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We previously found that a plasmid bearing a replication ini-
tiation region efficiently initiates gene amplification inmamma-
lian cells and that it generates extrachromosomal double min-
utes and/or chromosomal homogeneously staining regions.
During analysis of the underlying mechanism, we serendipi-
tously found that hairpin-capped linear DNA was stably main-
tained as numerous extrachromosomal tiny episomes for more
than a few months in a human cancer cell line. Generation of
such episomes depended on the presence of the replication ini-
tiation region in the original plasmid. Despite extrachromo-
somal maintenance, episomal gene expression was epigeneti-
cally suppressed. The Southern blot analysis of the DNA of
cloned cells revealed that the region around the hairpin endwas
diversified between the clones. Furthermore, the bisulfite-mod-
ified PCR and the sequencing analyses revealed that the palin-
drome sequence that derived from the original hairpin end or its
end-resected structure were well preserved during clonal long
term growth. From these data, we propose amodel that explains
the formation andmaintenance of these episomes, inwhich rep-
lication of the hairpin-capped DNA and cruciform formation
and its resolution play central roles. Our findings may be rele-
vant for the dissection of mammalian replicator sequences.

Gene amplification plays a pivotal role in mammalian malig-
nant transformation through acquisition of growth advantages
or drug resistances (for recent reviews, see Refs. 1–4). Ampli-
fied genes are cytogenetically detected at extrachromosomal
double minutes (DMs)2 or in chromosomal homogeneously
staining region (HSRs). DMs are acentric, atelomeric chroma-
tin bodies composed of amplified DNA of genomic origin. We
previously found that a plasmid with a mammalian replication
initiation region (IR) and a matrix attachment region (MAR) is
efficiently amplified to high copy number in mammalian cells
and that it generates DMs and/or HSRs composed of plasmid
sequences (5, 6). Because IRs andMARs are scattered through-
out the mammalian genome in a frequency of once per several

tens of kilobase pairs and because it was proposed that circular
molecules excised from the genome may mediate gene ampli-
fication in cancer cells (7, 8), we considered the plasmid system
as a novel one that efficiently reproduces gene amplification in
cultured cells. Thus, we examined themechanism by which the
IR/MAR plasmid mimics gene amplification (5, 9). We sug-
gested that the IR/MAR plasmid undergoes multiplication to
produce a large extrachromosomal circle consisting of tandem
repeats of plasmid sequences. If multiplication is extensive, the
circle forms DMs. If the large circle is integrated into the chro-
mosome, it efficiently initiates a breakage-fusion-bridge cycle,
which generates an HSR. Plasmid-borne genes are expressed
more actively when they are amplified in DMs than in HSRs
(10). Indeed,most of anHSR is heterochromatic, and transcrip-
tion is detected only at few discrete spots inside the HSR (11). If
an inducible promoter in theHSR is activated, the entireHSR is
loosened, and active transcription is detected throughout this
region (11). Such transcriptional activation, in collaboration
with DNA demethylation induced by 5-azacytidine treatment,
results in fragmentation of the HSR and the generation of ext-
rachromosomal DMs (10). In addition, gene amplification gen-
erated by the IR/MAR plasmid has been used for chromosome
studies (12–16), because it creates large HSRs or numerous
DMs composed of a defined plasmid sequence.
In previous experiments on IR/MAR plasmid-mediated gene

amplification, we always transfected supercoiled covalently
closed plasmid DNA into cells. Thus, the initial aim of this
study was to examine the effect of the physical structure of the
plasmid molecule at the time of transfection to further under-
stand the gene amplification process. Thus, in addition to the
supercoiled and the linear IR/MAR plasmid, we examined the
effect of a hairpin cap at the end of a linear molecule, because it
was suggested that inverted repeats, cruciform formation, and
hairpin-capped chromosome ends have implications for gene
amplification in yeast (17–20). As a result, we found that the
plasmid generated unanticipated structures, numerous extra-
chromosomal tiny episomes (ETEs). ETEs are tiny dots
revealed by fluorescence in situ hybridization (FISH) using a
plasmid probe, and they are distinct from the far larger DMs.
The appearance of ETEs depends on the presence of the IR
sequence, and they are stably maintained in cells for more than
3 months. We propose a model that explains how the hairpin-
capped IR/MAR plasmid is maintained extrachromosomally,
and the persistence of this structure resembles a recently
reported phenomenon in yeast cells (21). Our findingmay ben-
efit the analysis of replication initiation in the extrachromo-
somal context.
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EXPERIMENTAL PROCEDURES

Plasmids and DNA—The plasmids pSFVdhfr and pSFV-V
(see Fig. 1A) were previously described (5). pSFVdhfr bears a
4.6-kilobase pair fragment of a replication IR from the 3� region
downstream of the DHFR gene, which contains a sequence
showing MAR activity; the plasmid also has blasticidine and
hygromycin resistance genes. pSFV-V is a control plasmid that
lacks the DHFR IR/MAR segment. p�BM-d2EGFP was con-
structed by digesting pSFV-dhfr with BamHI/MluI to remove
the hygromycin expression cassette, and the remaining portion
was ligated to a synthetic 62-bp double-stranded oligonucleo-
tide that bears a multiple cloning site (MCS; 5�-BamHI*-KpnI-
AscI-SalI-SwaI-AsiSI-SbfI-BamHI-MluI*-3�, where the aster-
isk indicates a cohesive end to the denoted enzyme) to produce
p�BM-MCS. p�BM-d2EGFP (see Fig. 1B) was constructed by
digesting p�BM-MCSwithAscI andAsiSI at unique sites in the
MCS and ligating it to a PvuI/BssHII fragment derived from
pCMV-d2EGFP (10) that contains the d2EGFP gene driven by a
cytomegalovirus promoter and terminated by a SV40 poly(A)
signal.
Supercoiled plasmid DNA was isolated from bacteria with a

plasmid purification kit (Qiagen) and linearized by digesting
with the indicated restriction enzyme. Hairpin-capped linear
plasmid DNA was prepared as illustrated in Fig. 1. For the
experiment in Fig. 3B, pSFVdhfr or pSFV-V was digested by
AseI/MluI, and the product was ligated with an excess molar
amount of synthetic AseI hairpin DNA (see Fig. 1A). The
sequence was 5�-TAA TAT GCT GCA CTG ACG TCA GTG
CAGCATAT,which generates anAseI cohesive end after fold-
back. The reaction product should be a linear inverted plasmid
dimer in which both ends are hairpin-capped; electrophoretic
analysis revealed a predominant band of a size corresponding to
the plasmid dimer (see Fig. 1C). Digestion of this preparation
with MluI resulted in a linear plasmid monomer, of which one
endwas hairpin-capped. In other experiments, p�BM-d2EGFP
was digested with MluI, which cuts in the MCS, and the digest
was ligatedwith an excessmolar amount of syntheticMluI hair-
pin DNA (see Fig. 1B), whose sequence 5�-CGC GAT ATG
CTG CAC TGA CGT CAG TGC AGC ATA T generates an
MluI cohesive end after fold-back. The ligation product was
about the same length with the original DNA, whereas the liga-
tion without hairpin DNA produced much larger DNA, as
anticipated (see Fig. 1D). Such a preparation was treated with
phenol/chloroform, precipitated by ethanol, and used for the
transfection.
Cells, Culture, and Cytogenetic Procedures—Human COLO

320DM (CCL 220) neuroendocrine tumor cells were main-
tained as previously described (22). There are on average �64
copies of the c-myc oncogene in these cells, which localize to
DMs. The cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum. All transfections were per-
formed using the Gene Porter 2 lipofection kit (Genlantis Co.).
Stable transformants were selected by 5 �g/ml blasticidine
(Funakoshi, Co., Tokyo, Japan) and continuously grown in this
concentration of blasticidine. More than 1 month after the
transfection, the polyclonal transformantwas analyzed by FISH
to determine the location of plasmid sequence or by genomic

Southern blot hybridization. From the same polyclonal trans-
formant, clonal cell populations were obtained by limiting dilu-
tion and further grown for �2 months.
Metaphase chromosome spreads were prepared from these

cells, and the location of plasmid sequences was determined by
FISHusing a digoxigenin-labeled probe prepared from the plas-
mid. Probe preparation and FISH procedures were as described
(23). The slide was counterstained with propidium iodide and
examined with an epifluorescence microscopy (ECLIPSE
TE2000-U, Nikon) equipped with a 100� objective lens (Nikon
Plan Fluor, NA 1.30 oil) and an appropriate filter set. Digital
images were acquired with a Fuji FinePix S1Pro digital camera
(Fuji Film Co.) and processed with Adobe Photoshop CS ver-
sion 8.0.1 (Adobe Systems, Inc.). Sodium butyrate (Sigma), tri-
chostatin A (Sigma), MS-275 (Alexis Biochemical, San Diego,
CA), oxamflatin (Calbiochem Biochemicals, Darmstadt, Ger-
many), dimethyl sulfoxide (Nakarai Tesque, Kyoto, Japan), and
5-azacytidine (Sigma) were added to the cultures at the indi-
cated concentrations.
Molecular Biological Procedures—Extraction of total

genomic DNA and Southern blot hybridization were as
described (5). To amplify the palindrome sequence, we used
bisulfite-modified PCR, as described by others (24, 25).Namely,
we treated the DNA with bisulfite to convert unmethylated
cytosine to uracil by using the EpiTect bisulfite kit (Qiagen)
according to the manufacturer’s recommendations. Using the
bisulfite-modified DNA, PCR was performed as the following
condition. The 20-�l reactionmixture contained 1�BlendTaq
Buffer (Toyobo Co., Osaka, Japan), 200 �M dNTP (Toyobo),
0.25 unit of Blend Taq Plus (Toyobo), 1 �M primer, and the
bisulfite-modified DNA. The PCR condition was 35 cycles or
the number of cycles in Fig. 1 at 94 °C for 30 s, 58 °C for 30 s, and
72 °C for 60 s. The 20–24-mer primer sequences were designed
from the plasmid sequence at the region where no CpG
sequence appeared, and all of the cytosine residues in the orig-
inal sequence were substituted by thymine in the primer
sequence. The sequence of the primer will be provided upon
request.
To sequence the PCR product, it was cloned by using

pGEM-T Easy Vector Systems (Promega) and Escherichia coli
DH5� (TOYOBO, Co., Osaka). DNA for sequencing was
directly amplified form the E. coli colony by PCR using Blend
Taq Plus (TOYOBO). The product was purified by Dye Termi-
nator Removal gel filtration cartridge (Edge BioSystems) and
analyzed by the ABI PRISM dGTP BigDye terminator ready
reaction kit (Applied Biosystems) and the ABI PRISM 310
genetic analyzer (Applied Biosystems).

RESULTS

A Hairpin-capped Linear IR/MAR Plasmid Persists as ETEs in
Transformants—We prepared supercoiled, linear, and hairpin-
cappedplasmidDNAasdescribed in the legendtoFig. 1andunder
“ExperimentalProcedures,” introducedthemintohumancolorec-
tal carcinoma COLO 320DM cells, and selected stable transfor-
mants by blasticidine for 1month.We preparedmetaphase chro-
mosome spreads from transformants and detected plasmid
sequences by FISH. Aswe previously reported (5, 6, 9–12, 14, 15,
23, 26), the supercoiled IR/MAR plasmid efficiently generated
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HSRs andDMs. Small (Fig. 2A) and largeHSRs (Fig. 2B) orDMs
(Fig. 2, C andD) could be identified not only in metaphase cells
but also in interphase nuclei. We determined their frequencies
as shown in Fig. 3. Supercoiled p�BM-d2EGFP (Fig. 3A) or
supercoiled pSFVdhfr (Fig. 3B) generated large HSRs in 40 or
20% of the transformants, respectively, as well as DMs at lower
frequencies. As reported, such gene amplification depended on
the presence of the IR/MAR sequence in the plasmid, because
supercoiled pSFV-V did not generate HSRs or DMs. We also
found that the linearized IR/MAR plasmid generated HSRs or
DMs. The data in Fig. 3 show that the frequency for linear DNA
appeared lower than that for supercoiled DNA. However, the
efficiency strongly depended on the site where the plasmid was
linearized.3
We expected that the addition of a hairpin cap to the linear

IR/MAR plasmid might affect the frequencies of DM or HSR
formation. However, we were surprised to see that hairpin-
capped DNA scarcely generated HSRs and conventional DMs,

but instead the plasmid sequence appeared as many tiny FISH
signals in interphase (Fig. 2G) or metaphase (Fig. 2H) cells. In
our previous papers (5, 6, 10, 14, 15, 22, 23, 26), we had detected
DMs in COLO 320DM cells by FISH using DM-painting probe
or c-myc cosmid probe. However, the chromatin of DMs in
these cells is large enough; thus we could easily detect them by
DNA staining (yellow arrows in Fig. 2H). In the figure, the tiny
FISH spots (white arrowheads) that were invisible by DNA
staining stuck to such DMs or apart from them. It is consistent
that the extrachromosomal elements frequently stick to the
DMs,whichwas shown for the autonomous replicating plasmid
in the same COLO 320DM cells (23). The frequencies of the
cells bearing such tiny FISH signals are shown in Fig. 3. Such
tiny episomal sequences appeared in initial polyclonal transfor-
mants that were grown for 1 month after transfection (Figs. 2
and 3) and cloned cells (see below) that were grown for a few
months after transfection. Therefore, these episomal plasmid
sequences were stably maintained.We named these extrachro-
mosomal tiny episomes ETEs. The appearance of ETEs
depended not only on the presence of the hairpin cap of the3 M. Uchida, unpublished results.

FIGURE 1. Plasmid DNA used for transfection. The structures of pSFVdhfr, pSFV-V, and p�BM-d2EGFP are depicted. The plasmids were linearized at the
indicated restriction enzyme sites and ligated to synthetic oligonucleotides to generate hairpin-capped ends, as described under “Experimental Procedures.”
For pSFVdhfr and pSFV-V, the linear dimer DNA with hairpin ends at both sides was digested with MluI to produce the monomer DNA with hairpin end at one
side (A). In C and D, the images of analytical gel for the transfected DNA preparation that appear in A and B are shown. The sizes of all bands were as anticipated
from the diagrams in A and B. MW, molecular weight.
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transfected DNA (Fig. 3A) but also on the presence of the
IR/MAR sequence. Namely, hairpin-capped linear pSFVdhfr
generated ETEs, whereas pSFV-V yielded far fewer ETEs (Fig.
3B). On the other hand, linear DNA that was hairpin-capped at
one or both ends generated ETEs. This result suggests that the
end without the hairpin cap may be ligated intracellularly to
generate a molecule with two hairpin-capped ends.
Expression from ETEs Is Epigenetically Silenced—We previ-

ously showed that expression fromDMs is always much higher
than that from HSRs (10). Now, we analyzed expression from
ETEs. Because the plasmid p�BM-d2EGFP contains the
d2EGFP expression cassette, which produces an enhancedGFP
with a very short cellular half-life, we measured green fluores-
cence by flow cytometry as previously described (10).We found
that d2EGFP expression was lower in cells with the linear plas-
mid than in cells with the supercoiled plasmid (Fig. 4A). This
differencemay be explained by the frequency of HSRs (Fig. 3A),
although most of the HSRs were silenced (10). Another expla-
nation is that exonucleolytic digestion of the linear molecule in
transfected cells might destroy the promoter, because the cyto-
megalovirus promoter that drives the d2EGFP gene is adjacent
to the end of the linear DNA. Southern analysis showed that
such digestion actively took place (see below). In contrast, if the
hairpin cap was added to the same linear DNA, it generated
cells with much higher levels of expression (Fig. 4A). Because
theHSRwas not detected between the cell population (Fig. 3A),
the expression seen in Fig. 4mostly reflects the expression from
ETEs. We show below that the plasmid with a hairpin end was
not digested as a linearmolecule but that the structure diverged
during clonal growth, which might also destroy the flanking

cytomegalovirus promoter. Therefore, gene expression from
hairpin-derivedETEsmight be higher than that from supercoil-
derived HSRs. Therefore, application of the hairpin-capped
IR/MAR plasmid to protein production may be a future task.
Gene expression in supercoil-derived transformants de-

creased significantly during cellular passage, which suggests
the progression of epigenetic gene silencing in HSR, as we pre-
viously showed (10, 11). In contrast, we found that expression in
hairpin molecule-derived transformants did not significantly
decrease (Fig. 4B). This suggested that epigenetic gene silencing
might be weak in ETEs. Because epigenetic silencing is usually
mediated by DNA methylation and/or histone deacetylation,
we examined the effect of drugs that inhibit such processes (Fig.
4C). Indeed, many of the histone deacetylase inhibitors exam-
ined (butylate, trichostatinA,MS-275, oxamflatin, and dimeth-
yl sulfoxide) as well as the DNAmethylation inhibitor 5-azacy-
tidine greatly increased gene expression from ETEs, showing
that the epigenetic mechanism suppressed gene expression not
only inHSRs but also in ETEs. The extrachromosomal environ-
ment is generally supposed to be refractory to epigenetic silenc-
ing. However, the result reported here suggests that this is not
always the case.
Southern Blot Analysis Suggests the Structural Heterogeneity

at the Region That Was Hairpin Ends—We extracted total
DNA from polyclonal transformants that were generated with

FIGURE 2. FISH detects DMs, HSRs, or ETEs in cells stably transformed by
the IR/MAR plasmid. COLO 320DM cells were transfected with the super-
coiled, linear, or hairpin-capped IR/MAR plasmid. One month after selection
of stable transformants, metaphase spreads were prepared and hybridized
with the plasmid probe. The hybridized probe was detected with FITC (green),
and DNA was counterstained with propidium iodide (red). Small (A) or large
(B) HSRs, as well as few (C) or many (D) DMs are identified in the interphase
nuclei of cells transformed by supercoiled or linear plasmid DNA. In contrast,
ETEs are formed in cells transformed by the hairpin-capped IR/MAR plasmid
(E–H). The number/nucleus varies from few (E) to many (F). Cells with ETEs are
very frequent among transformants (G). In H, a metaphase chromosome
spread is shown, where ETEs appear as tiny extrachromosomal entities (white
arrowheads) that frequently adhere to DMs (yellow arrows) (6, 23) that form
during oncogenesis of this cell line. These small dots are not simple back-
ground signal, because they did not appear in the control slide. FIGURE 3. ETEs are generated by hairpin-capped DNA in an IR-dependent

fashion. Supercoiled, linear, or hairpin-capped p�BM-d2EGFP (A) and
pSFVdhfr or pSFV-V (B) were prepared as shown in Fig. 1. For the latter plas-
mids, the DNA was hairpin-capped at both ends or a single end. DNA was
transfected into COLO 320DM cells, and after 1 month, the plasmid
sequences in stable transformants were analyzed by FISH. Plasmid signals in
interphase nuclei are classified as large (L) or small (S) HSRs, DMs, and few (�)
or many (��) ETEs, as shown in Fig. 2 (A–F). The frequency of cells bearing
each structure was determined by viewing more than 500 interphase nuclei.
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supercoiled, linear, or hairpin-capped p�BM-d2EGFP plasmid
DNA.We digested the DNAwith HindIII, which cuts the orig-
inal plasmid at several sites (Fig. 5A), and analyzed these restric-
tion products by Southern hybridization using the entire plas-
mid DNA as a probe (Fig. 5B). DNA from the supercoiled
molecule-derived transformant produced hybridization bands
that were identical to those of the original supercoiled p�BM-
d2EGFPDNA (compare lane 2with lane 1). This confirmedour
previous result, and it showed that the covalently closed circu-
lar IR/MAR plasmid was amplified and arranged as a direct
repeat in DMs or HSRs (5). In contrast, the 5,603-bp fragment
was not observed in the linear molecule-derived transformant
(open box in lane 3), whereas another three bands (1,039, 1,631,
and 2,434 bp) were present. Because the original 5,603-bp band
contained the MluI site where the plasmid was linearized, this
result strongly suggested that linear plasmids were exonucleo-
lytically digested from the ends before ligating with each other
in transfected cells, so that the 5,603-bp band became a faint
smear. Strikingly, the result was rather different for hairpin-
capped molecule-derived transformants. Namely, in addition
to the conserved three bands from the internal sequence, there
were many hybridization bands instead of the 5,603-bp band.
These bands were likely derived from hairpin-capped MluI
ends.
To understand these extra bands, we isolated several clones

from hairpin-capped plasmid transformants. We analyzed 20
clones by FISH and selected eight clones that bear ETEs as the
sole location of plasmid sequences. Because the images were
very close to the representative ETE images (Fig. 2, E–H), they
are not shown. Another 12 clones had no significant FISH sig-
nals, which was consistent with the result on polyclonal trans-
formant (Fig. 3). For such ETE-bearing clones, we performed

Southern analysis as above (Fig. 5C). As a result, a few discrete
bands appeared for each clone in addition to the conserved
three bands. These extra bands were rather different between
the clones and even different from the bands appearing for
the polyclonal cells, from which the clones derived. Because the
cloned cells were cultured for more than 2 months after the
analysis on the polyclone, the structure of the hairpin-capped
end may intermittently diverge during cellular propagation.
Palindrome Sequences aroundHairpin-capped EndsAre Spe-

cifically Detected in ETE-bearing Cells—We showed that the
generation of ETEs from the hairpin-capped plasmid required
the IR sequence (Fig. 3), suggesting a requirement for DNA
replication. If a hairpin-capped linear molecule is replicated, it

FIGURE 4. Expression from ETEs is epigenetically silenced. Supercoiled
(gray bars), linear (dotted bars in A), or hairpin-capped (black bars) p�BM-
d2EGFP was transfected into COLO 320 cells, and transformants were
selected on blasticidine for 40 days (A and C) or 40 or 80 days (B). The expres-
sion of d2EGFP was measured with a cell sorter as described (10) and is
expressed as arbitrary units. For C, the cells were treated with 2 mM butyrate,
100 nM trichostatin A, 3 �M MS-275, 0.1 �g/ml oxamflatin, 1.6% dimethyl
sulfoxide (DMSO), or 3 �M 5-azacytidine for 3 days before measuring d2EGFP
expression.

FIGURE 5. Genomic Southern blot analysis suggests both dynamic and
static natures of the hairpin end. The MluI (M) and HindIII (H) sites of p�BM-
d2EGFP are shown in A. The plasmid was linearized and hairpin-capped at the
MluI site. Supercoiled, linear, or hairpin-capped plasmid DNA was transfected
into COLO 320 cells, and polyclonal transformants were selected on blastici-
dine for 40 days. From cells transfected with hairpin-capped DNA, several
clones were isolated after an additional 30 days of culture. Clones bearing
ETEs were identified by FISH. The genomic DNA from polyclonal (B) or mono-
clonal (C) cells was isolated and digested with HindIII, and 2 �g of each was
applied to the gel. After electrophoresis, it was subjected to Southern blot
hybridization using the entire plasmid DNA as a probe. As a control, purified
plasmid DNA was used in lanes 1 (10 ng) and 2 (1 ng) of B and C. The 5,603-bp
band disappeared because of smearing in lane 4 of B (indicated by box) or
appeared as multiple bands in lane 5 of B (indicated by arrows). Several frag-
ment profiles are seen for different clones, instead of the 5,603-bp band (C).
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necessarily produces a palindrome sequence, as shown in Fig.
6A. Therefore, wewanted to detect this palindrome in transfor-
mants. However, amplification of the palindrome by conven-
tional PCR was difficult, because such a sequence might form a
cruciform extrusion. Therefore, we treated total DNA from
transformants with sodium bisulfite to convert nonmethylated
cytosine to uracil. After that, we performedPCRusing a specific
primer set (Fig. 6B, a-a�) that would amplify a product if the
palindrome were present. If total DNA from a supercoiled
plasmid-derived transformant was used as a template, PCR

did not amplify any product (Fig.
6B, lane 1). In contrast, a product
with the expected size (792 bp; Fig.
6A) was amplified from a hairpin-
derived transformant (Fig. 6B,
lane 2). On the other hand, a prod-
uct of the same size was amplified
from the original hairpin-capped
linear DNA, as predicted (data not
shown).
We next ligated the PCR prod-

uct with the vector, cloned it in
E. coli, and determined the base
sequences of the inserts. For
clones 3 and 6, there were two
kinds of inserts that differ their
length, and we sequenced both of
them. By comparing the sequence
with the original hairpin-capped
plasmid sequence, we found that
the sequences from clone 4 and
clone 6-1 were identical, and they
perfectly matched to the complete
palindrome sequence from the orig-
inal hairpin end (Fig. 6,D andE). On
the other hand, the sequences from
clones 3-2 and 6-2 were identical.
This sequence and the one from
clone 3-1 also contained almost the
complete palindrome deduced from
the MluI end of the plasmid, but
they lacked the loop region of the
synthetic hairpin (Fig. 6E). Genera-
tion of such a structure was most
plausibly explained by the fact that
the loop region of the hairpin was
resected by a single-strand specific
nuclease and an exonuclease, fol-
lowed by the intrastrand annealing
using microhomology and repair,
which generate another hairpin
end. Such a mechanism was sug-
gested to be involved in the initia-
tion of gene amplification (27). It
was very surprising that the struc-
ture identical to the hairpin-capped
end or its replicated form, i.e. palin-
drome, was preserved formore than

3 months after the transfection.
We next addressed how frequently plasmid copy number

was associated with the palindrome structure. Thus, we simul-
taneously performed a conventional PCR by using another set
of primers (Fig. 6A, b–b�) that amplified a portion of the plas-
mid apart from the hairpin. The intensity of the b-b� product
should reflect the amount of plasmid sequence, whereas the
intensity of the a-a� product should reflect the amount of pal-
indrome. It is uncertain whether the efficiency of amplification
might differ between two sets of primer, but we considered the

FIGURE 6. The palindrome sequence that corresponds to the original hairpin end or its end-resected
structure was well preserved during clonal long term growth. A, if the hairpin-capped IR/MAR plasmid is
replicated, it should contain palindromes. The primer sets a-a� and b-b� were designed to amplify such palin-
dromes and the internal region, respectively. B, total DNA was isolated from a polyclonal supercoiled plasmid-
derived transformant (lane 1), polyclonal (lane 2), or clones 3, 4, and 6 (lanes 3–5) of hairpin-capped plasmid
transformants. The DNA was treated with sodium bisulfite to prevent formation of secondary structures. PCR
was performed using primer set a-a�. After 30 cycles, the products were separated by agarose electrophoresis
and stained with ethidium bromide. The molecular weight (MW) positions are shown at right. C, the same
amount of bisulfite-treated DNA was used for PCR using primer set b-b� (lanes 1– 4) or a-a� (lanes 5– 8). At the
cycle number indicated, a portion was removed and analyzed by electrophoresis as in B. D and E, from the
bisulfite-modified PCR shown in B, the products were cloned using plasmid vector, and they were subjected to
the base sequencing. The sequences were aligned to the theoretical palindrome from the hairpin-capped
plasmid sequence (D), and the structures are shown in the bottom of E. By comparing those structures with the
one of the introduced molecule, a model that explains how the former structure was formed from the latter is
depicted in the middle part of this panel.
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comparison would provide a rough estimate. The result (Fig.
6C) showed that the polyclonal transformant contained a sig-
nificant amount of the palindrome (compare lanes 1 and 5 at 24
and 26 cycles). However, the amount of palindrome varied
significantly among individual clones (compare lanes 2–4
and lanes 6–8, respectively). This result was consistent with
the Southern blot data, which suggested the presence of het-
erogeneity among clones near the hairpin cap-derived
sequence (Fig. 5).

DISCUSSION

How Is the Hairpin-capped IR/MAR Plasmid Maintained
Long Term in Transfected Cells?—From the above evidence, we
propose a model that explains how the hairpin-capped plasmid
is maintained in cells in an IR/MAR-dependent fashion (Fig. 7).
Our results suggest that the hairpin-capped molecule is repli-
cated in cells to form a circular inverted dimer. Such amolecule
has two palindromes, which may be converted to a cruciform.
This structure is recognized by the Holliday junction resolvase
and cleaved to form an additional hairpin-capped end. If the
replication machinery reaches the cruciform, then so-called
“replication slippage” might occur. This may explain why the
structure around the originally hairpin-capped end becomes
diverged among clones. On the other hand, the intensity of
bands observed by Southern hybridization applied on cloned
cells (Fig. 5C) suggested that between 200 and 2,000 copies of
the plasmid sequences are present in each cloned cell, whereas
FISH images indicated that each cell contained �50–200 cop-
ies of ETEs. Therefore, a rough calculation suggests that each
ETE consists of 5–10 copies of plasmid sequences on average.
On the other hand, the data in Fig. 6 showed that the ETE
contained a palindrome. Therefore, transcription of the palin-
drome would produce a double-stranded RNA that efficiently
induces RNA interference and silences plasmid sequences. This
proposal is consistent with the finding that ETEs were epige-
netically silenced (Fig. 4).
The conversion of a palindrome to a hairpin-capped end has

been suggested for yeast. Such hairpin-capped ends may trigger a

breakage-fusion-bridge cycle and
gene amplification, if they are chro-
mosomally located (17, 19). This
process preferentially occurs under
conditionswhere hairpin processing
activity is compromised (18). Fur-
thermore, a recent report showed
that episomal palindromes launch a
self-perpetuating breakage-fusion-
bridge-independent increase in
copy number termed “escape,” if the
hairpin is not processed by Mre11
nuclease activity (21). This phe-
nomenon appears very similar to
what happens in our experimental
system. Here, ETE formation from
the hairpin-capped plasmids was
observed in human COLO 320DM
cells, but we could not detect this in
HeLa or CHO-K1 cells,4 suggesting

that a hairpin processing activity might be missing in COLO
320 cells. However, microarray analysis revealed that Mre11 as
well as the mammalian Holliday junction resolvase (containing
Eme1 and Mus81) (28) is expressed normally in COLO 320
cells.5 Therefore, determining the genetic background that sup-
ports the stable maintenance of hairpin-capped IR/MAR plas-
mids is an important future task.
Implication of This Study—We have made a serendipitous

finding that a hairpin-capped linear molecule with an IR/MAR
sequence may be maintained as numerous episomes in mam-
malian cells, and we have proposed a mechanism underlying
this process. This study provides a novel method to develop an
episomal vector in mammalian cells. Until now, several papers
have reported the development of episomal vectors for mam-
malian cells (29, 30); however, such vectors still pose a difficult
challenge except for those using viral elements for replication/
segregation. However, sequences that support autonomous
replication (the replicator sequence) have been identified in
bacteria and yeast cells by isolating sequences that support epi-
somal maintenance. Because of the lack of an episomal system
in mammalian cells, studies of replicator activity have com-
pletely depended on the analysis of replication initiation at
ectopic chromosomal loci, which in turn depends on chromo-
somal context (31). The findings reported here will provide an
ideal system for analyzing replicator activity in mammalian
cells.
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