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The loss of transgene expression has been a major obstacle to the development of nonviral
vectors for the treatment of human diseases. We previously demonstrated that bacterial DNA
linked to a mammalian expression cassette resulted in transcriptional silencing of the transgene
in vivo. To confirm these studies and develop a means to produce a robust DNA vector that is not
silenced in vivo, we developed a phage $C31 integrase-mediated intramolecular recombination
technology to prepare minicircle vector DNA devoid of the bacterial backbone and then com-
pared the transgene expression profile of the minicircle with different molecular forms of plasmid
DNAs in mice. We demonstrate that minicircular DNAs devoid of bacterial sequences expressed
45- and 560-fold more serum human factor IX and al-antitrypsin, respectively, compared to
standard plasmid DNAs transfected into mouse liver. Our data suggest that minicircles are capable
of expressing high and persistent levels of therapeutic products in vivo and have a great potential
to serve as episomal vectors for the treatment of a wide variety of diseases.

Key Words: minicircle, $C31 integrase, linear DNA, expression cassette, bacterial backbone,
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INTRODUCTION

A barrier limiting the use of nonviral vectors for gene
therapy is related to the short duration of transgene ex-
pression in vivo. Typically, a high level of transgene prod-
uct is achieved shortly after DNA is delivered to target
cells, but transgene expression falls to low levels within a
few weeks even though vector DNA is retained in these
cells [1-4]. Recently, we have made progress in under-
standing the mechanism of episomal transgene silencing.
We observed that silencing of transgene expression was
substantially alleviated by cutting closed circular DNA
(ccDNA) twice through the bacterial DNA sequences be-
fore transfection into mouse livers [5]. We found that
transgene expression was 10- to 100-fold higher in linear
DNA- versus ccDNA-transfected mice. Interestingly, linear
DNA formed large random concatemers as well as small
circles, while the ccDNA remained intact in mouse livers.
Accordingly, we hypothesized that covalent attachment
of the bacterial backbone to the expression cassette plays
an inhibitory role in transgene expression. The bacterial
DNA silencing effect was further established in additional
studies, in which mice receiving an equimolar mixture of
linearized expression cassette and bacterial backbone re-
sulted in a lower level of reporter transgene expression
compared with mice receiving the expression cassette

alone (Chen et al., submitted for publication), suggesting
that a proportion of the delivered expression cassette was
silenced by the bacterial backbone. Finally, we demon-
strated that linearized plasmid DNA containing an expres-
sion cassette covalently attached to the bacterial back-
bone resulted in an expression profile similar to that
observed for uncut circular plasmids, and like other linear
DNA molecules, large concatemers and circles were
formed in mouse liver.

Taken together, the data suggest that covalent linkage
of bacterial DNA to the expression cassette results in tran-
scriptional silencing of the transgene in vivo. We hypoth-
esized that recircularized expression cassette free of bac-
terial DNA sequences was an active vector form,
responsible for persistent episomal expression of a trans-
gene.

To test this hypothesis, we have developed a Streptony-
ces temperate phage integrase $C31-mediated site-specific
intramolecular recombination technology to prepare
DNA minicircles encoding expression cassettes excluding
bacterial backbone and examined their expression profiles
in mouse liver. Our data suggest that vector DNA devoid
of bacterial sequences is not silenced and is capable of
expressing persistently high levels of transgene in vivo.
This type of vector will be useful as an episomal gene
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FIG. 1. $C31-mediated production of minicircle in Escherichia coli. (A) Flow chart of $C31 integrase-mediated intramolecular recombination of pBAD.$C31.RHB.
The resulting products are shown as cBB and MC.RHB. RSV, Rous sarcoma virus long terminal repeat promoter; hAAT, human a1-antitrypsin; bpA, bovine growth
factor polyadenylation signal; RHB, RSV.hAAT.bpA expression cassette; Amp, ampicillin resistance gene; BAD, araBAD promoter; araC, araC repressor; attB,
bacterial attachment site; attP, phage attachment site; attlL, left hybrid sequence; attR, right hybrid sequence; BR322, pBR322 origin of DNA replication; MC,
minicircle; cBB, circular bacterial backbone. Abbreviations of restriction sites: B, BamHI; H, Hindlll; N, Ncol; S, Spel; and X, Xhol. (B) The vector pBAD.¢C31.hFIX
used for production of a minicircle expressing human factor IX (hFIX). sApoE, the artificial enhancer/promoter sApoE.HCR.hAAT [25]; Int A, intron A. (C) Kinetic
analysis of L-(+)-arabinose-induced ¢$C31-mediated formation of MC.RHB. The influence of different bacterial broth conditions on MC.RHB production was
determined. Resuspension: 4:1 and 1:1 represent the volume of overnight bacterial growth versus volume of fresh LB broth containing 1% L-(+)-arabinose used
to resuspend the bacteria. None: the inducer L-(+)-arabinose was added directly to the overnight bacterial growth medium at 1%. Plasmid DNA was isolated
from the culture and purified. Each lane was loaded with 1 pg of BamHI-digested DNA. The 2.1- and 6.0-kb bands represent the linear MC.RHB and cBB,
respectively, while the 4.5- and 3.5-kb bands were derived from the unrecombined pBAD.$C31.RHB (A). (D) Determination of the time course of minicircle
formation by quantification of DNA bands in the gel shown in (C). The values of minicircle are presented as the ratios of the 2.1-kb linear minicircle band
compared to all four of the other bands in each lane. (E) Analysis of minicircle DNA. Each lane contains 1 g of purified minicircle encoding RSV.hAAT.bpA with
(+) or without (—) Spel digestion. The 2.1-kb band represents the Spel-cut minicircle and the 6.0-kb band the Ncol-linearized bacterial backbone.

therapy vehicle for treatment of a wide variety of medical
conditions. In addition, we have established a relatively
simple method for producing minicircle DNA vectors for
preclinical studies in animals.

REesuLTS

Production of Minicircle DNA Vectors

We constructed the plasmids pBAD.¢C31.RHB (Fig. 1A)
and pBAD.$C31.hFIX (Fig. 1B) as precursors to the pro-
duction of minicircle vectors expressing human al-anti-
trypsin (human AAT) and human factor IX (human FIX),

respectively. We used the plasmids to transform Esche-
richia coli Top 10, and the recombinase ¢$C31 was pro-
duced after the addition of the inducer L-(+)-arabinose to
the bacterial growth medium, to mediate the recombina-
tion between attB and attP. This resulted in two DNA
circles, one consisting of the expression cassette with a
36-bp hybrid attR and one containing all other DNA ele-
ments with a 37-bp hybrid attL.

To determine the optimal conditions for induction of
¢$C31 integrase-mediated recombination, we prepared an
overnight culture (ODgy, ~2.50) obtained from a single
colony of transformed cells containing pBAD.$C31.RHB.
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FIG. 2. Transgene expression profiles. (A) The pRSV.hAAT.bpA construct used for preparing the three different forms of DNA. (B) Serum human AAT and human
FIX expression. Left: Serum human AAT from mice that received 20.0 g of closed circular RHB (CC) or equivalent molar amounts of purified expression cassette
(1f, 8.2 pg), two-fragment DNA (2f, 20.0 .g), or minicircle DNA (MC, 8.5 pg). Right: Serum human FIX from mice that received 40.0 g of unrecombined

plasmid pBAD.4$C31.hFIX (A) or equal molar amount of minicircle (16.2 ug, @).

We determined that the optimal incubation temperature
was 32°C, with 1% inducer L-(+)-arabinose added to the
bacterial culture (data not shown). However, we found
that the recombination efficiency was poor when induc-
tion was carried out by adding L-(+)-arabinose to the
overnight bacterial growth medium (Figs. 1C and 1D).
The recombination efficiency was greatly enhanced by
resuspending the bacteria in fresh LB broth before adding
the L-(+)-arabinose. Moreover, we obtained a better yield
of minicircle when the bacterial culture was resuspended
in a 4:1 versus a 1:1 ratio of overnight growth culture to
fresh LB medium (Figs. 1C and 1D). The optimal condi-
tions for minicircle production include resuspending the
overnight bacterial growth 4:1 in fresh LB broth contain-
ing 1% 1-(+)-arabinose and incubating the bacteria at
32°C with shaking at 250 rpm for 60 to 120 min. We
cannot exclude the possibility of some leaky expression
from the arabinose-induced promoter that may have re-
duced the final minicircular DNA yield. Nonetheless, we
monitored the formation of the minicircles over time by
quantifying the four DNA bands in the agarose gel (Fig.
1C). Because the minicircle was about a quarter of the size
of the parent vector pBDA.¢C31.RHB, we estimated, ac-
cording to the DNA quantification data (Fig. 1D), that
under these culture conditions, the efficiency of recombi-
nation was greater than 97%. We purified recombined
DNAs from bacterial growth using the Qiagen Plasmid
DNA Kit and purified minicircles by standard gradient
CsCl banding procedure [6] after linearizing the bacterial
backbone circle with Ncol digestion. We removed
ethidium bromide from the minicircle DNA using a buta-
nol extraction procedure [6]. We obtained about 1 to 1.5
mg of recombined DNA before CsCl purification and 150

to 200 pg of purified supercoiled minicircle from 1000 ml
of bacterial growth with minicircle-producing vector,
pBAD.$C31.RHB or pBAD.$C31.hFIX. We found variable
amounts of nonrecoverable minicircle DNA comigrating
with linear bacterial DNA probably due to DNA nicking.
We found minimal contamination of linearized bacterial
backbone DNA, as represented by the 6.0-kb band, in the
minicircle DNA preparation (Fig. 1E). Occasionally, a sec-
ond CsCl banding was performed, removing this contam-
inant (data not shown).

Minicircle-Mediated Persistent and High Levels of
Transgene Expression in Vivo

To determine if the human AAT-expressing minicircle was
devoid of bacterial DNA silencing in vivo, we compared
the expression profiles of this minicircular DNA with
equal molar amounts of the uncut plasmid, pRSV.hAAT.
bpA (Fig. 2A), a linear DNA mixture of expression cassette
and bacterial backbone, or the purified linear expression
cassette containing the same DNA sequence as the mi-
nicircle except for the 36-bp attR hybrid site after trans-
fection into mouse liver.

Consistent with our previous observation (Chen et al.,
submitted for publication), serum concentrations of hu-
man AAT obtained from mice injected with purified ex-
pression cassette were more than 3-fold higher than those
of mice that received two-fragment DNA and 20- to 43-
fold higher than those of ccDNA-injected mice (Fig. 2B,
left) 3 weeks after DNA infusion. The mice receiving mi-
nicircle DNA produced 10- to 13-fold more serum human
AAT than those receiving the purified expression cassette,
which was 200- to 560-fold higher than that of the ccDNA
group. Mice receiving ccDNA also expressed a high level
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of serum human AAT initially, but the serum reporter
level dropped by 710 times in the first 3 weeks and con-
tinued to decrease afterward. Our data clearly demon-
strate that the minicircle was the most efficient vector
form and could express persistent and high levels of trans-
gene product.

To demonstrate the potential for therapeutic efficacy,
we compared the human FIX-expressing minicircle to the
corresponding unrecombined plasmid (Fig. 1B). Animals
infused with this minicircle expressed a high level of
serum human FIX, which stabilized at about 12 pg hu-
man FIX per milliliter of serum (more than twice normal)
for up to 7 weeks (length of experiment; Fig. 2B, right).
High levels of serum human FIX were produced in mice
receiving the unrecombined plasmid 1 day after DNA
infusion, but the serum therapeutic protein dropped
more than 45-fold in 3 weeks and continued to decrease
afterward.

Transgene Expression Levels and Quantity of Vector
DNA in Mouse Liver
Although in previous studies, we found no difference in
the amount of vector DNA after infusion of ccDNA or
linear DNA [5], we wanted to establish if the same was
true for minicircle-injected mice. We determined liver
vector DNA copy number in mice receiving different
forms of the human AAT vector DNA 15 weeks after
injection (Fig. 2B, left). We detected about 13 to 20 copies
of vector DNA per diploid mouse genome in each group,
with only small differences among groups (Fig. 3A). Con-
sistent with previous observations, our data indicate that
the difference in serum human AAT levels was not due to
variations in the amount of vector DNA in mouse liver.
Previously, we have demonstrated that circular plas-
mids remained as intact circles in mouse liver [5] (Chen et

al., submitted for publication). To establish if minicircle
DNA behaved like other circular plasmids in mouse liver,
we analyzed the molecular structure of vector DNA by
Southern blot. With BglII digestion, which does not cut in
the vector, we found multiple bands, ranging from 1.6 to
about 23 kb, in the liver DNA samples from the mice
infused with minicircle DNA. These bands were converted
into a single-length 2.1-kb monomer by HindIII digestion,
which cuts once in the vector (Fig. 3B), suggesting that
the multiple bands in the BgIII blot represented a single
supercoiled DNA molecule or multiple copy aggregates of
the minicircle. Thus, similar to a circular plasmid, the
minicircle DNA was maintained as an intact episomal
circle in mouse liver.

Consistent with our previous observations, animals in-
fused with the two-fragment linearized DNAs formed
large concatemers, as represented by the 23-kb bands,
which were converted into a DNA ladder by HindIII di-
gestion, suggesting a random linkage of the two DNA
fragments in mouse liver [5]. In addition, small circles
were also observed in the Bglll-digested blot (Fig. 3B). The
1.6-kb DNA band in the Bg/II blot probably represented a
supercoiled religated expression cassette because it was
converted to a 2.1-kb band of a full-length linear expres-
sion cassette monomer by HindlIIl digestion. All the DNA
bands seen in the BgIII blot of the one-fragment linear
DNA-injected group were converted by HindIII digestion
into a 2.1- and a 3.4-kb band, representing the head-to-
tail and tail-to-tail junctions, respectively. The 0.8-kb frag-
ments resulting from the head-to-head end-joining were
not expected to be detected with the human AAT cDNA
probe (Fig. 2A). The 1.6-kb bands in the Bg/II blot, like the
one seen in the two fragment linear group, most likely
represented the recircularized expression cassette mono-
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mer and was converted to the 2.1-kb linear monomer by
HindlII digestion.

DiscussioN

We demonstrate that minicircle DNA vectors devoid of
bacterial DNA sequences can be produced by using the
recombinase ¢$C31-mediated recombination in E. coli in
quantities that are sufficient for systemic administration
into animals. The product is a unique circular expression
cassette monomer that was used to establish a more ro-
bust alternative nonviral vector expression cassette that
could be used for gene therapy. Moreover, it allowed us to
establish further our hypothesis that covalent linkage of a
bacterial plasmid DNA sequence to a eukaryotic expres-
sion cassette results in transcriptional silencing (Chen et
al., submitted for publication). The recombinase ¢$C31
used in this study is derived from Streptomyces temperate
phage. It belongs to the resolvase/invertases family, and
its intramolecular recombination activity has been char-
acterized thoroughly by Thorpe et al. [7,8]. Groth and
colleagues [9] have determined the minimal functional
sizes of the attB and attP sites as 34 and 39 bp, respec-
tively. In our study, the $C31 was placed under the con-
trol of araBAD. The recombination between the attB and
the attP flanking a transgene expression cassette down-
stream of this recombinase went almost to completion
within 2 h when the induction conditions were opti-
mized. Minicircle DNA vectors have also been produced
from other recombinases (e.g., N integrase and Cre recom-
binase) by intramolecular recombination. Darquet et al.
[10,11] and Bigger et al. [12] have prepared minicircle
DNA vectors excluding bacterial DNA via A integrase and
Cre recombinase, respectively. Production of minicircle
DNA using $C31 integrase is in theory more efficient
compared to other recombinases such as Cre recombinase
because the former recombinase mediates a unidirec-
tional reaction. Consequently, the intramolecular recom-
bination can proceed to completion, resulting in higher
yields of a unique population of circular expression cas-
sette monomers. In contrast, Cre mediates a bidirectional
reaction, resulting in lower yields of minicircular DNA
[12]. Moreover, the product of the bidirectional reaction
is a mix of circular molecules composed of a different
number of repeated sequences [12], making it difficult to
produce pure monomers. The A recombinase can also
mediate a unidirectional reaction in the absence of the Xis
protein [13]. However, small amounts of dimer were al-
ways seen in the preparation of minicircle DNA using \
integrase in the absence of Xis protein in the studies of
Darquet et al. [10,11], and the mechanism underlying the
presence of this contamination is not completely under-
stood.

This study establishes that minicircles can express high
and persistent levels of transgene products in mouse liver.
Delivered via the hydrodynamic procedure [14,15], mi-

nicircles expressed 45- and 560-fold more serum human
FIX and human AAT than their parent unrecombined
plasmids in mouse liver 3 weeks after transgene delivery.
Importantly, and similar to our previous results [5] (Chen
et al., submitted for publication), the difference in gene
expression was not related to differences in the amount of
vector DNA in mouse liver. Compared to the linear puri-
fied expression cassette, minicircle DNA expressed more
than 10-fold higher levels of serum human AAT, suggest-
ing that the minicircle was an optimal episomal vector
form for transgene expression, possibly because of its
circular configuration. Alternatively, substantial amounts
of linear expression cassette might be inactivated via the
partial loss of promoter and/or polyadenylation DNA se-
quences during the nonhomology-end-joining process
[16,17].

There is some variation in the degree of silencing when
different bacterial backbones and expression cassettes are
used in any particular combination. The common prop-
erty resulting in silencing is the physical linkage of the
two DNA elements, whether the DNA is delivered in this
manner or the linkage occurs in the liver (e.g., linear DNA
delivery) [5] (Chen et al., submitted for publication).
While linear DNA is more robust than intact plasmids,
more studies are required to establish the relative differ-
ences in gene expression when different plasmid back-
bones and expression cassettes are used in combination.
Nonetheless, based on the data in this and our previous
studies [5] (Chen et al., submitted for publication), the
absence of bacterial DNA covalent linkages to the expres-
sion cassette results in more robust and persistence gene
expression in vivo. There are two additional advantages of
minicircle vs linear DNA vectors that should be consid-
ered: (1) Purified linear vectors are more labor intensive
for production and (2) linear DNA molecules may be less
safe because they have detectable and higher levels of
integration into liver host chromosomal DNA compared
to circular DNA plasmids [18,19].

Other groups have provided limited data suggesting
that minicircle DNA vectors are more robust in other
tissues/cell types. Darquet et al. [11], for example, dem-
onstrated that minicircles expressed 13 to 50 times more
transgene product when injected into mouse skeletal
muscle or human head and neck carcinoma grafts in nude
mice, compared to an equal amount of the parent plas-
mid. Gene expression was followed for only 1 week and
the mechanism (e.g., transcriptional versus DNA persis-
tence) for the enhanced expression for this short period
was not determined.

Since the transcriptional silencing effect is overcome
by using minicircular DNA, transgene expression will not
be lost except during cell division [20] or cell death. It has
been hypothesized that when plasmid DNA is delivered
within lipid-DNA complexes, a loss of transgene expres-
sion occurs due to an immune response against unmeth-
ylated CpG dinucleotides present in bacterial DNA
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[21,22]. We have previously demonstrated (Chen et al.,
submitted for publication), and confirmed in this study,
that an immune response is not likely responsible for the
loss of gene expression because there was no selective loss
of vector DNA harboring bacterial sequences. It has been
well documented that plasmids can undergo nucleation
[23] and persist in an episomal status for months or years,
not only in liver [5], but also in the heart [24] and skeletal
muscle [4]. It is reasonable to expect that persistence of
transgene expression from minicircle DNA can also be
achieved from these and other organs with a low cell
turnover rate.

ExPERIMENTAL PROTOCOL

Vector construction. To prepare the human AAT minicircle-producing con-
struct pBAD.$C31.RHB (Fig. 1A), we amplified $C31 integrase from the plas-
mid pCMV.$C31 [9], using the primers 5'-CCGTCCATGGACACG-
TACGCGGGTGCT and 5-ATGCGCGAGCTCGGTGTCTCGCTACGCCGCTAC
and inserted the PCR product into Ncol and Sacl sites of pBAD/Myc-His
(Invitrogen, Carlsbad, CA), resulting in an intermediate plasmid, pBAD.$C31.
We composed attB and attP using the corresponding DNA oligonucleotides
[9] and inserted them into the Spel and Kpnl sites, respectively, to flank the
human AAT expression cassette of the plasmid pRSV.hAAT.bpA (Fig. 2A). The
attB and attP binding sites-flanked expression cassette was inserted into Sacl
and Kpnl sites of pBAD.¢C31, resulting in pBAD.¢pC31.RHB. We prepared the
vector pBAD.¢pC31.sApoE.hFIX (Fig. 1B) to produce minicircle express-
ing human FIX by inserting the expression cassette, derived from
pBS.sApoE.HCR.hAAT.hFIX+IntA.bpA [5,25,26], into the Spel site of
PBAD.$C31.RHB after the expression cassette was removed by Xhol digestion.

Production of minicircles. We used minicircle-producing vectors to trans-
form E. coli Top 10 (Invitrogen). The bacteria were grown using a New
Brunswick Scientific incubator (Model C24, Edison, NJ). We obtained
1-(+)-arabinose from Sigma Chemical Co. (St. Louis, MO). We quantified
the DNA bands after agarose electrophoresis using Quant One from Bio-
Rad Laboratories (Hercules, CA). We prepared purified expression cassette
and two-fragment DNA from plasmid pRSV.hAAT.bpA as described previ-
ously [5] (Chen et al., submitted for publication). We dialyzed all the DNA
preparations against TE overnight before delivery to animals.

Determination of transgene expression in mice. We obtained 6- to
8-week-old C57BL/6 mice from The Jackson Laboratory (Bar Harbor, ME).
We delivered DNA to mouse livers using a hydrodynamic technique
[14,15]. We collected mouse blood periodically using a retro-orbital pro-
cedure and determined serum human AAT and human FIX by ELISA as
described earlier [27]. All animals were treated under the NIH and Stanford
University Animal Care Guidelines.

Southern blot analysis of vector DNA structure in mouse livers. We
prepared liver DNA using a salt-out procedure. Twenty micrograms of liver
DNA from mice receiving one of the four forms of vector DNA expressing
human AAT, as described in the legend for Fig. 2B, left, was digested with
Bglll, which did not cut the vector, or HindIIl, which cut once through the
expression cassette. We separated the digested DNAs by electrophoresis in
a 0.8% agarose gel and blotted them onto a nitrocellulose membrane.
Vector DNA was detected after hybridization with a [*?P]dCTP-labeled
1.4-kb human AAT cDNA probe (Fig. 2A) and autoradiography or phos-
phoimagery.
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