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Abstract

The discovery of autonomous replicating sequences (ARSs)
in Saccharomyces cerevisiae in 1979 was considered a mile-
stone in unraveling the regulation of replication in eukaryotic
cells. However, shortly afterwards it became obvious that in
Saccharomyces pombe and all other higher organisms ARSs
were not sufficient to initiate independent replication. Under-
standing the mechanisms of replication is a major challenge
in modern cell biology and is also a prerequisite to devel-
oping application-oriented autonomous replicons for gene
therapeutic treatments. This review will focus on the devel-
opment of non-viral episomal vectors, their use in gene ther-
apeutic applications and our current knowledge about their
epigenetic regulation.
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Introduction

Over the last few years many clinical gene therapy trials with
beneficial results for patients have taken place. However,
during these trials severe problems became obvious with
regard to safety aspects of the technologies used.

In most gene therapy trials being virus-based vectors, such
as adenoviral and retroviral vectors, have been mainly used
for the delivery of genetic material to the cells (1). Owing
to their high transduction efficiency these vectors have been
found to have broad applications in gene therapeutic treat-
ments; even so, the appliance of these viral vectors is not
without safety risks (2). Despite their steady improvement
they can still lead to insertional mutagenesis when integrat-
ing into the host genome or can induce immunological reac-
tions in the recipient organism. Therefore, the use of viral
vectors in gene therapy approaches is recommended only
after a careful risk-benefit analysis.

Non-viral, autonomous replicating vectors are considered
to be a safe alternative but owing to their low efficiency they
have not yet been used routinely in gene therapy trials (3).

Therefore, it is of immense importance to understand the
underlying regulatory mechanisms involved in the establish-
ment, replication and stability of autonomous replicons.
Recently, the relevance of epigenetic parameters, such as
chromatin structure, interplay between transcription and
nuclear localization, has been analyzed in various organisms
demonstrating that epigenetic factors play an important role
in regulating DNA replication in higher organisms. In
budding yeast, origin licensing is determined by the binding
of the origin recognition complex (ORC) to a specific DNA
sequence, which has been identified as autonomously repli-
cating sequence (ARS). In contrast, the primary sequence of
DNA alone is not sufficient for origin licensing in higher
eukaryotic cells. Metazoan origins exhibit an extended struc-
ture and replication can be initiated at several different
locations within (4). Moreover, in these cells cell cycle-
dependent alterations of histone modifications and nucleo-
somal remodeling have been shown to regulate pre-
replication factor assembly. Furthermore, recent studies pro-
vide evidence that cellular differentiation of embryonic stem
cells is accompanied by controlled changes in replication
timing, transcription and nuclear localization (5).

Therefore, understanding the epigenetic regulation of
replication is essential for the rational design of episomally
replicating vectors. This should not only lead to vector
improvement but might also provide new insights into the
regulatory mechanisms of replication. In this review, we will
first summarize the main characteristics of eukaryotic origins
of replication followed by discussing recent experiments that
address progress towards understanding the epigenetic reg-
ulation of replication. We will then focus on advances in the
construction of autonomous replicons used as model systems
in basic cell and molecular biology, as well as in gene ther-
apeutic applications.

Eukaryotic origins of DNA replication

The origins of DNA replication are defined as genomic sites
at which DNA replication is initiated during the S-phase.
Almost 50 years ago Jacob and Brenner (6) suggested the
replicon model: replication initiation occurs when a
sequence-specific DNA binding protein, the initiator, binds
to a defined DNA sequence, the replicator. This binding is
followed by the recruitment of other factors required for
unwinding DNA and initiating DNA replication. In bacteria,
the protein DnaA binds to the bacterial origin of replication,
which is defined by a specific DNA sequence, leading to
local unwinding of the DNA. DnaA, together with DnaC,
loads the replicative helicase DnaB onto the melted DNA
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Figure 1 Origins of replication according to ‘‘DNA replication and human disease’’ (9).
(A) Replicator of budding yeast showing the essential functional elements. ACS and B elements are marked as black boxes, DNA regions
capable of binding purified ORC or protected by ORC and pre-RC are indicated by unfilled rectangles. DNA unwinding element is indicated
by a similar rectangle. Arrows indicate the origins of the bidirectional replication. (B) Replicator of fission yeast showing the essential
elements. Important regions are marked as numbered black boxes, whereas regions capable of binding purified ORC are indicated by smaller
rectangles below the DNA strand. Arrows indicate the origins of bidirectional replication. (C) Replicator of metazoans. The light, gray, two-
sided arrow indicates the initiation zone containing multiple origins of replication shown by the black triangles. The unfilled rectangle
depicts the DHFR coding region. The promoter is marked as a dark arrow pointing in the direction of transcription.

allowing replication to start (7). It has been assumed that the
replicon model not only explains initiation in bacterial or
some viral systems but also explains it in higher organisms.

The first eukaryotic origins of replication which were iso-
lated from the yeast Saccharomyces cerevisiae resulted in
autonomously replicating vectors. Thus, DNA sequences
having this property were called ARSs (8). These sequences
are approximately only 140 bp in size and consist of various
modules, the A element or ARS consensus sequence (ACS)
and the B elements (in the case of ARS1, B1 to B3). The
most important element is the 11 bp ACS found in all ARSs.
Mutation in any nucleotide of this 11 bp leads to a loss of
function although the ACS is not sufficient for origin for-
mation. The combination of A and B elements modulates
origin strength and efficiency (Figure 1). It has been esti-
mated that approximately 450 ARSs are present in the yeast
genome (10).

The ACS and the B1 element are the binding sites for the
six-subunit protein complex, the ORC, required for replica-
tion in yeast. In S. cerevisiae the various ORC subunits inter-
act with the DNA. ORC recruits other proteins such as
Cdc6m, Cdt1 and six MCM proteins, MCM2–MCM7, to
form the pre-replication complex (pre-RC) during the early
G1-phase of the cell cycle. Transition into the S-phase is

achieved by the activation of specific protein kinases and the
conversion of the pre-RC to the initiation complexes. The
cell cycle specific regulation of the ORC ensures that DNA
replication occurs only in the S-phase and that a single origin
of replication is activated only once during the cell cycle
(11, 12). All the factors required are highly conserved in
eukaryotic organisms indicating that the mechanisms of ori-
gin licensing and activation are conserved from yeast to
human.

There are many more ARSs present in the yeast genome
than are actually activated in vivo. Recent analyses suggest
that approximately one-third of the genomic ARSs are late
firing or inefficient (13). For instance, in simple eukaryotes
selection of origins seems to depend on epigenetic factors as
described below. For example, ARS sequences are located in
all intergenic spacers of the ribosomal DNA (rDNA) locus
but only those ARSs which are located immediately down-
stream of transcribed rDNA genes become activated (14). In
the same locus, active rDNA ARSs are clustered and inter-
spersed with large silenced domains in which no initiation
of DNA replication is observed. Silencing is predominantly
achieved by the Sir2p histone deacetylase, implying that
chromatin structure plays a crucial role in origin selection
and activation (15).
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Whereas S. cerevisiae represents the prototype for
sequence-specific binding of the eukaryotic initiator protein
complex, this is not the case for higher eukaryotes (Figure
1). Initially, ARS elements in S. pombe were also identified
by their ability to promote autonomous replication of plas-
mids (16). The ARS elements of S. pombe are much larger
(0.5–1 kb) than those of S. cerevisiae (100–200 bp) and no
conserved ACS essential for ARS function could be defined
in S. pombe. In this yeast ARS elements are characterized
by extended (AT)-hook motifs. Deletion of small elements
of these motifs leads to a loss of function but can sometimes
be replaced by poly(dA.dT) repeats (17). The number of
ARS elements is approximately the same in S. pombe as in
S. cerevisiae (18) but only approximately 160 of them are
used in every cell cycle (18). Whereas in S. cerevisiae var-
ious ORC subunits have contact with the DNA, only ORC4
mediates DNA binding in S. pombe. Here, ORC4 shows a
unique feature having a terminal extension of an AT-hook
binding motif (19). ORC can bind to various elements within
a single ARS and this multiple binding seems to be important
for MCM recruitment and origin activation (20) (Figure 1).

The observation that there are already more replication
origins in the yeast genome than are actually used is in agree-
ment with the ‘‘Jesuit model’’ proposed by DePamphilis
(21), which describes selection of an active origin as being
crucial for correct replication. This is especially true for rep-
lication origins of higher metazoan cells. It has been esti-
mated that replication initiates from approximately 30 000
sites in the mammalian genome (22) but various lines of
evidence suggest that many more potential origins of repli-
cation are present in the genome and that, in contrast to
yeast, an origin of replication is not defined by its primary
sequence. In metazoans for example, the ORC has lost its
specific DNA binding property but shows a preference for
negatively and unwound DNA sequences (23). To identify
human origins, several approaches were developed, as dis-
cussed below.

The average distance of initiation sites in differentiated
cells is between 50 and 100 kb. These distances are consid-
erably shorter in gene-rich regions and can be up to 500 kb
in gene poor regions (24). Analyses of mapped origins of
replication also revealed more common structural features
such as AT-rich regions, CpG islands, bent DNA, the pres-
ence of scaffold/matrix attached regions (S/MARs), and the
occurrence of initiation at various sites, than consensus
sequences in mammalian origins (8, 20). This implies that
ORC binding is not sequence-specific and that licensing and
activation of mammalian origins of replication are strongly
influenced by epigenetic factors.

The epigenetic regulation of replication

It is now increasingly obvious that epigenetic factors have a
strong impact on origin selection and origin activation.
Recent studies revealed that the selection and actual firing
of an origin depends on ‘‘environmental’’ effects, such as
transcriptional activity, chromatin organization and nuclear

localization (25, 26), although the detailed mechanisms
remain elusive. In the following section we will discuss
recent studies in yeast and mammalian cells examining the
epigenetic characteristics of replication (22, 25, 27–29). We
will focus on the contribution of chromatin structure to origin
selection and activation, and the impact of nuclear localiza-
tion and transcription on replication.

The contribution of chromatin structure to origin

selection and activation

Histone modifications, such as acetylation, are relevant for
the initiation of replication already found in yeast genomes,
as was recently demonstrated by Weber et al. (29). While
analyzing replication initiation events and their influence on
origin firing, they identified the origin-binding protein SumI.
As part of the SumI/RfmI/HstI complex it is connected to an
efficient replication initiation and represses meiotic gene
expression during vegetative growth by histone deacetyla-
tion. A specific deacetylation of lysine 5 on histone 4
(H4K5) by histone deacetylase (HDAC) HstI was observed
(29). By knocking out SumI or HstI and mutating lysines to
glutamines in the H4 tail, which mimics a continuously acet-
ylated state, a decrease of origin activity was observed (29).
Whereas HstI deficient yeast strains have been shown to
exhibit a decreased origin activity, knocking out the HDAC
Sir2 results in a stronger origin activity (30). This effect
could be explained by the fact that both HDACs target dif-
ferent histone modifications (29). Whereas HstI deacetylates
H4K5, Sir2 mainly acts on H4K16, which is known to be
enriched in early but is absent in late replicating chromatin
(31). This observation demonstrates that histone acetylation
is involved in the regulation of replication, but very much
depends on the chromosomal context. Accordingly, Knott et
al. were able to find a similar correlation between regulation
of replication and epigenetic mechanisms. By knocking out
the HDAC Rpd3L, it was possible to change the timing of
a certain amount (32) of late-firing origins to an earlier time
point (33) (Figure 2).

Recently, Wu and Nurse have studied the ORC and rep-
lication factor binding on replication initiation sites and
compared the results with analyses of origin timing and effi-
ciency in the yeast S. pombe (34). They unraveled a corre-
lation between origin efficiency and early replication timing
determined by AT-rich sequences and the availability of rep-
lication factors during M/G1-phase, when assembly of the
pre-RC complex takes place (34). By connecting the level
of pre-RC assembly to origin efficiency and replication tim-
ing, a higher ordered mechanism for replication is described,
which can already be observed in yeast. Connections
between changes in replication timing and chromatin struc-
ture have also been observed in higher organisms (5, 35).
Analyzing embryonic stem cells revealed that during cellular
differentiation replication domains undergo temporal reor-
ganization processes, accompanied by a spatial reorganiza-
tion in the nucleus (5). Evidence was provided for alterations
of transcriptional activity of the relevant domains. These
alterations were only present when a change of replication
timing took place during a certain time period of the S-phase
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Figure 2 Molecular mechanisms of epigenetic replication.
The ORC complex binds to an origin of replication in proximity to a promoter region (gray rectangle). By an interplay between histone
acetyltransferases (HATs), which acetylate surrounding nucleosomes, and transcription factors (TFs), the pre-RC activation is facilitated.
Thus, early origin firing and an active transcription are promoted. Contrariwise leads the activity of HDACs to deacetylation and late
replication.

or were accompanied by changes in their subnuclear posi-
tions (5). Overall, it is tempting to assume that replication
timing facilitates the dissemination of chromatin states dur-
ing DNA synthesis. But unfortunately this hypothesis seems
to be premature, as no correlations between repressive chro-
matin histone modifications, such as H3K27me3, H3K9me3
and H4K20me3, and late S-phase replication were observed
(5). In contrast, in embryonic fibroblasts the polycomb pro-
tein BMI1 was discovered to interact with CDC6, an essen-
tial regulator of DNA replication and thought to be recruited
to the INK4a/ARF locus by CDC6. During this recruitment,
this locus is usually transcriptionally silent and replicates
during late S-phase. The authors suggest that during senes-
cence BMI1 is replaced from the locus, whereupon the locus
becomes transcriptionally activated and replicates during the
early S-phase (35). These results provide evidence for the
integration of epigenetic modifiers in regulating replication
in eukaryotic cells (35). The relevance of chromatin structure
for replication timing and origin activation has also been
observed in the viral EBV replicon (25). These studies pro-
vide evidence that epigenetic mechanisms are involved in
both origin firing activity (22) and replication timing (33).
Moreover, the extent of the influence of chromatin structure
on replication timing seems to be highly cell-type specific.
Additionally, connecting these processes with replicon func-
tioning in eukaryotic cells demonstrates the importance of
understanding the control of epigenetic regulation of repli-
cation in higher organisms (36). Nonetheless, no general
connection between these processes can be proposed,
because contradictory results exist, as discussed below.

Nuclear organization and replication

It is well accepted that actively transcribed regions are rep-
licated during the early S-phase, whereas DNA sequences

with repressed transcription are replicated late in the S-phase.
Accordingly, an association of replication timing with nucle-
ar organization can be observed (37). Chromosomes that are
localized in the center of the nucleus are replicated early
during the S-phase, whereas late replicated heterochromatin
rich chromosomes are preferentially found at the nuclear
periphery (38, 39). This correlation of nuclear localization
and replication timing, and the clustering of replication
organization in so-called replication factories, can already be
observed in yeast (26). In 1989, Nakamura et al. described
distinct spots in replicating mammalian nuclei using BrdU-
pulse labeling experiments (40). These foci were shown to
co-localize with immunolabeled replication-associated pro-
teins, such as DNA polymerase a and PCNA (41). Nowa-
days, live cell-imaging allows observation of specific
assembly and disassembly of these replication foci during
the S-phase (26) and their dynamics throughout the cell
cycle. As the S-phase proceeds, the genome is replicated
according to an organized temporal and spatial pattern.
Therefore, replication foci show an assembly dynamic that
depends on the chromatin state of the replicated DNA (42,
43).

In 1996, Friedman and colleagues discovered specific cis-
acting sequences which influence both localization to the
nuclear periphery and late replication timing (44). But while
Raghuraman et al. were able to change the replication timing
of a late-firing subtelomeric origin to the early S-phase by
excising it from its chromosomal locus prior to the G1-phase
(45), contrary observations had also been made. Zappulla et
al. could not change replication timing by tethering an origin
to the nuclear periphery (46). It appears that neither nuclear
localization nor replication timing is sufficient to completely
alter the fate of an origin. Only by changing the chromatin
state itself, e.g., by inhibiting histone deacetylation, an influ-
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Figure 3 Schematic interplay of epigenetic mechanisms.
Changes of the chromatin state, e.g., by incorporating histone acetylation, have been shown to influence the spatial and temporal organization
of DNA replication (47, 48). The detailed mechanism of how replication, localization, and timing depend on one another is still unknown,
but experiments provide evidence that alterations of the timing of replication lead to altered spatial patterns of replication within a nucleus.
Although evidence is missing, a reasonable feedback loop of nuclear localization-dependent DNA replication is thought to act on the
chromatin structure. As transcription units often have been found in proximity to origins of replication, the act of transcription and the
availability of transcription factors might also be functionally important for the regulation of DNA replication. In yeast it was discovered
that an overrepresentation of binding sites of the transcription factors Smp1 and Swi6 correlates with replication origins that are regulated
by the HDAC Rpd3L (49). Thus, a possible influence of these and other transcription factors is conceivable either by acting on the gene
expression of the HDAC itself or by changing the transcriptional activity of the replicated and transcribed region. This schema demonstrates
not a given interconnection, but rather a conceivable network of mechanisms that needs to be analyzed further.

ence on the spatial and temporal replication can be observed
(47, 48). To date, it is unknown exactly how the spatial and
temporal organization of replication influence each other. It
is possible that nuclear localization is not only a downstream
effect but also possesses the possibility of mediating a certain
amount of influence by a feedback loop (Figure 3). That
means that the localization of the regulated genomic region
can be influential on the regulation of DNA replication in
terms of which nuclear compartment is being occupied. The
subnuclear localization itself does not seem to determine the
timing of DNA replication (26), but if the regulated genomic
region is located within a transcription factory it can be
assumed that the active transcription correlates with early
replication.

Transcription and replication

In 1999, DePamphilis observed that replication origins and
transcriptional units are often found in a spatial vicinity to
each other (50). Ongoing research revealed the importance
of origin positioning relative to active genes. Although the
existence of a transcription unit is important for origin activ-
ity (50), an origin can become inactivated as soon as tran-
scription is running through an initiation site (51). Thus, an
interesting link between replication and transcription might
exist that is more complicated than previously thought.
Recent studies in S. cerevisiae revealed that the chromatin
environment of an active promoter attracts and facilitates ori-
gin activity (52). It has been observed that binding of RNA
polymerases II and III, but not active transcription, positively
regulates the initiation of the yeast origin ARS1, which
resides in close proximity to these binding sites (52). In Dro-

sophila melanogaster, transcription factors bind to the ampli-
fication control element (ACE), suggesting a role for these
factors in the initiation of replication (53). Aladjem demon-
strated that transcription factor binding sites appear close to
origins, but failed to provide evidence for an existing con-
nection between activation of origins and transcription factor
binding (54). A correlation between origin and promoter
density could be demonstrated by mapping genomic mouse
origins of replication (55). Again this reflects a coordinated
organization and mechanistic connection of replication and
transcription (55). Furthermore, the observation that the dis-
tribution of replication initiation sites exactly resembles the
spreading of transcriptional start sites supports the suggestion
that transcriptional start sites influence origin selection and
ORC assembly, probably by attributing specific epigenetic
marks such as histone acetylation (25). Consequently, it was
recently shown that histone modifications at early firing ori-
gins of mammalian cells strongly resemble the histone mod-
ification pattern at transcriptional start sites (56).

As recently reviewed elsewhere (25), the hypothesis arose
that a permissive chromatin environment is supportive for
origin selection and ORC assembly. By recruiting histone
modifiers and transcription factors, an epigenetic environ-
ment is created that unravels the chromatin and facilitates
binding of components of the replication machinery. But only
potential transcription sites will provide this type of support.
In contrast, active transcription would, similar to heterochro-
matin, create a non-permissive situation (51). As will be
described in detail later, a correlation clearly pointing
towards an interconnection of transcriptional activity and
replication timing, reflected by the chromatin structure, was
demonstrated by Zhang et al. (57). However, all studies
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underscore the significance of understanding the impact of
epigenetic factors on episomally replicating vectors. Only by
unraveling this will it be possible to design controllable
vectors for use in gene therapy.

Epigenetic regulation in episomally replicating

vectors

Viral vectors

Viruses are highly evolved natural vectors for the transfer of
foreign DNA into cells. In the case of viral gene therapy
vectors, the virus particles must be able to infect cells and
to transport the recombinant viral DNA into the nucleus. But
for safety reasons they must be unable to produce and release
new infectious particles. For that purpose replication-defec-
tive viruses are generated. These virions (virus-like particles)
exhibit all viral properties for transduction but lack the abil-
ity to replicate and produce progeny. Generally, coding
sequences work in trans and are expressed by a helper plas-
mid. The viral cis-acting sequences could be linked to the
therapeutic gene and can be introduced into the same cell,
resulting in the production of replication-defective particles
which are able to specifically transduce the new genetic
information into target cells (58). Although a number of
viruses have been developed, interest has centered on four
types: retroviruses (including lentiviruses), adenoviruses,
adeno-associated viruses and herpes simplex virus type.
These viruses differ specifically in their gene transfer effi-
ciency, their target cells and whether they integrate or not
into the host genome. Adeno-associated viruses (AAVs) are
per se non-integrating but are able to integrate with low fre-
quency into chromosome 19 (59, 60). The AAV is currently
not known to cause diseases but causes a very mild immune
response (61). In contrast, adenoviral DNA does not inte-
grate into the host genome. Adenoviruses possess a linear
dsDNA genome and are able to replicate in the nucleus of
mammalian cells using the replication machinery of the host.
Furthermore, retroviruses have the ability to integrate into
the host genome in a stable manner in any arbitrary position
in the host genome. Following these integration events,
harmful mutations or even cancer can occur, as observed in
clinical trials for X-linked severe combined immunodeficien-
cy (62).

In addition to the replication-deficient viruses described
above, viral plasmid replicon based vectors have been gen-
erated. These vectors lack the ability to transduce target cells
and thus need to be delivered as naked DNA. Once delivered
into the nucleus they exhibit highly efficient strategies for
DNA replication. In particular, the replication strategies of
simian virus 40 (SV40), bovine papillomavirus (BVP) and
Epstein-Barr virus (EBV) have been investigated with great
enthusiasm: the SV40 origin of replication is a 64-bp DNA
sequence that contains a binding site for the large T-antigen.
This protein is virally encoded and is the only factor required
for replication (63). It functions as a replicative helicase
allowing replication of SV40 independently from genomic

replication and is uncoupled from the ‘‘once per cell cycle’’
licensing (64, 65). Hence, SV40 replicon-based vectors
exhibit high copy numbers (several thousands) per trans-
fected cell (66). This ensures a highly efficient segregation
and episomal persistence during cell divisions. As in SV40,
the replication of BVP also occurs uncoupled from the ‘‘once
per cell cycle’’ licensing of MCM2–MCM7 mediated rep-
lication initiation (67) and is mediated by the virally encoded
proteins E1 and E2 (68). The mitotic stability of BVP plas-
mid replicon is caused by the ability of the E2 protein to
bind to metaphase chromosomes (69). However, in contrast
to SV40, BVP plasmid replicon-based vectors exhibit an
intermediate copy number (50–150) per transfected cell (70).

The EBV utilizes different origins of replication in latent
and lytic cycle, respectively. In the lytic cycle, the viral ori-
gin binding protein binds to the lytic origin (ori-Lyt) and
recruits the core replication machinery initiating a rolling-
circle amplification of the viral genome (71). During the
latent cycle, the EBV genome is maintained as a large epi-
some. Synthesis and maintenance are thereby mediated by a
cis-acting sequence (oriP) and the Epstein-Barr viral nuclear
antigen 1 (EBNA-1) (72). Replication from the oriP is cou-
pled to host ORC and MCM2–MCM7 complexes and occurs
‘‘once per cell cycle’’, utilizing the host replication machin-
ery (73). Structurally, the 1.7-kb oriP is a bipartite sequence,
consisting of the dyad symmetry element (DS) and the fam-
ily of repeats element (FR) (Figure 4). The DS element con-
sists of four overlapping, palindromic EBNA-1 binding sites
of intermediate affinity. First, EBNA-1 binds to the DS and
recruits the cellular ORC to initiate replication. The FR con-
sists of 20 copies of a 30-bp repeat, each representing a high-
affinity site for EBNA-1. The EBNA-1/FR interaction serves
as a replication enhancer (74, 75). Furthermore, EBNA-1
molecules interact with each other by a DNA-looping mech-
anism thereby linking the various binding sites, and this
might stabilize EBNA-1/DS binding (76, 77). To construct
‘‘ori-fishing’’ vectors, the DS element in the oriP region of
EBV plasmid replicons was deleted. These DS element
depleted vectors are correctly segregated during cell division
based on the property of EBNA-1 to bind both the FR ele-
ment and metaphase chromosomes (78–80). But deletion of
the DS element abrogates the ability of the vector to self-
replicate, and thus chromosomal DNA is required to support
the episomal replication. Based on this observation, so-called
origin-trapping assays were designed to identify new human
origins of DNA replication. In early attempts to adapt the
ARS assay to define mammalian origins of replication,
genomic sequences were inserted into plasmids. Krysan and
colleagues screened random mammalian DNA fragments
using a replication-defective (DS-depleted) EBV (81) and
found selected DNA sequences that mediated autonomous
replication over a period of several months under selection.
But only fragments of 6 kb and larger displayed replication
activity in this assay. In both short-term and long-term
assays, random human DNA fragments displayed increased
replication efficiency with increased fragment length.
Despite their length, other activity conferring features, could
not be identified (82). In another approach, a library of
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Figure 4 Replication of the EBV genome is mediated by oriP and EBNA-1.
The oriP of EBV consists of the dyad element (DS, purple) and the family of repeats element (FR, blue). The FR harbors 20 copies of the
EBNA binding site and functions as a replication enhancer. The DS element harbors four palindromic EBNA-1 binding sites and represents
the replication initiation and start site of EBV (black arrows).

Figure 5 EBV genomes and pEPI are associated with active histone modifications.
(A) EBV is shown to associate with histone 3 lysine 9 acetylation (H3K9ac). The colocalization of EBV genomes with H3K9ac was
determined with a combination of immunofluorescence techniques using Raji cells. H3K9ac is shown in green, the EBV genome of Raji
cells in red, and the DNA counterstain in blue wwith permission from A. Schepers (86)x. (B) pEPI molecules (green/white) colocalize with
H3K9ac and H3k14ac (blue) in CHO cells. CHO genome is stained red wwith permission from J. Postberg (88)x.

potentially ORC-binding DNA fragments, enriched by chro-
matin immunoprecipitation (ChIP) was generated (23).
Recently, a two-step origin-trapping assay was developed
combing both approaches described above (78–80). In this
assay, ORC-binding DNA is firstly enriched by ChIP and, in
a second step, selected by its ability to rescue transient rep-
lication of a replication-defective EBV plasmid (83).
Gerhardt et al. demonstrated ORC assembly at the chromo-
somal sequences in these EBV-based vectors (83). However,
no common sequence motifs could be identified suggesting
that the potential to initiate replication depends on size and
can occur on multiple sites (84). This is in agreement with
results obtained in embryonic systems, such as the Xenopus
system, in which almost any sequence can be used as the
origin of replication (4). Only later during development, is
replication initiated at more specific sites. Sequence inde-
pendent initiation of DNA replication has also been dem-
onstrated in a non-viral episomal plasmid (85).

As the EBV origin of replication uses the cellular licensing
machinery to regulate replication it is also a valuable model
to study epigenetic changes in chromatin structure during the
cell cycle. Zhou and colleagues found that the DS region is
flanked by nucleosomes. These nucleosomes undergo cell

cycle-dependent chromatin changes, including chromatin
remodeling and histone H3 deacetylation, leading to origin
ORC assembly, but also to a delayed origin activity (36).
They suggest that deacetylated histones contribute to an ori-
gin licensing by providing the possibility of ORC loading,
but the same mechanism stops origin firing until the late S-
phase (36). More recently, using a combination of fluores-
cence in situ hybridization (FISH) and confocal microscopy
it was shown that EBV genomes reside preferentially in peri-
chromatic regions of the nucleus of the host (86). The peri-
chromatin is characterized by open chromatin and is highly
accessible for the assembly of replication and transcription
machineries, as well as for chromatin modifying proteins
(87). Moreover, the authors specified the preferential locali-
zation of EBV to H3K4me3 and H3K9ac domains. These
histone modifications are linked to active chromatin. Accord-
ingly, an association with the heterochromatic H3K9me3 was
not observed (86). Using various EBV mutants it was further
shown that the FR portion of oriP is essential for its nuclear
localization, whereas the DS seems to have a minor impact
on the epigenetic environment (86). These findings are sim-
ilar to a non-viral extrachromosomal replication model (88),
as discussed below (Figure 5).
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Figure 6 Autonomously replicating vector pEPI.
(A) Vector map of pEPI. Transcription of the transgene (eGFP) running into the S/MAR sequence is required for episomal maintenance
(pink arrow). Plasmid and eGFP-S/MAR transcript were detected in CHO cells after transfection with pEPI-eGFP using Southern blot (B)
and Northern blot (C), respectively. M, ladder; P, plasmid control; E, extract.

Non-viral vectors

Artificial chromosomes Since the 1990s, human artifi-
cial chromosomes (HACs) have been under development
following the success of yeast and bacterial artificial chro-
mosomes (YACs and BACs), respectively (89, 90). With the
first construction of an HAC in 1997 (91) a breakthrough in
gene therapy was expected. HACs offered an alternative
approach addressing the complex requirements of an ideal-
ized vector (92). In general, the key advantages of HACs
include their mitotic stability and maintenance as non-inte-
grating vectors, their large capacity allowing the insertion of
therapeutic genes in their natural context including distal reg-
ulatory elements, and long-term gene expression (92).

There are two approaches to generate mammalian artificial
chromosomes: fragmenting a natural chromosome or gener-
ating de novo chromosomes. The ‘‘top down’’ approach –
telomere-associated chromosome fragmentation or telomere-
directed truncation – was developed in 1991 (93–95). Nat-
ural chromosomes are reduced to a minimum length by
telomere fragmentation (94). These mini-chromosomes are
usually 0.5–1 Mb, linear, contain telomeres at their termini,
and centromeric regions with a minimum of 100 kb of the
centromeric a-satellite DNA (92, 96). Within the alternative
‘‘bottom up’’ approach artificial chromosomes are generated
by introducing cloned centromeric and telomeric DNA into
human cultured cells. HACs are formed de novo and range
in size from 1 to 10 Mb. Using this approach, Harrington et
al. generated the first de novo HAC in HT1080 cells (91).
Despite the presence of telomere sequences these HACs gen-
erate cell lines that contain circular artificial chromosomes
(92, 96).

As it has been shown that replication origins occur on
average every ;100 kb throughout the genome, sufficiently
large DNA fragments will be competent for origin function
(97, 98). Nevertheless, some specific mammalian sequences,
e.g., the well-characterized b-globin locus, proved to show
origin activity when moved to an ectopic chromosomal local-
ization (99), and indeed artificial chromosomes containing a

b-globin mini-cassette have been successfully cloned (100).
However, HACs segregate correctly during each cell division
in human cells, but somehow display a slight increase of
segregation instability when compared to human chromo-
somes (101). In contrast, in murine cells they show an
increased and variable rate of loss (102, 103). Recently,
Moralli et al. found that HAC segregation in murine cells
correlates with their position in the murine nucleus. HACs
that preferentially associate with the chromocenter, a densely
staining mass of heterochromatin in the chromosomes with
six arm-like extensions of euchromatin, displayed a lower
loss rate. Whereas the HACs that localized more frequently
outside of the chromocenter were associated with variable
amounts of H3K9me3, and these variable amounts in turn
correlate with the loss rates of HACs (28). Furthermore,
Nakano et al. generated a HAC containing a tetracycline
operator. They reported missegregation and loss of the HAC
when the chromatin state was altered to a more open config-
uration using the transcriptional activator (rTA). The same
was observed when the chromatin was altered to a more
closed configuration using the transcription silencer tTS.
Binding of tTS caused, among other effects, the loss of
H3K4me2, a marker for transcriptionally competent or neu-
tral chromatin, and was accompanied by an accumulation of
H3K9me3, a marker of repressive chromatin (104). Thus,
Nakano and colleagues were the first to manipulate the epi-
genetic status and provided evidence that formation of het-
erochromatin is incompatible with an appropriate
kinetochore function (104).

A non-viral, episomally replicating vector – pEPI

Based on the observation that the binding of an origin of
replication to the nuclear matrix precedes the onset of the S-
phase (105), an episomally replicating plasmid was designed
in our laboratory (32). The simian virus large T-antigen was
replaced by a nuclear S/MAR (32). The resulting vector pEPI
was shown to replicate episomally at copy numbers of
;5–10 in Chinese hamster ovary (CHO) cells and is mitot-
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ically stable over hundreds of generations in the absence of
selection (32) (Figure 6).

The vector replicates like chromosomal DNA once per cell
cycle in the early S-phase (106). Schaarschmidt et al. found
that Orc1, Orc2 and MCM3, which are components of the
pre-RC, bind to multiple sites of the plasmid in G1-phase
cells. They present further evidence that these pre-RCs
bound to various regions of pEPI are functional, because
they partially disassemble in the S-phase as is known for
cellular pre-RCs. The authors conclude that chromatin-bind-
ing sites for ORC and other components of the pre-RC do
not much depend if at all, on the underlying DNA sequence.
Rather, sites of replication initiation can be determined by
epigenetic mechanisms (85). We could show that established
vector molecules are marked by active histone modifications,
whereas integrated molecules display an enrichment of
repressive histone modifications (88). Histone modifications
that are associated with transcriptionally competent chroma-
tin (H3K4me3, H3K4me1) (107) and are enriched in genes
replicating during the S-phase (H3K4me3, H3K36me3) (5)
were also found to be significantly enriched on the S/MAR
element in asynchronous cell culture and in cells during the
S-phase. During mitosis, the S/MAR element loses most of
its H3K4me3 and H3K4me1 modifications and all of the
histone modifications are decreased (108). This is probably
due to a different chromatin structure of the S/MAR element
required for co-segregation of pEPI during mitosis. FISH
analyses as well as in vivo crosslinking studies demonstrated
that pEPI interacts with compounds of the nuclear matrix
(109) and a specific interaction with scaffold attachment fac-
tor-A (SAF-A), one of the major matrix proteins, was shown
(110). It has been assumed that this interaction is responsible
for the mitotic stability of pEPI and that the vector uses the
replication machinery of the host. The functional elements
that could be involved in autonomous replication are the
SV40 origin of replication and the S/MAR. But both ele-
ments had been inserted in numerous vectors without result-
ing in episomal replication of the respective constructs.
Stehle et al. (111) attended to that aspect and surprisingly
found that an active transcription running into the S/MAR is
required for episomal replication of pEPI (111). They gen-
erated various deletion constructs and demonstrated that
pEPI derivates in which transcription of the transgene
(eGFP) running into the S/MAR was abrogated, e.g., by
poly(A) termination signals, failed to replicate episomally.
As a consequence, vector molecules became lost from the
transfected cell or occasionally integrated into the host
genome (111).

But despite these efforts, the stable establishment of pEPI,
as of other extra-chromosomal replicons (112), is a rare event
and occurs in only 1–5% of transfected cells (111). Analyses
of vector localization at various time points post-transfection
revealed an initially large number of vector molecules reach-
ing the nucleus but become lost during subsequent cell
divisions.

A sequence-independent connection between the time
point of transfection and transcriptional competence of trans-
fected vectors was demonstrated by Zhang et al. (57). Exo-

genous genes were up to 10-fold more efficiently transcribed
when transfected into early S-phase cells, whereas cells
transfected in the late S-phase displayed low transcription
rates. These transcriptional states are retained even 48 h post-
transfection, respectively (57). This effect of transcriptional
competence is associated with distinct histone modifications.
Whereas exogenous DNA transfected in early S-phase cells
was associated with acetylated histones, those transfected in
late S-phase cells were packaged in chromatin containing
deacetylated histones. That deacetylation of histones is partly
responsible for repression of late S-phase-transfected DNA
was confirmed by pretreating cells prior to transfection with
trichostatin A, a HDAC inhibitor. This pretreatment led to
an increased expression of late S-phase-transfected DNA
(57). However, in established pEPI clones vector molecules
are predominantly found at the border between condensed
chromatin and the perichromatin domain (88, 108), whereas
integrated vector molecules are located in highly condensed
chromatin (108). Further findings indicate that pEPI can
associate with any active locus, but once associated it seems
to be amazingly non-dynamic (108).

Nonetheless, pEPI has already been successfully used to
generate genetically modified pigs. Expression of the trans-
gene could be demonstrated in nine out of 12 modified fetus-
es. In these positive animals, expression was shown in all
tissues with up to 79% of positive cells (113). In this exper-
iment, pEPI was delivered to female pigs using sperm-medi-
ated gene transfer. A method that uses the nature of sperm
cells to bind and internalize DNA, which is then transferred
into eggs (114). However, establishment efficiency of
approximately 79% was surprisingly high and is probably
due to dynamic epigenetic processes during germ cell pro-
liferation. Chromatin undergoes epigenetic remodeling dur-
ing mammalian spermatogenesis or oogenesis, mediated by
a decrease of histone modifications and DNA methylation
and resulting in imprinting or X-chromosome inactivation
(115). In mouse germ cells a so-called erasure process takes
place. DNA is genome-wide demethylated by embryonic day
12–13; afterwards, epigenetic marks are established de novo
in differentiating germ cells according to their sex
(116–118). Concerning the data of Manzini et al. (113), this
indicates that DNA was delivered at a very unique point of
the epigenetic modification processes, implying an important
role of epigenetic modifications for episomal vector estab-
lishment and maintenance (119).

Scaffold/matrix attachment regions – S/MARs As
previously mentioned, based on the observation that binding
of an origin of replication to the nuclear matrix precedes the
onset of the S-phase (105), we constructed an episomally
replicating vector that contains an S/MAR sequence (32).
Owing to the protocols that led to their detection, S/MARs
are implicated in a wide variety of biological activities com-
patible with an affinity to the nuclear matrix. These include
origin of replication function (110, 120), augmentation of
transcription (121), insulator function (122) and long-term
maintenance of high transcription levels by counteracting
DNA methylation (123, 124). In the above described non-
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viral vector pEPI, the large T-antigen of SV40 was replaced
by a S/MAR sequence from the human b-interferon gene
(32). Several AATATATTTA elements of this S/MAR func-
tion as DNA unwinding elements and enable a stress-induced
DNA duplex destabilization of dsDNA up to 200 bp, where-
as introduced mutations prevent complete unwinding to
ssDNA (125). This increased propensity to unwind the DNA
strands can promote the formation of secondary structures,
which are recognizable by DNAses, topoisomerases, and
enzymes of the histone acetylation and DNA methylation
apparatus. In past years, several S/MAR binding proteins
have been identified, of which one of the first included topo-
isomerase II (126), histone H1 (127) and SAF-A (128–130).
However, it was also reported that transcription factor p300
strongly interacts with SAF-A and that both proteins bind to
the S/MAR. This binding seems to be restricted to the tran-
scriptional inactive state and is accompanied by acetylated
histone H3. It seems likely that the SAF-A/p300 binding to
the S/MAR of non-transcribed genes set up these genes for
activation (131). Similar results were obtained when the cell
cycle dependent histone dynamics of pEPI, as described
above, were investigated (108). Histone modifications asso-
ciated with transcriptionally competent chromatin were
found to be enriched on the S/MAR element during the early
S-phase, an observation that supports the relevance of an
ongoing transcription into the S/MAR for vector mainte-
nance (108, 111). Consistent with these results, Dang et al.
reported that the S/MAR has the ability to inhibit de novo
DNA methylation (123). DNA methylation in turn is able to
recruit histone deacetylases, which is a first step in repressive
chromatin formation (132). Altogether, these results indicate
that the meaning of S/MARs for epigenetic regulation is
most probably more important than assumed so far.

Conclusion

Despite increasing experimental evidence that epigenetics
play an important role in regulating DNA replication, the
details of interconnection are not clear and thus our under-
standing of epigenetic regulation of autonomous replicons
still remains fragmentary. Understanding these details is one
of the major intellectual challenges in modern cell biology
but is also a necessary prerequisite for the rational design of
autonomously replicating vectors to be used in gene therapy.

Nevertheless, some progress towards the construction of
non-viral and episomally replicating vectors has been made
within the past years. These constructs will have to be
improved with regard to the establishment and expression
efficiency before they can be used in gene therapeutic
applications.

The observation that a transcription unit linked to an
S/MAR sequence is sufficient for episomal replication and
retention demonstrates that no specific cis-acting sequence
but rather an interplay between transcription and a functional
chromosomal element is required for these processes (111).
Furthermore, the relevance of chromatin structure and his-

tone modifications for vector functioning was shown (88,
108, 111). The epigenetic regulation of vector functioning
was not only demonstrated in S/MAR based vectors (36).
Nucleosomes that flank the oriP of EBV-based vectors were
found to undergo epigenetic alteration in the course of origin
licensing. Hence, the state of histone acetylation is thought
to be important for ORC assembly and timing of replication
(36).

Our current view is that epigenetic mechanisms play a
crucial role in the regulation of DNA replication in the
genome and therefore also in the regulation of autonomous
replicons. But analyzing the extent to which these mecha-
nisms are involved in the functioning of these vector systems
remains the challenge of the future.

Outlook

By considering the relevance of epigenetic mechanisms, such
as replication timing and its connection to transcriptional
activity, it is our conviction that it will be possible to further
improve plasmid vectors for their use in gene therapeutic
applications. During the past decade, the success of gene
therapy trials has suffered from ignoring the importance of
connected disciplines. Either because of the lack of technol-
ogies or the just recently developed interest for epigenetic
influences, successful progress in developing efficient plas-
mid vectors has been missing. But we are convinced that the
recent progress in the analysis of the epigenetic regulation
of replication will have an immense influence on the devel-
opment of gene therapeutic competent plasmid vectors.

Highlights

• Discovery of ARS:
– In S. cerevisiae specific cis-acting elements (ARSs) act

as origins of replication, but ARS assays were not suc-
cessful in higher eukaryotes

• Jesuit model proposed by DePamphilis:
– Many origins exist, but only a few are selected during

DNA replication. Their correct selection is crucial for
functional DNA replication

• Assembly of telomeres, centromeres and genomic DNA
leads to construction of the first human artificial chro-
mosome in 1997

• Description of the ORC cycle
• Selection of human sequences that replicate autonomous-

ly using EBV-based vectors
• Construction of one of the first non-viral, episomally

replicating vector, pEPI
• A transcription unit upstream of an S/MAR element is

sufficient for episomal replication and retention
• Epigenetic regulation of autonomous replicons:

– The relevance of chromatin structure and nuclear
localization for DNA replication demonstrated for
EBV-based and non-viral vectors
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CW, Lyou Y, Townes TM, Schübeler D, Gilbert DM. Global
reorganization of replication domains during embryonic stem
cell differentiation. PLoS Biol 2008; 6: e245.

6. Jacob F, Brenner S. wOn the regulation of DNA synthesis in
bacteria: the hypothesis of the replicon.x C R Hebd Seances
Acad Sci 1963; 256: 298–300.

7. Kaguni JM. Escherichia coli DnaA protein: the replication
initiator. Mol Cells 1997; 7: 145–57.

8. Stinchcomb DT, Struhl K, Davis RW. Isolation and characte-
risation of a yeast chromosomal replicator. Nature 1979; 282:
39–43.

9. DePamphilis ML. DNA replication and human disease. John
Inglis, Cold Spring Harbor Laboratory Press, Woodbury, New
York, 2006.

10. Raghuraman MK, Winzeler EA, Collingwood D, Hunt S,
Wodicka L, Conway A, Lockhart DJ, Davis RW, Brewer BJ,
Fangman WL. Replication dynamics of the yeast genome. Sci-
ence 2001; 294: 115–21.

11. Bell SP, Dutta A. DNA replication in eukaryotic cells. Annu
Rev Biochem 2002; 71: 333–74.

12. DePamphilis ML. Cell cycle dependent regulation of the origin
recognition complex. Cell Cycle 2005; 4: 70–9.

13. Hayashi M, Katou Y, Itoh T, Tazumi A, Yamada Y, Takahashi
T, Nakagawa T, Shirahige K, Masukata H. Genome-wide local-
ization of pre-RC sites and identification of replication origins
in fission yeast. EMBO J 2007; 26: 1327–39.

14. Muller M, Lucchini R, Sogo JM. Replication of yeast rDNA
initiates downstream of transcriptionally active genes. Mol
Cell 2000; 5: 767–77.

15. Pasero P, Bensimon A, Schwob E. Single-molecule analysis
reveals clustering and epigenetic regulation of replication ori-
gins at the yeast rDNA locus. Genes Dev 2002; 16: 2479–84.

16. Clyne RK, Kelly TJ. Genetic analysis of an ARS element from
the fission yeast Schizosaccharomyces pombe. EMBO J 1995;
14: 6348–57.

17. Okuno Y, Satoh H, Sekiguchi M, Masukata H. Clustered ade-
nine/thymine stretches are essential for function of a fission
yeast replication origin. Mol Cell Biol 1999; 19: 6699–709.

18. Segurado M, de Luis A, Antequera F. Genome-wide distribu-
tion of DNA replication origins at AqT-rich islands in Schi-
zosaccharomyces pombe. EMBO Rep 2003; 4: 1048–53.

19. Chuang RY, Kelly TJ. The fission yeast homologue of Orc4p
binds to replication origin DNA via multiple AT-hooks. Proc
Natl Acad Sci USA 1999; 96: 2656–61.

20. Takahashi T, Ohara E, Nishitani H, Masukata H. Multiple
ORC-binding sites are required for efficient MCM loading and
origin firing in fission yeast. EMBO J 2003; 22: 964–74.

21. DePamphilis ML. Eukaryotic DNA replication: anatomy of an
origin. Annu Rev Biochem 1993; 62: 29–63.

22. Schepers A, Papior P. Why are we where we are? Understand-
ing replication origins and initiation sites in eukaryotes using
ChIP-approaches. Chromosome Res 2010; 18: 63–77.

23. Keller C, Ladenburger EM, Kremer M, Knippers R. The origin
recognition complex marks a replication origin in the human
TOP1 gene promoter. J Biol Chem 2002; 277: 31430–40.

24. Cadoret JC, Meisch F, Hassan-Zadeh V, Luyten I, Guillet C,
Duret L, Quesneville H, Prioleau MN. Genome-wide studies
highlight indirect links between human replication origins
and gene regulation. Proc Natl Acad Sci USA 2008; 105:
15837–42.

25. Hamlin JL, Mesner LD, Dijkwel PA. A winding road to origin
discovery. Chromosome Res 2010; 18: 45–61.

26. Natsume T, Tanaka TU. Spatial regulation and organization of
DNA replication within the nucleus. Chromosome Res 2010;
18: 7–17.

27. Dimitrova N, de Lange T. MDC1 accelerates nonhomologous
end-joining of dysfunctional telomeres. Genes Dev 2006; 20:
3238–43.

28. Moralli D, Chan DY, Jefferson A, Volpi EV, Monaco ZL. HAC
stability in murine cells is influenced by nuclear localization
and chromatin organization. BMC Cell Biol 2009; 10: 18.

29. Weber JM, Irlbacher H, Ehrenhofer-Murray AE. Control of
replication initiation by the Sum1/Rfm1/Hst1 histone deace-
tylase. BMC Mol Biol 2008; 9: 100.

30. Pappas DL Jr, Frisch R, Weinreich M. The NAD(q)-dependent
Sir2p histone deacetylase is a negative regulator of chromo-
somal DNA replication. Genes Dev 2004; 18: 769–81.

31. Schwaiger M, Stadler MB, Bell O, Kohler H, Oakeley EJ,
Schubeler D. Chromatin state marks cell-type- and gender-spe-
cific replication of the Drosophila genome. Genes Dev 2009;
23: 589–601.

32. Piechaczek C, Fetzer C, Baiker A, Bode J, Lipps HJ. A vector
based on the SV40 origin of replication and chromosomal S/
MARs replicates episomally in CHO cells. Nucleic Acids Res
1999; 27: 426–8.

33. Knott SR, Viggiani CJ, Aparicio OM. To promote and protect:
coordinating DNA replication and transcription for genome
stability. Epigenetics 2009; 4: 362–5.

34. Wu PY, Nurse P. Establishing the program of origin firing
during S phase in fission yeast. Cell 2009; 136: 852–64.

35. Agherbi H, Gaussmann-Wenger A, Verthuy C, Chasson L,
Serrano M, Djabali M. Polycomb mediated epigenetic silenc-
ing and replication timing at the INK4a/ARF locus during
senescence. PLoS One 2009; 4: e5622.

36. Zhou J, Chau CM, Deng Z, Shiekhattar R, Spindler MP, Sche-
pers A, Lieberman PM. Cell cycle regulation of chromatin at
an origin of DNA replication. EMBO J 2005; 24: 1406–17.

37. Hiratani I, Gilbert DM. Replication timing as an epigenetic
mark. Epigenetics 2009; 4: 93–7.

38. Berezney R, Dubey DD, Huberman JA. Heterogeneity of euka-
ryotic replicons, replicon clusters, and replication foci. Chro-
mosoma 2000; 108: 471–84.

39. Pope BD, Hiratani I, Gilbert DM. Domain-wide regulation of
DNA replication timing during mammalian development.
Chromosome Res 2010; 18: 127–36.

40. Nakamura T, Masuda K, Matsumoto S, Oku T, Manda T, Mori
J, Shimomura K. Effect of FK973, a new antitumor antibiotic,
on the cell cycle of L1210 cells in vitro. Jpn J Pharmacol 1989;
49: 317–24.

41. Frouin I, Montecucco A, Spadari S, Maga G. DNA replication:
a complex matter. EMBO Rep 2003; 4: 666–70.

42. Jackson DA, Pombo A. Replicon clusters are stable units of
chromosome structure: evidence that nuclear organization con-



28 C. Hagedorn et al.

Article in press - uncorrected proof

tributes to the efficient activation and propagation of S phase
in human cells. J Cell Biol 1998; 140: 1285–95.

43. Sadoni N, Cardoso MC, Stelzer EH, Leonhardt H, Zink D.
Stable chromosomal units determine the spatial and temporal
organization of DNA replication. J Cell Sci 2004; 117:
5353–65.

44. Friedman KL, Diller JD, Ferguson BM, Nyland SV, Brewer
BJ, Fangman WL. Multiple determinants controlling activation
of yeast replication origins late in S phase. Genes Dev 1996;
10: 1595–607.

45. Raghuraman MK, Brewer BJ, Fangman WL. Cell cycle-
dependent establishment of a late replication program. Science
1997; 276: 806–9.

46. Zappulla DC, Sternglanz R, Leatherwood J. Control of repli-
cation timing by a transcriptional silencer. Curr Biol 2002; 12:
869–75.

47. Aparicio JG, Viggiani CJ, Gibson DG, Aparicio OM. The
Rpd3-Sin3 histone deacetylase regulates replication timing and
enables intra-S origin control in Saccharomyces cerevisiae.
Mol Cell Biol 2004; 24: 4769–80.

48. Vogelauer M, Rubbi L, Lucas I, Brewer BJ, Grunstein M. His-
tone acetylation regulates the time of replication origin firing.
Mol Cell 2002; 10: 1223–33.

49. Knott SR, Viggiani CJ, Tavare S, Aparicio OM. Genome-wide
replication profiles indicate an expansive role for Rpd3L in
regulating replication initiation timing or efficiency, and reveal
genomic loci of Rpd3 function in Saccharomyces cerevisiae.
Genes Dev 2009; 23: 1077–90.

50. DePamphilis ML. Replication origins in metazoan chromo-
somes: fact or fiction? Bioessays 1999; 21: 5–16.

51. Dimitrova DS, Gilbert DM. DNA replication and nuclear
organization: prospects for a soluble in vitro system. Crit Rev
Eukaryot Gene Expr 1999; 9: 353–61.

52. Bodmer-Glavas M, Edler K, Barberis A. RNA polymerase II
and III transcription factors can stimulate DNA replication by
modifying origin chromatin structures. Nucleic Acids Res
2001; 29: 4570–80.

53. Beall EL, Manak JR, Zhou S, Bell M, Lipsick JS, Botchan
MR. Role for a Drosophila Myb-containing protein complex
in site-specific DNA replication. Nature 2002; 420: 833–7.

54. Aladjem MI. The mammalian beta globin origin of DNA rep-
lication. Front Biosci 2004; 9: 2540–7.

55. Sequeira-Mendes J, Diaz-Uriarte R, Apedaile A, Huntley D,
Brockdorff N, Gomez M. Transcription initiation activity sets
replication origin efficiency in mammalian cells. PLoS Genet
2009; 5: e1000446.

56. Rampakakis E, Di Paola D, Chan MK, Zannis-Hadjopoulos
M. Dynamic changes in chromatin structure through post-
translational modifications of histone H3 during replication
origin activation. J Cell Biochem 2009; 108: 400–7.

57. Zhang J, Xu F, Hashimshony T, Keshet I, Cedar H. Establish-
ment of transcriptional competence in early and late S phase.
Nature 2002; 420: 198–202.

58. Kay MA, Glorioso JC, Naldini L. Viral vectors for gene ther-
apy: the art of turning infectious agents into vehicles of ther-
apeutics. Nat Med 2001; 7: 33–40.

59. Surosky RT, Urabe M, Godwin SG, McQuiston SA, Kurtzman
GJ, Ozawa K, Natsoulis G. Adeno-associated virus Rep pro-
teins target DNA sequences to a unique locus in the human
genome. J Virol 1997; 71: 7951–9.

60. Wu X, Li Y, Crise B, Burgess SM. Transcription start regions
in the human genome are favored targets for MLV integration.
Science 2003; 300: 1749–51.

61. Goff SP, Berg P. Construction of hybrid viruses containing
SV40 and lambda phage DNA segments and their propagation
in cultured monkey cells. Cell 1976; 9: 695–705.

62. Woods NB, Bottero V, Schmidt M, von Kalle C, Verma IM.
Gene therapy: therapeutic gene causing lymphoma. Nature
2006; 440: 1123.

63. Dean FB, Borowiec JA, Ishimi Y, Deb S, Tegtmeyer P, Hurwitz
J. Simian virus 40 large tumor antigen requires three core
replication origin domains for DNA unwinding and replication
in vitro. Proc Natl Acad Sci USA 1987; 84: 8267–71.

64. Dean FB, Bullock P, Murakami Y, Wobbe CR, Weissbach L,
Hurwitz J. Simian virus 40 (SV40) DNA replication: SV40
large T antigen unwinds DNA containing the SV40 origin of
replication. Proc Natl Acad Sci USA 1987; 84: 16–20.

65. Friedrich TD, Bedner E, Darzynkiewicz Z, Lehman JM. Dis-
tinct patterns of MCM protein binding in nuclei of S phase
and rereplicating SV40-infected monkey kidney cells. Cyto-
metry A 2005; 68: 10–8.

66. Cooper MJ, Lippa M, Payne JM, Hatzivassiliou G, Reifenberg
E, Fayazi B, Perales JC, Morrison LJ, Templeton D, Piekarz
RL, Tan J. Safety-modified episomal vectors for human gene
therapy. Proc Natl Acad Sci USA 1997; 94: 6450–5.

67. Ravnan JB, Gilbert DM, Ten Hagen KG, Cohen SN. Random-
choice replication of extrachromosomal bovine papillomavirus
(BPV) molecules in heterogeneous, clonally derived BPV-
infected cell lines. J Virol 1992; 66: 6946–52.

68. Wilson VG, West M, Woytek K, Rangasamy D. Papillomavi-
rus E1 proteins: form, function, and features. Virus Genes
2002; 24: 275–90.

69. Zheng PS, Brokaw J, McBride AA. Conditional mutations in
the mitotic chromosome binding function of the bovine papil-
lomavirus type 1 E2 protein. J Virol 2005; 79: 1500–9.

70. Berg LJ, Singh K, Botchan M. Complementation of a bovine
papilloma virus low-copy-number mutant: evidence for a tem-
poral requirement of the complementing gene. Mol Cell Biol
1986; 6: 859–69.

71. Pfuller R, Hammerschmidt W. Plasmid-like replicative inter-
mediates of the Epstein-Barr virus lytic origin of DNA repli-
cation. J Virol 1996; 70: 3423–31.

72. Lin CL, Li H, Wang Y, Zhu FX, Kudchodkar S, Yuan Y. Kapo-
si’s sarcoma-associated herpesvirus lytic origin (ori-Lyt)-
dependent DNA replication: identification of the ori-Lyt and
association of K8 bZip protein with the origin. J Virol 2003;
77: 5578–88.

73. Wang J, Sugden B. Origins of bidirectional replication of Eps-
tein-Barr virus: models for understanding mammalian origins
of DNA synthesis. J Cell Biochem 2005; 94: 247–56.

74. Yates J, Warren N, Reisman D, Sugden B. A cis-acting element
from the Epstein-Barr viral genome that permits stable repli-
cation of recombinant plasmids in latently infected cells. Proc
Natl Acad Sci USA 1984; 81: 3806–10.

75. Yates JL, Warren N, Sugden B. Stable replication of plasmids
derived from Epstein-Barr virus in various mammalian cells.
Nature 1985; 313: 812–5.

76. Frappier L, O’Donnell M. Epstein-Barr nuclear antigen 1
mediates a DNA loop within the latent replication origin of
Epstein-Barr virus. Proc Natl Acad Sci USA 1991; 88:
10875–9.

77. Laine A, Frappier L. Identification of Epstein-Barr virus nucle-
ar antigen 1 protein domains that direct interactions at a dis-
tance between DNA-bound proteins. J Biol Chem 1995; 270:
30914–8.

78. Grogan EA, Summers WP, Dowling S, Shedd D, Gradoville
L, Miller G. Two Epstein-Barr viral nuclear neoantigens dis-



Epigenetic regulation of autonomous replicons 29

Article in press - uncorrected proof

tinguished by gene transfer, serology, and chromosome bind-
ing. Proc Natl Acad Sci USA 1983; 80: 7650–3.

79. Harris A, Young BD, Griffin BE. Random association of Eps-
tein-Barr virus genomes with host cell metaphase chromo-
somes in Burkitt’s lymphoma-derived cell lines. J Virol 1985;
56: 328–32.

80. Luka J, Siegert W, Klein G. Solubilization of the Epstein-Barr
virus-determined nuclear antigen and its characterization as a
DNA-binding protein. J Virol 1977; 22: 1–8.

81. Krysan PJ, Haase SB, Calos MP. Isolation of human sequences
that replicate autonomously in human cells. Mol Cell Biol
1989; 9: 1026–33.

82. Heinzel SS, Krysan PJ, Tran CT, Calos MP. Autonomous DNA
replication in human cells is affected by the size and the source
of the DNA. Mol Cell Biol 1991; 11: 2263–72.

83. Gerhardt J, Jafar S, Spindler MP, Ott E, Schepers A. Identifi-
cation of new human origins of DNA replication by an origin-
trapping assay. Mol Cell Biol 2006; 26: 7731–46.

84. Gilbert DM. In search of the holy replicator. Nat Rev Mol Cell
Biol 2004; 5: 848–55.

85. Schaarschmidt D, Baltin J, Stehle IM, Lipps HJ, Knippers R.
An episomal mammalian replicon: sequence-independent bind-
ing of the origin recognition complex. EMBO J 2004; 23:
191–201.

86. Deutsch MJ, Ott E, Papior P, Schepers A. The latent origin of
replication of Epstein-Barr virus directs viral genomes to active
regions of the nucleus. J Virol 2010; 84: 2533–46.

87. Cremer T, Kupper K, Dietzel S, Fakan S. Higher order chro-
matin architecture in the cell nucleus: on the way from struc-
ture to function. Biol Cell 2004; 96: 555–67.

88. Stehle IM, Postberg J, Rupprecht S, Cremer T, Jackson DA,
Lipps HJ. Establishment and mitotic stability of an extra-chro-
mosomal mammalian replicon. BMC Cell Biol 2007; 8: 33.

89. Monaco AP, Larin Z. YACs, BACs, PACs and MACs: artificial
chromosomes as research tools. Trends Biotechnol 1994; 12:
280–6.

90. Murray AW, Szostak JW. Construction of artificial chromo-
somes in yeast. Nature 1983; 305: 189–93.

91. Harrington JJ, Van Bokkelen G, Mays RW, Gustashaw K, Wil-
lard HF. Formation of de novo centromeres and construction
of first-generation human artificial microchromosomes. Nat
Genet 1997; 15: 345–55.

92. Larin Z, Mejia JE. Advances in human artificial chromosome
technology. Trends Genet 2002; 18: 313–9.

93. Barnett MA, Buckle VJ, Evans EP, Porter AC, Rout D, Smith
AG, Brown WR. Telomere directed fragmentation of mam-
malian chromosomes. Nucleic Acids Res 1993; 21: 27–36.

94. Farr C, Fantes J, Goodfellow P, Cooke H. Functional reintro-
duction of human telomeres into mammalian cells. Proc Natl
Acad Sci USA 1991; 88: 7006–10.

95. Itzhaki JE, Barnett MA, MacCarthy AB, Buckle VJ, Brown
WR, Porter AC. Targeted breakage of a human chromosome
mediated by cloned human telomeric DNA. Nat Genet 1992;
2: 283–7.

96. Lipps HJ, Jenke AC, Nehlsen K, Scinteie MF, Stehle IM, Bode
J. Chromosome-based vectors for gene therapy. Gene 2003;
304: 23–33.

97. Hamlin JL. Mammalian origins of replication. Bioessays 1992;
14: 651–9.

98. Todorovic V, Falaschi A, Giacca M. Replication origins of
mammalian chromosomes: the happy few. Front Biosci 1999;
4: D859–68.

99. Aladjem MI, Rodewald LW, Kolman JL, Wahl GM. Genetic
dissection of a mammalian replicator in the human beta-globin
locus. Science 1998; 281: 1005–9.

100. Henning KA, Novotny EA, Compton ST, Guan XY, Liu PP,
Ashlock MA. Human artificial chromosomes generated by
modification of a yeast artificial chromosome containing both
human alpha satellite and single-copy DNA sequences. Proc
Natl Acad Sci USA 1999; 96: 592–7.

101. Rudd MK, Mays RW, Schwartz S, Willard HF. Human artifi-
cial chromosomes with alpha satellite-based de novo centro-
meres show increased frequency of nondisjunction and
anaphase lag. Mol Cell Biol 2003; 23: 7689–97.

102. Alazami AM, Mejia JE, Monaco ZL. Human artificial chro-
mosomes containing chromosome 17 alphoid DNA maintain
an active centromere in murine cells but are not stable. Geno-
mics 2004; 83: 844–51.

103. Spence JM, Mills W, Mann K, Huxley C, Farr CJ. Increased
missegregation and chromosome loss with decreasing chro-
mosome size in vertebrate cells. Chromosoma 2006; 115:
60–74.

104. Nakano M, Cardinale S, Noskov VN, Gassmann R, Vagnarelli
P, Kandels-Lewis S, Larionov V, Earnshaw WC, Masumoto H.
Inactivation of a human kinetochore by specific targeting of
chromatin modifiers. Dev Cell 2008; 14: 507–22.

105. Cook PR. The organization of replication and transcription.
Science 1999; 284: 1790–5.

106. Santos-Rosa H, Schneider R, Bannister AJ, Sherriff J, Bern-
stein BE, Emre NCT, Schreiber SL, Mellor J, Kouzarides T.
Active genes are tri-methylated at K4 of histone H3. Nature
2002; 419: 407–11.

107. Koch CM, Andrews RM, Flicek P, Dillon SC, Karaöz U, Clel-
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