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ABSTRACT We have constructed and characterized a
polyoma virus-based plasmid that is maintained as an auton-
omously replicating extrachromosomal element (episome) in
mouse embryonic stem (ES) cells. Plasmid pMGD20neo con-
tains the polyoma origin of replication harboring a mutated
enhancer (PyFlO), a modified polyoma early region that
encodes the large tumor (T) antigen only, and a gene that
confers resistance to G418 (neo). After transfection, the
plasmid replicates in ES cells and is maintained as an
extrachromosomal element in 15% of G418-resistant clones.
Integration of the plasmid DNA is undetectable for at least 28
cell generations. In one clone, the transfected DNA persists
unaltered as an episome at 10-30 copies per cell for at least
74 cell generations in the presence of G418. Cells that main-
tain the autonomously replicating plasmid can efficiently
replicate and maintain a second plasmid that carries the
polyoma origin of replication. Independent vector-containing
ES cell lines showed no significant alteration of the karyotype,
and two cell lines yielded several chimeric animals when
introduced into blastocysts, suggesting that the presence ofan
episomal element and expression of polyoma large T do not
eliminate the ES cells' ability to populate an embryo. This
system offers an efficient means for manipulating and ana-
lyzing various aspects of gene expression in ES cells.

Many different genes have been disrupted by homologous
recombination in mouse embryonic stem (ES) cells (1, 2),
providing new insights into gene expression and function in
vivo (3). Moreover, expression of yeast artificial chromosomes
in ES cells and their transfer into the germ line have recently
been demonstrated, illustrating that ES cells can incorporate
large pieces of DNA into their genomes without losing their
totipotency (4, 5). We have explored the possibility of gener-
ating polyoma virus-based vectors that can be maintained in
ES cells as autonomously replicating episomes. By analogy
with bacteria, the establishment of episomal vectors in ES cells,
particularly ones containing DNA segments of interest, may
prove to be useful for analyzing and modifying gene expression
in ES cells during embryonic development and possibly in the
germ line.
Polyoma virus DNA replicates as free, unintegrated mini-

chromosomes in infected mouse cells (6). Three related pro-
teins, encoded by the polyoma virus early region, are expressed
shortly after infection: large tumor (T) antigen, middle T, and
small T. These proteins are translated from three different
mRNAs generated by alternative splicing of the primary
transcript (7). Large T is required for initiating viral DNA
replication (8, 9), while middle T is responsible for the viral
transforming activity (10), and small T is suspected of having
a subsidiary role in DNA replication (11) and/or in transfor-
mation (12, 13). Polyoma virus mutants whose DNA lacks the
entire large T intron (14) or where the splice sites used in the
formation of the properly processed middle T and small T
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mRNAs are absent can replicate to a limited extent because
they express large T, but they are unable to transform cells
because they cannot form middle T (15). Thus, replication of
polyoma DNA requires only the viral origin of replication (ori)
as a cis sequence, the trans-acting protein large T, and the
cellular enzymes and accessory proteins needed for DNA
synthesis. Infection of embryonal carcinoma cells (16) or ES
cells (17) with wild-type polyoma or transfection with viral
DNA fails to yield progeny virus. However, several polyoma
mutants are able to propagate in mouse embryonal carcinoma
cells by virtue of one or multiple changes in the enhancer
region (18).

In the present work, we describe the construction and charac-
terization of the polyoma virus-based vector pMGD20neo, which
can be maintained as an extrachromosomal element in ES cells
without impairing their ability to contribute to the formation of
chimeric animals.

MATERIALS AND METHODS
Vector Constructions. The fragment LT20 consists of the

polyoma virus early region in which the wild-type enhancer/
origin and the coding region for all three T proteins have been
replaced by the PyFlOl mutant enhancer/origin (18) and a
modified gene for large T, respectively (Fig. 1A). To eliminate
the expression of middle and small T, the sequence between bp
663 and bp 782 (nomenclature according to ref. 19) was
deleted. The LT20 fragment was joined to a segment contain-
ing the simian virus 40 (SV40) early region poly(A) site and
then inserted into the Dra II site of PGKneopolyA, which is a
derivative of pMClneopolyA (20) carrying the PGK promoter
from PGKneo bpA (21). More detailed information and the
plasmid itself are available for distribution. PGKhphALT20
(Fig. 1B) differs from pMGD20neo in having a 1249-bp Nco
I-Xba I deletion in the large T coding sequence and an hph
gene (22) in place of the neo gene.
ES Cell Culture and Electroporation. The ES cell line CCE

(23) was maintained continuously on gelatin-coated plates
without feeder cells in Dulbecco's modified Eagle's medium
(DMEM) containing 1000 units of murine leukemia inhibitory
factor per ml (GIBCO/BRL), 20% heat-inactivated fetal calf
serum (Gemini Biological Products, Calabasas, CA), 0.1 mM
2-mercaptoethanol, and 1 x minimum essential medium non-
essential amino acids (GIBCO/BRL) in a 37°C, 5% CO2-
humidified incubator. Routinely, 107 ES cells in 800 ,ul of HBS
(20 mM Hepes/137 mM NaCl/5 mM KCl/0.7 mM
Na2HPO4/6 mM dextrose, pH 7.05) were electroporated with
10 ,ug of vector DNA at 240 V/1080 ,uF using a Bio-Rad Gene
Pulser, and, after 10 min, the cells were transferred to a
150-mm plate. Selection for neo or hph relied on the ability to
grow in either G418 (250 ,ug/ml) or hygromycin B (0.11
,ug/ml), respectively.

Abbreviations: ES, embryonic stem; SV40, simian virus 40; PGK,
phosphoglycerate kinase.
*Present address: Physiologisches Institut, Universitat Zurich-Irchel,
Winterthurerstrasse 190, CH-8057 Zurich, Switzerland.
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FIG. 1. Plasmids pMGD20neo and PGKhphALT20. (A)
pMGD20neo contains the mutant enhancer PyFlOl, the polyoma
wild-type on, and LT20 fragment. The neo gene is expressed from the
phosphoglycerate kinase (PGK) promoter. An SV40 poly(A) process-
ing site was cloned into the polyoma late region. Restriction sites used
in this study are indicated. (B) PGKhphALT20 is similar to
pMGD20neo except that PGKhph replaces the PGKneo transcription
unit, and the large T segment contains a large deletion in its coding
sequence.

DNA Extraction and Analysis. Low molecular weight DNA
was extracted using a modification of the method described by
Hirt (24), which separates plasmids of the size used here from
high molecular weight chromosomal DNA. After rinsing the
cells twice with cold phosphate-buffered saline (PBS), 1%
Nonidet P-40 in PBS was added carefully to the plates and
incubated for 1 min at room temperature (25). Following
aspiration of the fluid, the cells were treated according to the
standard Hirt method. Total DNA extraction and Southern
blot analysis were performed by standard methods.

Cytogenetic Analysis. Karyotype analysis was performed on
ES cell cultures using standard cytogenetic methods. In short,
cultures were suspended with trypsin following mitotic arrest
with colcemid (final concentration, 0.05 jig/ml) for 30 min at
37°C, treated with hypotonic KCI solution (0.075 M) for 15 min
at room temperature, and fixed twice with 3:1 methanol/acetic
acid fixative. Chromosome slide preparations were made by
standard procedure and analyzed using the GTW-banding
method (26).

RESULTS

Construction of pMGD20neo. To construct an autono-
mously replicating episomal plasmid in mouse ES cells, we

chose the polyoma early region segment to supply the cis-
acting ori function and the trans-acting initiator function (large
T). First, the polyoma segment spanning bp 664-781, which is
located in the intervening sequence of large T and contains the
splice sites for processing the middle and small T mRNAs, was
deleted from the transcription unit (LT20), thereby preventing
the formation of the middle T and small T mRNAs but
permitting large T mRNA production. Second, the wild-type
polyoma enhancer-oni was replaced with the mutant enhancer-
ori from PyFlOl (18) to enable expression and replication in
ES cells. This modified polyoma early region was inserted into
PGKneopolyA, yielding plasmid pMGD20neo (Fig. 1A),
which also contains an SV40 early poly(A) site upstream of the
enhancer-ori segment to minimize any inhibitory effects of
transcription emanating from the polyoma late region pro-
moter. Transfection of linearized pMGD20neo into mouse
3T3 cells led to stable transformants that are G418 resistant
and express large T as judged by Western blot analysis (data
not shown).

Establishment of Stable ES Cell Lines Containing Episom I
pMGD20neo DNA. ES cells (CCE) were electroporated with
supercoiled pMGD20neo DNA and grown in a medium
containing G418 until independent colonies could be picked
and subcultured. Plasmid DNA was extracted from such
subcultures using a modified version of the Hirt procedure to
separate the lower molecular weight plasmid DNA from the
cell's chromosomal DNA (24). Because the transfected
pMGD20neo DNA had been prepared in Escherichia coli, it
carries a characteristic methylation pattern that renders it
digestible by Dpn I endonuclease (27). However, that meth-
ylation pattern is lost after replication in mammalian cells, and
replicated DNA becomes resistant to Dpn I digestion. Ap-
proximately 15% of the 87 G418 resistant clones examined
contained Dpn I-resistant extrachromosomal plasmid DNA.
Three independent clones (clones 1.15, 1.19, and 1.24) were
characterized further; their plasmid DNA was extracted and
digested with eitherBamHI to linearize the plasmid orBamHI
plus Dpn I or Dpn I alone. Southern blot analysis of the
digested products revealed that virtually all of the nonchro-
mosomal DNA is identical in size to the transfecting DNA and
resistant to Dpn I digestion (Fig. 2A). Thus, the transfected
DNA had probably undergone multiple rounds of replication.
Judging from the intensity of the plasmid bands relative to the
standards, these clones contain at least 5-10 copies of the
plasmid DNA, but this is probably an underestimate because
only about 50% of plasmid DNA is recovered in the Hirt
extracts. Fig. 2B shows that the recovered extrachromosomal
DNA is predominantly supercoiled with a trace of nicked
circular DNA and is indistinguishable in size from the trans-
fected plasmid. To examine the extrachromosomal DNA from
these clones in more detail, it was transfected into E. coli. The
plasmid DNA recovered from multiple independent E. coli
transformants could not be distinguished from the original
pMGD20neo DNA with respect to its size or restriction
patterns after digestion with enzymes that make frequent cuts
in pMGD20neo. By this criterion, we judge that the extra-
chromosomal DNA in clones 1.15, 1.19, and 1.24 is either
identical to or very closely resembles the transfected plasmid.
Furthermore, the plasmid DNA recovered from the various E.
coli clones is as proficient as pMGD20neo, but not more so, in
establishing ES clones containing episomal DNA. We surmise,
therefore, that the episomal DNA maintained in the trans-
formed ES cells is not substantially altered in ways that
enhance its ability to become established as an episome.

Stability of the Extrachromosomal Plasmid DNA. The
stability of the extrachromosomal DNA was examined during
propagation of the transformed ES cell clones for 74-95 cell
generations in the presence or absence of G418. Episomal
pMGD20neo DNA is maintained without significant change
during 74 cell generations in G418-containing medium (Fig.
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FIG. 2. Detection of stable ES cell lines harboring free copies of
pMGD20neo DNA. (A) Southern blot analysis of plasmid-containing
ES cell clones 1.15, 1.19, and 1.24. G418 was added to the medium 3
days after transfection of supercoiled pMGD20neo DNA (10 ,g) into
107 cells, and, 10 days later, single clones were isolated and expanded.
Hirt extracts of these individual clones grown for 24 days after
transfection were hybridized to a polyoma large T probe. Lanes 1 and
2, size and quantity standards (100 or 10 copies of pMGD20neo DNA
per cell). Lanes 3-5, product of digestion of the Hirt extract with
BamHI; lanes 7-9, product of double digestion with BamHI and Dpn
I. Control lane 6, pMGD20neo DNA used to transfect the ES cells is
fullyDpn I sensitive, indicating complete digestion by this enzyme. The
arrows marked I, II, and III indicate the position of supercoiled,
nicked, and linear pMGD20neo, respectively. (B) Southern blot
analysis of the plasmid DNA in the Hirt extract from the same clones
after digestion with Dpn I only. The arrows marked I and II indicate
the position of supercoiled and nicked pMGD20neo DNA, respec-
tively.

3A). The plasmid was also maintained without significant loss
for about 50 cell generations in the absence of selection for
G418 resistance, but then the amount began to decline at about
76 generations and could be detected only after prolonged
exposure of the autoradiograms (Fig. 3B). Nevertheless, after
about 87 generations, the addition of G418 to the medium and
continued propagation for another 8 cell generations resulted
in the reappearance of substantial amounts of the original
plasmid. Evidently, a sufficient amount of the plasmid was
retained by a fraction of the cell population to ensure their
survival in G418 either by allowing the plasmid copy number
to increase or by selecting for cells that still maintained the
plasmid at near-original levels.

Is Plasmid DNA Integrated into ES Cell Chromosomal
DNA? We have considered the issue of whether the ES cell
clones containing extrachromosomal plasmid DNA also con-
tain integrated copies in their chromosomes. To this end, we
examined the fragment patterns generated by digestion of the
total DNA (which contains chromosomal and episomal DNA)
from clones harboring extrachromosomal DNA (1.19 and
1.24) or integrated plasmid DNA only (1.17) with restriction
enzymes that either fail to cleave pMGD20neo DNA (Bgl II
and Ssp I) or cleave once (Asp718 and HincII) or twice (EcoRI)
(Fig. 4). Enzymes that do not cleave pMGD20neo but cleave
ES cell DNA should yield, besides the supercoiled and occa-
sionally nicked circular and linear forms, additional fragments
characteristic of the structure, number, and location of inte-
grated plasmid DNA. Enzymes that cleave pMGD20neo once
will produce, besides full-length linear DNA indicative of
episomal DNA and any free or integrated catameric DNA,
other fragments whose size depends on the flanking sequence
and structure of integrated DNA. The fragment pattern with
EcoRI endonuclease, which cuts pMGD20neo DNA twice,
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FIG. 3. Stability of the extrachromosomal plasmid in clone 1.19.
(A) Clone 1.19 cells were grown in the presence of G418 and passaged
every 3-4 days. Plasmid DNA was extracted at various stages and
digested with BamHI alone or BamHI and Dpn I. The first two lanes
on the left provide size and quantity standards (100 or 10 copies of
pMGD20neo DNA per cell). The amount of plasmid per cell (10-30
copies) remained stable for at least 74 cell cycles when the experiment
was stopped. (B) Clone 1.19 was grown in the absence of G418 for 87
cell cycles. After this time G418 selection was reconstituted and
allowed to proceed for 8 cell generations.

should also reveal fragments diagnostic of integrated plasmid
DNA. Fig. 4A, which shows the patterns produced by two
noncutters, reveals predominately supercoiled and nicked
circular episomal DNA and trace amounts of several other
plasmid DNA species that are present in the transfecting DNA.
However, there are no unique bands suggestive of integrated
copies in clones 1.19 and 1.24. By contrast, digestion of cellular
DNA from clone 1.17 with the same two restriction enzymes-
Bgl II and Ssp I-yields a new band indicative of an integrated
form. The results after digestion of the total DNA from clones
1.19 and 1.24 with the enzymes that cleave once (Asp718 and
HincIl) or twice (EcoRI) also fail to reveal bands indicative of
integrated DNA (Fig. 4 B and C). Indeed, the two expected
fragments from the cleavage of the episomal DNA by EcoRI
endonuclease are evident in the DNA from clones 1.19 and
1.24 but these fragments are absent from clone 1.17 DNA. A
similar analysis of five additional G418 resistant clones that
lacked episomal DNA revealed varying size fragments indic-
ative of integrated sequences; however, the fragment patterns
indicated that in each case only a portion of the transfecting
plasmid was stably integrated. We suspect that such stable
transformants were formed by integration of varying size
fragments derived from the transfecting DNA, at least one of
which must contain an intact neo gene. On the basis of these
data, we surmise that the extrachromosomal plasmid DNA in
clones 1.19 and 1.24, and the others with similar properties, is
being maintained as autonomously replicating episomes by
virtue of their cis-acting ori sequence and their ability to
express the trans-acting replication initiator, polyoma large T.
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FIG. 4. Southern blot analysis of total and Hirt
DNA extracts from G418-resistant ES cell clones.
Total and Hirt DNA were extracted from 106 cells
of G418-resistant clones 1.19 and 1.24, which con-
tained extrachromosomal copies of pMGD20neo
DNA, and from clone 1.17, which lacks any epi-
somal DNA but which contains an integrated neo
gene. These clones had undergone about 28 cell
generations following selection for G418 resis-
tance. Genomic DNA (10 gg) isolated from ES
cells was added to the Hirt-extracted DNA prior to
preparing the restriction digest. Total and Hirt
DNA extracts were incubated with Bgl II or Ssp I,
neither ofwhich cleaves pMGD20neoDNA (A), or
withAsp718 or HincII, each ofwhich linearizes the
plasmid (B), or with EcoRI (C), which cleaves the
plasmid twice. DNA from pMGD20neo mixed
with genomic DNA from ES cells (10 jig) was used
as size and quantity standard: lanes 1 or 9 and 2 or
10 correspond to 10 or 1 plasmid copies per cell,
respectively. An aliquot of each restriction enzyme
mix was tested for complete digestion. After elec-
trophoresis and Southern blotting, the filters were
hybridized with a 32P-labeled probe containing
most of the pMGD20neo DNA but lacking the
PGK promoter segment (EcoRI-Eag I, see Fig.
1A).

ES Cells Containing pMGD20neo as an Episome Are Also
Able To Maintain a Second Plasmid Containing a Polyoma
ori. We sought to determine if ES cell clones that contain
episomal pMGD20neo DNA can support the replication and
maintenance of a second plasmid that contains the polyoma
ori. Accordingly, we compared the outcome of transfection of
clone 1.19 cells with PGKhphALT20, a plasmid that contains
the same ori segment as in pMGD20neo, a large T gene with
a 1249-bp deletion in its coding sequence (Fig. 1B), and a gene
that confers resistance to hygromycin B, with PGKhph, a
similar plasmid that lacks the polyoma segment. Each of these
plasmids transforms wild-type ES cells to hygromycin resis-
tance equally efficiently, most likely by becoming integrated
into ES chromosomal DNA. When these plasmids were trans-
fected into clone 1.19 cells, the yield of hygromycin B-resistant
clones was about 100 times greater with PGKhphALT20 than
with PGKhph. This difference is attributable to the ability of
PGKhphALT20 to replicate and be maintained as an episome
in clone 1.19 cells. This is supported by the finding that 85%
of the hygromycin-resistant clones contained extrachromo-
somal PGKhphALT20 DNA. By contrast, the few clone 1.19
cells transformed with PGKhph were devoid of episomal forms
of PGKhph DNA. We conclude that the efficient establish-
ment of PGKhphALT20 DNA as an episome in clone 1.19 cells
stems from its ability to replicate from its own ori in the
presence of large T provided by the already established
episomal pMGD20neo DNA.

Karyotypes of Transfected ES Cell Lines. To determine if
maintenance of the plasmid DNA and/or expression of poly-
oma large T alters the genotype of the ES cells in untoward
ways, the karyotype of ES cell clones 1.15, 1.19, and 1.24 was
analyzed. Two clones, 5.1 and 5.3, in which the plasmid
PGKneopolyA had integrated, were also examined. The anal-
ysis was performed by the GTW-banding method (26). Of the
21 metaphases from ES clone 1.19 that were counted and
sexed, 19 had 40 chromosomes, the normal mouse diploid
number. A duplication of the long arm of chromosome 14 was
found in 4 cells. With clone 1.24, 17 of 20 cells contained 40
chromosomes. About 90% of the cells from clone 1.15 had 41
chromosomes due to a trisomy ofchromosome 1, but there was
no overt gross aneuploidy detected in any of the cells exam-

ined. Cells from clones 5.1 and 5.3 were abnormal, having
either a clonal karyotype of 41 chromosomes (5.1) or an
abnormal chromosome count of 39, missing the Y chromo-
some (5.3). Thus, we conclude that neither the presence of an
episomal element nor expression of polyoma large T alters the
ES cells' karyotype in any significant manner.

DISCUSSION
One of the aims of this project was to determine if the efficiency
of targeting mutations to chromosomal genes in ES cells could be
improved by recombination with corresponding homologous
DNA segments maintained on episomal vectors. We considered
the polyoma virus replication system for developing an autono-
mously replicating plasmid because there have been reports of the
maintenance of polyoma-based plasmids in mouse cells. Poly-
oma-related DNAs that persisted as episomes have been found in
mouse L (tk-) cells (28) and in the embryonal carcinoma line F9
(29). However, this DNA had numerous sequence changes
compared to the input DNA (30). Moreover, polyoma-pBR322
recombinants containing the wild-type early region and origin of
replication have been shown to replicate efficiently in mouse
fibroblasts and to be maintained as episomes for at least 6 days
at about 1000 copies per cell, but this number decreases to <1
copy per cell after 60 days (31).

In our plan to use the polyoma DNA replication system for
maintenance of episomes in mouse ES cells we were mindful
that the polyoma early region encodes three proteins, only one
of which, large T, is involved in replication; the other two,
middle T and small T, have been implicated in oncogenic
transformation (10), properties that could alter the ES cell's
totipotency. We first used a large TcDNA fragment (14) in our
constructs, but these plasmids did not express detectable
amounts of large T protein after transfection into ES cells nor
were they replicated, suggesting that an associated splicing
event is needed for efficient gene expression (32). Therefore,
a 118-bp segment located within the large T gene's intron was
deleted, thereby removing the 5' splice site for splicing the
middle T and small TmRNAs and part of the coding sequences
for these two proteins. Plasmid pMGD20neo contains the
promoter-enhancer-ori derived from PyFlOl (18), the modi-
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fied large T coding sequence (LT20), and a transcription unit
in which the PGK promoter expresses the neo sequence. This
plasmid expresses large T protein after transfection into mouse
cells and transforms cells to G418 resistance.
About 15% of the G418-resistant clones obtained following

transfection of ES cells with pMGD20neo contained extrachro-
mosomal plasmid DNA; the remainder harbored integrated
forms of the plasmid but no detectable episomal forms. What
governs which of the two outcomes occurs following the trans-
fection is unclear. Stable modification of the DNA enabling it to
be maintained as an episome appears to be unlikely. Plasmid
DNA recovered from each of three clones that contained extra-
chromosomal DNA was indistinguishable from the transfecting
DNA as judged by their restriction patterns with several enzymes;
moreover, transfection of the recovered DNAs from each of the
clones into ES cells yielded the same percentage of clones with
episomal DNA. Perhaps only cells at a particular phase of their
cell cycle (S phase?) are able to establish and maintain the
plasmid as an autonomously replicating episome. Alternatively, it
is possible that there is a wide variation among cells in the level
of large T and that this influences the probability of initiating
replication soon enough to result in stabilization of the plasmid's
extrachromosomal state. Once achieved, however, the structure
and number of extrachromosomal copies ofpMGD20neo (10-30
per cell) are quite stable, particularly if the continued presence
and expression of neo is selected for with G418. Once stabilized,
there do not appear to be any structural rearrangements or
significant change in the plasmid's copy number after 74 cell
generations, and, surprisingly, even after about 50 cell generations
in the absence of selection. Considering the absence of integra-
tion into the ES cell DNA up to at least 28 generations, we
surmise that the episomal state of pMGD20neo reflects its ability
to replicate autonomously, rather than as part of the cell's
chromosomal DNA.

Because the maintenance of pMGD20neo as an episome is
associated with the continued expression of polyoma large T, we
expected that another plasmid containing a polyoma ori would be
maintained in a similar episomal state. Indeed, PGKhphALT20,
which lacks a functional large T gene but contains an intact ori
and PyFlOl enhancer segment, could be established as an epi-
some at high frequency (85%) following transfection into clone
1.19 cells. We presume that the increased frequency at which the
second transfecting ori-containing plasmid is established as an
episome is a consequence of the preexistence and continued
presence of large T in all the transfected cells. Consequently, as
the transfected cells cycle through S phase there is a high
likelihood that a DNA containing an ori will be replicated and be
maintained thereafter. We presume that plasmids containing a
polyoma ori, a selectable marker, and any other gene(s) of
interest could be established and maintained in such cells simi-
larly. The capability to establish plasmids as episomes in ES cells
should find utility for a variety of studies of gene regulation in
these cells.
One of our concerns in undertaking this investigation was

that maintenance of a plasmid expressing polyoma large T
would affect the ES cell's totipotency. At present, this is still
an open issue. However, ES cells in which pMGD20neo has
been maintained as an episome have few chromosomal anom-
alies; the karyotypes of most cells in such a population have the
normal number and morphologies of mouse chromosomes.
Moreover, we have found that the modified ES cells are able
to populate the somatic cells of developing embryo and to yield
viable, apparently normal chimeric mice following microinjec-
tion into host blastocysts (M.G. and G.D., unpublished obser-
vation), indicating that neither the expression of polyoma large
T nor the presence of pMGD20neo DNA as an extrachromo-
somal element prevents the ES cells from populating an
embryo. From an experimental point of view, plasmids car-
rying genes that can serve as reporters of various differentiated
states or that can modulate the responses to induction may

allow one to study the molecular mechanisms in differentiating
ES cells (33) and in developing embryos. In summary, this
vector system should be useful for studying a variety of
phenomena such as gene expression and molecular comple-
mentation, DNA replication and recombination, and genetic
control of differentiation in ES cells and during murine
embryogenesis.

We are indebted to M. Stevens, G. Barsh, and R. Murray for their
assistance in introducing us to the ES cell technology. We also
gratefully acknowledge D. Bangs for karyotype analysis; P. Van Sloun
for mouse breeding; F. Fujimura, H. teRiele, W. Eckhart, P. Soriano,
and C. Prives for gifts of material; M. Jasin and H. Stuhlmann for
useful discussions; R. Wenger for critical reading of this manuscript;
and C. Gasser for the art work. This work was supported by fellowships
from the Swiss National Science Foundation and the Schweizerische
Stiftung fur Medizinisch-Biologische Forschung to M.G., by a U.S.
National Science Foundation predoctoral fellowship to G.D., and by
grants from the National Institutes of Health (GM13235) and the
Swiss National Science Foundation (31-36369.92).

1. Evans, M. J. & Kaufmann, M. H. (1981) Nature (London) 292,
154-156.

2. Martin, G. R. (1981) Proc. Natl. Acad. Sci. USA 78, 7634-7638.
3. Koller, B. H. & Smithies, 0. (1992) Annu. Rev. Immunol. 10,

705-730.
4. Strauss, W. M., Dausman, J., Beard, C., Johnson, C., Lawrence,

J. B. & Jaenisch, R. (1993) Science 259, 1904-1907.
5. Jakobovits, A., Moore, A. L., Green, L. L., Vergara, G. J., May-

nard-Currie, C. E., Austin, H. A. & Klapholz, S. (1993) Nature
(London) 362, 255-258.

6. Fried, M. & Prives, C. (1986) Cancer Cells 4, 1-16.
7. Treisman, R. H., Cowie, A., Favarolo, J., Jat, P. & Kamen, R.

(1981) J. Mol. AppL Genet. 1, 83-92.
8. Fried, M. (1970) Virology 40, 605-617.
9. Francke, B. & Eckhart, W. (1973) Virology 55, 127-135.

10. Treisman, R. H., Novak, V., Favarolo, J. & Kamen, R. (1981)
Nature (London) 292, 595-600.

11. Berger, H. & Wintersberger, E. (1986) J. Virol. 60, 768-770.
12. Bouchard, L., Gelinas, C., Asselin, C. & Bastin, M. (1984)

Virology 135, 53-64.
13. Asselin, C., Gelinas, C., Branton, P. E. & Bastin, M. (1984) Mol.

Cell. Biol. 4, 755-760.
14. Zhu, Z., Veldman, G. M., Cowie, A., Carr, A., Schaffhausen, B.

& Kamen, R. (1984) J. Virol. 51, 170-180.
15. Nilsson, S. V. & Magnusson, G. (1983) EMBO J. 2, 2095-2101.
16. Swartzendruber, D. E. & Lehman, J. M. (1975) J. Cell. Physiol.

85, 179-188.
17. M6lin, F., Kemler, R., Kress, C., Pinon, H. & Blangy, D. (1991)

J. Virol. 65, 3029-3043.
18. Fujimura, F. K., Deininger, P. L., Friedmann, T. & Linney, E.

(1981) Cell 23, 809-814.
19. Soeda, E., Arrand, J. R., Smolar, N., Walsh, J. E. & Griffin, B. B.

(1980) Nature (London) 283, 445-453.
20. Thomas, K. R. & Capecchi, M. R. (1987) Cell 51, 503-512.
21. Soriano, P., Montgomery, C., Geske, R. & Bradley, A. (1991) Cell

64, 693-702.
22. teRiele, H., Maandag, E. R., Clarke, A., Hooper, M. & Berns, A.

(1990) Nature (London) 348, 649-651.
23. Robertson, E., Bradley, A., Kuehn, M. & Evans, M. (1986) Nature

(London) 323, 445-448.
24. Hirt, B. (1967) J. Mol. Biol. 26, 365-369.
25. Cahill, B. H., Roome, A. J. & Carmichael, G. G. (1990) J. Virol.

64, 992-1001.
26. Seabright, M. (1971) Lancet ii, 971-972.
27. Lacks, S. & Greenberg, B. (1977) J. Mol. Biol. 114, 153-168.
28. Kusano, T., Uehara, H., Saito, H., Segawa, K. & Oishi, M. (1987)

Proc. Natl. Acad. Sci. USA 84, 1789-1793.
29. Ariizumi, K. & Ariga, H. (1986) Mol. Cell. Biol. 6, 3920-3927.
30. Nishimori, K., Kohda, T., Fujiwara, J. & Oishi, M. (1988) Mol.

Cell. Biol. 8, 2097-2104.
31. O'Hare, K. (1981) J. Mol. Biol. 151, 203-210.
32. Buchman, A. R. & Berg, P. (1988) Mo. Cell. Biol. 8, 4395-4405.
33. Mountford, P., Zevnik, B., Diiwel, A., Nichols, J., Li, M., Dani,

C., Robertson, M., Chambers, I. & Smith, A. (1994) Proc. Natl.
Acad. Sci. USA 91, 4303-4307.

Proc. Natl. Acad Sci. USA 92 (1995)


