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ABSTRACT

Mammalian artificial chromosomes (MACs) provide a
means to introduce large payloads of genetic informa-
tion into the cell in an autonomously replicating, non-
integrating format. Unique among MACs, the
mammalian satellite DNA-based Artificial Chromo-
someExpression(ACE)canbereproduciblygenerated
de novo in cell lines of different species and readily
purified from the host cells’ chromosomes. Purified
mammalian ACEs can then be re-introduced into a
variety of recipient cell lines where they have been
stably maintained for extended periods in the absence
of selective pressure. In order to extend the utility of
ACEs,we have established the ACE System,a versatile
and flexible platform for the reliable engineering of
ACEs. The ACE System includes a Platform ACE, con-
taining .50 recombination acceptor sites, that can
carry single or multiple copies of genes of interest
using specially designed targeting vectors (ATV) and
a site-specific integrase (ACE Integrase). Using this
approach, specific loading of one or two gene
targets has been achieved in LMTK� and CHO cells.
The use of the ACE System for biological engineering
of eukaryotic cells, including mammalian cells,
with applications in biopharmaceutical production,
transgenesis and gene-based cell therapy is
discussed.

INTRODUCTION

Although plasmid and viral gene delivery systems have
been used successfully to introduce genes of interest into
mammalian cell lines and transgenic animals, they are limited
with regard to the amount of foreign DNA sequence that can
be delivered. For applications where cloning and delivery of
large genomic loci are desired, such as fragments containing
long-range genetic elements required for appropriate regula-
tion of gene expression, developmentally regulated multi-gene
loci, or multiple copies of two or more genes in fixed stoi-
chiometry, plasmid or viral vectors may be inadequate. In
order to circumvent these limitations, a second generation
of bacterial (1,2) and yeast (3,4) chromosomal-based cloning
vectors has been developed, with carrying capacities for yeast
artificial chromosomes in excess of 1 Mb (5). However, an
additional limitation that the earlier versions of these vector
systems share with conventional plasmid vectors is that they
require integration into host mammalian chromosomes for
stable maintenance. Such integrations are most often random
and the sites of integrations may have profound and unpre-
dictable effects on the expression of introduced genes (6). In
addition, such random integrations may result in inactivation
or change in regulation of host genes (7). To allow for epi-
somal maintenance in mammalian cells, BAC and YAC con-
structs have been retrofitted with modified Epstein–Barr virus
origins of replication (8–11). This approach is not without
concern, as there may be safety issues associated with the
co-expression of transacting factors required for their
function (12,13). Moreover, while these vectors can be
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maintained for long periods in cultured cells in vitro, their
variable copy number may result in unpredictable gene
expression levels.

Technologies thatcanaccommodate largeDNApayloadsand
do not require integration into the host genome for long-term
stable maintenance would be advantageous, both in terms of
having a more predictable gene expression and non-interference
in host cell functions. Such systems would also be of great
utility in gene therapy applications where safety and
stability considerations are paramount. Recently there have
been efforts to generate prototype mammalian artificial
chromosomes (MACs) that encompass these features. Recent
progress with this technology has been extensively reviewed
(14,15).

Compared to traditional methodologies, MACs offer
significant advantages for cellular protein production, animal
transgenesis and gene-based cell therapy applications on
account of their high carrying capacity and ability to self-
replicate without relying on integration into the host genome.
Despite the numerous advantages of MAC technology,
systematic limitations have precluded any widespread
implementation. These limitations include the requirement
for de novo chromosome synthesis for each individual
application, the inability to shuttle MACs easily across various
cell types and the inability to precisely engineer gene targets
onto the artificial chromosome. For broad applicability
of MAC technology, all of these limitations must be
addressed.

Previously, it has been demonstrated that large satellite
DNA-based artificial chromosomes, termed SATACs
(SATellite DNA-based Artificial Chromosomes), can readily
be generated de novo in a variety of host cell backgrounds
(16–22). The Artificial Chromosome Expression (ACE),
a SATAC developed for use as a gene delivery and
expression system, has unique features that set it apart from
other artificial chromosomes. By virtue of their size and
composition, ACEs can be purified to virtual homogeneity
by high-speed flow cytometry (23) and then transferred to a
variety of different cell types (e.g. cell lines, primary cells and
stem cells) using optimized transfection methodologies
(24–26). Additionally, ACEs can be introduced into embryos
(27–29) via a modified microinjection procedure to generate
transgenic animals that are then able to transmit the ACE
through their germ line to progeny for multiple generations
(27,29).

To further expand the utility of the ACE, the ACE System
was developed as a means to rapidly and reliably load
sequences onto an ACE. An ACE that is pre-engineered to
contain multiple site-specific recombination acceptor sites
(Platform ACE) can be loaded with heterologous gene
sequences using a mutant lambda integrase (ACE Integrase)
in combination with a targeting vector [ACE Targeting Vector
(ATV)] harboring a recombination donor site and the
sequence/gene(s) of interest. After loading of targeting vectors
onto the Platform ACE, the chromosome retains all the ACE
characteristics listed above, most notably the inherent stability
and ease of purification and transfer. Generation of the ACE
System components is described in this paper, and examples
are provided of cell lines expressing a therapeutic protein
for biopharmaceutical manufacturing or gene-based cell
therapy.

MATERIALS AND METHODS

Cultured cell lines

Cells were cultured at 37�C in 5% C02 in a humidified incu-
bator and were routinely passaged every 3–4 days, just prior to
reaching confluence. Cells were harvested by aspirating the
medium, washing the monolayer with sterile Dulbecco’s
phosphate buffered saline (dPBS; Invitrogen) and incubating
in the presence of a small amount of 0.05% trypsin–EDTA
(Invitrogen) at 37�C for 5 min. After the cells began to lift, the
trypsin–EDTA was quenched by the addition of an excess of
complete medium. The cell concentration was determined
using an automated Coulter Z1 Particle Counter (Beckman
Coulter) and was diluted to 1:10 with additional fresh com-
plete medium and replated onto 10 cm dishes.

LMTK� cells were obtained from ATCC (CCL-1.3) and
maintained as monolayer cultures in 10 cm plastic culture
dishes (BD Falcon) in complete LMTK� medium consisting
of 90% Dulbecco’s minimal essential medium (DMEM;
Invitrogen), 10% FBS (Cansera). LMTK� derived CHR1
cells, containing the Platform ACE, were maintained as
described above in complete LMTK� growth medium
supplemented with 5 mg/ml puromycin (Sigma).

CHO-DG44 cells were obtained from Dr Lawrence Chasin
(Columbia University) and were maintained as monolayer
cultures in 10 cm dishes in complete DG44 medium consisting
of 95% alpha modification of minimum essential medium plus
ribonucleosides, deoxyribonucleosides (MEM alpha, ribonu-
cleosides and deoxyribonucleosides; Invitrogen) and 5% FBS.
The DG44 derived line ChY1 containing the Platform ACE
was maintained as described above, in complete DG44 med-
ium supplemented with 5 mg/ml puromycin.

CHO-S cells (Invitrogen) were routinely maintained as a
suspension culture in spinner or shake flasks. Cells were seeded
atadensityof2·105 cellsperml inachemicallydefinedprotein-
free medium (CD-CHO, Invitrogen) supplemented to 8 mM
glutamine and 10 ml/l hypoxanthine, thymidine concentrate
(Invitrogen) and cultured in suspension for 3 to 4 days or
until the cell density reached 1 · 106 cells/ml, whereupon the
cells were passaged by dilution back to 2· 105 cells/ml in a new
flask. Prior to transfection, cells were adapted to adherent
growth by seeding onto plastic tissue culture dish in a medium
consisting of DMEM supplemented with 10% FBS, 8 mM glu-
tamine and 1·non-essential amino acids (Invitrogen), as well as
selective antibiotic if required. Adherent cells were passaged
essentially as described above for CHO-DG44. CHO-S derived
lines,whichwere maintainedunder adherent growth conditions,
could be readily readapted to serum free suspension growth by
substitution back to CD-CHO medium. The CHO-S derived
cell line containing the Platform ACE, ChC2, was maintained
as described above, except in a medium supplemented with
5 mg/ml puromycin.

DT40 chicken bursal lymphoma cells were obtained from
ATCC (CRL-2111) and maintained in 10 cm dishes in a
medium consisting of DMEM supplemented with 10% FBS
and 2 mM L-glutamine.

Plasmid construction

Unless otherwise indicated, all enzymes used for restriction
and modification of DNA samples were obtained from
New England Biolabs.
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pCXLamIntWT, pCXLamIntR and pCXLamIntROK

The lambda integrase gene was amplified by PCR from bac-
teriophage lambda DNA (cI857 ind 1 Sam7, New England
Biolabs) using the LamInt primer pair (see Supplementary
Material, Primer Table.pdf). The 1 kb amplified fragment
was then digested with EcoRI, gel-purified and cloned into
the EcoRI site of pUC19 to yield the plasmid pUC19LamInt.
A point mutation was introduced into the lambda integrase
coding sequence at amino acid 174 (E174R) using the
QuickChange Site Directed Mutagenesis kit (Stratagene) and
the mutagenizing primers INT174R1 (50-CGTCAGCCGTA-
AGTCTTGATCTCCTTACTCTAGATTTTGCTGCGCG-30)
and INT174R2 (50- CGCGCAGCAAAATCTAGAGTAAG-
GAGATCAAGACTTACGGCTGACG-30) to generate the
plasmid pUC19LamIntR. In parallel, pUC19LamInt was
digested with EcoRI to release the coding sequence of the
wild-type integrase. The mammalian expression vector
pCX-EGFP (30) was a generous gift from M. Okabe
(Osaka University). It was digested with EcoRI in order to
permit replacement of the eGFP sequence with firstly, the IntR
fragment, yielding the plasmid pCXLamIntR, and also with
the wild type integrase fragment, yielding the plasmid pCXLa-
mIntWT. In order to provide an optimized Kozak sequence,
the plasmid pCXLamIntR was modified by PCR amplification
of the IntR coding sequences using the primers INTR(OK)1
(50-TGGAATTCGCCGCCACCATGGGAAGAAGGCGAAG-
TCATGAG-30) and INTR(OK)2 (50-CAGCCTGCACCT-
GAGGAGTG-30). The amplified fragment was digested
with EcoRI, gel-purified and cloned into the EcoR1 site of
pCX in place of eGFP, to generate pCXLamIntROK.

Recombination acceptor site plasmid pSV40attPPuro

The SV40 promoter was removed from the plasmid pPUR
(Clontech) as a PvuII and StuI fragment, and inserted into
the EcoICRI (Promega) site of pNEB193 (New England Bio-
labs) by blunt end ligation to generate the plasmid
pNEB193SV40. The 282 bp recombination acceptor site
attP was PCR amplified from lambda phage DNA template
(cI857 ind 1 Sam 7) using the attP primer set (see Supplemen-
tary Material, Primer Table.pdf). The amplified fragment was
then gel-purified and blunt end cloned into SmaI linearized
pNEB193SV40 to yield the plasmid p193SV40attP (sense).
The attP sense orientation was identified by the presence of the
unique NdeI site 25 bp from the 50 end of the attP site. The
puromycin resistance gene was removed from the plasmid
pPUR (Clontech) with AgeI and BamHI, 50-overhangs were
filled in with Klenow polymerase and it was cloned into the
filled-in AscI site of the p193SV40attP (sense) plasmid to
generate pSV40attPPuro.

ATVs

To test whether engineered plasmids can be introduced site-
specifically onto the Platform ACE, two types of targeting
vectors were generated, pBLAS-GFP and pZeo-EPO
(Figure 1). To generate the cHS4-core tandem arrays,
which are part of these vectors, the 1.2 kb cHS4 region was
first amplified from DNA extracted from the chicken bursal
lymphoma cell line, DT40, with cHS4 primer set, which in
turn was used as the template for the amplification of the
237 bp cHS4-core element using the cHS4-core primer set

(see Supplementary Material, Primer Table.pdf). The cHS4-
core DNA fragments were ligated to generate arrays, which
were then cloned, and a DNA sequence encoding six tandem
cHS4-core elements was used in subsequent constructions.

pBLAS-GFP (Figure 1A) encodes humanized Renilla green
fluorescent protein (hrGFP, Stratagene) expressed from the
CX promoter (taken from pCX-EGFP) with the rabbit b-globin
poly(A) signal (from pCX-EGFP), all of which are flanked on
either side with a tandem array of six cHS4 core elements (31).
The vector encodes a promoterless blasticidin resistance gene
(BACPAC Resource Center, Children’s Hospital Oakland
Research Institute, Oakland, CA) with a SV40 poly(A) signal
cloned just downstream of the attB site, which was recon-
structed by annealing the attB primer set (see Supplementary
Material, Primer Table.pdf). A 96 bp XbaI–EcoRI deletion

Figure 1. ATVs. Schematic of the ATVs used to load genes of interest onto the
Platform ACE. Both vectors encode a gene of interest cloned between a CX
promoter and the rabbit b-globin poly(A) signal, with these three elements
flanked on both sides by six tandem copies of the chicken b-globin cHS4-
core elements. Also encoded in both vectors is an attB recombination donor site
adjacent to a promoterless selectable marker. (See Materials and Methods for
details). In (A), the pBLAS-GFP ATV encodes the humanized hrGFP and the
promoterless blasticidinR genes. The 96 bp deletion at the distal end of the CX
promoter attenuates hrGFP gene expression. In (B), the pZeo-EPO ATV
encodes the huEPO and the promoterless zeomycinR genes.
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was made in the distal portion of the CX promoter (at the
junction of the chicken b-actin promoter and the 30-flanking
rabbit b-globin gene sequence), attenuating hrGFP gene
expression.

For the construction of pZeo-EPO (Figure 1B), the 2.1 kb
genomic erythropoietin (EPO) coding sequence was generated
by PCR from a human placental genomic DNA library
(Clontech) using the EPO primer set (see Supplementary
Material, Primer Table.pdf). The amplified fragment was
cloned downstream of the complete CX promoter and
upstream of the rabbit b-globin poly(A) sequences, flanked
on either side with a tandem array of six cHS4-core elements.
In this construct, there is an attB recognition site adjacent to a
promoterless gene for zeomycin resistance (zeoR, Invitrogen)
with an SV40 poly(A) signal sequence. The zeoR gene
confers resistance to both Zeocin (Invitrogen) and Bleocin
(CalBiochem).

Transfection

For generation of the Platform ACE, LMTK� cells (passage 6)
were seeded into two 6 cm dishes (BD Falcon) at
7.5 · 105 cells per dish. Calcium phosphate transfection
was carried out 1 day after seeding as described previously
(17), with a mixture of 18 mg of cosmid pFK161 (encoding an
8.2 kb murine rDNA sequence) (17) and 2 mg pSV40attPPuro,
linearized with the restriction endonucleases ClaI and ScaI,
respectively. After 24 h, the transfected cells underwent a
glycerol shock treatment, and then were split into 15 cm dishes
(one 6 cm dish into three 15 cm dishes) as described above.
Three days later, when the cells were �70% confluent, the
culture medium was replaced with selection medium, consist-
ing of complete LMTK� medium plus 5 mg/ml puromycin.
Selection medium was changed three times a week. Forty-
eight puromycin-resistant colonies were ring cloned from
the dishes and transferred to individual wells of 24-well tissue
culture dishes (BD Falcon). When cells in the wells neared
confluence, they were harvested using trypsin treatment and
each clonal cell suspension was distributed between three
equivalent wells on three separate 24-well plates. Clones
from one set of plates were analyzed by fluorescent in situ
hybridization (FISH) (see below), while clones in the
remaining replicate plates were frozen in situ as per the fol-
lowing procedure: medium was removed from the near con-
fluent wells, the wells rinsed twice with 1 ml aliquots of
trypsin–EDTA and incubated for 3 min at 37�C. Freezing
medium (0.5 ml DMEM, 20% FBS and 10% DMSO) was
then added to the dissociated cells, and the multi-well dishes
were sealed with two sterile CRYOtags (Gordon Technolo-
gies) then transferred to a �80�C freezer. When stored in
this fashion, cells retained viability for up to 3 months
post-freezing. Wells containing candidate clones identified
by FISH were subsequently thawed and expanded for further
characterization.

For targeted integration on the CHR1 Platform ACE,
transfections were carried out as follows. One day prior to
transfection, CHR1 cells were seeded at 3.5 · 105 cells per
well of a 6-well culture dish. On the day of transfection, for
each well transfected, 2.5 mg of ATV and 2.5 mg of ACE
Integrase expression vector were mixed with a 6-fold equiva-
lent of manufacturer’s suggested quantity of ExGen500

(Fermentas) and incubated with cells according to the
manufacturer’s instructions. Each transfected well was subse-
quently expanded to two 15 cm culture dishes 24 h post-trans-
fection. Selection medium containing 3.0 mg/ml blasticidin or
500 mg/ml Zeocin (depending on version of ATV used) was
added the following day (i.e. 48 h post-transfection) and was
changed every 2–3 days subsequently. After 14 days in selec-
tion medium, drug-resistant colonies were harvested via ring
cloning and further expanded for analysis.

For targeted integration onto the ChY1 Platform ACE cell
line, 1 day prior to transfection, the cells were plated at a
density of 0.4 · 106 cells per well of a 6-well culture dish.
Three hours prior to transfection, medium was aspirated and
replaced with serum free medium. For each well transfected,
1 mg of the ATV and 1 mg of ACE Integrase expression vector
were complexed with LipofectAMINE PLUS reagent
(Invitrogen) and the complex was incubated with cells
according to manufacturer’s recommendations. Each trans-
fected well was subsequently expanded to two 15 cm culture
dishes 24 h post-transfection. Selection medium containing
3 mg/ml blasticidin or 90 mg/ml Bleocin (depending on version
of ATV used) was added the following day (i.e. 48 h
post-transfection) and was changed every 2–3 days subse-
quently. After 14 days incubation under selection, drug-
resistant colonies were harvested via cloning ring and further
expanded for analysis.

Transfer of the Platform ACE into CHO-DG44 cells and
CHO-S cells was carried out by a lipid-based transfection
technique essentially as described previously (24,25). ACE
transfer colonies were selected in appropriate growth medium
supplemented with 5 mg/ml puromycin, isolated using cloning
rings, then expanded for analysis and liquid N2 storage.

Flow cytometry

Purification of Platform ACE chromosomes from CHR1 cells
was performed essentially as described (23) except that the
cells were blocked in 1 mg/ml colchicine for 16 h prior to
metaphase chromosome harvest and chromosomes were
stained in 2.5 mg/ml Hoechst 33258 (Sigma) and 50 mg/ml
chromomycin A3 (Sigma), prior to sorting. Platform ACEs
were sorted on a FACSVantage SE flow cytometer (Becton
Dickinson Immunocytometry Systems) equipped with two
Innova 306 lasers (Coherent). The harvested chromosomes
were held in sample-handling assembly during sorting and
the isolated ACEs were held in a sample-collection assembly
during collection. Both assemblies were maintained at 4�C by
the circulation of chilled polyethylene glycol using a RTE-111
Refrigerated Bath Circulator (NESLAB). For analysis of GFP
expression, a flow cytometer based assay was used. Briefly, the
transfected cells were excited by a 488 nm tuned argon laser at
200 mW, and GFP fluorescence was collected through a
500 EFLP filter. The fluorescence level at which cells were
determined to be positive for GFP was set by observing the
histogram of negative control cells (untransfected ChY1 cells),
such that <1% appeared in the positive GFP expression gate.
Cell populations were additionally gated on the basis of side
scatter versus forward scatter to exclude cell debris and aggre-
gates. Single cell subcloning was performed using the Clone-
Cyt Integrated Deposition System option (Becton Dickinson
Immunocytometry Systems).
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PCR and Southern analysis

For the preparation of genomic DNA from small numbers
of cells, the DNAEASY kit (Qiagen) was used. Briefly,
1–2 · 106 cells were harvested and DNA was prepared
according to the manufacturer’s recommendations. For larger
DNA preps (>2 · 106 cells), the FlexiGENE kit (Qiagen) was
used according to the manufacturer’s recommendations.

For PCR analysis of targeted integrations, a 20 ml reaction
mix was set up for each sample consisting of: 1· HotStar Taq
(Qiagen) reaction buffer, 200 mM dNTPs, 0.75 mM forward
and reverse primers, 0.5 U of HotStar Taq and 100 ng of
genomic DNA. PCR was carried out using the following con-
ditions in a PTC200 DNA Engine Thermocycler (MJ
Research): Cycle 1: 95�C for 15 min; Cycles 2–38: 95�C
for 30 s, 60�C for 30 s and 72�C for 75 s; Cycle 39: 72�C
for 10 min. Blasticidin or zeomycin specific primer sets were
used for screening respective clones (see Supplementary
Material, Primer Table.pdf).

For PCR generation of FISH probes, the following 50 ml
reaction mix was used: 1 ng plasmid DNA template, 1· Taq
HotStar buffer (Qiagen); 200 mM each of dATP, dCTP and
dGTP, 130 mM of dTTP, 70 mM biotin-16-UTP or DIG-11-
UTP (Roche Biosciences), 400 nM forward and reverse primers
and 2.5 U of Taq HotStar (Qiagen). PCR was carried out using
the following conditions: Cycle 1: 94�C for 15 min; Cycles
2–30: 94�C for 30 s, 55–60�C for 30 s and 72�C for 30 s;
Cycle 31: 72�C for 10 min. (See Supplementary Material, Pri-
mer Table.pdf, for primer sets used in FISH probe generation.)

PCR generation of the Southern probe for the Chinese
hamster metallothionein-1 gene (chMT-1; GenBank accession
no. D10551) was carried out essentially as described above for
the generation of FISH probes, except that 200 mM of dTTP
was used in place of biotin-16-UTP or DIG-11-UTP. For
chMT-1 primer set details, see Supplementary Material,
Primer Table.pdf.

Southern analysis to determine copy numbers of recombi-
nation acceptor sites was carried out as described previously
(17). Briefly, genomic DNA samples of CHR1, ChY1 or ChC2
Platform ACE containing cell lines (5–10 mg) were digested
with appropriate restriction enzymes and equal amounts of
digested DNA were fractionated using agarose gel electro-
phoresis (0.8–0.9% agarose in TBE). Digested DNA samples
from untransfected cell lines were included as negative con-
trols. To estimate copy number, plasmids containing the
recombination acceptor site were diluted in LMTK� or
CHO genomic DNA to levels equivalent to single or multiple
copies, and then digested, size fractionated along side DNA
from ACE-containing cells. Fractionated DNA was transferred
onto a nylon membrane (HyBond N+, Amersham) according to
the manufacturer’s instructions.

Restriction enzyme fragments of plasmids used for hybri-
dization probes were fractionated on preparative agarose gels,
eluted from gel slices using Qiaex ll resin (Qiagen) and labeled
by cross-linking with alkaline phosphatase (AlkPhos Direct,
Amersham). Hybridization and subsequent stringency washes
were carried out according to manufacturer’s directions.
Hybridization of bound probe was detected by incubating
the membrane with chemiluminescent alkaline phosphatase
substrate (CDPStar, Amersham) and signal was captured by
exposing the membrane to X-ray film (BioMAX Film, Kodak).

To estimate loading variability, membranes were stripped and
re-hybridized with a PCR-generated probe to the hamster
chMT-1 gene.

FISH analysis

Conventional single-color and two-color FISH analysis and
high-resolution FISH were carried out essentially as described
previously (16,32) using PCR-generated probes from pSAT-1
(mouse major satellite DNA repeat probe) (33), pMKC104
(mouse minor satellite DNA repeat probe) (33), pSV40attP-
Puro (attP and SV40attP recombination acceptor site probes)
(see Supplementary Material, Primer Table.pdf) or using nick
translated probes generated from pSV40attPPuro (recombina-
tion acceptor site probe), pFK161 (murine rDNA probe),
pBLAS-GFP (hrGFP probe), and pZeo-EPO (huEPO
probe). In some cases, TSA signal amplification (NEN) was
carried out prior to visualization according to the manufac-
turer’s directions. For detection of telomere sequences, mitotic
spreads were hybridized with a commercially obtained peptide
nucleic acid probe (Dako) according to the manufacturer’s
protocols. Microscopy was performed using a Zeiss Axioplan
2 photomicroscope under epi-fluorescent illumination and
100· oil immersion objective, or an Olympus AH-2 photo-
microscope equipped for epi-fluorescent illumination. Digital
images were acquired using either Quips Genetics Work-
station (Vysis) or Genus workstation (Applied Imaging).

ELISA determination of EPO expression

An enzyme-linked immunosorbent assay (ELISA) to estimate
EPO titer was carried out as follows: EPO capture antibody
(monoclonal mouse anti-human EPO, R&D Systems) was
diluted 1:200 in phosphate-buffered saline (PBS). An aliquot
of 75 ml of diluted capture antibody was added per well of a
96-well ELISA plate (Nunc) and incubated overnight at 4�C.
Coated wells were washed four times with PBST (PBS and
0.15% Tween-20). An aliquot of 300 ml of blocking buffer
(PBS and 1% BSA) was added to each well and incubated for
1 h at 37�C. Blocked wells were then washed four times
with PBST.

Samples consisting of either recombinant huEPO (for stand-
ard curve generation, 250 IU/ml, Roche Diagnostics) or con-
ditioned medium from transfected cell lines were diluted in
growth medium then added to coated wells and incubated for
1 h at 37�C, followed by four washes with PBST. An aliquot of
75 ml of polyclonal rabbit anti-human EPO antibody (R&D
Systems) diluted 1:250 in dilution buffer (PBS +0.5% BSA
and 0.01% Tween-20) was added to each well and incubated
for 1 h at 37�C followed by 4 washes with PBST. An aliquot of
75 ml of alkaline phosphatase conjugated goat anti-rabbit anti-
body (Jackson ImmunoResearch) diluted 1:4000 in dilution
buffer was added to each well and incubated for 1 h at 37�C,
followed by four washes with PBST. An aliquot of 75 ml of
1 mg/ml p-nitrophenylphosphate (Sigma) in substrate buffer
(1 M diethanolamine, 0.5 mM MgCl2, pH 9.8) was added to
each well and incubated in the dark for 15–60 min, at which
point the reactions were stopped by the addition of 100 ml of 3
M NaOH. The optical density (405–490 nm) of sample wells
was determined using a plate reader (Biotek 800), and EPO
concentrations of samples were interpolated from the standard
curve.
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For determination of EPO-specific productivity, EPO-
expressing primary transfectants were plated at a density
of 105 cell/2 ml growth medium (without antibiotic)/well of
6-well culture plates (BD Falcon). For each transfectant at 24,
48, 72 and 96 h post-plating, samples of medium were
harvested from wells for ELISA determination and cells
were harvested from corresponding wells for cell count deter-
mination. The medium was not changed during the course of
the experiment.

Specific productivity (Qp) was determined for each time
interval according to the following formula

QP =
Total EPOIUt2 � Total EPOIUt1½ �

Mean cell numbert1!t2½ � · Elapsed time in dayst1!t2½ � :

The specific productivity over the entire 4 days was deter-
mined from the average of the four intervals. The units of
Qp are IU/106 cells*day, where 1 IU equals 0.01 mg of recom-
binant EPO.

Implantation of NOD-scid mice with EPO-secreting
cell lines

NOD-scid mice (NOD.CB17-Prkdcscid/J, Jackson Laboratory)
were treated according to the protocols approved by the
University of British Columbia Animal Use Committee.
Mice were subcutaneously injected in the right dorsal area
with 0.4 ml PBS containing either 5 · 106 Y1F5 cells or 1,
5 or 10 · 106 14-1-36P cells (see Table 1). Mice were eutha-
nized at the end of the experiment. Blood samples were
collected via the saphenous vein (34) or from the tail vein.
At any given time, �200 ml of blood was sampled. Mice
were sampled twice (7 days apart) before implantation and
sampled two times every 7 days post-implantation. Two micro-
capillary tubes (100 ml) were filled with blood, sealed and
centrifuged for 5 min in a Micro-Hematocrit Centrifuge
(Model DSC-030MH, Unico). The hematocrits were deter-
mined by using a hematocrit reader provided by the manufac-
turer. Data are presented as the mean hematocrits for each set
of mice. The paired two-sample means t-test (two-tailed,
unequal variance) was used to determine the probability
(P-value) that the sample means were equal. The means
were considered significantly different if the P � 0.05.
Statistical analyses were carried out with Microsoft EXCEL
version 2000.

RESULTS

ACEs are generated by the SATAC process, i.e. amplification-
induced centromere formation, and have been shown to be
non-integrating and fully functional chromosomes that are
maintained stably, side by side with host cell chromosomes
(32). Because of the unique base composition afforded by their
heterochromatic nature, ACEs can easily be purified to virtual
homogeneity by dual laser high-speed flow cytometry (23) and
can be readily transferred to a number of heterologous cell
lines (24–26). Moreover, due to the known paucity of genes
within the pericentric heterochromatin comprising the ACE,
introduction of the ACE into foreign cells or organisms should
not result in altered gene dosages. Preliminary demonstration
of the safety and stability of ACEs has been provided by the

generation of ACE-transgenic mouse lines, where the ACE
was transmitted to multiple offspring over a number of gen-
erations without any apparent phenotypic changes or adverse
events (27,29).

In order to expand the utility and usability of ACEs, a new
version was envisaged, one that would retain the desirable
characteristics described above but would also provide a plat-
form for the simple, reproducible and specific introduction of
genes of interest along with all elements required for their
control and optimized expression. This second-generation
ACE is referred to as the Platform ACE and is part of a system
(the ACE System), components of which are described in
Figure 2. These components include: the Platform ACE con-
taining multiple attP (35,36) recombination acceptor sites
(Figure 2A); a modified DNA integrase derived from lambda
integrase (37), termed herein as ACE Integrase, which can
catalyze the site-specific integration of genes of interest
onto the Platform ACE (Figure 2B); and an ATV, which serves
to shuttle genes of interest onto the Platform ACE in a site-
specific manner (Figure 2C). As can be seen by the config-
uration of the Platform ACE acceptor sites and ATV donor
sites, the system is designed to allow for a strong selection of
targeted clones. The Platform ACE attP acceptor site is inter-
posed between the SV40 promoter and coding sequence of the
puromycin resistance (puroR) gene, only marginally attenuat-
ing the expression of the puroR gene (data not shown) and
permitting the use of puromycin resistance to select cell lines
during initial generation of the Platform ACE and for ACE
transfer protocols (see below). If the promoterless secondary
drug-selectable marker on the ATV (zeoR, blastR or hygroR)
integrates correctly via recombination between attB and attP
sites, it will become activated by virtue of its integrated posi-
tion downstream of the acceptor site’s SV40 promoter. This is
illustrated in Figure 2D, which shows a schematic representa-
tion of an integration site on a Platform ACE into which a gene
of interest has been inserted. Thus, one can enrich for the
correctly targeted event using the secondary drug selection
system.

Generation of the platform ACE

The amplification process that is central to the formation of an
ACE (22) implies that multiple copies of recombination accep-
tor sites would be created on a Platform ACE. Full utilization
of these multiple sites required a specific and vectorial method
of gene insertion, catalyzed by a DNA recombinase that would
permit sequential insertion, but not excision of genes in the
available sites of a Platform ACE. One such enzyme, lambda
integrase, catalyses recombination between distinct attP and
attB target sequences found in phage and bacterial DNA,
respectively, resulting in the integration of the phage into
the bacterial genome, now flanked by distinct attR and attL
sites. This reaction additionally requires the interaction of
specific host-derived factors with attP to allow the integration
reaction to proceed. Of note is that attR and attL sites are not
themselves appropriate targets for further integrative reactions
with attP or attB sequences. While lambda integrase can cat-
alyze recombination between attR and attL sites, resulting in
excision of the intervening phage sequence, this latter reaction
cannot proceed without interaction of a unique phage-encoded
accessory factor, Xis (37). This inherent asymmetry of action
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afforded by the lambda integrase and associated attB/attP
recombination provides the basis for the novel site-specific
integration system used to introduce genes of interest onto
a Platform ACE (described more fully below).

The Platform ACE was generated as described in Materials
and Methods and according to the previously described
protocols (16–22). Briefly, 48 puromycin-resistant clones were
screened by FISH to identify those that had undergone the
large-scale amplification that entails the first step in ACE
formation. One clone, B5-19, while heterogeneous, was
found to contain a small ACE-like chromosome in 24% of
spreads examined, as well as a smaller number of dicentric
chromosomes containing a highly amplified segment between

centromeres (data not shown). In order to obtain a more homo-
geneous clone, single cell subcloning by flow cytometry was
carried out on B5-19 cells. Of the 117 single cell subclones
examined by FISH, only one, CHR1, was found to contain the
ACE in most of the spreads examined (>90%).

In order to determine the number of recombination acceptor
sites present on the CHR1 ACE, Southern-blot analysis was
carried out on genomic DNA isolated from the CHR1 cell line.
As can be seen in Figure 2E, there are 50–100 copies of the
acceptor site on the ACE, confirming the highly amplified
structure revealed by FISH. An extensive analysis of the
CHR1 ACE is shown in Figure 3. As can be seen in the various
FISH images the ACE is acrocentric, with mouse major

Figure 2. Components of the Platform ACE System. (A) Platform ACE is a murine artificial chromosome pre-engineered to contain multiple recombination acceptor
attP sites. (B) ACE Integrase is based on the enzyme lambda integrase, which has been modified as described in the text. The modification renders the integrase
functionally independent of bacterial host cell factors and capable of operating in a mammalian context. In the Platform ACE system, an ACE Integrase expression
vector is co-transfected with a targeting vector (see below) into a cell line harboring the Platform ACE. The transiently expressed ACE Integrase then catalyses the
integration of the targeting vector onto the Platform ACE. (C) The ATV is a plasmid-based shuttle vector that conveys a gene(s) of interest onto the Platform ACE by
means of targeted recombination between the recombination acceptor attP sites present on the Platform ACE and the recombination donor attB site of the ATV,
catalyzed by the ACE Integrase. The presence of a promoterless antibiotic resistance gene downstream of the attB donor site allows for selection of targeted
integration events. (D) A representation of a ‘loaded’ recombination acceptor site on the Platform ACE. Note that the targeted integration of the targeting vector has
resulted in the activation of the promoterless antibiotic resistance gene by virtue of its in frame insertion downstream of the SV40 promoter present in the ACE
acceptor site. (E) Southern-blot analysis of Platform ACE. Genomic DNA was hybridized with a labeled probe encoding the SV40 promoter and attP site. Lanes 1–3:
copy number controls: 50 copies (lane 1), 100 copies (lane 2), 250 copies (lane 3); LMTK� negative control (without ACE, Lane 4) and CHR1 cell line (containing
Platform ACE, Lane 5). See Materials and Methods for details.
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satellite sequences, a marker for pericentric heterochromatin,
predominantly localized to centromeric regions (Figure 3A
and C). Mouse minor satellite sequences, related to the
human centromeric alphoid satellite DNA (33), are also
found on the ACE and localized to the centromeric region
(Figure 3F). The recombination acceptor sites (pSV40attP-
Puro) are localized in the long arms of the chromosome
and appear to be highly amplified (Figure 3A, E and F);
high-resolution FISH analysis on partially decondensed
ACE metaphase chromosomes reveals three to four large
blocks of hybridizing sequences corresponding to the recom-
bination acceptor sites (Figure 3E). The rDNA sequences of
cosmid pFK161 co-localize with the acceptor sites in
the chromosome arms (Figure 3E), consistent with their
co-integration and subsequent co-amplification during genera-
tion of the ACE. High-resolution FISH analysis confirms the
co-localization of most rDNA sequences and recombination
acceptor sites on the long arms but also reveals some regions
of rDNA and recombination acceptor sites that are not co-
localized (Figure 3E). Both short and long arms of the
ACE have also maintained and/or acquired telomeres at
their distal tips (Figure 3D). Taken together, these data indi-
cate that in addition to the multiple recombination acceptor
sites, the CHR1 ACE contains the basic functional constituents
of a typical mammalian chromosome: a centromere embedded
in pericentric heterochromatin and telomeric sequences, which

protect the chromosome ends. Thus, the CHR1 ACE was
selected as a candidate Platform ACE.

Generation and testing of the ACE integrase

As described above, in its normal context the lambda integrase
requires bacterial host cell encoded factors that are thought to
assist the formation of the ternary complex between the
lambda integrase, the lambda phage attP recombination
donor site and the bacterial genome’s attB recombination
acceptor site (37). For such a system to operate in a mamma-
lian context, the requirement for host cell factors must be
overcome. It has been shown that mutation of the glutamine
residue at position 174 of the lambda integrase (Int) gene to
lysine (Int-H mutant) removes the requirement for host factors
not only in bacterial recombination (38,39) but also in
mammalian cells (40–42). A mutant lambda integrase was
generated with a similar Int mutation, E174R, and is hence-
forth referred to as the ACE Integrase. The gene encoding the
ACE Integrase was subcloned into a mammalian expression
vector, producing pCXLamIntR. Anticipating that increasing
the transcription efficiency would increase the ACE Integrase
expression in mammalian cells, the pCXLamIntR plasmid was
modified by the substitution of an optimized mammalian
Kozak sequence (43,44), generating pCXLamIntROK, as
described in Materials and Methods.

Figure 3. FISH analyses of CHR1 Platform ACE Cell Line. Mitotic spreads of the CHR1 Platform ACE cell line (derived from murine LMTK� cells). The arrows
indicate single Platform ACEs. (A) Mixture of probes: biotin-labeled attP (FITC signal) PCR amplimer and DIG-labeled mouse major satellite DNA repeat PCR
amplimer (rhodamine signal). attP labeling was further enhanced by TSA treatment. (B) Probe is a biotin-labeled SV40attP PCR amplimer (FITC signal). (C) Mixture
of probes: biotin-labeled pFK161 (rDNA; FITC signal) was generated by nick translation and DIG-labeled mouse major satellite DNA repeat (rhodamine signal) PCR
amplimer. (D) Mixture of probes: a biotin-labeled telomere peptide nucleic acid probe (FITC signal), commercially prepared (Dako) and DIG-labeled
pSV40attPPuro (rhodamine signal) generated by nick translation. Note that telomere probe signal is apparent at the ends of both short and long arms of the
Platform ACE. (E) Mixture of probes: biotin-labeled pSV40attPPuro probe (FITC signal) and a DIG-labeled pFK161 (rDNA DNA fragment) probe (rhodamine
signal), both probes were generated by nick translation. High-resolution FISH performed on spreads obtained from nuclei treated with Hoechst dye to allow for partial
de-condensation of metaphase chromosomes. Note that while both probes label the long arm of the Platform ACE selectively they are not entirely coincident in all
regions. (F) Mixture of probes: biotin-labeled mouse minor satellite DNA repeat (FITC signal) PCR amplimer and a DIG-labeled pSV40attPpuro probe (rhodamine
signal) generated by nick translation.
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In order to test the ability of the ACE Integrase to catalyze
site-specific integration of attB sequences into the attP sites
of the Platform ACE, the following experiment was carried
out (see Supplementary Material, Specificity of ACE
Integrase.pdf). Targeting vectors were constructed, which con-
tain a promoterless blastR gene downstream of an attB site
either in sense orientation (pattBBSR) or antisense orientation
(pBSRattB). Each was co-transfected into the CHR1 cell line
with either the pCXLamIntWT (wild-type lambda integrase)
or the pCXLamIntR (ACE Integrase) expression vector. As
expected, the only targeting vector to produce appreciable
quantities of blasticidin-resistant colonies was pattBBSR,
since only the orientation with blastR gene 30 of the attB
sequence could be inserted in the correct orientation down-
stream of the SV40 promoter to allow for drug selection. In
addition, only the ACE Integrase proved efficient at catalyzing
this integrative event, suggesting that ACE Integrase could
function autonomously in a mammalian context, as has
been reported for Int-H and other similar mutants (40–42).
To verify the genotype of the blasticidin-resistant colonies,
21 were selected for genomic DNA analysis by PCR using
primer pairs that would amplify across the attR junction
formed by a targeted integration. All of the colonies gave
rise to a PCR amplified product of 961 bp, the size predicted
for the fragment spanning the attR junction. Additionally,
sequence analysis of all the 21 PCR products corresponded
exactly to that expected for targeted integration (data not
shown). Southern-blot analysis of blasticidin-resistant clones
confirmed the presence of the unique junction fragment encod-
ing the attR junction as well as lack of other random integra-
tion events in the clones analyzed. The Southern-blot analysis
data also demonstrate that it is possible to integrate multiple
copies of the targeting vector in a single round of targeting,
since clones containing 1–15 copies were obtained. Taken
together, these data demonstrate that the ACE Integrase cat-
alyzes site-specific integrations of an attB-containing targeting
vector into the attP sites located on the Platform ACE in the
context of a LMTK� cell line. While it is possible that func-
tionally analogous mammalian nuclear factors can substitute
for bacterial host-derived factors, the observation that wild-
type integrase does not catalyze significant levels of site spe-
cific integration in the LMTK� background argues against this
likelihood. These data also demonstrate the ability of the ACE
Integrase to catalyze intermolecular recombinations where at
least one target sequence is embedded in chromatin. In this
latter respect the ACE Integrase resembles the phiC3I phage
integrase, which has also been shown to catalyze intermole-
cular recombination in a mammalian context (45,46).

It has been shown that the Int-H mutant, unlike the wild-
type lambda integrase, has the capacity to catalyze excisive
recombination reactions, i.e. recombination between attR and
attL sites, in the absence of host cell factors in a bacterial
context (39). In the mammalian context, Int-H has been shown
to efficiently catalyze excisive recombination between targets
on episomally maintained plasmids, however, excisive recom-
bination between attL and attR sites integrated on a mamma-
lian chromosome was barely detectable (40–42). In light of the
similarity with Int-H, the possibility that ACE Integrase can
catalyze excisive events on episomes maintained in mamma-
lian cells cannot be currently eliminated. By the same token,
however, it is likely that ACE Integrase shares the Int-H

mutant’s preference for attB/attP over attR/attL targets
when embedded in chromatin. The ACE Integrase preference
for integrative recombination is further demonstrated by the
double loading experiments described below.

Transfer of Platform ACE from CHR1 LMTK� cells
to a CHO cell background

In order to exploit the Platform ACE for high-level expression
of secreted proteins, it would be advantageous to maintain the
ACE in a cellular context that supports high-level expression,
such as CHO cells. While it is technically feasible to generate
an ACE in CHO cells (Gy. Hadlaczky, unpublished results), a
more efficient approach would be to transfer the pre-existing
Platform ACE from the CHR1 cell line to a CHO cell line.
Accordingly, the CHR1 Platform ACE was purified by high-
speed flow cytometry (Figure 4A) and subsequently
transferred to CHO-DG44 [dihydrofolate reductase (DHFR)
deficient] and CHO-S (wild-type DHFR) cells using commer-
cially available cationic lipid reagents as described previously
(24–26). Puromycin-resistant CHO-DG44 or CHO-S colonies
were expanded and metaphase nuclei prepared for FISH ana-
lysis (Figure 4B, data not shown). Cell lines analyzed from
both sets of transfers reveal intact Platform ACEs as confirmed
by the presence of the mouse major satellite sequences and
murine rDNA sequences on a small acrocentric chromosome.
Note as well that there are no translocations of the Platform
ACE onto the host hamster chromosomes. The extensive
regions of co-amplified rDNA hybridization (Figure 4B) are
reminiscent of those seen on the CHR1 Platform ACE
(Figure 3), indicating that these sequences were maintained
in the transferred Platform ACE. Southern-blot analysis of
genomic DNA from CHR1 and one derived clone each of
DG44 and CHO-S (the latter two referred to as ChY1 and
ChC2, respectively, Figure 4C) indicates that the copy num-
bers of the attP sites on the Platform ACE in all three cell lines
remain relatively constant, providing further evidence that the
process of transfer does not perturb the structure of the Plat-
form ACE. FISH analysis further demonstrates that the ChY1
Platform ACE (See Supplementary Material, FISH Analysis of
ChY1.pdf) contains an amplified region of SV40 attP-Puro
sequences in the chromosome arms and mouse minor sequences
associated with the centromeric regions as was observed for the
CHR1 Platform ACE (Figure 3). Thus, the Platform ACE
appeared to maintain its overall acrocentric architecture and
integrity as well as its major DNA constituents subsequent to
its transfer into the CHO background. Similar results were
obtained for the ChC2 Platform ACE (data not shown).

In order to assess the stability of the Platform ACE in the
CHO background, the Platform ACE containing cell lines
ChY1 and CHR1 were maintained in continuous culture for
extended periods of time. At specific intervals, metaphase
chromosomes of both lines were prepared and examined for
the presence of intact Platform ACEs. As can be seen in
Figure 5, the Platform ACE was maintained in >90% of the
CHR1 cells for at least 2 months and in the ChY1 cell line up to
4 months. Puromycin selection was not required for mainte-
nance of the Platform ACE, as similar percentages of Platform
ACE persistence were observed for both CHR1 and ChY1
cells in the presence or absence of antibiotic. These results
confirm that the murine chromosome-derived Platform ACE is
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fully functional as a chromosome in its own right, even in a
heterologous cellular context (i.e. after transfer to cells derived
from a different species).

Single and double loading of the ACE in CHO cells

The transfer of the Platform ACE to CHO cells, a cell
line commonly used for the expression and production of
heterologous secreted proteins, allows for the use of the
ACE in a protein expression context. To test the utility of
the ChY1 Platform ACE cell line and its ability to support
targeted integration via the system described above, an ATV,
pBLAS-GFP (Figure 1A), was constructed to insert a GFP

expression cassette consisting of a CX promoter linked to
the hrGFP coding sequence, onto the Platform ACE. In
order to mitigate against the known repressive effect of het-
erochromatin on gene expression, the entire hrGFP transcrip-
tion unit was flanked with six head-to-tail repeats of a segment
of the chicken b-globin LCR hypersensitive site 4 (cHS4),
which had been shown to act as a chromatin domain boundary
element (31). As before, a promoterless blastR gene enables
the detection of targeted events by incubating the transfected
cells in blasticidin-supplemented media. Moreover, the inser-
tion event would result in the generation of novel flanking attR
and attL sites, which could be screened by PCR to detect
targeted integration. In the experiment described in
Figure 6A–C, 9 of the 11 blasticidin-resistant clones were
found to be GFP positive and, when analyzed by PCR,
found to contain the expected attR junction (Figure 6A).
One primary transfectant from this experiment, Y1F5, was
chosen for further investigation. As can be seen in Figure
6B, virtually all the cells of the Y1F5 transfectant (97%)
expressed GFP and at a level which allowed for visual detec-
tion under the fluorescence microscope as well as by flow
cytometry. When metaphase spreads of Y1F5 cells were
analyzed by FISH using probes directed against both mouse
major satellite and the pBLAS-GFP (Figure 6C), the integrity
of the Platform ACE was clearly maintained, and ATV
integrations could only be detected on the Platform ACE
(i.e. no integrations of the ATV could be detected on host
CHO chromosomes).

Southern-blot analyses suggest that in a typical targeting
reaction, <30% of the available recombination donor sites
were occupied by inserted genes (data not shown). In order
to test the feasibility of incorporating additional genes onto

Figure 4. Transfer of the Platform ACE into heterologous cell lines. (A) Flow
karyogram of metaphase chromosomes isolated from CHR1 cells and treated
with Hoechst 33258 and chromomycin A3 dyes as described in Materials and
Methods. The region circled and highlighted in red consists predominantly of
the Platform ACE. (B) FISH analysis of the ChY1 cell line. The purified
Platform ACE was transferred to CHO-DG44 cells and the resultant
puromycin-resistant clone ChY1 was characterized by FISH. Metaphase
chromosome spreads were prepared as described and hybridized with a
mixture of DIG-labeled mouse major satellite repeat probe (rhodamine)
PCR amplimer and biotin-labeled pFK161 probe (rDNA, FITC) generated
by nick translation. (C) Southern-blot analysis of ChY1 and ChC2 Platform
ACE cell lines. Genomic DNA samples from wildtype cell lines LMTK�,
CHO-DG44 and CHO-S, as well as the corresponding Platform ACE cell
lines CHR1, ChY1 and ChC2 were digested with NcoI and were
fractionated on a 1% agarose gel. These were run along side varying
dilutions of NcoI-digested pSV40attPPuro DNA so as to allow for
determination of copy number. The fractionated DNA was transferred to
nylon membrane by capillary blotting and the resultant membrane was
hybridized with a labeled attP probe fragment (upper autoradiograph), then
stripped and reprobed with a PCR-labeled hamster metallothionein-1 gene
fragment (lower autoradiograph). Lane 1–4: copy number controls; 5 copies
(lane 1), 10 copies (lane 2), 25 copies (lane 3), 50 copies (lane 4). Lane 5: empty.
Lanes 6–11: cell line DNA; LMTK� (lane 6), CHR1 (lane 7), CHO-DG44
(lane 8), ChY1 (lane 9), CHO-S (lane 10), ChC2 (lane 11). The attP probe
hybridizes to the expected 1.1 kb band in the CHR1, ChY1 and ChC2 DNA
samples (upper). The hamster metallothionein-1 gene (chMT-1) probe detects
the single copy gene and is used as a loading control for the CHO samples (lanes
8–11, lower panel). The hamster metallothionein-1 gene probe does not
hybridize to the murine LMTK� derived samples, hence the absence of
signal in lanes 6 and 7 (lower). Lanes 6, 8 and 10 are derived from the
parental cell lines; lanes 7, 9 and 11 are cell lines derived after Platform
ACE transfer. Note that the ChC2 sample (lane 11) is overloaded when
compared with the other samples.
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unoccupied sites of a previously targeted Platform ACE, a
second ATV was generated, pZeo-EPO (Figure 1B), designed
to insert a human erythropoietin (huEPO) gene. This vector
was similar in design to pBLAS-GFP, except for the genetic
payload (huEPO) and selectable marker (in this case zeoR,
which confers resistance to Zeocin and Bleocin). After
co-transfection with pCXLamIntROK into Y1F5 cells, 24
Bleocin-resistant colonies were obtained. Out of these 24 colo-
nies, 20 were found to contain the expected 697 bp PCR
fragment indicative of the attR junction (Figure 6D) and all
retained GFP fluorescence. One double-loaded transfectant
cell line, 14-1-36P, was expanded and analyzed for GFP
expression by fluorescent cell cytometry and for ACE structure
by FISH using probes directed against mouse major satellite
and pZeo-EPO. As can be seen in Figure 6E, >98% of 14-1-
36P cells expressed GFP, with a fluorescent intensity similar to
that observed for the parental cells (Figure 6B). As was the
case for the GFP targeting, the integrity of the 14-1-36P ACE
was unaffected by the second round of targeting and huEPO–
DNA integrations could only be detected on the Platform ACE
(Figure 6F).

EPO expression from primary transfectants was determined
by ELISA of conditioned medium at the 96-well stage. Those
transfectants that expressed at the highest levels were
expanded and specific productivity of EPO secretion was
determined as described in Materials and Methods. Specific
productivities for four of nine assayed transfectants were
>400 IU/106 cells*day (Figure 6G), which compares well
with the EPO levels obtained from cell lines generated via
conventional methods that rely on multiple rounds of gene

amplification (47). Moreover, these determinations were per-
formed on cells maintained in static adherent culture under
low-density growth conditions. No attempts were made to
optimize expression levels by adapting cells into high-density
suspension growth or by selecting higher expressers by single
cell subcloning. These results demonstrate that the Platform
ACE will support high levels of gene expression and that the
multiple acceptor sites on the Platform ACE are amenable to
multiple rounds of gene loading. As subsequent rounds of
loading do not appear to alter the expression of genes
integrated in prior rounds, double loading can be envisioned
as a method for either modifying an existing Platform ACE to
express a new product in addition to the original one, or as a
method to augment the copy number of the original targeted
gene.

In vivo expression of ACE-derived recombinant
human EPO

To demonstrate the feasibility of using the ACE System to
deliver prospective genes for gene-based cell therapy applica-
tions, the following experiment was performed. NOD-scid
mice were engrafted with either Y1F5 or 14-1-36P cells
and maintained for a period of 3 weeks, during which hema-
tocrits were monitored weekly. As can be seen from Table 1,
mice engrafted with 14-1-36P cells showed significantly ele-
vated peak hematocrit levels relative to those observed with
engrafted Y1F5 control cells, strongly indicating that the effect
observed in these mice was due to the systemic action of
huEPO expressed from the grafts.

DISCUSSION

The ACE System, consisting of a Platform ATVs and ACE
Integrase, was developed as a modular platform that would
enable a wide-ranging variety of new phenotypes to be intro-
duced into individual eukaryotic cells or multi-cellular organ-
isms, essentially permitting the biological ‘re-engineering’ of
said organism. The ability of the ACE System to engender
such changes lies primarily in the flexibility of the Platform
ACE artificial chromosome, into which multiple genes of
interest can be specifically introduced by the concerted action
of specially designed ATVs and ACE Integrase. The proper-
ties of the ACE Integrase allow for multiple copies of a single
gene or several genes to be transferred onto the Platform ACE,
in a chromosomal environment conducive to reproducible
gene expression. Once so modified by introduction of hetero-
logous genetic material, the Platform ACE can be easily
purified and efficiently transferred into numerous cell types
without species restriction. When transferred into hetero-
logous lines, the Platform ACE is stably maintained side by

Figure 5. Stability of Platform ACE in LMTK� and CHO backgrounds. CHR1
and ChY1 cell lines were maintained in continuous culture for extended periods
of time (up to 60 days for CHR1 cells and 140 days for ChY1 cells), both in the
presence (open square, ChY1; closed diamond-CHR1) or absence (closed
square, ChY1; open diamond, CHR1) of puromycin. At intermediate times,
metaphase nuclei were prepared from each line and subsequently analyzed by
FISH. At least 100 metaphase spreads of each line were scored for intact
Platform ACEs at each of the times indicated. (FISH analyses were not
determined for all cell lines at all time points.)

Table 1. In vivo biological responses in NOD-scid mice with ACE-modified

CHO cells

Cell line
engrafted

HuEPO
secretion
(IU/106 cells*day)

No. of cells
engrafted

Peak
hematocrits
(%)

n P-value

Y1F5 0 5 · 106 49.2 – 1.5 3 —
14-1-36P 595 1 · 106 70.2 – 4.3 3 0.015

5 · 106 69.2 – 3.1 3 0.002
10 · 106 71.7 – 3.5 3 0.002
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side with host chromosomes and its genetic payload can be
exploited according to the application.

Of note is that the ACE System also provides the first
example of an intermolecular recombination catalyzed by

bacteriophage lambda integrase expressed in mammalian
cells. Previously, it has been shown that engineered
bacteriophage lambda integrases can catalyze intramolecular
recombination between transfected plasmid substrates and

Figure 6. Targeted integration of hrGFP onto Platform ACE. ATV pBLAS-GFP was co-transfected with the ACE Integrase expression vector pCXlamIntROK
into ChY1 cells. Correct integration of the pBLAS-GFP into the Platform ACE acceptor site(s) would result in activation of the blastR gene. Transfected cells were
placed in selective medium (blasticidin supplemented) and drug-resistant colonies were analyzed as described below (panels A–C). A huEPO ATV, pZeo-EPO was
co-transfected with the ACE Integrase expression vector pCXlamIntROK into the Y1F5 clone, obtained from the above transfection. Correct integration of pZeo-
EPO into the Platform ACE acceptor site(s) would result in activation of the zeoR gene. Transfected cells were placed in selective medium (Bleocin supplemented)
and drug-resistant colonies were analyzed as described below (panels D–G). (A) DNA was prepared from blasticidin-resistant clones and analyzed by PCR for the
presence of an attR site, indicative of targeted integration of the pBLAS-GFP onto the attP acceptor site(s) of the Platform ACE. The blasticidin primers (See
Supplementary Material, Primer Table.pdf) will amplify a 961 bp fragment spanning the attR junction of a targeted integration. PCR reactions were analyzed by
agarose gel electrophoresis: Analyzed clones (lanes 1–10), ChY1 negative control (lane 11), positive control (lane 12). On the basis of positive PCR signal, 9 out of the
10 clones analyzed had undergone targeted integration of the pBLAS-GFP ATV onto the Platform ACE. Clone Y1F5 (lane 9) was selected for double loading. (B)
Clone Y1F5 (panel A, lane 9) was harvested and analyzed by flow cytometry for GFP fluorescence as described in Materials and Methods. As can be seen, 98% of
cells are expressing GFP. (C) Metaphase chromosome spreads prepared from Clone Y1F5 were hybridized with a mixture of DIG-labeled mouse major satellite DNA
repeat PCR amplimer probe (rhodamine) and biotin-labeled hrGFP targeting vector, pBLAS-GFP, (FITC) generated by nick translation. Note that the Platform ACE
is labeled with both probes and, by contrast, neither probe labeled the native CHO chromosomes. (D) DNA was prepared from Bleocin-resistant clones and analyzed
by PCR for the presence of an attR site, indicative of targeted integration of the pZeo-EPO onto the attP acceptor site(s) of the Platform ACE. The zeomycin primers
(see Supplementary Material, Primer Table.pdf) will amplify a 697 bp fragment spanning the attR junction of a targeted integration event. PCR reactions were
analyzed by agarose gel electrophoresis: Analyzed clones (lanes 1–24), positive control (lane 25), negative control (lane 26). On the basis of positive PCR signal,
20 out of 24 clones analyzed had undergone targeted integration of the pZeo-EPO ATV onto the Platform ACE. Clone 14-1-36P (lane 16) was selected for further
analysis. (E) Clone 14-1-36P (panel D, lane 16) was harvested and analyzed by flow cytometry for GFP fluorescence as described in Materials and Methods. As can be
seen, after a second round of gene loading >98% of cells still expressed GFP. (F) Metaphase chromosome spreads prepared from Clone 14-1-36P were hybridized
with a mixture of DIG-labeled mouse major satellite repeat probe (rhodamine) PCR amplimer and biotin-labeled huEPO targeting vector, pZeo-EPO, (FITC)
generated by nick translation. Note that the Platform ACE is labeled with both probes and, by contrast, neither probe labeled the native CHO chromosomes. (G) The
mean huEPO productivity was determined for selected clones as described in Materials and Methods.
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between appropriate DNA sequences (attB/attP and attR/attL)
flanking drug-resistant marker genes within the chromosomes
of gene targeted mouse embryonic stems cells (40–42). The
results from the present study demonstrate that the ACE Inte-
grase (lIntR mutant lambda integrase) can efficiently promote
intermolecular recombination between a donor vector (ATV)
and the Platform ACE chromosome residing in a cell.
While other members of the tyrosine family of recombinases,
such as Cre and FLP, and the serine integrase fC31 have
been used to promote intermolecular recombination (48),
the ACE Integrase provides a useful alternative to the current
repertoire of recombinases applicable to mammalian cell
engineering.

A key component of the ACE System, the Platform ACE
chromosome, was generated by induced amplification of
pericentric heterochromatic regions of an existing mouse
chromosome, resulting in transient formation of a dicentric
chromosome, followed by breakage to yield a smaller frag-
ment that was stably maintained by the host cell (16–22).
Consistent with its mode of generation, the Platform ACE
was found to contain amplified regions of mouse major satel-
lite DNA, a marker for pericentric heterochromatin (33) as
well as mouse minor satellite DNA, a marker for centromeric
regions in all mouse chromosomes except Y (49). While the
function of mouse minor satellite may not be well understood
(49–51), its presence and restricted localization proximal to
the mouse major repeats and primary constriction on the
Platform ACE are reflective of normal chromosome structure
and function. Indeed, artificial chromosomes generated by the
SATAC process have been used to generate healthy transgenic
founder mice and several generations of healthy transgenic
offspring (27,29), suggesting that altered gene dosage and/
or deregulated expression of co-amplified genes is not an
inherent property of ACE artificial chromosomes, and attest-
ing to their functionality and stability. Platform ACEs were
also stably maintained in >90% of spreads from both the
LMTK� derived CHR1 cell line over at least 60 population
doublings, and the CHO-derived ChY1 cell line over more
than 120 population doublings, with or without antibiotic
selection. These data confirm that the Platform ACE retained
full chromosomal functionality and was able to replicate and
segregate accurately among daughter cells, even after transfer
between species (24–26).

The ACE System relies on a flexible engineering approach
whereby a Platform ACE is generated and engineered to con-
tain pre-existing recombination acceptor sites for targeted
insertion of heterologous genes. Although the targeted
approach to introducing genes of interest onto a MAC
equipped with a single loxP site has already been demonstrated
in the literature (52–55), the ACE System has further extended
the utility of artificial chromosomes as gene delivery systems
through the properties of the ACE Integrase. Thus, if not all
sites of the Platform ACE are loaded in a single targeting
reaction, then a second round of gene targeting can be per-
formed to fill additional sites, with little or no impact on
previously loaded sites. This can be performed with the
same gene as initially loaded, to increase its copy number,
or if desired, a different gene of interest can be inserted in
subsequent rounds of loading.

In these experiments, the ACE System was used to generate
cell lines that displayed high levels of expression from loaded

copies of the huEPO gene. In fact many of the lines so gen-
erated expressed EPO at commercially relevant levels, sup-
porting the assertion that the environment comprising the
integrated ATV on the Platform ACE provides an appropriate
context for high-level gene expression. The multiplicity of
available loading sites on the Platform ACE also allow for
increased numbers of incorporated gene copies without resort-
ing to gene amplification strategies. The ability to purify the
Platform ACE and transfer it to multiple host cell types
opens up the possibility of testing various cell types for a
variety of applications. Furthermore, loaded Platform ACEs
already expressing a gene of interest can be further modified
by inserting genes that may improve the host cell growth
characteristics (56) or post-translational modifications of tar-
get proteins (57).

As with other MAC technologies, ACEs may have numer-
ous advantages over conventional transgenic animal technol-
ogies; in particular, the ability to introduce very large DNA
sequences into a phenotypically inert and non-integrating
autonomously replicating artificial chromosome (53–
55,58,59). ACEs offer additional advantages and flexibility
for MAC-mediated transgenesis in that ACEs can be purified
to near homogeneity and directly microinjected into the pro-
nuclei of oocytes. For example, we have previously reported
the generation of transgenic mice carrying an ACE (27). In
these studies, ACEs have been shown to be extremely stable
and passed through four generations of progeny with high
fidelity (27,29).

The versatility of the ACE System for gene delivery and
gene expression in mammalian cell lines, including stem cells
and primary cells (24–26), suggests that it may be utilized in
gene-based cell therapy applications. For example, a gene
encoding a therapeutic protein can be cloned onto the Platform
ACE, resultant cell lines tested for appropriate levels of gene
expression and then the engineered Platform ACE can be
transferred into recipient cells for implantation. A proof of
concept for such a paradigm was provided by the engraftment
of NOD-scid mice with huEPO-loaded ChY1 cells. The multi-
loading capability of the Platform ACE can be further
exploited by introducing genes that enable identification
and tracing of the engrafting cells, or that can alter the survi-
vability of the implanted cells in response to external stimulus
(e.g. suicide genes). Such modification provides an additional
measure of safety for the recipient while also allowing
the action of the implant to be terminated when no longer
required.

In summary, the ACE System, comprising a Platform ACE
artificial chromosome as well as ACE Integrase and ATVs,
enables the rapid and rational engineering of mammalian arti-
ficial chromosomes. This system further extends the utility of
MACs by combining their inherent advantages (i.e. stability
and large carrying capacity) with the ease of purification and
transferability of ACEs. In summary, the ACE System repre-
sents a unique engineering technology that facilitates the rapid
and reproducible generation of modified mammalian cells or
animals with desired phenotypic characteristics.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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