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ARTIFICIAL CHROMOSOMES, USES THEREOF 
AND METHODS FOR PREPARING ARTIFICIAL 

CHROMOSOMES 

RELATED APPLICATIONS 

[0001] This application is a divisional of copending US. 
application Ser. No. 09/724,693, ?led Nov. 28, 2000, to 
GYULA HADLACZKY, entitled ARTIFICIAL CHROMO 
SOMES, USES THEREOF AND METHODS FOR PRE 
PARING ARTIFICIAL CHROMOSOMES. 

[0002] This application is a continuation of copending 
US. application Ser. No. 08/835,682, noW abandoned, ?led 
Apr. 10, 1997, to GYULA HADLACZKY and ALADAR 
SZALAY, entitled ARTIFICIAL CHROMOSOMES, USES 
THEREOF AND METHODS FOR PREPARING ARTIFI 
CIAL CHROMOSOMES. This application is also a con 
tinuation-in-part of US. application Ser. No. 08/695,191, 
?led Aug. 7, 1996, now US. Pat. No. 6,025,155, to GYULA 
HADLACZKY and ALADAR SZALAY, entitled ARTIFI 
CIAL CHROMOSOMES, USES THEREOF AND METH 
ODS FOR PREPARING ARTIFICIAL CHROMOSOMES. 
This application is also continuation-in-part of US. appli 
cation Ser. No. 08/682,080, ?led Jul. 15, 1996, now US. Pat. 
No. 6,077,697, to GYULA HADLACZKY and ALADAR 
SZALAY, entitled ARTIFICIAL CHROMOSOMES, USES 
THEREOF AND METHODS FOR PREPARING ARTIFI 
CIAL CHROMOSOMES, and is also a continuation-in-part 
of copending US. application Ser. No. 08/629,822, noW 
abandoned, ?led Apr. 10, 1996 to GYULA HADLACZKY 
and ALADAR SZALAY, entitled ARTIFICIAL CHROMO 
SOMES, USES THEREOF AND METHODS FOR PRE 
PARING ARTIFICIAL CHROMOSOMES. 

[0003] US. application Ser. No. 08/835,682 is a continu 
ation-in-part of US. application Ser. No. 08/695,191. US. 
application Ser. No. 08/695,191 is a continuation-in-part of 
US. application Ser. No. 08/682,080 and also is a continu 
ation-in-part of US. application Ser. No. 08/629,822. US. 
application Ser. No. 08/682,080 is a continuation-in-part of 
US. application Ser. No. 08/629,822. 

[0004] This application is related to US. application Ser. 
No. 07/759,558, now US. Pat. No. 5,288,625, is related to 
US. application Ser. No. 08/734,344, ?led Oct. 21, 1996, 
and is related to US. application Ser. No. 08/375,271, ?led 
Jan. 19, 1995, now US. Pat. No. 5,712,134. US. application 
Ser. No. 08/375,271 is a continuation of US. application 
Ser. No. 08/080,097, ?led Jun. 23, 1993 Which is a continu 
ation of US. application Ser. No. 07/892,487, ?led Jun. 3, 
1992, Which is a continuation of US. application Ser. No. 
07/521,073, ?led May 9, 1990. 

[0005] The subject matter of each of the above-noted U.S. 
applications and patents is incorporated in its entirety by 
reference thereto. 

FIELD OF THE INVENTION 

[0006] The present invention relates to methods for pre 
paring cell lines that contain arti?cial chromosomes, meth 
ods for isolation of the arti?cial chromosomes, targeted 
insertion of heterologous DNA into the chromosomes, deliv 
ery of the chromosomes to selected cells and tissues and 
methods for isolation and large-scale production of the 
chromosomes. Also provided are cell lines for use in the 
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methods, and cell lines and chromosomes produced by the 
methods. Further provided are cell-based methods for pro 
duction of heterologous proteins, gene therapy methods and 
methods of generating transgenic animals, particularly non 
human transgenic animals, that use arti?cial chromosomes. 

BACKGROUND OF THE INVENTION 

[0007] Several viral vectors, non-viral, and physical deliv 
ery systems for gene therapy and recombinant expression of 
heterologous nucleic acids have been developed [see, e.g., 
Mitani et al. (1993) Trends Biotech. 11:162-166]. The pres 
ently available systems, hoWever, have numerous limita 
tions, particularly Where persistent, stable, or controlled 
gene expression is required. These limitations include: (1) 
siZe limitations because there is a limit, generally on order 
of about ten kilobases [kB], at most, to the siZe of the DNA 
insert [gene] that can be accepted by viral vectors, Whereas 
a number of mammalian genes of possible therapeutic 
importance are Well above this limit, especially if all control 
elements are included; (2) the inability to speci?cally target 
integration so that random integration occurs Which carries 
a risk of disrupting vital genes or cancer suppressor genes; 
(3) the expression of randomly integrated therapeutic genes 
may be affected by the functional compartmentaliZation in 
the nucleus and are affected by chromatin-based position 
effects; (4) the copy number and consequently the expres 
sion of a given gene to be integrated into the genome cannot 
be controlled. Thus, improvements in gene delivery and 
stable expression systems are needed [see, e.g., Mulligan 
(1993) Science 260:926-932]. 

[0008] In addition, safe and effective vectors and gene 
therapy methods should have numerous features that are not 
assured by the presently available systems. For example, a 
safe vector should not contain DNA elements that can 
promote unWanted changes by recombination or mutation in 
the host genetic material, should not have the potential to 
initiate deleterious effects in cells, tissues, or organisms 
carrying the vector, and should not interfere With genomic 
functions. In addition, it Would be advantageous for the 
vector to be non-integrative, or designed for site-speci?c 
integration. Also, the copy number of therapeutic gene(s) 
carried by the vector should be controlled and stable, the 
vector should secure the independent and controlled func 
tion of the introduced gene(s); and the vector should accept 
large (up to Mb siZe) inserts and ensure the functional 
stability of the insert. 

[0009] The limitations of existing gene delivery technolo 
gies, hoWever, argue for the development of alternative 
vector systems suitable for transferring large [up to Mb siZe 
or larger] genes and gene complexes together With regula 
tory elements that Will provide a safe, controlled, and 
persistent expression of the therapeutic genetic material. 

[0010] At the present time, none of the available vectors 
ful?ll all these requirements. Most of these characteristics, 
hoWever, are possessed by chromosomes. Thus, an arti?cial 
chromosome Would be an ideal vector for gene therapy, as 
Well as for stable, high-level, controlled production of gene 
products that require coordination of expression of numer 
ous genes or that are encoded by large genes, and other uses. 
Arti?cial chromosomes for expression of heterologous 
genes in yeast are available, but construction of de?ned 
mammalian arti?cial chromosomes has not been achieved. 
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Such construction has been hindered by the lack of an 
isolated, functional, mammalian centromere and uncertainty 
regarding the requisites for its production and stable repli 
cation. Unlike in yeast, there are no selectable genes in close 
proximity to a mammalian centromere, and the presence of 
long runs of highly repetitive pericentric heterochromatic 
DNA makes the isolation of a mammalian centromere using 
presently available methods, such as chromosome Walking, 
virtually impossible. Other strategies are required for pro 
duction of mammalian arti?cial chromosomes, and some 
have been developed. For example, US. Pat. No. 5,288,625 
provides a cell line that contains an arti?cial chromosome, 
a minichromosome, that is about 20 to 30 megabases. 
Methods provided for isolation of these chromosomes, hoW 
ever, provide preparations of only about 10-20% purity. 
Thus, development of alternative arti?cial chromosomes and 
perfection of isolation and puri?cation methods as Well as 
development of more versatile chromosomes and further 
characteriZation of the minichromosomes is required to 
realiZe the potential of this technology. 

[0011] Therefore, it is an object herein to provide mam 
malian arti?cial chromosomes and methods for introduction 
of foreign DNA into such chromosomes. It is also an object 
herein to provide methods of isolation and puri?cation of the 
chromosomes. It is also an object herein to provide methods 
for introduction of the mammalian arti?cial chromosome 
into selected cells, and to provide the resulting cells, as Well 
as transgenic non-human animals, birds, ?sh and plants that 
contain the arti?cial chromosomes. It is also an object herein 
to provide methods for gene therapy and expression of gene 
products using arti?cial chromosomes. It is a further object 
herein to provide methods for constructing species-speci?c 
arti?cial chromosomes de novo. Another object herein is to 
provide methods to generate de novo mammalian arti?cial 
chromosomes. 

SUMMARY OF THE INVENTION 

[0012] Mammalian arti?cial chromosomes [MACs] are 
provided. Also provided are arti?cial chromosomes for other 
higher eukaryotic species, such as insects, birds, foWl and 
?sh, produced using the MACS and methods provided 
herein. Methods for generating and isolating such chromo 
somes are provided. Methods using the MACs to construct 
arti?cial chromosomes from other species, such as insect, 
bird, foWl and ?sh species are also provided. The arti?cial 
chromosomes are fully functional stable chromosomes. TWo 
types of arti?cial chromosomes are provided. One type, 
herein referred to as SATACs [satellite arti?cial chromo 
somes or satellite DNA based arti?cial chromosomes (the 
terms are used interchangeably herein)] are stable hetero 
chromatic chromosomes, and the other type are minichro 
mosomes based on ampli?cation of euchromatin. 

[0013] Arti?cial chromosomes provide an extra-genomic 
locus for targeted integration of megabase [Mb] pair siZe 
DNA fragments that contain single or multiple genes, 
including multiple copies of a single gene operatively linked 
to one promoter or each copy or several copies linked to 
separate promoters. Thus, methods using the MACs to 
introduce the genes into cells, tissues, and animals, as Well 
as species such as birds, foWl, ?sh and plants, are also 
provided. The arti?cial chromosomes With integrated heter 
ologous DNA may be used in methods of gene therapy, in 
methods of production of gene products, particularly prod 
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ucts that require expression of multigenic biosynthetic path 
Ways, and also are intended for delivery into the nuclei of 
germline cells, such as embryo-derived stem cells [ES cells], 
for production of transgenic (non-human) animals, birds, 
foWl and ?sh. Transgenic plants, including monocots and 
dicots, are also contemplated herein. 

[0014] Mammalian arti?cial chromosomes provide extra 
genomic speci?c integration sites for introduction of genes 
encoding proteins of interest and permit megabase siZe DNA 
integration so that, for example, genes encoding an entire 
metabolic pathWay or a very large gene, such as the cystic 
?brosis [CF; ~250 kb] genomic DNA gene, several genes, 
such as multiple genes encoding a series of antigens for 
preparation of a multivalent vaccine, can be stably intro 
duced into a cell. Vectors for targeted introduction of such 
genes, including the tumor suppressor genes, such as p53, 
the cystic ?brosis transmembrane regulator cDNA [CFTR], 
and the genes for anti-HIV riboZymes, such as an anti-HIV 
gag riboZyme gene, into the arti?cial chromosomes are also 
provided. 

[0015] The chromosomes provided herein are generated 
by introducing heterologous DNA that includes DNAencod 
ing one or multiple selectable marker(s) into cells, prefer 
ably a stable cell line, groWing the cells under selective 
conditions, and identifying from among the resulting clones 
those that include chromosomes With more than one cen 
tromere and/or fragments thereof. The ampli?cation that 
produces the additional centromere or centromeres occurs in 
cells that contain chromosomes in Which the heterologous 
DNA has integrated near the centromere in the pericentric 
region of the chromosome. The selected clonal cells are then 
used to generate arti?cial chromosomes. 

[0016] Although non-targeted introduction of DNA, 
Which results in some frequency of integration into appro 
priate loci, targeted introduction is preferred. Hence, in 
preferred embodiments, the DNA With the selectable marker 
that is introduced into cells to initiate generation of arti?cial 
chromosomes includes sequences that target it to the an 
ampli?able region, such as the pericentric region, hetero 
chromatin, and particularly rDNA of the chromosome. For 
example, vectors, such as pTEMPUD and pHASPUD [pro 
vided herein], Which include such DNA speci?c for mouse 
satellite DNA and human satellite DNA, respectively, are 
provided. The plasmid pHASPUD is a derivative of pTEM 
PUD that contains human satellite DNA sequences that 
speci?cally target human chromosomes. Preferred targeting 
sequences include mammalian ribosomal RNA (rRNA) gene 
sequences (referred to herein as rDNA) Which target the 
heterologous DNA to integrate into the rDNA region of 
those chromosomes that contain rDNA. For example, vec 
tors, such as pTERPUD, Which include mouse rDNA, are 
provided. Upon integration into existing chromosomes in 
the cells, these vectors can induce the ampli?cation that 
results in generation of additional centromeres. 

[0017] Arti?cial chromosomes are generated by culturing 
the cells With the multicentric, typically dicentric, chromo 
somes under conditions Whereby the chromosome breaks to 
form a minichromosome and formerly dicentric chromo 
some. Among the MACs provided herein are the SATACs, 
Which are primarily made up of repeating units of short 
satellite DNA and are nearly fully heterochromatic, so that 
Without insertion of heterologous or foreign DNA, the 
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chromosomes preferably contain no genetic information or 
contain only non-protein-encoding gene sequences such as 
rDNA sequences. They can thus be used as “safe” vectors for 
delivery of DNA to mammalian hosts because they do not 
contain any potentially harmful genes. The SATACs are 
generated, not from the minichromosome fragment as, for 
example, in US. Pat. No. 5,288,625, but from the fragment 
of the formerly dicentric chromosome. 

[0018] In addition, methods for generating euchromatic 
minichromosomes and the use thereof are also provided 
herein. Methods for generating one type of MAC, the 
minichromosome, previously described in US. Pat. No. 
5,288,625, and the use thereof for expression of heterolo 
gous DNA are provided. In a particular method provided 
herein for generating a MAC, such as a minichromosome, 
heterologous DNA that includes mammalian rDNA and one 
or more selectable marker genes is introduced into cells 
Which are then groWn under selective conditions. Resulting 
cells that contain chromosomes With more than one cen 
tromere are selected and cultured under conditions Whereby 
the chromosome breaks to form a minichromosome and a 
formerly multicentric (typically dicentric) chromosome 
from Which the minichromosome Was released. 

[0019] Cell lines containing the minichromosome and the 
use thereof for cell fusion are also provided. In one embodi 
ment, a cell line containing the mammalian minichromo 
some is used as recipient cells for donor DNA encoding a 
selected gene or multiple genes. To facilitate integration of 
the donor DNA into the minichromosome, the recipient cell 
line preferably contains the minichromosome but does not 
also contain the formerly dicentric chromosome. This may 
be accomplished by methods disclosed herein such as cell 
fusion and selection of cells that contain a minichromosome 
and no formerly dicentric chromosome. The donor DNA is 
linked to a second selectable marker and is targeted to and 
integrated into the minichromosome. The resulting chromo 
some is transferred by cell fusion into an appropriate recipi 
ent cell line, such as a Chinese hamster cell line [CHO]. 
After large-scale production of the cells carrying the engi 
neered chromosome, the chromosome is isolated. In par 
ticular, metaphase chromosomes are obtained, such as by 
addition of colchicine, and they are puri?ed from the cell 
lysate. These chromosomes are used for cloning, sequencing 
and for delivery of heterologous DNA into cells. 

[0020] Also provided are SATACs of various siZes that are 
formed by repeated culturing under selective conditions and 
subcloning of cells that contain chromosomes produced 
from the formerly dicentric chromosomes. The exempli?ed 
SATACs are based on repeating DNA units that are about 15 
Mb [tWo ~7.5 Mb blocks]. The repeating DNA unit of 
SATACs formed from other species and other chromosomes 
may vary, but typically Would be on the order of about 7 to 
about 20 Mb. The repeating DNA units are referred to herein 
as megareplicons, Which in the exempli?ed SATACs contain 
tandem blocks of satellite DNA ?anked by non-satellite 
DNA, including heterologous DNA and non-satellite DNA. 
Ampli?cation produces an array of chromosome segments 
[each called an amplicon] that contain tWo inverted mega 
replicons bordered by heterologous [“foreign”] DNA. 
Repeated cell fusion, groWth on selective medium and/or 
BrdU [5-bromodeoxyuridine] treatment or other treatment 
With other genome destabiliZing reagent or agent, such as 
ioniZing radiation, including X-rays, and subcloning results 
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in cell lines that carry stable heterochromatic or partially 
heterochromatic chromosomes, including a 150-200 Mb 
“sausage” chromosome, a 500-1000 Mb gigachromosome, a 
stable 250-400 Mb megachromosome and various smaller 
stable chromosomes derived therefrom. These chromosomes 
are based on these repeating units and can include heterolo 
gous DNA that is expressed. 

[0021] Thus, methods for producing MACs of both types 
(i.e., SATACS and minichromosomes) are provided. These 
methods are applicable to the production of arti?cial chro 
mosomes containing centromeres derived from any higher 
eukaryotic cell, including mammals, birds, foWl, ?sh, insects 
and plants. 
[0022] The resulting chromosomes can be puri?ed by 
methods provided herein to provide vectors for introduction 
of heterologous DNA into selected cells for production of 
the gene product(s) encoded by the heterologous DNA, for 
production of transgenic (non-human) animals, birds, foWl, 
?sh and plants or for gene therapy. 

[0023] In addition, methods and vectors for fragmenting 
the minichromosomes and SATACs are provided. Such 
methods and vectors can be used for in vivo generation of 
smaller stable arti?cial chromosomes. Vectors for chromo 
some fragmentation are used to produce an arti?cial chro 
mosome that contains a megareplicon, a centromere and tWo 
telomeres and Will be betWeen about 7.5 Mb and about 60 
Mb, preferably betWeen about 10 Mb-15 Mb and 30-50 Mb. 
As exempli?ed herein, the preferred range is betWeen about 
7.5 Mb and 50 Mb. Such arti?cial chromosomes may also be 
produced by other methods. 
[0024] Isolation of the 15 Mb [or 30 Mb amplicon con 
taining tWo 15 Mb inverted repeats] or a 30 Mb or higher 
multimer, such as 60 Mb, thereof should provide a stable 
chromosomal vector that can be manipulated in vitro. Meth 
ods for reducing the siZe of the MACs to generate smaller 
stable self-replicating arti?cial chromosomes are also pro 
vided. 

[0025] Also provided herein, are methods for producing 
mammalian arti?cial chromosomes, including those pro 
vided herein, in vitro, and the resulting chromosomes. The 
methods involve in vitro assembly of the structural and 
functional elements to provide a stable arti?cial chromo 
some. Such elements include a centromere, tWo telomeres, 
at least one origin of replication and ?ller heterochromatin, 
e.g., satellite DNA. A selectable marker for subsequent 
selection is also generally included. These speci?c DNA 
elements may be obtained from the arti?cial chromosomes 
provided herein such as those that have been generated by 
the introduction of heterologous DNA into cells and the 
subsequent ampli?cation that leads to the arti?cial chromo 
some, particularly the SATACs. Centromere sequences for 
use in the in vitro construction of arti?cial chromosomes 
may also be obtained by employing the centromere cloning 
methods provided herein. In preferred embodiments, the 
sequences providing the origin of replication, in particular, 
the megareplicator, are derived from rDNA. These 
sequences preferably include the rDNA origin of replication 
and ampli?cation promoting sequences. 
[0026] Methods and vectors for targeting heterologous 
DNA into the arti?cial chromosomes are also provided as 
are methods and vectors for fragmenting the chromosomes 
to produce smaller but stable and self-replicating arti?cial 
chromosomes. 
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[0027] The chromosomes are introduced into cells to 
produce stable transformed cell lines or cells, depending 
upon the source of the cells. Introduction is effected by any 
suitable method including, but not limited to electropora 
tion, direct uptake, such as by calcium phosphate precipi 
tation, uptake of isolated chromosomes by lipofection, by 
microcell fusion, by lipid-mediated carrier systems or other 
suitable method. The resulting cells can be used for produc 
tion of proteins in the cells. The chromosomes can be 
isolated and used for gene delivery. Methods for isolation of 
the chromosomes based on the DNA content of the chro 
mosomes, Which differs in MACs versus the authentic 
chromosomes, are provided. Also provided are methods that 
rely on content, particularly density, and siZe of the MACs. 

[0028] These arti?cial chromosomes can be used in gene 
therapy, gene product production systems, production of 
humaniZed genetically transformed animal organs, produc 
tion of transgenic plants and animals (non-human), includ 
ing mammals, birds, foWl, ?sh, invertebrates, vertebrates, 
reptiles and insects, any organism or device that Would 
employ chromosomal elements as information storage 
vehicles, and also for analysis and study of centromere 
function, for the production of arti?cial chromosome vectors 
that can be constructed in vitro, and for the preparation of 
species-speci?c arti?cial chromosomes. The arti?cial chro 
mosomes can be introduced into cells using microinjection, 
cell fusion, microcell fusion, electroporation, nuclear trans 
fer, electrofusion, projectile bombardment, nuclear transfer, 
calcium phosphate precipitation, lipid-mediated transfer 
systems and other such methods. Cells particularly suited for 
use With the arti?cial chromosomes include, but are not 
limited to plant cells, particularly tomato, arabidopsis, and 
others, insect cells, including silk Worm cells, insect larvae, 
?sh, reptiles, amphibians, arachnids, mammalian cells, avian 
cells, embryonic stem cells, haematopoietic stem cells, 
embryos and cells for use in methods of genetic therapy, 
such as lymphocytes that are used in methods of adoptive 
immunotherapy and nerve or neural cells. Thus methods of 
producing gene products and transgenic (non-human) ani 
mals and plants are provided. Also provided are the resulting 
transgenic animals and plants. 

[0029] Exemplary cell lines that contain these chromo 
somes are also provided. 

[0030] Methods for preparing arti?cial chromosomes for 
particular species and for cloning centromeres are also 
provided. For example, tWo exemplary methods provided 
for generating arti?cial chromosomes for use in different 
species are as folloWs. First, the methods herein may be 
applied to different species. Second, means for generating 
species-speci?c arti?cial chromosomes and for cloning cen 
tromeres are provided. In particular, a method for cloning a 
centromere from an animal or plant is provided by preparing 
a library of DNA fragments that contain the genome of the 
plant or animal and introducing each of the fragments into 
a mammalian satellite arti?cial chromosome [SATAC] that 
contains a centromere from a species, generally a mammal, 
different from the selected plant or animal, generally a 
non-mammal, and a selectable marker. The selected plant or 
animal is one in Which the mammalian species centromere 
does not function. Each of the SATACs is introduced into the 
cells, Which are groWn under selective conditions, and cells 
With SATACs are identi?ed. Such SATACS should contain 
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a centromere encoded by the DNA from the library or should 
contain the necessary elements for stable replication in the 
selected species. 

[0031] Also provided are libraries in Which the relatively 
large fragments of DNA are contained on arti?cial chromo 
somes. 

[0032] Transgenic (non-human) animals, invertebrates 
and vertebrates, plants and insects, ?sh, reptiles, amphib 
ians, arachnids, birds, foWl, and mammals are also provided. 
Of particular interest are transgenic (non-human) animals 
and plants that express genes that confer resistance or reduce 
susceptibility to disease. For example, the transgene may 
encode a protein that is toxic to a pathogen, such as a virus, 
bacterium or pest, but that is not toxic to the transgenic host. 
Furthermore, since multiple genes can be introduced on a 
MAC, a series of genes encoding an antigen can be intro 
duced, Which upon expression Will serve to immuniZe [in a 
manner similar to a multivalent vaccine] the host animal 
against the diseases for Which exposure to the antigens 
provide immunity or some protection. 

[0033] Also of interest are transgenic (non-human) ani 
mals that serve as models of certain diseases and disorders 
for use in studying the disease and developing therapeutic 
treatments and cures thereof. Such animal models of disease 
express genes [typically carrying a disease-associated muta 
tion], Which are introduced into the animal on a MAC and 
Which induce the disease or disorder in the animal. Similarly, 
MACs carrying genes encoding antisense RNA may be 
introduced into animal cells to generate conditional “knock 
out” transgenic (non-human) animals. In such animals, 
expression of the antisense RNA results in decreased or 
complete elimination of the products of genes corresponding 
to the antisense RNA. Of further interest are transgenic 
mammals that harbor MAC-carried genes encoding thera 
peutic proteins that are expressed in the animal’s milk. 
Transgenic (non-human) animals for use in xenotransplan 
tation, Which express MAC-carried genes that serve to 
humaniZe the animal’s organs, are also of interest. Genes 
that might be used in humaniZing animal organs include 
those encoding human surface antigens. 

[0034] Methods for cloning centromeres, such as mam 
malian centromeres, are also provided. In particular, in one 
embodiment, a library composed of fragments of SATACs 
are cloned into YACs [yeast arti?cial chromosomes] that 
include a detectable marker, such as DNA encoding tyrosi 
nase, and then introduced into mammalian cells, such as 
albino mouse embryos. Mice produced from embryos con 
taining such YACs that include a centromere that functions 
in mammals Will express the detectable marker. Thus, if 
mice are produced from albino mouse embryos into Which 
a functional mammalian centromere Was introduced, the 
mice Will be pigmented or have regions of pigmentation. 

[0035] A method for producing repeated tandem arrays of 
DNA is provided. This method, exempli?ed herein using 
telomeric DNA, is applicable to any repeat sequence, and in 
particular, loW complexity repeats. The method provided 
herein for synthesis of arrays of tandem DNA repeats are 
based in a series of extension steps in Which successive 
doublings of a sequence of repeats results in an exponential 
expansion of the array of tandem repeats. An embodiment of 
the method of synthesiZing DNA fragments containing tan 
dem repeats may generally be described as folloWs. TWo 
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oligonucleotides are used as starting materials. Oligonucle 
otide 1 is of length k of repeated sequence (the ?anks of 
Which are not relevant) and contains a relatively short stretch 
(60-90 nucleotides) of the repeated sequence, ?anked With 
appropriately chosen restriction sites: 

[0036] 5‘-S>>>>>>>>>>>>>>>>>>>>>>>>>>>S2_ 
31 

[0037] Where S1 is restriction site 1 cleaved by E1, S2 is 
a second restriction site cleaved by E2> represents a simple 
repeat unit, and ‘_’ denotes a short (8-10) nucleotide ?ank 
ing sequence complementary to oligonucleotide 2: 

[0038] 3353-5‘ 
[0039] Where S3 is a third restriction site for enZyme E3 
and Which is present in the vector to be used during the 
construction. The method involves the following steps: (1) 
oligonucleotides 1 and 2 are annealed; (2) the annealed 
oligonucleotides are ?lled-in to produce a double-stranded 
(ds) sequence; (3) the double-stranded DNA is cleaved With 
restriction enZymes E1 and E3 and subsequently ligated into 
a vector (e.g., pUC19 or a yeast vector) that has been cleaved 
With the same enZymes E1 and E3; (4) the insert is isolated 
from a ?rst portion of the plasmid by digesting With restric 
tion enZymes E1 and E3, and a second portion of the plasmid 
is cut With enZymes E2 (treated to remove the 3‘-overhang) 
and E3, and the large fragment (plasmid DNA plus the 
insert) is isolated; (5) the tWo DNA fragments (the S1-S3 
insert fragment and the vector plus insert) are ligated; and 
(6) steps 4 and 5 are repeated as many times as needed to 
achieve the desired repeat sequence siZe. In each extension 
cycle, the repeat sequence siZe doubles, i.e., if m is the 
number of extension cycles, the siZe of the repeat sequence 
Will be k><2rn nucleotides. 

DESCRIPTION OF THE DRAWINGS 

[0040] FIG. 1 is a schematic draWing depicting formation 
of the MMCneo [the minichromosome] chromosome. A-G 
represents the successive events consistent With observed 
data that Would lead to the formation and stabiliZation of the 
minichromosome. 

[0041] FIG. 2 shoWs a schematic summary of the manner 
in Which the observed neW chromosomes Would form, and 
the relationships among the different de novo formed chro 
mosomes. In particular, this ?gure shoWs a schematic draW 
ing of the de novo chromosome formation initiated in the 
centromeric region of mouse chromosome 7. (A) A single 
E-type ampli?cation in the centromeric region of chromo 
some 7 generates a neo-centromere linked to the integrated 
“foreign” DNA, and forms a dicentric chromosome. Mul 
tiple E-type ampli?cation forms the )L neo-chromosome, 
Which separates from the remainder of mouse chromosome 
7 through a speci?c breakage betWeen the centromeres of 
the dicentric chromosome and Which Was stabiliZed in a 
mouse-hamster hybrid cell line; (B) Speci?c breakage 
betWeen the centromeres of a dicentric chromosome 7 
generates a chromosome fragment With the neo-centromere, 
and a chromosome 7 With traces of heterologous DNA at the 
end; (C) Inverted duplication of the fragment bearing the 
neo-centromere results in the formation of a stable neo 

minichromosome; (D) Integration of exogenous DNA into 
the heterologous DNA region of the formerly dicentric 
chromosome 7 initiates H-type ampli?cation, and the for 
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mation of a heterochromatic arm. By capturing a euchro 
matic terminal segment, this neW chromosome arm is sta 
biliZed in the form of the “sausage” chromosome; BrdU 
[S-bromodeoxyuridine] treatment and/or drug selection 
induce further H-type ampli?cation, Which results in the 
formation of an unstable gigachromosome: Repeated 
BrdU treatments and/or drug selection induce further H-type 
ampli?cation including a centromere duplication, Which 
leads to the formation of another heterochromatic chromo 
some arm. It is split off from the chromosome 7 by chro 
mosome breakage, and by acquiring a terminal segment, the 
stable megachromosome is formed. 

[0042] FIG. 3 is a schematic diagram of the replicon 
structure and a scheme by Which a megachromosome could 
be produced. 

[0043] FIG. 4 sets forth the relationships among some of 
the exemplary cell lines described herein. 

[0044] FIG. 5 is a diagram of the plasmid pTEMPUD. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0045] De?nitions 

[0046] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as is com 
monly understood by one of skill in the art to Which this 
invention belongs. All patents and publications referred to 
herein are incorporated by reference. 

[0047] As used herein, a mammalian arti?cial chromo 
some [MAC] is a piece of DNA that can stably replicate and 
segregate alongside endogenous chromosomes. It has the 
capacity to accommodate and express heterologous genes 
inserted therein. It is referred to as a mammalian arti?cial 
chromosome because it includes an active mammalian cen 

tromere(s). Plant arti?cial chromosomes, insect arti?cial 
chromosomes and avian arti?cial chromosomes refer to 
chromosomes that include plant and insect centromeres, 
respectively. A human arti?cial chromosome [HAC] refers 
to chromosomes that include human centromeres, BUGACs 
refer to insect arti?cial chromosomes, and AVACs refer to 
avian arti?cial chromosomes. Among the MACs provided 
herein are SATACs, minichromosomes, and in vitro synthe 
siZed arti?cial chromosomes. Methods for construction of 
each type are provided herein. 

[0048] As used herein, in vitro synthesiZed arti?cial chro 
mosomes are arti?cial chromosomes that is produced by 
joining the essential components (at least the centromere, 
and origins of replication) In vitro. 

[0049] As used herein, endogenous chromosomes refer to 
genomic chromosomes as found in the cell prior to genera 
tion or introduction of a MAC. 

[0050] As used herein, stable maintenance of chromo 
somes occurs When at least about 85%, preferably 90%, 
more preferably 95%, of the cells retain the chromosome. 
Stability is measured in the presence of a selective agent. 
Preferably these chromosomes are also maintained in the 
absence of a selective agent. Stable chromosomes also retain 
their structure during cell culturing, suffering neither intra 
chromosomal nor interchromosomal rearrangements. 

[0051] As used herein, groWth under selective conditions 
means groWth of a cell under conditions that require expres 
sion of a selectable marker for survival. 
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[0052] As used herein, an agent that destabiliZes a chro 
mosome is any agent known by those of skill in the art to 
enhance ampli?cation events, mutations. Such agents, Which 
include BrdU, are Well knoWn to those of skill in the art. 

[0053] As used herein, de novo With reference to a cen 
tromere, refers to generation of an excess centromere as a 
result of incorporation of a heterologous DNA fragment 
using the methods herein. 

[0054] As used herein, euchromatin and heterochromatin 
have their recogniZed meanings, euchromatin refers to chro 
matin that stains diffusely and that typically contains genes, 
and heterochromatin refers to chromatin that remains unusu 
ally condensed and that has been thought to be transcrip 
tionally inactive. Highly repetitive DNA sequences [satellite 
DNA], at least With respect to mammalian cells, are usually 
located in regions of the heterochromatin surrounding the 
centromere [pericentric heterochromatin]. Constitutive het 
erochromatin refers to heterochromatin that contains the 
highly repetitive DNA Which is constitutively condensed 
and genetically inactive. 

[0055] As used herein, BrdU refers to 5-bromodeoxyuri 
dine, Which during replication is inserted in place of thymi 
dine. BrdU is used as a mutagen; it also inhibits condensa 
tion of metaphase chromosomes during cell division. 

[0056] As used herein, a dicentric chromosome is a chro 
mosome that contains tWo centromeres. Amulticentric chro 
mosome contains more than tWo centromeres. 

[0057] As used herein, a formerly dicentric chromosome 
is a chromosome that is produced When a dicentric chro 
mosome fragments and acquires neW telomeres so that tWo 
chromosomes, each having one of the centromeres, are 
produced. Each of the fragments are replicable chromo 
somes. If one of the chromosomes undergoes ampli?cation 
of euchromatic DNA to produce a fully functional chromo 
some that contains the neWly introduced heterologous DNA 
and primarily [at least more than 50%] euchromatin, it is a 
minichromosome. The remaining chromosome is a formerly 
dicentric chromosome. If one of the chromosomes under 
goes ampli?cation, Whereby heterochromatin [satellite 
DNA] is ampli?ed and a euchromatic portion [or arm] 
remains, it is referred to as a sausage chromosome. A 
chromosome that is substantially all heterochromatin, except 
for portions of heterologous DNA, is called a SATAC. Such 
chromosomes [SATACs] can be produced from sausage 
chromosomes by culturing the cell containing the sausage 
chromosome under conditions, such as BrdU treatment 
and/or groWth under selective conditions, that destabiliZe the 
chromosome so that a satellite arti?cial chromosomes 
[SATAC] is produced. For purposes herein, it is understood 
that SATACs may not necessarily be produced in multiple 
steps, but may appear after the initial introduction of the 
heterologous DNA and groWth under selective conditions, or 
they may appear after several cycles of groWth under selec 
tive conditions and BrdU treatment. 

[0058] As used herein, a SATAC refers to a chromosome 
that is substantially all heterochromatin, except for portions 
of heterologous DNA. Typically, SATACs are satellite DNA 
based arti?cial chromosomes, but the term encompasses any 
chromosome made by the methods herein that contains more 
heterochromatin than euchromatin. 

[0059] As used herein, ampli?able, When used in reference 
to a chromosome, particularly the method of generating 
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SATACs provided herein, refers to a region of a chromo 
some that is prone to ampli?cation. Amplifcation typically 
occurs during replication and other cellular events involving 
recombination. Such regions are typically regions of the 
chromosome that include tandem repeats, such as satellite 
DNA, rDNA and other such sequences. 

[0060] As used herein, ampli?cation, With reference to 
DNA, is a process in Which segments of DNA are duplicated 
to yield tWo or multiple copies of identical or nearly iden 
tical DNA segments that are typically joined as substantially 
tandem or successive repeats or inverted repeats. 

[0061] As used herein an amplicon is a repeated DNA 
ampli?cation unit that contains a set of inverted repeats of 
the megareplicon. A megareplicon represents a higher order 
replication unit. For example, With reference to the SATACs, 
the megareplicon contains a set of tandem DNA blocks each 
containing satellite DNA ?anked by non-satellite DNA. 
Contained Within the megareplicon is a primary replication 
site, referred to as the megareplicator, Which may be 
involved in organiZing and facilitating replication of the 
pericentric heterochromatin and possibly the centromeres. 
Within the megareplicon there may be smaller [e.g., 50-300 
kb in some mammalian cells] secondary replicons. In the 
exempli?ed SATACS, the megareplicon is de?ned by tWo 
tandem ~7.5 Mb DNA blocks [see, e.g., FIG. 3]. Within 
each arti?cial chromosome [AC] or among a population 
thereof, each amplicon has the same gross structure but may 
contain sequence variations. Such variations Will arise as a 
result of movement of mobile genetic elements, deletions or 
insertions or mutations that arise, particularly in culture. 
Such variation does not affect the use of the ACs or their 
overall structure as described herein. 

[0062] As used herein, ribosomal RNA [rRNA] is the 
specialiZed RNA that forms part of the structure of a 
ribosome and participates in the synthesis of proteins. Ribo 
somal RNA is produced by transcription of genes Which, in 
eukaryotic cells, are present in multiple copies. In human 
cells, the approximately 250 copies of rRNA genes per 
haploid genome are spread out in clusters on at least ?ve 
different chromosomes (chromosomes 13, 14, 15, 21 and 
22). In mouse cells, the presence of ribosomal DNA [rDNA] 
has been veri?ed on at least 11 pairs out of 20 mouse 
chromosomes [chromosomes 5, 6, 9, 11, 12, 15, 16, 17, 18, 
19 and X][see e.g., RoWe et al. (1996) Mamm. Genome 
7:886-889 and Johnson et al. (1993) Mamm. Genome 4:49 
52]. In eukaryotic cells, the multiple copies of the highly 
conserved rRNA genes are located in a tandemly arranged 
series of rDNA units, Which are generally about 40-45 kb in 
length and contain a transcribed region and a nontranscribed 
region knoWn as spacer (i.e., intergenic spacer) DNA Which 
can vary in length and sequence. In the human and mouse, 
these tandem arrays of rDNA units are located adjacent to 
the pericentric satellite DNA sequences (heterochromatin). 
The regions of these chromosomes in Which the rDNA is 
located are referred to as nucleolar organiZing regions 
(NOR) Which loop into the nucleolus, the site of ribosome 
production Within the cell nucleus. 

[0063] As used herein, the minichromosome refers to a 
chromosome derived from a multicentric, typically dicen 
tric, chromosome [see, e.g., FIG. 1] that contains more 
euchromatic than heterochromatic DNA. 

[0064] As used herein, a megachromosome refers to a 
chromosome that, except for introduced heterologous DNA, 
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is substantially composed of heterochromatin. Megachro 
mosomes are made of an array of repeated amplicons that 
contain tWo inverted megareplicons bordered by introduced 
heterologous DNA [see, e.g., FIG. 3 for a schematic draW 
ing of a megachromosome]. For purposes herein, a mega 
chromosome is about 50 to 400 Mb, generally about 250 
400 Mb. Shorter variants are also referred to as truncated 

megachromosomes [about 90 to 120 or 150 Mb], dWarf 
megachromosomes [~150-200 Mb] and cell lines, and a 
micro-megachromosome [~50-90 Mb, typically 50-60 Mb]. 
For purposes herein, the term megachromosome refers to the 
overall repeated structure based on an array of repeated 
chromosomal segments [amplicons] that contain tWo 
inverted megareplicons bordered by any inserted heterolo 
gous DNA. The siZe Will be speci?ed. 

[0065] As used herein, genetic therapy involves the trans 
fer or insertion of heterologous DNA into certain cells, target 
cells, to produce speci?c gene products that are involved in 
correcting or modulating disease. The DNA is introduced 
into the selected target cells in a manner such that the 
heterologous DNA is expressed and a product encoded 
thereby is produced. Alternatively, the heterologous DNA 
may in some manner mediate expression of DNA that 
encodes the therapeutic product. It may encode a product, 
such as a peptide or RNA, that in some manner mediates, 
directly or indirectly, expression of a therapeutic product. 
Genetic therapy may also be used to introduce therapeutic 
compounds, such as TNF, that are not normally produced in 
the host or that are not produced in therapeutically effective 
amounts or at a therapeutically useful time. Expression of 
the heterologous DNAby the target cells Within an organism 
afflicted With the disease thereby enables modulation of the 
disease. The heterologous DNA encoding the therapeutic 
product may be modi?ed prior to introduction into the cells 
of the afflicted host in order to enhance or otherWise alter the 
product or expression thereof. 

[0066] As used herein, heterologous or foreign DNA and 
RNA are used interchangeably and refer to DNA or RNA 
that does not occur naturally as part of the genome in Which 
it is present or Which is found in a location or locations in 
the genome that differ from that in Which it occurs in nature. 
It is DNA or RNA that is not endogenous to the cell and has 
been exogenously introduced into the cell. Examples of 
heterologous DNA include, but are not limited to, DNA that 
encodes a gene product or gene product(s) of interest, 
introduced for purposes of gene therapy or for production of 
an encoded protein. Other examples of heterologous DNA 
include, but are not limited to, DNA that encodes traceable 
marker proteins, such as a protein that confers drug resis 
tance, DNA that encodes therapeutically effective sub 
stances, such as anti-cancer agents, enZymes and hormones, 
and DNA that encodes other types of proteins, such as 
antibodies. Antibodies that are encoded by heterologous 
DNA may be secreted or expressed on the surface of the cell 
in Which the heterologous DNA has been introduced. 

[0067] As used herein, a therapeutically effective product 
is a product that is encoded by heterologous DNA that, upon 
introduction of the DNA into a host, a product is expressed 
that effectively ameliorates or eliminates the symptoms, 
manifestations of an inherited or acquired disease or that 
cures said disease. 
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[0068] As used herein, transgenic plants refer to plants in 
Which heterologous or foreign DNA is expressed or in Which 
the expression of a gene naturally present in the plant has 
been altered. 

[0069] As used herein, operative linkage of heterologous 
DNA to regulatory and effector sequences of nucleotides, 
such as promoters, enhancers, transcriptional and transla 
tional stop sites, and other signal sequences refers to the 
relationship betWeen such DNA and such sequences of 
nucleotides. For example, operative linkage of heterologous 
DNA to a promoter refers to the physical relationship 
betWeen the DNA and the promoter such that the transcrip 
tion of such DNA is initiated from the promoter by an RNA 
polymerase that speci?cally recogniZes, binds to and tran 
scribes the DNA in reading frame. Preferred promoters 
include tissue speci?c promoters, such as mammary gland 
speci?c promoters, viral promoters, such TK, CMV, aden 
ovirus promoters, and other promoters knoWn to those of 
skill in the art. 

[0070] As used herein, isolated, substantially pure DNA 
refers to DNA fragments puri?ed according to standard 
techniques employed by those skilled in the art, such as that 
found in Maniatis et al. [(1982) Molecular Cloning: A 
Laboratory Manual, Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, 

[0071] As used herein, expression refers to the process by 
Which nucleic acid is transcribed into mRNA and translated 
into peptides, polypeptides, or proteins. If the nucleic acid is 
derived from genomic DNA, expression may, if an appro 
priate eukaryotic host cell or organism is selected, include 
splicing of the mRNA. 

[0072] As used herein, vector or plasmid refers to discrete 
elements that are used to introduce heterologous DNA into 
cells for either expression of the heterologous DNA or for 
replication of the cloned heterologous DNA. Selection and 
use of such vectors and plasmids are Well Within the level of 
skill of the art. 

[0073] As used herein, transformation/transfection refers 
to the process by Which DNA or RNA is introduced into 
cells. Transfection refers to the taking up of exogenous 
nucleic acid, e.g., an expression vector, by a host cell 
Whether or not any coding sequences are in fact expressed. 
Numerous methods of transfection are knoWn to the ordi 
narily skilled artisan, for example, by direct uptake using 
calcium phosphate [CaPO4; see, e.g., Wigler et al. (1979) 
Proc. Natl. Acad. Sci. USA. 76:1373-1376], polyethylene 
glycol [PEG]-mediated DNA uptake, electroporation, lipo 
fection [see, e.g., Strauss (1996) Meth. Mol. Biol. 54:307 
327], microcell fusion [see, EXAMPLES, see, also Lambert 
(1991) Proc. Natl. Acad. Sci. USA. 88:5907-5911; US. Pat. 
No. 5,396,767, SaWford et al. (1987) Somatic Cell Mol. 
Genet. 13:279-284; Dhar et al. (1984) Somatic Cell Mol. 
Genet. 10:547-559; and McNeill-Killary et al. (1995) Meth. 
Enzymol. 254:133-152], lipid-mediated carrier systems [see, 
e.g., Teifel et al. (1995) Biotechniques 19:79-80; Albrecht et 
al. (1996) Ann. Hematol. 72:73-79; Holmen et al. (1995) In 
Wtro Cell Dev. Biol. Anim. 31:347-351; REmy et al. (1994) 
Bioconjug. Chem. 5:647-654; Le Bolch et al. (1995) Tetra 
hedron Lett. 36:6681-6684; Loeffler et al. (1993) Meth. 
Enzymol. 217:599-618] or other suitable method. Successful 
transfection is generally recogniZed by detection of the 
presence of the heterologous nucleic acid Within the trans 
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fected cell, such as any indication of the operation of a 
vector Within the host cell. Transformation means introduc 
ing DNA into an organism so that the DNA is replicable, 
either as an eXtrachromosomal element or by chromosomal 
integration. 

[0074] As used herein, injected refers to the microinjec 
tion [use of a small syringe] of DNA into a cell. 

[0075] As used herein, substantially homologous DNA 
refers to DNA that includes a sequence of nucleotides that is 
sufficiently similar to another such sequence to form stable 
hybrids under speci?ed conditions. 

[0076] It is Well knoWn to those of skill in this art that 
nucleic acid fragments With different sequences may, under 
the same conditions, hybridiZe detectably to the same “tar 
get” nucleic acid. TWo nucleic acid fragments hybridiZe 
detectably, under stringent conditions over a suf?ciently 
long hybridiZation period, because one fragment contains a 
segment of at least about 14 nucleotides in a sequence Which 
is complementary [or nearly complementary] to the 
sequence of at least one segment in the other nucleic acid 
fragment. If the time during Which hybridiZation is alloWed 
to occur is held constant, at a value during Which, under 
preselected stringency conditions, tWo nucleic acid frag 
ments With eXactly complementary base-pairing segments 
hybridiZe detectably to each other, departures from eXact 
complementarity can be introduced into the base-pairing 
segments, and base-pairing Will nonetheless occur to an 
eXtent suf?cient to make hybridiZation detectable. As the 
departure from complementarity betWeen the base-pairing 
segments of tWo nucleic acids becomes larger, and as 
conditions of the hybridiZation become more stringent, the 
probability decreases that the tWo segments Will hybridiZe 
detectably to each other. 

[0077] TWo single-stranded nucleic acid segments have 
“substantially the same sequence,” Within the meaning of 
the present speci?cation, if (a) both form a base-paired 
dupleX With the same segment, and (b) the melting tempera 
tures of said tWo dupleXes in a solution of 0.5><SSPE differ 
by less than 10° C. If the segments being compared have the 
same number of bases, then to have “substantially the same 
sequence”, they Will typically differ in their sequences at 
feWer than 1 base in 10. Methods for determining melting 
temperatures of nucleic acid dupleXes are Well knoWn [see, 
e.g., Meinkoth and Wahl (1984) Anal. Biochem. 138:267 
284 and references cited therein]. 

[0078] As used herein, a nucleic acid probe is a DNA or 
RNA fragment that includes a suf?cient number of nucle 
otides to speci?cally hybridiZe to DNA or RNA that includes 
identical or closely related sequences of nucleotides. A 
probe may contain any number of nucleotides, from as feW 
as about 10 and as many as hundreds of thousands of 
nucleotides. The conditions and protocols for such hybrid 
iZation reactions are Well knoWn to those of skill in the art 
as are the effects of probe siZe, temperature, degree of 
mismatch, salt concentration and other parameters on the 
hybridiZation reaction. For eXample, the loWer the tempera 
ture and higher the salt concentration at Which the hybrid 
iZation reaction is carried out, the greater the degree of 
mismatch that may be present in the hybrid molecules. 
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[0079] To be used as a hybridiZation probe, the nucleic 
acid is generally rendered detectable by labelling it With a 
detectable moiety or label, such as 32F, 3H and 14C, or by 
other means, including chemical labelling, such as by nick 
translation in the presence of deoXyuridylate biotinylated at 
the 5‘-position of the uracil moiety. The resulting probe 
includes the biotinylated uridylate in place of thymidylate 
residues and can be detected [via the biotin moieties] by any 
of a number of commercially available detection systems 
based on binding of streptavidin to the biotin. Such com 
mercially available detection systems can be obtained, for 

eXample, from EnZo Biochemicals, Inc. [NeW York, Any other label knoWn to those of skill in the art, including 

non-radioactive labels, may be used as long as it renders the 
probes suf?ciently detectable, Which is a function of the 
sensitivity of the assay, the time available [for culturing 
cells, extracting DNA, and hybridiZation assays], the quan 
tity of DNA or RNA available as a source of the probe, the 

particular label and the means used to detect the label. 

[0080] Once sequences With a suf?ciently high degree of 
homology to the probe are identi?ed, they can readily be 
isolated by standard techniques, Which are described, for 
eXample, by Maniatis et al. ((1982) Molecular Cloning: A 
Laboratory Manual, Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, 

[0081] As used herein, conditions under Which DNA mol 
ecules form stable hybrids and are considered substantially 
homologous are such that DNA molecules With at least 
about 60% complementarity form stable hybrids. Such DNA 
fragments are herein considered to be “substantially 
homologous”. For eXample, DNA that encodes a particular 
protein is substantially homologous to another DNA frag 
ment if the DNA forms stable hybrids such that the 
sequences of the fragments are at least about 60% comple 
mentary and if a protein encoded by the DNA retains its 
activity. 

[0082] For purposes herein, the folloWing stringency con 
ditions are de?ned: 

[0083] 1) high stringency: 0.1><SSPE, 0.1% SDS, 65° 
C. 

[0084] 2) medium stringency: 0.2><SSPE, 0.1% SDS, 
50° C. 

[0085] 3) loW stringency: 1.0><SSPE, 0.1% SDS, 50° 
C. 

[0086] or any combination of salt and temperature and 
other reagents that result in selection of the same degree of 
mismatch or matching. 

[0087] As used herein, immunoprotective refers to the 
ability of a vaccine or eXposure to an antigen or immunity 
inducing agent, to confer upon a host to Whom the vaccine 
or antigen is administered or introduced, the ability to resist 
infection by a disease-causing pathogen or to have reduced 
symptoms. The selected antigen is typically an antigen that 
is presented by the pathogen. 
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[0088] As used herein, all assays and procedures, such as 
hybridization reactions and antibody-antigen reactions, 
unless otherWise speci?ed, are conducted under conditions 
recognized by those of skill in the art as standard conditions. 

[0089] A. Preparation of Cell Lines Containing MACs 

[0090] 1. The Megareplicon 

[0091] The methods, cells and MACs provided herein are 
produced by virtue of the discovery of the existence of a 
higher-order replication unit [megareplicon] of the centro 
meric region. This megareplicon is delimited by a primary 
replication initiation site [megareplicator], and appears to 
facilitate replication of the centromeric heterochromatin, 
and most likely, centromeres. Integration of heterologous 
DNA into the megareplicator region or in close proximity 
thereto, initiates a large-scale ampli?cation of megabase 
siZe chromosomal segments, Which leads to de novo chro 
mosome formation in living cells. 

[0092] DNA sequences that provide a preferred megarep 
licator are the rDNA units that give rise to ribosomal RNA 
(rRNA). In mammals, particularly mice and humans, these 
rDNA units contain specialiZed elements, such as the origin 
of replication (or origin of bidirectional replication, i.e., 
OBR, in mouse) and ampli?cation promoting sequences 
(APS) and ampli?cation control elements (ACE) (see, e.g., 
Gogel et al. (1996) Chromosoma 104:511-518; Coffman et 
al. (1993) Exp. Cell. Res. 209:123-132; Little et al. (1993) 
Mol. Cell. Biol. 13:6600-6613; Yoon et al. (1995) Mol. Cell. 
Biol. 15 :2482-2489; GonZaleZ and Sylvester (1995) Genom 
ics 27:320-328; Miesfeld and Arnheim (1982) Nuc. Acids 
Res. 10:3933-3949]); Maden et al. (1987) Biochem. J. 
246:519-527). 
[0093] As described herein, Without being bound by any 
theory, these specialiZed elements may facilitate replication 
and/or ampli?cation of megabase-siZe chromosomal seg 
ments in the de novo formation of chromosomes, such as 
those described herein, in cells. These specialiZed elements 
are typically located in the nontranscribed intergenic spacer 
region upstream of the transcribed region of rDNA. The 
intergenic spacer region may itself contain internally 
repeated sequences Which can be classi?ed as tandemly 
repeated blocks and nontandem blocks (see e.g., GonZaleZ 
and Sylvester (1995) Genomics 27:320-328). In mouse 
rDNA, an origin of bidirectional replication may be found 
Within a 3-kb initiation Zone centered approximately 1.6 kb 
upstream of the transcription start site (see, e.g., Gogel et al. 
(1996) Chromosoma 104:511-518). The sequences of these 
specialiZed elements tend to have an altered chromatin 
structure, Which may be detected, for example, by nuclease 
hypersensitivity or the presence of AT-rich regions that can 
give rise to bent DNA structures. An exemplary sequence 
encompassing an origin of replication is shoWn in SEQ ID 
NO. 16 and in GENBANK accession no. X82564 at about 
positions 2430-5435. Exemplary sequences encompassing 
ampli?cation-promoting sequences include nucleotides 690 
1060 and 1105-1530 of SEQ ID NO. 16. 

[0094] In human rDNA, a primary replication initiation 
site may be found a feW kilobase pairs upstream of the 
transcribed region and secondary initiation sites may be 
found throughout the nontranscribed intergenic spacer 
region (see, e.g., Yoon et al. (1995) Mol. Cell. Biol. 15:2482 
2489). A complete human rDNA repeat unit is presented in 
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GENBANK as accession no. U13369 and is set forth in SEQ 
ID NO. 17 herein. Another exemplary sequence encompass 
ing a replication initiation site may be found Within the 
sequence of nucleotides 35355-42486 in SEQ ID NO. 17 
particularly Within the sequence of nucleotides 37912-42486 
and more particularly Within the sequence of nucleotides 
37912-39288 of SEQ ID NO. 17 (see Coffman et al. (1993) 
Exp. Cell. Res. 209:123-132). 

[0095] Cell lines containing MACs can be prepared by 
transforming cells, preferably a stable cell line, With a 
heterologous DNA fragment that encodes a selectable 
marker, culturing under selective conditions, and identifying 
cells that have a multicentric, typically dicentric, chromo 
some. These cells can then be manipulated as described 
herein to produce the minichromosomes and other MACs, 
particularly the heterochromatic SATACs, as described 
herein. 

[0096] Development of a multicentric, particularly dicen 
tric, chromosome typically is effected through integration of 
the heterologous DNA in the pericentric heterochromatin, 
preferably in the centromeric regions of chromosomes car 
rying rDNA sequences. Thus, the frequency of incorporation 
can be increased by targeting to these regions, such as by 
including DNA, including, but not limited to, rDNA or 
satellite DNA, in the heterologous fragment that encodes the 
selectable marker. Among the preferred targeting sequences 
for directing the heterologous DNA to the pericentromeric 
heterochromatin are rDNA sequences that target centromeric 
regions of chromosomes that carry rRNA genes. Such 
sequences include, but are not limited to, the DNA of SEQ 
ID NO. 16 and GENBANK accession no. X82564 and 
portions thereof, the DNA of SEQ ID NO. 17 and GEN 
BANK accession no. U13369 and portions thereof, and the 
DNA of SEQ ID NOS. 18-24. A particular vector incorpo 
rating from Within SEQ ID NO. 16 for use in directing 
integration of heterologous DNA into chromosomal rDNA is 
pTERPUD (see Example 12). Satellite DNA sequences can 
also be used to direct the heterologous DNA to integrate into 
the pericentric heterochromatin. For example, vectors 
pTEMPUD and pHASPUD, Which contain mouse and 
human satellite DNA, respectively, are provided herein (see 
Example 12) as exemplary vectors for introduction of het 
erologous DNA into cells for de novo arti?cial chromosome 
formation. 

[0097] The resulting cell lines can then be treated as the 
exempli?ed cells herein to produce cells in Which the 
dicentric chromosome has fragmented. The cells can then be 
used to introduce additional selective markers into the 
fragmented dicentric chromosome (i.e., formerly dicentric 
chromosome), Whereby ampli?cation of the pericentric het 
erochromatin Will produce the heterochromatic chromo 
somes. 

[0098] The folloWing discussion describes this process 
With reference to the EC3/7 line and the resulting cells. The 
same procedures can be applied to any other cells, particu 
larly cell lines to create SATACs and euchromatic minichro 
mosomes. 

[0099] 2. Formation of de novo Chromosomes 

[0100] De novo centromere formation in a transformed 
mouse LMTK-?bro-blast cell line [EC3/7] after cointegra 
tion of )L constructs [)LCMS and )tgtWESneo] carrying 
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human and bacterial DNA [HadlacZky et al. (1991) Proc. 
Natl. Acad. Sci. USA. 88:8106-8110 and Us. application 
Ser. No. 08/375,271] has been shown. The integration of the 
“heterologous” engineered human, bacterial and phage 
DNA, and the subsequent ampli?cation of mouse and het 
erologous DNA that led to the formation of a dicentric 
chromosome, occurred at the centromeric region of the short 
arm of a mouse chromosome. By G-banding, this chromo 
some Was identi?ed as mouse chromosome 7. Because of the 

presence of tWo functionally active centromeres on the same 
chromosome, regular breakages occur betWeen the cen 
tromeres. Such speci?c chromosome breakages gave rise to 
the appearance [in approximately 10% of the cells] of a 
chromosome fragment carrying the neo-centromere. From 
the EC3/7 cell line [see, U.S. Pat. No. 5,288,625, deposited 
at the European Collection of Animal Cell Culture (herein 
after ECACC) under accession no. 90051001; see, also 
HadlacZky et al. (1991) Proc. Natl. Acad. Sci. USA. 
88:8106-8110, and US. application Ser. No. 08/375,271 and 
the corresponding published European application EP 0 473 
253, tWo sublines [EC3/7C5 and EC3/7C6] Were selected by 
repeated single-cell cloning. In these cell lines, the neo 
centromere Was found exclusively on a minichromosome 

[neo-minichromosome], While the formerly dicentric chro 
mosome carried traces of “heterologous” DNA. 

[0101] It has noW been discovered that integration of DNA 
encoding a selectable marker in the heterochromatic region 
of the centromere led to formation of the dicentric chromo 
some. 

[0102] 3. The Neo-minichromosome 

[0103] The chromosome breakage in the EC3/7 cells, 
Which separates the neo-centromere from the mouse chro 
mosome, occurred in the G-band positive “heterologous” 
DNA region. This is supported by the observation of traces 
of )t and human DNA sequences at the broken end of the 
formerly dicentric chromosome. Comparing the G-band 
pattern of the chromosome fragment carrying the neo 
centromere With that of the stable neo-minichromosome, it 
is apparent that the neo-minichromosome is an inverted 
duplicate of the chromosome fragment that bears the neo 
centromere. This is supported by the observation that 
although the neo-minichromosome carries only one func 
tional centromere, both ends of the minichromosome are 
heterochromatic, and mouse satellite DNA sequences Were 
found in these heterochromatic regions by in situ hybrid 
iZation. 

[0104] Mouse cells containing the minichromosome, 
Which contains multiple repeats of the heterologous DNA, 
Which in the exempli?ed embodiment is 9» DNA and the 
neomycin-resistance gene, can be used as recipient cells in 
cell transformation. Donor DNA, such as selected heterolo 
gous DNA containing 9» DNA linked to a second selectable 
marker, such as the gene encoding hygromycin phospho 
transferase Which confers hygromycin resistance [hyg], can 
be introduced into the mouse cells and integrated into the 
minichromosomes by homologous recombination of 9» DNA 
in the donor DNA With that in the minichromosomes. 
Integration is veri?ed by in situ hybridiZation and Southern 
blot analyses. Transcription and translation of the heterolo 
gous DNA is con?rmed by primer extension and immuno 
blot analyses. 
[0105] For example, DNA has been targeted into the 
neo-minichromosome in EC3/7C5 cells using a 9» DNA 
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containing construct [pNem1ruc] that also contains DNA 
encoding hygromycin resistance and the Renilla luciferase 
gene linked to a promoter, such as the cytomegalovirus 
[CMV] early promoter, and the bacterial neomycin resis 
tance-encoding DNA. Integration of the donor DNA into the 
chromosome in selected cells [designated PHN4] Was con 
?rmed by nucleic acid ampli?cation [PCR] and in situ 
hybridiZation. Events that Would produce a neo-minichro 
mosome are depicted in FIG. 1. 

[0106] The resulting engineered minichromosome that 
contains the heterologous DNA can then be transferred by 
cell fusion into a recipient cell line, such as Chinese hamster 
ovary cells [CH0] and correct expression of the heterolo 
gous DNA can be veri?ed. FolloWing production of the 
cells, metaphase chromosomes are obtained, such as by 
addition of colchicine, and the chromosomes puri?ed by 
addition of AT- and GC-speci?c dyes on a dual laser beam 
based cell sorter (see Example 10 B for a description of 
methods of isolating arti?cial chromosomes). Preparative 
amounts of chromosomes [5><10“—5><107 chromosomes/ml] 
at a purity of 95% or higher can be obtained. The resulting 
chromosomes are used for delivery to cells by methods such 
as microinjection and liposome-mediated transfer. 

[0107] Thus, the neo-minichromosome is stably main 
tained in cells, replicates autonomously, and permits the 
persistent long-term expression of the neo gene under non 
selective culture conditions. It also contains megabases of 
heterologous knoWn DNA [9» DNA in the exempli?ed 
embodiments] that serves as target sites for homologous 
recombination and integration of DNA of interest. The 
neo-minichromosome is, thus, a vector for genetic engineer 
ing of cells. It has been introduced into SCID mice, and 
shoWn to replicate in the same manner as endogenous 
chromosomes. 

[0108] The methods herein provide means to induce the 
events that lead to formation of the neo-minichromosome by 
introducing heterologous DNA With a selective marker 
[preferably a dominant selectable marker] into cells and 
culturing the cells under selective conditions. As a result, 
cells that contain a multicentric, e.g., dicentric chromosome, 
or fragments thereof, generated by ampli?cation are pro 
duced. Cells With the dicentric chromosome can then be 
treated to destabiliZe the chromosomes With agents, such as 
BrdU and/or culturing under selective conditions, resulting 
in cells in Which the dicentric chromosome has formed tWo 
chromosomes, a so-called minichromosome, and a formerly 
dicentric chromosome that has typically undergone ampli 
?cation in the heterochromatin Where the heterologous DNA 
has integrated to produce a SATAC or a sausage chromo 
some [discussed beloW]. These cells can be fused With other 
cells to separate the minichromosome from the formerly 
dicentric chromosome into different cells so that each type 
of MAC can be manipulated separately. 

[0109] 4. Preparation of SATACs 

[0110] An exemplary protocol for preparation of SATACs 
is illustrated in FIG. 2[particularly D, E and F] and FIG. 
3[see, also the EXAMPLES, particularly EXAMPLES 4-7]. 

[0111] To prepare a SATAC, the starting materials are 
cells, preferably a stable cell line, such as a ?broblast cell 
line, and a DNA fragment that includes DNA that encodes 
a selective marker. The DNA fragment is introduced into the 
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cell by methods of DNA transfer, including but not limited 
to direct uptake using calcium phosphate, electroporation, 
and lipid-mediated transfer. To insure integration of the 
DNA fragment in the heterochromatin, it is preferable to 
start With DNA that Will be targeted to the pericentric 
heterochromatic region of the chromosome, such as )tCMS 
and vectors provided herein, such as pTEMPUD [FIG. 5] 
and pHASPUD (see Example 12) that include satellite 
DNA, or speci?cally into rDNA in the centromeric regions 
of chromosomes containing rDNA sequences. After intro 
duction of the DNA, the cells are groWn under selective 
conditions. The resulting cells are examined and any that 
have multicentric, particularly dicentric, chromosomes [or 
heterochromatic chromosomes or sausage chromosomes or 

other such structure; see, FIG. 2D, 2E and 2E] are selected. 

[0112] In particular, if a cell With a dicentric chromosome 
is selected, it can be groWn under selective conditions, or, 
preferably, additional DNA encoding a second selectable 
marker is introduced, and the cells groWn under conditions 
selective for the second marker. The resulting cells should 
include chromosomes that have structures similar to those 
depicted in FIGS. 2D, 2E, 2F. Cells With a structure, such 
as the sausage chromosome, FIG. 2D, can be selected and 
fused With a second cell line to eliminate other chromo 
somes that are not of interest. If desired, cells With other 
chromosomes can be selected and treated as described 
herein. If a cell With a sausage chromosome is selected, it 
can be treated With an agent, such as BrdU, that destabiliZes 
the chromosome so that the heterochromatic arm forms a 
chromosome that is substantially heterochromatic [i.e., a 
megachromosome, see, FIG. 2F]. Structures such as the 
gigachromosome in Which the heterochromatic arm has 
ampli?ed but not broken off from the euchromatic arm, Will 
also be observed. The megachromosome is a stable chro 
mosome. Further manipulation, such as fusions and groWth 
in selective conditions and/or BrdU treatment or other such 
treatment, can lead to fragmentation of the megachromo 
some to form smaller chromosomes that have the amplicon 
as the basic repeating unit. 

[0113] The megachromosome can be further fragmented 
in vivo using a chromosome fragmentation vector, such as 
pTEMPUD [see, FIG. 5 and EXAMPLE 12], pHASPUD or 
pTERPUD (see Example 12) to ultimately produce a chro 
mosome that comprises a smaller stable replicable unit, 
about 15 Mb-60 Mb, containing one to four megareplicons. 

[0114] Thus, the stable chromosomes formed de novo that 
originate from the short arm of mouse chromosome 7 have 
been analyZed. This chromosome region shoWs a capacity 
for ampli?cation of large chromosome segments, and pro 
motes de novo chromosome formation. Large-scale ampli 
?cation at the same chromosome region leads to the forma 
tion of dicentric and multicentric chromosomes, a 
minichromosome, the 150-200 Mb siZe )L neo-chromosome, 
the “sausage” chromosome, the 500-1000 Mb gigachromo 
some, and the stable 250-400 Mb megachromosome. 

[0115] Aclear segmentation is observed along the arms of 
the megachromosome, and analyses shoW that the building 
units of this chromosome are amplicons of ~30 Mb com 
posed of mouse major satellite DNA With the integrated 
“foreign” DNA sequences at both ends. The ~30 Mb ampli 
cons are composed of tWo ~15 Mb inverted doublets of ~7.5 
Mb mouse major satellite DNA blocks, Which are separated 
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from each other by a narroW band of non-satellite sequences 
[see, e.g., FIG. 3]. The Wider non-satellite regions at the 
amplicon borders contain integrated, exogenous [heterolo 
gous] DNA, While the narroW bands of non-satellite DNA 
sequences Within the amplicons are integral parts of the 
pericentric heterochromatin of mouse chromosomes. These 
results indicate that the ~7.5 Mb blocks ?anked by non 
satellite DNA are the building units of the pericentric 
heterochromatin of mouse chromosomes, and the ~15 Mb 
siZe pericentric regions of mouse chromosomes contain tWo 
~7.5 Mb units. 

[0116] Apart from the euchromatic terminal segments, the 
Whole megachromosome is heterochromatic, and has struc 
tural homogeneity. Therefore, this large chromosome offers 
a unique possibility for obtaining information about the 
ampli?cation process, and for analyZing some basic char 
acteristics of the pericentric constitutive heterochromatin, as 
a vector for heterologous DNA, and as a target for further 
fragmentation. 
[0117] As shoWn herein, this phenomenon is generaliZable 
and can be observed With other chromosomes. Also, 
although these de novo formed chromosome segments and 
chromosomes appear different, there are similarities that 
indicate that a similar ampli?cation mechanism plays a role 
in their formation: in each case, the ampli?cation is 
initiated in the centromeric region of the mouse chromo 
somes and large (Mb siZe) amplicons are formed; (ii) mouse 
major satellite DNA sequences are constant constituents of 
the amplicons, either by providing the bulk of the hetero 
chromatic amplicons [H-type ampli?cation], or by bordering 
the aeuchromatic amplicons [E-type ampli?cation]; (iii) 
formation of inverted segments can be demonstrated in the 
)L neo-chromosome and megachromosome; (iv) chromo 
some arms and chromosomes formed by the ampli?cation 
are stable and functional. 

[0118] The presence of inverted chromosome segments 
seems to be a common phenomenon in the chromosomes 
formed de novo at the centromeric region of mouse chro 
mosome 7. During the formation of the neo-minichromo 
some, the event leading to the stabiliZation of the distal 
segment of mouse chromosome 7 that bears the neo-cen 
tromere may have been the formation of its inverted dupli 
cate. Amplicons of the megachromosome are inverted dou 
blets of ~7.5 Mb mouse major satellite DNA blocks. 

[0119] 5. Cell Lines 

[0120] Cell lines that contain MACs, such as the min 
ichromosome, the )t-neo chromosome, and the SATACs are 
provided herein or can be produced by the methods herein. 
Such cell lines provide a convenient source of these chro 
mosomes and can be manipulated, such as by cell fusion or 
production of microcells for fusion With selected cell lines, 
to deliver the chromosome of interest into hybrid cell lines. 
Exemplary cell lines are described herein and some have 
been deposited With the ECACC. 

[0121] a. EC3/7C5 and EC3/7C6 

[0122] Cell lines EC3/7C5 and EC3/7C6 Were produced 
by single cell cloning of EC3/7. For exemplary purposes 
EC3/7C5 has been deposited With the ECACC. These cell 
lines contain a minichromosome and the formerly dicentric 
chromosome from EC3/7. The stable minichromosomes in 
cell lines EC3/7C5 and EC3/7C6 appear to be the same and 
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they seem to be duplicated derivatives of the ~10-15 Mb 
“broken-off” fragment of the dicentric chromosome. Their 
similar siZe in these independently generated cell lines might 
indicate that ~20-30 Mb is the minimal or close to the 
minimal physical siZe for a stable minichromosome. 

[0123] b. TF1004G19 

[0124] Introduction of additional heterologous DNA, 
including DNA encoding a second selectable marker, hygro 
mycin phosphotransferase, i.e., the hygromycin-resistance 
gene, and also a detectable marker, [3-galactosidase (i.e., 
encoded by the lacZ gene), into the EC3/7C5 cell line and 
groWth under selective conditions produced cells designated 
TF1004G19. In particular, this cell line Was produced from 
the EC3/7C5 cell line by cotransfection With plasmids 
pH132, Which contains an anti-HIV riboZyme and hygro 
mycin-resistance gene, pCH110 [encodes [3-galactosidase] 
and )L phage [)tcl 875 Sam 7] DNA and selection With 
hygromycin B. 

[0125] Detailed analysis of the TF1004G19 cell line by in 
situ hybridiZation With )L phage and plasmid DNA sequences 
revealed the formation of the sausage chromosome. The 
formerly dicentric chromosome of the EC3/7C5 cell line 
translocated to the end of another acrocentric chromosome. 
The heterologous DNA integrated into the pericentric het 
erochromatin of the formerly dicentric chromosome and is 
ampli?ed several times With megabases of mouse pericentric 
heterochromatic satellite DNA sequences [FIG. 2D] form 
ing the “sausage” chromosome. Subsequently the acrocen 
tric mouse chromosome Was substituted by a euchromatic 
telomere. 

[0126] In situ hybridiZation With biotin-labeled subfrag 
ments of the hygromycin-resistance and [3-galactosidase 
genes resulted in a hybridiZation signal only in the hetero 
chromatic arm of the sausage chromosome, indicating that 
in TF1004G19 transformant cells these genes are localiZed 
in the pericentric heterochromatin. 

[0127] A high level of gene expression, hoWever, Was 
detected. In general, heterochromatin has a silencing effect 
in Drosophila, yeast and on the HSV-tk gene introduced into 
satellite DNA at the mouse centromere. Thus, it Was of 
interest to study the TF1004G19 transformed cell line to 
con?rm that genes located in the heterochromatin Were 
indeed expressed, contrary to recogniZed dogma. 

[0128] For this purpose, subclones of TF1004G19, con 
taining a different sausage chromosome [see FIG. 2D], Were 
established by single cell cloning. Southern hybridiZation of 
DNA isolated from the subclones With subfragments of 
hygromycin phosphotransferase and lacZ genes shoWed a 
close correlation betWeen the intensity of hybridiZation and 
the length of the sausage chromosome. This ?nding supports 
the conclusion that these genes are localiZed in the hetero 
chromatic arm of the sausage chromosome. 

[0129] (1) TF1004G-19C5 

[0130] TF1004G-19C5 is a mouse LMTK‘?broblast cell 
line containing neo-minichromosomes and stable “sausage” 
chromosomes. It is a subclone of TF1004G19 and Was 
generated by single-cell cloning of the TF1004G19 cell line. 
It has been deposited With the ECACC as an exemplary cell 
line and exemplary source of a sausage chromosome. Sub 
sequent fusion of this cell line With CHO K20 cells and 
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selection With hygromycin and G418 and HAT (hypoxan 
thine, aminopteria, and thymidine medium; see SZybalski et 
al. (1962) Proc. Natl. Acad. Sci. 4812026) resulted in hybrid 
cells (designated 19C5><Ha4) that carry the sausage chro 
mosome and the neo-minichromosome. BrdU treatment of 
the hybrid cells, folloWed by single cell cloning and selec 
tion With G418 and/or hygromycin produced various cells 
that carry chromosomes of interest, including GB43 and 
G3D5. 

[0131] (2) Other Subclones 

[0132] Cell lines GB43 and G3D5 Were obtained by 
treating 19C5><Ha4 cells With BrdU folloWed by groWth in 
G418-containing selective medium and retreatment With 
BrdU. The tWo cell lines Were isolated by single cell cloning 
of the selected cells. GB43 cells contain the neo-minichro 
mosome only. G3D5, Which has been deposited With the 
ECACC, carries the neo-minichromosome and the megach 
romosome. Single cell cloning of this cell line folloWed by 
groWth of the subclones in G418- and hygromycin-contain 
ing medium yielded subclones such as the GHB42 cell line 
carrying the neo-minichromosome and the megachromo 
some. H1D3 is a mouse-hamster hybrid cell line carrying the 
megachromosome, but no neo-minichromosome, and Was 
generated by treating 19C5><Ha4 cells With BrdU folloWed 
by groWth in hygromycin-containing selective medium and 
single cell subcloning of selected cells. Fusion of this cell 
line With the CD4+HeLa cell line that also carries DNA 
encoding an additional selection gene, the neomycin-resis 
tance gene, produced cells [designated H1><HE41 cells] that 
carry the megachromosome as Well as a human chromosome 
that carries CD4neo. Further BrdU treatment and single cell 
cloning produced cell lines, such as 1B3, that include cells 
With a truncated megachromosome. 

[0133] 5. DNA Constructs Used to Transform the Cells 

[0134] Heterologous DNA can be introduced into the cells 
by transfection or other suitable method at any stage during 
preparation of the chromosomes [see, e.g., FIG. 4]. In 
general, incorporation of such DNA into the MACs is 
assured through site-directed integration, such as may be 
accomplished by inclusion of )t-DNA in the heterologous 
DNA (for the exempli?ed chromosomes), and also an addi 
tional selective marker gene. For example, cells containing 
a MAC, such as the minichromosome or a SATAC, can be 
cotransfected With a plasmid carrying the desired heterolo 
gous DNA, such as DNA encoding an HIV riboZyme, the 
cystic ?brosis gene, and DNA encoding a second selectable 
marker, such as hygromycin resistance. Selective pressure is 
then applied to the cells by exposing them to an agent that 
is harmful to cells that do not express the neW selectable 
marker. In this manner, cells that include the heterologous 
DNA in the MAC are identi?ed. Fusion With a second cell 
line can provide a means to produce cell lines that contain 
one particular type of chromosomal structure or MAC. 

[0135] Various vectors for this purpose are provided 
herein [see, Examples] and others can be readily con 
structed. The vectors preferably include DNA that is 
homologous to DNA contained Within a MAC in order to 
target the DNA to the MAC for integration therein. The 
vectors also include a selectable marker gene and the 
selected heterologous gene(s) of interest. Based on the 
disclosure herein and the knowledge of the skilled artisan, 
one of skill can construct such vectors. 
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[0136] Of particular interest herein is the vector pTEM 
PUD and derivatives thereof that can target DNA into the 
heterochromatic region of selected chromosomes. These 
vectors can also serve as fragmentation vectors [see, e.g., 
Example 12]. 

[0137] Heterologous genes of interest include any gene 
that encodes a therapeutic product and DNA encoding gene 
products of interest. These genes and DNA include, but are 
not limited to: the cystic ?brosis gene [CF], the cystic 
?brosis transmembrane regulator (CFTR) gene [see, e.g., 
US. Pat. No. 5,240,846; Rosenfeld et al. (1992) Cell 
68:143-155; Hyde et al. (1993) Nature 362: 250-255; Kerem 
et al. (1989) Science 245:1073-1080; Riordan et al. (1989) 
Science 245:1066-1072; Rommens et al. (1989) Science 
245:1059-1065; Osborne et al. (1991)Am. J. Hum. Genetics 
48:6089-6122; White et al. (1990) Nature 344:665-667; 
Dean et al. (1990) Cell 61:863-870; Erlich et al. (1991) 
Science 252:1643; and US. Pat. Nos. 5,453,357, 5,449,604, 
5,434,086, and 5,240,846, Which provides a retroviral vector 
encoding the normal CFTR gene]. 

[0138] B. Isolation of Arti?cial Chromosomes 

[0139] The MACs provided herein can be isolated by any 
suitable method knoWn to those of skill in the art. Also, 
methods are provided herein for effecting substantial puri 
?cation, particularly of the SATACs. SATACs have been 
isolated by ?uorescence-activated cell sorting [FACS]. This 
method takes advantage of the nucleotide base content of the 
SATACs, Which, by virtue of their high heterochromatic 
DNA content, Will differ from any other chromosomes in a 
cell. In particular embodiment, metaphase chromosomes are 
isolated and stained With base-speci?c dyes, such as Hoechst 
33258 and chromomycin A3. Fluorescence-activated cell 
sorting Will separate the SATACs from the endogenous 
chromosomes. A dual-laser cell sorter [FACS Vantage Bec 
ton Dickinson Immunocytometry Systems] in Which tWo 
lasers Were set to excite the dyes separately, alloWed a 
bivariate analysis of the chromosomes by base-pair compo 
sition and siZe. Cells containing such SATACs can be 
similarly sorted. 

[0140] Additional methods provided herein for isolation 
of arti?cial chromosomes from endogenous chromosomes 
include procedures that are particularly Well suited for 
large-scale isolation of arti?cial chromosomes such as 
SATACs. In these methods, the siZe and density differences 
betWeen SATACs and endogenous chromosomes are 
exploited to effect separation of these tWo types of chromo 
somes. Such methods involve techniques such as sWinging 
bucket centrifugation, Zonal rotor centrifugation, and veloc 
ity sedimentation. Af?nity-, particularly immunoaf?nity-, 
based methods for separation of arti?cial from endogenous 
chromosomes are also provided herein. For example, 
SATACs, Which are predominantly heterochromatin, may be 
separated from endogenous chromosomes through immu 
noaf?nity procedures involving antibodies that speci?cally 
recogniZe heterochromatin, and/or the proteins associated 
thereWith, When the endogenous chromosomes contain rela 
tively little heterochromatin, such as in hamster cells. 

[0141] C. In vitro Construction of Arti?cial Chromosomes 

[0142] Arti?cial chromosomes can be constructed in vitro 
by assembling the structural and functional elements that 
contribute to a complete chromosome capable of stable 
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replication and segregation alongside endogenous chromo 
somes in cells. The identi?cation of the discrete elements 
that in combination yield a functional chromosome has 
made possible the in vitro generation of arti?cial chromo 
somes. The process of in vitro construction of arti?cial 
chromosomes, Which can be rigidly controlled, provides 
advantages that may be desired in the generation of chro 
mosomes that, for example, are required in large amounts or 
that are intended for speci?c use in transgenic animal 
systems. 

[0143] For example, in vitro construction may be advan 
tageous When ef?ciency of time and scale are important 
considerations in the preparation of arti?cial chromosomes. 
Because in vitro construction methods do not involve exten 
sive cell culture procedures, they may be utiliZed When the 
time and labor required to transform, feed, cultivate, and 
harvest cells used in in vivo cell-based production systems 
is unavailable. 

[0144] In vitro construction may also be rigorously con 
trolled With respect to the exact manner in Which the several 
elements of the desired arti?cial chromosome are combined 
and in What sequence and proportions they are assembled to 
yield a chromosome of precise speci?cations. These aspects 
may be of signi?cance in the production of arti?cial chro 
mosomes that Will be used in live animals Where it is 
desirable to be certain that only very pure and speci?c DNA 
sequences in speci?c amounts are being introduced into the 
host animal. 

[0145] The folloWing describes the processes involved in 
the construction of arti?cial chromosomes in vitro, utiliZing 
a megachromosome as exemplary starting material. 

[0146] 1. Identi?cation and Isolation of the Components 
of the Arti?cial Chromosome 

[0147] The MACs provided herein, particularly the 
SATACs, are elegantly simple chromosomes for use in the 
identi?cation and isolation of components to be used in the 
in vitro construction of arti?cial chromosomes. The ability 
to purify MACs to a very high level of purity, as described 
herein, facilitates their use for these purposes. For example, 
the megachromosome, particularly truncated forms thereof 
[i.e. cell lines, such as 1B3 and mM2C1, Which are derived 
from H1D3 (deposited at the European Collection of Animal 
Cell Culture (ECACC) under Accession No. 96040929, see 
EXAMPLES beloW) serve as starting materials. 

[0148] For example, the mM2C1 cell line contains a 
micro-megachromosome (~50-60 kB), Which advanta 
geously contains only one centromere, tWo regions of inte 
grated heterologous DNA With adjacent rDNA sequences, 
With the remainder of the chromosomal DNA being mouse 
major satellite DNA. Other truncated megachromosomes 
can serve as a source of telomeres, or telomeres can be 

provided (see, Examples beloW regarding construction of 
plasmids containing tandemly repeated telomeric 
sequences). The centromere of the mM2C1 cell line contains 
mouse minor satellite DNA, Which provides a useful tag for 
isolation of the centromeric DNA. 

[0149] Additional features of particular SATACs provided 
herein, such as the micro-megachromosome of the mM2C1 
cell line, that make them uniquely suited to serve as starting 
materials in the isolation and identi?cation of chromosomal 
components include the fact that the centromeres of each 



US 2002/0160410 A1 

megachromosome Within a single speci?c cell line are 
identical. The ability to begin With a homogeneous cen 
tromere source (as opposed to a mixture of different chro 
mosomes having differing centromeric sequences) greatly 
facilitates the cloning of the centromere DNA. By digesting 
puri?ed megachromosomes, particularly truncated megach 
romosomes, such as the micro-megachromosome, With 
appropriate restriction endonucleases and cloning the frag 
ments into the commercially available and Well knoWn YAC 
vectors (see, e.g., Burke et al. (1987) Science 236:806-812), 
BAC vectors (see, e.g., ShiZuya et al. (1992) Proc. Natl. 
Acad. Sci. USA. 89: 8794-8797 bacterial arti?cial chromo 
somes Which have a capacity of incorporating 0.9-1 Mb of 
DNA) or PAC vectors (the P1 arti?cial chromosome vector 
Which is a P1 plasmid derivative that has a capacity of 
incorporating 300 kb of DNA and that is delivered to E. coli 
host cells by electroporation rather than by bacteriophage 
packaging; see, e.g., Ioannou et al. (1994) Nature Genetics 
6:84-89; Pierce et al. (1992) Meth. Enzymol. 216:549-574; 
Pierce et al. (1992) Proc. Natl. Acad. Sci. USA. 89:2056 
2060; US. Pat. No. 5,300,431 and International PCT appli 
cation No. WO 92/14819) vectors, it is possible for as feW 
as 50 clones to represent the entire micro-megachromosome. 

[0150] 
[0151] An exemplary centromere for use in the construc 
tion of a mammalian arti?cial chromosome is that contained 
Within the megachromosome of any of the megachromo 
some-containing cell lines provided herein, such as, for 
example, H1D3 and derivatives thereof, such as mM2C1 
cells. Megachromosomes are isolated from such cell lines 
utiliZing, for example, the procedures described herein, and 
the centromeric sequence is extracted from the isolated 
megachromosomes. For example, the megachromosomes 
may be separated into fragments utiliZing selected restriction 
endonucleases that recogniZe and cut at sites that, for 
instance, are primarily located in the replication and/or 
heterologous DNA integration sites and/or in the satellite 
DNA. Based on the siZes of the resulting fragments, certain 
undesired elements may be separated from the centromere 
containing sequences. The centromere-containing DNA, 
Which could be as large as 1 Mb. 

a. Centromeres 

[0152] Probes that speci?cally recogniZe the centromeric 
sequences, such as mouse minor satellite DNA-based probes 
[see, e.g., Wong et al. (1988) Nucl. Acids Res. 16:11645 
11661], may be used to isolate the centromere-containing 
YAC, BAC or PAC clones derived from the megachromo 
some. Alternatively, or in conjunction With the direct iden 
ti?cation of centromere-containing megachromosomal 
DNA, probes that speci?cally recogniZe the non-centro 
meric elements, such as probes speci?c for mouse major 
satellite DNA, the heterologous DNA and/or rDNA, may be 
used to identify and eliminate the non-centromeric DNA 
containing clones. 

[0153] Additionally, centromere cloning methods 
described herein may be utiliZed to isolate the centromere 
containing sequence of the megachromosome. For example, 
Example 12 describes the use of YAC vectors in combina 
tion With the murine tyrosinase gene and NMRI/Han mice 
for identi?cation of the centromeric sequence. 

[0154] Once the centromere fragment has been isolated, it 
may be sequenced and the sequence information may in turn 
be used in PCR ampli?cation of centromere sequences from 
megachromosomes or other sources of centromeres. Isolated 
centromeres may also be tested for function in vivo by 
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transferring the DNA into a host mammalian cell. Functional 
analysis may include, for example, examining the ability of 
the centromere sequence to bind centromere-binding pro 
teins. The cloned centromere Will be transferred to mam 
malian cells With a selectable marker gene and the binding 
of a centromere-speci?c protein, such as anti-centromere 
antibodies (eq., LU851, see, HadlacZky et al. (1986) Exp. 
Cell Res. 167:1-15) can be used to assess function of the 
centromeres. 

[0155] b. Telomeres 

[0156] Preferred telomeres are the 1 kB synthetic telomere 
provided herein (see, Examples). A double synthetic telom 
ere construct, Which contains a 1 kB synthetic telomere 
linked to a dominant selectable marker gene that continues 
in an inverted orientation may be used for ease of manipu 
lation. Such a double construct contains a series of 
TTAGGG repeats 3‘ of the marker gene and a series of 
repeats of the inverted sequence, i.e., GGGATT, 5‘ of the 
marker gene as folloWs: 

[0157] (GGGATTT)n—dominant marker gene— 
(TTAGGG)n. Using an inverted marker provides an 
easy means for insertion, such as by blunt end ligation, 
since only properly oriented fragments Will be selected. 

[0158] C. Megareplicator 

[0159] The megareplicator sequences, such as the rDNA, 
provided herein are preferred for use in in vitro constructs. 
The rDNA provides an origin of replication and also pro 
vides sequences that facilitate ampli?cation of the arti?cial 
chromosome in vivo to increase the siZe of the chromosome 
to, for example accommodate increasing copies of a heter 
ologous gene of interest as Well as continuous high levels of 
expression of the heterologous genes. 

[0160] d. Filler Heterochromatin 

[0161] Filler heterochromatin, particularly satellite DNA, 
is included to maintain structural integrity and stability of 
the arti?cial chromosome and provide a structural base for 
carrying genes Within the chromosome. The satellite DNA is 
typically A/T-rich DNA sequence, such as mouse major 
satellite DNA, or G/C-rich DNA sequence, such as hamster 
natural satellite DNA. Sources of such DNA include any 
eukaryotic organisms that carry non-coding satellite DNA 
With suf?cient A/T or G/C composition to promote ready 
separation by sequence, such as by FACS, or by density 
gradients. The satellite DNA may also be synthesiZed by 
generating sequence containing monotone, tandem repeats 
of highly A/T- or G/C-rich DNA units. 

[0162] The most suitable amount of ?ller heterochromatin 
for use in construction of the arti?cial chromosome may be 
empirically determined by, for example, including segments 
of various lengths, increasing in siZe, in the construction 
process. Fragments that are too small to be suitable for use 
Will not provide for a functional chromosome, Which may be 
evaluated in cell-based expression studies, or Will result in 
a chromosome of limited functional lifetime or mitotic and 
structural stability. 

[0163] e. Selectable Marker 

[0164] Any convenient selectable marker may be used and 
at any convenient locus in the MAC. 

[0165] 2. Combination of the Isolated Chromosomal Ele 
ments 

[0166] Once the isolated elements are obtained, they may 
be combined to generate the complete, functional arti?cial 
















































































































































































