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From Natural to Artificial Chromosomes

An Overview

Vittorio Sgaramella and Sandro Eridani

1. Introduction

The rationale for building artificial chromosomes (ACs) has been
critically reviewed by various authors at different stages of this line
of investigation, initiated in the early 1980s.

Two major goals have been generally stressed: first, the possibil-
ity of a better understanding of the structure and functions of natu-
ral chromosomes; second, the challenges presented by their use as
large-capacity gene vectors for DNA cloning, in view of genetic
improvement (in animals of commercial relevance) and hopefully
of disease correction (in humans): for a review, see Willard (1). The
main features for an efficient mammalian AC (MAC) are (1) a vec-
torial capacity up to a few megabases; (2) a manageable size for
their in vitro manipulation; (3) a correct intracellular location and
copy number; (4) no untoward effect on the host cell; and (5) the
ability to express the transgene (or transchromosome) in a physi-
ological way (2).
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A number of problems have arisen in the creation of ACs (3). In
the first place, some recently generated minichromosomes (to be
considered intermediates in the assembly of AC) do not show the
expected relationship to the input DNA: this may be the result of an
intrinsic structural instability of the constructs (4) that makes them
more mutable. Also frequent is the occurrence of a mitotic instabil-
ity that causes their loss on cell division. Another possible disad-
vantage of the presence of an AC in a cell might be some
interference with resident natural chromosome sorting during the
cell division.

The challenges raised by these problems have been met in recent
years with variable success, and the present volume is witness of
the increasing efforts to build up a new technology, which may lead
to the understanding of the largely unknown parameters governing
chromosome formation and, eventually, the creation of stable con-
structs, with an increased size of input DNA and the potential for a
physiological regulation of its prospected genetic functions.

The first ACs were assembled in yeast and were built after the
identification of the components required for the upgrading of a
plasmid into an AC and allowed a stringent confirmation of the roles
of the distinct constituent elements. Moreover, yeast artificial chro-
mosomes have been very useful vectors of large chunks of DNA
during the early phases of various genome projects, notably of the
human one (5).

As reported by various groups, the use of yeast artificial chromo-
somes, and in particular of those of the second generation contain-
ing large, single segments of human DNA and freed of most
cocloning (6), has contributed to the identification of five DNAse
hypersensitive sites (7). Of special interest appears the study of the
chromatin formed in yeast by one of these sites, the CpG island that
flanks the G6PD gene: it demonstrates that variations in C+G over-
all content and/or CpG frequency may influence the DNA structure,
thus modulating the chromatin organization. It also appears that the
hot spots of recombination located in the human chromosomes
remain recombination prone on cloning in yeast. In Chapter 3,
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Filipski et al. describe a detailed experimental procedure that could
be used for mapping these important sites.

In recent years, an increasing attention has been given to the study
of chromosome alterations in domestic animals, which are often
quite difficult to detect because most of these chromosomes are
acrocentric and similar in size. It was, however, noticed that cytoge-
netic alterations were responsible in cattle for a reduced fertility rate,
so that a study of such modifications was the basis for many attempts
to improve the genetic character of bovids (8). The recent availabil-
ity of chromosome banding techniques, molecular markers, and
painting probes has opened the way for a remarkable advance in our
knowledge In Chapter 2, Iannuzzi describes the sophisticated meth-
ods now in use for the elucidation of the structure of domestic ani-
mal chromosomes, with their relevant implications.

An increasingly interesting phenomenon that took place during
evolution is the so-called “genomic imprinting”; this process causes
some genes to be expressed according to their parental origin, result-
ing in asymmetry in the function of parental genomes. Imprinting
also determines the choice of which X chromosome is to be inacti-
vated in female cells of mammals. Imprinted genes are important in
prenatal growth and development, and are also involved in human
disease (9). As to the origins of imprinting, it is now established that
there are connections between chromatin modification and struc-
ture, DNA methylation and imprinting. In Chapter 4, Goto and Feil
discuss the possible impact of imprinting on transgenes and ACs,
and point out that manipulation of embryo cells culture may disrupt
imprinting and can thereby lead to aberrant phenotypes. These alter-
ations could be relevant to the application of methodologies based on
transgenes and transchromosomes.

Chromosomal proteins have been the subject of extensive studies
from a variety of viewpoints, addressing both histonic and
nonhistonic proteins, which apparently elicit many different prop-
erties. Histone proteins are known to form the structure of the nu-
cleosome, a central complex, around which a double-stranded
stretch of DNA is coiled approximately twice. It has been recently
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recognized that mutations of the genes coding for these proteins,
are responsible for the development of severe genetic disorders (like
the -thalassemia/mental retardation syndrome and other forms),
often causing alterations of the central nervous system: these condi-
tions are now called “chromatin diseases” (10).

In a different context, a very interesting family of nonhistonic
proteins are cumulatively described as the high-mobility group box
proteins, which are important architectural factors for the assembly
of DNA protein complexes and their positioning at their binding
sites. Beside a nuclear function, however, they seem to possess other
activities, like the capacity, when released by necrotic cells in the
medium as soluble molecules, to act as signals of cell death, trigger-
ing the inflammatory process (11).

Among the basic components of chromosomes, telomeres are so
far possibly the best understood. Telomeric DNA is important for
the replication, integrity, and independence of linear chromosomes.
Particular attention has been devoted to subtelomeric regions, which
were believed until recently to represent merely a buffer between
the extreme terminal sequences (needed to protect chromosome
ends from degradation and recombination) and the essential inter-
nal sequences. However, many subtelomeric regions have revealed
a high content of genes and are now considered functional parts of
the expressed genome (12).

The formation of telomeres at the MAC termini requires the pres-
ence of at least some wild-type telomeric repeats, which function as
“seeds” or primers for polymerizing enzymes: those repeated
sequences seem to match the binding sites of a short RNA compo-
nent (chromosomically coded) of a candidate telomeric ribonucleo-
protein complex, which in synergy with other factors is necessary
in mammalian cells for telomere formation and completion. Chro-
mosomal DNA ends tend to shorten gradually at each DNA replica-
tion cycle, because of the fixed 5'–3' direction of DNA synthesis:
such effect can be overcome by telomerase, a reverse transcriptase
that forms telomeric repeats DNA at the telomere 3' terminus, using
the RNA segment present in the telomerase as template. It is of
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interest that in cells where a forced expression of the reverse tran-
scriptase component of telomeric ribonucleo-protein complex is
achieved, the progressive shortening of telomeres is prevented.
Moreover, clones with this property become immortalized and show
optimal survival and function when xenotransplanted (see Chapter
8 by P. Hornsby).

The implications of telomerase activity for survival and function
of the telomeres are discussed in Chapter 7 by Ascenzioni and
coworkers, with a detailed illustration of methods to test telomerase
activity, like the telomeric repeat amplication protocol assay, which
is widely used as a tool to evaluate tumor progression and to deter-
mine the efficacy of therapeutic interventions. The telomerase,
which is overexpressed in human tumors and seems to be essential
for cell immortalization, has become a major target for therapeuti-
cally promising studies in swift progress along this direction (13).

Another essential component of chromosomes is the centromere,
a repetitive DNA sequence that is involved in the preliminary pair-
ing and subsequent segregation of chromosomes to daughter cells
during cell division. The centromere, however, may be either local-
ized or dispersed along the chromosome but is still capable, in the
latter case, of properly functioning as required (14,15). These struc-
tures, called neocentromeres, have attracted considerable attention;
Roizés and coworkers review this topic in Chapter 5, discussing not
only the DNA sequences involved, which may be unrelated to the
canonical sequences of the old centromeres but still able to exert
centromere functions. In humans, one of these epigenetic factors is
the CENP-A protein, which is thought to play a central role in the
process of centromerization because it shows a high affinity for the
centromeric DNA sequence. Other proteins, including non-H3 his-
tones, may be involved in the building up of a centromeric struc-
ture; DNA methylation is also considered an important factor in the
induction of centromeric activity. Specification of a locus to become
a centromere can therefore be attributed to the concomitance of
different factors, which would ensure its activity through many
generations.
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An interesting issue is the minimal sequence requirement for
proper centromere function and chromosome segregation: very
recently Rudd and Willard found that HACs containing de novo
centromeres derived from either chromosome 17 or X chromosome

-satellite repeats would incur into missegregations at a higher rate
than natural chromosomes, presumably the result of anaphase lag.
It is an unresolved question whether this may reflect genetic or epi-
genetic differences (16).

There is a basic problem in the study of the origins of DNA rep-
lication: apparently no hint has been found for replication to initiate
at specific sites, hence the difficulty to identify consensus origin
sequences. Falaschi and coworkers (17) identified some time ago a
replication origin complex on a G-band of chromosome 19; more-
over, they could identify two proteins binding in vivo to a specific
sequence. A separate but related investigation was conducted to
identify the enzymes, called helicases, which perform the opening
of the duplex and its subsequent unwinding, thus securing the
advancement of the growing replication fork (18). However, the
study of these putative DNA replication origins seems to reveal two
patterns (19): at some loci, initiation sites can be localized, as for
the -globin locus, whereas at other loci, there are apparently mul-
tiple dispersed origins, identified as initiation zones. Despite these
differences, the proteins regulating replication are highly conserved
from yeast to humans and models are under study, which may include
a coordination of DNA replication with other chromosomal functions.
In Chapter 6, Vindigni et al. describe protocols for the isolation of
newly synthesized segments and the definition of the start sites of
bidirectional DNA replication.

The problem of assembling HACs has been extensively discussed
in recent times and is of course the main topic in this volume. We
may just remember that two strategic approaches have been consid-
ered: one is the so-called “trimming down” of existing chromo-
somes (20), which can be obtained by in situ fragmentation
techniques; and the other may be looked at as a “bottom-up” strat-
egy. It rests on the identification and assembly of the genetic ele-
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ments required for replication, segregation, partition, and stabiliza-
tion of duplex DNA molecules (21).

Both approaches are presented in the volume: perhaps the most
difficult task is to identify and preserve a functional centromere,
without which ACs are unstable and are quickly lost. It is comfort-
ing that in both types of strategy some success can be obtained: on
one hand, a human linear minichromosome, capped by two artifi-
cially seeded telomeres, has been generated (22), whereas
minichromosomes containing both human and mouse centromeric
elements have been transmitted through the mouse germ line (23);
on the other hand the incorporation of large blocks of -satellite
DNA has allowed the formation of mitotically stable HACs with a
functional centromere (24).

De las Heras and the others of the Edinburgh group elaborate on
the bottom-up approach, which, in theory, allows to build a MAC
with well-defined components (see Chapter 10) these authors trans-
fected a PAC vector containing human telomeric and centromeric
sequences into a human cell line, obtaining in a number of cases
extrachromosomal structures, which derived only from the input
DNA and segregate in a stable way during cell division.

Lim and Farr, on the other hand, after reviewing the basic func-
tions required by an engineered artificial chromosome, describe the
possible manipulations of existing chromosomes, with special re-
gard to chromosome fragmentation using cloned telomeric DNA (see
Chapter 9) this technique has allowed the generation of minichromo-
somes from human X and Y chromosomes as well as neocentromere-
based human minichromosomes. Another part of their work is
devoted to the generation of transgenic mice carrying human extra
chromosomes, an exciting advance in the study of models for human
disease: in this perspective, it is encouraging that it may be also pos-
sible to induce mice to secrete and assembly human antibodies.
Along this line, Kuroiwa, Tomizuka, and Ishida describe here a sys-
tem based on human chromosome-derived fragments that can be used
as vectors for large stretches of human DNA, thus overcoming size
limitations of conventional methods (see Chapter 11). Moreover,
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these vectors can be maintained as single-copy extra chromosomes
in host cells, preventing toxic overexpression or gene silencing.

A peculiar approach has been pursued by De Jongh and associ-
ates, based on the generation of satellite DNA-based ACs, also
referred as artificial chromosomes expression systems (ACes),
which replicate and segregate alongside the host chromosomes (25).
ACes possess the functional and structural sequences of natural
chromosomes, including telomeres, centromeres, and replication
origins. These last elements are reputed to be unknowingly distrib-
uted along the entire fragment length. Transgenic mice have been
obtained by pronuclear microinjection of these artificial constructs
and the examination of metaphase chromosomes from lymphocytes
of manipulated mice show that ACes are maintained as discrete,
independent entities and are not integrated with host chromosomes.
In Chapter 12, Monteith et al. describe the procedure used to obtain
these mice and discuss the implication of the relevant methodology.

Gene therapy studies using ACs are still in a very early stage of
this controversial area of research, as it is for many facets of this
approach. However, some interesting results have already been
obtained, for instance, by Ioannou et al. (26), who used a bacterially
derived artificial chromosome system (BAC) to introduce targeted
modifications in the host genome; however, genetic manipulation
appeared difficult to control with this technique. Later on, a second-
generation BAC-PAC cloning vector allowed the insertion of a 185-
kb sequence containing the human -globin gene cluster: this sys-
tem seems to minimize the risk of unwanted rearrangements and
allows the introduction of modifications or of reporter genes at any
specific sequence (27).

In Chapter 13, Orford and coworkers describe the so-called GET
recombination system, which is expected to facilitate the introduc-
tion of a variety of modifications into genomic fragments in BAC-
PAC clones. This approach may be used to introduce mutations or
polymorphisms in cloned genomic sequences, allowing the study of
the impact of these modifications in cell lines as well as in transgenic
animals and hopefully leading to the discovery of drugs capable to
overcome the effects of detrimental mutations.
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2. Conclusion and Outlook

A legitimate question to raise after this overview of AC may
concern the practical validity the scientific challenges presented by
this research line. The students of this field must recognize that a
crescendo in the last half century has been characterizing the shift
of biological investigation into biomolecular and cellular interven-
tion, with clinical attempts resulting in controversial if not tragic
conclusions.

In the early 1960s, the assembly of all the 64 entries of the genetic
code in the form of artificial mRNA allowed for its thorough under-
standing and acquisition of universal significance. A mere decade
later, the first artificial gene was produced through a chemical-
enzymatic “total synthesis,” thanks mainly to the same research
group, led by H. G. Khorana. ACs should have been legitimately
seen as the next target.

The biomedical literature has not been particularly rich of reports
concerning in particular HAC, as we have seen; but just a few very
recent articles on their transfer into mammalian hosts are remark-
able and must be quoted here. They should be taken as representing
a strong confirmation that the field is lively, suitable for interactions
and synergies with other advanced research efforts and thus likely to
produce concrete achievements in a not too distant future. We have
already mentioned the successful transfer of fragments of human
chromosomes into mice (28) and, more recently, into bovines (29).
Of particular interest here is the fact that the selected chromosome
fragments contained the megabase-long sequences harboring all the
information required for the correct synthesis and processing of both
the heavy and the light chains of human immunoglobulins: this laid
the foundation for a large-scale production of human polyclonal anti-
bodies. In this regard, particular attention deserves the effort aimed at
cloning the transchromosomic bovines harboring a HAC loaded
with the unrearranged Ig heavy (H) and light ( ) chain sequences.
Even if the problems causing reproductive cloning to be plagued by
too low yield (not higher than 1%) and poor health of the survivors
remain mostly unresolved, this finding shows that human immu-
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noglobulin genes undergo correct somatic rearrangements and ex-
pression in the bovine spleen cells, where peculiarly this process
occurs (differently from men and mice, where it takes place in bone
marrow): the antibodies are correctly synthesized, matured, se-
creted, and detected in the blood of a handful of healthy newborn
calves. Last but not least, the findings indicate that the HACs are
retained at a high rate both at mitosis and meiosis.

The secrets of this success may reside in the fact that the 10-mb
HAC has been assembled through a series of in vivo manipulations,
involving first telomere fragmentation and then Cre-loxP-directed
translocation between two large human DNA fragments, derived
from chromosomes 14 and 22, where the two genes naturally reside
and where the loxP sites have been introduced by homologous
recombination. Also relevant was the series of microcell-mediated
chromosome transfers: from chicken recombination-proficient cells
(DT20) as primary hosts where fusion of the two chromosome
chunks has taken place, to Chinese hamster ovary cells for struc-
tural analysis and adaptation to a mammalian cellular environment,
and finally to bovine fetal fibroblasts. For the purpose of cloning
these were fused to bovine enucleated oocytes, which were routinely
cultured in vitro and eventually transplanted in utero for proper
development to fetal stage.

Fetal fibroblast cells were again recovered and cultured in vitro:
these regenerated somatic cells proved superior nuclear donors for
reproductive cloning. All or some of these innovative steps may
have added efficiency to the production of transchromosomic cows
and their cloning.

In conclusion, the range of options presented to the attention of
the scientific community and hopefully to the safe fruition of human-
kind is becoming wider and tempting: relevant to this is the announce-
ment that structurally complete and functionally unimpaired
poliovirus particles can be artificially obtained in the absence of
natural template, but rather using the information stored in a chemi-
cally synthesized artificial cDNA (30). This may resemble the
repetition of an experiment performed by Baltimore et al. more than
20 yr ago using a “natural” cDNA template, as properly remarked
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(31). A more considerate evaluation of this work may emphasize the
use of an “artificial” cDNA-based, single-chromosome genome: this
approach may thus be seen as paving the way to other daunting
enterprises. Along this line, mention is due to the recent produc-
tion of “artificial gametes” achieved by soaking washed spermato-
zoa into DNA solution: this controversial technique, first described
almost 15 yr ago, has shown a surprisingly high efficiency in the
generation of transgenic pigs by artificial insemination with the
genetically modified semen, and through the selection and transfer
of appropriate transgenes (e.g., the hDAF, interfering with comple-
ment action) may increase the chances of xenotransplantation (32).

In many researchers’ dreams, if not agendas, streamlined versions
of the genome of Escherichia coli, the true horseback of 20th cen-
tury molecular genetics, or of the naturally short-sized Mycoplasma
genitalium genome, could well be the best candidates for what may
seem one of the challenges of 21st century molecular biology: the
artificial synthesis and eventual manipulation of a living cell (33).
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1. Introduction

Chromosomes of domestic animals have attracted the attention
of both scientists and breeders because chromosomal abnormali-
ties have been strictly correlated with the reduced fertility in cattle
carrying rob(1;29) (1). Domestic animal cytogenetics has expanded
noticeably, extending its interest not only to clinical cytogenetics
but also to evolutionary and, more recently, molecular cytogenet-
ics (gene mapping). Chromosomes of domestic animals, especially
those of bovids, are very difficult to study because all autosomes of
cattle, goats, and dogs, most of them from sheep and river buffalo,
and many of them from horses are acrocentric with a decreasing,
but similar, size.

Chromosome banding techniques have been largely applied in
domestic animals. International chromosome nomenclatures have
established standard banded karyotypes for cattle, sheep, goat, pig,
horse, river buffalo, and rabbit (2–7), although problems concern-
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ing some chromosomes, especially for cattle, goat, and sheep, have
only recently been solved. Indeed, only when molecular markers
were assigned to each cattle and sheep chromosomes (8) and the
same markers were applied on both Q/G- and R-banded cattle chro-
mosome preparations (9) were Q-, G-, and R-banded standard
karyotypes of cattle, sheep, and goat arranged using only one com-
mon chromosome nomenclature (10).

 This represents an important point of reference for further stud-
ies on domestic bovid chromosomes.

The recent development of molecular cytogenetics also in
domestic animals offers another important tool to the cytogeneti-
cists. The use of specific molecular markers, or of chromosome
painting probes, and the fluorescence in situ hybridization (FISH)
technique permit considerable advances in our knowledge of chro-
mosome homologies among related and unrelated species and the
straightforward identification of chromosome abnormalities (mainly
reciprocal translocations and paracentric inversions) that normally
escape the cytogenetic analyses, especially when acrocentric chro-
mosomes are involved.

In this chapter, protocols for blood cell cultures, CBA-, RBA-,
RBG-, and GBG-banding techniques, the in situ hybridization tech-
nique, and signal detection will be described for their easy use on
domestic animal chromosomes.

2. Materials

1. Peripheral blood samples are collected by sterile tubes containing
sodium heparin (vacutainer system).

2. Mitogen for blood lymphocyte cultures: Concanavalin A (Sigma,
C-2010). Dissolve 50 mg Concanavalin A in 50 mL Puck’s solution,
pH 7.0, then filter with sterile 0.2-micron filter, aliquot in 5-mL ster-
ile tubes or glass flash, and store at –20°C.

3. Physiological solution: Puck’s solution 8.0 g/L NaCl, 0.4 g/L KCl,
1.0 g/L glucose, 0.35 g/L NaHCO. Bring to pH 7.0 with 1 N HCl.

4. Colcemid for cell cycle block at the metaphase. KaryoMax Colcemid
solution (Gibco-BRL, cat. no. 15210-040).
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5. BrdU (5-bromodeoxyuridine, thymidine base analog for replicating
G and R banding; Sigma B-5002): Dissolve 20 mg BrdU in 20 mL
Puck’s solution, then filter with a 0.2-micron sterile filter and ali-
quot in 5-mL sterile tubes. Use 0.2 mL of this solution on 10 mL cell
culture to obtain a WS at 20 µg/mL.

6. Methotrexate (MTX; Ametopterine, Sigma A-6770) for cell cycle
synchronization. Dissolve 10 mg MTX in 10 mL distilled water (SS1
= 1 mg/mL), then dilute 0.5 mL SS1 in 19.5 mL Puck’s solution (pH
7.0), filter with a 0.2-micron sterile filter and aliquot in 5-mL sterile
tubes or glass flasks (SS2 = 25 µg/mL). Use 0.2 mL of SS2 in 10 mL
cell culture to arrive at a final WS of 0.5 µg/mL. Store both SS1 and
SS2 at –20°C.

7. Ethidium bromide (EB, Sigma E-8751) for more elongated G-banded
chromosomes. Dissolve 20 mg EB in 20 mL distilled water (SS = 1
mg/mL), then filter with a sterile 0.2-micron filter and aliquot in 5-mL
sterile tubes. Use 50 µL of SS in 10 mL cell culture to obtain a final
concentration of 5 µg/mL.

8. 2X SSC (g/L). NaCl 17.53, 3-sodium citrate 8.82. Bring to pH 7.0
with 1 N HCl.

9. Phosphate buffer (P-buffer). Mix 39.0 mL solution A (6.95 g of
NaH2PO4 in 250 mL distilled water) with 61.0 mL solution B (35.8
gNa2HPO4.12H2O in 500 mL distilled water).

10. Hoechst 33258 (Bisbenzimide, Sigma B-2883) for staining. Dissolve
10 mg Hoechst 33258 in 20 mL distilled water (SS = 0.5 mg/mL),
aliquot in a 1-mL tube and store at –20°C until use. Dilute 1 mL of
this solution in 20 mL distilled water for staining (WS = 25 µg/mL)
and store at 4°C.

11. Hoechst 33258 (Bisbenzimide, Sigma B-2883) for cell cultures (R
banding). Dissolve 20 mg Hoechst 33258 in 10 mL distilled water
(SS = 2 mg/mL), then filter with a 0.2-micron sterile filter and ali-
quot in 5-mL sterile tubes. Use 0.2 mL of SS in 10 mL cell culture to
reach 40 µg/mL as WS.

12. Biotin incorporation. BioNick labeling system kit (Gibco-BRL/Life
technology, cat. no. 18247-015).

13. Hybridization solution (HS): 5 mL formamide (J. T. Baker, cat. no.
7042), 1 mL 20X SSC, and 2 mL dextran sulphate (Sigma, cat. no.
D-8906 at 50%) = 8 mL HS. Mix the solution very well, and divide it
in aliquots (1 mL each) and store at –20°C until use.
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14. Bovine COT-1 DNA for in situ suppression of repetitive sequences
present in the genomic probes (bovids) (Applied Genetic Laboratory
[AGL], Inc., Melbourne, FL).

15. FISH detection kit (FITC–avidin): Oncor, Biotin-FITC kit S1333-BF.
16. FISH detection kit (anti-avidin): Oncor, same kit as for FITC-Avidin.
17. PN buffer for posthybridization washing buffer: 13.8 g/L NaH2PO4

(0.1 M), 35.8 g/L Na2HPO4 (0.1 M), Nonidet P-40 (0.1%). Bring the
solution to pH 8.0 with 5 N NaOH.

18. Antifade (100 mL): 0.1 g 1,4-phenylendiamin (Sigma, cat. no. P-6001),
PBS [NaH2PO4 (0.2 M) + Na2HPO4 (0.2 M) + NaCl (0.15 M)] 10 mL,
glycerol (Rudi Pont, cat. no. 17500-11) 90 mL. Aliquot in 10-mL
tubes and store at –20°C.

19. Antifade/Hoechst 33258 (2 µg/mL) solution: Antifade 50 mL,
H-33258 0.2 mL from SS at 0.5 mg/mL (2 µg/mL, final concentra-
tion). The Oncor kit Biotin-FITC S1333 also contains antifade and
antifade/propidium iodide solution.

3. Methods

3.1. Normal Cell Cultures

1. Add 0.8–1.0 mL peripheral blood sample to a 15-mL sterile tube or a
50-mL sterile flash (the same as that used for fibroblast cell cultures)
containing 8.0 mL of TC medium (McCoy’s 5A modified or RPMI
1640, Gibco), 1.0 mL of inactivated (at 56°C for 30 min) fetal or
bovine calf serum, Concanavalin A (15 µg/mL, final concentration),
penicillin/streptomycin (0.1 mL), L-glutamine (0.05 mL when present
in the medium, 0.1 mL when not), and one drop of sterile sodium
heparin (this prevents coagulation problems). Other mitogens, such
as the Pokeweed or the PHA, can be used instead of Concanavalin A.
However, the latter offers the best results as mitogen and is cheaper
than Pokeweed and PHA. Only for horse and donkey cell cultures,
Pokeweed mitogen must be preferred to the Concanavalin A.

2. Store cell cultures at the 37.8°C in a normal incubator or at 37.5°C in
a CO2 incubator (with CO2 at the 4.5%). When using tubes, keep
them with the highest inclination to improve cell growth.

3. Gently agitate cell cultures once a day.
4. Add 20–50 µL Colcemid (depending on species and expected chro-

mosome contraction) 1 h before the harvesting (see Note 1).
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5. Top spin at 1200g for 8 min, remove the supernatant, and add KCl
0.75 M (0.56 g %) drop by drop to arrive at 2 mL by shaking the tube
gently. Mix cells thoroughly by using Pasteur pipet, and then add
more solution to arrive at 14 mL. Mix cells with a Pasteur pipet and
store the cell suspension at 37°C for 20 min. Then, add 1 mL of fix
solution (FS) (acetic acid/methanol 1:3) and mix (see Note 2).

6. Top spin at 1000g for 10 min, remove the supernatant, and add (drop
by drop) 2 mL FS. Then, mix thoroughly with a Pasteur pipet (be
sure to break down cell clusters when present) and add more fix solu-
tion to arrive at 10 mL. Mix with a Pasteur pipet and store at room
temperature for 20 min (see Note 2).

7. Top spin at 1000g and remove the supernatant. Add 5 mL of FS, mix
with a Pasteur pipet, and store at room temperature for 10 min.

8. Repeat as in step 7 and store at 4°C overnight.
9. Repeat as in step 7.

10. Repeat as in step 7 by adding 0.5–1.0 mL fresh FS (the quantity
depends on pellet size).

11. Spread two drops of cell suspension on slides previously cleaned
with ethanol and immerse in cold distilled water.

12. Air-dry the slides and check cell density with a microscope by using
phase-contrast.

3.2. BrdU-Treated Cell Cultures

Follow the protocol as for normal cultures with a few differences.

3.2.1. Late BrdU Incorporation (R Banding)

1. Add BrdU (20 µg/mL final concentration) and Hoechst 33258 (40
µg/mL final concentration) to cell cultures 6 h before harvesting.

2. Add 20–40 µL Colcemid 30–60 min before harvesting (see Notes 1,
3, 4, 5, 6, 7).

3.2.2. Early BrdU Incorporation (G Banding) for Cattle, River
Buffalo, Horse, and Donkey (11,12)

1. Add BrdU (20 µg/mL, final concentration) and MTX (0.5 µg/mL,
final concentration) to the cell cultures 20–22 h before harvesting
(afternoon).
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2. Top spin cell suspension at 1200g after 16–18 h (early morning) and
eliminate the supernatant.

3. Wash cells once with 15 mL Puck’s solution or with the same medium,
then spin at 1200g for 8 min and remove the supernatant.

4. Add fresh TC medium as in normal cultures containing also thymi-
dine (10 µg/mL, final concentration) and store at 37.5°C (normal
incubator) or 37.7°C (CO2 incubator) for 5.5 h.

5. Add 20 µL of Colcemid 30 min before harvesting (see Notes 8–11).

3.2.3. Early BrdU Incorporation (G Banding) for Sheep,
Goat, Pig, Dog, Rabbit, and Chicken

1. Add BrdU (20 µg/mL, final concentration) to cell cultures 8 h before
harvesting (early morning);

2. After 2.5 h top spin at 1200g, remove the supernatant and follow the
same protocol described above (steps 3–5) (see Notes 8–11).

3.3. Banding Techniques

Several banding techniques are available. I will refer only to those
routinely used in my laboratory because they offer high-resolution
banding patterns and the protocols are successfully repeatable.

3.3.1. CBA Banding

Use slides obtained from both normal and BrdU-treated cell cul-
tures and stored at room temperature for at least 1 wk. This protocol
is a modification of the original Sumner (13) protocol.

1. Immerse slides in HCl 0.1 N for 30 min at room temperature, then
wash them with distilled water and air-dry.

2. Immerse slides completely in Ba(OH)2 (5% filtered solution) at 50°C
for 20–30 min. We normally use two slides per animal and two dif-
ferent treatment times (20 and 30 min) with Ba(OH)2.

3. Because the slides are covered by Ba(OH)2 solution, aspirate the
white coat before to removing the slides or wash the slides directly
in the same Coplin jar with tap water, then with distilled water.

4. Air-dry slides at 40°C for 5 min and immerse them in 2X SSC at
60°C for 30 min and then for 15 s in 2X SSC at room temperature.
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5. Dehydrate slides in 75% and 95% alcohol series (3 min each) and
air-dry.

6. Stain with acridine orange (0.1% in P buffer, pH 7.0) for 1 h. Then
wash in tap and distilled water and air-dry.

7. Mount slides in P buffer with glass coverslip, press coverslip with
paper to eliminate the excess of buffer, and seal with rubber cement.

8. Microscope observation a day later with appropriate filters (excita-
tion filters at the 450–490 nm) (Fig. 1) (see also Notes 3 and 4).

3.3.2. RBA Banding

Stain slides obtained from late BrdU-incorporation cultures with
acridine orange (0.1% in P buffer, pH 7.0) for 10 min and continue

Fig. 1. CBA-banding in a male pig metaphase plate (2n = 38, XY). X
(large arrow) and Y (small arrow) chromosomes are indicated. Notice the
strong fluorescence (C band positive) in the entire Y chromosome.
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as for CBA banding (steps 6–8): fluorescence R banding will be
performed (Fig. 2) (see Notes 5–7).

3.3.3. RBG Banding

1. Stain 1-wk-old (or more) slides with Hoechst 33258 (25 µg/mL in
distilled water) for 20 min. Then, wash slides with distilled water
and air-dry at 40°C for 10 min.

2. Mount slides with 1 mL 2X SSC (pH 7.0) using coverslip without
pressure, then expose slides under UV light for 1 h at the distance of
4–5 cm from the lamp (30-W UV lamp). Wash slides with distilled
water and air-dry at 40°C for 10 min.

3. Immerse slides in 2X SSC (pH 7.0) at 60°C for 30 min, then in 2X
SSC at room temperature for 15 s.

Fig. 2. RBA-banding in a female sheep early-metaphase plate (2n =
54, XX). Early (large arrow) and late (small arrow) replicating X chro-
mosomes are indicated.
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4. Wash slides with tap and distilled water and air-dry. Then stain with
Giemsa (8% in P-buffer, pH 7.0) for 30 min.

5. Microscope observation 1 d later without coverslip when slides are
used for other banding techniques (C banding or Ag-NORs) or with
coverslip by using Eukit as mounting slides (Fig. 3) (see Notes 5–7).

3.3.4. GBG Banding

Use slides from cultured treated with early BrdU incorporation
and follow the same protocol used for RBG banding. Replicating
G-banding patterns will be obtained (Fig. 4) (see Notes 8–11).

Fig. 3. RBG banding in a female river buffalo early-metaphase plate
(2n = 50, XX). Early (large arrow) and late (small arrow) replicating X
chromosomes are indicated.
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3.4. Fluorescence In Situ Hybridization (FISH)

3.4.1. Biotin Incorporation and Probe Precipitation

Biotin-14-dATP is incorporated into 1 µg probe DNA (generally
cosmids or BAC-clones) by Nick translation. Pipet the following
components into a sterile 1.5-mL microcentrifuge tube on ice.

1. A quantity (µL) of probe DNA to arrive at 1 µg probe DNA, 5 µL of
10X dNTP mix, and sterile water to arrive to 45 µL and 5 µL enzyme
mix (DNA Polymerase I and DNase I).

Fig. 4. GBG banding in a male cattle early metaphase plate [2n = 59,
XY, rob(1;29)]. The translocated chromosome (large arrow), as well as X
(medium arrow) and Y (small arrow) chromosomes are indicated.
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2. Close the tube, mix well, centrifuge for a few seconds at 12,000g,
and incubate at 16°C for 1 h, then add 5 µL of stop buffer.

3. Add 100 µL of sonicated salmon sperm and then 15 µL of sodium
acetate (2.5 M).

4. Mix well and add 300 µL cold –20°C ethanol (95%), mix well, and
top spin (13,000g) for a few seconds.

5. Store at –20°C for at least 30 min and top spin at 13,000g in a cold
centrifuge for 20 min.

6. Eliminate the supernatant and add 500 µL 70% cold ethanol.
7. Wash the pellet and top spin at 13,000g for 10 min.
8. Eliminate the supernatant and carefully air-dry the pellet (a vacuum

pump system may be useful).
9. Add 33 µL hybridization solution (HB) to obtain a probe concentra-

tion at 30 ng/µL, and dissolve the pellet very well by using vortex.
10. Top spin at 13,000g for a few seconds and store the probe at –20°C

until use (can be stored for up to 1 yr or more).

3.4.2. Probe Denaturation

1. For each in situ hybridization, prepare 11 µL probe DNA containing
4 µL probe stock (about 120 ng probe DNA), 6 µL HS and 1 µL
bovine COT-1 DNA (for bovids only) or 1–2 µL total genomic DNA
of species from which the genomic probe was prepared (see Note 12).

2. Mix with vortex, then centrifuge for a few seconds at 13,000g.
3. Immerse the tube containing the probe in water at 72°C for 15 min.
4. Immerse the tube containing probe DNA in water at 37.5°C for 1 h

(annealing step) to suppress the repetitive sequences with bovine
COT-1 DNA (or with total genomic DNA).

3.4.3. Chromosomal (Slide) Denaturation

1. Select good slides (good mitotic index and chromosome contraction)
and the best slide area by recording the data (approx 2 × 2 cm) with
the phase-contrast microscope.

2. Stain with Hoechst 33258 by following the same procedure as
reported in Subheading 3.3., steps 1 and 2 (RBG banding).

3. Immerse slides in 70% formamide/2X SSC solution (pH 7.0) for 2.5
min at 72°C (we use two different glass Coplin jars, alternatively, to
maintain the temperature at 72°C).
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4. Immerse slides in an alcohol series (70%, 80%, and 96%) for 2 min
each at 4°C (we keep the Coplin jar in ice) and quickly air-dry with
air flush.

5. Mark the slide area (selected during step 1) of the in situ with an
indelible pen (front side).

3.4.4. In Situ Hybridization

1. Apply the denaturated probe DNA mixture on the marked area of
slides. It is preferable to achieve this step by combining probe DNA
denaturation (and annealing step) with slide denaturation.

2. Mount slides with a glass coverslip (2 × 2 cm) without pressure, seal
them with rubber cement and allocate slides in a moist chamber (Petri
dish) and store at 37°C for 3 d (we generally hybridize during the
weekend).

3.4.5. Signal Detection and R Banding

1. Remove coverslip and wash slides in three Coplin jars containing
formamide/2X SSC (1:1), pH 7.0, at 42°C for 5 min each. Generally,
the first washing is necessary to remove the coverslips only (let the
coverslips be removed by themselves by gently washing the slides),
and the following two washings are used to remove the nonspecific
binding probe DNA.

2. Wash slides in 2X SSC, pH 7.0, at 39°C and in 2X SSC at room
temperature (2 min each).

3. Wash slides in three PN buffer series (2 min each).
4. Add 20 µL FITC–avidin on the marked slide area (2 × 2 cm) and

mount with plastic coverslip (2.5 × 2 cm) (pieces of parafilm can
also be used) without pressure.

5. Incubate slides at 37.5°C in a moist chamber for 30 min, then repeat
step 3.

6. Add 20 µL of anti-avidin antibody and repeat as in step 4.
7. Incubate slides at 37.5°C in a moist chamber for 30 min, then repeat

step 3.
8. Add a second layer of FITC-avidin as in step 4.
9. Repeat step 3 and mount slides with glass coverslips (24 × 56 cm) by

using one large drop of Antifade/Hoechst 33258 solution.
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10. Press coverslip with paper to eliminate an excess of mounting
solution.

11. Microscope observation with appropriate filter combinations with
excitation filters at 340–380 nm for RBH banding (R banding by late
BrdU incorporation and Hoechst 33258 staining) and at 450–490 nm
for FITC signals (Fig. 5A).

When RBH banding is poor, slides can be counterstained with
acridine orange (RBA banding) to enhance the R banding (Fig. 5B)
by following this protocol:

1. Gently remove the coverslip and wash slides in a series of three PN
buffers stored at 42°C (5 min each) and in PN buffer at room tem-
perature (5 min), then wash slides in tap and distilled water.

2. Dehydrate slides in alcohol series (70%, 80%, and 96%) (5 min each)
and air-dry.

Fig. 5. Details of river buffalo prometaphase plates treated for FISH
technique with a bovine BAC clone containing DEFB@. Simultaneous
visualizations of the hybridization FITC signals (arrows) with RBH band-
ing (A) or with RBA banding (B) are shown.
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3. Stain with acridine orange (0.1% in P buffer, pH 7.0) for 30 min,
then wash slides in tap and distilled water and air-dry.

4. Mount slides in P buffer and then follow as for CBA banding (steps
7 and 8).

5. Microscope observation 1 d later with the same filter combination
used for FITC signals (see Notes 13–15).

4. Notes

1. Colcemid treatment needs careful attention. Indeed, domestic ani-
mal chromosomes are very sensitive to this treatment. The reduction
in time and quantity allow more elongated chromosome preparations
to be obtained but give a lower mitotic index. Each laboratory
should get the appropriate dose and time of treatment on the basis
of its own needs.

2. The first fixation of cells is very important and needs special atten-
tion. When cell clusters are present, they must be broken by using a
Pasteur pipet against the bottom of the tube. However, the adding of
1 mL fix solution after the hypothonic treatment not only blocks the
KCl action but prevents the formation of cell clusters.

3. When observing the slides in the microscope, the C bands (CBA
banding) must be very strong fluorescence, whereas the remaining
part of the chromosomes must be dull fluorescence (Fig. 1). When
other chromosome regions appear stained (fluorescent), the time of
treatment in Ba(OH)2 must be increased. The opposite when the C
bands are very small and the chromosomes appear overtreated. When
the slide treatment is good, also the nuclei show clear strong fluores-
cence heterochromatic regions.

4. Giemsa staining in C-banding technique (CBG banding) can be used
instead of acridine orange by following the same protocol, although
acridine orange is more effective than Giemsa staining. Indeed, it is
possible to detect very small C bands (biarmed autosomes) or
intercalar C bands, which are generally C-band negative when using
Giemsa staining (14,15). Furthermore, CBA-banding technique is
more repeatable than CBG banding. C banding is the best banding
technique to identify sex chromosomes very easily in domestic ani-
mals because their C-banding patterns differ completely from those
of the autosomes (14,15). Therefore, this technique is very useful to
detect sex chromosome abnormalities (16,17).
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5. RBA banding (Fig. 2) offers the advantage of simplicity and its use
on fresh slides. Standard RBA-banded karyotypes for cattle, sheep,
goat, and river buffalo are available (3,4,10).

6. RBG banding (Fig. 3) offers (1) higher banding pattern resolution
than RBA banding (more bands compared with those achieved with
RBA banding), (2) the possibility of treating slides and working on
them later, and (3) keeping slides for years after staining.

7. R banding is the best banding technique to be applied routinely on
domestic animal chromosomes in clinical, evolutionary, and molecu-
lar (FISH) cytogenetics (9,16–23). Standard R-banded karyotypes
are available for cattle, sheep, goat, river buffalo, horse, and pig
(3,4,6,7,10).

8. GBG banding (Fig. 4) is very useful when chromosomes of species
must be characterized by banding techniques. Indeed, because GBG-
banding patterns are exactly complementary to those obtained by R
banding and are very similar to those obtained by GTG banding, this
technique is a point of reference when structural G bands (GTG band-
ing) must be compared with R-banding patterns.

9. The comparison between GBG banding with other banding tech-
niques (GTG, RBA, and RBG banding) allowed better characteriza-
tion of domestic bovid chromosome so as to obtain clear and detailed
G- and R-banded ideograms following only one common banding
nomenclature (24–26). The only problem with this technique is that
it requires early BrdU incorporation, which takes time during cell
cultures, especially when BrdU is added to the cell cultures in the
morning and removed later.

10. In both normal cultures and early BrdU-treated cell cultures (GBG
banding), longer chromosomes can be obtained by adding ethidium
bromide (5 µg/mL) 2 h before harvesting.

11. When BrdU and MTX are simultaneously added to cattle, river buf-
falo, horse, and donkey cell cultures to obtain GBG banding, the
partial block of the cell cycle (synchronization), because of MTX,
occurs during the S phase (11,12). Standard GBG-banded karyotypes
for cattle, sheep, goat, and river buffalo are available (4,10).

12. When observing FITC signal backgrounds during FISH technique,
the quantity of COT-1 DNA (or the total genomic DNA) should be
increased during the in situ procedure (annealing step).

13. For FITC signal acquisition, the use of appropriate charge-coupled
device (CCD) cameras connected with the microscope is preferred
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to microphotography. Indeed, metaphases can be captured and later
processed with appropriate software. Several CCD cameras are cur-
rently available. These cameras capture the images in black/white or
directly in color. Generally, the former are more sensitive and
pseudo-color can be given after image capturing.

14. Generally, two images of the same metaphase (with FITC signals
and with RBH banding) are separately captured after the detection
step and later processed by superimposing the hybridization signals
on R-banded chromosomes (Fig. 5). Several software programs for
FISH technique (image acquiring and processing) are available.

15. After the FISH-detection step, antifade/propidium iodide can be
used, instead of antifade/Hoechst 33258, to obtain FITC signals
against the red chromatids (propidium iodide). In R-banded prepara-
tions, the use of antifade/propidium iodide allows FITC signals to be
obtained with the filter at 450–490 nm (excitation) and RBPI band-
ing with excitation filters at 515–560 nm. However, modification of
this procedure (antifade/propidium iodide at pH 11) allows simulta-
neous visualization of FITC signals and R-banding patterns with the
combination filters at the 450–490 nm (excitation) (9,21).

16. The FISH technique is a powerful tool to physically map specific
loci on single chromosome bands. When two or more loci are clus-
tered in the same bands, dual or multicolor FISH may be used (27).

17. Comparative FISH mapping among species may reveal small auto-
somal mutations, such as that found between Bovinae chromosome
9 and Caprinae chromosome 14 (28). A greater understanding may
also be gained of chromosome evolution among related species by
following the gene order within homologous chromosomes
(23,29,30), as well as comparing unrelated genomes such as those of
human and bovids by establishing the chromosomal rearrangements
that differentiated bovids from primates (27,28,31–33). The use of
specific molecular markers is also a potential tool to easily identify
chromosomes involved in both numerical (34) and structural chro-
mosome abnormalities (35–37).

5. Conclusions

Domestic animal cytogenetics should receive special attention,
especially now that several molecular markers are available and can
be used in both clinical and evolutionary cytogenetics. However,
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more work must be done to prepare chromosome-specific painting
probes and make them commercially available as for humans. This
will facilitate comparisons among unrelated species (Zoo-FISH) and
will accelerate the genetic improvement in domestic species because
chromosomal abnormalities, especially reciprocal translocations
and paracentric inversion, can easily be identified and eliminated
from the animal populations. Sound collaboration among breeders,
veterinary practitioners, and cytogeneticists is also essential if our
domestic animal populations are to be genetically improved.
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1. Introduction

Whole genome sequencing of several species, including our own,
constitutes a good starting point for the study of various functions of
the chromosome on a whole genome scale. Mapping of meiotic
recombination hotspots (the sites in which recombination occurs
more frequently than at an average site) in the genomes of higher
organisms is one of the tasks that can now be undertaken. Hotspot
mapping, in the case of the human genome, could be important for
understanding the origin of some genetic diseases and cancers and
might shed light on the mechanisms of evolution of our species at the
molecular level.

Direct mapping of hotspots involves a time-consuming determina-
tion of the polymorphism of genetic markers in populations. Here,
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we present a relatively simple way of mapping the recombination
hotspots in human DNA cloned as yeast artificial chromosomes
(YACs) based on the techniques developed for the most part by G.
Simchen and collaborators (1–3). The mapping consists of localizing
meiotic double-strand breaks (DSBs), the hallmarks of recombina-
tion hotspots, in the YACs. Several lines of evidence suggest that
sites of meiotic breaks mapped in yeast might be coincident with the
hotspots of recombination in the human genome. First, it has been
shown that the level of meiotic DSBs in YACs carrying segments of
human chromosomal DNA correlates with the level of recombina-
tion of these segments in human germline cells (1,2). The human
chromosomal segment corresponding to a contracted region in the
genetic map (recombination cold spot) shows a low level of meiotic
DSBs in a YAC, whereas a YAC carrying DNA extracted from an
expanded region of the map breaks frequently during meiosis in yeast
cells. Second, we have found that this correlation observed in the
case of the long DNA regions also holds for some specific human
hotspots (4,5). One such site has been localized in the YAC A85D10-
carrying human globin gene cluster, 30 kb 3' from the globin
gene. It contains a long palindrome that is surrounded by sequences
showing polymorphism, which is typical for recombination hotspots.
This site corresponds to the chromosomal breakpoint responsible for
several independent cases of human thalassemia (6). Another mei-
otic DSB that has been localized between and globin genes in a
YAC also corresponds to the recombination hotspot in human
germline cells (7). It has been demonstrated using the tetrad dissec-
tion analysis that this latter chromosomal segment also engages in
meiotic recombination in Saccharomyces cerevisiae (8). Apparently,
because the meiotic chromosome structure and composition in S.
cerevisiae follow the plan common for most eukaryotes (9), the seg-
ments of DNA that are recombination-prone in human cells are also
recombination-prone when cloned in yeast. This is also at least par-
tially true in the case of mitotic chromosome. The YACs derived
from regions of known chromosomal instability are very unstable in
yeast. It has been shown, for example, that the YAC clone carrying
the DNA extracted from the most unstable chromosomal region in
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the mouse genome is also very unstable on X-ray exposure of the
yeast cells (10). Such sequences as microsatellites, minisatellites, and
palindromic repeats are under some conditions recombinogenic in
both yeast and mammalian cells (11–15).

Another important assumption upon which the presented technique
is based is that the hotspots of recombination are coincident with the
sites of DSBs appearing in the DNA at the onset of meiosis. The mei-
otic breaks have been most thoroughly studied in yeast but it is prob-
ably true for most of the eukaryotic organisms (16–18). A
recombination hotspot in yeast usually coincides with a 100–500-
nucleotide long chromosomal segment in which DSBs can occur at a
number of sites (different sites of breaks in different cells) (19,20).
The repair of these breaks results in a gene conversion, frequently
accompanied by a crossover. Mapping of these sites is performed using
mutant yeast strains that generate a normal level of breaks but that are
unable to process them further. The accumulation of chromosomal
breaks facilitates their mapping. The yeast strains most commonly used
for this purpose carry the mutation rad50S (see Note 1) (21).

Having these considerations in mind, we conclude that the sites
mapped in YACs should be considered as so-called candidate
hotspots in human DNA. As an example of the presented technique,
we show here the localization of the hotspots of recombination in the
YAC 745D12 containing the DNA segment extracted from human
chromosome 6, which contains the major histocompatibility complex
that encodes several highly polymorphic leukocyte antigens class 1.
The meiotic DSB mapping was performed here at the level of reso-
lution obtained with the pulse-field gel electrophoresis (5–10 kb).
This allows one to localize the hotspots of recombination in a region
of several hundred kilobases in a single experiment depending on the
YAC length. It may be performed, if necessary, with a higher resolu-
tion using classic agarose gel electrophoresis.

The mapping of hotspots of recombination described here con-
sists of three steps. The first step, that is, preparation of agarose
plugs containing high molecular weight DNA, mapping of restric-
tion sites and CpG islands in the YAC, and verification of the YAC
integrity, is described in Subheadings 3.1.1. and 3.1.2. and in
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Table 1. The second step consists of preparing a diploid rad50S
mutant yeast strain carrying the studied YAC using the strains
AB1380 [YAC 745D12]; kar1; and rad50S strains. Detailed proto-
col of this part of the procedure has been described in vol. 54 of this
series (see ref. 3) The third step, the mapping of the meiotic DSB is
described in Subheading 3.2. and the result of the mapping is shown
in Fig. 4.

Table 1
Verification of the Integrity of the YAC 745D12

Position in Mapped distance
the reference from the telomere C Difference
sequence (nt) (kb) (kb)

MluI

29375 95 65
66251 131 64
113317 178 64
160944 225 64

SfiI

54709 119 64
149627, 150482 214 64

BstUI

8322–10278 (4 sites, IkBL) 75 66
21036–22024 (4 sites, BAT 1) 85 64
28800–29376 (4 sites, BAT 1) 95 66
65019–66285 (10 sites, MIC B) 131 65
69080–70068 (10 sites, MIC B) 135 65
160066–160978 (11 sites, MIC A) 225 65
163442–164636 (7 sites, MIC A) 225 61

Comparison of the positions of the restriction sites localized within the nucle-
otide sequence AB000882 + AP000507, with the experimentally determined dis-
tances of these sites from the telomere C of the YAC 745D12. The multiple BstUI
sites correspond to the CpG islands accompanying the listed genes.
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2. Materials

2.1. Yeast Strains

The following yeast strains were used in this study.

1. AB1380 (MATa, ura3-5, trp1, ade2-1, can1-100, lys2-1, his5, Ile–,
Thr–) [YAC 745D12 (URA, TRP)] purchased from Centre d’Etudes
du Polymorphisme Humain in Paris.

2. 2474 (MAT , ura3-52, lys2-101, ade2-101, his3 200, trp1 1,
leu2 1, cyhr, kar1 15).

3. 2850 (MATa, leu2, lys2, trp1, ura3, rad50s::ura3, can1).
4. YD69 (MAT , lys2, his4, arg4, trp1, ura3, rad50s::URA3).

The three last strains were the kind gift of G. Simchen and D.
Zenvirth from the Hebrew University of Jerusalem.

2.2. Culture Media

The following media components were purchased from Difco
Laboratories.

1. Synthetic dextrose (SD), standard minimal medium: 0.17% YNB-
AA/AS, 0.5% (NH4)2SO4, 2% dextrose, containing appropriate nutri-
ents and drugs according to auxotrophies of the strain. For a solid
medium, 2% agar is added.

2. YPD (standard rich medium): 1% yeast extract, 2% peptone, 2% dex-
trose. For a solid medium, 2% agar is added.

3. YPA (presporulation medium): 1% yeast extract, 2% peptone, 1%
potassium acetate.

4. SPM (sporulation medium): 0.1% yeast extract and 1% potassium
acetate, supplemented with appropriate nutrients according to aux-
otrophies in the strain.

5. Nutrients and drug solutions (Sigma, St. Louis, MO; final concentra-
tions in the SD or SPM media): L-arginine HCl (20 µg/mL), L-histi-
dine 20 µg/mL, L-isoleucine (30 µg/mL), L-leucine (30 µg/mL),
L-lysine HCl (30 µg/mL),L-threonine (200 µg/mL), L-tryptofane
(20 µg/mL), adenine (20 µg/mL), uracil (20 µg/mL), cycloheximide
(3 µg/mL), canavanine (60 µg/mL).
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2.3. Buffers, Enzymes, and Other Supplies

The following chemicals were purchased from Sigma (St. Louis,
MO) if not indicated otherwise.

1. Z1: 50 mM Tris-HCl, pH 8.0; 10 mM MgCl2; 1 M sorbitol; 30 mM
dithiothreitol (DTT).

2. Z2: 50 mM Tris-HCl, pH 8.0; 10 mM MgCl2; 1 M sorbitol; 1 mM DTT.
3. KPSS: 40 mM KH2PO4, pH 6.4; 10 mM MgCl2; 5 mM ethylenebis-

(oxyethylenenitrilo)tetra-acetic acid; 0.5 mM ethylenediamine tetra-
acetic acid (EDTA); 0.2 mM DTT; 0.15 mM spermine; 0.5 mM sper-
midine; and 0.2 mM phenylmethyl sulfonyl fluoride (PMSF; add just
before the buffer is ready to be used).

4. Lysing buffer: 1 mg/mL proteinase K (Boehringer, Mannheim), 1%
SDS, 250 mM EDTA.

5. Stocking buffer: 10 mM Tris-HCl, pH 8; 50 mM EDTA; 1 M NaCl.
6. 10X TBE buffer: 890 mM Tris, 890 mM boric acid, 20 mM EDTA,

pH 8 (used diluted 1:20 for electrophoresis).
7. 200 mM PMSF dissolved in isopropyl alcohol (stored –20°C).
8. 10 mg/mL EtBr.
9. 500 mM EDTA, pH 8.0.

10. 2% Low-melting point agarose (FMC BioProducts, Rockland, ME)
prepared on KPSS buffer w/o spermine, spermidine, and PMSF.

11. 1% Agarose (FMC BioProducts, Rockland, ME) prepared on 0.5X
TBE buffer.

12. YAC telomere-specific probe (see Note 2).
13. Glucanex® (crude preparation of -glucanase, Novo Nordisk Fer-

ment, Ltd): solution 200 mg/mL H2O (stored –20°C).
14. SfiI, MluI, and BstUI restriction enzymes and the appropriate restric-

tion buffers as suggested by the manufacturer (New England
BioLabs).

15. Lambda ladder (molecular weight standard, New England BioLabs).
16. Reagents for Southern transfer and hybridization.
17. Reagents for random primed DNA labeling, including 32P-labeled

-dATP (Amersham, Pharmacia Biotech).
18. Nytran® superchange nylon membrane (Schleicher & Schuell).

2.4. Special Equipment

Pulse-field gel electrophoresis apparatus (CHEF-DR® II, Bio-Rad).



Mapping of the Hotspots of Recombination 41

3. Methods

The mapping of both meiotic DSBs and restriction sites was per-
formed here by indirect end-labeling. This technique is commonly
used to determine the distance between the breaks generated in a
DNA molecule and one of its extremities. Such extremities are most
frequently introduced by restriction enzyme digestion (Fig. 1). In
the experiments described below, the sites of breakage were local-
ized using the ends of the YAC as a reference point. To that pur-
pose, the mixture of the molecules resulting from a partial digestion
of the YAC was fractionated by agarose gel electrophoresis and
transferred to a positively charged nylon membrane. The hybridiza-
tion of the membrane with a 32P-labeled probe, specific to one end
of the YAC, revealed the unbroken YAC DNA molecules as well as
their products of breakage. As a probe, we used a fragment of
pBR322 (see Note 2).

3.1. Checking the YAC Integrity

Because the YAC libraries contain a large proportion of chimeric
clones (22), it is strongly recommended to verify the integrity of the
selected artificial chromosome by restriction site mapping and com-
parison of the obtained map with the reference. The enzymes most
frequently used to that purpose are the so-called rare cutters like
NotI, SfiI, and so on. Another class of useful enzymes is the
isoschisomers that recognize the CGCG tetranucleotide (23). The
distribution of the latter in the human chromosomes coincides for
the most part with that of CpG islands, the GC- and CpG-rich
regions associated with many human genes. Mapping of these
islands helps to localize the genes in the studied YAC. In addition,
given that the CGCG tetranucleotides are clustered, such a map is
less sensitive to allelic variations due to the differences in their num-
ber and position. The chromosomal region containing the hotspot
mapped here has been independently sequenced by two groups
(24,25) who used two sets of cosmid clones derived from two dif-
ferent sets of YACs. The map (Fig. 2) of YAC 745D12, which has
been used by Shiina et al. (25) and also in this study, is based on the
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published reference sequences (accession numbers AB000882 and
AP000507, http://www.ncbi.nlm.nih.gov:80/entrez/). The studied
region contains a putative hotspot of recombination in humans located
between the genes MIC A and MIC B, as determined by allele-fre-
quency studies (26). Three restriction enzymes were chosen to check
the integrity of the YAC. Two of them are rare cutters, MluI
(ACGCGT) and SfiI (GGCCN4NCCGG), and the third one, the
BstUI (CGCG), is the CpG-island diagnostic enzyme. It cuts several
times within each of the CpG islands accompanying these genes.
The positions of the restriction sites in the reference sequences were
determined using the WebCutter program (http://www.firstmarket.
com/cutter/) and have been compared (Table 1) with the positions
of the recognition sites localized experimentally in the YAC by indi-
rect end-labeling. The results of mapping of the MluI and BstUI sites
are presented in the Fig. 3.

Fig. 1. Mapping of DNA breakage sites by indirect end-labeling. (A) A
chromosome that contained breakage site DSB 1 and DSB 2 was termi-
nally digested by a restriction enzyme recognizing the sites Re. The rect-
angle indicates the position of the sequence recognized by the probe. (B)
After the electrophoresis (direction of which is shown by the broken ver-
tical arrow) and autoradiography with the labeled probe, the positions of
the sites 1 and 2, with respect to one end of the restriction segment, are
calculated from the distances of migration of the DNA fragments.
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3.1.1. Preparation of Agarose Plugs Containing
Chromosomal-Size DNA

1. Use one colony of the yeast strain AB1380 containing YAC 745D12
to inoculate the SD medium supplemented with adenine, lysine, his-
tidine, isoleucine, and threonine and grow to OD600 of 1.

2. Inoculate 200 mL YPD medium with 100 µL preculture. Grow the
yeast overnight at 30°C with good aeration up to OD600 0.7 to 1.0.

3. Spin the cells at 1200g for 5 min. Resuspend the pellet in 10 mL
buffer Z1 and incubate for 20 min at room temperature.

4. Collect the cells and wash in 10 mL buffer Z2, centrifuge as before.
5. Suspend the pellet in 10 mL buffer Z2, add 200 µL Glucanex® solu-

tion, and incubate 45–60 min at 30°C (see Note 3).
6. Spin the spheroplasts at 500g, resuspend the pellet in 3 mL buffer

Z2, and transfer the suspension into four 2-mL Eppendorf tubes. Cen-
trifuge 1 min in Microfuge at 1000g.

7. Suspend each pellet in 1 mL ice-cold KPSS buffer and mix gently
(see Note 4). Spin for 15 s in the microfuge.

8. Resuspend the pellets each in 1 mL ice-cold KPSS buffer and spin
for 15 s in microfuge. Repeat the washing three times. Depending
on the starting cell density, the volume of the last wash might be
reduced and the last centrifugation might be performed in two
Eppendorf tubes.

Fig. 2. Map of YAC 745D12. Genes and endogenous retroviruses are
represented by white rectangles, the CpG islands by dark vertical rect-
angles, and the repetitive sequences by ovals. The positions of restriction
sites MluI (M) and SfiI (S) were determined by indirect end-labeling of the
YAC (Table 1) and are indicated by the numbers below the letters. C and
T indicate telomeres proximal and distal to the centromere respectively.
The positions of principal landmarks were taken from refs. 24 and 25.
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9. Measure the approximate volume of the pellets, suspend each pellet
in an equal volume of KPSS buffer at the room temperature, and mix
the suspension with the same volume of warm (50°C) 2% low-melt-
ing point agarose prepared in KPSS without spermine, spermidine,
and PMSF (final concentration of agarose will be 1%).

10. Mix the agarose thoroughly with the suspension and quickly pour
into molds (Bio-Rad).

11. Let the agarose solidify on ice and transfer the plugs to the lysing
buffer (proK-SDS). Incubate overnight at 50°C.

12. Plugs prepared in this way will contain about 2 µg DNA each and
can be stored for up to 6 mo in the stocking buffer at 4°C.

Fig. 3. Mapping the CpG islands in YAC 745D12. The DNA embed-
ded in agarose blocks has been partially digested by restriction enzymes
MluI and BstUI, the last having multiple recognition sites within CpG
islands. The resulting products of partial digestion were separated by
pulse-field gel electrophoresis, transferred to the positively charged
Hybond nylon membrane, hybridized to radioactively labeled probe rec-
ognizing the telomere C and are visualized as dark bands in the X-ray
sensitive photographic film (MluI lane and BstUI lane). The clusters of
CpG dinucleotides corresponding to CpG islands accompanying the genes
located in the studied regions are represented by dark rectangles in the
map of the YAC. Three out of the four MluI recognition sites in this
region are also located in the CpG islands (Table 1).
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3.1.2. Mapping the Restriction Sites in YACs

1. Wash 10 agarose plugs containing YAC DNA with at least five
changes of 10 mL appropriate 1X restriction enzyme buffer, with
gentle shaking, in the cold room. The first wash should contain 0.2
mM PMSF, in addition to 1X restriction enzyme buffer, to inhibit the
proteinase K.

2. Place the agarose plugs (in duplicate, to have a back-up plug if one
of them is damaged during manipulation) in 2-mL Eppendorf tubes
in 200 µL restriction buffer.

3. Add serial dilutions of an appropriate restriction enzyme (0.05, 0.1,
0.5, 1.0, and 5.0 U of the restriction enzyme per tube). Digest over-
night at the standard conditions (see Note 5).

4. Stop the reaction by adding 20 µL 0.5 M EDTA.
5. Wash the plugs briefly in 0.5X TBE buffer.
6. Put the plugs into the slots of the slab of 1% agarose prepared in

0.5X TBE buffer with a spatula. Gently press the plugs against the
front wall of the slot.

7. Place the plugs containing undigested control and molecular weight
standard (Lambda ladder).

8. Seal the plugs with warm (35°C) LMP agarose. Let solidify in the
refrigerator.

9. Put the slab into the electrophoresis chamber containing fresh 0.5X
TBE buffer, start the cooler and the pump, and let the system run for
20 min before starting electrophoresis.

10. Electrophores samples according to manufacturer instructions.
11. Stain gel with EtBr, photograph the gel, and transfer the fractionated

DNA to positively charged membrane by alkaline Southern transfer.
12. Hybridize the membrane with radioactively labeled probe C (see

Note 2). Wash, expose to the X-ray film, and develop the film, or
expose the film in a Phosphoimager cassette. Strip the membrane by
incubation for 20 min, 40°C, 0.4 M NaOH and repeat the hybridiza-
tion using radioactively labeled T probe.

13. Compare the distances of migration of the products of partial restric-
tion enzyme digest of the YAC with the migration of the molecular
weight marker determine the positions of the restriction sites in the
YAC with respect to both telomeres.
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14. Compare the experimentally determined restriction map of the YAC
with the sequence analysis-generated restriction map of the chromo-
somal region studied.

Table 1 shows the result of this comparison obtained with the
probe C for YAC 745D12 and the enzymes MluI SfiI, and BstUI.
The difference between the positions of the recognition sites in the
reference sequence and the positions of the restriction sites mapped
in the YAC gives the position of the first nucleotide of the reference
sequence in the YAC. The first nucleotide of the reference sequence
is located 65 kb from the telomere C. The MluI (see Fig. 3) and SfiI
(not shown) restriction sites were found at their expected positions
in the YAC. The assignment of the CpG islands has been confirmed
by indirect end-labeling of the BstUI restriction sites (see Fig. 3).
Note that the resolution of the pulse-field gel electrophoresis is suf-
ficient to distinguish the two islands accompanying the gene BAT I
showing 10-kb spacing, whereas the two islands accompanying the
gene MIC A, which show 3-kb spacing, fuse (see Note 6).

3.2. Mapping Meiotic DSBs

The DSBs are mapped in the diploid strain containing the rad50S
mutation. The transfer of the YAC can be performed by lithium
acetate transformation or using the kar1 intermediate strain as
described (2,3). Here YAC 745D12 has been transferred from the
wild-type strain (AB1380) to the rad50S strain (2850) using kar1
intermediate strain (2474). For detailed transfer protocol, see vol-
ume 54 of this series (3). The haploid rad50S strain (2850) contain-
ing the YAC was mated with the strain YD60 of opposite mating
type carrying the rad50S mutation and grown on SD medium con-
taining lysine. The resulting diploid yeast strain 2850[YAC745D12]/
YD69 was used for mapping the meiotic DSBs (4,27,28).

1. Inoculate 50 mL of YPD medium with the diploid rad50S strain con-
taining the YAC until 1.2–1.6 OD at 600 nm.

2. Spin down the yeast and transfer to presporulation medium YPA
diluting the yeast 100 times and grow until stationary phase.

3. Spin down, wash with sterile H2O, and transfer to medium SPM
supplemented with appropriate nutrients.
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4. After 6 h, spin the cells down and prepare plugs as described in Sub-
heading 3.1.1. The plugs containing control DNA are prepared from
yeast grown in YPD and YPA medium.

5. Run the pulse-field gel electrophoresis as above, transfer the DNA
to a membrane and hybridize the DNA immobilized on the nylon
membrane with the labeled probe C or T.

An example of the mapping of the sites of meiotic breakage is
shown in Fig. 4, lane 1. It is apparent that the most prominent DNA
breaks observed in the YAC carrying the DNA extracted from the
studied chromosomal region are located respectively at 173 and 200
kb from the telomere C. These meiotic DSBs are coincident with
two minisatellite-like sequences each approx 2.5 kb long, present
between the MYC A and MYC B genes. We consider it likely that
these sites of meiotic DSBs in yeast are also involved in the recom-
bination events in the human germline cells, as suggested by the
genetic markers’ polymorphism (26) in this chromosomal region in
various human populations.

4. Notes

1. Spurious breaks caused by the mitochondrial nuclease were observed
in yeast cells stored in ethanol. To avoid this problem, the yeast strain
containing nuc1 mutation could be used for the mapping (15). The
mapping may not be reliable in the regions of YAC close to the
telomere (29). To map these sites, an overlapping series of YACs
could be used.

2. The sequences derived from pBR322 vector have been used for con-
structing the YACs and remain inserted in the vicinity of the YAC
telomeres. The probes used in the described experiments are C (1.543
bp PvuII/PstI segment of pBR322 plasmid) and T (1.691 bp BamHI/
PvuII segment of pBR322 plasmid).

3.  Formation of the spheroplasts is followed by taking up periodically
10 µL suspension of the cells, suspending in 1 mL distilled water,
and measuring OD. The final OD at 600 nm of the suspension of the
spheroplasts in water should be approx 10% of the initial OD.
Alternatively, Glucanex® 5 U Lyticase (Fluka) can be used.
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4. In this hypotonic buffer, the spheroplasts break but the chromatine
structures are partially preserved protecting the DNA from digestion
by endogenous nucleases.

Fig. 4. Mapping of meiotic DSBs in the YAC 745D12 carrying the
highly polymorphic leukocyte antigen 1 genes. The diploid yeast strain
rad50S carrying the YAC was incubated for 6 h in the sporulation
medium. The yeast DNA was subsequently isolated, size fractionated by
electrophoresis, transferred to a Hybond membrane, and hybridized to a
radioactive probe recognizing the telomere C. Lane 1, DNA extracted
from yeast incubated in the sporulation medium. The strong DSBs are
indicated by horizontal arrows; lane 2, map of the region; lane 3, DNA
partially digested with MluI (ACGCGT) restriction enzyme. The posi-
tions of the bands correspond, up to the site located at 225 kb, to the
positions of the restriction sites in the YAC determined using the sequence
described (25). The three MluI recognition sites proximal to the telomere
C are located within the CpG islands (dark rectangles) accompanying
genes MIC A, MIC B, and BAT 1. The fourth site flanks one of the
microsatellites (ovals).
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5. Most of the restriction enzymes give satisfactory results when used
for the digestion of the DNA embedded in the agarose blocks, although
the higher concentrations and longer digestion time have to be used.
Among the enzymes cutting within the CGCG tetranucleotide the
Bsh1236 I and BstUI were used without problems in the experiments
described here. See also New England BioLabs Catalog and Techni-
cal Reference for detailed information about the digestion of DNA
embedded in agarose.

6. The pulse-field gel electrophoresis in its version CHEF has a vari-
able resolution depending on the programmable ramping of the elec-
tric field. The migration is not a linear function of the logarithm of
molecular weight of the fractionated segments of the DNA. It is criti-
cal to use one or more molecular weight standards covering the whole
range of molecular weights to correctly determine the molecular
weight of the fractionated species of DNA.
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Genomic Imprinting and Its Effects on Genes
and Chromosomes in Mammals

Yuji Goto and Robert Feil

1. Introduction

Genomic imprinting is a regulatory mechanism by which, at cer-
tain gene loci, one of the two alleles becomes repressed according
to its parental origin. This chapter focuses on mammalian imprint-
ing, which regulates not only the parental allele-specific gene
expression on autosomal chromosomes: in the extra-embryonic tis-
sues of female mouse embryos, it also determines the choice of the
X chromosome to be inactivated. In this chapter, we introduce auto-
somal and the X chromosome imprinting in mammals and summa-
rize the current understanding of its underlying mechanisms.
Presented are examples of deregulation of imprinted genes in ani-
mal models and in human disease that arise as a consequence of
deletion or acquisition of parental chromosomes. The chapter dis-
cusses the possible impact of imprinting on transgenes and artificial
chromosomes and describes that in vitro manipulation and culture
of cells and embryos may disrupt imprinting and can thereby lead to
aberrant phenotype. The latter could be relevant relative to the
application of transgenic and chromosome methodologies. Most of
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the presented examples in the chapter relate to experimental work
on mouse models. Because imprinting is highly conserved among
placental mammals, however, emerging ideas and concepts are valid
for human and ruminant model systems as well.

1.1. Genomic Imprinting at Autosomal Loci

Genomic imprinting refers to the epigenetic process by which
gene activity is regulated according to parental origin. To date, some
50 autosomal genes have been found to be subject to imprinting in
humans and mice. About two fifths of these are expressed from the
maternally derived allele, whereas the remainder are expressed from
the paternally inherited allele (1,2). Most imprinted genes map to
chromosomal domains that had been defined to be imprinted based
on studies on mice that were uniparentally disomic or had uniparen-
tal duplication/deficiency of individual chromosomes. Through
detailed developmental studies on such unbalanced contributions of
maternal and paternal chromosomes, imprinted chromosomal
regions have been identified (3; Fig. 1). One characteristic of
imprinted genes is that they are organized in clusters, and there are
several examples of neighboring, reciprocally expressed, imprinted
genes that are coregulated. For instance, on the distal portion of
mouse chromosome 7 (and on human chromosome 11q15), the in-
sulin-like growth factor-2 (Igf2) gene is expressed from the pater-
nally inherited allele only and is flanked by the tightly coregulated
H19 gene, which is expressed from the maternal allele only. H19,
like several other imprinted genes, transcribes a nontranslatable
RNA. About one in four of the identified imprinted genes produce
noncoding RNAs. Some of these are in antisense orientation to
other genes and might therefore be involved in transcriptional regu-
lation (2).
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1.2. Imprinted X Chromosome Inactivation

X chromosome inactivation (X inactivation) is the mechanism
that compensates the twofold difference in X-linked gene dosage
between XX females and XY males in mammals (4,5). In contrast
with the allelic repression of imprinted genes, which effects genes
in domains up to several mega-bases in size, X inactivation is a
process that effects the majority of genes along the chromosome.
Developmental studies in the mouse have established that X inacti-
vation occurs in three waves during early embryogenesis (5,6). This
is depicted in Fig. 2. The paternally inherited X chromosome (XP)
is selectively inactivated in the first and the second wave, which
occur in the trophectoderm of blastocysts at 3.5 d postcoitum (dpc)
and in primitive endoderm of implanting blastocysts (4.5 dpc),
respectively (7). Following this imprinted type of X inactivation in
the extra-embryonic lineages of the mouse, a random type of X in-
activation occurs in the embryo proper during the final wave of in-
activation that takes place in the epiblast at around 5.5 dpc (8). X
inactivation is controlled by a unique locus, the X inactivation cen-
ter (Xic), which is essential for the initiation and spreading of inac-
tivation along the X chromosome (5,9). The Xist gene maps to Xic
and is expressed from the inactive X chromosome exclusively in
differentiated cells. Knockout and transgenic experiments in the
mouse have shown that Xist expression is essential for X inactiva-
tion (10–15). In female embryos, expression of the 18-kb Xist RNA
is first detected from the paternal allele, at the four-cell stage, and
this paternal chromosome-specific expression continues until the
blastocyst stage (16,17). Fluorescence in situ hybridization (FISH)
has revealed that the nontranslatable Xist RNA, produced from the
XP, becomes attached to the X chromosome in cis in eight-cell stage
embryos and in trophectoderm cells of female blastocysts (18,19).
Based on its expression specifically from the X chromosome that is
to become inactivated, and the association of Xist RNA with the
chromosome in cis, the nonrandom Xist expression from the pater-
nal allele has been proposed to be causally involved in the preferen-
tial inactivation of the paternal X chromosome in the trophectoderm
lineage and in primitive endoderm (20).
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Fig. 1. Imprinted chromosomal regions in the mouse genome. Robertsonian and reciprocal translocations have
been used to obtain evidence of imprinting for 11 different regions on eight autosomal chromosomes. These exten-
sive studies (3) are presented on the website of the MRC Mammalian Genetics Unit (Harwell, UK:
www.mgu.har.mrc.ac.uk), from which this simplified summary figure was adapted. For each imprinted region (in
gray), the main phenotypic consequences of maternal disomy and paternal disomy are indicated to the left and the
right of the chromosome, respectively. Additionally, the figure depicts the mouse X chromosome, which has an
aberrant extra-embryonic phenotype associated with maternal disomy (31).
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2. Effect of the Parental Origin of Chromosomes

2.1. Uniparental Disomy of Autosomal Chromosomes

In mammals, both the parental sets of chromosomes are essential
for normal embryonic and postnatal development. This had become
apparent from experiments in the mouse in which pronuclei were
transferred after fertilization of the egg, such as to produce either
androgenetic (with two paternal genomes) or gynogenetic (with two
maternal genomes) embryos (21,22). Upon transfer into recipient
female mice, such monoparental embryos were found to be severely
affected in their developmental potential and died at early stages of
development. This demonstrated that both a paternal and a maternal
genome are required for normal development. The same observa-
tion was made in other placental mammals as well. Parthenogenetic
development (with two maternal chromosomes) in sheep, for instance,
leads to embryonic lethality. Similarly as in the mouse, parthenoge-
netic sheep embryos are smaller than control embryos and die dur-
ing early fetal development, apparently because of aberrant
extra-embryonic development (23).

Experimental work on mice that exhibited uniparental disomy for
individual chromosomes has established that several of such
disomies give rise to aberrant growth and other developmental abnor-
malities (3). In these studies, most of the uniparental disomies were
obtained by intercrossing mice heterozygous for single
Robertsonian translocations (nonhomologous chromosomes joined
at the centromere). A summary of the main developmental abnor-
malities associated with maternal or paternal disomy of individual
chromosomes is presented in Fig. 1. Evidence for differential roles
of maternal and paternal copies of chromosomal regions was first
obtained for the proximal portion of mouse chromosome 11 (24).
Newborn animals that were paternally disomic for this region
(Patdi.11) were invariably larger than controls, whereas the recipro-
cal Matdi.11 animals were invariably smaller than normal litter-
mates (24). Mouse chromosome 7 is another chromosome with
pronounced imprinting effects at three distinct regions (3). At its
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distal-most portion (dis7), both maternal and paternal disomy give
rise to embryonic death. Detailed studies showed that the Matdi.dis7
embryos (and placentas) were severely reduced in their growth, and
they died at late fetal stages (25). Embryos with paternal disomy for
this region, in contrast, died early during embryonic development
(26). Embryos that were chimeric for Patdi.dis7 (mixture of normal
and Patdi.dis7 cells) survived to much later stages but showed sig-
nificantly increased growth (27). In humans, the region that is homolo-
gous to the distal portion of mouse chromosome 7 is found on the long
arm of chromosome 11 (q15). Paternal disomy and other genetic alter-
ations at this region can give rise to the fetal overgrowth syndrome,
Beckwith–Wiedemann syndrome (28). Two other imprinting syn-
dromes in humans, Prader–Willi syndrome (PWS) and Angelman
syndrome (AS), map to a region on chromosome 15, which is
syntenic to the imprinted domain that is on the central portion of
mouse chromosome 7 (29). PWS and AS are distinct neurogenetic
disorders that are frequently caused by deletions in a 3–4-mb region
on 15q11-13. These common deletions are similar between the two
syndromes but differ in their parental origin. PWS deletions are
always on the paternal allele, whereas AS deletions are on the
maternal allele (30). These syndromes can be associated with uni-
parental disomy as well, maternal disomy in the case of PWS, and
paternal disomy in the case of AS.

The studies on uniparentally disomic mice and on cases of unipa-
rental disomy in humans established that the gross phenotypes
caused by maternal disomy/paternal nullisomy are different than
those caused by paternal disomy/maternal nullisomy (Fig. 1). This
indicates that both a maternal and a paternal copy are required and
that there are genes in these regions that are expressed from the
maternal or the paternal chromosome copy exclusively. In total, 11
imprinted autosomal regions have been identified based on the phe-
notypic implications of the corresponding uniparental disomies
(Fig. 1) and almost all the imprinted genes that have been identified
map to these regions.
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2.2. Parent-of-Origin Effects on the X Chromosome

Confirming earlier findings (7), it has been described that mouse
embryos disomic for the maternally derived X chromosome
(Matdi.X), such as XMXMXP and XMXMY, are characterized by
severely deficient extra-embryonic tissues of trophectoderm ori-
gin and die before midgestation (Fig. 3) (31). Because XMXPY mice
survive without problems beyond parturition, the most probable
explanation of this dramatic phenotype is that two active X chromo-
somes in cells of the trophectoderm lineage are responsible for the
extra-embryonic ectoderm deficiency in the Matdi.X embryos.
Indeed, cytogenetic studies in 6.5–7.5 dpc embryos indicate that
two maternal X chromosomes remain active in cells from the extra-
embryonic portion of Matdi.X conceptuses. Additional data were
obtained from X inactivation studies in trophectoderm cells of
Matdi.X blastocysts after the first wave of X inactivation. Replica-
tion banding and Xist RNA FISH examination strongly supported
the proposition that XM is not inactivated in XMXMXP and XMXMY
blastocysts at 3.5 dpc (32). One explanation of these data is that the
maternal X chromosome is epigenetically modified such as to remain
active in the extra-embryonic lineages (33).

Whether X inactivation is subject to imprinting in humans is un-
certain and studies performed so far do not provide conclusive evi-
dence for paternal X chromosome inactivation in the
extra-embryonic lineages (34). However, there might be individual
genes on the human X chromosome that are imprinted (35). This
has become apparent from studies on Turner’s syndrome. This syn-
drome in women is caused by monosomy of all or part of the X
chromosome and is characterized by short stature and frequently
also by social adjustment problems. The latter symptom appears to
be more severe in women with deletion of the paternal X chromo-
some than in women with maternal X deletion (36). These findings
led to the proposition that there could be paternally expressed
imprinted gene(s) on the X chromosomes that are involved in
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Fig. 2. Imprinted X chromosome inactivation in extra-embryonic membranes. Presented is a summary of the embryonic and
extra-embryonic lineages that arise during embryonic development in the mouse. Imprinted X inactivation occurs in two subse-
quent waves, in the trophectoderm (at ~3.5 d post coitum) and in primitive endoderm lineage (at ~4.5 d postcoitum), respec-
tively (7,20). In all the extra-embryonic membranes that derive from these lineages, X inactivation occurs on the paternal X
chromosome exclusively. Random X-inactivation, in contrast, occurs in all the embryonic tissues, that derive from the inner
cell mass (ICM) cells of the blastocyst.
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social and language skills. Also in the mouse, XMO and XPO mono-
somies have been compared and this revealed a difference in their
early development. In particular, during pre- and early
postimplantation development, XPO embryos were found to grow
faster than XMO embryos (37,38).

3. Epigenetic Mechanisms

Chromatin modifications that control the parental chromosome-
specific expression of imprinted and X-linked genes should be heri-
table through somatic cell division and should not alter the sequence
of the underlying DNA. They would also be expected to affect,
directly or indirectly, the level of gene expression. The nature of
epigenetic marks in imprinting has attracted a lot of interest during
the last years, and methylation of DNA, chromatin modifications,
and differential timing of replication have emerged as candidate
mechanisms (2,9,39).

3.1. DNA Methylation

Dense clusters of CpG dinucleotides are often found in the pro-
moter or 5' regions of mammalian genes. These clusters are referred
to as CpG islands and are mostly unmethylated. Exceptionally, auto-
somal-imprinted loci comprise CpG islands that are methylated on
one of the two parental alleles. At some imprinted genes methyla-
tion is on the repressed allele, whereas at others, it is present on the
expressed allele (1,2,39). The latter is the case for intragenic, regu-
latory regions at the imprinted Igf2 and Igf2-receptor (Igf2r) genes.
Methylation marks at imprinted loci are essential, at least in the
maintenance of imprinted gene expression. This follows from stud-
ies on mice that were deficient in DNMT1, the principal mainte-
nance methyltransferase. Hence, in Dnmt1 knockout mice,
transcriptional reactivation of the repressed allele was observed at
some imprinted loci whereas others became repressed on both the
parental alleles. The activity of Igf2, for example, was shut off in
the absence of DNA methylation, whereas the neighboring H19
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Fig. 3.
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gene became expressed from both the parental alleles (40). An
oocyte-specific variant of DNMT1, DNMT1o, was found to be
essential in the maintenance of methylation at imprinted genes as
well, during a short window of preimplantation development (41).
At all but a few of the differentially methylated regions of imprinted
loci, methylation is present on the maternally inherited allele, and
for several of these maternal methylation marks it has been shown
that they are established during oogenesis. The expression of a
DNMT-related protein, DNMT3L, is essential for this acquisition
of methylation during oogenesis (42).

Relative to X inactivation, it has been found that most of the CpG
islands on the inactive copy of the X chromosome are methylated,
whereas the active X is unmethylated. This pattern of methylation
seems to be functionally important because chemical inhibitors of
cytosine methylation cause efficient reactivation of many X-linked
genes. In addition, in Dnmt1 knockout mice, the allele-specific ex-
pression of Xist is disrupted in the embryo proper but not in the
extra-embryonic tissues (43). The question remains as to whether
methylation is involved in the primary establishment of X inactiva-
tion as well. Allele-specific patterns of methylation have been ob-
served at the promoter of Xist in early embryos and are thought to
be established during gametogenesis. It was found recently, how-
ever, that this differential methylation disappears during preimplan-

Fig. 3. Aberrant extra-embryonic development associated with the ma-
ternal X chromosome. Shown are histological sections of day 5.5 embryos
that were stained with toluidine blue. In (A), a control female embryo
(XMXP) with normal development of the extra-embryonic ectoplacental
cone (ec), extra-embryonic ectoderm (exe), and visceral endoderm (ve).
The embryonic ectoderm (ee) lineage gives rise to the embryo proper. In
(B), a typical day 5.5 embryo with two maternal X chromosomes
(XMXMXP or XMXMY). Its extra-embryonic lineages are severely under-
developed or absent; the embryo proper (ee) appears to be normal. The
scale bar indicates 50 µm. This figure was adapted from Goto and Takagi,
Development 1998;125, 3353–3363, with permission of the Company of
Biologists Ltd.
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tation development, before the actual onset of X inactivation (44). It
is not excluded, therefore, that methylation mark(s) at the Xist gene
are functionally important for the initiation of the allelic transcrip-
tion of Xist, but it seems likely that other epigenetic modifications
of chromatin are involved in subsequent maintenance steps. For im-
printed X inactivation, there is evidence for the involvement of
modifications other than DNA methylation, because in Dnmt1–/–
conceptuses the paternal X chromosome remains fully repressed in
the extra-embryonic membranes (43).

3.2. Differential Timing of Replication

The timing of replication during S-phase is thought to reflect the
state of chromatin and expression of eukaryotic genes, and mam-
malian genes that are expressed abundantly frequently replicate ear-
lier in S-phase than repressed genes. In the case of X inactivation,
the entire inactive chromosome is highly compacted and replicates
late in S-phase. Like the inactivation of genes on the X-chromo-
some, this late replication occurs on the paternal chromosome in the
extra-embryonic tissues (45). Asynchronous replication has been
observed at autosomal imprinted domains as well, first by direct
cytogenetic analysis at the imprinted PWS/AS region on human
chromosome 15q11.2 (46). Subsequent FISH studies have demon-
strated differential replication between maternal and paternal alle-
les at the imprinted IGF2-H19, IGF2R, and PWS/AS regions in
mice and humans (47–49). Interestingly, asynchronous replication
at some domains extends beyond the region that comprises the im-
printed genes. Furthermore, imprinted domains can comprise both
regions with early paternal, and regions with early maternal replica-
tion. Whether the FISH studies are entirely indicative of differential
replication timing, or maybe also of structural effects on the timing
of chromatid separation, is not fully resolved (50). However, asyn-
chronous replication is detected already in preimplantation embryos,
and for several imprinted loci it has been found that it is reset in the
male and female germ lines before the onset of meiosis. These data
suggest that asynchronous replication at imprinted loci becomes
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established in the gametes and represents an epigenetic mark that
distinguishes the parental alleles at imprinted loci (51).

Which epigenetic features could underlie the asynchronous repli-
cation at imprinted loci? Possibly, the higher order organization of
chromatin on the parental alleles is involved, or, the differential rep-
lication could somehow reflect specific histone modifications at the
nucleosomes. It is interesting to note that allelic differences in
nuclease sensitivity have been detected at X-linked and autoso-
mal-imprinted loci, with the repressed allele being generally more
resistant to nuclease digestion than the active allele (39,52). Cova-
lent modifications at the N-termini of histones alter their charge and
influence local chromatin compaction and activity. Several studies
now provide evidence for the occurrence of differential histone
acetylation and methylation along the X chromosome, and at
imprinted autosomal loci (see Subheading 3.3.).

3.3. Histone Acetylation and Methylation

At several imprinted loci, allele-specific modifications have been
detected on the N-termini of the core histones H3 and H4. The dif-
ferentially methylated region at the 5'-portion of the SNRPN gene,
which is involved in PWS, has histone H3 and H4 acetylation on
the expressed paternal allele only (53). In Fig. 4, we show that the
same allelic acetylation differences are found at the mouse Snrpn
gene (54). Also the promoters of the mouse Igf2 and H19 genes
have differential H4 acetylation (55) and at the intragenic imprint-
ing-control-region of the Igf2r gene, there are pronounced acetyla-
tion differences between the parental alleles as well (56). By
applying antisera specific for particular lysine residues, it has been
shown that the imprinted U2af1-rs1 gene on mouse chromosome 11
has hypo-acetylation of histone H4 on the repressed maternal allele.
This maternal underacetylation was confined to the most N-termi-
nal lysine (lysine 5), whereas at histone H3 all lysine residues ana-
lyzed were hypoacetylated (54). Using a genetic approach, it was
established that DNA methylation at the U2af1-rs1 locus is linked
to deacetylation of histone H3, but not H4, via a mechanism that
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might involve association of methyl-CpG-binding domain proteins
to the methylated allele (54). These findings show that at imprinted
loci, acetylation can be regulated differently on histones H3 and H4
and may depend on the presence of proteins that recognize methy-
lated DNA.

Late in the X inactivation process, apparently following the tran-
scriptional downregulation of genes, a pronounced loss of histone
H4 acetylation occurs along the inactive X chromosome upon dif-
ferentiation of embryonic stem cells (57). Deacetylation of histone
H3, at lysine 9, in contrast, is an early step in the inactivation pro-
cess (58) and appears to be linked temporally to the acquisition of
methylation at this lysine residue (see below). From various sys-
tems, mostly nonmammalian, it is known that other covalent modi-
fications may occur on the N-termini of core histones as well.
Methylation of lysine-9 of H3 in particular, might be relevant to the
heritable repression in imprinting and X inactivation. This modifi-
cation has been found to be a marker of constitutive and facultative

Fig. 4. Analysis of histone acetylation at the Snrpn imprinting control
center. Chromatin was purified from interspecific hybrid mouse cells and
was partially digested with micrococcal nuclease. Thus, fractionated chro-
matin was precipitated with antisera against hyperacetylation on histones
H3 (H3Ac) and H4 (H4Ac). DNA was extracted from antibody-bound
(B) and unbound (U) fractions subsequently, and a polymerase chain
reaction-based approach (54) was used to distinguish the maternal and
the paternal chromosome copies at the Snrpn-imprinting control region.
H3 and H4 hyperacetylation is present on the paternal but not on the mater-
nal allele (52,54).
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heterochromatin. H3-K9 methylation can constitute a binding site
for heterochromatin protein1, a nonhistone component of hetero-
chromatin. This provides a putative mechanism whereby lysine-spe-
cific histone modifications may perpetuate states of chromatin
compaction and gene repression. So far, a single study on an auto-
somal imprinted locus, reported that on the human SNRPN gene
there is H3–K9 methylation on the repressed maternal allele at its 5'
imprinting-control region (59). At the inactive X chromosome in
mammals, methylation of H3 at lysine 9 has been detected as well.
Studies on differentiating embryonic stem (ES) cells show that the
acquisition of this epigenetic mark is an early event in X inactivation,
which occurs after the XIST RNA paints the X-chromosome (58,60).

It remains to be determined whether H3–K9 methylation occurs
at chromatin associated with specific DNA sequences or whether it
is equally distributed along the inactive X chromosome. This epige-
netic modification has been found, however, to affect the promoters
of inactive genes in differentiated cells. In addition, the H3–K9
methylation on the inactive X appears to remain present throughout
mitosis and may therefore be involved in the somatic maintenance
of the repressive chromatin on the inactive X (61).

4. Effects on Transgenes and Artificial Chromosomes

To determine the minimal sequences required for the allele-spe-
cific expression of autosomal-imprinted genes, several groups have
introduced transgenes into mice. For some loci, this has enabled
identification of key regulatory sequences. Most imprinted genes are
organized in large clusters, however, and may share common regula-
tory elements. It has been difficult, therefore, to mimic the precise
expression patterns of imprinted genes from transgenic constructs.
Constructs based on plasmids, cosmids, yeast artificial chromo-
somes, or bacterial artificial chromosomes did frequently not give
faithful imprinted gene expression in transgenic animals, even when
inserted into the genome as single copies. As opposed to many
nonimprinted loci, sequences of up to hundreds of kilobases appear
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to be required in cis for the correct expression of imprinted genes.
Analysis of H19 and Igf2 expression from a 130-kb yeast artificial
chromosome transgene, for example, revealed that enhancers required
for their expression in mesodermal components of tissues were
absent from the construct and located at greater distances (62). A
bacterial artificial chromosome construct that spanned no less than
315 kb and included p57Kip2, an imprinted gene in the same cluster
as Igf2 and H19, established that imprinted p57Kip2 expression
required elements that are located outside of the transgene (63). A
transgenic study on the allelic regulation of the Igf2r gene by an
overlapping antisense transcript showed that critical cis elements
are located outside of a large region that was included in the con-
struct (4,64). Another putative complication is that presence of the
transgene(s) may affect the epigenetic modification and expression
of endogenous imprinted genes. A dramatic effect was observed in
studies on Igf2 (65), in which presence of Igf2 transgene copies led
to trans-activation of the endogenous Igf2 gene. This Igf2
overexpression gave rise to fetal overgrowth and specific develop-
mental abnormalities. In a study on a transgenic construct compris-
ing the mouse U2af1-rs1 locus, an inverse effect was observed (66).
When U2af1-rs1 transgenes were transmitted through the male
germline, this led to DNA methylation and repression on the pater-
nally inherited endogenous U2af1-rs1 gene (which is normally
unmethylated and expressed). Although causal mechanisms are
unclear, these studies establish that introduction of additional
imprinting-regulating elements may have aberrant effects on endog-
enous loci.

5. Outlook

With delivery systems and vectors becoming more efficient,
mammalian artificial chromosomes will likely be used for scien-
tific, biotechnological, or medical purposes. Under certain condi-
tions, however, the derivation and subsequent culture of
recombinant cell lines could give rise to undesirable effects. In mice
and ruminant species, it has been found that in vitro culture of cells
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and embryos can lead to aberrant growth and organ abnormalities at
fetal stages of development (67). In sheep and cattle, these pheno-
typic abnormalities are referred to as the large offspring syndrome.
One hypothesis to account for the stochastic nature and the diversity
of culture-induced phenotypes, says that in vitro culture may induce
epigenetic alterations at genes and that such alterations would affect
the expression of imprinted genes in particular. Recent work in
mouse and rat model systems, and on early sheep embryos, pro-
vides evidence in support of this molecular hypothesis. Hence, cul-
ture of embryonic stem cells, fibroblasts, and early embryos, can
lead to methylation changes at imprinting control centres (67,68).
These altered patterns persist throughout subsequent development
and give rise to deregulated imprinted gene expression with conse-
quences for development and growth.

The question of whether imprinting could effect mammalian arti-
ficial chromosomes gains some interest now that genes can be suc-
cessfully introduced into mammalian artificial chromosomes and
give rise to stable expression during many cell generations. In this
chapter we summarized the complex regulation of imprinted and X-
linked genes and we described that gene dosage and precise locus
organization are essential for their correct expression. Because of
these unique features, and its apparent sensitivity to in vitro culture
and manipulation, imprinting could give rise to aberrant effects
when transgenes and artificial chromosome constructs are intro-
duced into mammalian cells and tissues.
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1. Introduction

A functional centromere is formed by a chromosomal domain that
very often, but not always, is recognizable by a primary constriction
in metaphasic chromosomes. It is associated with a kinetochore
through which a link is established with the microtubules, which pull
the sister chromatids toward the poles of the two daughter cells dur-
ing cell division. Centromeres therefore mediate chromosome segre-
gation during mitosis and meiosis, but in ways that are relatively
different. For instance, binding of the two sister chromatids is nor-
mally destroyed at anaphase in mitosis whereas binding is maintained
in meiosis all along the first division until anaphase of the second is
reached. The same locus is, however, in charge of the two distinct
processes.

The centromeric function has been conserved during evolution
although morphology is widely varying through the species. For
instance, in the nematode Caenorhabditis elegans several kineto-
chores are dispersed along chromosomes to form the so-called
holocentric centromeres. In the same species, the trilamellar struc-
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ture of the kinetochores disappears during meiosis and the contacts
between microtubules and chromosomes are established through
telomeric chromatin.

The centromere/kinetochore complex of higher eukaryotes is con-
stituted by a number of components (DNA and proteins) that are
more and more well defined. Paradoxically, if some centromere
binding proteins are evolutionary conserved and if most centromeres
contain masses of highly repeated sequences, their diversity remains
a puzzling problem.

In this chapter, we essentially deal with the DNA nature of cen-
tromeres and neocentromeres in a number of species with special
emphasis put on human chromosomes. We review different aspects,
including the chromatin nature in which they are engaged, evolution-
ary considerations, their influence on the expression of genes in their
vicinity, recombination, and replication timing during the cell cycle.

2. Defining the Boundaries of the Centromeric
Sequences in Higher Eucaryotes Has Been
a Long-Standing Challenge

Centromeres of lower eukaryotes require defined sequences that
are reduced to a 125-bp stretch in Saccharomyces cerevisiae (1). If
in other budding yeast systems similar situations are found, centro-
meric DNA is considerably more complex in the fission yeast
Schizosaccharomyces pombe, where on all three chromosomes the
centromeric regions range from 40 to 100 kb, approx 7 kb of a cen-
tromeric K-type repeat and the central core being together sufficient
to establish a functional S. pombe centromere (2). Interestingly, the
S. pombe centromere region has been shown to be composed of
nonoverlapping protein domains: transcriptional silencing being
mediated by different proteins at the inner or outer repeats and at the
central core (3); similarly, proteins located at different sites are
essential for chromosome transmission and, finally, the inner-cen-
tromere and the flanking heterochromatin domains seem to be sepa-
rated by boundary elements. A similar organization seemingly holds
within Drosophila melanogaster centromere region as, for instance,
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Cid-containing chromatin (Cid is the equivalent of CENP-A in man)
is nonoverlapping with the chromatin that contains Hp1, a protein
involved in centric heterochromatin function.

In D. melanogaster, the development of the X chromosome-
derived Dp1187 minichromosome system has permitted the local-
ization of the centromere to a 420-kb region that consists of two
types of simple repetitive satellite DNA sequences interspersed at
intervals with transposable elements and flanked on one side by an
AT-rich sequence (4). In spite of this, it has not been so far possible
to characterize the region further and to determine which portion
actually acts as the centromeric locus.

Genetic approaches have not been of any help until now to delimit
the centromeric region, with the noticeable exception, however, of a
mutant of Arabidopsis thaliana, where the standard diploid cell pro-
duces four adjoined haploid cells, a tetrad, as in yeast. By analyzing
these four cells resulting from a unique gamete, recombination
events could be charted through individual meioses. Scoring the
segregation of centromere-linked markers allowed us to localize the
centromeres of all five chromosomes (5), thus providing the basis
for further identification of the minimal sequence that provides cen-
tromere function.

In mammalian species, however, the situation is far from being
clarified in that respect. As in all higher eukaryotes, at the primary
constriction highly repeated sequences, satellite DNAs, are nor-
mally present, but attempts to delimit the centromere have been so
far unsuccessful in most instances. Neither has it been possible to
define clear subdomains in these regions.

Specific DNA probes and different DNA binding protein anti-
bodies have been used to characterize the primary constriction that
is most often superimposed with the several megabases of satellite
DNA engaged in the centromeric permanent heterochromatic struc-
ture of animals and plants. But this approach has never allowed us
to determine which portion of the region is actually representing the
centromere per se.

The recent production of the complete DNA sequence of the
human genome has not given any insight into its centromeric and
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pericentromeric regions because no systematic sequencing has been
either possible or even attempted so far.

3. Organization of the Human Centromeric Regions

Because it is always detected at the primary constriction of all
human chromosomes, -satellite DNA has been long considered
necessary to form a functional centromere. This suggestion has
received strong support when artificial chromosomes have been
constructed from yeast artificial chromosomes (YACs) or bacte-
rial artificial chromosomes (BACs) containing contiguous arrays
of alphoid sequences (6,7), so that, with the noticeable exception of
the so-called neocentromeres (see Subheading 7.), -satellite DNA
sequences are indeed normally present forming an active centromere.
This does not imply, however, that any -satellite DNA array is com-
petent to fulfill the function.

Each centromeric region has its own structural characteristics,
but they have features in common, and chromosome 21 is a good
example for a description with some details (Fig. 1).

Centromeric regions are actually patchworks of various satellite
DNA arrays (Table 1): -satellite blocks and satellites 1 and 3 in
chromosome 21 (8,9), among which one, -satellite DNA block I,
is found at the primary constriction of chromosomes 13 and 21 when
a specific probe is used in fluorescence in situ hybridization experi-
ments (10). Determination of the corresponding sequences on chro-
mosomes 13 and 21 has shown that they share 99.7% identity (11).
At the primary constriction of each chromosome the -satellite
array is composed of tandemly arranged higher order repeats
(HORs) made of a variable number of basic 171-bp repeats. This
number is specific to each chromosome. Chromosome 21 HOR con-
tains 11 times the 171-bp basic repeat unit (1.9 kb) (12,13). HORs
of various sizes have been characterized for most alphoid arrays of
the whole human karyotype. They vary from a 2-mer (340 bp, chro-
mosome 1) to a 34-mer (5.7 kb, chromosome Y), with intermediate
sizes like 17-mer (2.9 kb, chromosome 3) or 16-mer (2.7 kb, chro-
mosome 17), as determined by various restriction enzymes (see refs.
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14 and 15 for reviews). Most of these variant arrays are specific to a
chromosome or are shared between a few.

The -satellite DNA block I of chromosome 21 varies largely in
size from less than 100 kb to almost 6 Mb (16,17), thus showing
that a rather small subset of the large alphoid domain is necessary,
and probably sufficient, to form an active centromere. Its high degree
of sequence homogeneity is decreasing as one reaches the borders
(18). This is a general feature of all alphoid blocks analyzed so far
in detail. For instance, on the p side of chromosome 16, the -satel-
lite sequences at the junction with non- -satellite show total ab-
sence of higher order structure (19) and no closer phylogenetic
relationship to the chromosome 16 specific HOR -satellite than to
that of any other chromosome (20).

4. Nature of the -Satellite Sequences Competent
to Form a Centromere

In spite of the absence of a precise definition of the molecular
nature of a human centromere, it is now accepted that -satellite
DNA sequences are indeed necessary to seed it in normal condi-
tions, although evidence has accumulated to indicate that the sequence
per se is not the factor that defines the centromeric locus. The ques-
tion is, however, still open to determine which part, if any, of the
several megabases of -satellite DNA present at each centromere is
the most competent for the function. -satellite DNA is common to
all primates and has been continuously changing during evolution.
When analyzed in details, one can distinguish, depending on the
number and the nature of the 171-bp basic repeats that have formed
them, several so-called suprachromosomal families (21) that, in
turn, gave rise to HORs in the human karyotype. These correspond
to new arrays (recently amplified, HOR+) with a homogeneity of
95–99% between the HORs of a particular chromosome. Old arrays
(anciently amplified, HOR–) often coexist with the former, but they
are unable to maintain homogeneity between the copies and, there-
fore, HORs are not observable by restriction analysis. Most reports in
the literature make us think that the new arrays are indeed present at
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the primary constriction of all chromosomes and therefore include
the domain(s) competent to form an active centromere. This has
received recent support by two independent approaches. First, Ikeno

Table 1
Non- -Satellite DNA Sequences of the Human Genome

Name Size of the repeat unit (bp) Detected on chromosomes

Satellite 1 42 3, 4, 13, 14, 15, 21, 22
Satellites 2 and 3 5 Probably all

-satellite (or 68 1, 9, 13, 14, 15, 21, 22, Y
Sau3 repeat)
-satellite 220 8, X

48-bp repeat 48 21, 22, Y (Possibly others)

Fig. 1. Chromosome 21 centromeric and juxtacentromeric regions. On
both sides of 21cen are indicated the principal features characterizing the
p- and q-arms few first hundreds of kilobases. Most DNA sequences
belong to GC-poor L isochores (90) alternately with shorter GC-rich
H1 isochores. At 21cen is found a long -satellite DNA array as well as a
rather short satellite DNA 1 block, the localization of which being not
clearly established as it localized on the q arm close to 21cen (8), whereas
the published DNA sequence of human chromosome 21 (25) begins with
31 kb of uninterrupted -satellite DNA sequences. We have therefore
provisionally placed the satellite 1 block as if it was embedded within
alphoid sequences because this fits better with both types of results. On
the p side of 21cen, at a distance that has not yet been determined, is
found a patchwork of -satellite and satellite 3 DNA blocks. Again, there
is no clear evidence in the literature (8,9) of their relative arrangements.
Most of the DNA sequences belonging to the pericentromeric regions on
both sides of 21cen are made of duplicated genomic sequences (here rep-
resented by long hatched rectangles) with a high degree of sequence iden-
tity shared with other chromosomes, in particular with the other
acrocentrics. (For a detailed analysis, see Figs. 31 and 32 of ref. 91.) On
top are indicated the gene fragments, pseudogenes, and the genes (in bold
characters) that have been characterized. The vertical dotted line marks
the putative boundary between hetero- and euchromatin.
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et al. (7) constructed a human artificial chromosome with a YAC
containing about 100 kb of -satellite sequences of the chromo-
some 21 block I (HOR+), the same attempt with another YAC con-
taining the same quantity of -satellite of chromosome 21 block II
(HOR–) being unsuccessful. Even more demonstrative in that respect
is the work by Schueler et al. (22): they deleted the flanking DNA of
the chromosome X -satellite DNA (HOR+), the deletion eliminat-
ing more diverged -satellite DNA sequences (old repeats, HOR–):
the mitotic stability of the chromosome was maintained, showing
that the highly homogeneous -satellite DNA included the sequences
able to form an active centromere.

5. Junctions Between - and Non- -Satellite DNA
Sequences

The sequence of the human genome has not given much insight
in the nature of the boundaries between alphoid and nonalphoid
sequences, strongly supposed to represent a transition between
heterochromatin and euchromatin. Most of the data that have been
collected so far originate from the few sporadic efforts devoted to
these regions. Difficulties in obtaining clones of nonrearranged
alphoid DNA stretches, in assembling the resulting sequences and,
moreover, the fact that paralogous sequences with high sequence
identity are shared between numerous chromosomes, have indeed
limited the efforts to a small number.

To illustrate these difficulties, it is interesting to note that the
proximal 10q region, which is the most thoroughly analyzed and
sequenced one (23), does not include this junction which has how-
ever been obtained in a few chromosomes, mainly 16 (24), 21 (25),
and X (22).

At the 16p11 boundary, approx 92 kb of -satellite DNA have
been sequenced. They contain 4 L1 retrotransposed elements and
belong to the D16Z2 -satellite locus, though they failed to show
any evidence of the 1.7-kb HOR structure found within the core of
D16Z2 (24).

On chromosome 21, 31 kb of alphoid sequences, including one
L1 element, are found just before the beginning of the q arm (25).
Again, there is no evidence of the 1.9-kb HOR of D21Z1. Another
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junction, presumably on the p side, has been analyzed by Mashkova
et al. (26). Unfortunately, only the alphoid part of the junction has
been published. Sequence comparison between the 171-bp repeats
of the 18 kb of assembled alphoid sequences showed that they were
highly diverged from the alphoid core and that they were interrupted
by 3 L1 elements.

The p side of chromosome X has been the most thoroughly ana-
lyzed in that respect. Within the alphoid array of the primary con-
striction (DXZ1), two types of -satellite sequences are detected.
They both share the same 2.0-kb HOR, but type 1 repeats show 1 to
2% divergence between copies whereas type 2 repeats have sub-
stantially higher and higher divergence with increasing distance
from type 1 array. Immediately distal on Xp are type 3 DXZ1 repeats
which have only 85% sequence identity with type 1 DXZ1; they
present no evidence of HOR and their sequence identity drops as
physical distance increases further. Interestingly, L1 elements have
retrotransposed within type 3 with a frequency much higher than
within types 1 and 2 repeats, only one L1 being detected within the
2–3 Mb of the HOR+ array.

As noticed by Laurent et al. (27), L1 elements are particularly
abundant within alphoid sequences, probably thanks to the pres-
ence of seven potential specific target sites of insertion within each
171-bp repeat. They are, however, almost exclusively found in
abundance, as in chromosome 5 (28) or in the above example of
chromosome X, in alphoid sequences that are quite divergent from
the canonical alphoid domain of the chromosome in which they have
retrotransposed. An additional characteristic of these L1s is that they
often exhibit a high frequency of presence/absence polymorphism,
contrary to those detected in the chromosome arms (29). It has been
proposed that they could shape to some extent the centromeric
regions (29).

6. Pericentromeric Regions of Human Chromosomes

The centromeric region of each human chromosome is embed-
ded within a larger region of constitutive heterochromatin, the bor-
ders of which are again difficult to define precisely, the complete
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DNA sequence of the human genome having not shed much light
on their nature and structure. They are, however, outside the centro-
meric domain itself as shown on chromosome X, where they could
be deleted with no effect on the centromeric activity itself (22).

The striking feature of most human pericentromeric regions ana-
lyzed so far is that they often share large blocks (>1 kb) of dupli-
cated genomic sequences with a high degree of sequence identity
(>90%). This feature is shared, to a lesser extent, with the
subtelomeric regions of human chromosomes (30). The number of
pericentromeric regions that bare such paralogous duplicated regions
is quite large. It will become larger when the specialized efforts aim-
ing at targeting the missing pericentromeric regions of the human
genome are successful.

As suggested by Horvath et al. (31), these duplications have
arisen from a two-step process. In the first, genomic segments
duplicatively transpose to an ancestral pericentromeric region, thus
generating a mosaic of duplicated segments originating from vari-
ous loci. Then, different subsets of the ancestral pericentromeric
region spread by duplication to other pericentromeric regions.

Pericentromeric regions are moreover prone to genomic instabil-
ity, with syndromes as consequences in some instances. This is
exemplified by the interstitial duplications associated with con-
genital malformations in which half of all chromosomal regions
involved occurred within regions relatively close to them (32).

The question of whether these heterochromatic regions are junk or
valuable has posed a problem for a long time. Several observations
have already shown that heterochromatin variations could affect the
phenotype as, for instance in Drosophila, where the deletion, or addi-
tion, of heterochromatic regions affect the adult phenotype (33,34).

As shown on Fig. 1, most of the sequences found in close prox-
imity to 21cen on both sides are made of interchromosomal dupli-
cations which, for a large part, consist of repetitive sequences
intermingled with retrotransposed pseudogenes and gene fragments
(35). It is also noteworthy that at least 40 genetic loci are estimated
to be present in the D. melanogaster heterochromatin (36), where
their expression is heterochromatin-dependent because, when trans-
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located into euchromatin, they are silenced (37,38). It is therefore
tempting to search for real genes in close proximity to human cen-
tromeres in spite of a compact structure that generally implies gene
silencing. Genes indeed have been found, in limited numbers how-
ever so far, in the juxtacentromeric region of chromosome 21: TPTE
(or transmembrane phosphatase with tensin homology) (39) and
BAGE2 (B melanoma antigen2) (39a), which map to the short arm
of chromosome 21. Both genes have two common features. First,
they belong to families whose members map to the juxtacentromeric
regions of different chromosomes. Second, their expression is
restricted: TPTE is exclusively expressed in testes, whereas
BAGE genes are expressed in testes and different cancer cells. It
is tempting to suggest that the expression profile restricted to a few
tissues and/or to a specific stage of development is a general feature
of the genes located within such a heterochromatic environment. So
far, no biological function has been attributed to TPTE nor to BAGE.

7. Inactivated Centromeres and Neocentromeres

The situation considered above is the normal status of a cen-
tromere made of -satellite DNA sequences, embedded in a larger
domain of heterochromatin often consisting of duplicated segments
of genomic DNA shared by several chromosomes.

Variant situations are, however, encountered in which a rear-
ranged chromosome has either acquired a supplementary cen-
tromere or lost its normal one. Occasionally, the variant
chromosome is maintained and transmitted normally.

When an abnormal chromosome contains two regions of centro-
meric DNA (isocentric or dicentric), -satellite DNA in humans,
aberrant segregation may occur with consequences like chromo-
some breakage and/or chromosome loss. Stably transmitted dicen-
tric chromosomes are, however, observed in humans and in other
species. This stability either results from the inactivation (40) of
one of the two centromeres, from the coordination of their activities
(41), or even from their alternate inactivation (42,43). The mecha-
nisms by which stability of dicentrics is ensured are unknown. Pro-
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teins essential for the function, such as CENP-A, CENP-C, or
CENP-H, are, however, not detected at the inactivated centromere
whereas others, like CENP-G or CENP-B, are found at both (44).

During the course of a routine diagnostic cytogenetic analysis, a
stable marker chromosome totally devoid of -satellite DNA (45)
was analyzed with a primary constriction localized within 10q25.3.
Since then, a number of such activated so-called latent centromeres
have been described, to which the name neocentromere has been
given.

A detailed analysis of some of them has allowed us to better
understand which factors could contribute to specify a locus to
become an active centromere. The most thoroughly studied locus is
the one found at 10q25.3. It covers 80 kb of DNA, the sequence of
which has been determined and it has revealed no difference with
that of the normal 10q.25.3 locus (46) except for only a few single
nucleotide polymorphisms. This result is in strong support of an
epigenetic mechanism in the neocentromerization process. One can-
not, however, formally conclude that the sequence, or rather more
subtle sequence motifs, either at a normal centromere or at a
neocentromere, is of no importance in this process. First, examina-
tion of a set of 40 neocentromere-containing chromosomes suggests
that 13q32, 13q21, 15q, and 3q have an increased propensity for
neocentromere formation whereas chromosomes 18 and 21 are
avoided (47). Second, a comparison between the yeast 125-bp cen-
tromeric DNA, primate -satellite DNA, and the human chromo-
some 10q25.3 neocentromere sequences showed that they have
some features in common: AT-rich stretches and dyad symmetries
(48). Finally, it is possible also that bend ability could be a common
trait to all centromeric sequences (49).

A novel chromatin immunoprecipitation and array analysis has
permitted to better characterize the 10q.25.3 region. The 80 kb are
thus shown to be part of a larger 700-kb domain identified by
immunoprecipitation with CREST antisera (or calcinosis,
Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly,
telangiectasia), a 330-kb CENP-A binding domain being identi-
fied within the same 700 kb with an anti-CENP-A-specific anti-
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body (50). The DNA sequences that are involved in the
neocentromeric function are therefore larger than expected from
earlier studies. The same approach identified a 460-kb CENP-A
binding neocentromere DNA at 20p12 (51).

As normal centromeres, neocentromeres show identical distribu-
tion patterns of >20 functionally important kinetochore-associated
proteins, with the exception, however, of CENP-B (52), which is
now known to be dispensable (53). Neocentromeres have also been
occasionally described in Drosophila (54) and plants (55). It is inter-
esting to stress here that neocentromeres can also function during
meiosis, as shown by a fully functional human neocentromere trans-
mitted through three generations (56).

Differences in behavior between centromeres and neocen-
tromeres are therefore limited. Normal centromeres are involved
in a heterochromatic structure contrarily to neocentromeres. More-
over, the 10q25.3 neocentromere was capable of producing
minichromosomes by telomere-associated chromosome truncation
as normal centromeres do, but, by contrast, it was unable to initiate
the construction of neocentromere-based human functional artifi-
cial chromosomes by two different in vitro assembly approaches
(57). Replication timing might also be different between normal
centromeres and neocentromeres (see Subheading 9.).

8. Centromere, Recombination, and Nondisjunction

The origin of trisomy has been analyzed for several chromosomes
in humans. As for Drosophila and yeast as model organisms, both
the number of recombinational events and the location of the exchanges
have important effects on the rate of chromosome nondisjunction (58).
Although differences in behavior are to be noticed for these chro-
mosomes (2, 7, 15, 16, 18, 21, 22, X and Y) in which nondisjunction
has been analyzed, chromosome 21 is the most thoroughly studied
in that respect and shows interesting characteristics more or less
representative of all. Most nondisjunctions occur during the first
meiotic division (M I) of the female lineage, a large proportion be-
ing achiasmate. Chromosome 16, however, is an exception, the
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nondisjoining chromosomes exhibiting one or two chiasmas but
are more distally located, a 20-fold reduction of recombination in
the proximal regions of chromosome 16 in trisomy-generating mei-
oses being observed (59). Although less pronounced, this bias is
also observed in chromosome 21 trisomic meioses in which at least
one chiasma is observed. If nondisjunction occurs during M I, one
finds a strong shift in location of the chiasmas toward the telomere,
80% of all single exchanges being located in the telomeric third of
the chromosome. If nondisjunction occurs during M II, from which
no chromosome results from an achiasmate M I, those with a single
chiasma revealed a shift in location toward the proximal third of the
chromosome, covering the pericentromeric region.

It appears therefore that exchanges too close or too far from the
centromere increase the risk for nondisjunction. The answer to the
question of how this correlates, and if so how, with the phenomenon
known as centromere-associated repression of recombination has
still not been understood.

Recombination has been indeed considered for a long time to be
reduced in the centromeric regions of chromosomes. This finding
has recently been assessed by direct estimation of genetic distances
around centromeres of chromosomes X (60) and 5 (28). This has
been possible because pericentromeric polymorphic genetic mark-
ers had been characterized for the two chromosomes, which is not
the case for the other chromosomes, because of the complex struc-
ture of pericentromeric regions, so that it has not been possible so
far to determine whether the repression of recombination around
centromeres is similar for all. Preliminary results in this laboratory
however indicate that this could be different at least for chromo-
some 21 where in the CEPH panel a relatively high recombination
rate in the vicinity of 21cen has been evidenced in normally segre-
gating chromosomes (A. M. Laurent, G. Roizés, and J. Buard,
unpublished results).

9. Replication Timing of Centromeres

Chromosomal domains replicate at specific times during S-phase,
which often correlates with gene activity. As a general rule, active
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loci replicate early, although inactive (heterochromatin), are late
replicating (61). Very late replication of centromeres has long been
thought to be important for centromeric function in that sister chro-
matids would remain attached until replication of the whole genome
is completed (62). Nevertheless yeast centromeres have been shown
to replicate in early S-phase (63) as apparently also those of S.
pombe.

Recently, several reports have dealt with the problem of cen-
tromere replication timing. Contradictory results have been pub-
lished with Drosophila. Ahmad and Henikoff (64) have argued that,
in contrast with expectation, centromeres replicate as isolated
domains early in S-phase and remain sequestered within surround-
ing heterochromatin until it replicates late. Replication would thus
participate in centromere maintenance. This has been contradicted
by Sullivan and Karpen (65), who claimed that replication timing
does not determine centromere identity by showing that centromeric
chromatin in Drosophila is replicated at different times from mid-
to-late S-phase.

Similar analyses are, however, extremely difficult to perform in
mammals, although the bulk of -satellite DNA has indeed been
shown to be replicated in mid-to-late S-phase (66,67), the same hold-
ing true for the mouse satellite DNA (68). It is also interesting to
note that in barley all centromeres seem to replicate in a coordinated
fashion at mid S-phase (69). However, as a minority of the satellite
DNA sequences in each chromosome could be actually engaged in
the centromere per se, this does not exclude that its replication could
be initiated at a different time from the bulk. Indeed, a tiny portion
of -satellite DNA is replicated as early as the very beginning of
S-phase, whereas the vast majority as estimated in the light cycler
is replicated late and very late, including G2 (G. Roizés and C. Laird,
unpublished results). This implies that several replication origins
scatter the long centromeric arrays of -satellite DNA and that the
centromeric portion could be replicated at a specific time.

Neocentromeres are offering again a better opportunity to ana-
lyze replication timing more precisely. A detailed analysis of the
10q25.3 neocentromere shows that two zones surrounding the 330-
kb CENP-A binding domain exhibit significantly delayed replica-
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tion times compared to their normal chromosome 10 counterparts,
in thus mimicking a so-called heterochromatic behavior (50).

It is therefore possible that the alphoid arrays of human centro-
meric regions are initiated for replication at different times during
S-phase as in the above model of the 10q25.3 neocentromere, which
could mean that replication timing is indeed a factor, among others,
participating to the centromerization of an alphoid locus. Contrary
to normal nucleosomes where replication and histone synthesis are
simultaneously progressing, centromeric nucleosomes are not
assembled in synchrony with centromeric replication because
CENP-A is synthesized during G2 (70). Consistent with these re-
sults, Henikoff et al. (71) have proposed a sequestration model in
which the centromere is replicating earlier than the surrounding het-
erochromatin, which would prevent histone H3 from being depos-
ited on centromeric DNA whereas CENP-A would be free to reach
its centromeric target.

Finally, it is also of interest to note here that asynchronous repli-
cation of homologous -satellite on four different human chromo-
somes (10, 11, 17, and X) could be associated with chromosome
nondisjunction (72).

10. Evolutionary Considerations

The repeats present at the centromeres of closely related species
are extremely variable in sequence, showing that they are among
the most rapidly evolving DNA elements of the higher organisms’
genomes. This is particularly striking when comparative mapping
of human alphoid sequences is performed between great apes using
in situ hybridization (73). In this study, the authors investigated the
evolutionary relationship between the centromeric regions of the
common chimpanzee (Pan troglodytes), the pygmy chimpanzee
(Pan paniscus), and the gorilla (Gorilla gorilla). They used a panel
of 27 different human alphoid probes belonging to different
suprachromosomal families. Surprisingly, the vast majority of the
probes did not recognize their corresponding homologous chromo-
somes, although alphoid sequences were indeed present at the cen-
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tromeres of all chromosomes as in the human karyotype. This shows
that an extremely rapid rate of change is affecting the alphoid
sequences during evolution.

They then extended their analysis by looking at the primate phy-
logenetic chromosome IX in 9 primates, including Pan troglodytes,
Pan paniscus, and Gorilla gorilla and, among others, Homo sapi-
ens. Not only are the sequences of their centromeres quite different
from one species to the other, but, in addition, centromere reposi-
tioning is independent of their flanking chromosomal markers (74).

Recently, Ventura et al. (75) have provided hints to understand
centromere repositioning during evolution. In this study, they com-
pared the X chromosome among mammals because it has conserved
a strict marker order, including centromere, between felines (Felix
cattus) and humans. This situation was ideal for testing centromere
repositioning because they could investigate the order of the same
markers in two species where the X chromosome morphology is
different. The chromosome X is telocentric in Eulemur macaco
(EMA) and almost metacentric in Lemur catta (LCA). Despite this
extreme difference in centromere position, the chromosome X of
these two species shows no marker order discrepancy. Centromere
repositioning, which occurred at some stage of the evolution, was
not therefore caused by a pericentric inversion between humans
(HSA) and LCA, nor to centromere transposition between LCA and
EMA. Neocentromere emergence seems instead to be the most
likely explanation of the centromere repositioning on the X of these
species.

If this vision of the emergence of new centromeres during evolu-
tion is confirmed in the future, a number of points still remain to be
explained. How do heterochromatic material accumulate at the locus
where a neocentromere emerges? Does this result necessarily from
the simultaneous and gradual accumulation of tandem repeats (satel-
lite DNA) at this locus? Or is this accomplished by the sudden inser-
tion of satellite DNA from an already formed “normal” centromere?

A parallel can be made between rapid satellite DNA changes and
those observed in the centromere-specific H3 histone. It is indeed
also changing rapidly between species contrary to its normal H3
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counterpart, which is well conserved as the other histones that are
the most highly conserved proteins of eukaryotes. N-terminal tails
bear little resemblance to those of H3 in all species so far examined,
both in length and sequence similarity. The nucleosomal core region
is also more divergent. This is particularly striking when Cid of
Drosophila is analyzed in five species of the D. melanogaster sub-
group. It is therefore postulated that centromeric H3-like proteins
follow an adaptative evolution in concert with the rapid changes
observed in satellite DNA at Drosophila centromeres (76). Obvi-
ously, if true, this holds for the other species.

To account for the rapid changes in satellite DNAs, and their fixa-
tion into populations, most authors put forward the slow accumula-
tion of unequal exchanges between sister chromatids during mitosis.
However, this is essentially based on computer simulations (77,78).
Others have opposite opinions on this matter (79,80). An alterna-
tive mechanism could be a sudden amplification of a small subset of
centromeric tandem repeats formed originally by replication slip-
page and to some extent by unequal exchange as suggested by some
reports (29,81). This mechanism takes more account of the extreme
variations in size of the -satellite DNA arrays found for instance at
the centromere of chromosome 21 (82). Such a large-scale amplifi-
cation process would be in addition compatible with the suggestion
made by Henikoff et al. (72) that the strength of a centromere could
be selected by meiotic drive because such a sudden amplification
process would provide at once a variant satellite array better adapted
to the changes introduced in the centromere-specific H3 histone.

11. Conclusions and Perspectives

Despite the accumulation of a large amount of data describing
the DNA sequences and the proteins present at the centromere of a
large panel of higher organisms, it has not yet been possible to draw
clear conclusions about the determinants that give the information
to a locus to become a centromere and maintain it through cell divi-
sions. They involve both DNA sequence relative specificity and
epigenetic factors.
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The DNA repeats present at the centromere of closely related spe-
cies are extremely variable in sequence. Despite this, some features
are common to most. Satellite DNAs are generally AT-rich (with
exceptions as in Bovidae and Capridae) with a basic repeat that more
or less reflects the nucleosomes’ sizes in most organisms (with again
exceptions as in Drosophila). Their repeating units exhibit also a
conserved pattern of bending. Other not yet detected subtle sequence
arrangements also exist which could be shared with neocentromeres.

The quantity of satellite DNA at each centromere is also extremely
variable between individual homologous chromosomes, as a conse-
quence of very efficient mechanisms of contraction, expansion or de
novo creation of satellite DNA arrays at centromeres. This is in itself
a puzzling problem that is far from being understood.

The recent discovery and characterization of several neocentromeres,
or nonsatellite-containing centromeres, has allowed us to speculate
that non-DNA-sequence determinants could maintain centromeres
through the generations. Among the epigenetic factors, which are thus
envisaged, one protein, CENP-A in humans, Cse4p in S. cerevisiae,
HCP-3 in C. elegans, Cid in D. melanogaster, and SpCENP-A in
S. pombe, is considered as having a central role in the centro-
merization process. It is exclusively centromeric where it replaces
the normal H3 histone in nucleosomes. It has a significant affinity
for the centromeric DNA sequence or structure (83). CENP-A, how-
ever, might not be the unique determinant of centromere mainte-
nance as other proteins are involved in the edification and
stabilization of the centromere/kinetochore structure. These centro-
meric proteins, including non-H3 histones, are also subject to
modifications (the so-called histone code hypothesis) (84) that could
play an important role in the specification of centromeres. Histone
methylation, for instance, can generate binding sites for heterochro-
matin-associated proteins (85) that, in turn, could influence cen-
tromere activity.

DNA methylation could also be an important determinant in cen-
tromere activity. Although it is mainly involved in gene inactiva-
tion, it also affects centromeric DNA, particularly satellite DNAs.
Contrary to tissue-specific expressed genes, which are rather
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methylated during gametogenesis and the early stages of embryo-
genesis, satellite DNAs are undermethylated in the same tissues and
become heavily methylated in adult tissues (86,87). Among the
diverse methyltransferases that have been characterized so far,
DNMTB3B appears to be specialized for the methylation of spe-
cific compartments of the human genome. In the ICF syndrome (i.e.,
immunodeficiency, centromeric instability, facial abnormalities),
the corresponding gene is mutated causing demethylation of the
classic satellite DNAs (satellites 2 and 3) of chromosomes 1, 9, and
16, which in lymphocytes is cytogenetically visible by elongation
of juxtacentromeric heterochromatin and by the formation of
metaphasic multiradiate chromosomes (88). It is possible therefore
that methylation of the satellite DNA present at the centromere
itself could be of importance also for the centromeric activity. In that
respect, it is interesting to note that in the mouse Dnmt3b mutants
have a limited effect on the demethylation of the juxtacentromeric
major satellite DNA but affects the centromeric minor satellite
DNA, which is substantially demethylated in the same Dnmt3
mutant (89).

The conjunction of several factors might therefore be important
for the specification of a locus to become a centromere and for main-
taining it through the generations. It would be surprising, however,
that each would have equal importance in all metazoan species.
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1. Introduction

DNA replication is the key process for the conservation and
transmission of genetic information in all living organisms. The
bi-directional DNA replication does not start randomly along the
genome but rather at precise chromosomal regions, defined as ori-
gins of DNA replication where, after specific protein–DNA interac-
tions, regulation of the process occurs.

Studies in yeast have shown that origins of replication are char-
acterized by a conserved consensus sequence of 11 bp called
autonomously replicating sequences (ARS). However, similar
sequences have not been found so far in higher eukaryotic organ-
isms. Up to now, very little has been discovered about the over
30,000 DNA replication origins that are present in the chromosomes
of human cells. In fact, only five origins have been so far identified,
and a common consensus sequence, like in the case of ARS in yeast,
has not been found. In addition, very little is known about the pro-
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tein complex that binds to these origins, and the detailed mecha-
nism for origin activation remains to be described. For these reason,
the definition of a strategy for mapping new human DNA replica-
tion origins with nucleotide resolution is of fundamental impor-
tance. In the previous years we have identified a replication origin
on the G band p13.3 of chromosome 19, located within 474 bp
between the site of transcription end of the gene for lamin B2 and
the nontranscribed spacer preceding another, still uncharacterized
gene, called ppv1 (1). The subsequent study of the accessibility in
vivo of the origin area to DNA-damaging agents revealed a promi-
nent 115-bp protection during the G1 phase (as evidenced by DMS-
or DNaseI-induced fragmentation followed by ligation-mediated
polymerase chain reaction [PCR] analysis of the DNA), which
shrinks to a 70-bp protection at the beginning of S and disappears
completely in mitosis (as well as in G0 cells). This behavior is remi-
niscent of the variations occurring at the ARS1 origins in Saccharo-
myces cerevisiae that are believed to correspond to the formation of
a prereplicative complex in G1 and to its reduction to a shorter
postreplicative complex immediately after origin activation in S.
Recently, thanks to the strategy described in this chapter, we have
been able to show that initiation of replicon synthesis occurs within
the area protected in G1- and S-phases, at two precise nucleotides
overlapping by four base pairs on the two helices (2). All the other
human origins were identified with a resolution greater than 500 bp.
Therefore, the use of our procedure for the investigation and fine
mapping of other human DNA replication origins is highly
demanded and will provide fundamental information for a better
understanding of the mechanism of DNA replication in eukaryotic
cells. In the following pages, we summarize the protocols for the
proper purification of newly replicated DNA and for the precise
definition of the start site of bidirectional synthesis.

2. Materials

2.1. Isolation and Analysis of Newly Replicated DNA

1. Human epithelial HeLa cells.
2. Dulbecco’s modified Eagle medium (Gibco BRL, Invitrogen).
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3. Fetal calf serum (GibcoBRL, Invitrogen).
4. Trypsin (New England Biolabs).
5. Proteinase K (Boehringer Mannheim).
6. RNAse inhibitor (Boehringer Mannheim).
7. S. cerevisiae cells strain SP1.
8. Beckmann L8-M ultracentrifuge and SW28 rotor.

2.1.1. Preparation of Size-Fractioned DNA

Total human genomic DNA can be extracted from nuclei isolated
from asynchronously growing cells as follows. Human epithelial
HeLa cells are grown in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal calf serum and antibiotics. Semiconfluent
cultures are detached by treatment with trypsin, washed first in com-
plete medium and then in cold phosphate-buffered saline. Nuclei
are isolated by resuspending cells in RSB buffer (10 mM Tris-HCl
pH8; 10 mM NaCl; 3 mM MgCl2) at a concentration of 2.5 × 107

cells/mL and incubating the sample in ice for 5 min. An equal vol-
ume of 0.2% NP-40 in RSB buffer is added followed by incubation
in ice for additional 10 min. The nuclei so obtained are pelleted by
centrifugation and treated by lysis buffer (200 mM NaCl; 10 mM
Tris-HCl, pH 8; 25 mM ethylenediamine tetraacetic acid (EDTA);
1% sodium dodecyl sulfate (SDS); and 600 µg/mL proteinase K)
overnight at 37°C. The sample is then extracted twice with
phenol:chloroform:isoamyl alcohol (25:24:1) and once with
chloroform:isoamyl alcohol. After extraction, an equal volume of
isopropanol is added to the aqueous phase and the precipitate is col-
lected by centrifugation for 30 min at 4°C. DNA is then resuspended
in TE buffer (10 mM Tris-HCl, pH 8; 1 mM EDTA) in the presence
of 1 U/mL of RNase inhibitors (Boehringer Mannheim) and dena-
tured by heating for 5 min at 95°C.

Yeast genomic DNA is isolated from asynchronous S. cerevisiae
cells strain SP1 grown at 2 × 107 cell/mL cell density. Cells are
harvested by centrifugation, washed in sorbitol buffer (1 M sorbitol,
100 mM EDTA), and resuspended in spheroplast buffer (1 M sorbi-
tol, 100 mM EDTA, 100 mM -mercaptoethanol, 3 U/µL zymolase).
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Spheroplasts are resuspended in lysis buffer (50 mM Tris-HCl,
pH 8.0; 50 mM EDTA; 1% SDS; 1 mg/mL of proteinase K). After
lysis and debris precipitation using 3 M potassium acetate, nucleic
acids are extracted twice with phenol:chloroform:isoamyl alcohol,
precipitated with isopropanol, and resuspended in TE buffer. To
obtain nascent DNA from total human and yeast genomic DNAs,
samples of 150 µg and 12 µg, respectively, are denatured 5 min at
95°C and fractionated on a 5 to 30% (w/v) linear sucrose gradient
(35 mL) by centrifugation for 17 h at 20°C in a Beckman SW28
rotor at 90,000g.

In a parallel gradient, double-stranded DNA size markers are frac-
tionated. Thirty-four 1-mL fractions are collected for both gradients
and aliquots of the marker fractions are analyzed on agarose gels.
Using the separation pattern of the marker DNA as sedimentation
velocity reference, fractions containing ssDNA ranging in size
between 800 and 1200 bp are pooled and the DNA is recovered by
ethanol precipitation and resuspended in 20 µL of TE buffer.

2.1.2. Enrichment of RNA-Primed Nascent DNA
by Treatment With l-Exonuclease

2.1.2.1. MATERIALS

1. Polynucleotide kinase (New England Biolabs).
2. ATP (Amersham).
3.  -exonuclease (Gibco BRL).
4. RNAse A, RNAse T1, and RNAse T2 (Boehringer Mannheim).
5. Proteinase K (Boehringer Mannheim).

2.1.2.2. METHODS

To render all DNA molecules in the purified nascent DNA
samples available for -exonuclease digestion, samples (0.2 to
2 µg) are treated with polynucleotide kinase (New England Biolabs)
to phosphorylate 5 hydroxyl ends. The reaction is conducted in a
total volume of 50 µL with 2.5 µL of enzyme in the presence of
1 mM ATP and using the condition described by Gerbi and collabora-
tors (3) . The same reaction is also conducted on total DNA samples
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(40 µg) extracted from cells synchronized at different points in the
cell cycle. The phosphorylated DNA is resuspended in water and
with 2 µL of -exonuclease (Gibco BRL) in 67 mM glycine-KOH,
pH 8.8; 2.5 mM MgCl2; and 50 µg/mL bovine serum albumin in a
final volume of 20 µL at 37°C overnight. The enzyme is then heat
inactivated by 10-min incubation at 75°C and the samples are
extracted once with phenol:chloroform:isoamyl alcohol and once
with chloroform. Ethanol precipitation is performed in dry ice for
20 min in the presence of 0.3 M sodium acetate, pH 7.2, and 2 µL of
glycogen (20 µg/µL) as a carrier. The DNA pellet is resuspended in
TE. Covalently bound RNA is degraded by incubation with RNAse
A (Boheringer Mannheim, final concentration: 100 µg/mL), RNAse
T1 (Boheringer Mannheim, final concentration: 1 U/µL), and
RNAse T2 (Gibco BRL, final concentration: 0.6 U/µL) overnight at
37°C, followed by protein digestion in the same buffer supple-
mented with 0.1% SDS and 600 µg/mL proteinase K. DNA is then
purified by phenol:chloroform extraction and ethanol precipitation
as described above. Alternatively, RNA is degraded by heating
samples for 5 min at 95°C in 0.1 M NaOH. The solution is neutral-
ized with HCl and the DNA was recovered by ethanol precipitation.
After RNA removal, samples are resuspended in water and sub-
jected to a second kinase reaction, to phosphorylate the 5' hydroxyl
DNA ends exposed on nascent DNA after RNA primer digestion.
The reaction is conducted in the conditions defined previously. The
DNA, purified and recovered by precipitation as described previ-
ously, is finally resuspended in 20 µL TE buffer. Aliquots of the
samples before and after -exonuclease treatment are now ready
analyzed by competitive PCR or ligation-mediated PCR (LM-PCR).

2.1.3. Competitive PCR Analysis of Nascent DNA
2.3.1.1. MATERIALS

1. Oligonucleotide primers.
2. PCR machines.
3. Taq polymerase (Boehringer Mannheim).
4. Nocodazole (Sigma).
5. -exonuclease (New England Biolabs).
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2.3.1.2. METHODS

The quantitation of the abundance of two different sequences in
the lamin B2 gene region is performed by competitive PCR as
already described (4,5). The sequences chosen for amplification are
defined as B48 and B13 (Fig. 1); the former corresponds to the lamin
B2 ori (within 474 nt), whereas B13 is displaced by 5 kb. A single
competitor molecule is used for both markers. The core of the mol-
ecule is a 110-bp region derived from the -globin gene harboring a
20-bp insertion. The forward and reverse primers spanning the lamin
B2 origin area (for details, see ref. 6) arranged in a head-to-tail fash-
ion are joined to the core molecule by PCR amplifications using chi-
merical primers. This approach allows the use of a single competitor
for the quantification of the relative abundance of different PCR
markers. The competitor is quantified in competitive PCR experi-
ments against a known amount of plasmid molecules harboring the
lamin B2 origin area. The PCR cycle profile is as follows: denatur-
ation at 94°C, annealing at 56°C, and extension at 72°C; time for
each step is 30 s; 35 cycles are performed with 1 U of Taq poly-
merase (Boehringer Mannheim) in the conditions recommended by
the manufacturer. Competitive PCR experiments are conducted chal-
lenging the same amount of size-selected DNA from asynchronous
cells (before and after the -exonuclease treatment) and total DNA
from synchronized cells (after the -exonuclease treatment) with 10-
fold serial dilutions of the competitor. Further details about the pro-
cedure for competitive PCR mapping are contained in ref. 5.

Figure 1 reports the results of the analysis of enrichment in lamin
B2 origin sequences in the different DNA preparations. In Fig. 1A,
schematic representation of the human lamin B2 genomic region
containing the origin of DNA replication that we are exploring.
The bubble structure marks the position of the ori, the arrows show
the locations of the lamin B2 and ppv1 transcripts. The position of
the regions amplified by competitive PCR is shown in black boxes.
In Fig. 1B, competitive PCR analysis of size fractionated nascent
DNA isolated from asynchronously growing HeLa cells or from
human normal G0 lymphocytes. DNA samples are analyzed for their

Business Office
their
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abundance in origin (B48) or control (B13) sequences before or
after -exonuclease treatment. For each region a fixed amount of
DNA is coamplified with an amount of competitor molecules decreas-
ing by 10-fold dilution. Before each nascent DNA quantification, it is
verified that B48 and B13 regions are amplified with the same effi-
ciency on total genomic DNA. The number of competitor molecules

Fig. 1. Analysis of newly replicated DNA by competitive PCR.
(A–C) See opposite page for details.
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per PCR ranges from 104 to 101 molecules. As the results show, the
nascent DNA isolated by size fractionation from asynchronously
growing cells displays a 10-fold of enrichment of ori-containing
sequences with respect to the control one (Fig. 1B). By hydrolysis
with -exonuclease we obtained a further enrichment reaching thus a
greater than 50-fold ratio of origin over control sequences. The
same experiment performed on human quiescent lymphocytes does
not show any enrichment of B48 over B13 nor does it show the
presence of any DNA after -exonuclease treatment. In Fig. 1C,
competitive PCR analysis on total DNA isolated from HeLa cells
synchronized at the beginning and at the end of S-phase. For syn-
chronization experiments, cells at 50–60% confluence are accumu-
lated in M-phase by incubation for 10 h with 50 ng/mL nocodazole
(Sigma). The cells are then collected by shake-off, washed with
complete medium, and replated. Three hours later, aphidicolin is
added to cell monolayer at the concentration of 5 µg/mL and the
culture is incubated for 20 h to accumulate cells at the G1/S border.
The cells are then released into S-phase in complete medium and
are collected at different time points in S-phase. In good agreement
with the finding that lamin B2 fires within the first minute of S, we
observe a fivefold enrichment of B48 over B13 region on total DNA
isolated from cells collected in early S and treated with -exonu-
clease (Fig. 1C). Instead, in late S, when the lamin B2 replicon is prob-
ably entirely duplicated, no enrichment of B48 over B13 is observed
(Fig. 1C).

2.2. Assessment of LM-PCR as a Tool to Map the Start
Sites of Nascent DNA Synthesis

2.2.1. LM-PCR Procedure

2.2.1.1. MATERIALS

1. Vent polymerase (New England Biolabs).
2. dNTPS (Amersham).
3. DNA ligase (New England Biolabs).
4. Oligonucleotide primers and PRC machines.
5. DNA sequencing gel equipment.
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2.2.1.2. METHODS

The LM-PCR experiments are performed essentially according
to the protocol of Quivy and Becker (6). For each amplification, a
set of three primers is used (see Figs. 2–5). The DNA samples are
denatured 5 min at 95°C and annealed to 0.1 pmol of primer 1 in
each set for 30 min in 10 mL of 1 Vent polymerase buffer (New
England Biolabs). After incubation, second-strand DNA synthesis
is allowed to occur by adding the four dNTPS (final concentration
0.5 mM) and Vent exo- (1 U, New England Biolabs) in a final
volume of 20 µL. Extension is performed by incubation at the
annealing temperature of primer 1 in each set for 5 min, followed by
a 10 s incubation at 65°C, 10 s at 70°C, and 10 min at 76°C. The
elongation product is then ligated to the double-stranded asymmet-
ric linker already described (6). For ligation, 20 µL of the extension
reaction are mixed with 5 µL ligase buffer (New England Biolabs),
5 µL annealed asymmetric linker (200 pmol/µL), and 19 µL of 40%
polyethylene glycol 8000. One microliter of DNA ligase (400 U,
New England Biolabs) is then added and the reaction is allowed to
occur overnight at 16°C. The ligation reaction is mixed to 150 µL
TE, extracted with phenol:chloroform, and precipitated with etha-
nol in the presence of 2 µL glycogen (20 µg/µL) and 0.3 M ammo-
nium acetate. The DNA pellet is washed in 70% ethanol, dried, and
resuspended in 20 µL water. The ligated product is subjected to PCR
amplification in 1X Vent buffer, 4 mM MgSO4, 0.2 mM dNTPS
using 10 pmol of primer 2 in each set, 10 pmol of long linker primer
for LM-PCR (6), and 1 U of Vent polymerase in a total volume of
50 µL. The PCR conditions are as follows: pre-PCR denaturation:
3 min, 95°C; denaturation: 1 min at 95°C; annealing: 2 min at the
temperature indicated below for each primer 2; extension: 3 min at
76°C plus 3 s added at any further cycle. After 18 cycles of amplifi-
cation, 20-µL the reaction is subjected to radioactive extension in
the presence of 0.8 pmol of 32P-labeled primer 3 in 1X Vent buffer,
2.6 mM MgSO4, 0.2 mM dNTPS, and 0.5 U of Vent exo- in a final
volume of 30 µL. The conditions of the radioactive extension are as
follows: pre-PCR denaturation: 3 min at 95°C; denaturation: 1 min
at 95°C; annealing: 2 min at the temperature indicated for each
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Fig. 2. Identification of precise start sites of nascent DNA synthesis
within the protected area. (A) Yeast ARS1 region. Positions of sequence
elements A, B1, B2, and B3 are marked by boxes. Localization and orien-
tation of primer sets Fy and Ry used for LM-PCR are shown (Note 1).
(B) Comparison of the size distribution of amplified and not amplified
molecules. Ten micrograms of yeast genomic DNA were treated with
dimethyl sulfate (final concentration 0.25%) for 2 min at room tempera-
ture, and 0.01 µg of total genomic DNA was analyzed by LM-PCR with
primer set R (left lane); 2 µg of the same DNA was subjected to primer
extension with primer set Ry 3 (right lane). As the figure shows, the
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primer 3; extension: 7 min at 95°C; five cycles of extension are
performed. The extension reaction is blocked by adding EDTA
(final concentration 40 mM). The DNA is purified by phenol:
chloroform extraction and precipitated with ethanol in the presence
of 0.3 M sodium acetate, washed with 70% ethanol dried briefly,
and resuspended in loading buffer (95% formamide, 100 mM
EDTA, 0.5% bromophenol blue, 2.5% xylene cyanol). The samples
are denatured 3 min at 95°C and loaded on a 8% sequencing
acrylamide gel. An example of the results obtained by LM-PCR on
the yeast ARS1 region and lamin B2 replication origin is shown in
Figs. 2–5.

3. Notes

1. The sequences of the primer sets and of the respective annealing tem-
peratures used in LM-PCR analysis of yeast nascent DNA are as
follows. Primer set F: Fy1 8291-8315 (60°C), Fy2 8319–8345
(68°C), Fy3 8319–8349 (72°C). Primer set R: Ry1 8826–8801
(60°C), Ry2 8815–8788 (68°C), Ry3 8813–8784 (72°C). Three of
the four primer sets used for the human nascent upper strand analysis
(A, C, and E) and for the nascent lower strand analysis (set B and D)
have been previously described (8). The sequences of the other
primer sets used are as follows: F1 3712–3742 (60°C), F2 3693–
3718 (68°C), F3 3682–3712 (72°C); G1 3573–359460°C), G2 3584–
3609 (68°C), G3 3593–3619 (70°C); H1 3837–3858 (60°C), H2
3842–3871 (68°C), H3 3867–3900 (70°C). The numbering refers to
the file humlambbb of GenBank (accession number M94363).

Fig. 2. (continued from opposite page): pattern of single-strand extended
fragments and of the LM-PCR amplified ones are exactly superimposable,
allowing for the difference in size given by the ligated linker. (C) LM-PCR
analysis of 0.01 µg of total genomic DNA or of approx 104 molecules of
size-fractionated, l-exonuclease-digested nascent DNA isolated from
asynchronously growing yeast cells. Positions of the transition points (TP)
from continuous to discontinuous DNA synthesis are shown to correspond
to the published data (7).
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Fig. 3. Indentification of precise start sites of nascent DNA synthesis
around the lamin B2 ori. (A) Localization and orientation of the primer
sets D and E in the analyzed 1-kb region (Note 1). Position of the first
detectable start site of leading-strand synthesis is indicated by thick arrows,
and start sites of nascent DNA synthesis located more upstream are indi-
cated by thinner arrows, all pointing in the direction of synthesis.
(B) LM-PCR analysis on lower and upper strand, respectively, of size-
fractionated newly replicated DNA from asynchronously growing HeLa
cells or total DNA from synchronized IMR-90 cells subjected or not sub-
jected to -exonuclease treatment as indicated.



Start Sites of Bi-Directional DNA Synthesis 117

Fig. 4. Distribution of start sites of nascent DNA synthesis around the
lamin B2 ori, upper nascent strand. (A) Localization and orientation of
the primer sets D, H, G, and B used to identify the position of RNA-DNA
junctions on the upper nascent strand from nucleotide 3400 to 4500
(Note 1). Position of the first detectable start site of leading-strand
synthesis is indicated by thick arrows, and start sites of nascent DNA
synthesis located more upstream are indicated by thinner arrows, all
pointing in the direction of synthesis. (B) LM-PCR analysis of size-frac-
tionated newly replicated DNA from asynchronously growing HeLa cells
subjected to -exonuclease treatment. (C) LM-PCR analysis of total
genomic DNA isolated from cells synchronized at the indicated phase of
the cell cycle.
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Fig. 5. Distribution of start sites of nascent DNA synthesis around the
lamin B2 ori, lower nascent strand. (A) Localization and orientation of
the primer sets A, C, E, and F used to identify the position of RNA-DNA
junctions on the upper nascent strand from nucleotide 4350 to 3400
(Note 1). Position of the first detectable start site of leading-strand syn-
thesis is indicated by thick arrows, and start sites of nascent DNA synthe-
sis located more upstream are indicated by thinner arrows, all pointing in
the direction of synthesis. (B) LM-PCR analysis of size-fractionated
newly replicated DNA from asynchronously growing HeLa cells sub-
jected or not subjected to -exonuclease treatment as indicated.
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4. Conclusions

Our procedure allows the definition with nucleotide resolution of
the start site of bi-directional replication in DNA replication origins.
The results obtained on the lamin B2 DNA replication origin are
shown in the Figs. 3–5. The search for the possible start sites at the
lamin B2 ori commenced with primer sets D and E (Fig. 3) firing
from either side of the protected region toward each other. With
primer set D three discrete stop sites of second-strand synthesis (and
hence of RNA-DNA junction) are visible: the first at nucleotide
3933, the second at nucleotide 4076, and the third at a less precise
position; these data are much more evident after l-exonuclease treat-
ment. The analysis with primer set E gives specular results: two
clear sites of RNA-DNA junction are visible, one at nucleotide
3930 and the other at nucleotide 3787. The same experiment on
size-fractionated DNA from quiescent human lymphocytes gave no
evidence of any stop site for primer set D. Furthermore, with DNA
extracted from IMR-90 cells synchronized in G1-phase and at the
beginning of S, analysed with primer set E, no stop sites are visible
in G1 cells, whereas those that have just entered S show precise stop
sites in exactly the same positions as the asynchronously growing
cells (Fig. 3). Thus, nucleotides 3933 and 3930, located within the
protected area, might correspond to the starts of the leading strands
moving leftward and rightward, respectively, whereas the RNA-
DNA junctions observed about 140 nucleotides upstream of both
could derive from ligation of the first Okazaki fragment to the
respective leading-strand start.

To further strengthen these conclusions, we analyzed upper nascent
DNA strands with primer sets H, D, G, and B (Figs. 4 and 5). The
upper nascent DNA strands was analyzed with primer sets H, G,
and B (see Fig. 4B,C). In agreement with the data obtained with
primer D, the two primers H and G indicated nucleotide 3933 as the
likely start site of a leading strand. This conclusion was confirmed
with primer set B, located approx 200 nucleotides to the right of
nucleotide 3933; several stop sites are visible at the indicated posi-
tions. These data can be interpreted as deriving from the linking to
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Fig. 6. Map of start sites of bi-directional DNA synthesis at the human lamin B2 ori. Transition points (TP) from
continuous to discontinuous DNA synthesis on the two strands are shown by thick arrows; the 5' ends of Okazaki
fragments are indicated by thin arrows. Positions of the transcripts around ori area are shown. Precise positions of the
protein–DNA interactions occurring in G1 and S phase are shown by gray and black boxes, respectively.
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the initiated ori of four subsequent Okazaki fragments having
lengths of 143, 144, 65, and 80 nucleotides from the first to the
fourth, respectively. The lower nascent DNA strands was instead
analyzed with primer sets C, A (displaced to the right of nucleotide
3930), and F (displaced to its left; Fig. 5A,C). With primer sets C
and A, we obtained again a clear indication that the first stop site
corresponds to nucleotide 3930. With primer set A the long, >450-
nucleotide region free of stop sites indicates that we are dealing
with an area of continuous leading-strand synthesis and that nucle-
otide 3930 is the start site of the rightward moving leading strand.
Conversely, with primer set F a number of start sites can be located
precisely at the indicated positions, possibly corresponding to liga-
tion of the first Okazaki fragments, having lengths (in the order of
fork movement) of 143, 142, 67, 35, and 52, plus two more of
approx 65 nucleotides.

The conclusion of our studies is that the initiation of replicon
synthesis on the lamin B2 origin occurs in a well-defined area over-
lapping by 4 bp (Fig. 6). In this way, the start site of a human repli-
cation origin was characterized for the first time with nucleotide
resolution. The extension of this approach to other already known
metazoan origins will be essential for a better comprehension of the
mechanism of DNA replication and, more in particular, the sequence
alignment of the different origins mapped with our procedure will
help the discovery of possible conserved sequence motifs essential
for eukaryotic DNA replication.
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1. Introduction

Barring exceptional instances, the DNA contained in eukaryotic
chromosomes is linear. Linearity of the chromosomal DNA and the
compartmentalized architecture of the eukaryotic cell are the two
principle features that distinguish the prokaryotes from the eukary-
otes and that have facilitated the evolution of totally different strat-
egies for interaction with other species and the environment. Major
changes in strategy that were made possible by linearity of chromo-
somes were an enormous increase in the information content of the
genome and the development of sexuality as a means for efficient
exchange of genetic information (1). But linear chromosomes have
ends, and the presence of ends produced two major biological prob-
lems. One problem was identified early by Muller (2,3) and by
McClintock (4), as the requirement to protect natural ends of chro-
mosomes from fusion and recombination with other chromosomes
and from exonucleolytic erosion. It was thus recognized that the
ends of chromosomes must have specialized structural and func-
tional features required for chromosome stability. We know today
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that another potential cause of chromosomal instability that must be
dealt with is that unless it is protected, a DNA end will be recog-
nized as damaged DNA that the cell will attempt to heal with ensu-
ing loss of chromosome integrity and cell viability. The second
problem was identified more recently, when it became evident that
all known DNA polymerases are unable to start synthesis de novo
but can only add a nucleotide onto an already existing 3'-OH group,
normally provided by an RNA primer. Such a primer positioned at
the very end of the chromosomal DNA would be degraded, shorten-
ing the lagging DNA strand. Both these sets of problems have found
a solution through the development of a unique chromosomal
organelle, the telomere, comprised of particular telomeric DNA
sequences complexed with particular non-histone proteins, that
are organized at least in part in a non-nucleosomal heterochromatic
form of chromatin (5), defined as the telosome.

Telomeric DNA must be extended by a specialized mechanism to
counteract replicative erosion. Eukaryotes accomplish this by mak-
ing use of three distinct but interrelated mechanisms, each of which
requires the presence of telomeric DNA with specific properties. In
most eukaryotic organisms telomeric DNA consists of tandem arrays
of short (5–8 bp) repeats of characteristic telomeric sequences with
the strand replicated by leading strand synthesis being rich in G
clusters. The first telomeric sequences to be determined were T2G4

in Tetrahymena (6) and T4G4 in the hypotrichous ciliates (7). The
most common sequences found are T2AG3 in the vertebrates and in
several simple eukaryotes and T3AG3 in most plants. The telomeric
DNA repeats of other eukaryotes are similar in length and sequence
to the above, with the exception of a number of yeasts where the
repeats are less G rich and have lengths ranging from 8 to 26.
There is an enormous spread in the size of the telomeric DNA in
different species: it ranges from 36 bp in some hypotrichous ciliates
to 150 kb in tobacco. Telomeric DNA belonging to this class is
double stranded over most of its length, but terminates in a 3' exten-
sion of the G-rich strand. The repeats are extended by reverse tran-
scription, making use of a riboenzyme, telomerase. Telomerase acts
by reverse transcribing part of the its RNA subunit into DNA,
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thereby synthesizing the repeats that are added to the G-rich strand
of the telomeric DNA. In some cases where proliferation occurs in
cells in which telomerase is inactive or missing, telomere elonga-
tion can be conducted by recombination. In fact this back-up mecha-
nism is dependent on RAD52 in budding yeast (8,9) and on RAD 51
and RAD52 (10) in mammalian cells. A second class of telomeric
DNA has been studied most extensively in the dipteran Chironomus.
Here, the telomeric DNA ends in 200 kb of 340 bp tandem repeats
(11), and it has been suggested that such long repeats are extended
by recombination. Recombination has also been suggested as the
mechanism that extends the telomeres in Anopheles gambiae (12).
A third class of telomeres is found in Drosophila melanogaster. In
this organism, that lacks telomerase, telomeric DNA consists of two
families of non-long terminal repeat (LTR) retrotransposable ele-
ments, Het-A and TART, and telomere extension is achieved by
specific transposition of these elements to the chromosome ends.

Recently much attention has been devoted to the protein moiety
of the telomere, in studies performed mostly with Saccharomyces
cerevisiae and in human cells. In fact, besides providing a terminal
buffer zone that limits the effect of loss of DNA from the chromo-
some ends, telomeric DNA contains binding sites for proteins that
bind DNA directly and which in turn can interact with other
telomeric proteins. Some telomeric DNA binding proteins bind to
the 3' single strand overhang on the chromosome ends, where they
exert a protective capping function that prevents the cells from rec-
ognizing the ends as damaged DNA. The first of such capping pro-
teins TEBP, was discovered in the ciliate Oxytricha nova (13,14).
In budding yeast a protein, Cdc13p, with no sequence similarity to
TEBP, binds to the 3' DNA overhang and recruits two other capping
proteins, Stn1p and Ten1p, to form a capping complex (15,16). In
fission yeast the Pot1 protein binds the 3' overhang and acts as a
capping factor, and in mammals an ortholog of fission yeast Pot1
has a similar function (17). Other telomeric proteins bind to the
double-stranded DNA contained in the bulk of the telosome. The
first such protein, ScRap1p, was discovered in S. cerevisiae (18),
and a similar protein (KlRap1p) was found in Kluyveromyces lactis
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(19). In mammals two double-stranded DNA binding proteins are
known, TRF1 and TRF2 (20,21), and a protein with similar func-
tions, Taz1, was found in fission yeast (22). It has been shown that
TRF2 causes a structural rearrangement of the end of the telomere,
consisting in the formation of a large duplex loop in vivo (t loop),
probably through strand invasion of the 3' overhang into the preced-
ing telomeric tract (23). T loops have been found at the termini of
telomeres from a number of other organisms, and provide an addi-
tional protective and capping function. The study of telomeric pro-
teins has shown that they recruit other proteins forming complexes
that are involved in a number of functions carried out by the telom-
ere, including and in addition to physical protection and replication.

First, the length of the telomere is regulated and is set at different
species specific lengths. In budding yeast telomere length is con-
trolled by the number of Rap1p molecules that bind at any given
moment to the telomere (24). It has been suggested that TRF1 and
TRF2 act similarly in mammals (25). Ever since it was discovered
that human cells in culture can only divide a number of times rang-
ing between 30 and 60, it was suggested that the shortening of telom-
eres in somatic tissues having inactive telomerase constituted a
mitotic clock related to replicative senescence and in vivo human
ageing. However, the connection between telomere loss and aging
is not well understood; studies performed in mice in which
telomerase activity had been knocked out has shown that complete
lack of telomerase activity has damaging consequences, but only
after more than six generations (26).

Another important property of the telomere that has been studied
extensively in budding yeast and in Drosophila is the telomeric
position effect, which consists in the switching of subtelomerically
located genes between silenced and nonsilenced states. Such states
are semistable for several cell divisions and are produced by a tran-
sition between a euchromatic and a heterochromatic chromatin
structure determined by the activity of telomere binding and telom-
ere-associated proteins. In budding yeast the proteins involved are
Rap1p and the Sir2-4 proteins, the yKu70-Ku80 heterodimer, and
underacetylated histones in the subtelomeric nucleosomes (27).



Telomere Length Analysis 127

Telomeres also have a role in nuclear architecture. In yeast
undergoing mitosis, telomeres are anchored by a protein complex to
nuclear membrane pores (28). Furthermore, there is evidence that
the intranuclear spatial positioning of telomeres determines their
transcriptional state (29). At the beginning of meiosis in plants (30),
mammals (31), and in fission yeast (32,33), telomeres relocate to
the nuclear envelope and cluster to a limited sector of the nuclear
membrane. It is thought that this telomeric arrangement may facili-
tate pairing of chromosomes and homology searching, as well as
synapsis (30).

Telomere length is one of the most powerful parameters for the
study of telomere function and, indirectly, of telomerase activity.
Telomere length may be determined using molecular and cytologi-
cal methods, the former making use of Southern hybridization to
measure the most terminal restriction fragments, the latter being
based on the identification of telomeres within the cells with the in
situ hybridization procedure. In Subheading 2., the two approaches
will be described in detail.

Telomerase is a polymerase consisting of one RNA and several
protein subunits. Only the RNA subunit (TER) and the catalytic sub-
unit (TERT) are necessary for telomerase activity in vitro. The RNA
contains a region complementary to the G-rich strand of the telomeric
DNA; the TERT subunit reverse transcribes this sequence and adds
the newly synthesized DNA repeats onto the 3' overhang of the
telomere. A number of proteins are necessary for the in vivo activity
of telomerase. In budding yeast the best studied case, at least three
proteins have such an accessory role: est1p, est3p, and cdc13p and in
their absence shortered telomeres are produced (34,35).

It was postulated by Blackburn et al. that telomeres exchange their
structure between an accessible and an inaccessible state to modu-
late telomerase activity. This switching could be stochastic or con-
trolled by checkpoint signals such as kinases. Of particular interest
is the finding that very short telomeres that usually cause growth
arrest are still competent for telomerase activity in the absence of ataxia
telangiectasia mutated (ATM) kinases, leading to a delay of replica-
tive senescence (36). This result suggests that ATM kinases may
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mediate the interaction between telomerase and its substrate, the
telomere. Recently, a similar role was suggested for the human
ATM kinase (37).

Analysis of tissues and organs during development has revealed
that telomerase is turned off from embryogenesis onwards, with few
exceptions: basal/stem cell compartments of the immune system,
skin, and intestine (38). Switching off telomerase during develop-
ment may determine the starting point of the telomere replicometer
(telometer) a mechanism involved in determining the cellular life
span in vitro and probably in vivo. Although in yeast it seems that
the primary regulatory mechanism of telomerase activity is the
telomere itself (36), in multicellular organisms different mecha-
nisms based on regulation of hTERT expression (silencing, alterna-
tive splicing, repression), stability of the holoenzyme and
posttranslational modifications have been described. More recently
the finding in human cells of a potent telomerase inhibitor (PinX1)
opens the possibility that specific trans-acting factors may also con-
tribute to regulate telomerase activity (39).

Both basic and applied research on telomerase depends on the
availability of reproducible and highly sensitive activity assays. One
of the most popular methods to detect telomerase activity is the poly-
merase chain reaction (PCR)-based telomeric repeat amplification
protocol (TRAP) assay, but other methods consisting in the direct
analysis by gel electrophoresis of the DNA products extended by
the telomerase have also been used. Because of the relationship
between telomerase activity and proliferative capacity of the cells,
telomerase is considered to be a tool to establish the malignant phe-
notype of tumor cells (40,41) and an oncology target (42). In both
cases the TRAP assay is used to evaluate tumor progression and to
determine the efficacy of the therapeutic treatments. An alternative
approach to TRAP is the quantitative analysis of hTERT mRNA,
the catalytic subunit of telomerase (43,44). This method is supported
by the finding that hTERT expression correlates with telomerase
activity (45).

Telomerase assays consist in the identification of an RNA
dependent synthesis of homogeneous telomeric DNA repeats that
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occurs by addition of a newly synthesized G-rich strand of the
repeats to the 3' end of a telomeric DNA primer. The resulting prod-
ucts may be analyzed directly by polyacrylammide gel electrophore-
sis or after an amplification step performed by PCR (TRAP). The
number of telomeric repeats added in vitro to the primer depends on
the processivity of the enzyme: the yeast enzyme is non processive
and a limited number of nucleotides, up to six, that corresponds to
only one round of synthesis, is added to the primer (46); protozoan
and vertebrate telomerases are able to translocate many times to the
beginning of their template region and place dozens of telomeric
repeats on a single primer (47). In this chapter, we describe in detail
the TRAP assay (48) and the methods used to prepare the protein
extracts from biological samples. For the conventional methods,
which make use of fractionated extracts and do not use the PCR
amplification step, a detailed description of the ciliate and yeast
assays is reported in Greider and Blackburn (49), Cohn and
Blackburn (50), and Counter et al. (51).

2. Materials and Methods

2.1. Telomere Measurement

The following considerations apply to the the telomeric DNA
belonging to the most common class of telomeres, comprised of a
large number of short repeats.

2.1.1. Telomeric Restriction Fragment (TRF) Analysis

Telomere length can be measured by determining the size of the
most terminal TRFs that span the distance between the telomere end
and the most terminal restriction sites. TRFs are obtained by digest-
ing genomic DNA with restriction enzymes that recognize 4-bp cut-
ting sites. Because telomeres consist of repetitions of simple
sequences, they lack the most common restriction sites, and there-
fore, following digestion, chromosomal DNA is cut into small frag-
ments, whereas telomeric DNA remains uncut. An example is
reported in Fig. 1A.
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2.1.1.1. GENOMIC DNA ISOLATION

DNA can be isolated from tissue or cell cultures using standard
protocols or commercial kits. It is recommended to analyze the qual-
ity of preparations of high molecular weight DNA by pulse field gel
electrophoresis or conventional electrophoresis in 0.8% agarose
gels. This parameter is particularly important if one is working with
very long telomeres.

2.1.1.2. DIGESTION WITH 4-CUTTING ENZYMES

Approximately 10–15 (g DNA samples are digested with a mix-
ture of two to four of the following enzymes: RsaI, HinfI, Sau3AI,
and HaeIII. The digestion is conducted in a 1X final concentration
of enzyme buffer for 12–16 h at 37°C with 10–20 U of the enzyme
pool. After digestion, DNA aliquots are quantified by standard
methods (spectrophotometer, fluorimeter).

2.1.1.3. GEL ELECTROPHORESIS

Before use one aliquot of each sample is controlled by electro-
phoresis on a minigel: load about 1 µg of digested sample and sepa-
rate DNA fragments at 5 V/cm for 1 h.

The cleaved DNA (at least 5 µg/sample) can be separated by con-
ventional electrophoresis in 0.6%–0.8% agarose gels (5 V/cm for
5–6 h or 1 V/cm for 16–18 h for best resolution of long telomeres)
or PFGE under conditions that separate 5–50 kb (the algorithm of
the Bio–Rad CHEF-Mapper II can be used to set up the running
conditions).

After electrophoresis, stain the gel, wash twice in distilled sterile
water and photograph.

2.1.1.4. SOUTHERN TRANSFER AND HYBRIDIZATION

Southern transfer and hybridization are performed using conven-
tional protocols as reported in Sambrook and Russell (52). Hybrid-
ization can be performed using (T2AG3)10 5'-labeled oligo probes or
cloned random-primed telomeric fragments (see Note 1).
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Fig. 1. (A) TRAP assay in human (HeLa) and pig (PK15) cells.
Each lane contains the assay obtained with 5 µg NP40 extract. HeLa
samples are assayed either untreated, pretreated with RNase or after
heat inactivation. Products of telomerase start at 44 bp (TS/ACT
primers) and display a 6-bp periodicity. (B) Telomere lengths in
tissues of an adolescent female pig. Hybridization of HinfI/Sau3AI-
digested genomic DNA from the indicated tissues to the
(TTAGGG)10 probe. (C) BAL31 exonulease sensitivity of pig lymph
node terminal restriction fragments. Genomic DNA was treated with
Bal31 for 20 min and subsequently digested with HinfI/Sau3AI. The
autoradiogram shows that the bulk of the T2AG3 hybridization sig-
nal (6–20 kb) was significantly reduced in size at the 20-min time
point with respect to the BAL31-undigested sample (0 min). Undi-
gested DNA and -HindIII-size markers are reported on the left.
All three panels contain unpublished results by the authors.
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In many organisms, telomeric repeats are not only located at the
chromosomal ends but also at a number of intrachromosomal sites
(53). A very useful tool for distinguishing between the two types of
repeats, as well as for determining the position of specific sequences
in the subtelomeric region of chromosomes is the enzyme BAL31.
The activity of this nuclease on DNA is predominantly
exonucleolytic, causing both strands of double-stranded DNA to be
shortened from both ends. BAL31 treatment of restricted genomic
DNA progressively removes the TRFs from the southern blots (Fig.
1A), and the bands that remain in the lanes correspond to
intrachromosomal sites. In some cases, such as in Chinese hamster,
the intrachromosomal repeats are so abundant as to render the ter-
minal truly telomeric DNA invisible in Southern analysis (54). In
these cases, truly telomeric sequences can be visualized by fluores-
cence in situ hybridization and quantified by q-FISH and Fluo-FISH
(see Subheading 2.1.2.).

2.1.2. Q-FISH and Fluo-FISH

Telomeres can be detected directly inside the cells using fluores-
cent-labeled probes and the in situ hybridization technique. This
approach is common to q-FISH (55) and Fluo-FISH (56,57), which
are both based on the notion that after quantitative fluorescent in
situ hybridization, the intensity of the fluorescent signals is propor-
tional to the amount of telomeric DNA to which the probe is bound,
thereby furnishing an indirect measurement of telomere length. Q-
FISH consists of a canonical FISH performed with a Cy3-conju-
gated peptide nucleic acid probe. After hybridization, the
chromosomes are counterstained with DAPI. Cy3 and DAPI images
are captured separately using a dedicated computer program (TFL-
TELO). Using the same program, the images are processed and inte-
grated to furnish the fluorescence intensity value of individual
telomeres. It was estimated that an average of 30 metaphases are
sufficient to obtain a good indication of telomere length (SD of
10–15%). The complete procedure, software included, is available
in a commercial kit distributed by DAKO. Fluo-FISH overcomes
some of the limitations of q-FISH, especially those related to the
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processing time and the necessity to analyze multiple metaphases
for each sample. Fluo-FISH can be completed within 1 d and allows
the acquisition of data on telomere length from single cells and from
subsets of cells (i.e., lymphocytes and granulocytes) present in the
sample under investigation. Similarly to q-FISH, the procedure is
based on quantitative hybridization of a fluorescent-conjugated
telomere-peptide nucleic acid probe to the sample, but the acqui-
sition and analysis of telomeric signals are performed with a flow
cytometer. The protocol can be subdived into six steps: (1) cell sepa-
ration/preparation; (2) DNA denaturation; (3) hybridization; (4)
washes; (5) DNA counterstaining; and (6) data acquisition and flow
cytometer analysis. Each of these steps needs to be standardized to
obtain reliable and accurate results, and for this reason the authors
have reported the relevant parameters affecting the procedures and
the pitfalls that can arise (58).

Q-FISH has a very high resolution, up to 200 bp, and can be per-
formed with genomes containing interstitial telomeric sites, such as
Chinese hamster. Fluo-FISH offers the advantages of a faster pro-
cedure and the possibility of obtaining data at both single-cell and
subpopulation levels.

2.2. Telomere Cloning

Eukaryotic organisms can recognize and use telomeres from dis-
tantly related organisms (60,61). Telomeres transferred between
organisms having different telomeric sequences produce hybrid
telomeres, containing medially located telomeric sequences charac-
teristic of the donor, to which the recipient organism adds its typical
telomeric sequence. This has made possible the functional cloning
of yeast telomeres in yeast itself (59) and of mammalian telomeres
and subtelomeric DNA (62,63). Today telomeres are cloned directly
by molecular biological techniques as outlined below.

2.2.1. PTA-Cloning of Telomeres

To isolate telomeres and their adjacent sequences (telomere-asso-
ciated sequences: TASs) Wang and collaborators developed a
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method called primer-tagged amplification (64). Partially degener-
ated random primers (6-MW, see Table 1) are used to generate
primer-tagged genomic DNA fragments that are subsequently ampli-
fied with PCR. In the PCR reaction, the primed-tagged genomic DNA
fragments that also contain primed tagged-telomeric DNA are am-
plified using 6-MW telomeric primers (telo32 and telo18, see
Table 1). All the primers contain the XhoI site subsequently used
for cloning. The experimental procedure is performed in four steps.

First step: random-primer annealing to genomic DNA. 1 µg 6-MW
and 10–50 µg genomic DNA are mixed in a total volume of 80 µL
water. The mixture is denatured in boiling water for 5 min and quickly
cooled (room temperature for 2 min, on ice for at least 2 min).

In the second step, synthesis of random-primed tagged DNA frag-
ments is performed. For a volume reaction of 100 µL: 1X Klenow
buffer, 0.2 mM dNTP, 3 U of Klenow enzyme, 80 µL annealing
reaction (from step 1). Incubate the mixture at 37°C for 30 min. To
prolong the strand extension, add 0.5 U of Taq polymerase and incu-
bate at 72°C for 15 min. Proceed to phenol/chloroform 1:1 extraction
and ethanol precipitation adding only 2.5 vol of 100% ethanol and
leave at room temperature for 5 min. Collect DNA by standard cen-
trifugation, wash with 1 vol of 70% ethanol and air dry. Resuspend
DNA in 50 µL water.

The third step is PCR. For cloning T2AG3 telomeres we have suc-
cessfully used telo32 and telo18 in combination with 6-MW. Telo32
and telo18 are used as a mixture with a molar ratio of 10:1. This
combination avoids slippage of primer on tandem telomeric repeats.
The PCR reaction is performed in 50 µL containing 1X PCR buffer,
0.2 mM dNTP, 10–20 ng of DNA template, 100 ng of 6-MW, 10 ng
telo32, 100 ng telo18, and 1.5 U Taq polymerase. The PCR condi-
tions are as follows: 94°C for 30 s, 54°C for 1 min, 72°C for 1.5 min.
Control the PCR products with agarose gels and eventually purify the
fragments of the expected size from the gels.

In the fourth step, cloning, digest PCR products with XhoI and
ligate to a XhoI-linearized vector. It is important to choose a low
copy number vector and to use recombination-deficient bacterial
strains to minimize rearrangements of the telomeric inserts. In our
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Table 1
TRAP and PCR Primers

Name Sequence Taa

TS AATCCGTCGAGCAGAGTT
CX CCCTTACCCTTACCCTTACCCTAA 50
Cxa GTGTAACCCTAACCCTAACCC 50
ACX GCGCGGCTTACCCTTACCCTTACCCTAACC 60
ACT GCGCGGCTAACCCTAACCCTAACC 60
TSNT AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT 60b

NT ATCGCTTCTCGGCCTTTT 60b

6-MW CCGACTCGAGNNNNNNTGTGG 54
telo32 GACTGACTCGAGCTAACCCTAACCCTTAACCCT 54
telo18 GACTGACTCGAGCTAACC 54

aAnnealing temperature of the indicated primer in combination with TS.
bTo be used in the presence of TS/ACX or TS/ACT.
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hands, good results were obtained with plasmid pACYC177 and
DH10B cells.

2.2.2. PCR Cloning of Telomeres

A similar approach, based on PCR amplification of specific
telomeric DNA was developed to clone yeast telomeres (65). The
procedure is based on addition of a primer (anchor) to the 3'
telomeric overhang, and subsequent amplification of telomeres with
a primer complementary to the anchor (hybridization anchor) and a
primer complementary to the subtelomeric sequences. This proce-
dure with respect to the previous one requires that the sequences
immediately upstream to the telomeric repeats be known, and it is
therefore essentially used to control the sequence and to determine
the exact length of previously mapped telomeres.

2.3. TRAP Telomerase Assay

The TRAP assay (48) can be conducted using protein extracts
prepared from a variety of biological samples by detergent lysis in
buffer containing CHAPS or NP40. The assay consists of two steps:
(1) the telomerase reaction that extends the DNA primer and (2) the
PCR that amplifies the extended products. In the first step,
telomerase binds and elongates the TS (Table 1) primer by adding
multiple telomeric repeats that produce a 6 nt ladder. In the second
step the products are amplified by PCR using TS and a reverse
primer (CX in the original assay, Table 1). An example is reported
in Fig. 1B. The specificity of the reaction is determined by its sensi-
tivity to RNAse and proteinase treatments. The nucleotide require-
ment of the first step is determined by the sequence of the telomeric
repeat (for T2AG3 telomeres dCTP is not required).

2.3.1. Preparation of Protein Extracts and Protein
Quantification

From cultured cells, wash and scrape off cells carefully with ster-
ile phosphate-buffered saline (PBS). Harvest cells into a 15-mL ster-
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ile tube and centrifuge at 200g for 5 min. Wash twice with 5 mL
PBS (52). The pellet can be stored at –80°C (remove all PBS before
freezing) until use (up to one year) or proceed immediately to the next
step. Resuspend cells in NP40 or CHAPS lysis buffer (Table 2). Add
200 mL of 1X lysis buffer per 107 cells; if cells are not counted, use
50 mL for a small tissue culture plate (60 mm) and 100 mL for a
medium plate (10 cm). Once the pellet is resuspended, incubate on
ice for 30 min, then spin at 12,000g for 30 min. Collect the super-
natant without disturbing the pellet, dispense 20-mL aliquots into
0.5 mL RNAse-free tubes. Use one sample to determine the protein
concentration (see Subheading 2.3.2.). Quick freeze the remaining
aliquots in liquid N2 and store at –80°C for up to 6 mo. After use,
aliquots should be rapidly frozen again, but should not be used more
than five times. Do not exceed in the number of extracts to prepare
(10–12 at a time) in order to avoid a long period of standing on ice.

Tissue can be rapidly homogenized by a mechanical homogenizer
in lysis buffer (CHAPS or NP40) or powdered in liquid N2 using a
mortar and pestle. After tissues have been powdered, transfer them
to a preweighed tube and add lysis buffer. If multiple samples are
processed, powder all of them first and keep in liquid N2, then add
lysis buffer to all of them. The lysis buffer is added at 200 mL/100
mg of tissue. Proceed as described for cultured cells.

2.3.2. Determination of the Protein Concentration
in the Extracts

Protein concentration is measured against bovine serum albu-
min (BSA) using a Bio-Rad protein assay reagent (Bio-Rad, cat.
no. 500-0006). Prepare various concentrations of BSA standard in
lysis buffer taking into account that the standard curve remains
linear from only approx 2.5–15 mg of BSA. If the absorbance val-
ues of the protein samples fall outside of this range, the margin of
error becomes very high. Prepare various dilutions of the extracts
(5–100 mL) in a total volume of 100 mL lysis buffer, add 1 mL
protein reagent and vortex. After 2 min incubation, but before 1 h,
determine the OD595.
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Table 2
Buffers

Final volume 100 mL
Stock Final concentration Final volume

CHAPS lysis buffer
1 M Tris-HCl pH 7.5 10 mM 1 mL
1 M MgCl2 1 mM 100 µL
100 mM EGTA 1 mM 1 mL
100% glycerol 10% 10 mL
RNAse-free water 87.9 mL
Autoclave, store at 4°C. Just prior to use, add to 950 µL of Lysis buffer:

0.35 µL 14,4M -mercaptoethanol (BME)
50 µL 10% CHAPS

NP40 lysis buffer
(Final volume 100 mL)
Final volume, 100 mL
1 M Tris-HCl pH 7.5 10 mM 1 mL
1 M MgCl2 1 mM 100 µL
100 mM EGTA 1 mM 1 mL
100% glycerol 10% 10 mL
2.5 M NaCl 150 mM 6 mL
RNAse-free water 80.74 mL
Autoclave, store at 4°C. Just prior to use, add to 988.4 µL of lysis buffer:

1 µL 0.1 M PMSF
0.35 µL 14.4 M -mercaptoethanol (BME)
0.2 µL 0.12 M deoxycholate sodium salt
10 µL 100% NP40

10X TRAP buffer
(Final volume 5 mL)
1 M Tris-HCl, pH 8.3 200 mM 1 mL
1 M MgCl2 1 mM 100 µL
1 M KCl 680 mM 3.4 mL
100% Tween 20 0.5% 25 µL
100 mM EGTA 10 mM 500 µL
Mix and filter trough 0.45-µm pore filters. Store aliquots at –20°C for up to 6 mo
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2.3.3. TRAP Reaction

The first step of the assay enables the telomerase present in the
extracts to add telomeric repeats onto the 3' end of the TS primer;
subsequently the products are amplified by PCR in the presence of
TS and reverse primer (Table 1). Telomerase activity results in a 6-
bp ladder when the PCR products are separated on a 10–12% poly-
acrylamide nondenaturing gel.

The reactions are set up in PCR tubes in a final volume of 50 mL.
Each reaction contains 1X TRAP buffer (Table 2); 2.5 mM each
dNTP; 150 ng of TS; 2.5 U Taq polymerase; 300 ng reverse primer
Cxa, ACX or ACT); the internal control (IC) TSNT/NT (0.7 fg/0.3
mg); and 5–10 mg protein extract (Table 1, Notes 2–4).

The telomerase products can be detected using either a nonradio-
active or radioactive TS primer. In the radioactive method the TS
primer is end-labeled with 32P as follows: 1 mg TS; 25 mCi [32P] -
ATP; 1X T4 kinase buffer; 10 U T4 kinase enzyme; reaction vol-
ume, 10 mL. Incubate the reaction at 37°C for 30 min. Stop the
reaction at 65°C for 15 min and store at –20°C until needed. For
radioactive detection use 20 ng hot TS and 130 ng cold TS for each
reaction; if non radioactive detection is used add 150 ng TS.

PCR conditions are 27 cycles at 94°C for 1 min (denaturation);
annealing temperature (Ta) for 30 s (annealing) and 72°C for 30 s
(elongation). Ta may be different according to the primers used in
the reaction (see Table 1).

2.3.4. Gel Electrophoresis and Detection

Products can be resolved by electrophoresis in a 10–15 cm vertical
nondenaturating 12% polyacrylamide gel (19:1 w/w acrylamide/
N,N'-methylene bisacrylamide) in 0.5X TBE. Add 10 mL of 6X DNA
loading dye and load the samples onto the gel. Run at 400–500 V
until the second dye is approx 3 cm from the bottom. The gels are
dried for 1 h at 80°C. For the nonradioactive assay stain the gel in a
1/10,000 dilution of SYBR Green in TBE 0.5X for 30 min. To visu-
alize the telomeric products use a UV source with a SYBR green
photographic filter. Alternately, use ethidium bromide as a DNA dye,
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although it will not be as sensitive as SYBR green. A third nonradio-
active method was developed by Wen and collaborators (66) which
makes use of silver staining of the acrylamide gels containing the
TRAP products. Briefly fix the gel in 0.5% acetic acid, 10% ethanol
for 15 min, add 0.2% AgN02 for 10 min, wash twice in ddH2O, incu-
bate in 0.1% formaldehyde, 3% NaOH for 10 min, photograph (keep
the gel wet) on 677 polaroid film (67). For the radioactive assay the
gel is analyzed in the PhosphorImager or other similar device, after a
5- to 24-h exposure of a PhosphoImager screen, or exposure to X-ray
films at –80°C for a time period that depends on the strength of the
radioactive signal. The IC appears as a 36-bp band, and the size of
the smallest telomerase product is determined by the primers used:
40 bp with TS/CX, 44 bp with TS/ACT and 50 bp with TS/ACX.

3. Notes

1. After electrophoresis, the telomeric restriction fragments are well
separated from the bulk of the chromosomal DNA which usually
runs as 500- to 2000-bp fragments. This phenomenon, which
indicates complete digestion, is clearly visible after hybridization,
because telomeric signals localize to the portion of the gel that is
apparently free of DNA (this is due to the very low amount of
telomeric DNA with respect to the total genome).

2. It is important to keep everything cold (0°C), to use RNase free
materials, and to observe the general operating rules for handling
RNA containing materials. To minimize cross-contamination, the
working area for extract preparations should be separated from the
area used to set up the TRAP reactions. Moreover, it is recommended
to store all solutions separately from other laboratory reagents.

3. The original assay makes use of the substrate primer TS and the
reverse primer CX. CX can cause a number of artifacts because of
primer dimer products with TS and binding with telomerase prod-
ucts (48). The latter will cause elongation of telomerase products
(staggered annealing) and affect the processivity (the number of
telomeric repeats added to the telomeric primer) of the reaction.
These undesired reactions may be partially eliminated by using dif-
ferent reverse primers: CXa, not complementary to the TS 3' end and
containing a three nucleotide 5' anchor not complementary to the 3'
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end of the telomerase products, that should reduce staggered anneal-
ing (66); ACX, similarly to CXa, contains a 6 nucleotide 5' anchor
and a permutation of the telomeric repeat that significantly reduces
artifact products (67). All the primers are reported in Table 1.

4. The TRAP IC was developed to control the PCR step of the assay
(69), it consists of the TSNT standard amplified by TS and the dedi-
cated primer NT, which is not a substrate for telomerase (Table 1).
IC produces a 36-bp band coamplified proportionally with
telomerase products (if inhibitors are present in the extracts, both
telomerase and IC products are affected). IC is particularly useful
for measuring telomerase activity in clinical samples since it allows
accurate quantification of the enzyme activity and comparison between
the activity present in different extracts.

5. TRAP controls. RNase treatment: telomerase is sensitive to RNase
because of the RNA component of the enzyme which provides the
template for the synthesis of telomeric repeats; 10–30 mg extracts
are incubated with 30 mg RNaseA for 25 min at 30°C. Heat inactiva-
tion: heat treatment destroys telomerase activity; the assay is con-
ducted by incubating a small aliquot (10–30 mg) of the extracts at
85°C for 10 min. The treated samples are subsequently used in a
standard TRAP assay; only the IC band should be visible in these
reactions. Positive control: it is recommended to use a cellular extract
from telomerase positive cell lines (HeLa, 293) in order to control
that all the operating conditions are optimal for detection of
telomerase activity in the experimental samples.
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Telomerization of Mammalian Cells
and Transplantation of Telomerized Cells
in Immunodeficient Mice

Peter J. Hornsby

1. Introduction

Telomerization is an operational term for appparent immortaliza-
tion sustained by prevention of telomere shortening. It is always
necessary to use the term apparent because immortalization, if taken
literally, requires one to demonstrate that cells divide forever, a
property that is obviously impossible to verify. In practice, for
human cells, division for over 200 times is generally accepted as
indicating that cells are immortalized. It has been known since the
pioneering experiments of Leonard Hayflick in the 1960s that the
limited replicative capacity of human cells in culture is very unlikely
to be an experimental artifact but is a reproducible biological phe-
nomenon (1). However, not until the discovery that the limitation in
replicative capacity directly correlates with telomere shortening was
the notion that it might be a culture artifact  finally laid to rest (2,3).
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Telomeres shorten in most dividing human somatic cells because of
the lack of telomerase activity that is required for telomere mainte-
nance (4,5). The lack of telomerase activity results from the absence
of expression of the reverse transcriptase subunit (TERT) of the
telomerase ribonucleoprotein complex (6,7). When cells divide in
the absence of telomerase activity, about 40–100 bp of the terminal
telomeric repeat DNA is not replicated (4,5). This amount is a con-
stant for various types of human cells, thus providing a kind of
mitotic counter (4,5). Telomere shortening caused by lack of
telomerase activity also occurs in many cell types in human tissues
in an age-related fashion (8).

After a normal human cell has divided a certain number of times,
that number varying with the specific cell type and culture condi-
tions, the telomeres become so short that they trigger a cell cycle
checkpoint that puts the cell into a terminally nondividing state. This
state has commonly been termed cellular senescence or replicative
senescence. The block to proliferation in replicative senescence is
similar to that caused by double-strand breaks in cellular DNA (5),
although whether this is actually the mechanism by which short
telomeres are recognized is not clear. Further cell division is then
blocked by inhibitors of cell proliferation, such as p21SD11/WAF1/CIP1

and p16INK4A (9,10).
Proof that the limitation on indefinite cell division in most human

cells results from lack of expression of TERT was obtained by show-
ing that forced expression of TERT is sufficient to immortalize nor-
mal human fibroblasts and retinal pigmented epithelial cells. Human
fibroblasts were the first cell type to be immortalized with
telomerase and these cells have to date achieved a population dou-
bling level (PDL) of 500 (they were at PDL 70 when hTERT was
introduced and they do not normally divide beyond PDL 90) (11).
Immortalization was accompanied by increased or stabilized telom-
ere length, but cells retain a normal karyotype (12,13).

Beginning with the first reports of telomerization, it was specu-
lated that this technology could be used to expand populations of
cells for subsequent therapeutic transplantation (11,13–15). This
was thought of as particularly important for the replacement of tis-
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sues and organs damaged during aging (16,17). In one proposed
form of this therapy, cells with shortened telomeres would be iso-
lated from a patient and telomere length restored by hTERT expres-
sion. The cell population would be expanded in culture and then
cells would be reintroduced into the body to restore tissue and or-
gan function. In this scheme, hTERT plays a role in autotransplan-
tation. Telomerization could also be useful in allotransplantation
and xenotransplantation by allowing expansion of cells with spe-
cific properties, such as stem cells or genetically modified cells.

Irrespective of the potential use of telomerization in future forms
of cell therapy, cell transplantation offers an important method for
determining whether cells have truly retained normal properties after
telomerization. Our cell transplantation studies began as an out-
growth of studies of the behavior of adrenocortical cells grown in
culture. The ability to grow human and animal cells outside the body
has been developed over many years. These techniques are essential
for cell transplantation; many procedures would be impossible if we
did not know how to isolate specific cell types and then perform
experiments that require cell culture, such as cloning cells or geneti-
cally modifying cells. Ideally, all of the requirements for normal
function of the cells in vitro are known, but this is rarely achievable
with current methods. Obviously, cell culture systems do not pro-
vide the complete three-dimensional structure, cell–cell interactions,
blood supply, extracellular matrix, and paracrine influences that the
cells have in vivo. Consequently, it is not really possible to test how
normal cultured cells are unless they are challenged to form a func-
tional tissue structure in vivo. Their ability to do so should be seen as
the definitive test that they could still be considered to be normal
despite whatever has happened to them in culture.

The methods of telomerization we have used have been applied
to bovine and human adrenocortical cells (18,19) but should be gen-
erally applicable to many cell types. However, there is an ongoing
controversy as to whether the only requirement for immortalization
of some epithelial cell types is abrogation of telomere shortening
(i.e., telomerization) or whether other blocks to indefinite growth
must also be overcome. For example, for mammary epithelial cells,
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it was reported that expression of hTERT was insufficient by itself
for immortalization of mammary epithelial cells (20), but subse-
quent work by Ramirez et al. indicated that hTERT is the only
genetic change needed when culture conditions are optimized for
the specific cell type being studied (21). For human adrenocortical
cells, we also find that when culture conditions are optimized (as
described below) ectopic expression of hTERT appears to be the
only requirement for immortalization (18,19).

2. Materials

2.1. Preparation of Primary Cells for Retroviral Infection

1. Type I-A collagenase (Sigma Chemical Co., St. Louis, MO).
2. DNAse I (Sigma).
3. Dulbecco’s Eagle’s medium.
4. Ham’s F-12 medium.
5. Fetal bovine serum.
6. Heat-inactivated horse serum.
7. Recombinant FGF-2 (R & D Systems, Minneapolis, MN).
8. UltroSer G (Biosepra, Villeneuve-la-Garenne, France).
9. Collagen I-coated tissue culture dishes (Becton Dickinson Inc.,

Franklin Lakes, NJ).

2.2. Preparation of Retrovirus-Producing Cells
and Retroviral Infection

1. Appropriate packaging cell line (e.g., PT67, Clontech Inc., Palo
Alto, CA).

2. Plasmid pBabe-puro-hTERT (22).
3. Transwell dishes (Corning Inc., Corning, NY).
4. Puromycin.

2.3. Telomerase Activity

1. Telomeric repeat amplification protocol (TRAP) assay kit (Intergen
Co., Purchase, NY).

2. [ -32P]dCTP.
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2.4. Cell Transplantation in Immunodeficient Mice

1. 3T3 cells that make a secreted form of FGF-1 (23).
2. Mitomycin C (Sigma) or irradiator (Gammacell 1000 model C,

AECL Industrial, Kanaka, Ontario).
3. ICR scid mice (Taconic, Germantown, NY).
4. Avertin (tribromoethanol/isoamyl alcohol; Sigma).
5. Polycarbonate tubing.
6. Chloroform.
7. Glass syringe (50 µL; Hamilton Company, Reno, NV).
8. Blunt 26-gage needle to fit glass syringe (needle length preferably

approx 18 mm).
9. 6-0 nylon sutures.

10. Surgical staples.
11. Analgesics (acetaminophen, codeine).
12. Antibiotics (tetracycline, sulfamethoxazole, trimethoprim).

2.5. Cell Transplantation in Soluble Collagen

1. Soluble collagen (Cellagen; 0.2% pepsin-solubilized type I collagen,
pH 7.4; ICN Pharmaceuticals, Costa Mesa, CA).

2. 29-Gage 1-mL disposable insulin injection syringe (Becton-
Dickinson).

3. Methods

3.1. Telomerization of Adrenocortical Cells by Retroviral
Transduction

3.1.1. Growth of Primary Cells for Retroviral Infection

Culture conditions for human adrenocortical cells have been
optimized over several years, and these conditions are also ideal for
bovine adrenocortical cells. Bovine adrenocortical cells are derived
by enzymatic and mechanical dispersion from the adrenal cortex of
2-yr-old steers. Tissue fragments are dissociated to cell suspensions
using enzymatic and mechanical dispersal (3-h incubation with
1 mg/mL collagenase and 0.1 mg/mL DNAse). Primary cell suspen-
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sions are stored frozen in liquid nitrogen. Frozen cells are thawed
and replated in Dulbecco’s Eagle’s Medium/Ham’s F-12 1:1 with
10% fetal bovine serum, 10% heat-inactivated horse serum, and 0.1
ng/mL recombinant FGF-2. This is supplemented with 1% v/v
UltroSer G, a mixture of growth factors that greatly promotes
adrenocortical cell growth in culture. The gas phase used is 90%
N2, 5% O2, and 5% CO2 (24,25).

Human adrenal glands are obtained from kidney organ donors or
from patients undergoing resection of the kidney for renal neo-
plasms. Tissue fragments are dissociated as described for bovine
adrenocortical cells. Cells are plated and grown in culture as described
for bovine adrenocortical cells, except that the cells grow better on
collagen I-coated tissue culture dishes.

3.1.2. Preparation of Retrovirus-Producing Cells

For retroviral infection, a suitable packaging cell line is trans-
fected with plasmid pBabe-puro-hTERT, encoding a retrovirus derived
from mouse Moloney leukemia virus in which hTERT is expressed
from the retroviral LTR (see Note 1) (22). The plasmid is trans-
fected by any convenient means into the PT67 mouse packaging
cell line, which produces a virus type (10A1) that efficiently infects
most human cells (26) and also bovine adrenocortical cells (our un-
published observations). Stably transfected cells are selected in 5
µg/mL puromycin. After nontransfected cells have been killed, the
puromycin-resistant cell population is frozen in liquid nitrogen for
future use.

3.1.3. Infection of Target Cells

For transduction of the target cells (adrenocortical cells), cells
are plated in 10-cm Transwell dishes. The retrovirus-producing cells
are plated in the insert, thus positioning them immediately above
the target cells, separated by a polycarbonate membrane with 3-µm
pores. The infection is allowed to take place over 4 d, followed by
selection in puromycin. The concentration of puromycin should be
optimized for the cell type being transduced; for human adrenocor-
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tical cells the effective concentration is 1 µg/mL. After antibiotic
selection over 7–10 d, the cells are grown to a sufficient cell num-
ber for biochemical analysis and subsequent studies.

3.1.4. Telomerase Activity

The cells should be tested for acquisition of telomerase activity,
by using the TRAP (telomerase repeat amplification protocol) as-
say (Fig. 1) (27). Human and bovine adrenocortical cells, like most
differentiated cell types, lack telomerase activity when grown over
long periods in culture. They do, however, exhibit transitory
telomerase activity when first placed in culture (18). This activity
rapidly diminishes to undetectable levels. After transduction with a
retrovirus expressing hTERT, telomerase activity is very high and
is sustained over long-term cell division (see Note 2). Stabilization
of average telomere length may be monitored by measuring telom-
ere restriction fragment length (28).

3.2. Transplantation of Adrenocortical Cells in Severe
Combined Immunodeficiency (Scid) Mice

3.2.1. Transplantation in the Subrenal Capsule Space

The preferred site for cell transplantation is beneath the kidney
capsule (see Note 3) (29). Adrenocortical cells are cotransplanted
with 3T3-FGF cells (see Note 4). To render the 3T3-FGF cells inca-
pable of further division after transplantation, they are treated with
mitomycin C or are lethally irradiated. Cells are incubated at approx
20% confluence for 24 h with 2 µg/mL mitomycin C or are pelleted
and exposed to 60 Gray radiation from a 137Cs source.

The host animal must be an immunodeficient model, such as mice
with the scid mutation (see Note 5). Animals (both males and
females) at an age greater than 6 wk (~25 g body weight) are used.
Mice are anesthetized with Avertin, which is made up, stored, and
administered as described in detail elsewhere (30). If necessary,
bilateral adrenalectomy and cell transplantation may be performed
in the same surgical procedure (see Note 6).
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A longitudinal incision is made with fine scissors in the dorsal
skin. A 1.5-cm incision in the lateral body wall is made to open the
retroperitoneal space. In order to confine the transplanted adreno-
cortical cells within a defined space so that the growth, vasculariza-
tion and function of the cells may be readily studied, a small
polycarbonate cylinder is used to create a virtual space beneath the
capsule into which the cells may be introduced (29). A 1-mm length
of polycarbonate tubing (2- to 3-mm internal diameter) is surface-
polished by brief exposure to chloroform vapor (see Note 7). Cylin-
ders are sterilized in 70% ethanol prior to use.

Fig. 1. Telomerase activity by TRAP assay in bovine adrenocortical
cells expressing human telomerase reverse transcriptase (hTERT) and in
control clones. For each clone, cell extracts at 1, 0.5, and 0.25 µg protein
were assayed. 0 are reactions with cell lysis buffer only. Left, clones 47
and 56 were derived by transfection of primary bovine adrenocortical
cells with pCI-neo-hTERT, pSV3neo, and pEGFP-N1 (28). Clone 47 was
assayed at two PDLs: (a) PDL 55 and (b) PDL 83. Clone 56 was assayed
at PDL 25. Right, clone 14 is a nongenetically modified clone previously
used for cell transplantation (29). Two other clones were derived by trans-
fection with pSV3neo and pEGFP-N1 without pCI-neo-hTERT. Amplifi-
cation of the internal control fragment (marked with an asterisk) tests for
possible inhibition of the PCR stage of the TRAP assay, which can pro-
duce false negatives. Clone 14 was assayed at PDL 30, and the two
pSV3neo-only clones were assayed at PDL 25. Reproduced with permis-
sion from ref. 28.
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Using the incision in the body wall, the left kidney is exteriorized
and a small transverse incision is made through the capsule on the
ventral surface of the kidney near the inferior pole. Using one point
of a fine forceps, a pocket is created under the capsule. A polycar-
bonate cylinder is pushed partially into the pocket under the cap-
sule, filled with culture medium, and then introduced fully into the
pocket so that the capsule on the top and the kidney parenchyma on
the bottom form a sealed space. Adrenocortical cells are introduced
into this space as follows. (2 × 106) adrenocortical cells are mixed
with 4 × 105 3T3-FGF cells, pelleted by centrifugation, and kept on
ice. For injection, the pellet is resuspended in medium, the total vol-
ume of the suspension being just greater than the volume of the
pelletted cells. The cells are introduced into the subcapsular cylin-
der by a transrenal injection using a 50-µL syringe with a blunt 26-
gage needle. After transplantation of the cells, the kidney is returned
to the retroperitoneal space and bathed in approx 3 mL of phosphate-
buffered saline. The body wall is closed with 6-0 nylon sutures and
the skin is closed with surgical staples. Animals are maintained at
35°C ambient temperature until recovery from the anesthetic.

Postoperative care for the animals includes the administration of
analgesics and antibiotics. Animals are given access to drinking
water containing 1 mg/mL acetaminophen, 0.1 mg/mL codeine, 1
mg/mL tetracycline, 1 mg/mL sulfamethoxazole, and 0.1 mg/mL
trimethoprim. The pH of the drinking water is adjusted to 6.05. If
animals have been adrenalectomized, temporary administration of
adrenocortical steroids may be necessary (28,29). At 5 wk after
transplantation, the transplanted cells have formed a mature, vascu-
larized, functional tissue structure. Figure 2 illustrates the histol-
ogy of tissue formed from telomerized bovine adrenocortical cells.
Note that there is no sign of neoplastic transformation; in particular,
the rate of cell division is very low (Fig. 3). However, not all
telomerized cell populations that we have tested can be successfully
transplanted, success being defined as the formation of a functional
tissue structure such as that illustrated in Figs. 2 and 3 (see Note 8).
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3.2.2. Intradermal Cell Transplantation in Soluble Collagen

The subrenal capsule site is an excellent site for cell transplanta-
tion but is not necessarily ideal. Some of the disadvantages may be
overcome by using intradermal cell transplantation (see Note 9).

In this procedure, the initial skin incision is made as for subrenal
capsule transplantation (see Subheading 3.2.1.). A second skin
incision is made at 90 degrees to the first, creating a triangular skin
flap (31). The inner surface of the skin flap is viewed under a dis-
secting microscope. A site next to larger blood vessels is chosen for
intradermal injection. The cells to be transplanted are resuspended
in 50 µL soluble collagen (0.2% pepsin-solubilized type I collagen,
pH 7.4; Cellagen, ICN Pharmaceuticals, Costa Mesa, CA). The mix-
ture of cells and collagen is kept on ice until use. The cell suspen-
sion is then placed in a disposable insulin syringe. Under the

Fig. 2. Histological appearance of hematoxylin and eosin-stained tis-
sues formed by transplantation of hTERT-modified bovine adrenocorti-
cal cell clones and normal adrenocortical tissue. (A and B) Examples of
tissue formed by transplantation of clone 47. (C and D) Examples of tis-
sue formed by transplantation of clone 56. (E and F) Tissue formed from
transplanted cells of clone 14, which was not genetically modified. (G
and H) Normal bovine adrenal cortex. (A–F) The mouse kidney may be
seen below the transplant tissue. Magnifications ×250 (A, C, E, and G)
and ×400 (B, D, F, and H). Reproduced with permission from ref. 28.
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microscope, the cell suspension is injected intradermally. To mini-
mize leakage from injection site, the needle is not withdrawn until a
suture (6-0 nylon) is placed to close the needle track. Postoperative
care for the animals is the same as for subrenal capsule cell trans-
plantation.

4. Notes

1. The telomerized bovine adrenocortical cells used in our published
cell transplantation experiments (28) were actually derived by trans-
fection rather than retroviral transduction. At the time these
telomerized clones were created, we did not yet have access to an
hTERT-expressing retrovirus. The telomerized clones were created

Fig. 3. Proliferation in tissues formed by transplantation of hTERT-
modified bovine adrenocortical cell clones assessed by expression of Ki-
67 antigen. (A) Tissue formed by transplantation of clone 47. (B) Tissue
formed by transplantation of clone 56. (C) Tissue formed from trans-
planted cells of a clone that was not genetically modified (clone 14). (D)
Normal bovine adrenal cortex. Magnification ×300. Reproduced with
permission from ref. 28.
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by cotransfection of cells with pCI-neo-hTERT, a plasmid in which
hTERT is expressed from the CMV promoter, and pSV3neo, a plas-
mid containing the early region of SV40 virus that expresses both
large T and small t antigens. We were forced to use cotransfection
because we found that stably transfected clones were not formed
when the hTERT plasmid, or any other plasmids, were used without
the cotransfection of pSV3neo. We theorize that this dependence on
the inclusion of a plasmid-encoding SV40 T antigen might result
from direct adverse effects of the transfection process itself in pri-
mary cells. Transfection involves the introduction of DNA fragments
into cells, which could cause a permanent cell cycle block similar to
replicative senescence, that is, a reaction to the presence of DNA
double-strand breaks. In support of this hypothesis, transfection has
been shown to increase p21, an indicator of a p53-dependent block
(J. R. Smith and S. F. Venable, unpublished observations). T antigen
is known to prevent the normally growth-inhibitory effects of p53 by
binding to and inactivating it (32). Thus, it is possible the expression
of T antigen (from plasmid pSV3neo) at the time of transfection
enables cells to divide rather than be subjected to cell cycle block.
Once past this point, further action of T antigen might be unneces-
sary, because the unintegrated plasmid DNA would have been degraded.
However, one must note that the telomerized clones of cells we used to
form functional tissue after cell transplantation were formed by
coexpression of hTERT and SV40 T antigen. What role T antigen
may play, other than preventing the immediate cell cycle block
caused by the transfection procedure itself, is not clear. In culture, T
antigen is expressed in the clones used (clones 47 and 56), although
at considerably lower levels than in cells in which T antigen is ex-
pressed from a retroviral LTR (33). This is presumably because the
promoter (the SV40 promoter) is not as strong as some other viral
promoters. Moreover, in the tissues formed by transplantation of
these cells we found an almost undetectable level of expression of T
antigen by immunocytochemistry, probably because the SV40 pro-
moter is mostly inactive in tissues in vivo (34). In contrast, when
cells that expressed T antigen from an LTR were transplanted, immu-
nocytochemistry showed high levels of expression (33). These cells
also showed a very high rate of cell proliferation, whereas the rate of
cell proliferation in tissues formed from clones 47 and 56 was no
higher than that in tissue formed from normal nonmodified cells (28).
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Subsequently, we introduced hTERT alone into bovine adrenocorti-
cal cells using retroviral techniques, as described previously. Despite
the high level of telomerase activity in these cells, and the probable
immortalization of these cells by hTERT, cells did not form tissue as
efficiently as cells that were telomerized by cotransfection of pCI-
neo-hTERT and pSV3neo; they were not able to form tissue when
grown over long periods of time (unpublished observations). This
may indicate that SV40 T antigen expressed at low levels from the
SV40 promoter may increase and/or stabilize differentiated functions
in adrenocortical cells, in agreement with earlier work in cell culture
(35,36). More study is needed to establish whether low levels of T
antigen might generally have desirable effects in telomerization of
differentiated cell types.

2. To maintain telomerase activity and thereby to avoid replicative
senescence, TERT must continue to be expressed from the inte-
grated retroviral DNA. It is possible that the retroviral promoter (in
this case the LTR) may cease to function in the long term, due to
changes in DNA methylation, histone acetylation, or other mecha-
nisms (37). However, those cells within the population that continue
to express TERT will take over the population at the expense of
those that do not; thus, expression of TERT acts as an agent of
positive selection.

3. Transplantation beneath the kidney capsule has been used for many
years to support the survival and growth of embryonic organs and
some adult tissues, including the adrenal cortex (38–40). Some
tumors that do not grow when transplanted subcutaneously can often
be propagated when placed beneath the kidney capsule. There is no
evidence that this is an immune privileged site; the important fea-
ture of this site is probably that the extracellular fluid pressure is
relatively high, giving the transplanted cells immediate access to
adequate nutrients and oxygen before vascularization occurs. These
features are probably lacking when cells are transplanted beneath
the skin, except when care is taken to protect the cells from fluid
loss (see Subheading 3.2.2.).

4. Over the first few days after transplantation of a cell suspension the
cells must form cell–cell contacts and cooperate with host endothe-
lial cells to create a functional vasculature. The support of angiogen-
esis by normal adult cells and tissues has not been as well studied as
the use of angiogenesis by cancer cells to overcome limitations on
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tumor size. Because we were unsure of the capacity of normal cells
to support angiogenesis, we began our cell transplantation studies by
cotransplanting with the adrenocortical cells a small number of 3T3
cells which make a secreted form of FGF-1 (23,29). The cells are
treated before cell transplantation to make them incapable of cell
division. They do not form an obvious part of the transplant tissue;
they may resemble pericytes. However, subsequently we showed that
bovine adrenocortical cells are capable of tissue formation without
assistance for angiogenesis (41). When they are transplanted with-
out 3T3 cells the tissue that forms at 36 d shows areas of necrosis,
even though the rest of the tissue is apparently healthy and func-
tional. The necrotic area eventually resolves with the formation of
healthy tissue about 70 d after introduction of the cells into the ani-
mal. When FGF-secreting 3T3 cells are included, the transplant tis-
sue does not show a phase where necrosis is present. The best current
hypothesis for the action of the cotransplanted 3T3-FGF cells is that
they act in a supportive role, perhaps in a manner similar to feeder
layers in culture. More study is needed to define their role.

5. Observing the properties of telomerized cells in host animals requires
xenotransplantation, the introduction of human or bovine cells into a
mouse. There have been no comprehensive studies of what specific
immunodeficiencies are required for xenotransplantation of normal
and telomerized cells; reports of successful xenotransplantation have
most often used scid mice (42–44). However, newer immunodefi-
cient mouse models, such as the RAG2/cytokine receptor gamma
subunit double knockout, are very promising (45). When there are
failures of cells to perform normally in cell transplantation in scid
mice (e.g., telomerized cells grown over long periods in culture; ref.
28) we do not yet know whether the failure could be corrected by the
use of different immunodeficient mice. One reason for testing other
models is the lower natural killer cell activity in comparison to the
scid mouse; it is possible that as telomerized and other cells are
grown over long periods they acquire changes that render them sus-
ceptible to being recognized as foreign by natural killer cells (46).

6. Adrenalectomy is used to demonstrate that animals survive the nor-
mally lethal procedure of adrenalectomy when they receive trans-
plants of telomerized adrenocortical cells, thus demonstrating that
these cells can successfully replace the essential functions of the ani-
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mals’ adrenal glands (28). However, adrenalectomy is not an essen-
tial part of the cell transplantation procedure.

7. Polycarbonate cylinders are polished by brief exposure to chloro-
form vapor or by brief immersion in chloroform. Polishing removes
rough surfaces that can provoke a foreign body reaction. Please note
that, erroneously, cylinders were originally described as being pol-
ished with dichloromethane (29).

8. Much of the process of the formation of tissue from telomerized cells
by cell transplantation is currently more art than science. We have
no ready explanations for the failures of some cell populations to
form tissue. For example, we noted that telomerized clone 47 of
bovine adrenocortical cells became progressively less efficient at tis-
sue formation after long periods of growth in culture (28). When
cells are grown for long periods of time in culture there are likely to
be changes in gene expression that may adversely affect the ability
of cells to form tissue. Such changes may not necessarily be reversed
by telomerization. However, at least in skin fibroblasts, telomerization
prevents changes in gene expression associated with replicative senes-
cence and permits the production of a normal skin equivalent after
transplantation (16).

9. For the reasons described above, we have primarily used the
subrenal capsule site for cell transplantation, but the use of other
sites in the body is clearly feasible (47,48). The ideal site would
permit rapid establishment and vascularization of the transplant
combined with easy access for repeated observations (e.g., by cuta-
neous windows; ref. 49). The subrenal capsule has consistently
given the best results, despite success in other sites of cell transplan-
tation. However, it is not conveniently accessible for repeated inter-
ventions or observations, and there is a limitation on the number of
cells that can be introduced without risking damage to the kidney or
leakage of the cell suspension. Cell transplantation beneath the skin
has the advantages of ready accessibility and no limitation on the
number of cells that can be implanted in one place. In the mouse,
which is commonly the host for cell transplantation experiments
because of the availability of immunodeficient models, the subcuta-
neous site is not hospitable for cell transplantation. Moreover, the
anatomy of the skin and underlying body wall does not permit cells
to be readily confined to one site. However, intradermal, as opposed
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to subcutaneous, cell transplantation is advantageous for tumor cell
growth in the mouse (31,50,51). For normal cells, we have shown
that when intradermal cell transplantation is used for cells suspended
in soluble collagen, a discrete tissue structure is produced in a defined
location (52).
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1. Introduction

The functional organization of the eukaryotic chromosome was
first elucidated at a molecular level in the budding yeast, Saccharo-
myces cerevisiae, providing the basis for the successful creation of
yeast artificial chromosomes (YACs) (1). The structures that confer
chromosome function have been far more difficult to determine in
multicellular eukaryotes, both because of their greater complexity
and size. Over the last decade, various strategies have been devel-
oped for creating engineered human/mammalian chromosomes.
These fall into two broad categories: the use of naked DNA contain-
ing sequences capable of de novo chromosome formation (the “bot-
tom-up” approach) or the manipulation and modification of existing
chromosomes (the “top-down” approach). In this review, we will refer
to chromosomes formed from naked input DNA as artificial chromo-
somes (ACs) and those produced from existing chromosomes as
mini- or derivative-chromosomes (depending on their final size).
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As well as helping provide a better understanding of normal chro-
mosome function, the potential of chromosome-based gene transfer
vectors in transgenic animals and as human gene therapy agents has
raised their profile in the wider community. This review aims to
describe the basic functions of vertebrate chromosomes that an engi-
neered chromosome needs to successfully recreate, the strategies for
their construction, and their current and potential uses. Although
the review will focus on human chromosomes, it should be empha-
sized that the possibility of species differences in chromosome
structure and function requirements has yet to be fully explored,
despite the long history of the somatic cell hybrid.

2. What Features Do Human Chromosomes Possess?

Human chromosomes share the same fundamental components
of all eukaryotic chromosomes in that they have a centromere, two
telomeres, and multiple replication origins. Telomeres are the pro-
tein–DNA structures that cap and protect linear chromosome ends
(2). The DNA component of all vertebrate telomeres is an array of
ds(TTAGGG)n. The introduction of just a few hundred base pairs of
ds(TTAGGG)n repeat is sufficient to induce telomere formation in
many vertebrate cell lines (3–5). In contrast to the strict sequence
requirements for telomeres the extent to which origin activity is
dependent on specific DNA elements is still far from clear (6);
however, origins occur frequently in the human genome and our
ignorance of origin DNA requirements has not posed a problem to
the development of artificial chromosomes. However, the DNA
requirements underlying the centromere/kinetochore structure are
also somewhat equivocal and this is a critical issue that cannot be
side stepped.

Microscopic visualization of the human metaphase chromosome
simply reveals the centromere as a region of constriction located
within heterochromatin. However, the centromere is perhaps the
most complex of chromosome structures with a multitude of func-
tions (7). The centromere consists of an underlying DNA compo-
nent upon which a complex of proteins known as the kinetochore
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assembles. The kinetochore provides the interface between the
underlying chromatin and the spindle microtubules. In addition, the
flanking chromatin may play key roles in sister chromatid cohesion
and in providing a heterochromatic environment. Mammalian cen-
tromeric DNA sequences show little evolutionary conservation
although a common feature appears to be the presence of vast
expanses of generally (A + T)-rich satellite DNAs. In humans and
other primates this DNA is -satellite (also known as alphoid DNA),
which is composed of a 171 bp monomer that is organized into tan-
dem arrays. These arrays may have a higher order structure, which
is itself repeated and can extend for many megabases (Mb). -satel-
lite DNAs show variation in both their sequence and in the higher
order repeat organization between nonhomologous chromosomes,
while the size of the arrays is highly polymorphic (8–10). Despite
this extensive variation, -satellite sequences are recognizable on
all normal human chromosomes and one study that examined over
17,000 normal human chromosomes failed to identify any without
it (10). The consistent presence of -satellite at human centromeres
implies a role in centromere function. Nevertheless, the existence
of two types of variant centromere—dicentrics and analphoid
neocentromeres—has revealed that primary DNA sequence is not a
strict determinant of where the kinetochore assembles and suggests
the involvement of, as yet undefined, epigenetic factors (11,12).

3. Strategies for Engineering Chromosomes

3.1. De Novo Artificial Chromosome Formation

The first-generation human ACs were constructed using the prin-
ciples of YAC assembly. Therefore, it was expected that a human
AC would require telomere sequences, centromere sequences, and
DNA that would provide origins of replication. The first human ACs
to be described were constructed from unlinked components com-
prising synthetic -satellite DNA, short arrays of ds(TTAGGG)n,
random genomic DNA fragments, and a positive selectable marker
gene. This naked DNA mixture was transfected by lipofection
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(either with or without a preligation step) into human HT1080 tis-
sue culture cells. A fluorescence in situ hybridization screen of drug-
resistant transfectants recovered revealed some with additional
minichromosomes. In most cases, these minichro-mosomes were
found to be derived from existing HT1080 chromosomes as a result
of telomere-induced fragmentation events. However, in one cell
line, a de novo human AC, composed of the input 17 -satellite
DNA, was present (13). After this study several groups indepen-
dently created mitotically stable de novo human ACs using
preassembled YAC- or P1 artificial chromosomes (PAC)-based vec-
tors containing -satellite DNA (14–19).

3.1.1. What Have These Studies Revealed About De Novo
Human AC Requirements?

It is apparent from the de novo human AC construction studies
that large fragments of mammalian DNA, including a PAC/YAC
backbone and -satellite sequences, are replication competent.
Another chromosomal element that does not appear to be necessary
for AC formation or segregation is the telomere. In most studies,
where it has been examined, the evidence suggests that the de novo
chromosomes are circular in structure, not linear, irrespective of the
presence or absence of ds(TTAGGG)n repeats in the input DNA. A
detailed study examining the effect of varying the status of an
input alphoid-containing PAC from circular to linear, capped or un-
capped by ds(TTAGGG)n repeats (17) found that the presence of
ds(TTAGGG)n repeats increased the efficiency of de novo chromo-
some formation. However, the ds(TTAGGG)n repeat had the same
effect irrespective of its orientation and the structure of the de novo
minichromosomes appeared to be circular. The authors concluded
that the presence of ds(TTAGGG)n repeats in any orientation sim-
ply served to protect the ends of the input DNA molecules from the
action of nucleases and recombinases (presumably through the bind-
ing of telomere-associated factors like TRF1 and TRF2) rather than
having a direct role in de novo telomere formation, which would be
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required for the recovery of a structurally and mitotically stable
linear minichromosome.

The average length of the input -satellite sequences in the de
novo assembly studies has been in the order of approx 100–200 kb.
However, the estimated size of the de novo structures generated has
been 1 to 10 Mb. Although the nature of the cell-mediated assembly
process is unknown it is assumed that amplification and/or
concatemerization of the input DNA molecules must occur to gen-
erate chromosome structures 10–100-fold the size of the input DNA
molecules. Whether the final size recovered reflects the require-
ments of a stable de novo circular mammalian chromosome or
whether it is simply a consequence of the assembly process is not
clear.

Although -satellite DNA derived from the main array on chro-
mosomes 17, 21, and the X have been shown to form de novo ACs
(13,14,17–19), -satellite sequences from the pericentromeric region
of human chromosome 21 and from the human Y (DYZ3) appear
very inefficient at forming de novo minichromosomes (14,16,19).
An intriguing difference between the de novo centromere-compe-
tent and -incompetent input alphoid DNAs is that the latter lack
CENP-B boxes. It appears that for efficient de novo centromere for-
mation (and hence AC recovery) a relatively homogeneous stretch
of -satellite DNA of sufficient length, exhibiting higher order re-
peat structure and containing CENP-B boxes is required (20,21).
The precise role of the CENP-B box in this process is unclear: the
CENP-B protein itself is highly conserved in eukaryotes and yet the
creation of mice lacking CENP-B had no detectable effect on chro-
mosome behavior (22–25). Moreover, binding sites for the CENP-
B protein are naturally absent from the human Y centromere, from
the centromeres of the primate African green monkey (26,27) and
from human neocentromeres (28,29), suggesting that CENP-B bind-
ing is not required for centromere function. Whether the presence
of regularly distributed CENP-B binding sites in -satellite DNA
has a direct role in promoting de novo centromere/minichromosome
formation or reflects an indirect requirement for a particular chro-
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matin structure that DNA with regularly spaced CENP-B boxes
more readily adopts has yet to be determined (20,30).

As yet most of the de novo AC studies have been undertaken in
the human tissue culture cell line HT1080. This adherent cell line is
derived from a fibrosarcoma, has a recognizable and fairly stable
human karyotype and is readily transfectable. The requirements of
the recipient cells used in de novo AC experiments have not yet
been established although successful AC generation in the human
cell line HeLa has recently been reported (31). Moreover, species
differences/ similarities have still to be investigated. For example,
is it possible to generate a de novo AC in human cells using mouse
centromeric minor satellite DNA as the input and vice versa?

3.2. Manipulation of Existing Chromosomes

3.2.1. Chromosome Fragmentation Using Cloned
Telomeric DNA

The basis of the chromosome fragmentation approach is the
removal of all sequences that are not essential to the stable self-
propagation of a chromosome. To avoid effects on cell viability the
human chromosome manipulated is maintained as a nonessential
chromosome in a somatic cell hybrid. The size of the human chro-
mosome can be reduced by the introduction of short stretches (a few
hundred base pairs) of the vertebrate telomere repeat
ds(TTAGGG)n. The ds(TTAGGG)n repeat is cloned into a plasmid
carrying a suitable positive selectable marker gene. The plasmid
DNA is introduced into the recipient cells by transfection in the
linear form, having been restricted at a unique site immediately dis-
tal to the repeat (32). The orientation of the repeat is such that on the
linear ingoing DNA molecule it mimics the natural chromosome
end. Upon integration the repeat can seed de novo telomere forma-
tion. If the de novo telomere is associated with an acentric chromo-
some arm it will be lost from the cell. If it caps a centromere-bearing
chromosome fragment a stable truncation product will be recovered
(3–5,33). Irradiation has been used as an alternative to telomere-
associated chromosome fragmentation for inducing chromosomal
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breaks, although the experimenter has less control over the outcome
(34–36).

Early attempts to generate human minichromosomes using telom-
ere-associated chromosome fragmentation relied on random inte-
gration, since homologous recombination generally occurs at a very
low frequency in mammalian cell lines. More recently human chro-
mosomes have been transferred, using cell fusion techniques, into
the recombination-proficient chicken cell line DT40 (37–41) mak-
ing it practical to target telomere-seeding events and generate prod-
ucts of defined structure. Once manipulation of the target
chromosome is completed in the DT40 cell line, it can then be
shuttled back into mammalian cell lines for further characterization
using cell fusion.

Telomere-associated chromosome fragmentation techniques have
generated minichromosomes derived from the human X and Y chro-
mosomes, as well as from the mardel (10) neocentromere-carrying
marker chromosome (42–47). The Y and X chromosome deriva-
tives are linear, structurally stable and both minichromosome series
have been systematically studied to determine mitotic stability in
the absence of drug selection. The smallest reported Y-derived
minichromosome is approx 1.8 Mb and retains only approx 100 kb
of -satellite DNA (46). The human X centromere-based
minichromosomes range in overall size from several megabases
down to <1 Mb, with some retaining <200 kb of the major X -satel-
lite locus DXZ1 (43,44,48). The X- and Y-derived minichro-
mosomes demonstrate a high level of mitotic stability in the absence
of selection in a variety of vertebrate tissue culture cell lines (44,46);
however, evidence for species differences in centromere require-
ments has been presented (42,45). The observations on human X-
and Y-derived minichromosomes, together with Q-FISH and PFGE
data on some naturally occurring human chromosomes, suggest that
for a pre-existing centromere approx 100 kb of alphoid DNA is suf-
ficient for continued maintenance and function (irrespective of
whether CENP-B boxes are present). The neocentromere-based
minichromosomes that have been reported range in size from approx
0.7 to 1.8 Mb, with both circular and linear derivatives recovered
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(47). These mammalian minichromosomes, which lack typical cen-
tromeric repeat DNA, were found to be both structurally stable and
to show low loss rates in HT1080 cells.

3.2.2. Other Manipulation Techniques

Various other techniques have been used to alter endogenous
chromosomes. One involves the integration of exogenous DNA into
the pericentromeric regions of a host human or mouse chromosome.
Amplification of DNA at the integration site can result in breakage
events and the generation of stable de novo satellite DNA-based
chromosomes in the 60–400 Mb size range (49,50). Another strat-
egy has been to manipulate naturally occurring marker chromo-
somes to reduce their size using irradiation, or to introduce
selectable cassettes and genes of interest through random or tar-
geted integration (34,36,51,52).

3.3. Transfer of Engineered Chromosomes into Cells

The relatively large size of de novo ACs and minichromosomes
limits the techniques that can be used to transfer them into cells. In
the de novo centromere experiments, the components have been
introduced as naked DNA, using transfection techniques such as
lipofection. Improvements in the efficiency of uptake of large DNA
molecules may be obtained by targeting the alphoid DNA constructs
to specific cell surface receptors, by using condensing reagents
(such as polyethylenimine), or through using viral packaging. Thus,
introduction of large naked DNA molecules with a reasonable level
of efficiency, although not trivial, does seem feasible. The major
limitation with de novo assembly is that the experimenter has little
influence over the outcome of the cell-mediated process and this
may be complicated by the input DNA inserting randomly into the
recipient genome causing insertional mutagenesis or unwanted frag-
mentation events.

To transfer existing chromosomes as chromatin cell fusion (whole
cell or microcell) is generally the technique of choice. However,
fusion is an extremely inefficient process, fragmentation may occur
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and unwanted chromosomes from the donor cell may also be trans-
mitted. Recently a protocol has been devised for purifying large
satellite DNA-based chromosomes as chromatin using a fluores-
cence-activated cell sorter. This creates a soup of purified ACs with
their associated proteins still attached, which can be transferred into
cultured mammalian cells using either cationic dendrimers, lipids,
or by microinjection into mouse pronuclei (53,54). Purification of
these satellite DNA-based chromosomes away from the host chro-
mosomes by fluorescence-activated cell sorting is possible because
of their large size and biased base composition. Flow sorting of
small minichromosomes based purely on size would likely produce
heavy contamination from fragmented chromosomal debris and as
yet successful strategies have not been reported.

3.4. Transgene Expression

A potential problem with chromosome-based vector applications
is centromere-associated gene silencing, which has been described
in yeast, flies, and mice. Genes have been integrated into engineered
chromosomes both through the manipulation of existing
minichromosomes in cultured cells or through incorporation of
genomic DNA spanning a gene of interest as part of the de novo AC
assembly process. One of the first indications that proximity to cen-
tromeric (and telomeric) chromatin may not necessarily be a con-
straint to vector development came from Bayne and colleagues, who
were able to show that expression of a hygromycin resistance gene
driven off a strong viral promoter (SV40 early promoter) placed
between a functional telomere and centromeric -satellite sequence
on a human X chromosome derivative, was not detectably repressed
(55). Selectable marker genes driven by viral promoters are rou-
tinely incorporated into chromosome derivatives during telomere-
associated chromosome fragmentation. Others have reported
retrofitting existing minichromosomes with genes other than select-
able markers; for example a 5.5 Mb human chromosome 1-derived
minichromosome has been retrofitted with a cDNA version the
interleukin-2 gene placed under a viral promoter (52). After transfer
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of the retrofitted minichromosome into a murine lymphoblastoid
cell line by cell fusion sufficient cytokine was produced to relieve
the cells of their interleukin-2 dependence, an encouraging demon-
stration of the feasibility of using engineered minichromosomes as
gene vectors.

It has been also been demonstrated that human housekeeping
genes can be expressed under their own promoters from relatively
small de novo ACs. A 404 kb BAC construct, assembled to include
a 162 kb genomic fragment containing the hypoxanthine guanine
phosphoribosyltransferase (HPRT) gene with its own promoter, 220
kb of human 17 -satellite DNA and telomere sequences, has been
used to generate de novo minichromosomes capable of complement-
ing HPRT-deficient HT1080 cells after direct selection in HAT
medium (56).

In parallel with this, another group cotransfected a PAC-based
vector containing 70 kb of human 21 -satellite DNA with a second
PAC containing a 140 kb genomic fragment encompassing the
human HPRT gene. In this experiment clones were selected for based
on incorporation of a positive selectable marker and de novo ACs
composed of both input DNAs were subsequently demonstrated to
show persistent transgene expression and to complement the HPRT
deficiency in recipient HT1080 cells (31). These reports presented
evidence for differences in the structure and mitotic stability of de
novo ACs that had incorporated the HPRT transgene compared with
those generated with alphoid DNA alone: the AC-transgene vectors
contained multiple copies of the alphoid input DNA interspersed
with large tracts of vector and HPRT sequences and were less
mitotically stable. Nevertheless, despite these differences, genes
incorporated into small de novo ACs are capable of sufficient
expression to correct a genetic deficiency in cultured immortal cells.

4. ACs and Minichromosomes as Research Tools

4.1. Chromosome Structure and Function

Minichromosome formation should offer considerable insight
into the role of primary DNA sequence and epigenetic factors in
centromere formation and maintenance. The assembly of ACs using
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a variety of different DNA sequences provides a method for the
systematic assessment of the relationship between primary DNA
sequence and centromere formation. As yet attempts to generate
de novo centromeres using DNA underlying analphoid
neocentromeres have failed to recover ACs (47). However,
analphoid centromeres are rare and might be initiated via an uncom-
mon pathway for centromere formation. Clearly the DNA require-
ments for de novo centromere formation are distinct from those
involved in the continued maintenance of an existing centromere.

Minichromosomes also offer the potential to duplicate and vary
dicentric chromosomal rearrangements to determine how epigenetic
modifications are coordinated. In vitro assembly of ACs followed
by modifications to replicate the putative epigenetic mechanisms
prior to their transfer into cells could also provide a method for actu-
ally testing the various proposed epigenetic determinants.

Defined minichromosomes will help answer basic questions
about the effects on mitotic stability of decreasing chromosome size
and the influence on this of chromosome structure (circular or lin-
ear) and centromeric DNA make-up. They may also help to answer
other complex questions pertaining to cell cycle regulation, initia-
tion of DNA replication and telomere function. The ability to incor-
porate DNA fragments of almost unlimited size will make them
invaluable tools for examining coordinated regulation of genes clus-
ters, position effects and long range gene regulation, X inactivation,
and genomic imprinting.

4.2. Transchromosomal Mice

The generation of transgenic animals carrying extra chromo-
somes is an exciting prospect allowing for basic research into the
chromosomal requirements of meiosis, the creation of mouse mod-
els of human genetic diseases and the expression of large human
transgenes in animals. Transchromosomal mice have been gener-
ated both via the embryonic stem (ES) cell route and through pro-
nuclear injection.

One of the first demonstrations that a single, additional, and struc-
turally defined minichromosome could be passed through the mouse
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germline was reported by Shen and colleagues (45). A human Y-
derived minichromosome was found to be unstable in mouse cells
but was rearranged and stabilized through the acquisition of mouse
centromeric DNA. This 4.5 Mb linear minichromosome was trans-
ferred into mice via the ES cell route, where it was stable and was
occasionally transmitted through the germline. Others have intro-
duced modified human marker chromosomes and chromosome frag-
ments into mice via ES cells and have also obtained germline
transmission (57–60). A murine satellite DNA artificial chromo-
some (designated a SATAC) has been successfully transferred into
mice by pronuclear injection of flow-sorted chromosomes and
germline transmission was obtained (54). It is clear from these
reports that the retention of minichromosomes and chromosome
fragments in cultured and in somatic cells and the efficiency of
germline transmission in transchromosomal mice varies, but as yet
the requirements for mitotic and meiotic stability have not been sys-
tematically examined. Crucially these studies demonstrate that the
presence of an extra univalent chromosome is not necessarily in-
compatible with meiosis.

Two groups have taken the transgenic approach a step further
and have used site-specific recombination (Cre/loxP) to retrofit
modified human chromosomes with genes of interest: human HPRT
(60) and the human immunoglobulin (Ig) heavy and light chain
genes (61). The genes were stably expressed after transfer into mice
via ES cells and cell fusion. The latter study, in which human anti-
bodies were produced in mice, illustrates the feasibility of engineer-
ing chromosomes to carry megabase-sized inserts. This technology
has now been combined with somatic cell nuclear transfer to gener-
ate  cloned transchromosomal calves producing human immuno-
globulin (62).

5. Chromosome-Based Vectors for Human Somatic
Gene Therapy?

The correction of human disease by altering the genetic comple-
ment of cells is the Holy Grail of modern medicine. For much of the
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last decade, gene therapy cures have seemed just around the corner.
However, technical difficulties in transferring DNA to target tis-
sues and maintaining appropriate expression patterns have been
major obstacles. One exciting possibility for gene therapy is the use
of chromosome-based gene transfer vectors, which will allow DNA
fragments of unlimited to size to be stably maintained in human
cells on independently segregating chromosomal elements.

 5.1. Ideal Chromosome Vector for Gene Therapy

Any chromosome-based gene transfer vector should have a simi-
lar level of structural and mitotic stability to the endogenous human
chromosomes. Several studies have observed good structural stabil-
ity and high retention rates for ACs and minichromosomes; how-
ever, some caution is required because these observations were
made in cultured immortal cell lines, not in primary somatic cells
(13,14,19,44,46,63). Flexibility in the range of DNA fragment sizes
that can be incorporated into the AC would be very desirable. This
would allow anything from small genes to whole chromosomal
regions to be inserted into the chromosome vector. Conceptually
and experimentally there does not appear to be any upper limit on
the size of the genetic material that can be included, allowing regu-
latory sequences many tens (or even hundreds) of kilobases away
from the body of the gene to be included, thereby maximizing the
likelihood of correct temporospatial gene expression. In addition
the transfer of entire clusters of genes would provide the potential
to correct contiguous gene-deletion syndromes. As yet, whether
there is a lower size limit for a stable human chromosome and
whether this varies depending on chromosome structure has not
been determined. Any chromosome-based vector should be devoid
of virally encoded antigens or foreign proteins of any kind that
would stimulate the immune system. Most problematic is the desire
for any chromosome-based vector to be amenable to easy delivery
to the target cell population. The chromosome-based vector itself
will have a passive role in the uptake process, carried in by virally
or chemically based agents. With current strategies of chromosome
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engineering and low efficiency delivery techniques, ex vivo gene
therapy (where the chromosome vector is both constructed and
inserted into patients’ cells outside the body followed by reintro-
duction of the modified cells into the patient) is the only realistic
option.

6. Prospects

Our accelerating understanding of chromosome function is rap-
idly removing the obstacles to efficient generation of artificial chro-
mosomes, with substantial progress made in defining an optimal
structure. Although major breakthroughs in manufacture and deliv-
ery are essential before application in the gene therapy arena can be
realized, nevertheless, this progress is helping to embody artificial
chromosomes with many desirable features for basic research in
cultured cells and for creating transgenic animals. This an exciting
time of discovery, not only for chromosome engineering, but also
for developing artificial chromosomes as tools for biology and
medicine.
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1. Introduction

An artificial chromosome is a synthetic structure that carries three
fundamental components for its long-term survival, replication, and
segregation after cell division. These components are telomeres, one
or more replication origins, and a centromere. The creation of such
a molecule became feasible initially in the budding yeast Saccharo-
myces cerevisiae, where replication origins and centromeric
sequences are well defined. In this organism, autonomously repli-
cating sequences (ARS) were isolated by their ability to allow repli-
cation of plasmids carrying them. Plasmids containing an ARS
element are capable of extrachromosomal replication in selective
conditions but are lost if selection is removed from the culture
because of unequal segregation. Introduction of a functional cen-
tromere to an ARS plasmid provides mitotic stability to the resulting
yeast artificial chromosome (YAC) (reviewed by Newlon in ref. 1).

In contrast with S. cerevisiae, the DNA sequences necessary for
replication and segregation in mammalian cells are poorly under-
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stood. In particular, the nature and indeed the existence of the cis-
acting DNA sequence necessary for centromerization in mamma-
lian cells remains controversial. To fill these gaps, much work has
been dedicated to developing strategies for the construction of mam-
malian artificial chromosomes (MACs). One reason for these efforts
is that MACs could be very useful tools to elucidate basic aspects of
mammalian chromosome function and structure. In addition, the
ability to produce MACs would have important implications in the
field of gene therapy. Effective therapy by in vivo delivery of DNA
requires efficient delivery, long-term maintenance, and expression of
the therapeutic gene in the target cells. Full controlled expression at
physiological levels can be achieved after the transfer of intact
genes, together with their regulatory regions, spanning hundreds of
kilobases. Long-term maintenance and segregation in mammalian
cells of the input DNA could be attained if the DNA carried replica-
tion origins, a centromere, and telomeres. These features may be
combined in a MAC or minichromosome, which would make them
ideal vectors for gene therapy.

Two approaches to the construction of the above chromosomal
structures are being pursued.

In the top-town approach, cloned telomeric DNA is used to frag-
ment a natural chromosome into a minichromosome through one or
more rounds of telomere-directed chromosome breakage. This strat-
egy has been applied successfully to generate: (1) a series of linear
minichromosomes based on the human X centromere (2); (2) a 5.5-
mb minichromosome derived from human chromosome 1 (3); and
(3) a 4.5-Mb minichromosome named St1, which originated when a
human Y chromosome truncated derivative rearranged in a mouse
cell line, acquiring mouse centromeric satellite DNA in the process
(4,5). Minichromosomes have also been created in some lower
organisms, including the fruit fly Drosophila melanogaster (6) and
the parasitic protozoan Trypanosoma brucei (7).

The bottom-up approach is based on the assembly of MACs from
cloned elements combined in the laboratory and then introduced
into mammalian cells. Harrington et al. (8) synthesized -satellite
arrays through the multimerization of a single -satellite higher order
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repeat unit from human chromosomes 17 and Y. After introducing
these arrays into the human cell line HT1080, combined with
telomeric and fragmented human genomic DNA, they obtained artifi-
cial chromosomes with an estimated size of 6–10 Mb. Following a
similar strategy, different -satellite arrays have been tested for their
ability to induce de novo chromosome formation. Ikeno et al. used
two 100-kb YACs containing two different subfamilies of -satel-
lite repeats from human chromosome 21 propagated in a recombi-
nation deficient host strain (rad52) (9). To overcome instability of
YACs containing heterochromatic sequences, telomeres and select-
able markers were retrofitted in these clones after transiently
expressing the protein Rad52 required for recombination. Only one
of the two YACs ( 7c5hTEL) was able to form MACs in HT1080
(9). In another example, a MAC was produced by transfection of a
YAC containing satellite sequences (including -satellite) and
modified to contain human telomeric DNA and a putative origin of
replication from the human -globin locus (10). Recently, our
laboratory has been able to efficiently produce MACs from PAC
(phage P1-based artificial chromosome) vectors containing -sat-
ellite derived from the YAC construct 7c5hTEL (11). Upon
lipofection of the PAC construct pTAT/7c5/BS (see Fig. 1) in the
cell line HT1080, de novo artificial chromosomes were observed in
at least 50% of the resulting clones (see Fig. 2). Of these, many
contained a MAC in 80% or more of the cells (11).

In this chapter, we describe in detail the procedure to induce MAC
formation in HT1080 cell line by means of the lipofection of the
pTAT/7c5/BS construct. These methods are applicable to any cir-
cular construct grown in a bacterial host.

2. Materials

2.1. PAC DNA Extraction

This method follows a modified protocol from the standard
Qiagen Maxiprep kit, where most of the materials listed can be
obtained (see Note 1).
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1. Sorvall rotors SLA-1500 and SS-34 or equivalents.
2. 250-mL centrifuge bottles to fit rotor SLA-1500, autoclaved.
3. 30-mL Corex tubes and rubber adaptors to fit rotor SS-34, baked.
4. Plastic funnels.
5. Whatman No. 1 filter paper.
6. 50-mL Falcon tubes.

Fig. 1. Diagram of the PAC construct pTAT/7c5/BS, which has the
ability to induce de novo formation of MACs in HT1080 cells. Its main
components are (1) two 800-bp telomeric cassettes inserted in opposite
orientations (TEL); (2) blasticidin resistance gene (BSR), for selection in
mammalian cells; and (3) 70 kb of centromeric -satellite DNA from
human chromosome 21 ( 21-I). This satellite DNA is also thought to
provide the necessary replication origins in human cells (12). Other com-
ponents include a loxP site for the in vivo insertion of genes using the
Cre-Lox system and the unique restriction enzyme site SalI, which can be
used for the cloning of additional elements. This construct can be linear-
ized by digestion with either XhoI or the very rare cutting enzyme I-SceI,
leaving a linear MAC precursor with telomeric cassettes at both ends.
Both linear forms and circular forms are able to induce de novo MAC
formation (11). The PAC backbone is based on pPAC4 (13).
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7. Box of autoclaved 200-µL pipet tips with the ends cut (wide bore).
8. Solution P1 (resuspension buffer): 50 mM Tris-HCl, pH 8.0; 10 mM

ethylenediamine tetraacetic acid.
9. RNAse A, 100 mg/mL stock (Sigma).

10. Solution P2 (lysis buffer): 200 mM NaOH; 1% sodium dodecyl sul-
fate (SDS).

11. Solution P3 (neutralization buffer): 3 M potassium acetate, pH 5.5.
12. Q500 resin column (Qiagen GmbH, Germany).
13. 2% SDS solution.
14. Solution QBT (equilibration buffer): 750 mM NaCl; 50 mM MOPS,

pH 7.0; 15% isopropanol; 0.15% Triton X-100.

Fig. 2. Photograph of a HT1080 metaphase after FISH using the probe
p11.4 specific for -satellite DNA (see Note 18). The main picture shows
the p11.4 probe in white with the chromosomes counterstained with
DAPI, whereas the inset shows only the DAPI signal. A small MAC is
indicated by an arrowhead.
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15. Solution QC (wash buffer): 1 M NaCl; 50 mM MOPS, pH 7.0; 15%
isopropanol.

16. Solution QF (elution buffer): 1.25 M NaCl; 50 mM Tris-HCl, pH 8.5;
15% isopropanol.

17. Isopropanol (ice cold).
18. 70% Ethanol.

2.2. PAC DNA Purification for Lipofection

1. Pulsed field gel electrophoresis apparatus.
2. Scalpel and small spatula.
3. 2-mL microfuge tubes.
4. 45°C and 65°C waterbaths.
5. Low melting point agarose (Ultrapure LMP Agarose. GibcoBRL).
6. 0.25 TBE buffer (dilute from 20 stock: 1.78 M Tris-HCl pH 8.3;

1.78 M boric acid; 100 mM ethylenediamine tetraacetic acid).
7. Ethidium bromide 10 mg/mL stock.
8. Agarase (1 U/µL) and 25 agarase buffer (Roche, Germany).
9. Phenol:chloroform:isoamyl alcohol (25:24:1; Sigma).

10. Isopropanol.
11. 70% Ethanol.

2.3. Tissue Culture and Lipofection

Standard tissue culture tools and materials are not listed.

1. 25-cm2 and 75-cm2 tissue culture flasks.
2. HT1080 human fibrosarcoma cells in culture.
3. Dulbecco’s modified Eagle medium culture medium (GibcoBRL)

supplemented with 10% bovine calf serum (Hyclone, UT), and peni-
cillin/streptomycin (100 U/mL penicillin; 100 µg/mL streptomycin).

4. Optimem I (GibcoBRL; serum-free culture medium).
5. Phosphate buffered saline solution (PBS; 150 mM NaCl; 3 mM

Na2HPO4; 1 mM KH2PO4).
6. Blasticidin S Hydrochloride (ICN Biochemicals, OH). Stock 100 mg/mL

stored at 4°C.
7. Lipofectamine Plus reagents (GibcoBRL).
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2.4. FISH Analysis

2.4.1. Chromosome Preparation

1. Phase-contrast microscope.
2. Waterbath at 37°C.
3. 15-mL Falcon tubes.
4. Benchtop centrifuge with adaptors for 15-mL Falcon tubes.
5. Disposable 1-mL plastic pipets.
6. Colcemid (marketed as demecolcine; Sigma) 10 µg/mL stock.
7. Warm (37°C) hypotonic solution: 75 mM KCl.
8. Ice-cold fixative 3:1 methanol:glacial acetic acid. Freshly prepared.

2.4.2. Slide Preparation

1. Glass microscope slides. Kept stored in ethanol.
2. Vacuum chamber with slide rack. Vacuum pump.
3. Incubator at 37°C to store the vacuum chamber.

2.4.3. Probe Labeling for Fluorescence
In Situ Hybridization (FISH)

1. Waterbath at 16°C.
2. Nick translation (NT) buffer, 10X stock (0.5 M Tris-Cl, pH 7.8; 50

mM MgCl2; 10 mM -mercaptoethanol; 500 µg/mL bovine serum
albumin).

3. AGC nucleotide mix (dATP, dGTP, dCTP 0.5 mM stock; ABgene, UK).
4. dTTP (0.5 mM stock; ABgene, UK).
5. Biotin-16-dUTP 1 mM (Roche, Germany).
6. Digoxigenin -11-dUTP 1 mM (Roche, Germany).
7. DNAse I 10 U/µL (Roche, Germany).
8. Polymerase I (10 U/µL; GibcoBRL).
9. DNA for vector probe: pPAC4 (PAC vector).

10. DNA for 13/21: p11.4 (specific at high stringency for alphoid
arrays present in chromosomes 13 and 21, see Note 18).
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2.4.4. Hybridization

1. Waterbaths at 37 and 73°C.
2. Staining trough with 2X SSC (20X SSC: 0.3 M sodium citrate; 3 M

NaCl; pH 7.0) plus 25 µg/mL RNAseA at 37°C.
3. Staining troughs with 70, 90, and 100% ethanol.
4. Empty staining trough in the 73°C waterbath.
5. Metal tray in a 37°C waterbath covered with aluminium foil.
6. Vacuum chamber with slide rack.
7. Speedvac machine.
8. Coverslips, 22 × 22 mm kept stored in a 50-mL Falcon tube with

ethanol.
9. Rubber solution to seal coverslips.

10. Sonicated salmon sperm (10 mg/mL).
11. Hybridization solution (50% deionized formamide; 20% dextran sul-

phate; 2X SSC; 1% Tween 20).
12. 70% Formamide/4X SSC, freshly prepared, prewarmed at 73°C for

chromosome denaturation (see Note 2).

2.4.5. Stringency Washes and Label Detection

1. Waterbaths at 37, 45, and 60°C, with an empty staining trough in each.
2. Coverslips, 22 × 40 mm. Kept stored in a 50-mL Falcon tube with

ethanol.
3. 2X SSC at 45°C.
4. 0.5X SSC at 60°C.
5. 4X SSC/0.1% Tween 20 at 37°C.
6. 4X SSC.
7. Blocking reagent (5% skimmed milk in 4X SSC).
8. Rhodamine conjugated anti-digoxigenin (sheep Fab fragments) 200

µg/mL stock (Roche, Germany).
9. Fluorescein avidin DCS (cell sorter grade) 2 mg/mL stock (Vector

Laboratories).
10. DAPI/Vectashield mountant. Make a 50 µg/mL stock of DAPI

(Sigma) in distilled water. Dilute stock 1/25 with Vectashield (Vec-
tor Laboratories) and store at 4°C (see Note 3).
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3. Methods

3.1. PAC DNA Extraction

The construct pTAT/7c5/BS (see Fig. 1) was maintained in the
Escherichia coli strain DH10 . DNA was extracted using the
Maxiprep kit from Qiagen, according to the following protocol,
modified from the manufacturer’s instructions (see Note 4).

1. Distribute 800–1200 mL overnight culture in 250-mL centrifuge
bottles, to fit Sorvall rotor SLA-1500 or equivalent (see Note 5).

2. Centrifuge at 4°C for 10 min at 4500 rpm (3000g max.).
3. Discard supernatant and resuspend each pellet in 10 mL solution P1,

containing 100 µg/mL RNAse A (see Note 6).
4. Add 10mL lysis solution P2 to each bottle, mixing well but gently

and let stand 5 min at room temperature.
5. Add 10mL ice cold solution P3 and let stand on ice for 30–40 min,

mixing ocassionally in a gentle manner.
6. Meanwhile, wash three to six funnels with 2% SDS, rinse well in

distilled water, and air-dry.
7. Centrifuge bottles at 4°C and 6000 rpm (5400g max.) for 15 min.
8. Meanwhile, equilibrate a single Q500 Qiagen column with 10 mL

solution QBT, placed on a 500-mL conical flask. Also, prepare
Whatman No. 1 filters on the funnels, and prewet in solution QBT.
(see Note 7).

9. Filter supernatant through filters into 50-mL Falcon tubes. Pour fil-
tered solution gradually into Q500 column.

10. When all the solution has been loaded into the column, wash twice
with 30 mL solution QC.

11. Elute DNA with 15 mL of hot (65°C) solution QF into a 30-mL baked
Corex tube.

12. Precipitate DNA with 12 mL cold isopropanol, mixing very gently
by inversion. Better yields are obtained after overnight precipitation
at 4°C, but 30–60 min is usually enough.

13. Centrifuge tubes at 4°C using Sorvall rotor SS-34 or equivalent, for
30 min at 12,500 rpm (18,700g max.). Make a mark on the tubes to
aid locating the pellet after centrifugation.
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14. Discard supernatant carefully. Wash with 2 mL of 70% ethanol. Cen-
trifuge as previously for 10 min.

15. Pipet out the supernatant, carefully, first with 1-mL tips and then
with 200-µL tips, to remove as much liquid as possible without dis-
turbing the DNA pellet.

16. Air-dry for 5 min and resuspend in 300–400 µL sterile distilled water
(see Note 8). The solution will appear very viscous.

17. Transfer DNA solution to a 1.5-mL microfuge tube using wide bore
tips and measure concentration on the spectrophotometer.

18. Optional: washing the walls of the tube again with 100 µL of sterile
water will allow recovery of some more DNA, typically at approx
150–200 ng/µL.

3.2. PAC DNA Purification for Lipofection

Circular or linear DNA (i.e., after digestion with the restriction
enzymes I-SceI or XhoI; see Fig. 1) can be isolated from a low melt-
ing point (LMP) agarose gel. In addition, purification of PAC DNA
from a gel results in enhanced MAC formation rates, as compared
with DNA purified by other methods (see Note 9).

3.2.1. Pulsed Field Gel Electrophoresis (PFGE)

1. Cast a 1% LMP agarose gel in 0.25X TBE buffer. Make a large band
by taping together several comb teeth as appropriate, enough to hold
about 30–40 µg (see Note 10) of PAC DNA without overloading the
gel (see Note 11).

2. Load samples inside the PFGE apparatus containing 0.25X TBE
buffer. Turn buffer pump off to avoid disturbing the wells while load-
ing. A small amount of the PAC DNA solution is also loaded in a
normal size well next to the large band containing the bulk of the DNA.

3. Prerun the gel, with the buffer pump off, for 30–40 min at 100 V as
in a conventional electrophoresis run (set to constant angle, positive
electrode at the bottom of the gel) to allow the samples enter the gel.

4. Turn buffer pump on again, and run PFGE. We use a Rotaphor Type
V apparatus (Biometra, Germany), with 30 cm between electrodes.
For a construct of the size of pTAT/7c5/BS we use the following
conditions.
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Run length: 20 h
Temperature: 11°C
Voltage: constant 180 V
Angle: constant 120°
Switch times: 10–30 s, linear ramp

5. After the run is complete, cut a vertical strip of agarose containing
the large band, and stain the rest of the gel for 30 min in an ethidium
bromide bath (20 µL of 10 mg/mL stock solution into 600 mL of
electrophoresis buffer) (see Note 12).

6. Locate position of DNA and cut a mark on the edge of the stained
gel. Then, use this mark to position the band on the unstained strip of
agarose. Cut agarose-containing DNA of interest with a clean scal-
pel. Weigh agarose.

3.2.2. DNA Extraction From the LMP Gel

We use Agarase (Roche, Germany) to digest the agarose and
recover the DNA.

1. Cut agarose into pieces suitable for treatment in individual tubes.
For a 2-mL microfuge tube, pieces of up to 1 mg are adequate.

2. Add 25X agarose buffer to the 2-mL microfuge tubes as required
and melt in a 65°C waterbath. Make sure the agarose is completely
molten (see Note 13).

3. Transfer to a 45°C waterbath for 5 min to equilibrate temperature
and then add agarase (about 2 U/100 mg of agarose) to the tubes.
Mix well and incubate for 90 min (see Note 14).

4. Check the agarose digestion by incubating the tubes on ice for 5 min.
If they do not remain liquid, melt again, and repeat digestion after
adding more agarose.

5. Extract DNA with phenol/chloroform, mixing very gently to avoid
damage to the high molecular weight DNA. Collect supernatant into
a fresh 2-mL microfuge tube.

6. Precipitate DNA with isopropanol at 4°C and centrifuge (see Note
15). Wash pellet with 70% ethanol, spin again, and resuspend in 20–
40 µL sterile distilled water.

7. Measure DNA concentration.
8. Optional: run a small aliquot on a gel to check DNA has not degraded

significantly during these manipulations.
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3.3. Tissue Culture and Lipofection

1. Split HT1080 cells the day prior to lipofection into 6-well plates, at
different densities, aiming to obtain enough wells at approx 50–70%
confluency the next day (see Note 16).

2. Select wells for lipofection. Include a negative control (no input
DNA) to check the action of the selection.

3. Prepare pairs of 1.5-mL microfuge tubes for each lipofection. In tube
A mix DNA (1–2 µg, see Note 17) and PLUS reagent (6 µL per µg
DNA) with 100 µL Optimem (serum-free medium). In tube B dilute
lipofectamine (5 µL/µg of DNA) in 100 µL Optimem. Let stand both
tubes for 15 min at room temperature.

4. Mix tube A with B, and let stand another 15 min at room temperature.
5. Remove medium and wash cells with prewarmed (37°C) PBS, then

add 800 µL prewarmed Optimem to each well.
6. Add lipofection mixture to each well, mix gently, and incubate cells

for 3–5 h.
7. Add 4 mL normal culture medium (complete, without selection) and

incubate overnight.
8. Day 1 postlipofection. Remove medium, wash with PBS, and add 3–

4 mL normal medium.
9. Day 2 postlipofection. Expand to 25–75-cm2 tissue culture flasks.

10. Day 3 postlipofection. Apply selection: blasticidine 4 µg/mL.
11. Check the negative control to see when blasticidine kills the cells.

Usually clones can be picked up after 2–3 wk after lipofection.
12. Collect clones into 24-well plates and expand into tissue culture

flasks. Freeze cells from a confluent 25-cm2 flask and prepare chro-
mosomes from a 75-cm2 flask for subsequent FISH analysis.

3.4. FISH Analysis

Chromosome preparations from the clones obtained are routinely
analysed by two-color FISH using probes specific for vector sequences
(pPAC4) and for the alphoid array (p11.4) (see Note 18).

3.4.1. Chromosome Preparation

1. Split cells into a 75-cm2 flask 1 d in advance. The aim is to obtain an
actively dividing cell monolayer at approx 70–80% confluency for
chromosome preparation.
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2. Add colcemid to the culture medium to a final concentration of 0.1
µg/mL. Incubate at 37°C for 2 h (see Note 19).

3. Shake flask to dislodge cells, collect medium in a 15-mL benchtop
centrifuge tube, and pellet cells at about 200g (see Note 20) for 4 min.

4. Remove supernatant.
5. Add a few milliliters of PBS to the flask, shake again, and collect

into the same 15-mL tube. Repeat centrifugation.
6. Remove supernatant, leaving only enough liquid to resuspend the

cells.
7. Add 10 mL prewarmed (37°C) hypotonic solution (75 mM KCl) gen-

tly, making sure the cells are well resuspended. Incubate at 37°C for
12 min (see Note 21).

8. Centrifuge cells and discard supernatant as above. Resuspend gently
the cells in the small volume of liquid remaining.

9. Add 10 mL fixative (3:1 methanol:acetic acid, prechilled in ice)
dropwise at first, gently mixing with the cells.

10. Centrifuge cells and discard supernatant.
11. Finally, fix the cells by adding another 10 mL ice-cold fixative. Store

at 20°C until needed (see Note 22).

3.4.2. Slide Preparation

For FISH, we usually prepare the slides 1 d in advance.

1. Concentrate cell suspension. If there are enough cells, this is easily
done by carefully pipetting out 5–6 mL of the fixative, as cells sedi-
ment while in storage at the bottom of the tubes. Otherwise, a brief
centrifugation will help minimize cell loss (1 min at 200g is suffi-
cient), and then remove enough supernatant to leave a concentrated
suspension. Keep tubes in ice (see Note 23).

2. Wipe slides with ethanol by rubbing energically with a lint-free cloth.
Label slides with a soft-lead pencil.

3. Let a drop of cold cell suspension fall onto the slide from a height of
approx 10–15 cm. Wash three or four times the slide with fixative
over a beaker using a disposable plastic pipet (see Note 24). Let it
air-dry.

4. Check chromosomes using a phase-contrast microscope. More
material can be added on the same slide by repeating step 3.

5. Aging of slides: store slides in a vacuum chamber at 37°C overnight.
Alternatively, leave at room temperature for 2–3 d.
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3.4.3. Probe Labeling for FISH

DNA to be used as a probe for FISH was labeled by the nick
translation method. We usually labeled the alphoid probe (p11.4)
with digoxigenin and the vector probe (pPAC4) with biotin. There
are slight differences in the protocol between the two labels.

3.4.3.1. BIOTIN LABELING

1. Mix 2 µL NT buffer (10X); 7.5 µL AGC nucleotide mix (0.5 mM
stock); 2.5 µL bio-16-dUTP (1 mM stock); 1 µL of DNAse I (10 U/
mL in water, make fresh each time); and 500 ng DNA plus water
(total volume 6 µL).

2. Mix well and pulse spin.
3. Add 1 µL polymerase I (10 U/µL) and incubate for about 90 min

at 16°C.
4. Check the size of the resulting fragments by briefly running a 2-µL

sample in an agarose gel. A smear of between 150–400 bp is desir-
able. If the smear is larger or smaller, adjust DNAse I concentration
accordingly.

5. Store labeled probe at 20°C (see Note 25).

3.4.3.2. DIGOXIGENIN LABELING

The labeling procedure is identical, but using the following mix-
ture at step 1:

2 µL NT buffer (10X)
7.5 µL AGC nucleotide mix (0.5 mM stock)
1.5 µL dTTP (0.5 mM stock)
1 µL dig-11-dUTP (1 mM stock)
1 µL DNAse I, (10 U/mL in water; make fresh each time)
500 ng DNA plus water (total volume 6 µL)

3.4.4. Hybridization

1. Incubate slides for 1 h at 37°C in 2X SSC plus 25 µg/mL RNAseA in
a staining trough.

2. Wash slides briefly in 2X SSC at room temperature, and dehydrate
through 70%, 90%, and 100% ethanol series for 3 min each.
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3. Dry slides under vacuum. Place 70% ethanol on ice.
4. Aliquot 2–3 µL of each labeled probe, plus 0.5 µL salmon sperm (10

mg/mL stock) in individual 1.5 microfuge tubes, one per slide. Add
10 µL cold ethanol, and dry in a Speedvac machine.

5. Add 11 µL hybridization solution (see Materials section) to each
tube and resuspend probe for 1 h at room temperature.

6. Warm slides in an empty staining trough in a 73°C waterbath for
5 min.

7. Denature slides in prewarmed (73°C) 70% formamide/4X SSC for
exactly 2.5 min.

8. Rapidly plunge slides into ice-cold 70% ethanol and leave 3 min.
Continue dehydrating through the ethanol series as above. Dry under
vacuum.

9. Denature probe by placing tubes in the 73°C waterbath for 5 min and
transfer quickly to ice.

10. Put 11-µL probe onto clean 22 × 22 mm coverslips and mount slides,
avoiding bubbles.

11. Seal coverslips with rubber solution and place slides in metal tray
inside a 37°C waterbath. Hybridize overnight.

3.4.5. Stringency Washes and Label Detection

1. Prepare blocking reagent (5% skimmed milk solution in 4X SSC).
Aliquot in 1.5 mL microfuge tubes, and centrifuge at top speed for
15 min at 4°C (see Note 26).

2. The digoxigenin label can be detected with Rhodamine-conjugated
antidigoxigenin. Dilute the 200 µg/mL stock 1/15 in centrifuged
blocking reagent (allow 40–50 µL per slide).

3. The biotin label can be detected with FITC-conjugated avidin.
Dilute the 2 mg/mL stock 1/500 in centrifuged blocking reagent
(allow 40–50 µL per slide).

4. Centrifuge at top speed for 15 min at 4°C (see Note 26). Keep on ice
in the dark.

5. Remove glue from slides, wash in 2X SSC at room temperature until
coverslips gently fall off.

6. Wash slides 4 × 3 min in 2X SSC at 45°C.
7. Wash slides 4 × 3 min in 0.5X SSC at 60°C.
8. Transfer slides to 4X SSC at room temperature.
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9. Put 50 µL centrifuged blocking reagent on 22 × 40-mm coverslips
and mount on slides. Incubate for 5 min at room temperature.

10. Remove coverslip carefully (see Note 27), drain, and add 40 µL
Rhodamine-conjugated antidigoxigenin to the same coverslip.

11. Mount on slides and incubate in humid chamber at 37°C for 30 min.
12. Wash in 4X SSC at room temperature until coverslips gently fall off.
13. Wash 4 × 3 min in 4X SSC/0.1% Tween 20 at 37°C.
14. Transfer slides to 4X SSC at room temperature.
15. Put 40 µL FITC-conjugated avidin onto 22 × 40-mm coverslips and

mount slides.
16. Incubate in humid chamber at 37°C for 30 min.
17. Transfer slides to 4X SSC at room temperature.
18. Drain slides (do not dry) and mount in 30 µL DAPI/Vectashield with

a 22 × 40-mm coverslip.
19. Carefully remove excess mountant by pressing slide between two

sheets of filter paper, and seal with rubber solution. Store in the
dark at 4°C.

4. Notes

1. While preparing PAC DNA using Qiagen’s maxiprep kit, there are
always a number of Q500 columns left by the time the solutions pro-
vided are all used up. Because these columns are the critical compo-
nent of the kit, we make up our own solutions to use them.

2. Formamide is very toxic. Use with a waterbath inside a fumehood.
3. DAPI (4-6-diamidino-2-phenylindole) is light sensitive. Store at 4°C

protected from the light.
4. Special care must be taken when handling large DNA molecules to

minimize mechanical shearing. It is useful to keep a stock of pipet
tips whose ends have been cut to widen the bore. Use these wide
bore tips throughout the procedure.

5. From the indicated volume of culture, yields of 250–350 µg pTAT/
7c5/BS DNA can easily be obtained.

6. It is best to add RNAse A to solution P1 just before use. However,
this solution can be stored at 4°C but must be used within a month.

7. To avoid blocking the column, it is important to remove as much
bacterial debris as possible. Filtering the supernatant is very effec-
tive, while the previous centrifugation helps increase the yield as
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practically all of the supernatant can be recovered once the debris is
compacted.

8. Avoid drying the pellet too long, otherwise the DNA will be very
difficult to resuspend. Five minutes is usually enough if the superna-
tant is pipetted out thoroughly. The DNA pellet is often very diffi-
cult to see and it tends to be smeared along the side of the tube. For
this reason, it is important to mark the orientation of the tube as it
goes in the rotor.

9. For an account of the differences in MAC formation ability of circu-
lar and linear versions of a construct see Ebersole et al. (11).

10. This may seem too much DNA for lipofection, but there are always
losses during purification. In addition, large molecular weight DNA
is very susceptible to mechanical shearing and degradation. Gel elec-
trophoresis allows the separation of the coiled circular PAC mol-
ecules from the rest, and this is usually a very small proportion of the
total DNA loaded. A smear usually appears at the area where the
linear form would appear because nicked molecules accumulate here,
and this may complicate the separation of digestion-linearized mol-
ecules from randomly nicked ones. This can be minimized by using
fresh DNA preparations, and of course, by exercising due care when
manipulating these large molecules.

11. Several comb teeth can be taped together to give a well of the appro-
priate volume. We normally use about 300 µL to hold 30 µg DNA.

12. It is useful to leave out the edges of the large band to be stained with
the rest because it helps locate the DNA bands.

13. Fifteen minutes is usually enough. Mix occasionally by inversion.
After the agarose is completely molten, pulse spin the tubes and place
at 65°C for a couple of minutes to make sure all of the agarose is at
the bottom of the tube.

14. Although 90 min is normally enough, it is often safer to incubate for
up to 2 or 2.5 h because if the digestion is not complete the whole
procedure would have to be repeated.

15. The DNA can be safely kept at 4°C in isopropanol for 2–3 d if it is
not practical to proceed with the lipofection immediately.

16. HT1080 cells double every 18–20 h approximately. Incubate at 37°C
with 5% CO2.

17. Although 1–2 µg are recommended, as little as 100–150 ng have
been successfuly lipofected to induce MAC formation.
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18. It is important that both signals can be colocalized in a putative MAC
to be sure that it is indeed derived from the input DNA. This is valid
for routine tests. Probe p11.4 is specific for the alphoid arrays on
chromosomes 13 and 21 at very high stringency. However, it is com-
mon to obtain positive signals on other centromeres if the stringency
is lowered a little. In addition to this FISH test, further probes should
be employed to ascertain whether the putative MAC has incorpo-
rated sequences from the host’s genome. The presence of an active
centromere in the putative MAC cannot be inferred solely from the
presence of centromeric alphoid DNA. It is necessary to use immu-
nocytochemistry techniques to detect centromeric proteins such as
CENP-C and CENP-E, which are known to be present only at active
centromeres. The choice of probes for FISH and the immunocy-
tochemistry method are illustrated in Ebersole et al. (11).

19. Mitotic cells can easily be distinguished as they become round.
Monitor the appearance of the cells to judge the effectiveness of the
colcemid treatment.

20. In a standard benchtop centrifuge with a maximum radius of 18 cm.
this corresponds to about 1000 rpm.

21. Timing is very important. Too short, and the chromosomes will appear
clumped. Too long and the cells will burst easily making complete
metaphases difficult to find.

22. Usually we proceed to make slides to check the quality of the chro-
mosome preparations. These are only stored for later use if they are
good enough.

23. Keeping the tubes chilled helps improve significantly the quality of
the spreads.

24. Although some material is lost in this procedure, what remains is
very clean and metaphase spreads are usually devoid of cytoplasm.
This is optimal for FISH.

25. Unincorporated nucleotides can be removed by chromatography, but
in our experience this step is not always necessary although it can
result in cleaner slides.

26. Centrifugation of any solution containing skimmed milk helps remove
solids in suspension. This reduces nonspecific background and results
in cleaner and clearer FISH signals.

27. Flicking the slide sharply edgeways is enough to displace the cover-
slip slightly, and can then be easily removed.
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Use of Natural and Artificial Chromosome
Vectors for Animal Transgenesis

Yoshimi Kuroiwa, Kazuma Tomizuka, and Isao Ishida

1. Introduction

1.1. Generation of Trans-Chromosomic (Tc) Mice
by Using Natural Human Chromosome Fragments (hCFs)

The ability to use hCFs as vectors for introducing large stretches
of human DNA into mice was first demonstrated in 1997 (1). Trans-
ferred hCFs were stably maintained as an extra chromosome in the
somatic cells of mice, and the human genes included in them were
expressed under proper tissue-specific regulation. In some cases
they could be transmitted through the germline, resulting in the estab-
lishment of novel mouse strains (trans-chromosomic [Tc] mice) con-
taining a heritable hCF (1,2). Thus, such an approach using
chromosome vectors for animal transgenesis has been thought to be
useful for overcoming size constraints of cloned transgenes in
conventional techniques and facilitate functional studies of human
genome in the postsequencing era.



208 Kuroiwa et al.

Compared with conventional techniques using cloned transgenes,
the chromosome vector system has several advantages: (1) whole
genomic sequences, including all the introns and essential regula-
tory elements, can be used as transgenes, which should confer cor-
rect and physiologically controlled expression of transgenes in vivo;
(2) very large genes, gene clusters, and specific chromosomal regions,
which cannot be cloned as contiguous DNA fragments by cloning
techniques, can be introduced; (3) chromosome vectors are main-
tained as a single-copy extra chromosome in the host cells, which
may prevent toxic overexpression or gene silencing (3) caused by
multiple copy insertion of transgenes; and (4) there is no risk for
insertional mutagenesis because they are freely segregating from
host chromosomes.

Our strategy to introduce chromosome vectors into mice is out-
lined in Fig. 1. We used microcell-mediated chromosome transfer
(MMCT) to introduce a specific human chromosome into mouse
embryonic stem (ES) cells (1).

For this purpose, we constructed a new library of human–mouse
A9 monochromosomal hybrids containing human chromosomes
derived from normal embryonic fibroblasts (1). The library com-
prises approx 700 independent hybrid clones, each of which con-
tains a human chromosome, randomly tagged with pSTneoB (1),
suitable for conferring G418-resistance to mouse ES cells. This can
be screened by polymerase chain reaction (PCR) to identify A9
hybrids containing the gene or chromosomal region to be intro-
duced into mouse ES cells.

To date, we successfully produced chimaeric mice from microcell
hybrid ES (MH[ES]) cells containing the hCF derived from hChr2,
4, 6, 7, 11, 14, 21, or 22. In addition, germline transmission of trans-
ferred hCF was observed in chimaeras produced from MH(ES) cells
containing the hChr2, 7, 14, or 21-derived hCF (1,2,4,5).

1.2. Construction of Human Artificial
Chromosomes (HACs)

As described, we successfully used hCFs as vectors for introduc-
ing large human genomic region into mice. However, one major
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problem of hCF vectors has been that they are structurally unde-
fined (6,7). The hCFs are usually generated as a consequence of
accidental fragmentation of intact chromosome during the chromo-
some transfer process and run a risk to contain unrelated, deleteri-
ous genes in addition to the genes of interest. There have been some
limitations in using structurally undefined hCFs because (1) mitotic
stability of hCF varies among individual hCFs (8); (2) gene expres-
sion from the introduced hCFs may affect mouse development; and
(3) successful germline transmission in mice has been observed in
limited kind of hCFs. To resolve above problems, we have recently
developed a chromosome cloning system where an unstable hCF
can be cloned into a stable and germline-transmittable HAC vector
by combination of Cre/loxP-mediated chromosomal translocation
with telomere-directed chromosomal truncation in homologous
recombination-proficient chicken DT40 cells (9). The complete
human genome sequence, which has now been available (10),
should facilitate the minimization of HACs containing only desired
chromosomal regions.

As a basal human minichromosome vector, we chose to use the
hChr14-derived hCF(SC20) because it was stably maintained and

Fig. 1. Schematic diagram showing the construction of MH(ES) cells
to produce chimaeric mice expressing human genes on the transferred
hCFs. G418r: G418-resistant.
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germline-transmitted in mice (2). In the DT40 cells, a loxP sequence
was integrated at RNR2 locus on the hCF(SC20) by homologous
recombination (SC20 vector), into which a genomic DNA region of
interest could be cloned by Cre/loxP recombination.

For this purpose, the human chromosome containing a locus of
interest can be modified as follows: in the DT40 cells, (1) human
telomeric repeat (TTAGGG)n is integrated by homologous recom-
bination at a locus just telomeric to the locus of interest, which leads
to chromosome truncation at the integration site of the telomeric
repeat; (2) a loxP sequence is integrated by homologous recombi-
nation at a locus just centromeric to the locus of interest. The DT40
cells containing the SC20 vector and the DT40 cells containing the
modified human chromosome (hChr) fragment of interest are fused,
resulting in the DT40 hybrids containing both of hChr fragments.
To induce chromosomal translocation between the SC20 vector and
the hChr fragment of interest by Cre/loxP-mediated recombination,
a Cre recombinase–expression vector is introduced into the DT40
hybrids. The generation of the HAC where the locus of interest
defined by the loxP-integration and telomre-truncation sites is
cloned into the loxP-cloning site on the SC20 vector can be con-
firmed by PCR and fluorescence in situ hybridization (FISH) analy-
ses (outlined in Fig. 2). Once the HAC carrying the locus of interest
is generated, it can be transferred to various types of cells where
phenotypic analyses can be performed. When the HAC is transferred
into mouse ES cells, chimeric mice carrying the HAC can be gener-
ated for its functional analysis in vivo (8).

By using the chromosome-cloning system, various hChr regions
could be cloned into the SC20 minichromosome vector, irrespec-
tive of its size, and introduced into mice stably, allowing human
genes of interest to be functionally expressed in vivo. In our HACs,
the chromosome inserts flanked by the loxP-integration and telom-
ere-truncation sites are structurally determined by the information
of the recently published human genome sequence (10). The avail-
ability of structurally defined HAC vectors would be of great value
in the construction of animals carrying human genetic elements to
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model specific diseases or the production of various therapeutic
products for industrial purposes.

Another potential application of the HAC vector may be the use
in the treatment of human genetic diseases. Indeed, the advantages
of chromosome vector system in animal transgenesis mentioned
above are also desirable characteristics for therapeutic vector to
overcome various problems in exiting viral and nonviral vector sys-
tems. Although the inefficient delivery of a large chromosome mol-
ecule into the cells remains to be overcome our trans-chromosomic
mice may provide the useful model system for in vivo assessment
of the function and behavior of chromosome-based therapeutic vec-
tors. As for the hChr14-derived hCF(SC20) minichromosome vec-
tor, we are in the process of minimizing it in size so that it will no
longer contain extra human genes on it, aiming at using it as a vec-
tor for human gene therapy. For example, dystrophin is the largest
gene (2.4 mb) in humans and responsible for Duchenne muscular
dystrophy. Because of its large size, the entire dystrophin locus has
never been cloned even by using YAC vectors (11). However, by

Fig. 2. Schematic diagram showing the chromosome cloning approach.
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using our HAC system, it can be cloned and the HAC carrying entire
dystrophin locus could be evaluated for its usefulness as a therapeutic
vector for Duchenne muscular dystrophy in a model animal, such as
mdx mice (12).

Our studies using Tc mice with hCFs or HACs have demonstrated
the utility of Tc technology as a complementary approach to con-
ventional transgenic techniques using the cloned DNA fragments
(1,2,9). Here, we summarize current protocols for this novel
approach, which should allow for large-scale manipulation of mam-
malian genome to generate genetically modified animals useful for
laboratory and industrial uses.

2. Materials

2.1. Construction of MH(ES) Cells

1. Recipient mouse ES cell line: TT2F (1) (see Note 1). Detailed proce-
dures for ES cell culture are described in ref. 13.

2. Donor A9 hybrid cell line (G418r) selected from the library (see
Notes 2 and 3).

3. Dulbecco’s modified Eagle’s medium (DMEM).
4. ES cell qualified fetal bovine serum (FBS; Gibco BRL).
5. Colcemid: Demecolcine (Sigma).
6. A9 hybrid medium: DMEM with 10% fetal calf serum (FCS).
7. Microcell formation medium: DMEM with 20% FBS and 0.05 µg/

mL Colcemid.
8. ES medium: DMEM (4.5% [w/v] glucose) with 18% FCS, nones-

sential amino acids solution supplement (100X, Gibco BRL) and 103

U/mL leukemia inhibitory factor (ESGRO, Amrad).
9. Cytochalasin B (Sigma): Stock solutions of 2 mg/mL in dimethyl

sulfoxide are stable indefinitely at 4°C if protected from light.
10. Cytochalasin B medium: DMEM with 10 µg/mL of cytocharasin B.
11. Primary fibroblast: Neo-resistant primary fibroblast (Lifetech Ori-

ental, Japan).
12. Centrifuge flask: Nunc152094 (25 cm2).
13. Centrifuge tube: Nalgene3141 (450 mL).
14. PEG solution (1:1.4): Dissolve 1 g of PEG1000 in 1.2 mL DMEM

and 0.2 mL of dimethyl sulfoxide.
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2.2. Construction of HACs

1. RPMI1640 medium.
2. DT40 culture medium: RPMI1640 with 10 % FBS, 1% chicken

serum, 10–4 M 2-mercaptethanol.
3. Tris/ethylenediamine tetra-acetic acid (pH 8) buffer (TE).
4. Capaciter discharge device: Bio-Rad gene pulser II.
5. DMEM.
6. Polyethylene glycol (PEG) 1500 (Sigma).

3. Methods

3.1. Construction of MH(ES) Cells

1. Donor A9 hybrid cells are cultured in 24 centrifuge flasks until the
cell density reaches 70–80% confluence.

2. Replace the medium with a microcell formation medium, followed
by incubation of the cells for 2 d at 37°C.

3. After aspiration of the medium, fill the centrifuge flask by cytocha-
lasin B medium preincubated at 37°C. Screw up the cap of flask
tightly.

4. Insert the flask into an 500-mL centrifuge tube containing 300 mL of
sterilized water preincubated at 37°C. Put the centrifuge tube into
the rotor. The bottom of flasks should be inner side of the rotor. Cen-
trifuge the tubes at 8000 rpm for 1 h at 34°C.

5. Remove cytochalasin B medium and resuspend the precipitate of
microcells in 2 mL serum-free DMEM. Pool the cell suspension in
50-mL Falcon tube.

6. Purify relatively small microcells by successive passage through
syringe-top 8-, 5-, and 3-µm filters (Costar, NUCLEPORE). Cen-
trifuge filtered microcell suspension for 7 min at 1500 rpm.

7. Disperse 1 × 107 of logarithmically growing mouse ES cells with
trypsin and wash three times with serum-free DMEM. Resuspend
the cells in 5 mL DMEM.

8. Overlay the ES cell suspension on the centrifuged microcells, fol-
lowed by the centrifuge for 7 min at 1250 rpm.

9. Remove supernatant. The precipitate should be tapped vigorously to
disperse any clumps of ES cells and microcells.
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10. Slowly drip the 0.5 mL of PEG solution (1:1.4) preincubated at
37°C while gently dispersing the cells for 90 s. Immediately add 10
mL of serum-free DMEM in a dropwise fashion, with gentle swirl-
ing over 1 min.

11. Centrifuge fusion mixture at 1250 rpm for 7 min. Aspirate the media.
12. After resuspension of the precipitate in 20 mL ES medium, transfer

the cell suspension into two 100-mm dishes with neoresistant feeder
layer. Incubate for 36 h at 37°C.

13. Replace the ES medium with a medium supplemented with 200 µg/
mL o G418. Change the media every day.

14. Drug-resistant ES colonies should be visible in 1 wk.

Structural analysis of transferred hCF in the resultant drug-resis-
tant ES clones must be performed by PCR and FISH to determine
whether chromosome fragmentation has occurred during MMCT.
Typically, 10–40% of drug-resistant, MH(ES) clones contain the
hCF associated with further deletions. In addition to MH(ES) cell
lines retaining an structurally unchanged hCF, those retaining frag-
mented hCFs with the gene of interest can also be used in the fol-
lowing experiments.

3.2. Construction of a HAC Carrying the Locus
of Interest in the DT40 Cells

3.2.1. Modification of hChr Containing a Locus of Interest

The hChr or its fragment containing the locus of interest can be
transferred from the A9 cells to DT40 cells by the MMCT technique.
In the DT40 cells, the hChr can be modified by combination of telom-
ere-directed chromosome truncation with a loxP integration, by which
the locus of interest can be defined and flanked by the telomere-
truncation and loxP-integration sites. The defined locus is subjected
to cloning into the SC20 vector to generate the HAC.

3.2.1.1. TELOMERE-DIRECTED CHROMOSOME TRUNCATION

To truncate the hChr, a targeting vector is required to integrate
human telomeric repeat to the targeted locus. The basal structure of
the vector we routinely use is shown in Fig. 3. This vector is com-
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posed of the genomic sequence to target, puromycin-resistant gene
for drug selection and human telomeric repeat (TTAGGG)n. We
usually obtain the genomic sequence ranging from 5 to 10 kb by
PCR-based amplification and the amplified DNA is subcloned into
the pTELPuro basal vector. The vector is electroporated into the
DT40 cells containing the hChr and then transfectants are selected
by puromycin for several weeks. After selection, genomic DNA is
extracted from picked up individual colony and subjected to PCR
screening on the basis of a series of deletions of STS markers
telomeric to the truncation site. Furthermore, the truncation of the
hChr can be visually confirmed by FISH analysis.

So far, we have succeeded in targeted truncation of hCh2, 6, 7,
22, and X at a specific locus and found that the truncation occurs in
all the targeted clones where the vector is homologously integrated
at the target locus, suggesting that telomere-truncation can effi-
ciently occur in DT40 cells.

1. Seed 45 mL of nonselective DT40 medium with logarithmically
growing DT40 cells containing the hChr of interest prior the day of
transfection.

2. Linearize 25–30 µg/transfection of targeting plasmid containing
telomeric repeats with the appropriate restriction enzyme. After
digestion, restriction enzyme reactions should be extracted with phe-
nol/CHCl3, precipitated, and resuspended to 1 µg/µL in TE.

3. Count the DT40 cells and pellet 1 × 107 cells/transfection by cen-
trifugation. Rinse the cell pellet with serum-free RPMI 1640 once
and then resuspend at 1 × 107 cells/0.5 mL of serum-free RPMI1640.

4. For each transfection, transfer 0.5 mL of the cell suspension to a
sterile electroporation cuvet. Add 25–30 µg of the linearized DNA
to the cuvet; mix gently by pipetting and place it at room tempera-
ture for 10 min.

Fig. 3. Structure of the vector for telomere-directed chromosome
truncation.
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5. Electroporate the DT40 cells at 25 µF and 550 V using a Bio-Rad
gene pulser II. The time constant should be 0.7–0.8 ms.

6. After a 10-min incubation at room temperature after electroporation,
transfer the cells to a T-25 flask containing 20 mL of nonselective
DT40 medium and then incubate them for 24 h at 37°C.

7. Resuspend each transfection in selective DT40 medium supple-
mented with 0.3 µg/mL of puromycin and divide to 10–20 × 96-well
microtiter plates with 0.2 mL/well. Transfectant colonies should be
visible in 10–14 d.

8. Pick up transfectant colonies individually and then transfer to 24-
well plates. A few days after, each transfectant can be transferred to
6-well plates, from part of which genomic DNA can be extracted to
screen the occurrence of targeted chromosomal truncation.

First, we routinely use PCR screening to identify homologous
recombination using the junction primer set as shown in Fig. 3. After
that, the occurrence of the truncation can be determined by STS
mapping around the targeted locus; all markers telomeric to the
locus should be deleted whereas all markers centromeric to the lo-
cus should remain. Furthermore, the chromosomal truncation can
be visually confirmed by FISH analysis.

3.2.1.2. LOX P INTEGRATION INTO THE TRUNCATED HCHR

The DT40 cells containing the truncated hChr can be sequentially
transfected with a targeting vector containing a loxP sequence. For
this purpose, we typically use a loxP-targeting vector, shown in Fig. 4.
This vector consists of the genomic sequence to target, hygromycin B-
resistant gene for drug selection, a loxP sequence, and PGK promoter.
We usually obtain the genomic sequence ranging from 7 to 10 kb by
PCR-based amplification and the amplified DNA is subcloned into
the ploxPHyg basal vector. The vector is electroporated into the
DT40 cells containing the truncated hChr and then transfectants are
selected by hygromycin B for several weeks. After selection, ge-
nomic DNA is extracted from picked up individual colony and sub-
jected to PCR screening to identify homologous recombination
using the junction primer set as shown in Fig. 4.
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1. Seed 45 mL of nonselective DT40 medium with logarithmically
growing DT40 cells containing the truncated hChr prior the day of
transfection.

2. Linearize 25–30 µg/transfection of a targeting plasmid containing a
loxP sequence with the appropriate restriction enzyme. After diges-
tion, restriction enzyme reactions should be extracted with phenol/
CHCl3, precipitated and resuspended to 1 µg/µL in TE.

3. Count the DT40 cells and pellet 1 × 107 cells/transfection by cen-
trifugation. Rinse the cell pellet with serum-free RPMI 1640 once
and then resuspend at 1 × 107 cells/0.5 mL of serum-free RPMI1640.

4. For each transfection, transfer 0.5 mL of the cell suspension to a
sterile electroporation cuvet. Add 25–30 µg of the linearized DNA
to the cuvet; mix gently by pipetting and place it at room tempera-
ture for 10 min.

5. Electroporate the DT40 cells at 25 µF and 550 V using a Bio-Rad
gene pulser II. The time constant should be 0.7–0.8 ms.

Fig. 4. Structure of the vector for LoxP site integration and the detec-
tion of homologous recombination by PCR.



218 Kuroiwa et al.

6. After a 10-min incubation at room temperature after electroporation,
transfer the cells to a T-25 flask containing 20 mL nonselective DT40
medium and then incubate them for 24 h at 37°C.

7. Resuspend each transfection in selective DT40 medium supple-
mented with 1 mg/mL of hygromycin B and divide to 10–20 × 96-
well microtiter plates with 0.2 mL/well. Transfectant colonies should
be visible in 10–14 d.

8. Pick up transfectant colonies individually and then transfer to 24-
well plates. A few days after, each transfectant can be transferred to
6-well plates, from part of which genomic DNA can be extracted to
screen the occurrence of targeted integration of the loxP sequence.

3.2.2. Whole Cell Fusion

1. Seed 45 mL nonselective DT40 medium with logarithmically grow-
ing DT40 clone containing the modified hChr and one containing
the SC20 vector, individually, prior the day of fusion.

2. Count the each DT40 clone and mix 1–2 × 107 cells of the DT40
clone containing the modified hChr with those of the DT40 clone
containing the SC20 vector, followed by centrifugation. Rinse the
cell pellet with serum-free DMEM.

3. After aspiration of the medium completely, drip 0.5 mL PEG on the
pellet and stir for 2 min.

4. Immediately add 1 mL serum-free DMEM, with gentle stirring over
1 min. After that, add 9 mL of serum free-DMEM, with gentle stir-
ring over 2 min.

5. After a 10-min incubation at 37°C, centrifuge the fusion mixture and
then transfer the cells to a T-25 flask containing 20 mL nonselective
DT40 medium. Incubate them for 24 h at 37°C.

6. Resuspend the fusant cells in selective DT40 medium supplemented
with 1 mg/mL hygromycin B and 10 µg/mL blasticidin-S, and then
divide to 4 × 24-well plates with 0.5 mL/well. Fusant colonies should
be visible in 15–20 d.

7. Pick up fusant colonies individually and then transfer to 6-well
plates, from part of which genomic DNA can be extracted to see if
the fusant clone contains both the SC20 vector and the modified hChr
fragment.
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We typically obtain five fusant clones per cell fusion. The reten-
tion of both the SC20 vector and the modified hChr fragment can be
easily determined by PCR analysis using STS primers specific to
the chromosomes, as well as by FISH analysis using painting probes
specific to the chromosomes.

3.2.3. Introduction of Cre Recombinase to Induce
Chromosomal Translocation

Once the fusant DT40 hybrids retaining both the SC20 vector
and the modified hChr fragment are obtained, Cre recombinase can
be introduced into the hybrids to induce chromosomal translocation
between the two loxP sites on the hChrs. As one way to introduce
Cre recombinase, its transient expression can be considered, but the
frequency of chromosomal translocation between nonhomologous
chromosomes is reported to be very low in mouse ES cells (14).
Furthermore, in the case of translocation between exogenous
nonhomologous hChrs in nonhuman cells (chicken DT40 cells), its
frequency is suspected to be a little lower than that of endogenous
nonhomologous chromosomes. Therefore, we routinely take a strat-
egy to stably express Cre recombinase, instead of transient expres-
sion. For this purpose, we use a modified Cre recombinase
expression vector (derived from pBS185) containing a hisD-resis-
tant gene to select stable transfectants. After selection by hisD,
occurrence of the translocation can be confirmed by PCR using the
primers shown in Fig. 5 and FISH analyses using chromosome-spe-
cific probes.

1. Seed 45 mL selective DT40 medium containing 1 mg/mL of
hygromycin B and 10 µg/mL of bsr with logarithmically growing
the DT40 hybrid cells retaining the SC20 vector and the modified
hChr fragment prior the day of transfection.

2. Linearize 30 µg/transfection of a Cre-expression vector with the
appropriate restriction enzyme. After digestion, restriction enzyme
reactions should be extracted with phenol/CHCl3, precipitated and
resuspended to 1 µg/µL in TE.
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3. Count the DT40 cells and pellet 1 × 107 cells/transfection by cen-
trifugation. Rinse the cell pellet with serum-free RPMI 1640 once
and then resuspend at 1 × 107 cells/0.5 mL serum-free RPMI 1640.

4. For each transfection, transfer 0.5 mL cell suspension to a sterile
electroporation cuvet. Add 30 µg of the linearized DNA to the cuvet;
mix gently by pipetting and place it at room temperature for 10 min.

5. Electroporate the DT40 cells at 25 µF and 550 V using a Bio-Rad
gene pulser II. The time constant should be 0.7–0.8 ms.

6. After a 10-min incubation at room temperature after electroporation,
transfer the cells to a T-25 flask containing 20 mL of nonselective
DT40 medium and then incubate them for 24 h at 37°C.

7. Resuspend each transfection in selective DT40 medium supple-
mented with 5 mg/mL of hisD and divide to a single 12-well
microtiter plate with 1 mL/well. Transfectant colonies should be vis-
ible in 10–14 d.

8. Transfer to 2 × 6-well plates, from a half amount of which genomic
DNA can be extracted to screen the occurrence of the chromosomal
translocation.

Fig. 5. Detection of interchromosomal translocation by GFP expression.
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Once the occurrence of the chromosomal translocation is con-
firmed, the DT40 cells containing the translocated chromosome
fragment, that is HAC, need to be isolated by positive selection,
such as drug resistance and indicator gene expression. To isolate
the cells, we routinely use fluorescence-activated cell sorting on the
basis of the expression of green fluorescent protein (GFP) gene.

As shown in Fig. 5, in our system, the GFP gene is engineered to
be transcribed by PGK promoter as a result of occurrence of the
chromosomal translocation. By FACS sorting of the GFP-positive
cells, the cells containing the HAC can be easily isolated. So far, we
have succeeded in construction of six HACs in which several hChr
regions (hChr2, 6, 7, and 22) of interest are cloned into the SC20
vector.

4. Notes

1. ES cell line: It has been recognized that male meiosis is more sensi-
tive to the presence of an unpaired, univalent chromosome (15) than
female meiosis. We therefore believe that the female mouse ES cells
(39, XO) may be more suitable as a recipient for the chromosome
transfer than male ES cells (40, XY) usually employed in knockout
studies (1,2). We routinely use a ES cell line, TT2F (39, XO) (1), a
derivative of TT2 (40, XY) (1), which spontaneously lost the Y chro-
mosome.

2. Screening of monochromosomal hybrid library: For example, PCR
analyses using primer pairs specific for human Ig gene (2q12)
resulted in 16 Ig -positive hybrid clones. Detailed analyses showed
that 4 of 16 clones contained an intact human chromosome 2. The
G418r marker was found to be inserted in the unique site of human
chromosome 2 in each of these 4 hybrid clones by fluorescence in
situ hybridization (FISH), which demonstrated the randomness of
this library. Another library containing over 700 hybrid clones are
reported by Inoue et al. and also available (16).

3. Selection of hCF: The size of hCF is the most important point to be
considered in the selection of hCF for the use in generating Tc mice.
Our previous studies suggested that the use of small hCFs may
increase the probability of successful chimera production from
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microcell hybrid ES (MH[ES]) cells and germline transmission of
the hCFs (2). It should prevent developmental abnormalities in chi-
meric mice, caused by overexpression of unrelated, deleterious genes
contained in the transferred hCFs or meiotic arrest caused by the
presence of unpaired, univalent chromosome. Therefore, a panel of
A9 hybrid clones, obtained by screening the library by PCR primers
specific for the gene of interest, should then be subjected to more
detailed PCR and FISH analysis to find a hCF as small as possible.
In addition, the presence of a drug-resistant marker on the hCF in
selected A9 hybrid clone should be confirmed by FISH.

4. Chimera production: Standard procedure for chimera production as
described in ref. 13 can be applyed to that from MH(ES) cells. In the
case of TT2F cell line, injection of MH(ES) cells into eight cell
embryos prepared from albino ICR mice should result in chimeric
mice with high chimerism.

5. Stability of hCFs: It has been suggested that each hCF may have an
intrinsic level of mitotic and miotic stability (8). The stability of
hCFs in MH(ES) cells is therefore another crucial point to be
considered in the choice of hCF for the use in generating Tc mice.
Long-term stability of hCFs should be tested by culturing the
MH(ES) cells for at least 30 d under the nonselective condition. Our
previous studies (2,9) revealed that the hChr14-derived hCF
(hCF[SC20]) was highly stable (<0.1% loss/doubling) in contrast to
the hChr2-derived hCF (hCF[2-W23]) (3.2% loss/doubling),
hChr22-derived hCF (hCF[22]) (>5% loss/doubling) and the hChrY-
derived hCF reported by Shen et al. (17). Similar results were obtained
in various types of cell lines from different species and in the somatic
and germ cells of Tc mice (8). Although the use of stable hCFs may
be desirable to ensure the expression of introduced genes in the
somatic cells of mice and efficient germline transmission of the
hCFs, in practical, MH(ES) cell lines containing a hCF whose loss
rate is less than 5%/doubling can be used for the chimera production.
Indeed, we successfully generated chimeric and Tc mice from MH(ES)
cells retaining the hCF(2-W23) (3.2% loss/doubling, see above), in
which substantial fraction of somatic cells retained the hCFs.

6. Expression of introduced genes and phanotypic analysis: Phenotypic
changes caused by expression of genes residing in the transferred
chromosome can also be addressed in chimeric mice. For example,
chimeric mice containing a human chromosome 21 showed a high
correlation between retention of the transferred chromosome in the
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brain and impairment in learning or emotional behavior (4). Func-
tional expression of introduced genes was extensively investigated
in the chimeric and Tc mice containing the hCF(2-W23) and
hCF(SC20), each of which include immunoglobulin (Ig) kappa light
chain (2 Mb) and heavy chain (1.5 Mb) locus, respectively (1,2). The
results of structural analysis of human Ig mRNA and serum expres-
sion of Ig proteins suggested that these large and complex loci were
properly expressed to reconstitute the diverse and functional reper-
toire of human Ig in mice (1,2). Furthermore, the introduction of
hCF(SC20) into endogenous IgH-knockout strain, in which func-
tional B lymphocytes and Ig production are absent, by mating
resulted in the rescue of its defects, indicating that the stability and
functionality of the hCF(SC20) is likely to be sufficient for restora-
tion of B cells in adult mice (2). Thus, transmittable hCFs can be
used for humanization of over megabase-sized, complex loci in mice.

7. Germline transmission of hCFs: Germline transmission of hCF vec-
tors to the next generation through the germline was surprising
results because it was thought that many problems remained to be
solved for successful transmission of transferred foreign chromo-
somes (1). Indeed, the possibility that an extra human chromosome
may inhibit the differentiation of MH(ES) cells into functional germ
cells is suggested by observed sterility in some male chimaeras con-
taining the hChr14-derivatives (1). Transmission efficiencies of
hCFs may be affected by various factors, including mitotic stability
of hCFs, meiotic arrest by the presence of univalent chromosome
and expression of genes residing in the transferred chromosome dur-
ing germ cell development. In the case of hCF(2-W23), observed
transmission efficiency was 7% in male and 25% in female (2). The
expected transmission efficiency in chimaeras and Tc mice hemizy-
gous for the hCF is 50% when mitotic stability of the hCF is perfect
and it can be properly segregate in miosis. Considering that 62 and
25 cell divisions are required to generation of mature sperm and oo-
cyte, respectively (18), in mice, expected efficiencies in Tc(W23),
deduced from the mitotic loss rate in MH(ES) cells (3.2% loss/dou-
bling), are 7% in male and 22% in female. These efficiencies are
consistent to observed ones (see above). Thus, it was suggested that
the transmission efficiency was mainly affected by mitotic stability
in Tc mice containing the hCF(2-W23). On the other hand, the results
from another transmittable hCF, hCF(SC20), indicated the involve-
ment of other factors than its mitotic stability (2).
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1. Introduction

Mammalian artificial chromosomes (MACs) are appealing vec-
tors for transgenesis and gene therapy applications. Their principal
benefits include large DNA-carrying capacity and the ability to rep-
licate in synchrony with the host genome. In addition, introducing
genes into artificial chromosomes eliminates the disadvantages of
integrating exogenous DNA into the host genome—variegated gene
expression and insertional mutagenesis.

Several groups (see other chapters in this volume) have reported
the production of mammalian artificial chromosomes by transfecting
component DNA sequences that comprise centromeres and telom-



228 Monteith et al.

eres (1–5); by telomere truncation of natural chromosomes (6–15);
by engineering natural chromosome fragments (16); and using
Epstein–Barr viral components to produce episomes (17–22). We
have reported the development and large-scale purification of satel-
lite DNA-based artificial chromosomes—which we refer to as an
Artificial Chromosome expression system (ACes) (23–28).

ACes carry the necessary functional and structural DNA
sequences possessed by natural chromosomes, including telomeres
to ensure replication and protection of chromosome ends, cen-
tromeres for segregation during mitosis and meiosis, and replica-
tion origins distributed throughout their lengths to facilitate
duplication of the genetic material during S-phase (25,26,29). Cur-
rently more than 20 different ACes have been generated that carry
genes encoding monoclonal antibodies, soluble receptors, therapeu-
tic proteins, and green or red fluorescent proteins.

We have reported the generation of transgenic mice by pronuclear
microinjection of ACes (30). Fluorescent in situ hybridization
analyses of metaphase chromosomes from mitogen-activated
peripheral blood lymphocytes from founder and progeny transgenic
mice revealed that the ACes were maintained as discrete chromo-
somes and had not integrated into any host chromosomes. Studies
conducted for up to 16 mo demonstrated stable ACes maintenance
in peripheral blood lymphocytes. Currently, two lines of transgenic
mice with prototype ACes have been produced. In the first line the
prototype ACes has been passed through four generations in the
germline (Fig. 1A, B-ACes). In the second line we have demon-
strated tissue specific gene expression (Fig. 1B, A-ACes). Initial
breeding data from both mouse lines indicates that ACes germline
transmission is 50% through the females and about 4% for the
males. Female germline transmission is consistent with Mendelian
inheritance for a chromosome present at the single copy per cell
level. The reason for the lower frequency transmission through the
male is unclear, but we note that it is consistent with the range of
male germline transmission frequencies observed in transgenic mice
carrying univalent human chromosome fragments (31–33), human
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small accessory chromosomes (16), and human/murine chromo-
some chimeras (15).

Previous groups have used microcell mediated chromosome
transfer (MMCT) to generate MAC transgenic mice (15,16,31–33),
a procedure that is very inefficient and tedious. Artificial chromo-
somes were transferred via MMCT to murine embryonic stem (ES)
cells then candidate drug-resistant ES cells were screened, analyzed,
and transferred to murine blastocysts, which in turn were implanted
in pseudopregnant females. ACes, in contrast, can be easily iso-
lated—to purities exceeding 99%—by flow cytometry and micro-
injected into the pronuclei of fertilized oocytes.

The size of ACes (1 micron × 2 microns) presents unique disad-
vantages and advantages for the generation of transgenic mice. We
invested a great amount of effort customizing microinjection pipets
for optimum sharpness (bevel angle) and inner diameter size—wide
enough to pass ACes—while still maintaining oocyte viability
postinjection. ACes can be easily seen under differential interfer-
ence optics (DIC) optics, during front loading (pick) into the micro-
injection pipet, and sliding down the pipet barrel into the pronucleus
(inject).

Standard plasmid microinjection protocols (34) require the opera-
tor to observe the pronucleus to swell to almost double in size in to
verify the introduction of the DNA solution. We initially used this
endpoint for our pick and inject technique and found that oocyte
viability postinjection was 29%. Now we terminate injection after
we observe the ACes entering the pronucleus (without pronuclear
swelling), attaining viabilities of 67%.

We currently produce founders at a 13% transgenesis frequency,
which is comparable with the frequencies generated by the pro-
nuclear injection of plasmid DNA. Procedures have been meticu-
lously described for sorting ACes and chromosomes (28,35,36) and
for maintaining a murine vivarium, harvesting murine oocytes,
implanting injected oocytes, and analyzing progeny (34,37). This
chapter focuses on the procedures we pioneered to produce ACes
transgenic mice.
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Fig. 1.
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2. Materials

2.1. Quality Control of Microinjection Pipets

1. Customized microinjection pipets (2.3–3.2 µm outer diameter [OD],
Humagen, Charlottesville, VA).

2. Plasticene (any office supply or hardware store).
3. Microscope slides.
4. Light microscope (×63 objective, ×10 eyepiece, and digital camera).
5. Compressed air and regulator.
6. Protractor.
7. Microscope eyepiece graticule (precalibrated).
8. 70% Ethanol (prepared from ultra pure water and pure grain alcohol).

2.2. Siliconization of Microinjection Pipets

1. Microinjection pipets (subjected to the quality control process out-
lined in Subheading 3.1.).

2. Siliconizing reagent (Dow Corning 1107 fluid).
3. Equilibrating syringe SAS11/2 manual air-driven (Research Instru-

ments, Cornwall, UK).
4. Inverted light microscope.
5. Acetone, high-performance liquid chromatography grade (Fisher).
6. Trichloroethylene, 99.5% pure, spectrophotometric grade (Aldrich).

Fig. 1. Fluorescent in situ hybridization analyses of peripheral blood
lymphocytes obtained from ACes transgenic mice. Blood (0.1 mL) was
aseptically collected from transgenic mice by saphenous vein bleeding
and cultured in a humidified atmosphere for 3 d at 37°C in RPMI supple-
mented 20% fetal bovine serum (with mitogens). Cultures were incubated
for an additional 2 h in the presence of colcemid. Metaphase spreads from
the cultured lymphocytes were hybridized to sequence-specific DNA
probes and then counterstained with DAPI. (A) Metaphase spread of a B-
ACes lymphocyte probed with hygromycin phosphotransferase (hph)
gene sequences (green). Note that the probe detects four staining regions
on this  ACes-one on both arms of each of the two sister chromatids. (B)
Spread of an A-ACes lymphocyte probed with a 40-kb cosmid encoding
a therapeutic gene (green). The A-ACes contains 25 tandem copies of
this cosmid for an  approximate payload of 1 million bp.
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7. Plasticene.
8. Ultra pure H2O.
9. Drying oven.

10. Flask holder.
11. 100-mL beaker or equivalent glass recipient.

2.3. Preparation of Artificial Chromosomes
and Transgenic Facility Requirements

1. ACes isolation facility. The equipment and procedures required for
the isolation of ACes by bivariate flow cytometry have been described
(28). ACes are maintained in murine–viral–antibody-free LMTK– cells
or Chinese Hamster Ovary cells as verified by MAP testing (Institut
de Armand Frappier, Canada).

2. Transgenic facility requirements and operation. The facility and pro-
cedures required for the generation of transgenic mice by microin-
jection of ACes are identical to those for the microinjection of DNA,
have been described in detail (34,37). We collect mouse zygotes from
superovulated (C57BL/6 × CBA) F1 females approx 12 h after mat-
ing. All mice are viral–antibody free and are maintained in facilities
that conform to specific pathogen-free standards.

3. Refrigerated swing-bucket centrifuge (Beckman, GS-60)

2.4. Microinjection of Fertilized One-Cell Embryos

1. 60-mm nontreated tissue culture dishes.
2. Depression slide (siliconized).
3. Mineral oil.
4. Disposable 3-cc syringes.
5. 0.2-µm filter (Millipore).
6. M16 culture media (Sigma).
7. M2 culture media (Sigma).
8. Injection pipets (subjected to the quality control process outlined in

Subheading 3.1. and the siliconization process outline in Subhead-
ing 3.2.).

9. Holding pipets (straight, 65–95 µm OD, Humagen, Charlottesville, VA).
10. Capillary tube mouth pipetter (with filter).
11. Glass transfer pipet.
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12. Micromanipulator (mechanical, Narishige, Tokyo).
13. Inverted microscope (Leica DM-IRB HC with DIC and phase con-

trast, ×5, ×20, and ×40 objectives, Leica Microsystems, Canada).
14. Vibration-free table, on which the microscope is mounted.
15. Equilibrating syringe SAS11/2 manual air-driven (Research Instru-

ments, Cornwall, UK).
16. Dissecting microscope.
17. CO2 tissue culture incubator (37°C, 5% CO2).

3. Methods

3.1. Quality Control of Microinjection Pipets

1. In a clean and dust free environment, clean all supplies before use
with 70% ethanol and remove any dust or lint by blowing with com-
pressed air.

2. Lay the injection pipet horizontally on a microscope slide and secure
it near the blunt end by a small piece of plasticene.

3. Observe the tip of the pipet under a ×630 magnification (do not use
immersion oil). Make sure that the beveled edge is visible (refer to
Fig. 2), otherwise rotate the pipet appropriately until the indicated
edge is obtained.

4. Measure the size of the hypotenuse (h) of the pipet by aligning it
against the graticule scale on the eyepiece. This value is expressed in
graticule units.

5. Record image of the pipet. Print the image and measure the angle
(A) subtended by the beveled edge of the pipet using a protractor
(see Note 1). Calculate the OD, in µm, of the pipet as shown:

Sample analysis calculation: OD = h ×  sinA × C (see Fig. 2)
Where:

OD = Outer diameter, in µm
h = Hypotenuse in graticule units.

A = Angle subtended by the beveled edge of the pipet.
C = 1.57 µm/graticule-unit, conversion factor for the graticule scale
at ×630 magnification.

Acceptable range of OD = 2.3 to 3.2 µm
Acceptable range of beveled angle = 25 to 40°



234 Monteith et al.

3.2. Siliconization of Microinjection Pipets

1. Using a fume hood, prepare solution by mixing 0.8 mL of Dow Corn-
ing 1107 fluid in 80 mL of trichloroethylene in a 100-mL beaker.
Pinch a clump of plasticene around the mouth of the beaker.

2. Dip the beveled tip of the pipet into the siliconization solution 1–2 cm
below the surface. Hold vertically in place by pressing the pipet into
the clump of plasticene rimming the mouth of the beaker. Siliconization
solution will rise into the pipet by capillary action (see Note 2).

3. Purge the siliconization solution from the pipet using the equilibrat-
ing syringe, monitoring under the light microscope at ×100 to ensure
no solution remains in the pipet.

4. Dip the pipet in acetone for 10 s then purge the acetone from the
pipet using the equilibrating syringe, monitoring under the light
microscope at ×100 to ensure no acetone remains in the pipet.

Fig. 2. Schematic for calculating OD of microinjection pipet. See text
(Subheading 3.1.) for discussion.
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5. Without removing the pipet from the equilibrating syringe, dip the
pipet in water and draw water into the pipet by turning the knob
counter-clockwise two full turns. Confirm by microscopy that water
is drawn into the pipet.

6. Press the button on top of the knob to release the pressure inside the
system then turn the knob clockwise to purge all liquid from the pipet.

 7. Arrange the siliconized pipets on a flask holder by carefully sliding
the pipets in between the coil and bake in the drying oven at 121°C
for 1 h, then allow to cool to room temperature (see Note 3).

3.3. Preparation of Artificial Chromosomes

1. Place 1 million sorted ACes (see Note 4) into a 1.5-mL microfuge
tube and concentrate by centrifugation in a swinging bucket rotor at
2500g for 15 min at 4°C (see Note 5).

2. Remove all but 20 µL of supernatant and store on ice. Concentration
is routinely 1 × 104 ACes/µL.

3.4. Microinjection of Fertilized One-Cell Embryos

1. Filter-sterilize 2–3 mL of M2 media into a 60-mm tissue culture dish
using a 0.2-µm filter and syringe.

2. Using a mouth pipet (with in-line filter), transfer 20 fertilized one-
cell embryos from the lot provided for the session to the dish con-
taining the filtered M2 media (see Note 6). Swirl embryos several
times to wash.

3. Clean and wipe a siliconized depression slide with 70% ethanol and
a lint-free wipe. Place an 8-µL droplet of M2 media onto the depres-
sion slide.

4. Flick the tube of concentrated ACes 10 to 20 times to resuspend the
ACes and add 4 µL of the ACes suspension to the media droplet.

5. Overlay with mineral oil ensuring complete coverage of the droplet
to reduce evaporation.

6. Transfer all washed embryos to the media/ACes droplet.
7. Carefully place the slide onto microscope stage.
8. Screw on the holding pipet to the left-hand instrument tube, then clip

into position on the left-hand side of the micromanipulator.
9. Using first ×50, ×200, then ×400  magnification, center the holding

pipet into the field of view by adjusting the fine controls of the micro-
manipulator.
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10. Attach the microinjection pipet to the right-hand instrument tube and
clip in place on the right-hand side of the micromanipulator. Center
the field of view under ×50 magnification by adjusting the fine con-
trols of the micromanipulator. Switch to ×200 magnification and turn
the microinjection pipet so that the beveled edge appears to be in the
down position. Switch to ×400 magnification while very gently ori-
entating the microinjection pipet to the optimal position with the bev-
eled edge down.

11. Further lower the pipet to same plane of focus as the holding pipet.
12. At ×200 magnification, turn the piston slowly in a clockwise direc-

tion to establish a controlled flow of media out of pipet (see Note 7).
13. Switching to ×400 magnification, slowly and carefully draw media

into the microinjection pipet, always taking care not to build-up too
much pressure in the system. Once control is achieved (see Note 8),
the level of the media should be visible at such a distance up the
microinjection pipet that it is within your field of view under ×400
magnification (see Note 9).

14. Pick up an embryo with the holding pipet and orientate the embryo
so that a pronucleus can be clearly delineated and with no polar bod-
ies obstructing the path of the pipet to the pronucleus (see Note 10).

15. Lower the embryo toward the bottom of the slide until it just makes
contact—this step will support the embryo during the injection.

16. After the embryo is immobilized on the holding pipet, slowly draw
up a single ACes into the injection pipet, then immediately redirect
the pressure to move the ACes back down to the end of the microin-
jection pipet (see Note 11).

17. Establish control of the ACes by moving it slowly up and down the
microinjection pipet with a steady intake and outflow of pressure.
Then, lower the ACes as close as possible to the tip of the microin-
jection pipet.

18. Bring the tip of the microinjection pipet into the same plane of focus
as the pronucleus of the immobilized embryo.

19. Carefully poke the needle through the zona pellucida, into the pro-
nucleus. Eject the ACes into the pronucleus and then carefully with-
draw the microinjection pipet back out of the embryo. Continue
injecting all the eggs in the batch (see Note 12).

20. Transfer the intact embryos to a designated dish of M16 media and
culture in a 5% CO2 tissue culture incubator until time of implanta-
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tion. Eggs can be transferred in the surrogate recipient on the same
day as injection or they can be cultured overnight then transferred
when most will have developed to the two-cell stage (37).

3.5. Analyses of Transgenic Mice

1. Tail clippings are taken after weaning (see Note 13) following stan-
dard techniques (34,37). DNA extracted from the tail tissue is sub-
jected to PCR analysis using 3 sets of amplimers that are specific for
ACes DNA sequences.

2. Blood (0.5–1.0 mL) is collected from transgenic mice (see Note 14)
by saphenous vein bleeding (38) and the peripheral blood lympho-
cytes are cultured following standard procedures (30).

3. Metaphase spreads are generated from peripheral blood lymphocytes
(39) and analyzed for presence and integrity of ACes (see Note 15)
by fluorescence in situ hybridization (40).

4. Notes

1. The aspect ratio, 0.75, is the ratio of the inner diameter (ID) of the
pipet compared to the outer diameter (OD) of the pipet. The aspect
ratio remains constant for a micropipet—even when pulled on the
microforge. During the OD calculation, we assume that the outer
diameter is essentially constant for 10 µm from the tip of microinjec-
tion pipet.

2. Pipets may be left in the solution for up to 10 min so that batches
(maximum of 4/batch) can be processed at the same time.

3. Store siliconized pipets in the original case for up to 2 mo at room
temperature.

4. ACes are isolated by flow cytometry into sheath buffer at a concen-
tration of 106 ACes/0.8 mL. We use presterilized, DNase-free,
RNase-free, aerosol-resistant tips (20, 200, and 1000 µL; Fisher)
when pipetting solutions containing ACes. ACes are gently trans-
ferred to avoid breakage.

5. Greater centrifugation speeds or use of a nonrefrigerated centrifuge
will lead to ACes aggregation. Only single ACes should be picked
and injected. In our experience, multiple ACes drawn up in the micro-
injection pipet obstruct the flow of fluid through the narrow channel at
the tip of the pipet.
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6. Embryos should be maintained in M2 media for no longer than 1 h.
Therefore batches of 20 embryos can be managed at one time.

7. A volume of media is usually present within the microinjection pipet
via capillary action. It is critical not to build up too much pressure in
the system, which will introduce air bubbles into your droplet. If no
media are present in needle, slowly and carefully draw up media by
turning the piston in a counter-clockwise direction. Immediately stop
turning the piston once media begins moving up the pipet. If no media
are flowing into the pipet, the pipet may be improperly attached or
have an obstruction and therefore the pipet should be reattached or
replaced. A sudden uptake of suspension will create a plug of ACes
at the opening of the microinjection pipet that may or may not be
cleared (see Note 9).

8. Control is achieved once slow turns of the piston in both directions
result in controlled movements of the ACes up and down the pipet.
Minimize the amount of manipulations with the ACes in the micro-
injection pipet. We have preliminary data that suggest that repeated
handling of the ACes leads to breakage, which results in truncated
ACes being microinjected and maintained in transgenic mice.

9. An ACes that is stuck in the microinjection pipet can sometimes be
cleared by sudden but controlled uptakes of media that may dislodge
it up into the pipet or by a forceful but controlled outflow of media
that may expel it out of the opening. If an ACes aggregate forms that
cannot be moved in either direction, you will have to replace your
microinjection pipet in order to continue.

10. If an embryo is unfertilized or irregular, place it in a pile to the lower
left of your uninjected embryos. The larger of the pronuclei (the
male) is usually injected.

11. The ACes are floating freely in the M2 droplet. The critical skill of
the technique is the slow approach of the microinjection pipet tip
towards the desired ACes combined with the gradual turn of the pis-
ton to pick the ACes into the pipet, a skill that even an experienced
injectionist needs to practice.

12. Place each intact embryo—the pronuclei should also be intact—in a
pile at the upper right side of the region of the droplet.

13. Mice should be at least 3 wk old before tail clippings are taken.
14. Mice should be at least 5 wk old before they are subjected to saphe-

nous tail bleeding. We routinely take blood samples every 2 mo.
15. At least 100 metaphase lymphocyte spreads should be scored.
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1. Introduction

With the completion of the sequencing phase of the Human
Genome Project and the availability of fully sequenced clones con-
taining intact functional loci from the various high-quality human
P1- and F-plasmid derived/bacterial artificial chromosome (PAC/
BAC) genomic libraries (1,2), it is becoming more convenient to
study the expression and regulation of genes in their native genomic
environment and to use such knowledge for therapeutic applications.

However, a major limitation in such studies has been the diffi-
culty of introducing specific modifications in these large PAC/BAC
clones that, for obvious reasons, cannot be efficiently manipulated
by standard cloning procedures. The development of various tech-
niques using homologous recombination in Escherichia coli has
been invaluable in overcoming these limitations (refs. 3–16, for a
recent review, see ref. 17) and has allowed high precision modifica-
tions to be performed irrespective of the availability of restriction
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sites. Such modifications include the insertion or deletion of sequences
from a few base pairs to at least 70 kb in length, the introduction of
reporter genes into any desired location in intact loci, the introduc-
tion of physiologically relevant or disease causing mutations and
the direct subcloning of BAC fragments into smaller expression
vectors. However, not all methods are readily applicable or conve-
nient for the modification of BACs because they are either not di-
rectly applicable in the E. coli DH10B strain in which most PAC/
BAC libraries are maintained or they require the construction of
shuttle plasmids. The E. coli DH10B strain has a number of fea-
tures, including a mutation in the recA gene, that make it the strain
of choice for the stable maintenance of large genomic inserts in
PAC/BAC clones. However, this also means that PAC/BAC clones
cannot be modified by homologous recombination in DH10B cells
without restoring recombination proficiency, thus potentially risk-
ing intramolecular rearrangements and deletions. Restoration of the
RecA activity in a temperature-sensitive shuttle plasmid was origi-
nally used to modify BACs in DH10B cells (3). The subsequent
development of the RecE/RecT (ET) cloning system for the induc-
ible restoration of recombination proficiency in E. coli (5) has led to
a number of more convenient and efficient methods for the modifi-
cation of PAC/BAC clones.

The GET Recombination system (6,10,11) that is the subject of
this chapter has been specifically designed to facilitate modification
of PAC/BAC clones in DH10B cells and allows the introduction of
a variety of modifications without the need to create special shut-
tling vectors.

2. Materials

1. E. coli strain DH10B (Life Technologies–Invitrogen).
2. Luria/Bertani (LB) media.
3. Antibiotic stock solutions.
4. UV/Visible Spectrophotometer.
5. Sterile 10% (w/v) L-arabinose solution.
6. Bench-top refrigerated centrifuge.
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7. Refrigerated Eppendorf microcentrifuge.
8. Sterile 10% (v/v) glycerol solution.
9. Electroporation apparatus, for example, Bio-Rad Gene Pulser II.

10. 0.1-cm gap electroporation cuvets.
11. SOC medium.
12. Plasmid pGETrec.
13. Microbiological shakers and plate incubators.
14. Plasmids pUC19 and pZeoSV2.
15. Polymerase chain reaction (PCR) thermocycler.
16. Targeting and PCR screening primers.
17. Restriction enzyme DpnI.
18. Agarose and pulse field gel electrophoresis apparatus.
19. Qiagen Gel Extraction Kit.
20. 3 M sodium acetate, pH 5.2.
21. Absolute and 70% (v/v) ethanol.
22. TE buffer.
23. Sterile water.

3. Methods

The methods section described below will outline the various
stages involved in the generation of targeted modifications to BACs
using the GET Recombination system. One example experiment
will additionally be described to illustrate the experimental process
involved, outlining the replacement of the -globin gene held in a
200-kb BAC clone with an EGFP-Kanamycin/Neomycin reporter/
selection cassette. The methods chapter will thus be divided into the
following sections: (1) an overview of the GET Recombination sys-
tem; (2) general electroporation protocols; (3) GET Recombination
protocols; (4) the replacement of the -globin gene with an EGFP-
Kanamycin/Neomycin reporter/selection cassette in clone pEBAC/
148 ; and (5) time considerations.

3.1. The GET Recombination System

The RecE/RecT and the bacteriophage Red systems promote
homologous recombination between linear DNA fragments with as
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little as 30 bp of flanking sequence homology and circular plasmid
molecules or the host chromosome (4,5). We initially found that the
ET cloning system (5) could not be used to modify BACs in the E.
coli DH10B host cell strain because of the rapid degradation of lin-
ear DNA fragments by the highly active RecBCD nuclease. Mov-
ing BACs from the DH10B strain to other recombination proficient
strains also proved impractical due to methylation restriction limi-
tations. We therefore developed further the ET cloning system, to
allow the modification of PACs/BACs directly in DH10B cells by
the inducible inhibition of the RecBCD nuclease (6).

3.1.1. The pGETrec Plasmid

Plasmid pGETrec (for availability, see Note 1) was derived from
plasmid pBAD24-tRecET of the ET cloning system (5) by the clon-
ing of the bacteriophage gam gene downstream of the recT gene
in a polycistronic operon, thereby placing the expression of the gam
gene under the same L-arabinose inducible promoter as the RecE
and recT genes (Fig. 1, ref. 6).

The araBAD promoter system allows rapid and homogeneous
expression of proteins to high levels in E. coli cultures at saturating
concentrations of L-arabinose (18,19). It displays a fast on-off behav-
ior, being switched on by L-arabinose and switched off by glucose.
Rapid accumulation of RecE/RecT proteins was seen in DH10B
cells after induction with 0.2% w/v L-arabinose (Fig. 2), with the
RecE/RecT protein band becoming the most intense band within
30–40 min of induction. Prolonged induction of DH10B (BAC,
pGETrec) cells with L-arabinose was found to lead to a slowing of
growth rate and cell death, while induction for only 10 min leads to
a 10-fold reduction in the number of recombinant clones. Thus
induction with L-arabinose is normally carried out for 40 min. The
synthesis of RecE/RecT proteins is rapidly switched off after
electroporation by dilution of cells in SOC because of the presence
of glucose, but our studies indicate that the preformed RecE/RecT
proteins can persist for at least 3 h at 37°C (data not shown).
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The Gam protein is too small to resolve satisfactorily under the
conditions used for the electrophoresis of the RecE/RecT proteins.
However, isolation of PCR product at various time points after
electroporation into DH10B (pGETrec) cells showed rapid elimina-
tion of linear DNA in uninduced cells, whereas induction of cells
with 0.2% L-arabinose resulted in a significant protection of linear
DNA from degradation, with some intact PCR fragment still detect-
able one hour after electroporation (data not shown). Thus, our
results indicate that induction of the recE and recT genes from the
pGETrec plasmid induces a recombinogenic state that may last for
up to several hours, whereas specific recombination products may
only be obtained after electroporation by slowing down the rapid
degradation of the linear DNA by the RecBCD nuclease, through
the induction of the gam gene.

Fig. 1. Map showing the key features of the pGETrec plasmid. The
t-recE and recT gene products provide inducible recombination
proficiency to DH10B cells, whereas the gam gene product transiently
inhibits RecBCD nuclease activity, thereby protecting incoming linear
double- stranded PCR fragments from degradation.
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3.1.2. Design of Targeting Cassettes

Targeting cassettes for homologous recombination are conve-
niently prepared by PCR using customized targeting primers. Each
primer is designed with two functional elements serving distinct
roles: Firstly, a 20- to 30-bp sequence at the 3' end is required to
prime amplification of the cassette from the PCR template; second, a
40- to 50-bp sequence at the 5' end of each primer is homologous to a
unique target sequence on the BAC clone. The two 5' sequences
together define the region of the BAC clone that will be targeted during
homologous recombination (Fig. 3). It is particularly important to
avoid repetitive elements in the sequences of the targeting oligonucle-
otides because perfect regions of homology less than 50 bp in the
BAC sequence can readily be recognized as targets for recombina-

Fig. 2. Induction of RecE/RecT proteins from the pGETrec plasmid in
DH10B cells. DH10B (pGETrec) cells were induced with 0.2% L-arabi-
nose and 1.5-mL aliquots taken at 15, 20, 40, 60, 90, and 240 min after
induction. The medium was removed, and the cells were lysed in 50 µL
of sample loading buffer (250 mM Tris, pH 6.8, 2% sodium dodecyl sul-
fate; 10% glycerol; 20 mM DTT). A 5-µL aliquot was analyzed by dis-
continuous sodium dodecyl sulfate polyacrylamide gel electrophoresis by
the method of Laemmli (20) using a Protean II minigel apparatus (Bio-
Rad) and Coomassie Blue staining. The RecE and RecT proteins are
expected to be very similar in size (about 33 kDa, indicated by the arrow)
and are not resolved on electrophoresis of whole cell extracts. Lane M:
Molecular weight marker; lane 1, noninduced cells; lanes 2–7, cells at 15,
20, 40, 60, 90, and 240 min after arabinose induction.
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tion and reduce the overall efficiency of the targeting event (5,10).
Longer regions of homology yield a higher frequency of recombi-
nant clones (5,6), but the use of such cassettes is not convenient
because it requires multiple steps for their synthesis. The availabil-
ity of large numbers of fully sequenced PAC and BAC clones from
the Human Genome Project greatly facilitates the design of targeting
oligonucleotides for the modification of such clones.

Fig. 3. Overview of the GET Recombination system. (A) Oligonucle-
otide primers are designed to prime amplification of the sequence to be
inserted into the BAC, and target its insertion to the desired region of the
BAC clone. (B) The targeting cassette pairs with its complementary
sequences on the BAC clone and undergoes recombination to yield the
final modification. (C) Screening PCR primers (ScrnF and ScrnR) amplify
across the recombination junction for the purpose of detection of modified
clones because of different size products produced in the modified and
parent molecules.
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3.1.3. Outline of Experimental Procedures

The modification of PAC/BAC clones requires first the
electroporation of the pGETrec plasmid into the same DH10B cells
as the PAC/BAC clone. The isolation and growth of such cells is
conductedwith continuous antibiotic selection for both the pGETrec
and BAC plasmids, whereas induction with L-arabinose is con-
ducted just before harvesting and preparation of the cells for
electroporation. The targeting cassette is then electroporated into
the DH10B (BAC, pGETrec) cells. Recombination between the tar-
geting cassette and the BAC clone (Fig. 3) allows the generation of
recombinant clones. Selection of recombinant clones is usually
facilitated by the inclusion of an antibiotic gene in the targeting cas-
sette that confers novel antibiotic resistance to the recombinant
clones. The introduction of point mutations and other fine modifi-
cations without leaving behind any operational sequences is con-
ducted in two separate stages (11) with the use of a counterselection
marker to kill cells carrying nonrecombinant clones.

3.2. General Electroporation Protocols

3.2.1. Preparation of Electrocompetent E. coli DH10B Cells

1. Pick a single colony of DH10B cells from a freshly streaked plate
and inoculate a 2-mL overnight starter culture (LB plus appropriate
antibiotics; see Note 2).

2. The next day, inoculate 20 mL of media with 0.2 mL of the over-
night culture and grow at 37°C until the culture reaches an OD600 of
0.5. DH10B (BAC, pGETrec) cells being prepared for GET Recom-
bination should be grown at 37°C until they reach an OD600 of 0.4,
after which the media should be supplemented with L-arabinose to a
final concentration of 0.2% (w/v) by adding 0.4 mL of a 10% (w/v)
filter-sterilized stock solution, followed by a further shaking for 40
min at room temperature.

3. Harvest the cells by centrifugation at 5000 rpm for 5 min, resuspend
the pellet in 3 mL of ice cold 10% (v/v) glycerol, and transfer to two
prechilled microcentrifuge tubes.
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4. Centrifuge the cells at 0°C for 1 min at 13,000 rpm in a refrigerated
microcentrifuge and pipet off the supernatant.

5. Resuspend each of the pellets in 1.5 mL ice cold 10% (v/v) glycerol
and repeat the centrifugation step.

6. Repeat the washing cycles a further three times each time with 1.5
mL ice cold 10% (v/v) glycerol and resuspend the pellets in a final
volume of 40 µL ice cold 10% (v/v) glycerol.

7. The cells (40 µL) can be used directly for electroporations or snap
frozen in an ethanol/dry ice bath and stored at –70°C until needed
(see Note 3).

8. Larger batches of cells can be prepared using the above protocol by
scaling up the volumes as necessary and storing the aliquots at –70°C
after snap freezing in a CO2/ethanol bath.

3.2.2. Electroporations

1. Preferentially use freshly prepared cells or thaw electrocompetent
cells on ice if using frozen cells prepared previously (see Note 3).

2. Add 1–2 µL precooled DNA in 0.5X TE buffer containing 0.5–2.0 µg
PCR product for GET Recombination, or 100–200 pg of plasmid DNA
for transformations to the cells and mix by tapping (see Note 4).

3. Transfer the cells/DNA mixture with a cooled pipet tip to a pre-
chilled electroporation cuvet (0.1-cm gap) taking care to minimize
the introduction of air bubbles into the chamber of the cuvet.

4. Electroporate the cells using 1.8 kV, 200 , and 25 µF, which will
result in a time constant of 4–5 ms.

5. Add 1 mL SOC medium to the cuvet, transfer the cells to a 15 mL
tube and shake at 37°C for 1 h.

6. Plate the cells onto LB agar plates containing appropriate antibiotics
and allow colonies to form over a 16- to 24-h period.

3.3. GET Recombination Protocols

The following sections outline the general procedures used in the
GET Recombination system to introduce targeted modifications to
BAC clones. Subheading 3.4. will refer to a specific example of
use of the system.
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3.3.1. Transformations

1. Pick a single colony of DH10B (BAC) cells and make them
electrocompetent, as described in Subheading 3.2.1.

2. Add 1 µL of plasmid pGETrec (approx 100 pg) to the cells,
electroporate and plate on LB agar plates containing antibiotic selec-
tion for the BAC clone and ampicillin for pGETrec selection (Sub-
heading 3.2.2.).

3. Pick a colony of the DH10B cells, now containing both the BAC and
pGETrec plasmids and grow an overnight starter culture at 37°C,
including antibiotic selection for both the BAC and the pGETrec
plasmids (see Note 5).

4. Use the overnight culture to inoculate a 20-mL culture of LB con-
taining the same antibiotics at the same concentrations, grow the cells
at 37°C, and prepare them for GET Recombination, including the
additional 40-min induction step with L-arabinose as described in
Subheading 3.2.1.

3.3.2. Electroporation Efficiency

The transformation efficiency of electrocompetent cells should
be carefully evaluated. Commercially available DH10B cells
(grown without antibiotics) should yield transformation efficiencies
in the order 1010 cfu/µg DNA. This is rarely achievable with home
made cells, whereas the preparation of electrocompetent DH10B
(BAC, pGETrec) cells in the presence of two antibiotics has a fur-
ther detrimental effect. Home made DH10B (BAC, pGETrec) cells,
grown on ampicillin and chloramphenicol, should generally yield
an efficiency in excess of 108 cfu/µg DNA.

1. To an aliquot of electrocompetent DH10B (BAC, pGETrec) cells,
add a standard known amount of a commercially available plasmid,
for example, 10 pg of pUC19 for cells not carrying the pGETrec
plasmid or 10 ng of pZeoSV2 for cells that contain pGETrec.

2. Electroporate the cells as described in Subheading 3.2.2. and plate
serial dilutions of the SOC incubations on LB agar plates containing
appropriate antibiotics (ampicillin for pUC19 or zeocin for pZeoSV2
on low-salt LB [pH 7.5] plates).

3. Count the number of colonies and estimate the number of colony
forming units (cfu/µg DNA electroporated).
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3.3.3. Retention of Plasmids

We have observed a variable tendency for DH10B (BAC,
pGETrec) cells to lose the BAC or the pGETrec plasmid during
preparation of electrocompetent cells, thus affecting adversely the
overall efficiency of the system. Empirical observations suggest that
this tendency can be affected by the conditions of culture of the
cells, including temperature of incubation and antibiotic concentra-
tion. The use of freshly streaked and well-growing colonies and the
avoidance of overgrowing cells on plates and in culture should mini-
mize this problem. Growth of cultures for electrocompetent cells at
30°C and increased antibiotic concentration may also improve
retention in some circumstances. If low retention of both plasmids
is suspected, careful evaluation of the cells should be performed as
follows:

1. Dilute an aliquot of induced DH10B cells prepared for GET Recom-
bination and plate on LB agar plates containing either ampicillin, the
antibiotic used to select for the BAC clone (usually chlorampheni-
col), or no antibiotic.

2. After overnight growth, count the number of colonies on the plates
and calculate the proportion that are resistant to each antibiotic. If
the proportion of the total clones that are resistant to each antibiotic
is less than 90%, the efficiency of the system can be significantly
reduced and the cells may need to be prepared again.

3.3.4. Preparation of Targeting Cassettes
for Electroporation

1. Set up 16 PCR reactions (25 µL) using the targeting oligonucleotide
primers for the amplification of the sequence to be recombined into
the BAC.

2. Run the PCR for 30 cycles (94°C, 30 s; 60°C, 30 s; 72°C, 1 min/kb
length of PCR product; see Note 6).

3. Pool the reactions and digest for 1 h at 37°C with DpnI. This will
digest the methylated plasmid template thereby reducing plasmid
carryover into the electroporations and the appearance of false posi-
tive clones (see Note 7).

4. Purify the PCR product using the Qiagen PCR purification kit
(optionally the PCR product may be gel purified).
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5. Precipitate the purified fragment by adding 0.1 vol of 3 M sodium
acetate, pH 5.2, and 2 vol of absolute ethanol and leave on ice for
30 min.

6. Centrifuge at 4°C for 30 min at 13,000 rpm, decant the supernatant,
and wash the pellet with 0.5 mL of 70% (v/v) ethanol.

7. Remove the supernatant, air-dry the pellet at room temperature for 5
min and redissolve in 5 µL of 0.5X TE buffer.

8. Quantitate the amount of PCR product by resolving 1 µL on an aga-
rose gel and compare the intensity of the band to that of the standards
of known concentrations.

9. Use 1–2 µL PCR product containing 0.5–2 µg per 40 µL of cells for
electroporation, as described in Subheading 3.2.2.

3.3.5. Screening for Recombinant Clones

Initial screening of colonies can be performed by colony PCR as
detailed below. However, care should be taken when picking the
colonies to avoid contamination from the lawn of plated cells
present on the surface of the plate that carry unmodified BAC DNA
and may thus constitute a source of false-negative PCR signal.
Alternatively, individual clones can be grown overnight and a 1-µL
aliquot of the culture used directly for PCR. Screening primers
should be designed to anneal outside of the region modified by GET
Recombination to produce distinctly different PCR products in
modified and unmodified clones.

1. Pick colonies from the plates after GET Recombination and place
into 40 µL of sterile water (or LB medium), in individual wells of a
96-well plate.

2. Disperse the colonies by agitation, and use 1–5 µL of the solution as
template for PCR in 25-µL PCR screening reactions.

3. Any identified positive clones can be used to inoculate overnight cul-
tures in LB containing appropriate antibiotics for further analysis.

3.3.6. Postmodification Analysis

BAC clones modified by the GET Recombination system should
be carefully analyzed to demonstrate: (a) that the desired modifica-
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tion has been performed and (b) that the BAC clones have not
undergone any unwanted rearrangements during the process.

1. Remove plasmid pGETrec from the modified clone by preparing
miniprep DNA from an overnight culture grown in the absence of
ampicillin, electroporate 1 µL into fresh DH10B cells and plate the
cells on LB agar plates, selecting only for the BAC clone (Subhead-
ing 3.2.1.).

2. Pick a single colony, prepare a miniculture and confirm loss of the
pGETrec plasmid by virtue of ampicillin sensitivity. Alternatively,
clones can be streaked out on chloramphenicol plates and transferred
to ampicillin plates, to identify colonies that spontaneously loose the
pGETrec plasmid.

3. From 2-mL overnight cultures of DH10B cells containing either the
parent or the modified BAC clone, make miniprep DNA and per-
form a series of restriction enzyme digests by standard protocols,
choosing two to three different enzymes that cut the BAC into small-,
medium-, and large-sized fragments and analyze by agarose and pulse
field gel electrophoresis as necessary.

4. Perform southern blot analysis with 32P-labeled probes either con-
sisting of the region of the BAC deleted, to demonstrate its loss, or
the PCR product inserted, to demonstrate its integration into the BAC
on the correct sized restriction enzyme fragment.

5. Sequence junction fragments.

3.4. Replacement of the -Globin Gene in the -Globin
Locus With an EGFP-Kan/Neo Reporter/Selection
Cassette

3.4.1. Background

In this example, a modification to the genomic insert of pEBAC/
148 (6,10), a 200-kb second-generation BAC clone is described.
The coding sequence of the -globin gene was precisely deleted
between the start and stop codons and replaced with the EGFP-Kan/
Neo cassette such that the start codon of the EGFP gene was in
direct replacement of the start codon of the -globin gene. In this
way, EGFP expression is driven directly from the native -globin
promoter, thereby providing an accurate reporter assay system for
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-globin expression in its natural genomic environment (Fig. 4).
This construct complements a previously described construct (10)
in which the insertion of the EGFP-Kan/Neo cassette was accompa-
nied by a 44-kb deletion of all the sequences between the start codon
of the -globin gene and the stop codon of the -globin gene.

3.4.2. Preparation of EGFP-Kan/Neo Targeting Cassette

The EGFP-Kan/Neo cassette (2861 bp) was prepared for GET
Recombination by PCR amplification from plasmid pEGFP-N22

Fig. 4. Replacement of the -globin gene in pEBAC/148 with an
EGFP-Kan/Neo cassette. The EGFP-Kan/Neo cassette from plasmid
pEGFP-N22 was targeted by GET Recombination between the start and
stop codons of the -globin gene in pEBAC/148 containing a 185-kb
genomic fragment with the intact -globin locus. Recombinant clones
were identified by screening with the external primers EpsilonScrnF and
EpsilonScrnR.
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using primers EpsilonEGFPFor (5' TCTGCTTCCGACACAGCT
G C A A T C A C T A G C A A G C T C T C A G G C C T G G C A T C
atggtgagcaagggcgaggagc-3') and EpsilonEGFPRev (5'-CAGAA
G G A G G G T G T C A G G G T C A C A G G A A G A C C T G C
AAACTGGAAGAGAACccagagtcccgctcagaag-3'). Upper case
characters (50 bp) relate to the homology targeting arms flanking the
-globin genomic sequence, and lower case characters those used to

prime amplification of the EGFP-Kan/Neo cassette. Plasmid pEGFP-
N22 was derived from plasmid pEGFP-N2 (Clontech) by deletion of
the multicloning site and removal of the NotI site located down-
stream of the EGFP gene (10). PCR reactions were performed in 25-
µL volumes for 30 cycles (94°C, 30 s; 60°C, 30 s; 72°C, 2 min) with
the Expand High Fidelity PCR System (Boehringer Mannheim). The
resulting PCR product was DpnI treated, gel purified, and precipi-
tated as described in Subheading 3.3.3.

3.4.3. GET Recombination

DH10B (pEBAC/148 ) cells were electroporated with pGETrec
plasmid and prepared for GET Recombination as described in Sub-
heading 3.3.1. The purified PCR product was electroporated and
colonies allowed to form over an 18-h period (Subheading 3.2.2.).
A number of kanamycin-resistant colonies that grew were picked
and screened by PCR using primers EpsilonScrnF (5'-
CACAGCTGCAATCACTAGCA-3') and EpsilonScrnR (5'-
CCATCATATCA TCCTCCTTGG-3'). These primers yield a PCR
product of 1766 bp from the normal -globin gene, while insertion
of the EGFP-Kan/Neo cassette should yield a PCR product of 3106
bp (Fig. 5).

3.4.4. Postmodification Analysis

Miniprep DNA from two individual recombinant clones was pre-
pared, re-electroporated into fresh DH10B cells and plated on LB
agar plates containing chloramphenicol to segregate the pGETrec
plasmid. Single colonies were subsequently picked, checked for loss



258 Orford et al.

of pGETrec by ampicillin sensitivity, and grown in overnight mini
cultures. Miniprep DNA was prepared for restriction enzyme digest
mapping experiments, to check for unwanted rearrangements at
various levels of resolution (Fig. 6).

Digestion of pEBAC/148 DNA with NotI releases the 185-kb
genomic insert from the 17-kb vector backbone when resolved on a
1% PFGE gel (Fig. 6A). Replacement of the -globin gene with the
EGFP-Neo/Kan cassette is expected to give rise to an increase in
size of 1340 bp, which is not resolved under these conditions in
clones positive for this type of replacement. Digestion of unmodi-
fied pEBAC/148 using XhoI produces six fragments (Fig. 6B, lane
1). XhoI cuts only twice in the known sequence of the -globin
locus, releasing a 4.9-kb fragment between the two -globin genes.
The uppermost 75-kb band contains most of the -globin locus from
the A -globin gene to the 3' end of the locus, whereas the 5' end of
the locus, including the LCR and -globin gene, are contained in the
upper band at about 45 kb (data not shown). The insertion of the
EGFP-Neo/Kan cassette in place of the -globin gene should result

Fig. 5. PCR screening for recombinant clones. Nine individual colo-
nies were screened by PCR using primers EpsilonScrnF and
EpsilonScrnR to yield products of 1766 bp for unmodified clones, or 3106
bp for clones which had undergone the desired modification. Lanes 4 and
6 clearly identified two positive clones that had undergone the desired
modification. Lanes + and – represent controls (pEBAC/148 , unmodi-
fied control and water, negative control, respectively). Note that the posi-
tive clones additionally amplify a small 1766-bp PCR product as an
artefact of colony PCR (Subheading 3.3.5.).
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in an increase of 1340 bp in this fragment and is just detectable in
both modified clones (Fig. 6B, lanes 2 and 3).

The -globin gene is present on a 3751-bp EcoRI fragment in
pEBAC/148 , whereas the EGFP-Neo/Kan cassette does not have
any EcoRI sites. The replacement of the -globin gene by the EGFP-
Neo/Kan cassette should therefore lead to the loss of a 3751-bp band
and the appearance of a 5091-bp band after EcoRI digestion. High-
resolution mapping after EcoRI digestion clearly demonstrates the
loss of a 3751-bp band with the concomitant appearance of a 5091-
bp band in both recombinant clones (Fig. 7). At the same time, this
gel demonstrates the absence of any minor deletions or rearrange-
ments in the recombinant clones.

Fig. 6. Restriction enzyme mapping of modified clones at low and
medium resolution. Two positive clones identified by PCR screening
were digested with either NotI to release the entire 185-kb genomic insert
from the 16-kb vector fragment (A) or digested into medium sized frag-
ments with XhoI (B). No change is detectable after NotI digestion,
whereas a small but clearly observable change in the size of the upper 45-
kb band, carrying the -globin gene, is seen in the recombinant clones
(arrow, lanes 2, 3) after XhoI digestion. Lane 1, Parent clone, pEBAC/
148 ; lanes 2 and 3, two individual recombinant clones.
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3.4.5. Time Considerations

Fully sequenced PAC or BAC clones can now be identified for
most genes of interest from the publicly available genomic librar-
ies. It is advisable before launching into a PAC/BAC modification
project to allocate a couple of days for in silico research, to identify
all available PAC/BAC clones for the gene of interest and look for
unique sequences that may be used as preferred target sites for
homologous recombination. If several clones are available, then it
may also be better to start with a clone that retains maximum amount
of sequence at both the 5' and 3' ends of the genomic locus of inter-
est. It is also necessary at this stage to select restriction nucleases
that will allow analysis of the clone before and after modification at
medium and high resolution (NotI is normally used to release the
insert and check for the absence of gross unwanted rearrangements).

The selected genomic clone(s) are streaked out and glycerol
stocks are established. The electroporation of the pGETrec plasmid

Fig. 7. Restriction enzyme mapping of recombinant clones at high
resolution. Two recombinant clones were analyzed at high resolution after
digestion with EcoRI. A band at 3751 bp disappears in the modified clones
and is replaced by a new band at 5091 bp because of the replacement of the
-globin gene with the EGFP-Neo/Kan cassette. Lane 1, Parent clone,

pEBAC/148 ; lanes 2 and 3, two individual recombinant clones.



BAC Modification by GET Recombination 261

into the selected clone and the preparation of electrocompetent
DH10B (BAC, pGETrec) cells retaining both plasmids at high effi-
ciency will require 3–4 d.

The targeting cassette may be prepared and purified in parallel with
the cells, so that it can be electroporated into freshly prepared cells.

After electroporation of the targeting cassette into DH10B (BAC,
pGETrec) cells, identification of positive recombinants, initially by
colony PCR, removal of the pGETrec plasmid, and analysis of
miniprep DNA preparations at various levels of resolution and by
sequencing will require another 1–2 wk.

Thus, by using the GET Recombination system, it is possible for
experienced researchers to complete targeted modifications on BAC
clones within 2–3 wk.

4. Concluding Remarks

The GET Recombination system is a powerful tool that can be
used to facilitate the introduction of a variety of modifications into
genomic fragments in BAC/PAC clones.

In the simplest type of modification, a reporter/antibiotic cassette
may be inserted in frame with the gene of interest. The use of the
kanamycin/neomycin gene in the cassette facilitates not only the
identification of recombinant colonies in bacteria but also the estab-
lishment of stably transfected eukaryotic cell lines, thus providing
sensitive assays for gene expression under physiologically relevant
conditions. Such assays may then be used for the development of
high throughput screening assays to facilitate the identification of
drugs that may modify gene expression. Insertion of the reporter at
the start codon of the gene of interest enables an analysis of the
effects of the promoter and other distant regulatory elements and
their binding factors, without any interference from downstream
elements. However, introduction of the reporter just before the stop
codon can allow an analysis of the effects of various intragenic regu-
latory elements, as well as the impact of various upstream muta-
tions on mRNA processing and gene expression.
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The inclusion of an antibiotic selectable marker in the targeting
cassette prevents the study of the role of any downstream elements
on gene expression. This limitation may be overcome by the in-frame
insertion of the reporter gene, without the antibiotic marker. This may
be achieved through a two-stage GET Recombination procedure (11),
involving first the insertion of a counterselection cassette and then its
replacement by the in-frame insertion of the coding sequence of the
reporter at both its 5' and 3' ends. The tetracycline gene can be used
for both selection and counterselection (11), but its overall efficiency
in counterselection is low. However, novel counterselection
approaches (21,22) may allow such fine modifications to be achieved
with much greater efficiency.

Similar approaches may be used to introduce a variety of disease
causing mutations or polymorphisms in cloned genomic loci without
leaving behind operational sequences (11,21,22). The impact of such
modifications may then be studied directly in cell lines and in
transgenic animal models. It is anticipated that this approach will be
particularly useful in understanding the impact of various polymor-
phisms on gene expression. Because tens, if not hundreds, of poly-
morphic differences may exist in any genomic locus from the
published sequences, proposals for a direct role of any polymorphism
on gene expression should be verified by the insertion of the relevant
polymorphism on a fully sequenced clone.

Although there are great hopes for the therapy of a variety of dis-
eases by direct gene delivery, the development of GET Recombina-
tion and other similar techniques for the modification and functional
analysis of PAC/BAC clones should facilitate the process of drug dis-
covery for the targeted modification of gene expression, so as to over-
come or complement the effects of various disease causing mutations.

5. Notes

1. Plasmid pGETrec is available for distribution from Dr P. Ioannou,
Cell & Gene Therapy Research Group, Murdoch Childrens Research
Institute, Melbourne, Australia (e-mail: ioannoup@cryptic.rch.
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unimelb.edu.au) after completion of a material transfer agreement
(available for download from the web site: http://murdoch.rch.
unimelb.edu.au/pages/lab/cell_gene_therapy/overview.html.)

2. Common antibiotics are used at the final concentrations in media
and on plates as follows: ampicillin (Amp), 100 µg/mL; chloram-
phenicol (Cm), 12.5 µg/mL; or kanamycin (Kan), 25 µg/mL.

3. The use of freshly prepared cells is highly recommended because
they exhibit higher transformation efficiencies. The protocol de-
scribed for the preparation of electrocompetent cells should be per-
formed rapidly whilst taking care to maintain the temperature of the
cells and solutions as cold as possible during the procedure. At least
four washes with ice cold 10% glycerol should be conducted to en-
sure that all of the salts present in the culture media have been washed
from the cells to avoid arcing of the sample during electroporation.

4. Maximum electroporation efficiency is attained by electroporating 2
µL DNA in 0.5X TE buffer per 40 µL of cells. Using a larger volume
of DNA or higher concentration buffer can seriously impact on the
electroporation efficiency.

5. It is good to pick a number of independent clones with both plasmids
and make miniprep DNA preparations for analysis. Although the
pGETrec plasmid is high copy, many of the PAC or BAC bands can
still be seen on a gel after digestion with EcoRI. This type of analysis
may also be used to check the absence of any rearrangements in the
PAC/BAC clone prior to GET Recombination.

6. PCR cycling conditions must be determined empirically for each tar-
geting primer pair. In practice, higher yields of good quality PCR
product can be obtained using the Expand High Fidelity PCR Sys-
tem (Boehringer Mannheim) and cycling for 10 cycles at the opti-
mum annealing temperature, followed by a further 20 cycles at an
annealing temperature of 70°C, which uses the full melting tempera-
ture of the long oligos after the initial few cycles have synthesized
some full-length template.

7. Often the size of the PCR targeting cassette can comigrate on agar-
ose gels with supercoiled template plasmid DNA. Treatment of the
PCR product with DpnI, which selectively digests methylated DNA,
destroys template plasmid without affecting the targeting cassette,
thus reducing the number of false-positive clones appearing on the
plates following GET Recombination.
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