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Plasmids carrying the Epstein-Barr virus origin of plasmid replication (oriP) have been shown to replicate
autonomously in latently infected human cells (J. Yates, N. Warren, D. Reisman, and B. Sugden, Proc. Natl.
Acad. Sci. USA 81:3806–3810, 1984). We demonstrate that addition of this domain is sufficient for stable
episomal maintenance of yeast artificial chromosomes (YACs), up to at least 660 kb, in human cells expressing
the viral protein EBNA-1. To better approximate the latent viral genome, YACs were circularized before
addition of the oriP domain by homologous recombination in yeast cells. The resulting OriPYACs were
maintained as extrachromosomal molecules over long periods in selection; a 90-kb OriPYAC was unrearranged
in all cell lines analyzed, whereas the intact form of a 660-kb molecule was present in two of three cell lines.
The molecules were also relatively stable in the absence of selection. This finding indicates that the oriP–
EBNA-1 interaction is sufficient to stabilize episomal molecules of at least 660 kb and that such elements do
not undergo rearrangements over time. Fluorescence in situ hybridization analysis demonstrated a close
association of OriPYACs, some of which were visible as pairs, with host cell chromosomes, suggesting that the
episomes replicate once per cell cycle and that stability is achieved by attachment to host chromosomes, as
suggested for the viral genome. The wide availability of YAC libraries, the ease of manipulation of cloned
sequences in yeast cells, and the episomal stability make OriPYACs ideal for studying gene function and
control of gene expression.

Yeast artificial chromosomes (YACs) have allowed the clon-
ing of intact functional regions of mammalian DNA, including
both genes which span hundreds of kilobases and gene clusters
with associated locus control regions. Saccharomyces cerevisiae
provides an ideal host for genetic manipulation by homologous
recombination, allowing both large-scale and subtle alterations
to be engineered into the YAC insert or into the vector arms
(10, 43). Transfer of YAC DNA into mammalian cells in tissue
culture, or into transgenic mice, permits the study of gene
function and control of gene expression within these regions of
DNA (22). YACs also provide a system with which to study the
functional components of the mammalian chromosome, such
as origins of replication, telomeres, and the centromere (5, 9,
11, 31, 37).
YACs have been successfully introduced into mammalian

cells by a variety of methods, including microinjection, lipofec-
tion, and spheroplast fusion (22). In the majority of cases,
transfected YAC DNA is found to integrate into the host cell
genome. In two cases, the YAC DNA has been found to exist
as extrachromosomal elements in the mammalian cells (11,
37). In both cases, the YAC was transferred by spheroplast
fusion and the extrachromosomal elements contained both
yeast genomic DNA and YAC DNA, indicating that recombi-
nation had occurred. Where analyzed, the extrachromosomal
elements were found to be rapidly lost from the mammalian
cells during growth in the absence of selection, but the loss rate
was too slow to be accounted for by dilution, suggesting that
the elements were replicating. However, the observed ability to
replicate could be due to either the yeast genomic or the YAC
DNA which is present.
Plasmid vectors based on Epstein-Barr virus (EBV) are sta-

bly maintained extrachromosomally over long periods of time
with or without selection and have been shown to replicate
once per cell cycle (18, 55). The functional component of such
vectors is the EBV latent origin of replication (oriP) (32, 54),
which interacts with the viral transactivator protein EBNA-1
(32, 56) to promote episomal maintenance. oriP consists of two
components: a family of repeats which comprises 20 tandem
copies of a 30-bp repeat, and the dyad symmetry element
which contains four copies of the repeat (32, 45). Both sets of
repeats are necessary for stable extrachromosomal mainte-
nance of plasmid DNA in human cells (45), and both bind the
EBNA-1 protein (42). The dyad symmetry element is the site
of initiation of episomal DNA replication (12), while the family
of repeats acts as an EBNA-1-dependent enhancer of tran-
scription (44) as well as a replication fork barrier and termi-
nation site (12). In addition, the family of repeats promotes
nuclear retention by the specific binding of EBNA-1 (42),
followed by nonspecific association of EBNA-1 with host cell
chromosomes (20, 30).
Here we describe an extension of the oriP/EBNA-1 system to

allow the stable maintenance of DNA cloned as YACs within
the nuclei of human cells. The oriP domain was incorporated
onto two different circular YACs by homologous recombina-
tion in the yeast S. cerevisiae; these OriPYACs were then
introduced by spheroplast fusion into human cells expressing
EBNA-1. Analysis of the resultant cell lines demonstrates that
OriPYACs up to 660 kb in size are maintained as unrear-
ranged, episomal molecules for long periods of time in the
absence of selection, and stable maintenance appears to be due
to association of the episomes with host cell chromosomes.

MATERIALS AND METHODS

OriPYAC construction. The linear YACs were initially circularized by using
the vector pPM680 (11, 13) as previously described. Correct circularization of the
90-kb YAC occurred with a frequency of about 10% of transformants. To
introduce the EBV oriP domain onto circularized YACs, a retrofitting vector was
constructed by using plasmid pHEBo as a basis (49). pHEBo contains the oriP
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domain and the coding sequences for the hph gene from Escherichia coli, flanked
by promoter and polyadenylation signals from the herpes simplex virus type 1 tk
gene, such that expression in mammalian cells confers resistance to hygromycin
B. pHEBo was cut with BamHI and blunt ended, and a ClaI linker inserted. A
2.1-kb SalI fragment containing the yeast HIS5 selectable marker gene was
cloned into the SalI site in pHEBo, to generate pCH47.
pCH47 was linearized with ClaI and transfected into the yeast strains contain-

ing circular YACs by spheroplast transformation (6). Transformants were
screened to find His1 Lys2 clones, which arose at a frequency of 4/60 for the
90-kb YAC, of which all were the correct circular molecule, and 6/36 for the
660-kb YAC, of which 4 were correct. It should be possible to carry out the
circularization directly with pCH47. However, no correctly circularized clones
were detected out of 100 screened for the 90-kb YAC, although the vector
worked efficiently for a 40-kb YAC.
Cell culture and spheroplast fusion. The cell line 293 EBNA-1 was obtained

from Invitrogen. It is a transformed human kidney line constitutively expressing
EBNA-1. The cells were routinely grown in 90% Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum and 250 mg of active G418 per ml to maintain
selection for the EBNA-1 gene. Fusions were carried out essentially as described
previously (11), with the following modifications. Before addition of the poly-
ethylene glycol, 50 ml of medium lacking serum was added to the pellet of cells,
and the two cell types were mixed by gentle stirring for 1 min; 500 ml of
prewarmed polyethylene glycol (Boehringer Mannheim) (supplemented with 10
mM CaCl2 and 10% dimethyl sulfoxide) was added, and stirring was continued
for 2 min. The cells were then diluted over a 2-min period with 5 ml of serum-free
medium. The mixture was pelleted by centrifugation at 130 3 g for 5 min before
the cells were seeded onto 90-mm-diameter tissue culture dishes coated with 1
mg of ProNectin F Recombinant Attachment Factor (Stratagene) per cm2. After
24 h, the plates were washed with phosphate-buffered saline (PBS) (without
Ca21 or Mg21), and medium containing 200 mg of hygromycin B per ml was
applied 48 h after the fusion to select for the OriPYAC molecules. Fusion lines
were maintained in Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum, 250 mg of G418 per ml, and 200 mg of hygromycin B per ml.
DNA preparation and analysis. Agarose plugs of cell line DNA were made by

a modification of a previously published method (48). An equal volume of 2%
SeaPlaque agarose in PBS was added to cells suspended at 2 3 107/ml in PBS,
giving 1% agarose and 107 cells per ml of plug. The plugs were treated with LDS
(1% dodecyl lithium sulfate, 100 mM EDTA, 10 mM Tris [pH 8.0]) at 378C with
agitation for 1 h and then with fresh LDS overnight. They were then washed
twice for 2 h in NDS (0.2% lauryl sarcosine, 100 mMEDTA, 2 mM Tris [pH 9.0])
at room temperature with agitation. Plugs equilibrated in NDS were g irradiated
in a Gammacell 1000 Elite. Pulsed-field gel electrophoresis (PFGE) was carried
out on a BioRad CHEF DRII or DRIII, using a 1% agarose gel cast and run in
0.53 Tris-borate-EDTA. Southern transfer was onto Hybond N1 membranes
(Amersham) under the conditions described by the manufacturer. All prehybrid-
izations and hybridizations were carried out in modified Church buffer (7) (16.8
g of NaH2PO4 z H2O per liter, 54.1 g of Na2HPO4 z 12H2O per liter, 7% sodium
dodecyl sulfate [SDS], 100 mg of salmon sperm DNA per ml) at 658C. Filters
were washed with 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
for 5 min and then washed twice in 0.13 SSC–0.1% SDS for 30 min, all at 658C.
The oriP probe is the 0.9-kb SmaI fragment from the plasmid pHEBo (49), the

Ty1 probe is the 1.2-kb XhoI-to-HindIII fragment from pCS-X (47), the cystic
fibrosis transmembrane regulator (CFTR) probe is a 1-kb fragment from the 39

untranslated region of the human CFTR cDNA, and the hypoxanthine phospho-
ribosyltransferase (HPRT) cDNA probe is the largest RsaI-to-MspI fragment
from pDSK1 (39). These probes were labeled by using the Megaprime DNA
labeling system (Amersham), and unincorporated nucleotides were removed by
using NucTrap purification columns (Stratagene).
FISH. Metaphase spreads were prepared from cell lines by standard cytoge-

netic techniques. Fluorescence in situ hybridization (FISH) was carried out as
described previously (28), with various modifications. The probe, pCH47, was
labeled by incorporation of biotin-14-dATP, using a Bionick kit (GIBCO BRL).
After overnight hybridization at 378C, the slides were washed three times for 5
min each in 65% formamide–23 SSC, five times for 2 min each in 23 SSC, and
once for 5 min in 43 SSC–0.1% Tween 20. All washes were at 428C. Probe
detection was with 1 mg of fluorescein isothiocyanate-conjugated avidin for 40
min at 378C followed by three 5-min washes at 428C in 43 SSC–0.1% Tween 20.
Amplification of the signal was with 1 mg of biotinylated anti-avidin D (Vector
Laboratories) followed by three 5-min washes at 428C in 43 SSC–0.1% Tween
20. The fluorescein isothiocyanate-avidin incubation and wash step was then
repeated as described above. Host chromosomes were counterstained with pro-
pidium iodide. Slides were visualized on a Leitz Aristoplan Microscope and
photographed by using Fujichrome 1600 ASA slide film.

RESULTS

Construction and transfer of the OriPYACs. Two YACs
were used in this study: yW30-4, a 90-kb YAC derived from the
CFTR region of chromosome 7 (but lacking any CFTR se-
quence) (15), and yHPRT, a 660-kb YAC containing the hu-
man HPRT gene from the X chromosome (23, 26). These were
modified by homologous recombination in S. cerevisiae. The
linear molecules were first circularized by using the previously
described plasmid pPM680 (11, 13). oriP and a hygromycin
selectable marker were then introduced by using the construct
pCH47 (Fig. 1A and B), which is based on plasmid pHEBo
(49). This generates the final circular constructs, which are
referred to as OriPYACs, as shown in Fig. 1C. OriPYAC90 is
derived from yW30-4, and OriPYAC660 is derived from yH-
PRT.
After modification, the YACs were checked to determine

whether rearrangement had occurred. Treatment with g irra-
diation introduces double-stranded breaks into DNA mole-
cules, which allows identification and sizing of episomes (3).
The final constructs, OriPYAC90 and OriPYAC660, were
treated with g irradiation and then analyzed by PFGE to show
that they were indeed circular molecules of the expected sizes
(data not shown).
The OriPYACs were transferred to human kidney 293 cells,

FIG. 1. OriPYAC construction. (A) The retrofitting vector pCH47. Construction is described in Materials and Methods. Selected restriction sites are shown. HIS5
is the yeast selectable marker, Hygror is the hygromycin selectable marker driven by transcriptional controls from the herpes simplex virus type 1 tk gene, and the oriP
region contains both the family of repeats and the dyad symmetry element. (B) Circularization of YACs and addition of the EBV oriP domain. The YACs were first
circularized by using pPM680, which has the LYS2 yeast selectable marker, while the ura3 gene contains a mutation (step 1); correctly circularized YACs were then
retrofitted with oriP and the hygromycin selectable marker by using pCH47 (step 2) as described in Materials and Methods. (C) Final OriPYAC construct carrying the
yeast centromere (CEN), an autonomously replicating sequence (ARS), the TRP1 and HIS5 yeast markers, as well as Hygror and the EBV oriP.
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constitutively expressing EBNA-1, by fusion with yeast sphero-
plasts. Cell lines F660-1, F660-2, and F660-3 were derived from
fusion with OriPYAC660, while F90-1, F90-2, and F90-3 were
from fusion with OriPYAC90. All fusion cell lines are clonal in
origin. The frequency of colony formation was approximately
one positive colony from 5 3 106 human cells fused. This is
lower than that obtained when YACs are introduced into ro-
dent cell lines such as LA-9, which gives a frequency of about
1 to 10 colonies from 106 cells fused (23).
YAC but not yeast genomic DNA is present in the fusion cell

lines. Initial analysis of DNA content of the six fusion lines
with various probes is shown in Fig. 2. After EcoRI digestion,
a single band hybridizes with the oriP probe, identical in size to
that seen in the YAC, indicating that YAC DNA has been
transferred to the human cells as a result of the fusion reaction
(Fig. 2A). The same blot was hybridized with both the CFTR
control probe and a probe for the yeast repetitive element Ty1,
which is present in about 30 copies spread throughout the yeast
genome. Although there are multiple, strong bands with the
Ty1 probe in the lane containing the yeast strain carrying
OriPYAC90, no Ty1 DNA was detected in any of the fusion
cell lines (Fig. 2B) (there is some background signal, but this is
also present in the negative control lane). This finding indi-
cates that little or no yeast genomic DNA has been maintained
in the human lines along with the OriPYAC DNA.
OriPYACs of 90 kb are maintained as unrearranged, circu-

lar extrachromosomal elements. A restriction enzyme map of
OriPYAC90 was not available, but digestion with SfiI was
found to linearize the circular YAC, producing a band of 90 kb
(Fig. 3). DNA from the three fusion cell lines F90-1, F90-2, and
F90-3 was digested with SfiI, and the fragments were resolved
by PFGE. Hybridization to an oriP probe demonstrated 90-kb
fragments in all three cell lines, suggesting that OriPYAC90

has been transferred intact in each case (Fig. 3). However,
digestion with a restriction enzyme does not distinguish be-
tween tandem integrations of the OriPYAC and maintenance
as episomal elements. Gamma irradiation at the correct dose
can be used to introduce a single, double-strand break into
circular molecules (3), thus providing a straightforward way of
distinguishing between these two possibilities. In all three
OriPYAC90 cell lines, treatment with g irradiation resulted in
a band of 90 kb (Fig. 3), indicating that the OriPYAC DNA
was being maintained as unrearranged episomes. Linearization
by g irradiation is never 100% efficient, and some molecules,
which could be circular or integrated into the chromosomes,
remain trapped in the wells.
OriPYACs of 660 kb are maintained episomally but undergo

a higher frequency of rearrangement. Gamma irradiation was
carried out to determine whether the OriPYAC660 molecules
were episomal. Irradiation of F660-3 revealed a single band of
660 kb which was absent in the unirradiated control lane (Fig.
4A), suggesting that the OriPYAC660 is intact and episomal.
The 660-kb band was detected both with an HPRT probe and
with an oriP probe (Fig. 4A), indicating that both of these
regions are present on the extrachromosomal molecules.
A band of 660 kb was also apparent in F660-1 (Fig. 4A), but

in addition two smaller bands were visible (not shown) on
longer exposure, indicating that although the molecules are
episomal, deleted forms as well as the unrearranged 660-kb
molecule are present. Irradiation of F660-2 gave small bands of
around 100 and 150 kb (Fig. 4B). These molecules are suffi-
ciently small that they enter the gel without prior irradiation
and require high doses (300 to 500 Gy) for linearization (Fig.
4B).
F660-3 contains episomal OriPYACs, 660 kb in size, which

appear to be unrearranged. Long-range restriction mapping
was carried out to determine the degree of rearrangement of
the OriPYAC660 episomes. A previously described map of the
circular form of yHPRT contained no single-cutting enzymes
(11), and so characterization was carried out with the rare-
cutting enzymes SfiI, SstII, BssHII, and SalI. SfiI digestion

FIG. 2. DNA content of the human 293 cell lines containing OriPYACs.
DNA from the cell lines F660-3, F660-1, F660-2, F90-1, F90-2, F90-3, the yeast
carrying OriPYAC90, and the parental cell line 293 EBNA-1 (as indicated above
each lane) was digested with EcoRI and resolved on a 1% agarose gel. (A) The
filter was hybridized with the oriP and CFTR probes sequentially. (B) The filter
was hybridized simultaneously with the Ty1 and CFTR probes. The CFTR is a
positive control for loading. The positions of size markers are indicated on the
right.

FIG. 3. Long-range analysis of cell lines containing OriPYAC90. High-mo-
lecular-weight DNA from yeast containing OriPYAC90 and from the cell lines
293 EBNA-1, F90-1, F90-2, and F90-3 (as indicated above each lane) was treated
with SfiI or g irradiation as indicated at the bottom. Samples were run on the
same pulsed-field gel with switching times of 5 to 15 s for 20 h. After Southern
blotting, the filter was hybridized with the oriP probe. The section of the filter
with the SfiI digestions was exposed overnight, while the portion with irradiated
samples was exposed for 3 days. The positions of the size markers, the wells, and
the limit of resolution are indicated on the right. The characteristic shift between
mammalian and yeast DNA as a result of the increased complexity of the
mammalian genome is apparent.
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followed by hybridization to an oriP probe resulted in a 350-kb
fragment spanning the vector region of OriPYAC660 (Fig.
5A). This fragment alone was observed for the cell line F660-3
(Fig. 5A), which would correspond to the intact molecules seen
with gamma irradiation. F660-1 however, contained smaller
fragments in addition to the 350-kb band, while F660-2 con-
tained only SfiI fragments of less than 350 kb (Fig. 5A). In each
case, the fragments observed upon SfiI digestion appeared to
correspond to the episomes seen after gamma irradiation;
F660-3 seemed to contain intact 660-kb episomes, F660-1 con-
tained intact and also deleted forms, and F660-2 contained
only deleted versions of the OriPYACs.
Analysis with the methylation-sensitive enzymes BssHII and

SstII followed by hybridization to an oriP probe resulted in the
appearance of larger fragments in the cell lines than in
OriPYAC660 (data not shown). This is probably due to meth-
ylation around the oriP region in human cells, a characteristic
that has been noted for the latent viral genome (46).
As F660-3 appeared (by gamma irradiation and SfiI diges-

tion and hybridization with the oriP probe) to contain intact
episomes, we carried out further analysis to determine whether
the OriPYAC660 molecules are unrearranged in the vicinity of
the HPRT gene. HPRT is located in the middle of the
OriPYAC, separated from the oriP domain by 245 kb on one
side and 330 kb on the other. Analysis was complicated by the
presence of the endogenous HPRT gene in the human 293
EBNA-1 cell line and by methylation of some sites in the
human cells but not in yeast cells. Since methylation is not a
complete or uniform process, different regions of DNA are
methylated to different extents. However, some of the HPRT
signal in F660-3 must derive from the episomes, because irra-
diation followed byHPRT hybridization demonstrated that this
gene is present on the episomal molecules (Fig. 4A).
SfiI digestion of OriPYAC660 followed by hybridization to

the HPRT cDNA probe results in a band of approximately 120
kb, with a larger band near the limit of resolution. Both the
parental 293 EBNA-1 cells and F660-3 cells contain fragments
of around 120 kb; these appear larger than the band in the
YAC, but this is probably due to a shift in migration between
the yeast and the mouse genomic DNA on PFGE. This phe-
nomenon, which has been observed frequently (11, 14), results
because there is only 0.5% as much yeast DNA electrophores-
ing. F660-3 also contains a band near the limit of resolution
which corresponds to the band in the YAC but is not present
in 293 EBNA-1. Some of the signal in the F660-3 120-kb band
is almost certainly from the episomes. There are no other
bands to account for the HPRT DNA, which from gamma
irradiation is known to be present on the episomes. In addi-
tion, when a similar SfiI digest was hybridized with a single-
copy probe (CFTR), to control for loading, there was found to
be 2.5 times as much HPRT signal in the 120-kb band from
F660-3 as in the band from the 293 EBNA-1 control.
SstII digestion of OriPYAC660 produces two major bands at

about 40 and 170 kb (Fig. 5B). F660-3 and 293 EBNA-1 both
contain the 170-kb band (again with a shift in relation to the
yeast DNA). In addition F660-3, but not 293 EBNA-1, contains
the 40-kb fragment. The sites around this smaller fragment

FIG. 4. Gamma irradiation of the OriPYAC660 episomes. (A) High-molec-
ular-weight DNA was prepared from the cell lines F660-3 and F660-1, yeast cells
carrying OriPYAC660, and the cell line 293 EBNA-1 as indicated above the
lanes. The DNA was treated with 0, 80, 100, 150, or 200 Gy of gamma irradiation
as indicated above each lane, separated on a pulsed-field gel with 60- to 120-s
switching for 24 h, and blotted. The first three lanes were hybridized with the
HPRT probe, whereas the other lanes were hybridized with the oriP probe. (B)
DNA from the cell line 293 EBNA-1 treated with 100 Gy and from F660-2
treated with 300 and 0 Gy (as indicated above each lane) was separated on a
pulsed-field gel with 45-s switching for 24 h, blotted, and probed with the oriP
probe. The positions of the size markers, the wells, and the limit of resolution are
shown on the right of each panel. The circular molecules present in F660-2 are
also indicated because they run anomalously on pulsed-field gels.

FIG. 5. Long-range restriction analysis of cell lines containing OriPYAC660.
(A) DNA from yeast carrying OriPYAC660 and the cell lines 293 EBNA-1,
F660-1, F660-3, and F660-2 after various times in selection was digested with SfiI
and resolved on a pulsed-field gel, and the filter was hybridized with the oriP
probe. The number in parentheses after each cell line indicates the number of
days of growth in selection from the time of fusion. (*) indicates cells grown out
of selection for 150 days before selection was reapplied for 14 days. The pulsed-
field gel was run with 45-s switching for 20 h. (B) DNA from yeast carrying
OriPYAC660 and the cell lines 293 EBNA-1 and F660-3 was digested with SfiI,
SstII, BssHII, and SalI, resolved on a pulsed-field gel (12-s switching for SstII,
SfiI, and BssHII and 25-s switching for SalI; 20 h), blotted, and probed with the
HPRT cDNA probe. The positions of the size markers, the wells, and the limit of
resolution are shown at the sides.
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could be methylated in the 293 EBNA-1 cells and partially
methylated (to account for the low intensity) in F660-3. BssHII
digestion of OriPYAC660 results in two fragments of approx-
imately 50 and 140 kb. Both F660-3 and 293 EBNA-1 contain
a fragment of about 80 kb. In this case, the shift between yeast
and mammalian bands appears to be greater than would be
expected by the effect of differential migration alone. Methyl-
ation of a site, however, could be responsible for the appear-
ance of the larger fragment in the 293 EBNA-1 and F660-3 cell
lines. SalI digestion yields two bands in OriPYAC660 of about
50 and 200 kb. The larger fragment is present in both 293
EBNA-1 and F660-3 (again with a shift in migration making
the fragment seem larger). The smaller fragment is present
only in F660-3, further indicating that some of the signal is
derived from the OriPYAC and that methylation has probably
obscured this fragment in 293 EBNA-1.
Thus, the bands seen in F660-3 are all consistent with this

cell line containing unrearranged 660-kb episomes. The con-
sistent shift observed between bands derived from F660-3 and
293 EBNA-1 and those derived from yeast carrying
OriPYAC660 are most probably explained by different migra-
tion of the yeast and mammalian DNA under PFGE condi-
tions. All bands observed in F660-3 are consistent with either
OriPYAC660 and 293 EBNA-1, or with the OriPYAC alone,
whereas extensive rearrangements of OriPYAC DNA would
be expected to result in novel fragment sizes. Where bands are
held in common with the genomic copy of HPRT, the signal in
F660-3 is more intense (confirmed by phosphor imaging), sug-
gesting that several copies of theHPRT gene contributed to the
bands. This is in agreement with phosphor imaging data (Fig.
6), which demonstrate an episomal copy number of 3 for
F660-3, and with Fig. 4A, which shows that the HPRT gene is
present on the episomal molecules. In addition, several of the
smaller fragments present in OriPYAC660 are not seen in the
293 EBNA-1 cells; this could be due to methylation of these
restriction sites in the cell line. The small fragments are, how-
ever, visible in F660-3, confirming that some of the HPRT
signal detected is from OriPYAC660 molecules and thus indi-
cating that the episomal DNA is not as heavily methylated as
the human genomic DNA.
We were unable to determine whether the HPRT gene on

OriPYAC660 was being expressed in the human cells, as
known restriction fragment length polymorphisms (24, 25) be-
tween the introduced and endogenous versions of the gene
proved uninformative. However, previous work (2, 34, 41) has
demonstrated that vectors containing oriP can be used for
expression of proteins in human cells and that the presence of
oriP in vectors does not appear to suppress gene expression.
Episomal copy number varies between cell lines. As can be

seen in Fig. 2A, the copy number of the elements varies be-
tween different fusion lines, appearing to be highest in F90-3
and lowest in F90-2. Multiple copies of episomes per cell are
characteristic of EBV (38) and of EBV-based vectors (34, 50),
although it is not clear how multiple copies become estab-
lished. We have already shown that the episomes in F660-3
contain the HPRT gene and appear to be intact. Thus, to
determine the copy number of the elements, we compared the
HPRT signal, after EcoRI digestion, in F660-3 with that in the
parental 293 EBNA-1 cells, using a single-copy probe from the
CFTR gene to control for DNA loading in the two lanes (Fig.
6). This gave an average copy number of three OriPYAC660
molecules per cell for F660-3. The copy numbers of episomal
elements in the remaining cell lines were then estimated by
comparing the relative intensities of the oriP bands in Fig. 2A,
again controlling for differences in loading between lanes with
the single-copy CFTR probe. The episomal copy numbers were
found to be 9.0 (F90-1), 1.3 (F90-2), 18 (F90-3), 5.4 (F660-1),
2.4 (F660-2), and 3.0 (F660-3). These values represent the
average number of episomes per cell and include any inte-
grated copies of the elements. It is not possible to determine
the copy number from the signal obtained after gamma irra-
diation because this process of linearization is highly inefficient
and much of the DNA (open circular molecules as well as
possible integrated DNA) is trapped in the wells.
OriPYACs are stable in human cells for several months in

the presence and in the absence of selection. After approxi-
mately 3 months in culture, a stability assay was carried out on
the initial cell lines F90-2, F660-1, and F660-2. The doubling
time of the parental 293 EBNA-1 cells was estimated in the
presence of G418 and found to be 24 h. The doubling time of
the fusion lines containing multiple copies of the OriPYACs
was determined in the presence and absence of hygromycin;
G418 was always present. The fusion cell lines were found to
have doubling times of 31 h in the absence of hygromycin and
32 h in its presence.
F90-2 was grown for an additional 62 days with and without

selection for OriPYAC90. This provides an assay for both
replication and segregation ability. As can be seen in Fig. 7A,
the amount of OriPYAC90 had decreased little in the absence
of selection for 62 days, indicating that the OriPYAC was
segregating quite efficiently. Gamma irradiation produced a
discrete band of 90 kb in all the samples (Fig. 7B), demon-
strating that unrearranged, episomal forms of the YAC were
still present after 62 days of growth, both in and out of selec-
tion. This result indicates that there is little tendency for the
molecules to rearrange or become integrated during growth in
selection and that maintenance in the absence of selection
appears not to be due to integration.
Lines F660-1 and -2 were grown with and without selection

for an additional 164 days, which would correspond to 123
divisions in the presence of hygromycin and 127 cell divisions
in the absence of the drug. (F660-3 was generated later, and a
time course was not carried out.) OriPYAC DNA was still
found to be present after 164 days without selection (Fig. 8A)
although at a reduced amount. The rate of loss in the absence
of selection was calculated, using an exponential decay equa-
tion, from phosphor imaging of the EcoRI digest in Fig. 8A,
using the CFTR hybridization as a control for loading. This
analysis revealed a 3% loss per generation for F660-2 and a
1.2% loss for F660-1, or half-lives of 23 and 58 cell divisions,
respectively. This stability is as good or better than values
obtained for the loss of much smaller plasmids carrying oriP,
which are lost at rates of about 2, 3, and 5% per generation
(45).
The F660 cell lines were also analyzed by gamma irradiation

FIG. 6. Copy number of the OriPYACs. High-molecular-weight DNA from
293 EBNA-1 and F660-3 cells and from yeast cells carrying OriPYAC660 was
digested with EcoRI, resolved on a 1% agarose gel, blotted, and probed with
CFTR and HPRT. After exposure to X-ray film, the filter was completely dried
and exposed to a phosphor imaging screen for 18 h. Positions of size markers are
indicated on the right.
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after prolonged periods of culture to determine if the OriPY-
ACs were still episomal and whether they tended to rearrange.
Irradiation of F660-3 after 64 days of growth in selection,
followed by freezing, thawing, and a further 14 days growth in
selection, showed the intact molecule of 660 kb (Fig. 4A),
suggesting that this large molecule rearranges very infre-
quently and that stability is not entirely due to integration.
F660-1 was irradiated after 79 (Fig. 4A) and 128 days (not

shown) in selection and gave both the 660-kb and the smaller
molecules, at the same relative intensities at both time points,
indicating that the smaller molecules do not have a selective
advantage and that the elements do not appear to integrate.
The smaller molecules seen after irradiation probably corre-
spond to the smaller SfiI fragments seen in Fig. 5A, which
again do not vary in intensity after 79, 110, and 145 days growth
in selection.
F660-2 gave the same-size episome (which is visible without

irradiation) at 79, 110, and 243 days in selection from the time
of fusion (corresponding to 0, 31, and 164 days after the start
of the stability experiment) (Fig. 8B). F660-2 was also grown
for 150 days (116 generations) without selection followed by
reapplication of the selection for 14 days (10.5 generations)
(164* in Fig. 8A and B). Under these conditions, the oriP
signal is reamplified (Fig. 8A) and the intensity of the episomal
bands increases, suggesting that episomal rather than inte-
grated forms of the OriPYAC are amplified (Fig. 8B).
Thus, OriPYACs persist as episomes for many cell divisions

in culture with little apparent integration if selection is main-
tained and are still present after 127 cell divisions in the ab-
sence of selection. In addition, no change in size of the mole-
cules was observed over extended periods of growth; deletion
derivatives of OriPYAC660 were observed, but these stayed

the same over many cell divisions and hence probably arose
early on, possibly during the fusion process.
OriPYACs associate with human metaphase chromosomes.

FISH, using plasmid pCH47 as a probe, was carried out to
visualize the OriPYACs on metaphase spreads and to deter-
mine whether the episomes were associated with host cell
chromosomes. F90-3, F660-1, F660-2, and the parental 293
EBNA-1 line were analyzed as shown in Fig. 9. Because of the
small size of the target sequence (pCH47 is 9 kb in size), the
signal was amplified, which in turn leads to some background
hybridization. The patterns of hybridization seen in all fusion
lines were very similar and characteristic of extrachromosomal
elements. The cell lines contained brightly staining elements
scattered throughout the metaphase spread but always associ-
ated with host cell chromosomes. In many cases, the elements
appeared as double dots of signal, which did not appear to be
integrated because the double dots were often distributed ei-
ther along the chromosomes or diagonally, rather than directly
opposite each other on sister chromatids. Figure 9E shows the
appearance of extrachromosomal elements derived from cyH-
PRT (a circular precursor of OriPYAC660 lacking the oriP
domain) in a mouse LA-9 cell line which does not express
EBNA-1 (11). In this case, the extrachromosomal elements are
distributed among the host cell chromosomes and do not ap-
pear to show any association with the chromosomes them-
selves.
Figure 9 is intended as a qualitative demonstration of asso-

ciation of multiple OriPYAC episomes with host cell chromo-

FIG. 7. Stability of the OriPYAC90 episomes in F90-2. High-molecular-
weight DNA from yeast cells carrying OriPYAC90, the cell line 293 EBNA-1,
and the cell line F90-2 was prepared at 41 and 62 days after the start of the
stability experiment. (A) The DNA was digested with EcoRI, resolved on a 1%
agarose gel, blotted, and probed with oriP. (B) DNA was g irradiated (pairs of
lanes; left lane with 400 Gy and right lane with 450 Gy) and resolved on a
pulsed-field gel with 5- to 15-s switching for 20 h before being blotted and probed
with the oriP probe. The characteristic extra bands present in both the yeast and
F90-2 cells are indicated by an arrow. The number of days growth with or without
selection is indicated below the lanes. 1, indicates cells grown with selection; 2,
cells grown without selection. The positions of size markers, the wells, and the
limit of resolution are shown on the right.

FIG. 8. Stability of the OriPYAC660 episomes. (A) Maintenance of F660-1
and F660-2 episomes without selection. The cell lines F660-1 and F660-2 were
grown for 164 days (after the start of the stability experiment) with or without
selection. DNA was prepared at 0, 31, 59, and 164 days (as indicated below the
lanes), digested with EcoRI, resolved on a 1% agarose gel, and probed first with
the oriP probe and then with the CFTR probe as a control for loading. 1, cells
grown with selection; 2, cells grown without selection; p, cells grown without
selection for 150 days before selection was reapplied for 14 days. After exposure,
the filter was dried and exposed to a phosphor imaging screen; rates of loss were
calculated by using the CFTR hybridization as a control for loading. (B) Extra-
chromosomal maintenance of F660-2 episomes over time in selection. High-
molecular-weight DNA from F660-2 (grown in selection) was prepared 0, 31, and
164 days after the start of the stability experiment (or 79, 110, and 243 days from
the fusion). 164* indicates cells grown for 150 days without selection before
selection was reapplied for 14 days. The DNA was separated by PFGE with 45-s
switching for 24 h. Pairs of lanes: left lane, 0 Gy; right lane, 80 Gy (80 Gy is not
enough to linearize the 100- and 150-kb molecules). Under these conditions, the
100- and 150-kb circular molecules enter the gel but the two different sizes of
molecule run at the same position, which is indicated to the right of the panel.
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FIG. 9. FISH analysis of the OriPYAC fusion cell lines. (A to D and F) Metaphase spreads were probed with pCH47 (green), and the signal was amplified. (E)
Total yeast DNA probe (green) with no amplification. Chromosomes are counterstained with propidium iodide. (A) F90-3 after approximately 105 days (79 generations)
in selection; (B) F660-1 after approximately 60 days (45 generations) in selection; (C) F660-2 after approximately 60 days (45 generations) in selection; (D) F660-2 after
approximately 220 days (165 generations) in selection; (E) metaphase spread from a mouse LA-9 fusion clone containing cyHPRT, a circular precursor of OriPYAC660
which lacks the oriP domain (11); (F) 293 EBNA-1 (negative control).
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somes. The metaphase spreads chosen contain many elements
and are not representative of the average copy number within
the cell lines. It is not possible to accurately determine the copy
number of the episomes from the FISH data because of the
variable intensity of the signal from the elements. However, it
is clear that the copy number of elements is not the same in all
cells within a cell line but rather varies from zero to about 100.
Such a distribution has been noted for other EBV-based plas-
mids, in which cells within a line show variable numbers of
episomes (50).

DISCUSSION

The plasmid vectors described here allow the modification
of linear YACs to form circular molecules carrying the EBV
oriP, a region which in association with the viral transactivator
EBNA-1 confers segregation and replication on circular mol-
ecules. The resulting OriPYACs can be transferred by sphero-
plast fusion into human cells expressing EBNA-1 and are then
maintained as circular, extrachromosomal elements. A 90-kb
molecule was found to be unrearranged in three of three cell
lines, whereas a 660-kb molecule was unrearranged in one of
three lines. These elements are stable over prolonged growth
in culture; in the presence of selection they do not appear to
vary in size or to integrate for over 8 months (180 generations)
from the time of fusion, and they are retained as extrachro-
mosomal elements for at least 5.5 months (127 generations) in
the absence of selection, being lost exponentially at a rate of
approximately 1 to 3% per generation.
Previous experiments in which YAC DNA carrying a mam-

malian selectable marker has been transferred by fusion into
mammalian cells have generally led to the isolation of cell lines
in which the YAC DNA is integrated into the mammalian
chromosomes. Variable amounts of yeast genomic DNA are
usually observed at the same site of integration as the YAC
(27, 35, 40). There have been only two documented cases of
extrachromosomal elements which have arisen after introduc-
tion of a YAC into mammalian cells (11, 37). In one of these
studies, we transferred cyHPRT (a circular precursor form of
OriPYAC660 which lacks the oriP domain) into mouse LA-9
cells, which do not express EBNA-1 (11). Extrachromosomal
elements were observed but were present in only a minority of
cell lines and contained yeast genomic DNA in addition to
YAC DNA. The elements appeared to replicate quite effi-
ciently, still being present after the cell lines had been ex-
panded, suggesting that sequences present on the YAC or
yeast genomic DNA may function as origins of replication in
the mouse cells. However, when selection for cyHPRT was
dropped, the elements were rapidly lost, indicating that they
segregated very poorly (90% loss in 19 days); if selection was
maintained, they tended to integrate, explaining why only a
minority of cell lines appeared to contain extrachromosomal
elements.
Attempts to stabilize YACs as extrachromosomal elements,

or artificial chromosomes, in mammalian cells by addition of
the functional elements of mammalian chromosomes have so
far proved unsuccessful. Alphoid DNA is present at all the
human centromeres (33, 53), binds the centromeric protein
CENP-B (36), and is located at the functional centromere of
deleted Y chromosomes (4, 52). Introduction of YACs con-
taining alphoid DNA from the Y chromosome resulted in
some characteristic centromeric features such as cytological
constrictions at the site of integration and anaphase bridges
(31). However, this putative centromere DNA did not lead to
segregating extrachromosomal elements (17, 31). Addition of
human telomeric sequences to both arms of a YAC led to

human telomere formation with about 10% efficiency in CHO
K1 cells, but no extrachromosomal elements with two func-
tional telomeres were isolated (51).
Here we have achieved stable extrachromosomal mainte-

nance of circular YACs up to 660 kb in size by exploitation of
the EBV oriP–EBNA-1 interaction. The episomes carrying
oriP in an EBNA-1-containing cell line behave quite differently
from those formed by cyHPRT (the same YAC but lacking
oriP) in mouse cells not expressing EBNA-1. The OriPYACs
formed episomes in six of six cell lines, they were lost very
slowly during growth out of selection and were maintained
extrachromosomally for up to 8 months of growth in selection.
Although it is possible that differences between the cell lines
contribute to differences in extrachromosomal behavior, it
would seem that the oriP–EBNA-1 interaction is essential for
stable, episomal maintenance of the OriPYAC episomes.
It has previously been demonstrated that the replication

origin and nuclear retention properties of the oriP domain may
be functionally separable, though both require EBNA-1. The
family of repeats confers nuclear localization, while the dyad
symmetry element is the origin of replication. Plasmids con-
taining just the family of repeats do not replicate effectively but
give a transient drug resistance phenotype over about 2 weeks,
with no stable transformants after approximately 4 weeks (45),
probably because of prolonged retention of unreplicated DNA
in the cell nucleus (30). Introduction of random fragments of
human DNA over about 10 kb into these plasmids comple-
ments the ability to replicate, producing plasmids which repli-
cate and segregate as efficiently as those which contain the
intact oriP region (30). In these molecules, it appears that the
oriP domain is necessary for nuclear retention, while replica-
tion initiates from within the mammalian sequences (29). Fur-
thermore, any fragment of mammalian DNA larger than about
10 kb was able to replicate in this assay (21).
The ability of the OriPYACs to replicate efficiently is dem-

onstrated by the continued presence of episomes for more than
8 months (approximately 180 generations) after fusion, with
little apparent evidence of integration. In addition, FISH anal-
ysis demonstrated that some of the elements appeared in pairs
on the metaphase chromosomes. These double dots probably
indicate that the episome has replicated once in the preceding
S phase, as has been shown to occur for the latent viral genome
(16, 19). Double dots of signal are also seen with double
minute elements, which replicate once per S phase, in cancer
cell lines (8). The presence of single dots, however, prevents
firm conclusions from being drawn about the timing of episo-
mal replication. Replication of OriPYAC90, which is approx-
imately half the size of the viral genome, could be expected to
occur efficiently if oriP alone was used as the origin. However,
the apparently efficient replication of OriPYAC660, nearly
four times as large as the latent viral genome, suggests that
replication may initiate from human sequences present on the
YAC rather than from within oriP. Given the large size of the
OriPYACs, it is highly probable that they both contain se-
quences which can be used as origins (29, 30). In addition,
extrachromosomal elements containing cyHPRT and yeast
genomic DNA, but lacking the oriP domain, appeared to rep-
licate efficiently in mammalian cells (11). Thus, we propose
that the oriP–EBNA-1 interaction is probably not necessary for
replication of the OriPYAC episomes.
In contrast, the oriP–EBNA-1 interaction appears to be es-

sential for nuclear retention and episomal maintenance. The
FISH data provide strong evidence of association of the
OriPYACs with host cell metaphase chromosomes, in a man-
ner similar to that demonstrated for the latent viral genome
(20) and for other vectors carrying the oriP domain (2). This is
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in direct contrast to the extrachromosomal elements which
formed after introduction of cyHPRT (no oriP/EBNA-1
present) and which were seen to be scattered among the mam-
malian chromosomes, with no obvious chromosomal associa-
tion (Fig. 9). Attachment to the chromosomal scaffold may
explain the increased stability of the OriPYAC episomes in the
absence of selection. Segregation of the OriPYAC elements
with the host cell chromatids at mitosis would ensure that the
episomes are partitioned between daughter cells, in much the
same way as has been proposed for the latent virus (20). The
observed variation in episomal copy number between meta-
phase spreads within each cell line suggests that partitioning of
the elements is not exact. However, this passive method of
episomal segregation, while not matching the strictly con-
trolled segregation of endogenous eukaryotic chromosomes,
does appear to be effective, allowing the persistence of mole-
cules significantly larger than the viral genome over prolonged
periods of culture.
EBNA-1 is also known to have a nuclear localization signal

spanning amino acid residues 379 to 386 (1). Binding of the
protein to the oriP domain of the OriPYAC may efficiently
target movement of the DNA to the host cell nucleus after the
fusion event. This would reduce the potential for recombina-
tion and could explain the absence of yeast genomic DNA in
the cell lines. In contrast, extrachromosomal elements gener-
ated after introduction of cyHPRT contained variable amounts
of yeast genomic DNA.
The oriP/EBNA-1 system has recently been used to create

human artificial episomal chromosomes (50) by cloning large,
random fragments of human DNA into a vector containing
oriP, followed by lipofection of high-molecular-weight DNA
into EBNA-1-expressing human cells. However, the average
insert size of this library was around the size of the latent viral
genome at just 150 kb, and because all of the DNA was human,
it was difficult to determine whether rearrangements had oc-
curred. The system has also been used for expression of genes
in human lymphoblastoid cells; in this case, the half-life of the
approximately 160-kb elements was about 30 days (2), which is
very similar to our findings.
One approach toward an understanding of the DNA se-

quences necessary for mammalian chromosome structure and
function is to build up an artificial model which can be main-
tained as a stable, extrachromosomal element within the nuclei
of mammalian cells. We have shown that circular YACs car-
rying a nuclear retention system can be maintained as multi-
copy, relatively stable extrachromosomal elements within the
nuclei of human cells. Replacing the oriP region with func-
tional centromeric DNA would be expected to give similarly
stable elements maintained at one copy per cell, while intro-
duction of telomeric sequences might allow the molecules to
be maintained as linear elements. In addition, the postulated
arrangement of the OriPYAC on the nuclear scaffold may
provide a system for the study of the DNA elements necessary
for chromatin loop organization and higher-order chromo-
some structure.
There are several advantages to application of the oriP/

EBNA-1 system to YACs. Regions of DNA up to several
megabases in size can be cloned, allowing the isolation of large
genes or gene clusters intact. S. cerevisiae provides an ideal
host for characterization and manipulation of cloned se-
quences prior to reintroduction into mammalian cells. In ad-
dition, the wide availability of YAC libraries makes isolation of
YAC clones carrying a particular gene relatively straightfor-
ward. Thus, OriPYACs could be used to analyze control of
gene expression and the effects of long-range controlling ele-
ments, as well as permitting studies of gene function by

complementation of mutant phenotypes. These OriPYACs
may also be of use in gene therapy, as problems due to inte-
gration would be avoided and gene expression could be under
normal control.
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