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The episomal vectors 



•  minima invasività 
•  selettività del bersaglio 
•  assenza di immunogenicità 
•  elevata capacità di clonaggio 
•  stabilità nel tempo 
•  corretta ploidia (N di copie) 
•  manipolabilità 
•  dimensioni ridotte 

Requisiti di un vettore ideale: 

Non-viral vectors: by non�viral vectors the therapeutic genes are delivered to 
target cells using non-viral carriers such as synthetic polymers, liposomes or 
polyamines. 
  



Episomal plasmid 
Historical view 
 
Attempts to construct non-viral episomal vectors for mammalian cells date back to the 
early 1980s, immediately after autonomously replicating sequences (ARSs) were 
described in yeast (Stinchcomb et al., 1980). 
Non viral episomal vectors would replicate as an autonomous unit and would not require 
any exogenous trans-acting protein.  
ARSs were isolated from the yeast genome and found to promote episomal replication 
when inserted into a plasmid in yeast.  
When restriction-digested mammalian DNA was inserted into yeast plasmids numerous 
ARSs were found to promote plasmid replication in yeast.  
However, transfection of such vectors into mammalian cells never resulted in replicating 
plasmids and in most cases the such constructs was either lost or integrated into the 
genome.  
Subsequent sequence analyses of various mapped mammalian origins of replication 
failed to reveal sequence homologies but rather a number of structural characteristics, 
such as long AT-rich regions, CpG islands, bent DNA, and the presence of scaffold/
matrix attached region (S/MAR) sequences were identified. 
It is believed that mammalian origins are not only determined by the DNA sequence 
itself but also by epigenetic factors, such as chromatin structure, gene expression, and 
even global nuclear architecture  



pEPI vectors 

The insertion of an S/MAR sequence into a plasmid led to the first 
episomal vector for mammalian cells " pEPI - plasmid EPIsome 

Our knowledge of the replication process is too limited to allow the rational design of 
vectors behaving as endogenous replication origins.  
However, it is believed that origins bind to a sub-nuclear structure, the nuclear matrix or 
skeleton, at the onset of the S phase by an interaction of S/MAR sequences, which are 
often observed to be associated with mapped origins of replication. 
 
S/MAR sequences do not share high sequence homologies but are rather characterized by 
their structural features. Often they contain stretches with more than 70% AT-rich 
sequences, DNA-unwinding elements, and show binding sites for transcription 
factors and topoisomerase II.  



pEPI: the first vector that replicates 
autonomously in mammalian cells 

establishing it as an autonomous replicon, a phenomenon
not restricted to nonviral replicons but also reported for
Epstein–Barr virus (EBV)-based vectors (Leight and Sugden,
2001a,b). Establishment and behavior of pEPI vectors were
monitored by various microscopy techniques. Although
many vector molecules reach the nucleus 24 hr post-
transfection, the majority of vector molecules are subse-
quently lost from the cell. In cells containing a stably
established replicon it was found exclusively in less con-
densed chromatin (Fig. 1b) regions (the interchromatin
space) and frequently associated with nuclear speckles, that
is, nuclear regions involved in RNA processing. The vector
associates with early replicating foci and this association is
stably retained over mitosis, explaining the high mitotic
stability of this construct. Once established, the vector seems
to be surprisingly nondynamic throughout the cell cycle
(Stehle et al., 2007; Tessadori et al., 2010) and is associated
with histone modifications typical of active chromatin, with
an accumulation of histone 3 methylated at Lys-4
(H3K4me1,me3) in the S/MAR element (Rupprecht and
Lipps, 2009). The pattern of all histone modifications re-
mained constant during G1, S, and G2 phases, but during
mitosis H3K4me1,me3 is selectively removed from the
S/MAR. These modifications are typical of active chromatin
and enriched on genes replicating early during S phase

(Koch et al., 2007; Hiratani and Gilbert, 2009). Their accu-
mulation on the S/MAR sequence therefore highlights the
relevance of this sequence element for vector functioning.
According to these data, vector establishment is a stochastic
event and only those vector molecules reaching a nuclear
compartment favorable for transcription and replication will
assemble into an appropriate chromatin structure and be
retained as an episome. Silencing the expression cassette
linked to the S/MAR results in loss of the episome from the
cell (Rupprecht et al., 2010). This allows the construction of
vectors that can be selectively removed from the cell once
expression of the transgene is no longer required in the
recipient cell. Interestingly, only a certain percentage of cells
(between about 30 and 70%) containing pEPI as an episome
express the reporter gene encoding enhanced green fluores-
cent protein (eGFP) to a degree that can be detected by
fluorescence-activated cell-sorting (FACS) analysis, indicat-
ing that minimal transcriptional activity is sufficient to
maintain the episome. It is possible that the expression level
again depends on the nuclear localization state of the vector
after transfection and consequently the chromatin structure it
adopts. However, the expression profile of a given cell clone
will stay constant through many cell generations. Future
improvements of this prototype vector therefore should aim
to increase the expression level of the transgene and to

FIG. 1. The episomal vector pEPI. (a) Restriction map of pEPI highlighting the essential module consisting of promoter (blue),
transgene (green), and S/MAR sequence (violet). For episomal replication and maintenance, transcription of the transgene must
run into the S/MAR. Selection marker (yellow) and SV40 poly(A) signals (red) are indicated. (b) Fluorescence in situ hybrid-
ization (FISH) analysis of vector molecules in the interphase nucleus. pEPI establishes with 5–10 vector molecules per cell. (c)
The interaction of pEPI with cellular chromosomes via the SAF-A protein enables the vector to be transferred during mitosis, in
accordance with the ‘‘hitch-hiking’’ principle. (d) pEPI (green spots) replicates once per cell cycle during the early S phase and
associates with early replicating foci. This association is stably retained during cell division (Stehle et al., 2007).
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In this construct the sequence encoding the SV40 large T-antigen was 
replaced by a strong S/MAR sequence derived from the human 

interferon (IFN)-b gene cluster.  



pEPI-eGFP assembly 



!
Replication and maintenance!

!

Critical for replication is the binding with SAF-A protein 

establishing it as an autonomous replicon, a phenomenon
not restricted to nonviral replicons but also reported for
Epstein–Barr virus (EBV)-based vectors (Leight and Sugden,
2001a,b). Establishment and behavior of pEPI vectors were
monitored by various microscopy techniques. Although
many vector molecules reach the nucleus 24 hr post-
transfection, the majority of vector molecules are subse-
quently lost from the cell. In cells containing a stably
established replicon it was found exclusively in less con-
densed chromatin (Fig. 1b) regions (the interchromatin
space) and frequently associated with nuclear speckles, that
is, nuclear regions involved in RNA processing. The vector
associates with early replicating foci and this association is
stably retained over mitosis, explaining the high mitotic
stability of this construct. Once established, the vector seems
to be surprisingly nondynamic throughout the cell cycle
(Stehle et al., 2007; Tessadori et al., 2010) and is associated
with histone modifications typical of active chromatin, with
an accumulation of histone 3 methylated at Lys-4
(H3K4me1,me3) in the S/MAR element (Rupprecht and
Lipps, 2009). The pattern of all histone modifications re-
mained constant during G1, S, and G2 phases, but during
mitosis H3K4me1,me3 is selectively removed from the
S/MAR. These modifications are typical of active chromatin
and enriched on genes replicating early during S phase

(Koch et al., 2007; Hiratani and Gilbert, 2009). Their accu-
mulation on the S/MAR sequence therefore highlights the
relevance of this sequence element for vector functioning.
According to these data, vector establishment is a stochastic
event and only those vector molecules reaching a nuclear
compartment favorable for transcription and replication will
assemble into an appropriate chromatin structure and be
retained as an episome. Silencing the expression cassette
linked to the S/MAR results in loss of the episome from the
cell (Rupprecht et al., 2010). This allows the construction of
vectors that can be selectively removed from the cell once
expression of the transgene is no longer required in the
recipient cell. Interestingly, only a certain percentage of cells
(between about 30 and 70%) containing pEPI as an episome
express the reporter gene encoding enhanced green fluores-
cent protein (eGFP) to a degree that can be detected by
fluorescence-activated cell-sorting (FACS) analysis, indicat-
ing that minimal transcriptional activity is sufficient to
maintain the episome. It is possible that the expression level
again depends on the nuclear localization state of the vector
after transfection and consequently the chromatin structure it
adopts. However, the expression profile of a given cell clone
will stay constant through many cell generations. Future
improvements of this prototype vector therefore should aim
to increase the expression level of the transgene and to

FIG. 1. The episomal vector pEPI. (a) Restriction map of pEPI highlighting the essential module consisting of promoter (blue),
transgene (green), and S/MAR sequence (violet). For episomal replication and maintenance, transcription of the transgene must
run into the S/MAR. Selection marker (yellow) and SV40 poly(A) signals (red) are indicated. (b) Fluorescence in situ hybrid-
ization (FISH) analysis of vector molecules in the interphase nucleus. pEPI establishes with 5–10 vector molecules per cell. (c)
The interaction of pEPI with cellular chromosomes via the SAF-A protein enables the vector to be transferred during mitosis, in
accordance with the ‘‘hitch-hiking’’ principle. (d) pEPI (green spots) replicates once per cell cycle during the early S phase and
associates with early replicating foci. This association is stably retained during cell division (Stehle et al., 2007).
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pEPI episome strictly depends o transcription 
throughout the S/MAR 



SAF-A binding to pEPI was demonstrated 
by ChIP 

Chromatin immunoprecipitation of  
S/MAR from pEPI or DHFR. 

Samples: 1 and 2 plasmids without S/
MAR; 3 and 4 pEPI-eGFP; DHFR 

internal control 

pEPI molecules appear as small 
dots associated with the host 

chromosomes 

of the input vector and the vectors supercoiled form could be
isolated from the Hirt extract (Fig. 2C). Dimers of the amplification-
promoting sequences NTS-1 and NTS-2 from the mouse rRNA-
encoding DNA cluster (33), which have a similar AT content and
length but lack the extended base unpairing region (17) of the
tetramer S!MAR module, did not support episomal replication.

These results suggest that it is possible to construct an
episomally replicating vector whose function relies only on the
tetramer of a S!MAR module and an upstream transcription
unit. This vector, pMARS, shown in Fig. 1F, was transfected into
CHO cells and the DNA of 10 G418-resistant clones analyzed.
The vector restriction pattern of all clones was identical to that
of the original vector, and the supercoiled form of this vector
could be isolated by Hirt extraction. One example of these
analyses is shown in Fig. 3A. To further verify the episomal
nature of the vector, DNA from Hirt extraction was used to
transfect E. coli. In none of the 12 analyzed E. coli transfectants
was DNA rearrangement detected in the rescued vector. Fig. 3B
shows the restriction pattern of one transfected E. coli clone. The
mitotic stability of the vector pMARS was assessed by growing
transfected CHO cells in the absence of selection for a period of
8 weeks followed by selection with G418. It could be calculated
that the mitotic stability of this construct was !0.98, a number
similar to that observed for pEPI-1-transfected HeLa cells (16).
This mitotic stability became also evident when DNA was
isolated from a transfected clone after 8 weeks of growth in
nonselective medium that showed no change in hybridization
intensity relative to DNA isolated from the same clone imme-
diately after selection (data not shown).

We have reported earlier (19) that ongoing transcription
upstream of the S!MAR is required for episomal replication and
that the transcript has to include at least parts of the S!MAR.
By using the eGFP gene as a probe, a Northern analysis was
performed with total RNA from a pMARS-transfected (Fig. 1F)
clone. As shown in Fig. 3C, an "1.4-kb transcript can be found,
suggesting that transcription traverses the entire tetrameric
element, terminating at the SV40 polyadenylation signal. Dele-
tion of this transcription unit or placing the SV40 polyadenyla-
tion site between eGFP and S!MAR resulted in integration of
the vector (data not shown).

It has been described that pEPI-1 binds to the nuclear matrix
in vivo through a specific interaction of the S!MAR with the
matrix protein SAF-A (18). We therefore performed FISH
analysis on spread CHO chromosomes transfected either with
the integrating pDiMAR vector DNA (Fig. 1E) or the episo-
mally replicating pMARS vector DNA (Fig. 1F). About 50

metaphase plates were analyzed for each of these two FISH
analyses. Although pDiMAR DNA is always found integrated at
a single chromatid, in all clones different site and hybridization
to both chromatids is observed (Fig. 4A Left), the numbers of
signals obtained with pMARS DNA varied in different cells of
the same clone and were in most cases associated with only one
chromatid. Depending on the shear forces applied during
spreading free molecules could also be found (Fig. 4A Right).
The average copy number estimated from this analysis was found
to be 6, ranging between 4 and 11 per cell (for further informa-

Fig. 3. Binding of pMARS in the cell. (A) Southern analyses of DNA isolated from CHO cells transfected with pMARS. Hybridization was done as described in
Methods. The hybridization pattern of one representative clone is shown. (B) Rescue experiment in E. coli with Hirt extract from CHO cells transfected with
pMARS. (C) Northern analysis of total RNA isolated from CHO cells transfected with pMARS. Hybridization was done as described in Methods. The hybridization
pattern of one representative clone is shown. Lanes: M, DNA Marker SMART-Ladder (Eurogentec); P, pMARS (400 ng in B) plasmid DNA as a control linearized
by digestion with HindIII; 1, total DNA digested with HindIII (A), DNA isolated from one bacterial clone digested with HindIII (B), or total RNA hybridized with
a 32P-labeled eGFP probe (C); 2, Hirt extract digested with HindIII; 3, undigested DNA from a Hirt extract.

Fig. 4. Binding of pMARS to the nuclear matrix. (A) FISH analyses of CHO cells
transfected either with pDiMAR (Left) or with pMARS (Right) were done as
described in Methods. (Scale bar, 10 !m.) (B) PCR analyses from DNA bound to
HAP after crosslinking of transfected CHO cells by using 250 ng of DNA as a
template. Lanes: 1, supernatant from pGFP-C1-transfected cells; 2, superna-
tant from pEPI-eGFP-transfected cells; 3, supernatant from pDiMAR-
transfected cells; 4, supernatant from pMARS-transfected cells; 5, DNA bound
to HAP from pGFP-C1-transfected cells; 6, DNA bound to HAP from pEPI-eGFP-
transfected cells; 7, DNA bound to HAP from pDiMAR-transfected cells; 8, DNA
bound to HAP from pMARS-transfected cells; 9, control PCR with 100 pg of
pEPI-eGFP vector as a template.
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tion, see supporting information), which is very similar to that
reported for pEPI-1 in CHO (17) and HeLa cells (16).

To further demonstrate the association of vector pMARS with
the nuclear matrix, in vivo crosslinking experiments were per-
formed by using cis-diammineplatinum(II)-dichloride, an agent
that links matrix proteins to S!MAR DNA with high specificity
(26). Cells transfected with the integrating vectors pGFP-C1 and
pDiMAR and the episomally replicating vector pEPI-eGFP and
pMARS (Fig. 1) were subjected to this analysis. Cells were
crosslinked with 1 mM cis-diammineplatinum(II)-dichloride and
lysed in the appropriate buffer (see Methods). The DNA was
then fragmented by sonification, and the matrix-associated
DNA–protein complex was adsorbed by HAP, whereas all
noncrosslinked material stayed in the supernatant (27). DNA
from the supernatant and the HAP-bound material was isolated,
and identical amounts of DNA were used for PCR analysis by
using primers derived from the CMV promoter (17, 18). As
shown in Fig. 4B, vector DNA from the HAP-bound material
could only be amplified from cells transfected by pEPI-eGFP
and pMARS; some vector DNA also occurred in the supernatant
fraction. In contrast, for the pGFP-C1 and pDiMAR vector, no
or only a minor signal could be obtained from the HAP-bound
material, but a strong signal was consistently obtained in the
supernatant fraction.

Because pEPI-1 was shown to associate with the nuclear
matrix by means of specific interaction with SAF-A (18), we
investigated whether the episomal status of the vectors contain-
ing the S!MAR tetramer module (pMARS and pTetMAR) but
not pDiMAR (containing the S!MAR dimer module) could
reflect differences in the binding to this protein. Indeed, by using
the well characterized pull-down assay of Kipp et al. (28), we
found that only the tetrameric, and not the dimeric, S!MAR
module was specifically recognized by the isolated DNA-binding
domain of SAF-A (Fig. 5A). This result reflects the mass-binding
mechanism of SAF-A (28), in which multiple weak interactions
sum up to highly specific binding when the DNA element is long
enough. Consistent with these in vitro binding data, chromatin
immunoprecipitation experiments with SAF-A antibodies con-
firm that pTetMAR (and pEPI-eGFP as a positive control), but
not pDiMAR or the control vector pGFP-C1, are bound to
SAF-A in living cells (Fig. 5B). Various clones transfected with
pGFP-C1, pDiMAR, pTetMAR, and pEPI-eGFP were in vivo
crosslinked with formaldehyde and precipitated with an anti-
body directed against SAF-A (34). Vector DNA in the precip-
itate from the different clones was characterized by PCR analysis
by using primers derived from the neomycin-resistance cassette.
Equal aliquots of the precipitate were subjected to Western
analysis by using a SAF-A-specific antibody, verifying that the
amount of precipitated SAF-A protein was identical in all
samples (Fig. 5B Bottom). An endogenous S!MAR element
from the host cell, the minimal S!MAR of the dhfr locus (29),
was also present in all immunoprecipitates in identical amounts,
demonstrating equal amounts of amplifiable DNA in all samples
(Fig. 5B Middle). In striking contrast, however, the amount of
vector-specific PCR products varied dramatically between the
plasmids under study. Although the amount of the PCR products
from pEPI-eGFP and pTetMAR where almost identical on an
ethidium bromide-stained gel, only weak bands were obtained
from pDiMAR and pGFP-C1-transfected cells (Fig. 5B Top). To
quantify this difference, a radioactive PCR was performed with
immunoprecipitates from three independent clones, and the
products were analyzed after various PCR cycles (for details, see
supporting information). By using the PCR product from pEPI-
eGFP-transfected cells as a reference (100%), the concentration
of the PCR products from pTetMAR-transfected cells varied
between 78% and 99%. In contrast, the concentration of PCR
products obtained from pDiMAR- and pGFP-C1-transfected
cells varied between 7% and 11% and between 5% and 6%,

respectively. By using unspecific antibodies for immunoprecipi-
tation (anti-Oxytricha !TP and anti-rabbit IgG) in no case vector
DNA could be amplified from the precipitate.

Discussion
In this report we define the requirements for persistence and
replication of a mammalian episome exclusively based on mam-
malian chromosomal elements. This task was achieved by mod-
ification of the previously described vector pEPI-1 in which the
role of the SV40 large T-antigen is taken over by a chromosomal
S!MAR (15). In a parallel set of experiments we showed that the
SV40 origin of the previously described vector pEPI-1 is not
required for replication of a mammalian episome, and we
defined the minimal sequence requirements for a S!MAR to
function in vivo.

Southern analyses of constructs from which the SV40 origin
was deleted showed that this sequence is not required for vector
function: in !90% of transfected cells, its restriction pattern was
identical to that of the input DNA. When the 2-kb chromosomal
S!MAR was replaced by oligomers of a 155-bp minimal S!MAR
module, vectors containing the dimer integrate into the genome,
whereas vectors containing a tetramer of this sequence remain
episomal and yield a restriction pattern identical to that of the
input vector. Other AT-rich sequences of similar length did not
support episomal replication, demonstrating that this ability is
due to the structural characteristics of the S!MAR module (17,
32). Based on these results, we designed an episomal vector
whose function relies exclusively on an interaction between an
active transcription unit and a minimal S!MAR module.

Fig. 5. Binding of pMARS to SAF-A. (A) In vitro pull-down assay with pDiMAR
as a template and without competitor DNA (lane 1), with a 100-fold excess of
E. coli competitor DNA (lane 2), and with a 10,000-fold excess of E. coli
competitor DNA (lane 3) or with pTetMAR as a template and without com-
petitor DNA (lane 4), with a 100-fold excess of E. coli competitor DNA (lane 5),
and with a 10,000-fold excess of E. coli competitor DNA (lane 6). (B) PCR
analyses from DNA (Top) and Western analyses (Bottom) with an anti-SAF-A
antibody from proteins isolated after in vivo crosslinking of transfected CHO
cells and immunoprecipitation. As an internal control, the endogenous min-
imal S!MAR of the dhfr-locus (29) was amplified (30 cycles) from the immu-
noprecipitates (Middle). (Top) PCR analysis of DNA isolated from an immuno-
precipitate of pGFP-C1- (lane 1), pDiMAR- (lane 2), pTetMAR- (lane 3), or
pEPI-eGFP-transfected (lane 4) cells. (Middle) Amplification of the minimal
S!MAR of the dhfr locus. (Bottom) Western analysis of immunoprecipitates by
using an anti-SAF-A antibody. Lanes correspond to Top.
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SAF-A is believed to promote pEPI association with the host chromosome 
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pEPI co-localize with early replication foci 
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used in our microscopic analyses as a marker for active
chromatin was not suitable for ChIP analyses. Therefore
an antibody directed against H3 trimethyl-K4 which is
also a marker for transcriptionally active chromatin
[26,27] was used. Figure 4 shows the results of these ChIP
analyses using primers directed against eGFP, a similar
picture was obtained using primers directed against the S/
MAR. When chromatin concentration of the two cell pop-
ulation was adjusted to the same number of vector mole-
cules present and precipitated with an antibody directed
against H3 trimethyl-K9 30 times more vector molecules
were found in a precipitate from cells containing the inte-
grated vector compared to cells containing the vector in its
episomal form. When the same chromatin preparations
were precipitated with an antibody directed against H3 tri-
methyl-K4 over 20 times more vector molecules were
obtained from cells containing the episome compared to
cells containing the integrated vector. This clearly demon-
strates that the episome co-precipitates with an active
chromatin conformation while the majority of integrated
vector molecules are found to be associated with inactive
chromatin.

Extra-chromosomal DNA molecules associate with 
chromosomes to ensure efficient mitotic segregation
Random distribution of a low copy number (5–10 copies/
cell) vector would imply that during each division a signif-
icant percentage of cells should lose the replicon – sto-
chastically about one third of the daughter cells would
have lost the vector molecules after two generations.
Instead, a mitotic stability of over 0.98 has been observed
with the vector system used in this study [6,8,10]. The

possibility that vector molecules might associate preferen-
tially with a limited number of specific sites on host chro-
mosomes could provide a mechanistic explanation for
both the low and stable copy number and high mitotic
stability in established clones. To test this individual
clones were isolated and the location of vector molecules
bound to host chromosomes analyzed in over 50 met-
aphase plates (details in Additional file 3 and Additional
file 4). A typical FISH analysis on a CHO metaphase
spread is shown in Figure 5A. In all spreads, vector mole-
cules were mostly associated with chromatids, though the
association appears to be weak as some vector molecules
associated with metaphase plates were detached, presum-
ably as a result of shear forces generated during spreading
(Figure 5A). We estimate that ~50% of episomes are lost
during spreading – a typical metaphase plate (4N DNA
content) had on average 5.8 vector molecules (312/54
metaphase cells) while, in the same clone, nuclei in very
early G1 (2N DNA content) had 5.9 pEPI molecules (297/
50 early G1 nuclei) (Additional file 3 and Additional file
4).

Notably, in the individual cells of established clones vec-
tor molecules were not associated with specific chromo-
somal positions (Additional file 3 and Additional file 4).
Instead, the episomes appeared to be randomly associated
with DAPI/To-Pro-3-light staining regions, with the fre-

Co-localization of the episome with early replication fociFigure 6
Co-localization of the episome with early replication 
foci. The qualitative co-localization of the episome and repli-
cation foci was analyzed using pEPI FISH and BrdU pulse labe-
ling. Maximum intensity projections were rendered from a 
set of serial sections. The nuclear contour was outlined with 
a white line. (A) Replication foci were labeled during early S-
phase by incorporation of BrdU (1 h) into newly synthesized 
DNA. Subsequently nuclei were fixed and BrdU (red) was 
visualized by antibody staining. The episome (green) was vis-
ualized by pEPI FISH. Co-localizing voxels were highlighted in 
white color. (B) Alternatively nascent DNA was pulse-
labeled with BrdU for 1 h during early S-phase, fixing and 
subsequent immunolocalization was done following cell divi-
sion. The episome (green) was visualized by pEPI FISH. Co-
localizing voxels were highlighted in white color.

Association of the episome with metaphase chromosomesFigure 5
Association of the episome with metaphase chromo-
somes. The localization of the episome was studied by FISH 
on spreads of metaphase chromosomes (A), and the equal 
distribution of vector molecules was monitored in postmi-
totic nuclei of dividing cells (B). The episome (green) was vis-
ualized by pEPI FISH. To-Pro-3 was used for DNA 
counterstaining (red). A maximum intensity projection was 
rendered from a set of 5 mid serial sections in (B). Arrows in 
(A) indicate a pEPI signal pair, each signal localized on a sister 
chromatid. For further details see Additional file 4.

The co-localization of the episome and replication foci was analysed using BrdU pulse 
labelling and subsequent FISH with a pEPI probe. 

Replication foci labelled during early S-phase by incorporation of BrdU (1 h). Nuclei 
were fixed and newly synthesized DNA was visualized by anti-BrdU antibody (red). The 
episome (green) was visualized by pEPI FISH. Co-localization was highlighted in white 

colour.  



pEPI assumes an open chromatin 
configuration 
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be established with integrating constructs can be easily
explained. However, the process that leads only a small
percentage of cells transfected with the supercoiled vector
to generate established clones, in which extra-chromo-
somal vectors are efficiently maintained, is more difficult
to understand.

The nuclear distribution of extra-chromosomal replicons
To find a rational explanation for this phenomenon a
mixed population of G418 resistant cells transfected with
supercoiled pEPI was propagated for another two weeks
in the absence of selection and the distribution of the vec-
tor molecules compared to well-characterized nuclear
structures. The fate of the vector in cells transfected with
the supercoiled vector was verified by Southern analysis
and rescue experiments (Figure 1B and data not shown).
Strikingly, FISH experiments and subsequent bioinfor-
matical co-localization analyses on interphase nuclei
showed that over 99% (275 out of 276 scored; Additional
file 1) of the episomal vector molecules were localized in
the interchromatin compartment (IC) or in perichroma-
tin regions adjacent to condensed chromatin domains
[1,20] (Figure 3C, D, see also Additional file 1 and Addi-
tional file 2). The IC is defined as a three-dimensionally
expanding nuclear domain devoid of chromatin and car-
rying nuclear bodies and nuclear speckles [21]. The pro-
tein SC35 is a characteristic protein of nuclear speckles.
These structures were therefore visualized by immunoflu-
orescence using an anti-SC35 antibody and co-localiza-
tion analyses were performed as described above. A 3D
reconstruction is shown in Figure 3F. Notably, at the light
microscopic level almost all episomes localized to the
borders or in very close proximity to nuclear speckles (Fig-
ure 3E, F) and the same localization and distribution was
seen throughout G1-, S- and G2-phase of the cell cycle. In
contrast, FISH analyses on cells transfected with the line-
arized vector, and in which transgene expression was
silenced in the majority of cells, showed hybridization sig-
nals in dense chromatin regions. Out of 50 cells analyzed,
no examples of association with the interchromatin com-
partment were seen (Figure 3A,B). This demonstrates that
the transcriptionally active extra-chromosomal genes
maintain a close association with the nuclear compart-
ments that contains the most highly expressed endog-
enous genes [22,23], while integrated genes, which tend
to be silenced, are excluded from this compartment.

Post-translation modifications in chromatin, such as N-
terminal acetylation of histone H3, also correlate with
transcriptional status [24]. It is known that an active tran-
scription unit linked to a S/MAR are required to maintain
the episomal status of the pEPI vector [9]. We therefore
analyzed the localization of the vector in relation to the
nuclear distribution of histone3 acetylated at lysines9 and
14 (H3 acetyl-K9/K14; open chromatin). For comparison,

we also analyzed the vector localization and the nuclear
distribution of histone3 trimethylated at lysine9 (H3 tri-
methyl-K9; condensed chromatin), which is a marker for
genes that are not transcribed [25]. In almost all cases,
pEPI was at least partly co-localized with nuclear domains
containing H3 acetyl-K9/K14 (Figure 3G, H) whereas no
association with H3 trimethyl-K9-rich domains was seen
(Figure 3I, J).

The observation that an established pEPI molecule is asso-
ciated and organized in an active chromatin conforma-
tion was further supported by chromatin
immunoprecipitation (ChIP) experiments. Chromatin
was isolated from a mixed cell population containing the
vectors either in its episomal status or integrated into the
genome. Antibodies directed against various histone vari-
ants were added and the amount of vector molecules
present in the precipitate was quantified by real time PCR
using primers to amplify various regions (S/MAR, eGFP)
of the vector. As in our microscopic analyses H3 trimethy-
K9 was used as a marker for inactive chromatin. Unfortu-
nately the antibody directed against H3 acetyl-K9/K14

Quantitative real time PCR analyses of ChIP experimentsFigure 4
Quantitative real time PCR analyses of ChIP experi-
ments. ChIP experiments were performed using antibodies 
targeted to H3 trimethyl-K9 (condensed/inactive chromatin: 
mid columns), H3 trimethyl-K4 (open/active chromatin: right 
handed columns) or using a control IgG (left handed col-
umns). The percentage of either pEPI-1 (gray columns) or the 
linearized control vector (striped columns) precipitated from 
input was quantified using real time PCR. Since no significant 
amount of the vector molecules was pulled down with the 
control IgG, it could be clearly demonstrated that about 30 
times more vector molecules were precipitated using the 
anti-H3 trimethyl-K9 antibody in a precipitate from cells con-
taining the integrated vector compared to cells containing 
the vector in its episomal form. When the same chromatin 
preparations were precipitated with an antibody directed 
against H3 trimethyl-K4 over 20 times more vector mole-
cules were obtained from cells containing the episome com-
pared to cells containing the integrated vector.

H3 acetyl-K9/K14; open chromatin 
H3 tri- methyl-K9; condensed chromatin  
 

H3 acetyl-K9/K14 
 open chromatin 
 

H3 tri- methyl-K9 
condensed 
chromatin 

In almost all cases, pEPI is associated with histone modifications typical of active 
chromatin, with an accumulation of histone 3 methylated at Lys-4 

(H3K4me1,me3) in the S/MAR element. 
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A)  Genomic organization of the DHFR locus; double-head arrows indicate the regions amplified by PCR;  
B) ori mapping by PCR. Grey bars: shared DNA; black bar un-sheared DNA.   

 
 

ori-β and ori-β’ are the preferred sites for initiation of DNA replication (ori) 

The origin of replication is mapped by measuring the relative abundance of nascent 
DNA strands. Nascent DNA strands are revealed by PCR. As a negative control, 
DNA is shared in order to destroy the nascent ssDNA.  

Ori mapping to a known chromosomal loci, the DHFR (dihydrofolate reductase). DNA is extracted 
from replicating cells. Nascent ssDNA is detected as selective amplification fragments that differ 

between un-sheared and sheared DNA samples 

B 



The pEPI plasmid does not exhibit significant difference between shared and un-sheared 
DNAs along the entire length of the molecule. This result suggests that no preferential sites 

of DNA replication exists. 

The origin of replication is mapped by measuring the relative abundance of nascent DNA strands.  

Ori mapping at pEPI plasmid  

!
Ori mapping!fails to reveal discrete points of 

replication. 
!

Nascent DNA strands are revealed by PCR. As a negative control, DNA is shared in order to destroy the 
nascent ssDNAs.  

Grey bars: shared DNA; black bar un-sheared DNA 
 

 



How can you demonstrate that pEPI is an 
episome? 



pEPI episome in mammalian cells!
Southern Blots 

DNA samples can be prepared by 
genomic DNA extraction or Hirt 
supernatant (HSN).  
HSN allows isolation of low molecular 
weight DNAs (the non integrated 
plasmids). It is based on a controlled 
partial - lysis of the cells which allows 
diffusion of only small DNA molecules 
in the supernatants.  
Restriction enzyme digestion with a 
single cut enzyme of a circular episome 
yields one band.  
Restriction enzyme digestion with a 
single cut enzyme of an integrated 
episome yields multiple bands.!

1,!3,!5:!non!digested!DNA.!!!2,!4,!6:!EcoRI!digested!

genomic DNA     HSN              genomic DNA 



pEPI episome in mammalian cells 
E. coli rescue 

Hirt supernatant (SN) 
E. coli rescue     

E. coli transformation 
kanR selection 

Plasmid preparation 
Restriction analysis 

KanR colonies 
Plasmid preparation 
Restriction analysis 

no colonies 



pEPI episome in mammalian cells!
FISH 

of the input vector and the vectors supercoiled form could be
isolated from the Hirt extract (Fig. 2C). Dimers of the amplification-
promoting sequences NTS-1 and NTS-2 from the mouse rRNA-
encoding DNA cluster (33), which have a similar AT content and
length but lack the extended base unpairing region (17) of the
tetramer S!MAR module, did not support episomal replication.

These results suggest that it is possible to construct an
episomally replicating vector whose function relies only on the
tetramer of a S!MAR module and an upstream transcription
unit. This vector, pMARS, shown in Fig. 1F, was transfected into
CHO cells and the DNA of 10 G418-resistant clones analyzed.
The vector restriction pattern of all clones was identical to that
of the original vector, and the supercoiled form of this vector
could be isolated by Hirt extraction. One example of these
analyses is shown in Fig. 3A. To further verify the episomal
nature of the vector, DNA from Hirt extraction was used to
transfect E. coli. In none of the 12 analyzed E. coli transfectants
was DNA rearrangement detected in the rescued vector. Fig. 3B
shows the restriction pattern of one transfected E. coli clone. The
mitotic stability of the vector pMARS was assessed by growing
transfected CHO cells in the absence of selection for a period of
8 weeks followed by selection with G418. It could be calculated
that the mitotic stability of this construct was !0.98, a number
similar to that observed for pEPI-1-transfected HeLa cells (16).
This mitotic stability became also evident when DNA was
isolated from a transfected clone after 8 weeks of growth in
nonselective medium that showed no change in hybridization
intensity relative to DNA isolated from the same clone imme-
diately after selection (data not shown).

We have reported earlier (19) that ongoing transcription
upstream of the S!MAR is required for episomal replication and
that the transcript has to include at least parts of the S!MAR.
By using the eGFP gene as a probe, a Northern analysis was
performed with total RNA from a pMARS-transfected (Fig. 1F)
clone. As shown in Fig. 3C, an "1.4-kb transcript can be found,
suggesting that transcription traverses the entire tetrameric
element, terminating at the SV40 polyadenylation signal. Dele-
tion of this transcription unit or placing the SV40 polyadenyla-
tion site between eGFP and S!MAR resulted in integration of
the vector (data not shown).

It has been described that pEPI-1 binds to the nuclear matrix
in vivo through a specific interaction of the S!MAR with the
matrix protein SAF-A (18). We therefore performed FISH
analysis on spread CHO chromosomes transfected either with
the integrating pDiMAR vector DNA (Fig. 1E) or the episo-
mally replicating pMARS vector DNA (Fig. 1F). About 50

metaphase plates were analyzed for each of these two FISH
analyses. Although pDiMAR DNA is always found integrated at
a single chromatid, in all clones different site and hybridization
to both chromatids is observed (Fig. 4A Left), the numbers of
signals obtained with pMARS DNA varied in different cells of
the same clone and were in most cases associated with only one
chromatid. Depending on the shear forces applied during
spreading free molecules could also be found (Fig. 4A Right).
The average copy number estimated from this analysis was found
to be 6, ranging between 4 and 11 per cell (for further informa-

Fig. 3. Binding of pMARS in the cell. (A) Southern analyses of DNA isolated from CHO cells transfected with pMARS. Hybridization was done as described in
Methods. The hybridization pattern of one representative clone is shown. (B) Rescue experiment in E. coli with Hirt extract from CHO cells transfected with
pMARS. (C) Northern analysis of total RNA isolated from CHO cells transfected with pMARS. Hybridization was done as described in Methods. The hybridization
pattern of one representative clone is shown. Lanes: M, DNA Marker SMART-Ladder (Eurogentec); P, pMARS (400 ng in B) plasmid DNA as a control linearized
by digestion with HindIII; 1, total DNA digested with HindIII (A), DNA isolated from one bacterial clone digested with HindIII (B), or total RNA hybridized with
a 32P-labeled eGFP probe (C); 2, Hirt extract digested with HindIII; 3, undigested DNA from a Hirt extract.

Fig. 4. Binding of pMARS to the nuclear matrix. (A) FISH analyses of CHO cells
transfected either with pDiMAR (Left) or with pMARS (Right) were done as
described in Methods. (Scale bar, 10 !m.) (B) PCR analyses from DNA bound to
HAP after crosslinking of transfected CHO cells by using 250 ng of DNA as a
template. Lanes: 1, supernatant from pGFP-C1-transfected cells; 2, superna-
tant from pEPI-eGFP-transfected cells; 3, supernatant from pDiMAR-
transfected cells; 4, supernatant from pMARS-transfected cells; 5, DNA bound
to HAP from pGFP-C1-transfected cells; 6, DNA bound to HAP from pEPI-eGFP-
transfected cells; 7, DNA bound to HAP from pDiMAR-transfected cells; 8, DNA
bound to HAP from pMARS-transfected cells; 9, control PCR with 100 pg of
pEPI-eGFP vector as a template.
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The next generation vectors based on  
S/MAR 



Whenever transcription of the transgene running into the S/MAR 
sequence was abrogated, that is, by deletion of the transgene, deletion 

of the promoter, or insertion of a termination signal between the 
transgene and S/MAR, the plasmids either integrated into the host 

genome or became lost from the cells. 

establishing it as an autonomous replicon, a phenomenon
not restricted to nonviral replicons but also reported for
Epstein–Barr virus (EBV)-based vectors (Leight and Sugden,
2001a,b). Establishment and behavior of pEPI vectors were
monitored by various microscopy techniques. Although
many vector molecules reach the nucleus 24 hr post-
transfection, the majority of vector molecules are subse-
quently lost from the cell. In cells containing a stably
established replicon it was found exclusively in less con-
densed chromatin (Fig. 1b) regions (the interchromatin
space) and frequently associated with nuclear speckles, that
is, nuclear regions involved in RNA processing. The vector
associates with early replicating foci and this association is
stably retained over mitosis, explaining the high mitotic
stability of this construct. Once established, the vector seems
to be surprisingly nondynamic throughout the cell cycle
(Stehle et al., 2007; Tessadori et al., 2010) and is associated
with histone modifications typical of active chromatin, with
an accumulation of histone 3 methylated at Lys-4
(H3K4me1,me3) in the S/MAR element (Rupprecht and
Lipps, 2009). The pattern of all histone modifications re-
mained constant during G1, S, and G2 phases, but during
mitosis H3K4me1,me3 is selectively removed from the
S/MAR. These modifications are typical of active chromatin
and enriched on genes replicating early during S phase

(Koch et al., 2007; Hiratani and Gilbert, 2009). Their accu-
mulation on the S/MAR sequence therefore highlights the
relevance of this sequence element for vector functioning.
According to these data, vector establishment is a stochastic
event and only those vector molecules reaching a nuclear
compartment favorable for transcription and replication will
assemble into an appropriate chromatin structure and be
retained as an episome. Silencing the expression cassette
linked to the S/MAR results in loss of the episome from the
cell (Rupprecht et al., 2010). This allows the construction of
vectors that can be selectively removed from the cell once
expression of the transgene is no longer required in the
recipient cell. Interestingly, only a certain percentage of cells
(between about 30 and 70%) containing pEPI as an episome
express the reporter gene encoding enhanced green fluores-
cent protein (eGFP) to a degree that can be detected by
fluorescence-activated cell-sorting (FACS) analysis, indicat-
ing that minimal transcriptional activity is sufficient to
maintain the episome. It is possible that the expression level
again depends on the nuclear localization state of the vector
after transfection and consequently the chromatin structure it
adopts. However, the expression profile of a given cell clone
will stay constant through many cell generations. Future
improvements of this prototype vector therefore should aim
to increase the expression level of the transgene and to

FIG. 1. The episomal vector pEPI. (a) Restriction map of pEPI highlighting the essential module consisting of promoter (blue),
transgene (green), and S/MAR sequence (violet). For episomal replication and maintenance, transcription of the transgene must
run into the S/MAR. Selection marker (yellow) and SV40 poly(A) signals (red) are indicated. (b) Fluorescence in situ hybrid-
ization (FISH) analysis of vector molecules in the interphase nucleus. pEPI establishes with 5–10 vector molecules per cell. (c)
The interaction of pEPI with cellular chromosomes via the SAF-A protein enables the vector to be transferred during mitosis, in
accordance with the ‘‘hitch-hiking’’ principle. (d) pEPI (green spots) replicates once per cell cycle during the early S phase and
associates with early replicating foci. This association is stably retained during cell division (Stehle et al., 2007).
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The transgene - S/MAR cassette was placed under the 
control of a tetracycline-responsive promoter (TetON). 

Stably transfected cells were established in the 
presence of doxycycline.  

Afterwards, removing doxycycline resulted in a 
continuous loss of vector molecules from the cells. It 

was shown that this inducible vector system also 
functions in vivo. 

establishing it as an autonomous replicon, a phenomenon
not restricted to nonviral replicons but also reported for
Epstein–Barr virus (EBV)-based vectors (Leight and Sugden,
2001a,b). Establishment and behavior of pEPI vectors were
monitored by various microscopy techniques. Although
many vector molecules reach the nucleus 24 hr post-
transfection, the majority of vector molecules are subse-
quently lost from the cell. In cells containing a stably
established replicon it was found exclusively in less con-
densed chromatin (Fig. 1b) regions (the interchromatin
space) and frequently associated with nuclear speckles, that
is, nuclear regions involved in RNA processing. The vector
associates with early replicating foci and this association is
stably retained over mitosis, explaining the high mitotic
stability of this construct. Once established, the vector seems
to be surprisingly nondynamic throughout the cell cycle
(Stehle et al., 2007; Tessadori et al., 2010) and is associated
with histone modifications typical of active chromatin, with
an accumulation of histone 3 methylated at Lys-4
(H3K4me1,me3) in the S/MAR element (Rupprecht and
Lipps, 2009). The pattern of all histone modifications re-
mained constant during G1, S, and G2 phases, but during
mitosis H3K4me1,me3 is selectively removed from the
S/MAR. These modifications are typical of active chromatin
and enriched on genes replicating early during S phase

(Koch et al., 2007; Hiratani and Gilbert, 2009). Their accu-
mulation on the S/MAR sequence therefore highlights the
relevance of this sequence element for vector functioning.
According to these data, vector establishment is a stochastic
event and only those vector molecules reaching a nuclear
compartment favorable for transcription and replication will
assemble into an appropriate chromatin structure and be
retained as an episome. Silencing the expression cassette
linked to the S/MAR results in loss of the episome from the
cell (Rupprecht et al., 2010). This allows the construction of
vectors that can be selectively removed from the cell once
expression of the transgene is no longer required in the
recipient cell. Interestingly, only a certain percentage of cells
(between about 30 and 70%) containing pEPI as an episome
express the reporter gene encoding enhanced green fluores-
cent protein (eGFP) to a degree that can be detected by
fluorescence-activated cell-sorting (FACS) analysis, indicat-
ing that minimal transcriptional activity is sufficient to
maintain the episome. It is possible that the expression level
again depends on the nuclear localization state of the vector
after transfection and consequently the chromatin structure it
adopts. However, the expression profile of a given cell clone
will stay constant through many cell generations. Future
improvements of this prototype vector therefore should aim
to increase the expression level of the transgene and to

FIG. 1. The episomal vector pEPI. (a) Restriction map of pEPI highlighting the essential module consisting of promoter (blue),
transgene (green), and S/MAR sequence (violet). For episomal replication and maintenance, transcription of the transgene must
run into the S/MAR. Selection marker (yellow) and SV40 poly(A) signals (red) are indicated. (b) Fluorescence in situ hybrid-
ization (FISH) analysis of vector molecules in the interphase nucleus. pEPI establishes with 5–10 vector molecules per cell. (c)
The interaction of pEPI with cellular chromosomes via the SAF-A protein enables the vector to be transferred during mitosis, in
accordance with the ‘‘hitch-hiking’’ principle. (d) pEPI (green spots) replicates once per cell cycle during the early S phase and
associates with early replicating foci. This association is stably retained during cell division (Stehle et al., 2007).
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TetOn elements 

pEPI - TetON 

pEPI episome strictly depends o 
transcription throughout the S/MAR 



pEPI - TetON: the episome is lost in 
medium w/o Doxy!

!

start” FastStart DNA Master PLUS SYBER Green I reaction mix (Roche)
was used. The reaction volume was 10 μl including 0.3 μM of each
primer. Primers used in this study were delivered by Eurofins MWG
Operon: eGFP_forward 5′ – GCT GGT TTA GTG AAC CGT CAG – 3′,
eGFP_reverse 5′ –GCT GAA CTT GTG GCC GTT TA – 3′, G6PDH_forward
5′ – GAT GGG GTA CCC TTC ATC CT – 3′, G6PDH_reverse 5′ – GCT CTG
ACT CCT CAG GGT TG – 3′. The primers amplified a 134-bp fragment
for eGFP and a 211-bp fragment for GAPDH. To exclude plasmid
contamination, a PCR using DNase digested RNA (without a preceding
reverse transcriptase step) as template was performed (data not
shown). PCR reactions were performed at 40 cycles using standard
settings recommended by the manufacturer.

3. Results

3.1. Construction of the inducible pEPI vector system (pEPI–Tet ON)

The functional elements of the Tet ON system are the tetracycline
response element (TRE) fused to a minimal CMV promoter encoded

on the plasmid pTRE-Tight and the reverse transactivator protein
(rtTA) fused to a CMV promoter. Both elements form the Tet ON
expression cassette, which is encoded on the plasmid pTet-ON
Advanced. In the presence of doxycycline, rtTA binds to TRE thereby
activating transcription. We decided to insert all functional elements
of the Tet ON system into one vector that is characterized by the pEPI
backbone.

A restriction map of the parental vector pEPI–eGFP and its
functional elements is shown in Fig. 1a. For construction of pEPI–
eGFP, see Piechaczek et al., 1999. In a first step, the vector pEPI–eGFP
was cut using the restriction enzymes BamHI and XbaI, and the vector
backbone was gel-purified. The functional elements of the vector
pTet-ON Advancedwere amplified by PCR using the following primer:
InFuTet forward: 5′-tgatcagttatctaga ACGTAGCGATAGCGGAGTGT-3′
and InFuTet reverse: 5′-cgcgggcccgggatcc ATGCCTCAAAATGTTCTT-
TACGA-3′ (lower case letters demonstrate a 15 bp overhang comple-
mentary to the vector sequence where the functional elements were
inserted into the vector pEPI–eGFP). Next, the generated PCR product
(pTet-ON insert) was inserted into the pEPI–eGFP vector backbone

Fig. 1. Vector maps of (a) pEPI–eGFP and (b) pEPI–Tet ON. (a) pEPI–eGFP derives from the commercial plasmid pGFP–C1 (Clontech) (Piechaczek et al., 1999). A human S/MAR
sequence from the β-interferon gene cluster was inserted downstream of the transgene eGFP. The Neo/Kan resistance gene is driven by dual promoters to confer kanamycin
resistance in bacteria and G418 resistance in mammalian cells. BglII restriction site is indicated (SV40, simian virus 40; ori, origin of replication; eGFP, enhanced green fluorescent
protein; S/MAR, scaffold/matrix attachment region; Neo/Kan, neomycin/kanamycin). (b) pEPI–Tet ON was constructed by inserting the functional elements from the Tet-ON®
Advanced Inducible Gene Expression System supplied by Clontech. The transgene was placed under the control of the TRE tight module from the vector pTRE-tight. The reverse
transactivator cassette delivered in the pTet Advanced vector was inserted downstream of the S/MAR sequence with transcription running contrariwise to the transcription that is
driven by the inducible promoter. Transcripts from rtTA and eGFP are indicated as arrows (SV40, simian virus 40; ori, origin of replication; eGFP, enhanced green fluorescent protein;
S/MAR, scaffold/matrix attachment region; Neo/Kan, neomycin/kanamycin; TRE, tetracycline responsive element). (c, d) Southern analyses of DNA isolated from clones transfected
either with pEPI–eGFP (c) or pEPI–Tet ON (d). BglII digested DNA isolated from individual clones of cells transfected with pEPI–eGFP or pEPI–Tet ON demonstrating the episomal
state of the vectors. The results of all Southern analyses were identical; only one example is shown.
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pEPI – TetON was constructed by inserting the TRE tight module upstream the eGFP gene. The reverse trans-
activator cassette (rtTA) was inserted downstream of the S/MAR sequence with transcription running 
contrariwise to the transcription that is driven by the inducible promoter.  
Transcripts from rtTA and eGFP are indicated as arrows (SV40, simian virus 40; ori, origin of replication; 
eGFP, enhanced green fluorescent protein; S/MAR, scaffold/matrix attachment region; Neo/Kan, neomycin/
kanamycin; TRE, tetracycline responsive element). 
 
Southern analyses of DNA isolated from clones transfected either with pEPI–eGFP or pEPI–Tet ON. BglII 
digested DNA isolated from individual clones of cells transfected with pEPI–eGFP or pEPI–Tet ON 
demonstrating the episomal state of the vectors. The results of all Southern analyses were identical; only one 
example is shown.  

start” FastStart DNA Master PLUS SYBER Green I reaction mix (Roche)
was used. The reaction volume was 10 μl including 0.3 μM of each
primer. Primers used in this study were delivered by Eurofins MWG
Operon: eGFP_forward 5′ – GCT GGT TTA GTG AAC CGT CAG – 3′,
eGFP_reverse 5′ –GCT GAA CTT GTG GCC GTT TA – 3′, G6PDH_forward
5′ – GAT GGG GTA CCC TTC ATC CT – 3′, G6PDH_reverse 5′ – GCT CTG
ACT CCT CAG GGT TG – 3′. The primers amplified a 134-bp fragment
for eGFP and a 211-bp fragment for GAPDH. To exclude plasmid
contamination, a PCR using DNase digested RNA (without a preceding
reverse transcriptase step) as template was performed (data not
shown). PCR reactions were performed at 40 cycles using standard
settings recommended by the manufacturer.

3. Results

3.1. Construction of the inducible pEPI vector system (pEPI–Tet ON)

The functional elements of the Tet ON system are the tetracycline
response element (TRE) fused to a minimal CMV promoter encoded

on the plasmid pTRE-Tight and the reverse transactivator protein
(rtTA) fused to a CMV promoter. Both elements form the Tet ON
expression cassette, which is encoded on the plasmid pTet-ON
Advanced. In the presence of doxycycline, rtTA binds to TRE thereby
activating transcription. We decided to insert all functional elements
of the Tet ON system into one vector that is characterized by the pEPI
backbone.

A restriction map of the parental vector pEPI–eGFP and its
functional elements is shown in Fig. 1a. For construction of pEPI–
eGFP, see Piechaczek et al., 1999. In a first step, the vector pEPI–eGFP
was cut using the restriction enzymes BamHI and XbaI, and the vector
backbone was gel-purified. The functional elements of the vector
pTet-ON Advancedwere amplified by PCR using the following primer:
InFuTet forward: 5′-tgatcagttatctaga ACGTAGCGATAGCGGAGTGT-3′
and InFuTet reverse: 5′-cgcgggcccgggatcc ATGCCTCAAAATGTTCTT-
TACGA-3′ (lower case letters demonstrate a 15 bp overhang comple-
mentary to the vector sequence where the functional elements were
inserted into the vector pEPI–eGFP). Next, the generated PCR product
(pTet-ON insert) was inserted into the pEPI–eGFP vector backbone

Fig. 1. Vector maps of (a) pEPI–eGFP and (b) pEPI–Tet ON. (a) pEPI–eGFP derives from the commercial plasmid pGFP–C1 (Clontech) (Piechaczek et al., 1999). A human S/MAR
sequence from the β-interferon gene cluster was inserted downstream of the transgene eGFP. The Neo/Kan resistance gene is driven by dual promoters to confer kanamycin
resistance in bacteria and G418 resistance in mammalian cells. BglII restriction site is indicated (SV40, simian virus 40; ori, origin of replication; eGFP, enhanced green fluorescent
protein; S/MAR, scaffold/matrix attachment region; Neo/Kan, neomycin/kanamycin). (b) pEPI–Tet ON was constructed by inserting the functional elements from the Tet-ON®
Advanced Inducible Gene Expression System supplied by Clontech. The transgene was placed under the control of the TRE tight module from the vector pTRE-tight. The reverse
transactivator cassette delivered in the pTet Advanced vector was inserted downstream of the S/MAR sequence with transcription running contrariwise to the transcription that is
driven by the inducible promoter. Transcripts from rtTA and eGFP are indicated as arrows (SV40, simian virus 40; ori, origin of replication; eGFP, enhanced green fluorescent protein;
S/MAR, scaffold/matrix attachment region; Neo/Kan, neomycin/kanamycin; TRE, tetracycline responsive element). (c, d) Southern analyses of DNA isolated from clones transfected
either with pEPI–eGFP (c) or pEPI–Tet ON (d). BglII digested DNA isolated from individual clones of cells transfected with pEPI–eGFP or pEPI–Tet ON demonstrating the episomal
state of the vectors. The results of all Southern analyses were identical; only one example is shown.
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pEPI-TetON      pEPI-eGFP 
using the “In-FusionTM Dry-Down PCR Cloning Kit.” In a second step,
the functional elements of the vector pTRE-Tight were amplified using
the following PCR primer: TRE forward 5′-gatcacatgtAGGCGTATCAC-
GAGGCCCTTTCGT-3′ (contains an artificial PciI-restriction site, under-
lined), TRE reverse: 5′-TATTACCGCCTTTGAGTGAGCTGA-3′. The
resulting intermediate vector pTet-ON-pEPI (from step 1) and the
TRE-PCR product were digested using the restriction enzymes PciI and
NheI, followed by purification, ligation, and transformation steps. The
resultant inducible vector pEPI–Tet ON was used for further studies. A
restriction map of the inducible vector pEPI–Tet ON and its functional
elements is shown in Fig. 1b.

Cells were transfected either with the control vector pEPI–eGFP or
pEPI–Tet ON. To maintain eGFP expression, immediately after
transfection 600 ng/ml doxycycline were added to the medium and
48 h later, cells were placed under G418 selection for 16 days, and the
number of eGFP-expressing cells was determined by flow cytometric
analyses. This number varied somehow between different experi-
ments but was approximately the same for pEPI or pEPI–Tet ON
transfected cells, in average between 30% and 40% (Fig. 2a). To verify
the episomal status of the vectors, Southern analyses were performed
using either whole genomic DNA or DNA isolated from a Hirt extract.
DNAwas isolated from amixed G418-resistant cell population or from
individual clones, digested with BglII to linearize the vector, and
probed with 32P-labeled pEPI–eGFP. In all cases, signals of the
expected size were observed (Figs. 1c and d; 6.7 kb for pEPI and
8.6 kb for pEPI–Tet ON). No additional bands were detectable,
strongly arguing that both vectors are retained in the transfected
cells as an episome.

3.2. Regulatable transgene expression in an episomally, nonviral context

To determine whether eGFP expression of pEPI–Tet ON can be
regulated by doxycycline in vitro, we first removed doxycycline from a
transfected cell population established in the presence of doxycycline
and determined the number of eGFP-expressing cells in the absence
or presence of doxycycline as well as eGFP expression level by flow
cytometric analyses. As shown in Fig. 2a, about 35% (SD±4.9%) of
cells transfected with pEPI–Tet ON express eGFP to a level detectable
by flow cytometric analyses. After removal of doxycycline the number
of eGFP-expressing cells dropped to about 10% (SD±5%). In addition,
the level of eGFP expression in these 10% eGFP-positive cells was
reduced to 2.5% (SD±0.93%) of the intensity observed in the presence
of doxycycline (Fig. 2b). To determine whether transgene expression
can be reinduced, doxycycline was removed from cells transfected in
the presence of doxycycline, and the number of eGFP-positive cells
determined after 8 days. Subsequently, doxycycline was added again,
and the number of eGFP-positive cells was analyzed after another
8 days. Removing of doxycycline results in a decrease of eGFP-
expressing cells to about 7% (SD±5%) of cells growing in the absence
of doxycycline. After the addition of doxycycline to the growth
medium for another 8 days, approximately 26% (SD±5%) of cells
were expressing eGFP (Fig. 2c), and the level of eGFP expression was
comparable to that of cells permanently kept in doxycycline (Fig. 2a).
Reinduction of eGFP expressionwas repeated several times; with each
reinduction, a decrease of eGFP-expressing cells was observed (data
not shown). In summary, the pEPI–Tet ON system represents an
inducible system, but removal of doxycycline does not result in a
complete silencing of transgene expression, an effect reported for this
as well as many other inducible systems (Jiang et al., 2004).

For gene therapeutical application, it is important that the vector
systems are biocompatible. Thus, we accepted it as necessary to prove
the in vivo inducibility of pEPI–Tet ON by testing the system in a
mousemodel. The plasmidwas delivered to the liver of Balb/cmice by
hydrodynamic injection. This method allows for high transgene
expression levels in hepatocytes by rapid injection of a high volume
via the tail vein and plasmid delivery directly to hepatocyte without

the need of a transfection enhancer (Suda et al., 2007). Induction of
Tet-regulated transgene expression was achieved by intraperitoneal
application of doxycycline, which usually leads to peak induction
levels between 8 and 24 h after induction (Hasan et al., 2001). RNA
and proteins were isolated from the livers of five mice each treated in

Fig. 2. Flow cytometric analyses of pEPI–Tet ON transfected cells. Cells transfected with
pEPI–ePFP or pEPI–Tet ON were washed twice with PBS, diluted in 300 μl of PBS, and
stored at 4 °C before analysis. (a) Bar chart demonstrates inducible gene expression
using the nonviral vector pEPI–Tet ON. Results are expressed as the mean of the
number of eGFP-expressing cells±SD. (b) Analyzed cells display a doxycycline
dependent decrease in the intensity of eGFP expression. Results are expressed as the
mean of the fluorescence intensity±SD. (c) Transgene expression is not only inducible
but also regulatable. pEPI–Tet ON transfected cells were reinduced after maintenance in
the absence of doxycycline for 1 week. Reinduced cells display an increase of eGFP
expression reaching almost their original level. Results are expressed as themean of the
number of eGFP-expressing cells±SD.
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Flow cytometric analyses of pEPI–Tet 
ON transfected cells (72h post – 

transfection) 



The  pEPito 

The CMV promoter of pEPI-eGFP was 
sonstituited with the enhancer element and the 
elongation factor-1 promoter (hCMV/EF1P). 
The CpG content of the pEPI backbone was 
reduced by 60% of that in pEPI-1. 
These modifications achieved significantly 
increased and prolonged transgene expression 
in vitro and in vivo.  

pEPito is not only reduced in size but it also displays increased establishment in vitro, 
up to 6-fold over pEPI-1, as well as increased and stable transgene expression in vivo, 
up to 32 days after hydrodynamic injection into MF-1 mice.  



The  pEPito 

efficienza di trasfezione di vettori pEPI e pEPIto (con e senza 
sequenza s/MAR) in HEK293 e NIH3T3  



S/MAR based minicircles 

Increased and prolonged transgene expression in vitro and in vivo has been reported for 
‘‘minicircles,’’ which lack any residual elements for bacterial propagation and may 

therefore avoid immune responses of the host organism. 

All methods to produce minicircles were based on the use of recombinases such as l 
integrase, Cre recombinase, Flp recombinase and fC31 recombinase. 

They are also synthetically produced and commercially available  

Similar to the original pEPI, S/MAR minicircles are mitotically stable but show 
improved transgene expression and establishment in vitro and in vivo. 
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Minicircle DNA

Minicircle DNA consists only of the specific «gene of interest» and a very
short sequence which inevitably remains in the minicircle as the remnant
of the specific production process. In comparison to typical plasmid DNA
with the general portion known as the «backbone», comprising the
genetic marker for selection (e.g. by antibiotics) and the so-called origin
of replication (ori; for the replication of the plasmids in E. coli cells),
minicircles are extremely small – down to half the size of the smallest
plasmids. Since the backbone sequences comprise typical motifs of
prokaryotic DNA and may also be methylated differently (CpG motifs),
they hamper transfection of eukaryotic cells. As quality controls show,
chromatographic purification carried out during minicircle production by
PlasmidFactory results in the highest purity of minicircle DNA, in the
quality range of ccc grade DNA. For reproducibility of experimental data it
is mandatory to use high purity DNA, since even trace amounts of
contaminants may lead to significant artefacts in the experiment.

Reasons for the use of Minicircle DNA

The dissemination of antibiotic resistance genes and the uncontrolled
expression of backbone sequences may have a strongly negative
influence on gene expression. In addition, it was shown that
unmethylated CpG motifs contribute to the silencing of episomal genes.
In vector development, it is, therefore, an important objective to produce
supercoiled (ccc) plasmid DNA without bacterial sequences.
PlasmidFactory is the first company in the world whose minicircle
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CpG-motif

A run of cytosine-phosphate-guanosine nucleotides (CpG) in eukaryotic
genomes is often methylated by DNA methyltransferases. In bacteria,
this mechanism is used for delimitation of gene products. A negative
consequence of such methylation can be a reduced expression rate of the
affected gene. By now, it is possible for sensitive applications to design
the target sequence so that it has a reduced CpG content or is completely
free of CpG motifs.

EU directive

In its guidelines for medical gene transfer products, the European
Medicines Agency (EMA; formerly European Agency for the Evaluation of
Medicinal Products, EMEA ) recommends abandoning the use of selection
markers, such as resistance to antibiotics, in plasmid DNA products
(CPMP/BWP/3088/99). In the interest of increased safety, national bodies
(e.g. Paul-Ehrlich-Institut in Germany; AFSSAPS in France; and MCA in
the United Kingdom) have adopted this recommendation. In reaction,
PlasmidFactory has developed a «minimized DNA» which comprises no
antibiotic resistance genes or other selection markers, as well as no
origin of replication, and yet is supercoiled: Minicircle DNA, i.e.
homogeneous circular derivatives of plasmid DNA consisting almost
exclusively of the preventively/therapeutically active transcription unit
(cassette).

www.plasmidfactory.com 



Co-infezione 

Nucleo 

Stabilità mitotica 

Replicazione 

This hybrid-vector system synergizes high-capacity adenoviral vectors (HCAdV) for 
efficient delivery and the scaffold/matrix attachment region (S/MAR) – based pEPito 

plasmid replicon for episomal persistence 

A Novel Adenoviral Hybrid-vector 

The efficacy of Adenoviral Hybrid-vector was demonstrated in vitro (U87 cells) and in vivo 
(liver of C57BI/6 immunocompetent mice) by PCR and plasmid rescue. 

 



pEPI plasmids in vivo 



Genetic modification of cells and animals is an invaluable tool for biotechnology and 
biomedicine. Currently, integrating vectors are used for this purpose. These vectors, however, 
may lead to insertional mutagenesis and variable transgene expression and can undergo 
silencing. Scaffold-matrix attachment region-based vectors are non-viral expression systems 
that replicate autonomously in mammalian cells, thereby making possible safe and reliable 
genetic modification of higher eukaryotic cells and organisms.  
 
In this study, genetically modified pig fetuses were produced with the scaffold-matrix 
attachment region-based vector pEPI, delivered to embryos by the sperm-mediated gene 
transfer method. The pEPI vector was detected in 12 of 18 fetuses in the different tissues 
analysed and was shown to be retained as an episome. The reporter gene encoded by the 
pEPI vector was expressed in 9 of 12 genetically modified fetuses. In positive animals, all 
tissues analysed expressed the reporter gene; moreover in these tissues, the positive cells were 
on the average 79%. 
  
The high percentage of EGFP-expressing cells and the absence of mosaicism have important 
implications for biotechnological and biomedical applications. These results are an important 
step forward in animal transgenesis and can provide the basis for the future development of 
germ-line gene therapy. 

Genetically modified pigs produced with a nonviral 
episomal vector (Manzini 2006) 



!!!!!!skeletal!muscle!!!!!heart!!!!!!!!!liver!!!!!!!!!kidney!!!!!!!lung!!!!!!!!!!!skin!

eGFP detection in transgenic fetuses 
Eighteen fetuses were harvested from two sows on day 70 of pregnancy  

Genetically modified pigs produced with a nonviral 
episomal vector (Manzini 2006) 



Conclusions 
 
•  We concentrated our analyses on skeletal muscle, heart, liver, kidney and lung 

because these tissues are expected to be the main targets for therapeutic 
approaches. We have also studied transgene expression at the protein level in skin 
so as to have expression data on tissues derived from all three embryonic layers. 

•  pEPI-eGFP DNA was found in 43 tissues of 12 of the 18 fetuses generated, and its 
episomal status was demonstrated by PCR, Southern blot, and plasmid rescue 
analyses of Hirt extracts.  

•  The episomal state of the plasmid in the fetuses generated by SMGT shows that the 
presence of S/MAR DNA sequences, which ensures episomality of the plasmid in 
cultured cells, also prevents integration of the plasmid into the genome of sperm 
cells and subsequently in the cells of the individuals generated by that sperm.  

•  In this study we did not investigate the germ-line transmission of pEPI vector, and 
at this stage we cannot rule out the possibility that this vector type will not be 
properly transmitted to the next generation.  

Genetically modified pigs produced with a nonviral 
episomal vector (Manzini 2006) 



A prototype plasmid vector, containing a scaffold matrix attachment region (S/MAR) 
domain and the luciferase reporter gene, showed transgene expression for at least 6 

months following a single administration to MF1 mice. 
 

Following partial hepatectomy of the animals, however, no detectable vector replication 
was found. 

Previous work (Argyros 2008) 

Non-viral S/MAR vectors replicate episomally in vivo when 
provided with a selective advantage (Wong 2011) 



in vivo selection strategy: 

Liver cells transfected with an S/MAR-Bcl2 plasmid have a survival advantage over non-
transfected cells when animals are treated with Jo2 

Bcl-2 expression confers resistance against apoptosis-mediated by the Fas-
activating antibody Jo2 

 

specific induction of cell death by the Fas antigen, a transmembrane liver protein that 
induces apoptosis on engagement with its physiological ligand, FasL. 

This pathway can be activated in vivo by administration of an agonistic Fas antibody, Jo2. 
Jo2 induces cell death 

The inhibition of Jo2-mediated cell death can in turn be achieved by overexpression of 
Bcl-2. 

Non-viral S/MAR vectors replicate episomally in vivo when 
provided with a selective advantage (Wong 2011) 



pBcLucA1 and control plasmids 

Non-viral S/MAR vectors replicate episomally in vivo when 
provided with a selective advantage (Wong 2011) 



in vivo luciferase detection 

The figure illustrates the longitudinal study of the mice, treated with and without twice-weekly 
doses of 0.12 mg/kg Jo2 for up to 3 months, as quantified using Xenogen Living Image software. 

Luciferase levels continue to fall in animals receiving Jo2, with the exception of the pBcLucA1+Jo2 
group. The background level of light emission on non-treated animals is 3x105 photons s1cm2 sr1. Mean 

± s.e.m. (n¼3) for each time point is shown. 

background 

Non-viral S/MAR vectors replicate episomally in vivo when 
provided with a selective advantage (Wong 2011) 



Sustained level of Bcl-2 expression from pBcLucA1 but not with the 
non-S/MAR control 

Western analysis for Bcl2                          Copy number 

Post injection   24 hr        90 days 

pBcLuc Control (D S/MAR) 

Non-viral S/MAR vectors replicate episomally in vivo when 
provided with a selective advantage (Wong 2011) 



conclusion 

Following hydrodynamic delivery to the livers of mice and frequent 
Jo2 administrations (twice a week), Bcl-luciferase S/MAR plasmid is 

indeed capable of providing sustained luciferase reporter gene 
expression for over 3 months demonstrating that the plasmid 

replicates as an episomal entity in vivo 

Non-viral S/MAR vectors replicate episomally in vivo when 
provided with a selective advantage (Wong 2011) 



Episomal maintenance of S/MAR-containing non-viral 
vectors for RPE-based diseases (Koirala 2014) 

Currently, AAV vectors are in phase I/IIa clinical trials for the treatment of Leber’s 
Congenital Amaurosis (LCA), a rare inherited retinal degenerative disease characterised 

by severe loss of vision at birth. 
DNA nanoparticles compacted with polyethylene glycol and polylysine and uncompacted 
plasmid DNA have significantly higher genetic capacity than AAV and they are safe when 

delivered to the eye. 
DNA nanoparticles and naked DNA carrying SMARs can efficiently transduce the RPE 
(Retinal Pigment Epithelium) and mediate long term gene expression and rescue in the 

rpe65-/- model without detectable toxicity. 

VMD2: vitelliform macular dystrophy 2, RPE specific 
promoter 



Episomal maintenance of S/MAR-containing non-viral 
vectors for RPE-based diseases (Koirala 2014) 

 At 2, 30 and 60 days, we detected a substantial number of colonies from each group, indicating 
the presence of intact vectors in the samples. However, at 360 days, we only observed a single 
colony on the plate for NP-VMD2-eGFP-S/MAR and none for naked VMD2-eGFP-S/MAR.  

At 360 days, the eGFP expression cassette is episomal, but amplification of expression cassette 
from genomic DNA preps indicates the possibility that some of the vectors may have integrated 

into the genome. 



Episomal maintenance of S/MAR-containing non-viral 
vectors for RPE-based diseases (Koirala 2014) 

conclusion 

•  Compacted DNA NPs and naked DNA carrying S/MARs can 
efficiently transduce  the RPE and mediate long-term gene 

expression and rescue in the rpe65−/− model without 
detectable toxicity. 

 
•  The vector DNA continues to be detected in the nucleus up to 

PI-180 days (last timepoint tested) and that intact plasmid and 
expression cassette can be isolated up to PI-360 days. 
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