replication were absent in the oocyte but were present
in the one-cell embryo. The fact that SV40 DNA replication
was marginal (discussed below) compared with that of PyV,
regardless of the presence or absence of actively replicating
PyV DNA, confirmed that permissive cell factors in mouse
embryos are specific for PyV. Regardless of the initial or
final developmental state of the embryo, the time courses for
replication after injection of PyV DNA were similar, imply-
ing that permissivity for PyV DNA replication does not
significantly change during the first few cell divisions after
fertilization (Fig. 4). The initial delay in DNA replication of
about 20 h most likely represents a requirement for the
synthesis of T-antigen and assembly of a replication com-
plex. Embryonic development was arrested at different
stages, depending on the amount of DNA injected and
whether it replicated extensively or expressed PyV gene
products or both. These conditions were apparently toxic to
the injected cell, eventually resulting in cell death, cessation
of DNA replication, and degradation of newly replicated
DNA. Interestingly, the time course for PyV DNA replica-
tion after injection into embryos was remarkably similar to
that observed on transfection of differentiated mouse cells.

Results of other studies suggest that embryonic mouse



2932 WIRAK ET AL. MoL. CELL. BioL.

T— PLUS T-Ag (pBia)
T b=
a-p-c+ a-p-c+ a-p |
B-c p-c ey o,
e + e TSI S e
: — a Ea-p-c+, a-p

: L J ,
M N

A B C D E F i N | J KL

FIG. 7. Sequence requirements for PyV DNA replication in mouse embryos. pML-1 plasmids carrying various elements of the PyV ori
sequence (Fig. 6) were injected into one of the nuclei of two-cell embryos. In some cases, an active PyV T-antigen (T-Ag) gene was absent
(lanes A through D), while in other experiments PyV T-antigen was provided in rrans by coinjecting these plasmids with pBla (lanes E through
N). Each embryo received a total of about 0.3 pg of DNA, and surviving embryos were cultured in vitro for 72 h. As described earlier (Fig.
2 and 4), DNA was isolated and then digested either with Sall alone (—) or with both Sall and Dpnl (+) to determine the total fraction of DNA
that replicated. Embryos were injected with the following plasmids (in the figure. ¢ represents core): B-core and a-B-core™ (lanes A and B);
a-B-core (lanes C and D): a-B-core and pBla (lanes E and F); a-core and pBla (lanes G and H); B-core and pBla (lanes I and J); a-core,
a-B-core™, and pBla (lanes K and L); B-core, a-B, and pBla (lanes M and N). Abnormal embryos and blastocysts were segregated and
analyzed separately, but DNA replication was detected only in the abnormal embryos (lanes A through N). Lanes A and B received DNA
from 15 embryos: lanes C and D received DNA from 12 embryos: lanes E and F received DNA from 10 embroys; lanes G and H received
DNA from 13 embryos; lanes I and J received DNA from 15 embryos; lanes K and L received DNA from 25 embryos; and lanes M and N

received DNA from 15 embryos.

cells are not permissive for PyV DNA replication (44). PyV
DNA replication and expression of viral genes were not
observed after infection of mouse embryos and mouse EC
cells with PyV virions. In fact, the level of transcription in
one- and two-cell embryos is minimal (15, 42), which would
presumably make the expression of foreign genes difficult.
However, metallothionein-thymidine kinase genes injected
into mouse one-cell embryos have been expressed in a
regulated manner (10). Similarly, Newport and Kirschner
(64) have shown that genes injected into transcriptionally
quiescent Xenopus eggs are transiently expressed. The dif-
ference between our results and results of previous studies
on PyV replication in mouse embryonic cells may be related
to the method of introducing DNA into the cell. We injected
about 100,000 copies of bare DNA directly into embryonic
nuclei. Although the DNA appeared to be assembled into
chromosomes, it may have lacked modifications used by the
cell to inactivate transcription. Alternatively, the large num-
ber of T-antigen gene copies may have compensated for
inefficient viral DNA replication or transcription.

Since mouse embryos support replication of PyV DNA in
the same manner as do differentiated mouse cells, the
occurrence of SV40 DNA replication at a level of about 3%
of that observed for PyV DNA was surprising. SV40 DNA
replication was not detected in mouse fibroblasts, although a
small number of viral DNA concatamers has been observed
even in the absence of active T-antigen (14). In mouse
embryos, the products of SV40 DNA replication are circular
DNA monomers. It is not yet clear whether SV40 T-antigen
and the ori sequence are required for replication in embryos.
Thus, SV40 replication may represent either a low level of
T-antigen-dependent viral DNA replication that results from
the large number of viral DNA molecules injected or it may
be analogous to replication of a cellular ori sequence similar
to the one described by Ariga et al. (3).

Cell-specific PyV ori sequences. The 3-core configuration of
the PyV origin of replication was functional in mouse em-
bryos, but the a-core configuration was not. In differentiated
mouse cells, however, both constructions functioned as PyV
origins of replication, as previously reported (62). The dif-
ference may be related to the recognition of specific tran-
scriptional enhancer sequences in embryonic and differenti-
ated cells. The cis-acting sequence required for the PyV
origin of replication contains sequences that act as gene
enhancers and are encoded within the a- and B-elements (see
above and Fig. 6). In differentiated mouse cells, o provides
a 3-fold higher enhancement than 8, whereas in mouse EC
cells, the efficiency of B remains the same as in differentiated
cells but ais decreased by 3.5-fold (37). Thus, enhancement
activity of the a element in mouse embryos may have been
diminished relative to that of the B element such that a no
longer functioned as part of ori. Consistent with this hypo-
thesis, many mutants of PyV that have been selected for
growth on EC cells carry mutations which map within the
element (30, 80). These mutations increase the enhancer
activity of the g element in EC cells (48), and at least one of
these mutations has been shown to be involved directly in
activating the ori sequence in EC cells (30). Experiments are
now in progress to determine whether the a- and B-elements
function as enhancers for gene expression in mouse embryos
and whether the same sequences are required for both
replication and enhancer activity.

Sequence-dependent DNA replication in embryonic cells.
The observations reported here in mouse embryos contrast
with those of analogous experiments in Xenopus eggs. The
ability of DNA to replicate after injection into mouse em-
bryos varied over at least a 200-fold range as a function of
sequence, whereas injection of the same or similar molecules
into Xenopus eggs replicated with little, if any, regard to
sequence (58). Perhaps the critical difference between Xen-
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opus and mouse embryos is the inherent difference in their
rates of development. Xenopus embryos, after a 90-min
postfertilization delay, divide once every 35 min (63),
whereas cell cleavage in mouse embryos occurs every 17 to
20 h (50, 70). These rates reflect the difference in amounts of
maternal mRNA and proteins present in eggs. Xenopus eggs
support 12 cell cleavages before zygotic transcription occurs
(63), but mouse eggs support only the first cell cleavage (4,
27). To accommodate the faster rate of DNA replication,
amphibian embryos (and perhaps those of other nonmam-
malian systems) may utilize a great variety of sequences as
origins of replication, perhaps by modifying proteins in-
volved in the initiation process. Alternatively, the high
concentration of replication proteins present in nonmammal-
ian embryos may eliminate the advantage that ori sequences
have over other sequences in promoting initiation of repli-
cation.

Although other differences exist between experiments
carried out in mouse and Xenopus embryos that could
account for the apparent contradiction in results, these
differences do not appear ta be critical. DNA was injected
into the nuclei of mouse embryos, but into the cytoplasm of
Xenopus eggs. The amount of DNA injected into Xenopus
was 200 to 10,000 times greater than the nuclear DNA
present (6 pg), whereas only 0.05- to 2-fold the amount of
mouse nuclear DNA (6 pg) was injected into mouse em-
bryos. However, DNA injected into Xenopus eggs was
rapidly assembled into nucleosomes (47, 64), sequestered
into nuclear-like aggregates (28), and replicated under appar-
ent control of the cell division cycle (34), indicating that
injected DNA is treated like chromosomal DNA by the cell.
Furthermore, given the large amount of stored maternal
proteins and mRNA that exist in amphibian ova compared
with mammalian ova, the final ratio of injected DNA to
cellular components may actually be similar. For example,
efficient chromatin assembly and transcription on DNA
injected into Xenopus oocytes required nanogram quantities
of injected DNA (32), presumably to achieve an optimal
protein/DNA ratio.

The question whether mammalian cells utilize ori se-
quences to regulate the initiation of DNA replication re-
mains. Our data are consistent with a requirement for ori
sequences to replicate mammalian chromosomal DNA. Sev-
eral DNA plasmids (pML-1, a-core, a-B) failed to replicate,
even in the presence of active PyV DNA replication. These
molecules varied in length from 3 to 5 kilobases, constituted
less than 10% of the nuclear DNA of the cell, appeared to be
assembled into chromosomes, did not interfere with embry-
onic development, and remained throughout five to six cell
divisions. The limit of detection for Dpnl-resistant DNA was
about 0.2 pg per band (Fig. 1 and 2). Thus, in one experiment
with 60 embryos per gel lane (data not shown), <1% of the
pML-1 DNA may have replicated even once. This is <0.1%
the amount of Dpnl-resistant PyV DNA observed in the
same nucleus. In contrast, the amount of injected DNA that
replicated in Xenopus eggs was comparable to the amount of
nuclear DNA that would have replicated during the same
time period (58). Thus, if mammalian embryos behaved like
Xenopus embryos, DNA replication should have been de-
tected in all of these plasmids. Therefore, these plasmids
appear to lack cis-acting sequences required for efficient
initiation of DNA replication in mammalian embryos. Since
pML-1 DNA failed to replicate in the absence of a known
eucaryotic ori sequence, it is possible that cellular ori
sequences can be identified by their ability to replicate
pML-1 or other similar plasmids.
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