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ABSTRACT

We describe the ability of novel episomally maintained
vectors to efficiently promote gene expression in
embryonic stem (ES) cells as well as in established
mouse cell lines. Extrachromosomal maintenance of
our vectors is based on the presence of polyoma virus
DNA sequences, including the origin of replication
harboring a mutant enhancer (PyF101), and a modified
version of the polyoma early region (LT20) encoding
the large T antigen only. Reporter gene expression
from such extrachromosomally replicating vectors
was approximately 10-fold higher than expression from
replication-incompetent control plasmids. After trans-
fection of different ES cell lines, the polyoma virus-
derived plasmid variant pMGD20neo (7.2 kb) was
maintained episomally in 16% of the G418-resistant
clones. No chromosomal integration of pMGD20neo
vector DNA was detected in ES cells that contained
episomal vector DNA even after long term passage.
The vector’s replication ability was not altered after

insertion of up to 10 kb hprt gene fragments. Besides

undifferentiated ES cells, the polyoma-based vectors
were also maintained extrachromosomally in differen-
tiating ES cells and embryoid bodies as well as in
established mouse cell lines.

INTRODUCTION

(EBs) which resemble the 6-8 day egg cylinder stage observed
during normal mouse embryogenesils Since embryoid bodies
recapitulate several aspects of early mouse development, they
have been proposed asm@writro model of embryogenesié-g).

To explore the feasibility of maintaining exogenous DNA
sequences on episomal plasmids in ES cells, we have constructec
the polyoma-based vector pMGD20neo that can replicate extra-
chromosomally in these cell8)( The polyoma virus, one of the
smallest oncogenic viruses known, is a DNA virus existing in
certain laboratory mouse colonies and in some wild mice as a
silent infection (reviewed in ref<,11). The viral genome consists
of a double-stranded, circular DNAI@®.3 kb. The polyoma virus
early region, which is transcribed early during the viral life cycle,
is one of the rare examples in eukaryotic cells in which all three
potential reading frames are used to encode three different
proteins. Alternative splicing of the common precursor transcript
results in three mRNAs encoding for: (i) large tumor (T) antigen,

a 100 kDa nuclear protein essential for initiating viral DNA
replication; (ii) middle T, a 48 kDa protein involved in cellular
transformation 12); and (i) small T, a 22 kDa protein of
ill-defined function(s). The vector pMGD20neo (FR34\) contains

a modified segment from the polyoma early region that can only
express large T (LT20), thereby avoiding expression of the
oncogenic middle T. This vector also contains the mutated PyF101
enhancer-ori segmerit3) that permits efficient expression of large

T and DNA replication in the early embryo as well as in ES cells.
We recently showed that pMGD20neo is maintained episomally
at about 10-30 copies per cell for at least 74 ES cell generations

Establishment of the mouse embryonic stem (ES) cell system Haghe presence of G418)(In the present work, we analyzed the

opened new ways to study gene function in a living organism.

gdility of polyoma-based vectors to enhance gene expression, to

cells are isolated from the inner cell mass of preimplantaticfHPPOrt homologous recombination in ES cells, and to replicate
embryos and retain their pluripotency when cultured unddp established mouse cell lines and differentiating ES cells.

suitable conditionsl]. Microinjection of ES cells into a recipient

blastocyst and reimplantation into pseudopregnant mothd®ATERIALS AND METHODS
results in the formation of a chimeric embryo which can transmit < ction of vectors

the ES cell genotype to the next generati®)n Thus, specific

genetic changes of the ES cell genotype generated by homologpUKC/LT20 and derivative$he wild type polyoma enhancer was
recombinatiorin vitro can be transferred into living mice (reviewedreplaced by the 802 bBgll-BanH| fragment from plasmid

in ref. 3). On the other hand, ES cells can be induced tpPyF101 {3) harboring the mutant enhancer. To restrict the
differentiate into embryo-like structures known as embryoid bodiespression of the early region, e site at bp 660 (humbering

* To whom correspondence should be addressed



3708 Nucleic Acids Research, 1996, Vol. 24, No. 19

according to ref14) was cleaved, blunted and ligated to thePulser at 240 V/96QF. Selection foneowas started 24—-40 h
Hadll (bp 782) site. This deletion removed thesplice donor later using G418 (500g/ml active substance). Selection against
site at bp 748 for both middle T and small T reading frames.functionahprtgene was started exactly 6 days after transfection
Subsequently, thé&ad—Hincll fragment (2757 bp) of the by adding 6-thioguanine to the medium to a final concentration
polyoma early region including this deletion was subclonedf 1 ug/ml. Differentiation of ES cells to EBs was performed in
together with aBanHI-Kad segment composed of a 130 bpa semisolid medium exactly as describ&é)(

DNA sequence containing the SV40 early region polyA site in Mouse embryonic carcinoma cells (F9), mouse renal adenocarci-
addition to the polyoma origin of replication and PyF10Ilnoma cells (RAG) and mouse L-filrlasts (L-929) were cultured
enhancer into pUC19 resulting in pUC/LT20. in freshly prepared DMEM supplemented with 10% FCS M0
monothioglycerol, ¥ MEM non-essential amino acids, 1 mM
sodiumpyruvate (Gibco), 2 mMglutamin (Gibco) and antibiotics.
Mouse erythroleukemia (MEL) cells were grown in the same
medium but containing 15% FCS.

pMGD20neoA Bglll linker was introduced into tHerall site of
pMC1lneopolyA (5) and followed by the substitution of the
EcaRI-BsdIl (820 bp) fragment of the resulting pMCZlneopoly-
ABdl+ with the 1047 bp segmenEdRI-BsdHIl) from
PGKneobpA {6) generating PGKneopolyA. Subsequently, this :
vector was cleaved witBglll and Ssp and theBanHI—Hincll ~ Cell analysis

fragment from pUC/LT20 was inserted, giving rise toQuantitation of hGH protein in the supernatant of transfected ES
PMGD20neo (see FigA). Note that theweogene used in our cells was performed using the immunoradiometric assay
preparations does not contain the point mutation in nucleotide 209&NDEM-R HGH (Hybritech, San Diego, CA) following the
which has been shown to reduce the resistance of transformafgufacturer’s instructions exactly. Low-molecular-weight DNA
to G418 selectionl(/). Following the same cloning steps, weyas extracted according to a modified Hirt protocol as descéijped (
generated a variant of pMGD20neo in which the LT20 fragmenfotal DNA extraction and Southern blotting was performed by
was replaced by the cDNA (pPyLT1) version of larged).(  standard methodology. For Western blot analysis, cells were lysed
) P ; with RIPA buffer [150 mM NaCl, 50 mM Tris—HCI (pH 7.2),
E’F',\flﬁll_ngg"Pﬁgg?ggm(;et\gg‘egh%rf,\a/ﬁ'éohﬁ%?egsr%n;oﬁr 0.5% Nonidet P-40, 1% Triton X-100, 0.1% SDS, and 1% sodium
pSVtkned (19) was linked to the hGH reporter gene fragmen(?geoxyChO“C aC|d]_ and spun 20 min at 50 000 r.p.m. ina Beckmgn
BanHI-Ssp (20), and the resulting segment was subcloned int L100 ultracentrifuge. The extracts were loaded onto a 7.5%
the Ndd—BarHI site of pMClneopolyBdl* (see above) polyacrylamide gel and subsequently electroblotted onto a Nytran
thereby replacing theeocassette. Insertion of the MC1neopolyA filter (Schileicher & Schuell). Polyclonal rat antibodies against
cassette into th@glll site resulted in pMClneo-hGH while Polyoma T antigens were obtained from W. Eckhart (San Diego,
coinsertion with ®anHI-Hincll fragment containing either the CA)- Chemiluminescent detection was performed using an

PyF101/LT20 polyoma sequence (from pUC/LT20) or th&nti-rat 1I9G antibody conjugated to horseradish peroxidase.
corresponding wild type (PyF101/wt) or cDNA (PyF101/LT1)
viral sequences resulted in plasmid pMClneo-hGHRESULTS

PyF101/LT20 and its corresponding derivatives (wt and LT1). Efficient expression of large T antigen from the modified

PRVi6.8-LT20The RVi6.8hprt fragment—which contains the polyoma early region (LT20) in ES cells
neoexpression cassette in theerted orientation compared with

RV 6.8 @1)—was subcloned into axhd-deficient variant of Since the transforming activity of polyoma middle T might alter

: ; : the pluripotency of the ES cells, we sought to express large T only
pBluescript SKII (Stratagene) previously digested VR | (required for viral DNA replication) from constructs harboring

andSma. Subsequently, insertion of théncll-Sma fragment . )
of pUC/LT20 (containing the polyoma replication unit) into theEf}E%r the large T Cr? I\r']A derived from PPVB“_BI or our polyoma
Sma site yielded pRVi6.8-LT20. 0 version §) which contains a mutated intervening sequence
lacking the 5splice donor site for middle T and small T reading
pHPT*1 Kb T2Q The 10 kiBglll-Bglll fragment encompassing frames (see Materials and Methods). Both large T-encoding
the hprt exons 6-9 and meocassette was isolated from vectorDNAs were fused to a mutant version of the polyoma enhancer-ori
pHPT1Kb(22) and subcloned into ttanHI site of pUC/LT20  segment termed PyF1Q13). Subsequently, these polyoma early
yielding pHPT1kb | T20. region variants were subcloned into a modified version of
pMC1neopolyA (5 containing the human growth hormone
(hGH) reporter gene (pMCZ1neo-hGH). After electroporation and
G418 selection for 17 days, the cellular extracts of pooled ES cell
The ES cell line CCE2Q) was grown on gelatine-coated dishescolonies were tested for expression of large T by Western blot
without feeder cells in freshly prepared Dulbecco’s modified Eagle&nalysis using a polyclonal antibody recognizing all three T
medium (DMEM; Gibco) supplemented with 20% heat-inactivatedntigens (Figl). As positive control we used the T antigens-pro-
(56°C, 30 min) foetal calf serum (FCS; Boehringer—Mannheim)ducing cell line MOP6244), and for negative control, untrans-
1000 U/ml leukemia inhibitory factor (LIF; Gibco), 1501  fected NIH3T3 and ES cells as well as ES cells transfected with
monothioglycerol (Sigma), XL minimal essential medium plasmids which do not contain sequences encoding polyoma
(MEM) non-essential amino acids (Gibco), 100 U/ml penicillinarge T (—/— and PyF101/-). ES cells transfected with vector
(Gibco) and 0.1 mg/ml streptomycin (Gibco) in a humidifiedoMC1lneo-hGH-PyF101/LT1 containing the large T cDNA
environment containing 5% G@t 37 C and passaged every 2—3 produced an unspecific banding pattern which was indistinguishable
days as described,g). Routinely, 16 ES cells in 80l PBS  from the negative controls (Fitj. In contrast, transfection with
were electroporated with 10—p@ DNA using a BioRad Gene an analogous plasmid harboring the LT20 version (pMC1neo-hGH-

Cell culture
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Figure 1. Western blot analysis of large T-expressing ES cells. ES cells were
transfected with variants of pMC1neo-hGH harboring the PyF101 promoter

linked to the large T gene from LT1 or LT20. Transfections of ES cells with the . - :

empty pMC1neo-hGH vector is indicated as (—/-). After transfection with 10 gfnuf é;— hseﬁ)lrsesvt\elgfee (i:al‘?]g‘g;eﬂlovv\\lﬁheﬁgﬁ%gf;p;re;nilgﬂn(i;ag:(Gtﬂ éez%:)et;
of cnrculafr DNA, tr}e dES IceII_s were selecteéi fW 'tT 641_? for 17 dz_;\ys a’\;l]dOICD(?SIIuIaI\Ir MC1neo-hGH vector (/) or with the variants pMC1neo-hGH-PyF101/LT20,
extracts from pooled colonies were tested for large T expression. ce §VMClneo-hGH-PyF101/LT1 and pMC1neo-hGH-PyF101/wt. G418 selection

were used as a positive control and untransfected ES cells and NIH3T3 a : : : :
; tarted 40 h lat d hGH trat th d det d
negative controls. Only construct pMC1neo-hGH-PyF101/LT20 led to large T e\i;,; fize days ateran concenfrations In the media were determine

protein production

PyF101/LT20) resulted in efficient production of the viral9€N€ (Fig3A). Approximately 10 ES cells were electroporated
y ) ! ! el product! v th circular pMGD20neo (1Qg), plated into 6 cm dishes and

replication protein, indicating that an intervening sequence in tH¥ )
D b g gseq own in the absence of G418 for 1-4 days. Low-molecular-

polyoma early region is necessary for efficient expression of Iar%geight DNA was extracted every day according to a modified

Hirt protocol @) and digested witBanHI, which cuts the vector

The polyoma PyF101/LT20 sequence increases only once, or with botBarHI andDpnl. The transfected vector
expression of an hGH reporter gene in ES cells DNA is bacterially methylated and can be cleave®pgl. In

. . . . contrast, eukaryotically replicated DNA which does not maintain
We were mtereste_d in determining the ability of the polyomﬁ1e bacterial methylation is resistant@pnl digestion 6).
sequence present in our constructs to increase expression of o fowing electrophoresis, blotting and hybridization with a
genes located on the same plasmid. Therefore, we measuredstii€|apeled neo probe, Dpnl-resistant plasmid-size DNA was
expressmn_levels of the reporter gene hGH after transfe_chon $tected as early as one day after transfection @BY.
ES cells. Since hGH protein is secreted by the &l)sKinetic  pposphorimager quantitation revealed that about 80% of the
analysis of hGH expression was performed from periodicallj,ear pNA produced by cleavage wiBanH! was resistant to
collected samples of the culture medium. Forty hours aftgsyy gigestion after the second day, indicating that the replicated
transfection with circular plasmid DNA, the media was replaceg\iGp20neo DNA persisted. In contrast, the Hirt-extracted DNA
and G418 selection was started. Every 1-2 days, the hGjated two days after transfection with the plasmid pPGKneo,
concentrations were _determlned anc_i the G418-containing mediyfdt cannot replicate because it lacks the LT20 segment, was
was replaced. Figuzillustrates a typical transfection experiment: sansitive tdDpnl digestion (Fig3B). Comparable transfections
ES cells eIectrpporated with the basm_vgctor PMC1neo-hGijere carried out with a modified form of pMGD20reavhich
(=-) only, or with the same vector containing the polyoma larg@e | T20 segment was replaced by the cDNA version of the large
T cDNA sequence (PyF101/LT1) showed about the same hGHi anscription unit (LT1), but in this caBmnl-resistant DNA
concentrations. This observation was consistent with the immungzs not detected (data not shown). Apparently, the cDNA version
blot presented in Figufewhere no polyoma large T was detected, large T produces too little viral protein (Fi). to sustain
when expressed from a cDNA construct. In contrast, ES cell§easurable amounts of plasmid DNA replication. Taken together,
transfected with pMC1neo-hGH harboring either the polyomgese results indicate that pMGD20neo is efficiently replicated in
wild type early region segment (PyF101/wt) or our modified largg g ceis after transient transfection suggesting that the elevated

T version (PyF101/LT20) incree_lsed their hGH expression by @&sH |evels are a consequence of increased numbers of DNA
factor of 3-5 and 6-10, respectively. template.

Elevated hGH production in transfected cells expressing large
T e e B e ot e2eng erm minenance of eisomal PUGD20n0 DA
plate: afte RN i 9 N&hows no chromosomal integration
polyoma origin of replication should undergo efficient large
T-mediated replication. To confirm this, we transfected ES celld/e recently reported that 15% of the 87 G418-resistant CCE ES
with vector pMGD20neo9) which is a modified version of cell clones have been found to maintain pMGD20neo episomally
pMC1lneo-hGH-PyF101/LT20 and contains a SV40 poly A sit€9). Further transfection experiments (Tab)lasing this CCE ES
in the polyoma late region, as well as the phosphoglycerate kinasd line (derived from the mouse strain 129/Sv) as well as the
(PGK) promoterZ5) to express theeogene but lacks the hGH 129/OLA-derived ES cell line E14 andhifsrt-deficient subclone
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J L b Figure 4. Extrachromosomal pMGD20neo DNA does not integrate into the
chromosome for at least 78 cell generations. ES cell clone 1.19 (9) harboring
2 pMGD20neo as an episome at 10-30 copies per cell, was cultured for up to 78
cell generations in the presence of G418. At the indicated time points, total

z DNA as well as low-molecular-weight (Hirt) DNA was extracted and digested

days aner © — r — with Asp718 which cleaves pMGD20neo once. After electrophoresis and

12342 1234 32 Southern blotting, the filters were hybridized with3%P-labeled probe

. on containing most of the pMGD20neo DNA but lacking the PGK promoter

segmenEcdRI-Eag (see Fig. 3A).

kb
ﬂ_ E14TG2a 27) confirmed this observation: 32 out of 204 (16%)
6.5 of the G418-resistant ES cell clones contained the plasmid as an

extrachromosomal element. Previously, analysis of individual clones
(e.g. clone 1.19) derived from experiment 2 (Tdblesvealed
that the transfected DNA persisted as an episome without

34
detectable chromosomal integration of plasmid DNA for 28 cell
gg generations9). To investigate whether plasmid copies integrate

into the chromosome as the cells are further passaged in culture,
we analyzed chromosomal DNA from ES cells grown for 78 cell
generations. Total DNA (containing chromosomal and episomal
DNA) as well as low-molecular-weight DNA was extracted from
the vector-containing clone 1.19 grown in the presence of G418.
The isolated DNA was digested willsp718 which linearizes
pMGD20neo and thus gives rise to a 7.2 kb fragment indicative
of episomal DNA as well as of any integrated concatemeric DNA.
However, integrated DNA will also produce additional fragments
of varying sizes. As shown in Figude Southern blot analysis
failed to detect any additional bands indicative of integrated
copies for up to 78 cell generations after transfection, implying

Figure 3. Transient replication of pMGD20neo DNA in ES celds). Plasmid . P
pMGD20neo (9) contains the mutant polyoma enhancer-ori segment PyFlOI,hat PMGD20neo DNA is maintained SO|ely as an extrachromo-

a modified polyoma early region (LT20) expressing large T only ametne ~ SOMally replicating plasmid in these ES cells during long term
gene expressed from the phosphoglycerate kinase (PGK) promoter in order ppassage. Moreover, the episomal DNA was stable during this
Colnfer refistftance to %41?-_ At_n SV_?O polyg pr?ﬁessting site ‘(V%S_ (g;;;g into thfpng-term passage as the plasmids retained a functional bacterial
polyoma late region. Restriction sites used in this study are indi r ; ST, i ;
electroporation of TOES cells with 1qug of supercoiled pMGD20neo DNA, gene that confered resistance to amp|C|II||’Esu:her|ch|a coli

the cells were plated onto 6 cm dishes and grown in the absence of G418 f&qata not shown).

1-4 days. Comparable transfections were made with equimolar amounts of

supercoiled pPGKneo DNA which is replication-incompetent. After the StatedGene targeting in ES cells using an episoma' vector

periods of time, low-molecular-weight DNA was isolated by a modified Hirt

procedure (9) and digested wiganHI which cleaves pMGD20neo once (left  As our polyoma-based vector is maintained episomally during a

side) or with bottBanH| andDpnl (right side). The digested samples were £r0|onged period of time, we sought to exploit this property to

electrophoresed in a 0.8% agarose gel, blotted and hybridized with th ffici fh | binati ts i
32p_|abeledheoDNA probe. Unreplicated plasmid and its degradation productsIncrease € elnciency of homologous recombination events In

(smear) are fully sensitive to the combined digestion BéttiHI and Dpnl, ES Ce_”S- To thi§ end, we Qompared thf—‘ targeting frequ[ency of a
whereas replicated pMGD20neo DNA is resistamyal digestion. ‘classical’ linearized targeting vector with a circular replication-

0
1.7
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competent vector containing the identical target fragment. WeTargeting frequency to theprt locus in ES cells transfected
decided to disrupt the endogenous X-linkpd gene in male ES  with replication-competent circular vectors were compared with
cells since the ability to select for and against its expression mazkdls transfected with ‘classical’ linearized targeting vectors
hprt a convenient gene for targeting experimef&20). The  (lacking any polyoma sequences). After transfection, the cells
hprt gene was targeted by using either pRVIG® harboring were double-selected with G418 for the presence oitbgene
hprt exons 2 and 3, the latter exon being disrupted by insertionafd with the purine analog 6-thioguanine (6-TG) against the
aneoexpression cassette derived from pMC1neopA, or pHIPT presence of a functiondlprt gene. Figures summarizes the
(22) containinghprt exons 6-9, exon 8 being disrupted again byutcome of these targeting experiments: while double resistant
the same insertion (Fi§). Bothnecacontaininghprt sequences (G418, 6-TQ) colonies derived from ES cells transfected with
were subcloned into pUC/LT20 which contains the identical virdinear, non-replicating vectors were found at 6-9 clones fSer 10
replication unit as pMGD20neo (i.e. the polyoma origin otransfected cells, the ratio dropped to 0.3 clones gecd®
replication, PyF101 and LT20) givin% rise to pRVi6.8-LT20transfected with the circular replication-competent variants.
(13.8 kb) and two variants of pHP¥*D LT20 (16 kb) which  Evaluation of the double-resistant clones by Southern blot
differ solely by the orientation of thieprt sequence (Figh).  analysis (data not shown) confirmed that five out of seven clones
Southern blot analysis of ES cells transfected with these circukargeted with the linearized control vectors, as well as the clones
targeting vectors revealed that &lprt-containing plasmids targeted with the circular replication-competent constructs, had
replicated as efficiently as the original pMGD20neo vector for aindergone homologous recombination. Thus, the gene targeting
least 17 days in the presence of G418 as judged by resistanceffiziency in ES cells could not be enhanced by inserting the
Dpnl cleavage. This indicates that the polyoma replication unit targeting sequence into an episomal vector.
able to support replication of plasmid DNA with a total length of
at least 16 kb (data not shown). Polyoma-based vectors are maintained episomally in
differentiating ES cells and in several mouse cell lines
Table 1.G418 resistant ES cell clones containing extrachromosomal

PMGD20ne0 DNA Spontaneous differentiation of ES cells occurs by culturing the

cells in the absence of feeder cells and/or of the leukemia inhibitory
factor (LIF). To analyze whether the episomal maintenance of

Exp. #  ES cellline Number of G418 Clones replicating  s,MGD20neo in ES cells is affected as the cells differentiate, we
clones tested pMGD20neo DNA  cultured the vector-containing clone 1.89 iq the absence of
1 CCE o1 3 LIF for up to 27 cell generations. As shown in FigiireS cell
5 CCE 21 3 differentiation did not alter the episomal statpMf5D20neo as
3 CCE 10 2 judged from Southern blot analysis of Hirt-extracted DNA
4 CCE 19 2 digested wittAspr18. ES cells can also be differentiated into EBs
5 CCE 16 2 if cultured in a semisolid medium lacking LIP(Under these
6 El4 37 6 conditions, ES cell clone 1.19, like its ES cell progenitor,
7 CCE 7 1 differentiated into typical embryoid bodies. DNA extracted by the
8 E14TG2a 12 1 Hirt procedure at day 4 and 9 of differentiation contained
9 CCE 15 2 episomal plasmid DNA that was indistinguishable in size from
10 CCE 23 6 that found in the parental clone 1.19 cells (data not shown).
11 CCE 23 4 To test whether our polyoma-based vectors were able to replicate
Total 204 32 (16%) in cell lines other than ES cells, we transfected either pROGED
Total Total G418r f &-TGr
5 : Ga1ar G418 f 6-TGr per 105 cells
—4—¥=B——— pRViES 0.4 x 104 18 &

LT3 orl
pRVIG.8-LT20 0.7 x 104 ] ]

] T 1 3
pHPT +1kb 0.9 x 104 29 9
[y LTSS
O 88— B8 pHPT 0 LT20 0.8 x 104 1 0.3
pHPTI #1kb LT20 1.1 x 104 1 0.3
k| a T [ ]

Figure 5.Gene targeting experiments in ES cell with polyoma—based targeting constructs. Using either pRVi6.8—LT20Hmatbrdng 2 and 3 or pHPILLT20
containing théaprt exons 6-9, the targeting frequencies tdhrelocus in ES cells transfected with these replication-competent circular vectors are compared with
the ones with the corresponding ‘classical’ linear targeting vectors. Equimolar amounts of plasmid DNA were used for transfection. Mptesegtrtasts are

not drawn to scale and that all LT20-containing targeting vectors are transfected as circular plasmids.
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copies  oHll generations withowt LIF cells containing the episomal DNA was not altered nor was their
. e & , ability to differentiate in the presence of retinoic acid affected.

50 10 0 2 T 13 17 27 To express genes from an episomal vector rather than from

- integrated copies, we constructed polyoma-based vectors that

were maintained as episomal elements in ES &gllajgart from
introducing a mutant polyoma enhancer fragment (PyF101)
enabeling viral replication in embryonic cells, our vectors
contained two different versions of the early region aiming to
express large T only (LT1 and LT20). ES cells transfected with
circular plasmids containing the polyoma early region mutant
LT20 fragment (which requires splicing of the primary transcript)
produced sufficient amounts of large T to support replication of
the introduced plasmid. This in turn led to an increased
production of hGH. In contrast, ES cells transfected with
Figure 6. Vector pMGD20neo is maintained episomally in differentiating ES plasmids harboring the polyoma large T cDNA segment (LT1)
cells. ES cells from clone 1.19 were cultured for up to 27 cell generationffailed to produce detectable amounts of viral protein and did not

without LIF, low-molecular-weight DNA was extracted at various stages, raplicate after transient transfection. These observations are
digested wittHincll which cleaves the vector once and analyzed by Southern

blotting as described in Figure 5. The first two lanes represent size and quanti%or‘SiStent with those reported by NiI;son and M_agnugsf)’n (
standard (50 or 10 copies of pMGD20neo DNA per cell). ased on the stable and long-term episomal maintenance of the

vector which was not impaired after insertion of an up to 6.8 kb
DNA fragment (i.e. pRVi6.8-LT20) and on the efficient expression
of several genes (i.e. large Meq hGH) from the replicating

vector, we believe that this system will facilitate many genetic

(if) mouse erythroleukemia (MEL), a Friend virus-transformedhanipulations of ES cells such as efficient overexpression of
erythroid precursor celBQ); (iii) mouse renal adenocarcinoma gene ofllnterest or genetic complementation by expressing a desired
(RAG) (33); and (iv) mouse L-fibroblasts (L-9294). As with cDNA Ill?rary from an extrachromosqmally _rgpllcatmg vector.
differentiating ES cells, Southern blot analysis using Hirt-extracted EXPeriments comparing the targeting efficiency of molecules
DNA from pools of G418-resistant clones selected for at least ¥§th no breaks (supercoiled DNA), single-strand breaks (nicked
days showed that in all four transfected cell lines both vectofdcle DNA), and double-strand breaks (linear DNA) within the
were Dpni-resistant and indistinguishable in structure from thé€gion of homology showed that linear DNA targeted at a 10-fold
corresponding transfected DNA (data not shown). This observatipfgher frequency than nicked circular DNA and at a 34-fold

indicates that the episomal state of both vectors can be maintaifé@her frequency than supercoiled DNA2Y A reason for the
in all established mouse cell lines tested. low targeting efficiency of the circular vectors might be the

requirement for DNA strand break events to promote homologous
recombination. It has been reported that double strand breaks

DISCUSSION within the region of homology increased the number of targeted

events by 5- to 10-fold2(). Since these experiments were all

ormed with a non-replicating vector, we tested whether the
Jise of a replication-competent vector that is present episomally
0 the cells during several cell cycles will enhance the frequency
f homologous recombination. To this end, we targeted the mouse

T.2 Kb

or pRVi6.8-LT20 into the following cell lines: (i) mouse eytiric
carcinoma F9, initiated from a testicular teratocarcinadiy (

There have been a few reports in the past on the maintenanc
polyoma-based plasmids in mouse cells. Polyoma-pBR3
recombinants containing the wild-type early region and origin
replication have been shown to replicate efficiently in mous
fibroblasts and to be maintained as episomes for at least 6 day o - :
[1L000 copies per celBE). Plasmids recovered from individual NPrtocus with linear or replicating (circular) vectors. Only two
clones were structurally identical to the parental plasmici‘.o.mOIO(:muS recombm_atlon events, however, were found when
However, after 60 days, there was less than 1 copy of free plastifind circular replication-competent constructs. In contrast, a
per 10 cells. Another recombinant vector, pSV58), (which total of 47 G4186-TQ clones was found when Imgar vectors were
includes the polyoma early region containing two copies of oHsed to transfect ES cells. Thus, our data underline the requirement
and the coding sequence for all three T antigens, persistggPNA strand breaks to promote homologous recombination.
episomally in mouse hepatoma cells for at least 50 generation_g ransfection of rephpatlon-competent vectors into several
without significant rearrangement of the vector DNE&)( On dlﬁgrent mouse cell lines revealed that ex_trachromosomal
average, the cells contained 50-100 copies of plasmid DNA aftfintenance of these plasmids was not restricted to ES cells.
only one integrated copy. The morphology of the transfected ceff®lyoma virus is known to infect mice mainly through the
was significantly altered and their albumin synthesis decreast&gpiratory tract and is replicated predominantly in lung, liver,
drastically, but the cause of these effects was not establishktfiney and colon. It can be propagated in mouse fibroblasts as
More recently, polyoma-related plasmids that persisted a¢ell as in primary cell cultures derived from mouse kidney or
episomes have been found in mouse 1) ¢tklls 38) and in the embryo ¢3). Consistent with the properties of the infectious
embryonal carcinoma cell line F89). The polyoma-related Vvirus, vector pMGD20neo was found to replicate efficiently in
DNA in the L (tk) cells had numerous sequence changesiouse L-fibroblasts, in mouse renal adenocarcinoma (RAG) cells
compared with the input DNA, and when transfected into F9 celd in the teratocarcinoma cell line F9 which closely resembles
it was maintained as a plasmid in the cells although most of it WS cells. Furthermore, the mouse erythroleukemia cell line MEL
rearranged40). The morphology of the embryonal carcinomawas also capable to support replication of pMGD20neo. Thus, we
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presume that this polyoma-based vector carrying a gene of interéstGassmann,M., Fandrey,J., Bichet,S., Wartenberg,M., Marti,H.H., Bauer,C.,

can be useful to study gene expression in a variety of cell lines. ‘2"53%@992%3-2“- and AckerH. (199BJoc. Natl Acad. Sci. US38,
Continued replication and persistence of a polyoma baseg ,ssmannm., Donoho,G. and Berg,P. (19965, Natl Acad. Sci. USA

expression vector as an episome in differentiating ES cells could g2, 1292-1296.

provide a useful tool to analyze different states of embryoni® Tooze,J. (198 olecular Biology of Tumor Viruses. DNA Tumor Viruses

developmentin vitro. Moreover, vector-containing ES cells F,;?;é ZE%O'?lggg??n'T:%ggfr hall_lorg;?g” ?fgsz,ngollg f?@g@ﬁr%h l:g

yielded .Several viable chimera) {ndicating tha.t our plasmid , in Bi)(l)’m'ed'ical Research, Vol II: .I’Diseasé«;.ademic Pre’sé, New York, pp.

expressing polyoma large T does not affect either the ES cells’ 593 311

pluripotency or normal embryogenesis. The direct microinjectiore  Treisman,R.H., Novak,V., Favarolo,J. and Kamen,R. (198tLie292,

of extrachromosomally maintained vectors containing a polyoma 595-600. o . _

replication unit into fertilized mouse eggs might allow studies iA3 gggmgulfij-K-v Deininger,P.L., Friedmann,T. and Linney,E. (1681p3,

a variety of molecular events such as DNA methylation, replication, ‘seqa ., Arrand,J.R., Smolar,N., Walsh,J.E. and Griffin,B.B. (1980)

recombination and repair during the earliest stages of development, Nature283 445-453.

since these events might be analyzed directly from the isolat&%l Thomas,K.R. and Capecchi,M.R. (1988)I51,503-512.

extrachromosomal vector. Compared with linear, non-replicatirf S;éia;gzypw Montgomery,C., Geske,R. and Bradley,A. (128IL)64,

constructs, polyoma-derived vectors might enable a more efficiery Yenofsky,R.L., Fine,M. and Pellow,J.P. (199@)c. Natl Acad. Sci. USA

expression of given genes in developing embryos. Studies of suchgz 3435 3439

genetically altered mice should not be disturbed by the polyoma zhu,z., Veldman,G.M., Cowie,A., Carr,A., Schaffhausen,B. and Kamen,R.

large T, as the latency of tumorigenesis in transgenic mice (1984)J. Virol. 51,170-180. _

expressing this viral protein from the polyoma early regiof® PNr'gl‘i’f'grséfi-oFr-]lzn?rggggrgr?gi)agg‘msg:';l‘lg Harti:’gg‘izgfserences on Cell

pror_noter has bgen reported to b_e Ve,ry long: deve|0pment£g Selden,R.F., I-{owie,K.B., Rowe,M.E., Goodryng%,H.M.and.Moore,D.D.

pituitary tumors in these transgenic mice began at about 9—13 (1986)Mol. Cell. Biol.6, 3173-3179.

months of age4(,45). 21 Hasty,P, Rivera-Perez,J. and Bradley,A. (18&dl) Cell. Biol.11,

22 ?;IjaSr?s_cifrgle Thomas,K.R., Deng,C. and Capecchi,M.R. (P2860)
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