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ABSTRACT Functional expression studies in murine cells and in transgenic
_ _ mice have used BAC9,(0) and yeast artificial chromosomes
We have constructed an episomal shuttle vector_wh|ch (YACs) (4,6,11,12). Equivalent experiments have not been
can transfer large (>100 kb) human genomic DNA successfully performed in human cells because it is extremely
inserts back and forth between bacteria and human difficult to obtain stable human cell lines transformed with large
cells and which can be tracked in rapidly dividing fragments of intact DNA 1(3-16). A systematic means to
human cells using a live cell assay. The vector (p5170) introduce and retain large inserts of genomic DNA in human cells
is based on the F factor-derived bacterial artificial would be a powerful tool in studies of gene expression.
chromosome cloning vector used in  Escherichia coli Mammalian artificial chromosomes may prove suitable vectors
with the addition of the family of repeats element from for expression studies from genomic DNI420). An alternative
the Epstein—Barr virus (EBV) latent origin of repli- approach may be to develop a shuttle vector which could move
cation. This element provides nuclear retention in cells large genomic DNA fragments freely between human and
expressing the EBV protein EBNA-1. We have sub- bacterial cells. Such a system would allow construct manipulation
cloned a series of genomic DNA inserts into p5170 and in bacterial cells, simple preparation of large quantities of purified
transfected the constructs intoan EBNA-1 ~ *humancell  yector for human cell transfection and a method of reintroducing
line. Episomal mitotic stability was quantitatively the vector back into bacteria to assess any construct rearrangement
analysed using flow cytometry. The episomes were Episomal vectors based on the mechanisms of stable latent
also tracked by time course photography of expanding replication and extrachromosomal persistence of the 172 kb human
colonies. A 117 kb episome was retained at  [2 copies/  herpesvirus Epstein—Barr virus (EBV) represent a promising large
cell and could be shuttled Unrearranged from the Capacity extrachromosomal vector Syst@ﬁ_e[]_)
human cells into bacterial cells after 15 months of The functional components required for the episomal persistence
continuous cell growth. Furthermore, the episome of EBV-based vectors are the EBV latent origin of replication
could still be reSCU.ed from human cells cultured in the (Onp) presenm cis (25) and expression of the viral protein EBV
abser)ce of select|'on for 198 days. Such a trackable nuclear antigen 1 (EBNA-126,27). The EBNA-1 protein binds
E.coli’human cell line shuttle vector system capable of to the family of repeat$&R) element, a tandem array of 20 repeats
carrying >100 kb of genomic DNA in human cells could of a 30 bp motif withiroriP, and this association promotes nuclear
prove a valuable tool in gene expression studies. retention £8). Another region obriP, the dyad element, acts as
the latent replication origin for EB\26,30). Incorporating the
INTRODUCTION oriP elements into plasmid vectors has been shown to allow

constructs to remain stably episomal for long periods of tigje (
The recent development of Pl-based artificial chromoson#ss an alternative to the who@iP region being used in these
(PAC) (1) and bacterial artificial chromosome (BAC),3)  plasmids, thé=R can be used on its own if another replication
human genomic DNA libraries has greatly aided physicabrigin is provided, for example, by including human genomic
mapping and large-scale sequencing projects. However, PAC @bNA. Randomly cloned pieces of human genomic DNA of an
BAC systems have yet to be exploited to their full potential foaverage size of 12 kb have been shown to support replication in
functional expression studies. There are considerable advantag@svectors in human cells expressing EBNA&)(with a positive
to be gained from using genes delivered as regions of largerrelation in short-term replication assays between replication
genomic DNA, including introns and long stretches of flankingstrength and fragment length over the range 1-28Xb (
sequences, in transgene expression vecieid. (Non-coding Plasmids carryingriP are maintained as multicopy episomes
flanking DNA regions are usually omitted from small cDNA-within human cells and can be easily isolated using techniques to
based expression vectors but may contain controlling elememisepare low molecular weight DNA, followed by transfection
important for subtle regulation of tissue-specific gene expreshion (into competenEscherichia colicells. Such vectors have been

*To whom correspondence should be addressed. Tel: +44 1865 740015; Fax: +44 1865 742187; Email: michael.james@well.ox.ac.uk



Nucleic Acids Research, 1999, Vol. 27, No. 71675

used in a number of functional cloning studies based arleasingthe 11.9 kb vector; the digested DNA was dephosphory-
expression from cDNA32,33). The ability to propagate the lated and the 11.9 kb band was purified using the Qiaex Il Gel
vector in bacteria provides ease of construct manipulation befoeatraction kit (Qiagen). To prepare the 55 and 105 kb inserts, 5
introduction into human cells and the plasmid rescue froraf PAC DNA from individual library clones was digested to
transfected human cells allows constructs to be assayed for apmpletion withNotl and loaded onto a 2.2 ml sucrose gradient
rearrangements. Until the development of the PAC and BAQR0-40%, with a 60% cushion). The gradients were spun at
cloning vectors the capacity of bacterial cloning systems wakt 000 r.p.m. for 16 h in a TLS-55 swing-out rotor in a Beckman
limited to <40 kb which prevented the development of aOptima Ultracentrifuge. Following the spin the gradient was
large-inserkE.colihuman cell shuttle vector. To overcome this thefractionated and fractions with only insert present were identified.
oriP system has been incorporated into the YAC system asThe insert DNA was ethanol precipitated in the presence of
method of shuttling a 90 kb YAC between human cells anBextran 40,000 carrier, resuspended and quantified. The 23 kb
Saccharomyces cerevisig@4). YAC systems have proved insert was purified by electroelution from a 1% pulsed field gel
invaluable for physical mapping studies, but are laborious to wokdectrophoresis (PFGE) agarose gel. The purified inserts were
with for transfection studies when microgram amounts of purifietigated to the prepared vector using standard techniques. Vector
vector DNA are required. p5173 is based on pHEB®G) with the addition of the

In contrast to YAC-based systems, we have constructed Remv—GFP expression cassette from p5170.
shuttle vector system to carry large inserts (>100 kb) of genomic
DNA as extrachromosomal plasmids in human Bradli cells.  Tissue culture
The vector (p5170) is based on the F factor-derived BAC vector _ ) )
used for C|Oning |arge human genomic DNA inserts.aoli (2) The SV40-immortalized human male fetal |Ung fibroblast Ce”
The vector also includes th& element from EB\oriP and the  line MRC-5V2 @7) (referred to here as MRC5) was cultured in
enhanced green fluorescent prote®FP) gene 85) as our Dulbecco’s modified Eagle’s medium (Sigma) supplemented
reporter system to follow the fate of the plasmid in live humaWith 10% fetal calf serum, 2 mM-glutamine, 100 U/ml
cells. As a reporter ge@:P offers the advantage of being able penlplll!n and 0.1 mg/mllstreptomyCIn. Cells were incubated in a
to track the episomes in live cells using time course photograptygmid incubator at 3T in 6% (v/v) CQ.

For this study we subcloned a size series of well-characterised
human genomic DNA inserts from PAC library clorBsrfto the  Transfections and low molecular weight DNA preparation
uniqueNotl site of p5170. The inserts were in the size rang . o .
23-105 kb and were taken from a contig previously constructgj asmids<15 kb in size were transfected into MRCS cells by

within the laboratory (unpublished data). Plasmids carrying thg €ctroporation (260 V, 103@F and an infinite resistance using
large inserts Wererysrgoven to behave épisomally in ;ymgnn Easyject Plus; EquiBio). MRCS5 cells transfected with p410

comparable with small EB\#riP vectors. The large episomes Were selected with G418 at 1 mg/ml. For the plasmid rescue
says low molecular weight DNA was prepared by an alkaline

were maintained without rearrangement in most cases Sh thod f fuent 10 dish as foll Th I
extrachromosomal elements in human cells grown for prolongeaﬁs'S method 1rom a confiuent 1Y ¢cm diSh as 10llows. The Cells
re scraped into 1.5 ml of phosphate-buffered saline (PBS)

periods of time. In the presence of selection a 117 kb episome tRhout Mg+ or C2* and centrifuged at 50apfor 3 min. The

present atrR copies/cell, whereas a smaitiP vector was :
maintained af1L5 copies/cell in the same clonal cell line. In theCell Pellet was resuspended inl@f STET buffer (8% sucrose,

; ; : ; % Triton X-100, 50 mM EDTA, 50 mM Tris, pH 8). The cells
absence of selection the episomal constructs carrying large mstevlarvlgé’re lysed with 130l of alkaline SDS (1% SDS, 0.2 N NaOH),

of human genomic DNA were lost from actively dividing cells a ; . . :
0 : : : utralised with 11l of 7.5 M ammonium acetate, incubated on
1% per generation. The 117 kb episome was routinely shuttl&§ for 5 min and Spun at 14 098r 30 min at 4G, The cleared

unrearranged back into the bacterial host during 15 months ) = )
continuous cell culture. The construct could also still be detectdyfate Was extracted twice with 1:1 phenol:chloroform and once
th chloroform and the nucleic acids were precipitated and

in the human cell line after 198 days growing in the absence }régsuspended in 50 TE (10 mM Tris, 1 mM EDTA) containing

selection. 5 ug/ml RNase A. For episome rescugyl df this extract was
electroporated into DH-10B ElectroMa.coli cells (Gibco

MATERIALS AND METHODS BRL) which were plated onto LB agar containing either
ampicillin (100ug/ml) or chloramphenicol (12 &g/ml). Plasmid

Plasmid construction DNA was prepared from bacterial colonies using standard

) methods and analysed by restriction digests and agarose gel
The vector p5170 is based on Mmti-Xhd fragment of the BAC  electrophoresis. The plasmids p5170, p5179, p5180 and p5176
vector pBAClOSLZ), with the addition of three fragments. First, were transfected into MRCS(p[m)Q:e”S using calcium phos_
the EBV FR region from the vector pHEB®); second, the phate co-precipitatior3g) and selected using hygromycin-B at
hygromycin-B phosphotransferaseRH) (36) gene under the 200 pg/ml, in addition to the 1 mg/ml G418 already present.
control of the Rous sarcoma virus promofersy; third, the  |ndividual colonies which appeared were picked and amplified

green fluorescent proteiGEP) open reading frame from the into clonal cells lines, grown in hygromycin-B at 3&§ml and
plasmid pEGFP-N1 (Clontech) driven by the immediate-early mg/ml G418.

promoter of cytomegaloviru®¢mv). The BAC-based vector
p5170 is alow copy plasmid, so the pUC link from pCYPAQ?2 (
was added at the uniqidotl site, creating p5171, a high copy
vector which can be prepared in large quantities. To prepare tB&A extract was prepared from a confluent 10 cm tissue culture
vector for large insert cloning p5171 was digested Witti ~ dish of MRCS5 cells by either the method described byebah

Southern blot analysis
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105 kb (p5176)

Figure 1. Vector maps.d) The p5170 vector size series used in this study, with the range of genomic DNA jrasértsarB, parC, repE andoriS are F factor
regulatory genes from pBAC108L which control replication and copy number in battep81¢3 is amriP vector containing thEcmvw—GFP expression cassette.
(c) p410 is anoriP vector expressing EBNA-1 protein.

(22) or by a standard genomic DNA preparation method. ThRESULTS
DNA was digested with restriction enzymes (New Englamgj .
Biolabs) and the digests were separated on a 0.8% agarose gEFtor construction

The gel was blotted and the membrane hybridized by standar@ie vectors used for these experiments are shown in Bigtite
methods §9). size series of vectors was built by subcloning human genomic
DNA inserts into the uniquBlotl site of p5170 (Figla) from

PAC library clones. Vector p5179 carries a 23 kb insert, p5180
carries a 55 kb insert and p5176 carries a 105 kb insert. The PAC
clones were taken from a contig previously constructed within the
laboratory covering chromosome 11g22-23 (unpublished data).

) _ . The 55 and 105 kb inserts lie within a completely sequenced
GFP expression was analysed by flow cytometry at an excitaliQagion containing the ataxia telangiectasIN) locus ¢0).
wavelength of 488 nm using a Beckton Dickinson FACScalibugandom fragments of human genomic DNA in this size range are
with associated CellQuest software. 10 000 cells were assayeGithected to provide replication origins for the episomes in human
_each flow cytometric analysis. The ep|sorr_1al rates of loss giveny|is ©9). The vector p5173 (Fidb) is based on pHEB®6)
in Tablel are calculated from GFP expression data on days 0 aQgh the addition of th@cmv-GFP expression cassette and was
24 (p5173), days 0 and 21 (p5179 and p5180) and for days O gRgyded in our study to allow a comparison of the large

22 (p5176, pEGFP-N1, p5170 and pS5171), using a first ordgs170-based episomes with a regular BB vector within the
rate-of-loss model: rate of loss)(= (-1£)(In N/No). No is the  same cell culture system.

percentage green cells at the start of the release experiment and
Ny is the percentage green cells afteigenerations. The T[ansfection of vectors into MRC5 cells

fluorescence microscopy was carried out using a Nikon Diapho

300 inverted microscope fitted with a standard FITC filter sefThe immortalised human fibroblast cell line MRC-5VZ7X
Photographs were taken atxl@hagnification with a Nikon (referred to here as MRC5) was transfected with the EBNA-1-
35 mm F801 camera using Fuijifilm Provia 400 ASA colour slidexpressing episomal plasmid p&1(Fig. 1c; 30) and G418
film, developed by standard E6 processing. selection was applied to create an EBN2Acéll population. The

Flow cytometric analysis and fluorescence microscopy
detection of GFP expression
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Demonstrating autonomous replication of the 117 kb episome

___p5I79 — ___pS180 ’_95 176 Extrachromosomal DNA was prepared using the method described
Plasmid rescue _ Plasmnid rescue _| _Plasmid rescue | by Sunet al (22) from MRC5(p410,p5176) grown in the
M | M In ] . -

- presence of hygromycin. The presence of episomal DNA was
confirmed by performing plasmid rescue of intact, unrearranged
p5176 from the extract (not shown). For the replication assay
extract DNA digested witikba was further digested with either
Dpnl, SawBAI or Mbal. All three enzymes recognise the same
cutting site (GATC), but the activity @pnl andMbal depends

Jh_ S on the methylation pattern of the DNBpnl only cuts DNA
. which retains the bacterial methylation pattern, whekélad
Wemwrm—e-- | only cuts DNA which has lost the bacterial methylation by
e | : replicating twice in human cellSaiBAl cuts regardless of the
methylation status and acts as a control. The restriction digestion
fragments were separated on a 1% agarose gel which was blotted
and probed with a 987 bp fragment containing the chloramphenicol
66N resistance@m’) gene from p5170. The appearance of a 1.75 kb
band in thevibal digest, not present in the p5176 DNA prepared
from E.coli, demonstrates that the p5176 episome is replicating
Figure 2.Plasmid rescue from the three clonal cell lines MRC5(p450.79), in human cells (F|g3a) The blot was Stripped and reprobed with

MRC5(p410,p5180) and MRC5(p41(p5176). Plasmid DNA preparations a 2 kbEBNA-1DNA probe, which shows that p41@s still
from eight chloramphenicol-resistant bacterial colonies obtained from a ;

plasmid rescue assay on each cell line were analysttbibyligestion and ~ Present and replicating (Figb).
PFGE. M, marker lane containing\at digest of the plasmid DNA transfected
into the human cells.

DNA rearkos

kb

145
121
97

E AR ERERREN

94 -

Estimating the copy number of the 117 kb episome

Total genomic DNA was prepared from MRC5(p4p8176)
cells growing in hygromycin and the presence of intact episomes
was confirmed by plasmid rescue (not shown). Five micrograms
of total MRC5(p416,p5176) genomic DNA was digested with
episomal status of p41@as confirmed by Southern blotting (seeBarHI and the digestion fragments were resolved on a 1%
below) and by plasmid rescue irccoli (not shown). agarose gel alongside a set of 3-fold serial dilutiorBanfHI
The ability of p410 EBNA-1 expression to suppodriP  digests of accurately quantified p5171 and p4Hdior to gel
function in trans in a cell line under prolonged selection wasloading these dilution series standards were pooled together and
confirmed by transfecting p5173 into the MRC5(p316ells, mixed with 5ug of BanHI-digested rat genomic DNA. The gel
applying hygromycin selection and successfully rescuing both tiwas blotted and probed with tkian' gene (Fig3c) and bands
p410" and p5173 plasmids back iracoli cells 25 days later (not quantified using a Molecular Dynamics Phosphorimager. Vector
shown) from a pooled cell population named MRC5(p4B173). p5171 was used as the quantitative control in place of p5176
The plasmids p5179, p5180 and p5176 were then transfectegcause p5171 DNA is purified twice on caesium chloride
into the MRC5(p419) cells. Hygromycin-resistant colonies, density gradients and thus can be quantified much more
which also expressed GFP strongly under fluorescence micraccurately than can preparations of pBAC DNA. T gene
scopy, were picked and expanded into clonal cell lines. Aftérobe hybridises to a 12 kb band of p5171 and a 14 kb band of
5 months of continuous culture, low molecular weight DNA wa$5176. One copy of a 10 kb double-stranded control plasmid is
extracted from these cell lines and transfectedBntoli which 6 pg of DNA in 5ug of genomic DNA prepared from the
were plated onto LB agar containing either ampicillin ohyperploid MRCS line (modal chromosome number of 6080 per
chloramphenicol. Using restriction digest analysis the plasmid DNAetaphase spresl). Based on these data, p5176 was estimated
preparations from bacterial colonies from the ampicillin plates wei® be present a2 copies/cell in MRC5(p410p5176). The blot
compared with p4t0and those from the chloramphenicol plateswas stripped and reprobed with the 2B8NA-1DNA probe
were compared with either p5179, p5180 or p5176. The*p41@Fig. 3d) and Phosphorimager quantitative analysis showed
results confirmed its episomal status (not shown) and FRjureP410" to be present &fiL3 copies/cell in MRC5(p41(p5176).
shows theNot restriction digest analysis and PFGE of plasmidlhe analysis was repeated usingEamRV digest of 5g of
DNA prepared from the chloramphenicol-resistaupli colonies. ~ total genomic DNA prepared from MRC5(p486176) and
All three cell lines contained episomes which could be rescueg@mpared with an appropriate quantitative dilution series of
and were named MRC5(p41p5179), MRC5(p419p5180) ECRV digests in a separate independent assay (not shown).
and MRC5(p416ip5176). In two cases [MRC5(p4106180) and Values of 2 and 16 copies/cell of p5176 and patéspectively,
MRC5(p410,p5176)] the episomes were intact and unrearrange¥ere obtained.
in one case [MRC5(p41(p5179)] the episome had undergone
rearrangement, increasing the insert size from ZBokb and  Assessing episomal maintenance in the absence of selection
creating a newlot site. A stably transfected cell line carrying an
integrated form of the p5170 vector not containing any humaBpisomal maintenance in the absence of selection was assessec
DNA was also created, and named MRC5(344%1L70). in two distinct ways. First, the cell lines were analysed using a



1678 Nucleic Acids Research, 1999, Vol. 27, No. 7
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psi76  MRCS  paio* pS176  MRCS  pdlir The cell lines MRC5(p4fm5173), MRCS(p410p5179),

T %% o G o oy MRC5(p410,p51780) and MRC5(p41(p5176) were cultured
- as described above. At the start of the experiment nearly 100% of
ISEFIERNAE the cells in each cell line were expressing GFP, causing the peak
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of GFP fluorescence to shift upwards by three orders of
magnitude as compared with the negative control (not shown).
The peak of fluorescence shifted downwards over time as the
episome was lost from the cell line during continuous growth in
the absence of selection. The percentage of cells expressing GFP
above background was calculated for each construct at each time
point (Fig.4b—e). For each episomal construct the rate of loss of
episome over the first 3 weeks of growth in the absence of
selection was calculated, and is given in TableUnder
continuous selection the expression of GFP remains at, or very
near to, 100%. A set of control plasmids was also included in the
flow cytometric study to provide a rate of loss value in EBNA-1
MRCS5 cells for a plasmid lacking theriP dyad symmetry
element replication origin or a human genomic DNA insert. The
control plasmids were the p5170 vector without a human DNA
insert, p5171 [a form of p5170 carrying the pUC insert from
pCYPAC2 () in theNotl cloning site] and pEGFP-N1 (a control
plasmid from Clontech lackingR). The rates of loss of these
control plasmids in transient transfections of MRC5(p#&6lls

o & o & ik are shown in Tabl&.
Table 1.Rates of plasmid loss calculated from the data in Figure 4
and the rates observed for three control plasmids lacking replication
origins (see text for details)

Figure 3. Southern blot analysis of the MRC5(p4{5176) clonal cell line.

(a and b) Extrachromosomal DNA was prepared by the method at@n

from MRC5(p410,p5176) and double-digested with eitgpnl, SalBA | or

Mboal together withXbd. (a) The blot was probed with a 987 bp vector-specific

fragment. The appearance of a 1.75 kb band iivitha digest of DNA from

Construct Rate of loss per cell generation (%)

EBV-based episomes

human cells, not present in digests of the bacterial DNA preparation, indicates p5173 7.8
that p5176 has replicatedh) (The same blot rehybridised with a 2EKBNA-1 p5179 21
probe to show the continued presence and replication of p&lénd d) Five
micrograms of MRC5(p410p5176) genomic DNA was digested witamH|. p5180 6.5
Serial dilutions oBanHI-digested p5171 and p41@vere pooled and mixed p5176 a1
with 5ug of BarrHI-digested rat genomic DNA before loading). The blot was '
hybridised with a 987 bp probe from the p5Ti®¥ gene. §) The same blot Control plasmids
rehybridised with a 2 kEBNA-1probe.
p5170 26
p5171 18
flow cytometer to assess the proportion of cells expressing GFP pEGFP-N1 24

over time. _Secondsl_:Pwas ysed to track the fate of the episomes
in expanding colonies by time course photography. In both SetSatier the MRC5(p410,p5173) cell line had been growing in

of experiments G418 selection was continuous so as to Maintgp, apsence of selection for 45 daya% of the cells still carried

EBNA-1 expression from p410 the episome according to the flow cytometry data and it remained
possible to rescue the plasmid iB@oli. At this point selection
was reapplied to the cell line. After 21 days of reselection, the

. expression of GFP returned to >90% (Fl) and it remained
MRC5(p410,p5170) was grown for 115 days of contlnuou%%

Flow cytometric analysis

b . . ssible to rescue p5173 int.coli. This experiment was
culture in the presence and absence of hygromycin selection. eated on the MRC5(p41p5176) cell line. In that case after

cells were maintained in an actively growing state by regulajgg days growth in the absence of selectib@% of the cells

passaging in the presence and absence of hygromycin selectifiained the episome and it was still possible to rescue the plasmid

At each passage a sample of cells was taken and the proportigR, £ coli, Hygromycin selection was reapplied and after 14 days
of cells expressing GFP was assessed by flow cytometry. TRE raselection the expression of GFP in the reselected line was

MRC5(p410) cell line was used as a negative control in eac,cy 9 1009 (Figde) and it remained possible to rescue p5176
assay to determine the background level of fluorescence. In the, £ coli

absence of hygromycin no loss of GFP expression from
integrated p5170 was seen (Flg). These data show that in the
clone studied th®cmvw—GFP expression cassette has not bee
down-regulated by epigenetic effects, such as DNA methylatio&ells from the clonal cell lines carrying each episome were plated
during prolonged periods of cell culture. atlow density and isolated colonies were allowed to expand in the

r']I'ime course photography of expanding colonies
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Figure 4. Time course of long-term GFP expression in the presence or absence of hygromycin selection for various @llNIR&5(p410,p5170);
(b) MRC5(p410,p5173); ¢) MRC5(p410,p5179); ¢) MRC5(p410,p5180); €) MRC5(p410,p5176).

absence of hygromycin, but in the continued presence of G41B8 days without hygromycin, when only 1% of the cells were
Individual colonies were followed by photography as they grewearrying the episome, as assayed by flow cytometric analysis of GFP
over a period of weeks. Figubeshows an example of a colony expression. After this time point, plasmid rescue of the 117 kb
carrying the 117 kb construct expanding in the absence pfoved impossible and the experiment was terminated. In total,
selection over 38 days. At early times (days 12 and 18) the 1084 chloramphenicol-resistant plasmid rescue bacterial colonies
of GFP expression at the edge of the colony can be seen. Withtained from the MRC5(p41®5176) cell line grown for up
time (days 31 and 38), this gives rise to a sectored colony. Strotggl5 months in continuous culture were analysed. All colonies
expression is maintained at the centre of the colony where tegamined contained intact, unrearranged forms of p5176 (not
cells are either not dividing or are doing so much more slowlghown).

than at the edge. No sectored colonies were seen when the

MRC5(p410,p5170) cell line expressing stably integrated GFRy|SCUSSION

was used for this assay (not shown).

This study has shown that the p5170 vector, based on pBAC108L
and incorporating the EB¥R/EBNA-1 system, can act as a
shuttle vector carrying large (>100 kb) inserts of human genomic
DNA between human ané.coli cells. Using a BAC-based
While the MRC5(p410p5176) cell line was being grown in the system allows routine manipulation in bacterial cells and efficient
absence of selection for flow cytometric analysis, low molecularecovery of episomes from human cells back into bacteria for
weight DNA preparations were made at several time points farther study. Although functional expression of a genomic locus
assess if it remained possible to rescue the 117 kb plasmid asrimains to be shown, the system we describe offers considerable
fraction of cells carrying the episome diminished. The number gdotential for gene expression studies. Furthermireyitro
bacterial colonies obtained from chloramphenicol-resistant (p5176)odification of BACs by mutagenesiglj and homologous
plasmid rescue fell during the duration of the time course, wheresescombination 10) could allow functional analysis in human
the efficiency of ampicillin-resistant (p400 rescue remained cells of targeted mutations in both coding regions and non-coding
constant (data not shown). Furthermore, it was still possible to resa@lements such as locus controlling regions, intronic enhancers or
p5176 from the cell line growing in the absence of selection aftasilencers §,42).

Assessing the retention of the 117 kb episome by plasmid
rescue
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Figure 5. Tracking the fate of episomes in live cells by GFP fluorescence microscopy. The growth of a colony derived from MRS{Fé)@xpanding in the
absence of hygromycin selection over 38 days is shown; the numbers relate to days of growth since the removal of hygaioxcin sel

We have shown that episomal plasmid constructs carryirigowever, the BAC-derived p5170 vectors are already circular and
human genomic DNA inserts >100 kb in size can persist intact aithough they are low coply.coli vectors, they can be prepared
human cells replicating autonomously. An episome carrying simply at high yield using conventional bacterial plasmid prep-
human genomic DNA insert of 105 kb was shown to be perfectigrations. Another feature of the YAC cloning system is the high
stable, persisting for 15 months in continuously passaged cefioportion (40-60%) of chimeric clone$4j which is not seen in
with no rearrangement. These observations were based BACs. The BAC cloning system can be used to clone human DNA
plasmid rescue analysis of nearly 100 chloramphenicol-resistanserts of up to 300 ki2) allowing p5170-based episomes to carry
plasmid rescue bacterial colonies obtained from thall but the largest of human genes as genomic DNA.
MRC5(p410,p5176) cell line. Other reports have also described In the present study the episomal persistence of the p5170 vectors
the episomal maintenance of large constructs in human ceits cells cultured in the absence of selection was measured by
(21,43), although the present study is the first time to oufollowing the expression of the reporter g&bEP in two ways.
knowledge that episomal constructs carrying >100 kb in humdrirst, flow cytometric GFP expression assays over time found the
cells have been rescued in bacterial cells. Plasmid rescue dei® of episomal loss of the three constructs carrying genomic DNA
shows that the system is a true shuttle vector, defined by the abilitybe 2—6% per cell division in the absence of selection. The values
to move the vector back and forth between two hosts. are comparable with retention rates reported for the large, circular

Another study has developed arP/EBNA-1 shuttle vector oriPYAC constructs 43), for otherFR-based constructs carrying
based on YACs in which a 90 kb YAC was successfully shuttlesimaller inserts of human genomic DNASY and for smaller, full
from yeast cells into human cells and back into y&a$tThe YAC  oriP plasmids 26), including the p5173 construct used in the current
system is based on linear DNA molecules, which have to k&udy. Second;FP was used as a live cell marker to track the fate
converted into the circular form required for EBV episomesof the episomes in expanding cell colonies. The episomes were lost
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from the rapidly dividing cells at the edge of colonies, but remainddEFERENCES

present in the cells at the centre of the colony which had either
stopped dividing or were doing so much more slowly @&)igrhis
study is the first time to our knowledge that time course photograph§7

C

loannou,P.A., Amemiya,C.T., Garnes,J., Kroisel,P.M., Shizuya,H.,
hen,C., Batzer,M.A. and deJong,P.J. (19¢#ure Genet 6, 84—89.

of expanding colonies has been used to assess episome stability>iNshizuya,H., Birren,B., Kim,U.-J., Mancino,V., Slepak,T., Tachiiri,Y. and

human cells.

Simon,M. (1992Proc. Natl Acad. Sci. USA&9, 8794-8797.

Copy number assessment of the episomes carrying genomgc Kim,U.G., Birren,B.W., Slepak,T., Mancino,V., Boysen,C., Kang,J.L.,
DNA was carried out as part of the present study. The 117 kp SimonM.l. and Shizuya,H. (199@enomics34, 213-218.

p5170-based episome (p5176) was found to be present at a |
copy number of 2 copies/cell compared with the smaller, full g
oriP vector p410, present afll5 copies within the same clonal
cell line. The copy number of p5176 is in agreement with the low
copy numbers of 90 and 660 kb extrachromosam&YACs 6
previously reported4@). The copy number for p41@s in close
agreement with previously published d&#&)(In contrastto the <
high copy of theriP vectors, the large p5170-based episomes are
present at low copy number in the same cells. No attempt was
made to assess cell-to-cell variation in copy number of the largé
episomes, however, it is unlikely to vary significantly given the
low average copy number found in the cell line as a whole. 1
Small overall size, but large cloning capacity, makes the vectona
good candidate for gene expression studies and gene therapy
protocols. Efficient transfection of the current vector could bé?2
achieved through recent developments in mammalian cell trans;
fection, using an inactivated adenovirus carrig) (or integrin
targeting peptides4{,48), for example. The EBV episomes 14
incorporating=R and human genomic DNA inserts can function in
both human and rodent cell line&d), allowing the study of gene
expression from the genomic inserts to be carried out in a widd
variety of tissue culture and animal model systems. A recent study
(21) claimed to show gene expression from a vector carrying &
185 kb insert of human genomic DNA from the human globin locug,
however, only a low level of illegitimafeglobin transcription was
detectable by reverse transcription-based polymerase chain reactjgn
and globin protein was not detectable by immunoblotting. 19
The p5170 series of vectors represents a first generation of EBV
vectors designed to carry genomic DNA inserts in human cellg?
Currently the vectors require EBNA-1 expressiortrans for
episomal function but we are generating new vectors whicft
express EBNA-1 from an open reading framas. Furthermore, 2,
it remains to be seen if EBV-based vectors containing large
genomic DNA can be packaged efficiently by itheitro culture 23
system that has been used for viral-only or cDNA constructs
(50,51). Experiments to this end are currently underway WitI%
derivatives of the vector shown in this study. If successful, this
would extend the advantages of an infectious viral deliverge

system to large genomic loci. 27
28
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