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Construction of mammalian
artificial chromosomes:
prospects for defining an
optimal centromere

Dirk Schindelhauer

Summary

Two reports have shown that mammalian artificial chromosomes (MAC) can be
constructed from cloned human centromere DNA and telomere repeats, proving
the principle that chromosomes can form from naked DNA molecules transfected
into human cells. The MACs were mitotically stable, low copy number and bound
antibodies associated with active centromeres. As a step toward second-
generation MACs, yeast and bacterial cloning systems will have to be adapted to
achieve large MAC constructs having a centromere, two telomeres, and genomic
copies of mammalian genes. Available construction techniques are discussed
along with a new P1 artificial chromosome (PAC)-derived telomere vector (pTAT)
that can be joined to other PACs in vitro, avoiding a cloning step during which large
repetitive arrays often rearrange. The PAC system can be used as a route to further
define the optimal DNA elements required for efficient MAC formation, to investi-
gate the expression of genes on MACs, and possibly to develop efficient MAC-

delivery protocols. BioEssays 1999;21:76-83.

Introduction

The systematic introduction of genes into mammalian cells
has been an elusive goal. Initial tries were thwarted by the
lack of cloning tools for very large DNA. Subsequent cDNA-
based techniques proved useful in a variety of applications in
cultured cells and for some applications in animals and
humans; however, their lack of control over the exact level
and duration of gene expression remained a limiting factor. To
permit regulated expression, genes would need to be intro-
duced in a form reflecting genes on natural chromosomes.
Only recently have the first models to truly hold promise for
genomic expression systems concept been constructed, in
which yeast artificial chromosomes (YAC)—cloned copies of
genomic genes (including all regulatory sequences)—were
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integrated at random positions into the host chromosomes of
cell cultures and transgenic animals. Even so, the challenges
of avoiding changes of the host genome while still maintain-
ing stably segregating low copy number DNA elements during
mitosis, but not meiosis (for germline exclusion in humans)
were not met.

To fulfill these requirements, mammalian artificial chromo-
somes (MACs) are needed. We could do this as has been
done with YACs in yeast—i.e., just put a gene, a centromere,
and an origin of replication together and add telomeres to the
ends. In contrast to YACs, MACs are very difficult to as-
semble. In mammals, not only are the telomere DNA ten- to
hundredfold and the centromere DNA more than thousand-
fold larger, their high degree of repetition makes cloning
difficult. The precise DNA requirements for the individual
MAC components and ways to join large DNA to functional
constructs still need further definement (Fig. 1). The research
on MACs has already started to unravel the intricacies of how
chromosomes work. Once technical problems have been
solved, MACs will facilitate gene expression studies, will be
used in cell culture and animals as biologic factories (i.e., in
the udder of livestock) for the production of proteins for
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mation. BAC, bacterial artificial chromo-
some; MAC, mammalian artificial chromo-
some; PAC, P1 artificial chromosome; YAC,
yeast artificial chromosome.
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therapeutic or other uses, and might allow safe and efficient
long-term gene therapy. This article describes the recent
progress in identifying functional centromeric DNA by engi-
neering MACs from cloned human DNA.%2 The scientific
background and remaining questions are discussed along
with proposed methods to overcome the difficulties in cloning,
joining, and delivering large MAC molecules.

Recent successes—de novo
chromosome formation
Several years ago, mammalian telomeric sequences ran-
domly integrated into natural chromosomes were shown to
seed new telomeres and result in telomere-associated chro-
mosome fragmentation (TACF).G4 While a few hundred
basepairs of cloned (TTAGGG), tandem repeats appear
sufficient for telomere function in cultured cells, the functional
introduction of centromeres was missing, although some
aspects of centromere function were associated with trans-
fected satellite DNA.-8) All normal centromeres of higher
eukaryotes, including fisson yeast (Schizosaccharomyces
pombe), but not budding yeast (Saccharomyces cerevisiae),
contain large regions of repetitive DNA. In humans (and other
primates), alpha satellite DNA, with a basic tandem repeat
unit of 170/171 bp organized in higher-order repeat struc-
tures, builds arrays with sizes of 200 kb to several Mb
spanning the centromeres of all normal chromosomes.©10)
Alpha satellite DNA was subsequently used by two groups
to generate MACs from cloned DNA. Harrington et al.()
synthetically ligated alpha satellite arrays of >100 kb in
length from single characterized higher-order repeats of
chromosomes 17 and Y, providing an elegant way to exclude

any additional sequences somewhere lying within the repeti-
tive arrays as known of the essential core sequences of
fission yeast centromeres) and to ensure high homology
(identity) of the higher-order repeat units throughout the
arrays. The bacterial artificial chromosome (BAC)—cloned
centromere arrays combined with a selectable marker gene—
were further ligated to larger sizes and cotransfected with
PCR-propagated telomere repeats and total human genomic
DNA, leading to randomly assembled microchromosomes.
One of the four cell lines presented contained MACs that had
not acquired host DNA. lkeno et al.® “retrofitted” yeast
artificial chromosomes (YACs) containing alpha satellite ar-
rays of approximately 80 kb from chromosome 21 with a
selectable marker gene and telomeric repeats using a homolo-
gous recombination procedure and propagation of the con-
struct in a recombination-deficient yeast strain. Interestingly,
of two tested subtypes of chromosome 21 alpha satellite
DNA, only the highly homologous array of subtype 21-1 in
construct “7C5,” reproducibly formed MACs that did not
acquire host cell DNA. This was not the case for the diverged
array 21-1I, which also lacked CENP-B boxes, 12 specific
17-bp binding sites for the centromere-binding protein B,
present in subsets of alpha satellite DNA (except on the Y
chromosome) of great apes, but not other primates.®3-16) The
repeated formation of MACs using this approach suggested
that linking of specific chromosomal elements before transfec-
tion enabled MAC formation. Both groups showed that the de
novo centromeres bound centromere-binding proteins
(CENPs),17 including CENP-C and -E, which are associated
with active centromeres.(18.19)
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Despite proving that transfected naked DNA acts as a
template to form chromatin of functional chromosomes and
showing that alpha satellite DNA is capable of forming de
novo centromeres ensuring stable mitotic segregation with-
out selection, there are still limitations in understanding
chromosome function. No specific DNA elements acting as
probable origins of replication?® have yet been included.
Moreover, the YAC-based approach did not even include
“normal” (noncentromeric) genomic DNA, believed to statisti-
cally provide origin of replication function when exceeding
several 10 kb. Nevertheless, once the mini- and microchromo-
somes were formed they replicated faithfully and retained a
low copy number (1-3 per cell) during long-term culture.
Telomeric sequences were consistently observed in the
MACs by fluorescent in situ hybridization (FISH) analysis,
although the small size of the MACs did not allow a clear
separation of the two telomere signals.

The minimal size of a MAC construct

The minimal sequence elements for second-generation con-
structs necessary to achieve MACs containing one centro-
mere, two telomeres, and genomic copies of genes in a
predictable fashion remain to be defined. The structure of
first-generation MACs did not simply reflect the structure and
size of the transfected DNA molecules. The 6- to 10-Mb size
of in vivo ligated microchromosomes® might be substantially
larger than a putative minimal arrangement of functional input
DNA. The YAC-based MACs formed by concatenation and/or
amplification and were estimated cytogenetically to be 1-5
Mb in size.®® As mapping of several Mb of repetitive DNA (!)
would have been required to delineate the exact structure of
the first generation MACs, few data are available. Thus, it
remains unclear whether concatenation/amplification, a com-
mon phenomenon observed at transgene loci,(?122) is a result
of unspecific processes affecting transfected DNA or reflects
an essential step during MAC formation. MAC-specific rea-
sons for the observed large sizes could be (1) the minimal
size of a stable human chromosome that could lie within the
Mb range; (2) an additive effect of several single alpha
satellite arrays needed for efficient centromere formation; (3)
incomplete telomere healing on a fraction of molecules
provided, leading to ligation/recombination of free DNA ends
(more likely if cells were overloaded with MAC constructs); (4)
impaired expression of the selectable marker gene in close
proximity to the comparably short centromere template be-
cause of centromeric chromatin spreading into noncentro-
meric DNA, the so-called position-effect variegation or silenc-
ing, studied on Drosophila and fission yeast centromeres(3);
and (5) uncontrolled initial replication followed by ligation
before a stable chromatin state can form “specific epigenetic
patterns” like methylation, histone acetylation, and nuclear
compartmentalization. The reproducible formation of MACs
in a significant proportion of transfected cells indicates that

rare events are not required for MAC formation using the
YAC-based system.

Would it be possible to construct MACs which would
maintain the DNA structure of the transfected molecules?
Several questions need clarification before such constructs
could be realized. How much telomeric sequence is required,
first, to assemble protective telomeres on free DNA ends
before unwanted recombinational repair allows progress
through the cell cycle,®¥ and second, to compensate for the
stepwise loss of DNA during replication®5-2? How many
tandem repeats of alpha satellite DNA are needed to as-
semble centromeric chromatin and kinetochore structures
efficiently before mitosis in the transfected cell? Are there
certain alpha satellite sequences or other regions like those
found at neocentromeres in the absence of specific centro-
mere sequences®-31) that would form MAC centromeres
more efficiently? How much flanking DNA would facilitate
efficient gene expression (including expression of selectable
markers) within an active chromatin domain? What would the
minimal size of a stable MAC be if all components would work
optimal?

Final clues about the DNA requirements for MAC con-
structs are expected to come from experiments using MAC
constructs; however, functional chromosomal elements can
also be defined by reducing natural chromosomes. TACF can
reduce chromosomes down to only minimal noncentromeric
DNA and small parts of the naturally occurring centromere.32)
The shortest alphoid array on a mitotically stable, truncated Y
chromosome spanned 140 kb.(® Sandwiching of a select-
able marker gene within 12 kb of a functional telomere and
alpha satellite DNA of a truncated chromosome did not show
impeded gene function®% arguing against an important role
of silencing at human centromeres, although putative suppres-
sive chromatin, marking the actual active centromere site,
could have moved away from the marker gene within >1 Mb
of remaining alpha satellite DNA. The shortest minichromo-
somes generated by TACF are at present 2.5-4 Mb.@9
Attempts to further shorten a natural 1.3-Mb minichromo-
some in Drosophila at approximately <600 kb resulted in
reduced meiotic and/or mitotic stability with complete chromo-
some loss at <220-400 kb, including a 220-kb centromere
region.® Notably, minichromosomes of <300 kb that formed
neocentromeres showed efficient mitotic and meiotic transmis-
sion.©7)

The right construct in the right cell

Are different cell types capable of efficiently forming de novo
chromosomes? Mammalian xenogeneic transgenes are gen-
erally regulated correctly, give rise to functional proteins and
are replicated.®839 Mammalian (and other vertebrate) telo-
meres have identical repeat sequences with varying interspe-
cies length ranging from 2 to 15 kb in humans to =100 kb in
mice,%-42 and TACF constructs function in a variety of
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species. Interestingly, both successful de novo MAC ap-
proaches were carried out in HT1080 cells. This telomerase-
positive pseudodiploid human fibrosarcoma cell line was
known to allow telomere healing in TACF experiments.
Telomere length declines throughout the life span in many
somatic tissues in humans, and can be used as a marker to
predict replicative capacity of human cultured fibroblasts
(about 10 doublings per 1 kb).2% Whether alternative length-
ening of telomeres (ALT), observed in telomerase-negative
tumours and cell lines,“3-45) could also lead to healing of MAC
telomeres remains to be determined. Despite gross changes
in the centromeric satellite sequences in mammals during
evolution“84”) human centromeres function in rodent cells
during mitosis, as shown by interspecific cell hybrids. How-
ever, centromeres in hybrid cells do not form via protein-free
DNA intermediates. For unknown, probably complex rea-
sons, chromosomes of certain species are preferentially lost
in interspecific hybrids.“8-59 |t is unclear whether the xenoge-
neic de novo formation of MAC centromeres would work
efficiently. For the potential use of MACs in transgenic animal
technology or as somatic gene therapy vehicle, it would be
critical to know whether certain MAC constructs could be
used for mitotic and/or meiotic transmission in various animal
(model) systems.

Cloning of DNA in bacteria, yeast,
and mammalian cells
Since the biochemical construction of artificial plasmids (1)
and their subsequent introduction into Escherichia coli during
the 1970s, specific DNA elements have been used to pro-
mote the stability of the transferred DNA. One milestone in
the development of bacterial cloning systems was the use of
high copy number origins of replication based on the colici-
genic factor E1 replicon (ColE1), which allowed high yields of
plasmid DNA. A specific partition function was not needed,
due to random segregation of the plasmids during cell
division, which allowed the construction of small cloning
vectors. As soon as larger insert sizes (>10 kb) could be
transferred using phage based cell entry pathways, it became
clear that the frequency of rearrangements of the cloned DNA
decreased with lower copy humbers (cosmids, fosmids, P1).
The use of electroporation allowed transfer of much larger
plasmids (>100 kb). Fertility factor- and P1 phage-based unit
copy replicons (2—3 copies per cell) facilitated stable cloning
of large foreign DNA sequences in recombination-deficient E.
colistrains with bacterial®®? and P1 43 artificial chromosomes
(BACs and PACs, respectively). Both vectors have centro-
mere-like sequences and encode for similar sets of proteins
that promote faithful partitioning.®4

In budding yeast, essential chromosomal elements were
identified by their ability to add stability to replicating high
copy number plasmids. Stable segregation of low copy
artificial chromosomes was achieved when linear vectors

were constructed that contained an autonomously replicating
sequence (ars), a centromere sequence (cen), telomere
sequences (TGy_3),, and, in addition to the few hundred base
pair (bp)-sized specific chromosomal elements, =50 kb of
unspecific DNA.5% Moreover, large inserts (>1 Mb) are
possible with YACs, useful in construction of large insert
libraries for mapping of genomes and large-scale cloning.

Although genomic BAC/PAC libraries generally have
smaller insert sizes, stable PAC clones containing homoge-
neous alpha satellite arrays of =200 kb, a length comparable
to the upper size range of the total library used (unpublished
observations),®657) have been isolated. Technical progress in
the treatment of large DNA molecules for library production,
such as mild electroporation conditions described for the
construction of a chicken genomic BAC library, led to an
average clone size of 425 kb.®8) Despite the larger potential
capacity of YACs their usefulness for the cloning and map-
ping of foreign DNA is limited by frequent instability, chime-
rism, and recombination.%-61) The repetitive sequences found
in substantial parts of mammalian genomes are believed to
be one reason for the instability. This theory is supported by
the difficulties in cloning large arrays of tandemly repeated
DNA, even in recombination deficient yeast strains(62.63)

A system to clone circular plasmids several hundred kb in
size in human cells is human artificial episomal chromosomes
(HAEC). These rely on the high copy number latent origin of
replication (oriP) and on the replication promoting protein
EBNA-1 from human Epstein-Barr virus (EBV).64 Alterna-
tively, bacterial and yeast cloning systems for large DNA
could be adapted to construct second-generation MACs to
stably clone low copy number chromosomes in mammalian
cells. Such constructs preferably should (1) be as large as
possible to ensure potential minimal chromosome size with-
out the need for amplification and/or concatenation of input
DNA; (2) have the capacity for large, possibly more efficient,
centromere arrays and genomic copies of genes; (3) be
flexible in composition, allowing easy exchange of certain
regions to help define optimal MAC elements; (4) be stably
cloned; and (5) yield high amounts of intact DNA to enable the
development of efficient MAC delivery systems.

In vivo construction of second generation MACs
using YACs

The potential capacity of YACs is one major advantage over
current bacterial cloning systems. Using mitotic homologous
recombination via specifically designed YAC linking vectors,
two or more YACs can be joined in yeast cells(6566) Attempts
to reconstitute the human dystrophin gene by homologous
recombination resulted in a 2.3-Mb YAC lacking only 100 kb
(probably an unstable region).(6”) Analogous to the recent
series of YAC transgenic animal and cell culture experi-
ments(®8-73) genomic regions carrying all sequence elements
required for regulated and stable gene expression could be
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combined with a YAC carrying a functional mammalian
centromere. If amplification/concatenation of the YAC-based
MAC construct 7C5 was needed to exceed the putative
minimal size limit of human chromosomes, then joining large
genomic sequences to 7C5 by YAC linking could produce
molecules having similar dimensions. The free end of the
joined YAC would have to be retrofitted with telomeric
(TTAGGG), sequences before or after combination. Since
retrofitting of telomeres and the joining reaction are carried
out in vivo followed by subsequent growing steps, repeated
structural analysis is necessary to ensure the integrity of the
final construct. Now that sequencing of the YAC host S.
cerevisiae has been completed, further analysis of gene
products might well lead to improvements in YAC stability and
cloning. One ongoing project is the creation of yeast cells
having telomerase with a “humanized” RNA template that
could eliminate the need to integrate (TTAGGG), sequences
subtelomeric to YAC telomeres (M. Rosenfeld, personal
communication).

Biochemical construction of MACs using PACs—
implications for a centromere test

Middle-sized genes and large alpha satellite arrays can be
stably and reliably cloned in PACs/BACs; however, problems
arise with insert stability and size when they are cloned
together into one large molecule. Recent progress in the
isolation of large amounts (>5 mg/1 ml agarose plug) of
PAC/BAC DNA, based on the lack of movement of large,
intact circular DNA during pulsed-field gel electrophoresis,
has allowed efficient in vitro joining of two large fragments
carrying a lox site (specific 34-bp locus of crossing over),(7
using in gel site-specific recombination (IGSSR) mediated by
purified Cre recombinase.(” Since the large joined molecule
can be isolated immediately, without an additional cloning
step, no further analysis of DNA integrity is required. Many
different substrate PACs to be joined can be prepared,
analyzed and stored before the final composition is chosen
for subsequent MAC constructs. The ease with which single
parts of the construct may be exchanged without changing
other regions allows rapid comparison of candidate compo-
nents under controlled conditions.

The newly developed ditelomeric PAC vector “pTAT,”
currently under evaluation, could be used to stably clone a
large centromere array and to subsequently release it as a
linear fragment. This fragment would contain terminal telo-
meres and an internal lox site for comparatively rapid in vitro
joining (insertion) of any unchanged circular PAC clone. To
identify an optimal centromere, circular centromere candidate
PACs could be switched into a linear ditelomeric MAC
component containing genomic DNA with origin of replication
function (statistically) and a selectable marker gene. Prefer-
ably, a large genomic region serving for both functions could
be integrated between the telomeres. For this purpose, a

175-kb PAC containing the intact human hypoxanthine phos-
phoribosyl transferase (HPRT) gene was isolated for cloning
into pTAT leading to a basic centromere test vector “pTHT”
(Fig. 2). Transfection of a 95-kb genomic fragment containing
the 42-kb HPRT primary transcript and flanking sequences
showed that low copy numbers of 1-5, randomly integrated
into the genome, were frequently observed in transfected
HPRT(-) fibroblast cell lines under HAT selection (hypoxan-
thine, aminopterin, thymidine) (unpublished observations).
Thus, the genomic HPRT gene could fulfil the requirements
for MAC selection in the ideal case of one unamplified
construct per cell.

The efficient formation of MACs is expected to allow a high
relative rate of transfectants without integrating into the host
genome. The percentage of integration events of resistant
clones depends on both the functionality of the chromosomal
components and the intactness of the delivered constructs.
Additionally, it could be determined whether selection against
HPRT gene function using 6-thioguanine (6TG) leads to
HPRT gene inactivation (epigenetic gene silencing) or to loss
of MACs in a manner dependent on centromere activity. To
directly compare length and repeat structure influences on
the efficiency of de novo centromere formation and mitotic
stability, a selection of large alpha satellite PACs with varying
features could be used. Further interesting candidates could
include arrays of non-alphoid centromeric satellite sequences
or neo-centromere regions. Finally, centromeric repeat arrays
from other species (e.g., mouse minor satellite DNA) could be
tested to develop animal MAC model systems.

The delivery of MACs has to be improved

Improved delivery of large constructs is required for potential
applications of MACs. For the development of a test system
to compare MAC constructs differing in single components
(e.g., centromere) reproducible rates of intactly delivered
DNA molecules would be preferable. One limiting step in
developing tests for different MAC-construct/complex formu-
lations is the low yield of MAC constructs. Improving the
stability and reliability of the cloning system would further
enhance testing, as large constructs are more sensitive to
rare rearrangements or mutations during cloning that could
alter MAC function. The proposed in vitro construction system
is based on a new DNA isolation procedure allowing micro-
gram quantities of purified, intact PAC/BAC DNA per agarose
plug.(™ The factor >100 higher DNA yield from PACs/BACs
compared to the DNA yield of a similar sized YAC results not
from the copy number per cell, but the smaller volume of E.
coli cells compared with S. cerevisiae (10>-10°% X less) and
the avoidance of the “diluting” pulsed-field gel run needed for
the separation of the host chromosome. Even if biochemical
joining by IGSSR were only 10% efficient, there would still be
a respectable construct yield.
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Figure 2. A workable centro- a
mere test using the PAC-based MAC
construction system. a: The ditelo-
meric vector pTAT, based on the
P1-derived unit copy replicon (P1)
of PCYPAC2N®3) and containing two
homogeneous telomeric repeats
(TTAGGG),=135 stably cloned in a
head-to-head configuration (tel), can
be used to clone a genomic copy of
the human HPRT gene. The result-
ing pTHT provides both, a select-
able marker expressed in its “chro-
matin context,” and origins of
replication likely to be present in
>100 kb of genomic DNA. Lineariza-
tion of pTHT using a rare cultter (i.e.,
the extremely rare cutting intron-
encoded restriction nuclease Iscel)
leads to a basic centromere test
MAC vector containing terminal telo-

6% o
e

chromosome.

meric repeats, the genomic copy of the human HPRT gene, and a lox site to insert circular centromere sequences. b: Any centromere
candidate sequence stably cloned in a PAC (cen candidate) can be readily inserted into the basic MAC vector in a single in vitro IGSSR
reaction using purified Cre recombinase, which acts on the lox sequence present in both components. HPRT, hypoxanthine
phosphoribosyl transferase; IGSSR, in gel site-specific recombination; MAC, mammalian artificial chromosome; PAC, P1 artificial

basic centromere
test MAC vector

centromere test
MAGC construct

basic centromere
test MAC vector

MAC constructs have been transfected in cell culture
using standard lipofection and microinjection,:27% two of
several delivery concepts presently under evaluation. Lipofec-
tion treats large numbers of cells simultaneously relying on
high efficiency to transfect a major fraction, while microinjec-
tion uses single cells, technically demanding due to the needs
both for gentle treatment of each cell and for automation to
achieve high cell numbers. For transfection of cells in vitro
and in vivo, methods have to be developed or improved with
the ultimate aim of introducing intact MAC constructs into a
large fraction of primary culture and tissue cells without the
need for selection. Whether ballistic transfection or other
“violent” procedures could be applied to deliver intact MAC
constructs remains unclear and might depend on the develop-
ment of gentle packaging procedures and stabilizing DNA
carriers to prevent shearing of the large molecules. Shock-
wave permeabilization, a recently introduced method based
on a lithotripter with the potential to achive DNA transfer to a
restricted region of an organ or tissue in vivo, has been used
in cell culture for molecules of =10 kb.("" E. coli cells,
generally difficult to penetrate due to their rigid cell wall, have
been transformed with BACs of =725 kb using electropora-
tion®®); however, intact delivery of very large fragments has
not been reported for mammalian cells.(7879) A new Argon
laser-based method for gene transfer called optoporation has
not yet been used for large molecule transfection, however
this mild treatment of single cells might become an useful
method.®%81) Automated optical control of DNA uptake by

incorporation of a visible tracking system into the MAC
constructs could be used for immediate laser-assisted elimi-
nation of nontransfected cells. The efficiency of a polyfection
procedure was substantially improved using a viral entry
mechanisms by incorporating psoralen inactivated adenovi-
rus particles into polyplex formulations as a carrier to trans-
fect large DNA molecules (BACs).(82

Conclusion

MACs have not yet lived up to their promise. A number of
problems must be solved before they can be applied in
biotechnology and medicine. The minimal chromosomal DNA
elements must be further defined, functionality in different cell
types and species still has to be shown, and efficient proto-
cols for delivery into cells in culture and in situ have to be
developed. One still poorly understood component is the
centromere: which sequences are sufficient and which are
efficient templates for kinetochore formation? MAC construc-
tion systems based on in vivo YAC linking or biochemical PAC
joining have been proposed, allowing very large construct
sizes on one hand and high accuracy and compositional
flexibility, paired with high yields of constructs on the other.
Availability of large amounts of reliable MAC constructs might
aid the development of improved delivery systems. This
should accelerate MAC research and lead to better under-
standing of the functional elements of mammalian chromo-
somes. Yeast and bacterial cloning systems adapted to
construct MAC vectors containing a broad range of genes
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can be envisaged. The new PAC-based construction system
provides an important tool to achieve comparably rapid
assembly of MACs differing in single chromosomal compo-
nents. Since the DNA used for gene expression is cloned only
once in a stable cloning system and no further subcloning
after its structural and functional characterization is required,
the construction system could represent a safe means for use
in therapeutic protocols. To achieve this end, we face the
difficult task of developing regulated long-term gene expres-
sion vectors based on genomic gene copies on MACs—
individual mitotically stable genetic elements that neither
integrate into the host genome nor rely on immunogenic viral
proteins.
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