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ABSTRACT

INTRODUCTION

Gene transfer and expression in eukaryotes is often
limited by a number of stably maintained gene copies
and by epigenetic silencing effects. Silencing may be
limited by the use of epigenetic regulatory sequences such as matrix attachment regions (MAR).
Here, we show that successive transfections of
MAR-containing vectors allow a synergistic increase
of transgene expression. This finding is partly explained by an increased entry into the cell nuclei
and genomic integration of the DNA, an effect that
requires both the MAR element and iterative transfections. Fluorescence in situ hybridization analysis
often showed single integration events, indicating
that DNAs introduced in successive transfections
could recombine. High expression was also linked
to the cell division cycle, so that nuclear transport of
the DNA occurs when homologous recombination
is most active. Use of cells deficient in either nonhomologous end-joining or homologous recombination suggested that efficient integration and
expression may require homologous recombinationbased genomic integration of MAR-containing
plasmids and the lack of epigenetic silencing events
associated with tandem gene copies. We conclude
that MAR elements may promote homologous
recombination, and that cells and vectors can
be engineered to take advantage of this property
to mediate highly efficient gene transfer and
expression.

A major impediment to efﬁcient and stable transgene expression is the variability of expression noted in independently transformed mammalian cells and organisms, both
in experimental biology and for therapeutic applications.
The high degree of expression variability is thought to
depend on the number of transgene copies that integrate
within the host genome and on the site of transgene integration (1,2). Indeed, transgene expression may be inﬂuenced by the fortuitous presence of regulatory elements
at the random integration locus in the host genome. In
addition, transgene expression is thought to reﬂect the inﬂuence of particular chromatin structure coming from
adjacent chromosomal domains (3–5). Finally, the cointegration of multiple transgene copies at the same
genomic locus may lead to silencing, possibly because of
the formation of small inhibitory RNAs from antisense
transgene transcription (6).
To increase and stabilize transgene expression in mammalian cells, epigenetic regulators such as matrix attachment regions (MAR) are increasingly used to protect
transgenes from silencing effects (7). MAR were ﬁrst discovered two decades ago for their association with the
nuclear matrix or scaffold (8,9), a poorly characterized
structural network that may consist of various nonhistone nuclear proteins such as lamins, topoisomerases
and components of transcription machinery (10).
Eukaryotic chromosomes are organized in independent
loops of chromatin that may control DNA replication,
transcriptional regulation and chromosomal packaging
(11–15). MARs were proposed to be the speciﬁc DNA
sequences that anchor the chromosomes to the matrix
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and partition chromosomes into these 50–200 kb DNA
loop structures (16–18).
MARs are polymorphic 300–3000 bp-long DNA
elements composed essentially of non-coding AT-rich sequences, and they are estimated to be 50 000–100 000 in
the mammalian genomes (10). Their activity is thought
to relate to their structural properties rather than to
their primary sequence. Although no consensus MAR
sequence has been found, they often have AT-rich sequences (19) and they may adopt particular conformations and physicochemical properties, such as a natural
curvature (20), a deep major groove and a narrow minor
groove (21), a high DNA strand unwinding and unpairing
susceptibility (12), and a high potential to double-helix
denaturation (22,23).
Besides providing a topological structure to the chromatin, MARs also contribute to regulate key genomic
functions (24), as they were involved in the control of
activities such as DNA replication and gene transcription
(25,26). For instance, several origins of replication have
been mapped within MARs in various eukaryotic
genomes (27). Moreover, MARs are able to recruit
endogenous replication factors and may allow sustained
episomal replication when placed within an active transcription unit (28,29). Similarly, the ability of MARs to
inﬂuence gene expression has been associated to the
binding of protein factors in addition to the intrinsic
properties of their DNA sequence (8,30,31). MARs associate with speciﬁc ubiquitous and tissue-speciﬁc transcription factors such as special AT-rich binding protein1
[SATB-1; (32)], NMP4 (33) and CTCF (34), which may
in turn recruit regulatory proteins such as histone acetyl
transferases, topoisomerases and ATP-dependent chromatin remodeling complexes to mediate a more expressionpermissive chromatin state (35,36), as well as components
of the transcription machinery and splicing factors (37,38).
Thus, in addition to deﬁning chromatin loop domains
and organizing chromosomal architecture, MARs may
contribute to control chromatin structure and gene
expression.
MAR elements were shown to increase transgene expression and to decrease the clonal variability in stable
transfections of mammalian cell lines and in transgenic
plants and animals (21,39–42). MARs were proposed to
act as insulators that protect transgenes from the repressive effects of surrounding heterochromatic area of the
chromosomes and/or to relocate transgenes in an active
compartment of the nucleus (7). MAR were also incorporated into viral vectors to reduce their susceptibility to
silencing (43). A transgene ﬂanked with MAR elements
may thus constitute an autonomous chromatin domain
whose expression would remain independent of the
adjacent chromosomal environment.
MAR elements may also constitute targets of DNA recombination or rearrangement events, as exempliﬁed by
many MAR-related deletions and translocations involved
in leukaemia and breast cancer (44,45). Additionally, it
was shown that retroviral integration often occurs close
to or within MARs (46,47). MARs were shown to bind
DNA topoisomerase II (48), an enzyme that catalyzes
double-strand breaks, as may be required to initiate the

recombination pathways of DNA repair (49,50).
However, whether MARs might mediate or regulate
DNA recombination remains to be demonstrated.
In this study, we show that successive transfections of
MAR-containing expression vectors mediate an unexpectedly high increase in transgene expression when the DNA
reaches the nucleus at phases of the cell division cycle
when the homologous recombination (HR) pathway is
most active. This results in part from an increased transport of the DNA in the nucleus and more efﬁcient
genomic integration. This effect is abrogated in cells deﬁcient in HR as opposed to non-homologous end-joining.
This study thus allows to propose a new function of MAR
elements, which may be to promote homologous DNA
recombination. It also identiﬁes some of the limitations
to efﬁcient gene transfer and expression in eukaryotic
cells, and it provides new avenues for more efﬁcient and
more reliable gene expression, for instance to express
therapeutic proteins or for gene and cell therapies.
MATERIALS AND METHODS
Plasmids and constructs
pGEGFPcontrol contains the SV40 early promoter,
enhancer and vector backbone from pGL3 (Promega)
driving the expression of the eGFP gene from pEGFPN1 (Clontech). pPAG01SV40EGFP results from the insertion of the chicken lysozyme MAR fragment upstream
of the SV40 early promoter of pGEGFPcontrol (51). The
human MAR 1–68 was identiﬁed by the SMARScan
program using DNA structural properties. It was cloned
from human bacterial artiﬁcial chromosomes in
pBluescript and then inserted into pGEGFPcontrol
upstream the SV40 early promoter, resulting in the
p1–68(NcoI ﬁlled)SV40EGFP plasmid (21).
pGL3-CMV-DsRed was created by inserting the DsRed
gene, under the control of the CMV promoter (including
the enhancer), from pCMV-DsRed (Clontech) in pGL3basic (Promega). pGL3-CMV-DsRed-kan was then
created by exchanging the ampicillin gene of pGL3CMV-DsRed for kanamycin resistance gene from
pCMV-DsRed (Clontech) by digestion of both plasmids
with BspHI. Then, the chicken lysozyme or the human 1–
68 MAR were inserted into the pGL3-CMV-DsRed-kan
plasmid. They were inserted as KpnI/BglII fragment containing the chicken lysozyme fragment, or as KpnI/
BamHI human 1–68MAR fragment, upstream of the
CMV promoter in pGL3-CMV-DsRed-kan, resulting in
pPAG01GL3-CMV-DsRed and p1–68(NcoI) ﬁlledGL3CMV-DsRed, respectively.
Cell culture and transfection
The CHO DG44 cell line (52) was cultivated in DMEM:
F12 (Gibco) supplemented with HT (Gibco) and 10%
fetal bovine serum (FBS, Gibco). Parental CHO cells
AA8, NHEJ deﬁcient cells V3.3 (53) and HR deﬁcient
cells 51D1 (54) were kindly provided by Dr Fabrizio
Palitti (University of Tuscia, Italy) and were cultivated
in DMEM: F12 medium with 10% FBS and antibiotics.
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Transfections were performed using Lipofect-AMINE
2000, according to the manufacturer’s instructions
(Invitrogen). GFP or DsRed ﬂuorescence levels were analyzed using a ﬂuorescence-activated cell sorter (FACS), 1,
2 or 3 days post-transfection (transient transfections).
Stable pools of CHO-DG44 cells expressing GFP and/or
DsRed were obtained by cotransfection of the resistance
plasmid pSVpuro (Clontech). After two weeks of selection
with 5 mg/ml puromycin for CHO-DG44 (8 mg/ml puromycin for AA8, V3.3 and 51D1), cells were analyzed by
FACS.
Cell subjected to multiple transfections were treated as
follows: after the ﬁrst transfection, the cells were transfected a second time according to the protocole detailed
above, except that the resistance plasmid carried a different resistance gene (pSV2 neo, Clontech). The two transfections were at a 21 h interval, to be in phase with the cell
cycle progression, unless otherwise indicated in the text.
Twenty-four hours after the second transfection, cells were
passaged and selected with 250 mg/ml G418 and/or
2.5 mg/ml puromycin (250 mg/ml G418 and 4 mg/ml puromycin for AA8, V3.3 and 5A1D1). After 3 weeks of selection, GFP and/or DsRed expression was analyzed by
cytoﬂuorometry.
Fluorescence activated cell sorting
Transient expression of eGFP and DsRed proteins was
quantiﬁed at 24, 48 or 72 h after transfection using a
FACScalibur ﬂow cytometer (Becton Dickinson),
whereas expression of stable cell pools was determined
after at least 2 weeks of antibiotic selection. Cells were
washed with PBS, harvested in trypsin-EDTA, pooled,
and resuspended in serum-free synthetic ProCHO5
medium (Cambrex corporation). Fluorescence analyses
were acquired on the FACScalibur ﬂow cytometer
(Becton Dickinson) with the settings of 350 V on the
GFP channel (FL-1) and 450 V on the DsRed channel
(FL-3) for transient expression. Settings of 240 V for
FL-1 and 380 V for FL-3 were used to analyze stable expression. 100 000 events were acquired for stable transfections and 10 000 for transient transfections. Data
processing was performed using the WinMDI 2.8 software.
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analysis in a FACScalibur ﬂow cytometer (FL-3
channel; Becton Dickinson). Ten thousand events were
acquired for each sample.
Fluorescent in situ hybridization
Fluorescent in situ hybridization (FISH) were performed
as previously described in Derouazi et al. (55) and Girod
et al. (21). Brieﬂy, metaphase chromosomal spreads were
obtained from cells transfected with or without the 1–68
human MAR and treated with colchicine. FISH was performed using hybridization probes prepared by the direct
nick translation of pSV40GEGFP plasmid without the
MAR.
Isolation of nuclei and DNA
Nuclei were isolated 1, 2 or 3 days after transient transfection(s), from proliferating and conﬂuent CHO DG44
cells grown in 6-well plates. Cells (1  106) were washed
twice with cold PBS, resuspended in 2 volumes of cold
buffer A [10 mM HEPES (pH 7.5), 10 mM KCl, 1.5 mM
Mg(OAc)2, 2 mM dithiothreitol] and allowed to swell on
ice for 10 min. Cells were disrupted using a Dounce
Homogenizer. The homogenate was centrifuged for
2 min at 2000 rpm (370 g) at 4 C. The pellet of disrupted
cells was then resuspended in 150 ml of PBS and deposited
on a cushion of buffer B [30% sucrose, 50 mM Tris–HCl
(pH 8.3), 5 mM MgCl2, 0.1 mM EDTA] and centrifuged
for 9 min at 3500 rpm (1200 g). The pellets of nuclei were
resuspended in 200 ml of buffer C [40% glycerol, 50 mM
Tris–HCl (pH 8.3), 5 mM MgCl2, 0.1 mM EDTA] and
stored frozen at 80 C until use (56).
Total cell DNA was isolated from CHO DG44 stable
cell pools or from isolated cell nuclei using the DNeasy
Tissue Kit from Qiagen. For stable cell pools, 1  106 conﬂuent CHO DG44 cells growing in 6-well plates were collected. DNA extraction was performed according to the
manufacturer’s instruction for the isolation of total DNA
from cultured Animal cells. DNA isolation was performed
on frozen pellets of isolated cell nuclei, which were ﬁrst
thawed and centrifuged at 1700 rpm (300 g) for 5 min to
remove buffer C before beginning DNA extraction following the same protocol as for the isolation of DNA from
stable cell lines.

Cell cycle analysis
At the indicated times, the cell cycle status was analyzed
by ﬂow cytometry after staining the nuclear DNA with
propidium iodide (PI). Cells were ﬁrst washed with a
(PBS), trypsinized and harvested in 1 ml of growth
media by centrifugation for 5 min at 1500 rpm (250 g) in
a microcentrifuge. After an additional PBS wash, cells
were resuspended in 1 ml of PBS before ﬁxing with
ethanol by the addition of 500 ml of cold 70% ethanol
dropwise to the cell suspension under agitation in a
vortex. Samples were incubated for 30 min at 20 C and
cells were centrifuged as before. The resulting cell pellet
was resuspended in 500 ml of cold PBS, supplemented with
50 mg/ml of RNaseA and the DNA was stained with 40 mg/
ml of PI for 30 min in the dark. Cells were then washed
with PBS, centrifuged and resuspended in 500 ml of
ProCHO5 medium (Cambrex corporation) before

Transgene copy number determination and quantitative
PCR
To determin the copy number of transgenes integrated in
the genome, 6 ng of genomic DNA were analyzed by
quantitative PCR using the SYBR Green-Taq polymerase
kit from Eurogentec Inc and ABI Prism 7700 PCR
machine. The following primers were used to quantify
the GFP gene: GFP-For: ACATTATGCCGGACAAA
GCC and GFP-Rev: TTGTTTGGTAATGATCAGCAA
GTTG, while primers GAPDH-For: CGACCCCTTCATTGACCTC and GAPDH-Rev: CTCCACGACATACTC
AGCACC were used to amplify the GAPDH gene. The
ratios of the GFP target gene copy number were calculated relative to that of the GAPDH reference gene as
described previously (57). To determine import of the
transgene into nuclei following transfection, quantitative
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PCR was performed on DNA extracted from puriﬁed
nuclei using the same GFP and GAPDH primer pairs as
described above.
The number of GAPDH gene and pseudogene copies
used as reference was estimated for the mouse genome, as
the CHO genome sequence is not available as yet.
Alignment to the mouse genome of the DNA sequence
of the 190 bp amplicon generated by the GAPDH
primers was performed using NCBI BLAST software. A
number of 88 hits was found per haploid genome. As the
CHO DG44 are near-diploid cells (55), we estimated that
176 copies of the GAPDH genes and pseudogenes occur in
the genome of CHO DG44 cells. This number was used as
a normalization standard for the quantiﬁcation of the
GFP transgene copy number.
Confocal microscopy
pGEGFPcontrol and p1-68(NcoI ﬁlled)SV40EGFP
plasmids were labeled either with rhodamine by the
Label IT Tracker TH-Rhodamine Kit or with Cy5 by
the Label IT Tracker Cy 5 Kit (Mirus, Mirusbio) according to the manufacturer’s protocol, and puriﬁed by ethanol
precipitation. For transfection, DNA transfection was
carried out with the Lipofectamine 2000 reagent
(Invitrogen) according to the supplier’s instructions. At
3, 6 and 21 h after transfection, the medium was removed
and the cells were ﬁxed with 4% paraformaldehyde at
room temperature for 15 min. When indicated, cells were
treated for 30 min with LysoTracker Red DND-99
(Molecular Probes, Invitrogen) at a ﬁnal concentration
of 75 nM before ﬁxation, to stain the acidic organelles
(e.g. endosomes and lysosomes) according to the manufacturer’s instructions. The ﬁxed cells were then washed
twice with PBS and mounted in a DAPI/Vectashied
solution to stain the nuclei.
Fluorescence and bright-ﬁeld images were captured
using a Carl Zeiss LSM 510 Meta inverted confocal
laser-scanning microscope, equipped with a 63 NA 1.4
planachromat objective. Z-series images were obtained
from the bottom of the coverslip to the top of the cells.
Each 8-bit TIFF image was transferred to the ImageJ
software to quantify the total brightness and pixel area
of each region of interest. For data analysis, the pixel
areas of each cluster in the cytosol si(cyt), nucleus si(nuc)
and lysosome si(lys) were separately summed in each XY
plane. Theses values [S0 Z = j(cyt), S0 Z = j(nuc) and
S0 Z = j(lys), respectively] were further summed through
all of Z-series of images and denoted S(cyt), S(nuc) and
S(lys), respectively. The total pixel area for the clusters of
labeled pDNA in the cells, S(tot), was calculated as the
sum of S(cyt), S(nuc) and S(lys). The fraction of pDNA in
each compartment was calculated as F(k) = S(k)/S(tot),
where represents each subcellular compartment (nucleus,
cytosol or lysosome).
RESULTS
Effect of iterative transfection on transgene expression
Previous work has led to the screening of human MARs to
identify one, termed MAR 1–68, that was found to
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potently increase and stabilize gene expression in cultured
cells and in mice when inserted upstream of the promoter/
enhancer sequences (21,39). Co-transfection of a GFP expression vector and an antibiotic resistance plasmid,
followed by antibiotic selection of cells having stably
integrated the transgenes in their genome, typically
yields a bimodal distribution of the ﬂuorescence in polyclonal cell populations when analyzed by ﬂow cytometry
(Figure 1A). A ﬁrst cell subpopulation, which overlaps the
y-axis in this experimental setting, corresponds to cells
expressing GFP at undetectable levels, while another
subpopulation of cells expresses signiﬁcant GFP levels.
Inclusion of MAR 1–68 increased the level of expression
from ﬂuorescent cells and concomitantly reduced the proportion of silent cells (15 versus 36%, Figure 1B). The
increase in expression did not depend on the use of the
viral SV40 promoter, as it was also obtained when expressing GFP from the the cellular glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene promoter
(Supplementary Figure S1).
We next tested whether two consecutive cotransfections might further increase GFP expression
from the MAR-containing plasmids (Figure 1A). When
the same GFP expression vector was co-transfected
again 2 weeks later with a distinct antibiotic resistance
gene, a 2.4-fold increase of ﬂuorescence was observed on
average after selection for resistance to the second antibiotic, which is close to the expected 2-fold increase
(Figure 1A and C). In contrast, an unexpectedly higher
(4- to 5-fold) increase of GFP expression was observed
from two successive transfections performed on consecutive days followed by selection with both antibiotics.
When averaging over all cells of the polyclonal population, a 20-fold increase of expression was gained by successive transfections of MAR-containing plasmids when
compared to a single transfection without a MAR
(Figure 1C). Furthermore, some of the cells displayed
very high levels of expression, and the occurrence of
silent cells was almost fully abrogated from the polyclonal
population (0.5%, Figure 1B). Consecutive transfections
without a MAR yielded modest GFP expression, resulting
in a 3.2-fold average increase of the overall ﬂuorescence
level when compared to a single transfection, and it did
not abrogate the occurrence of silent cells (Figure 1C and
data not shown). Thus, the presence of the MAR and the
iterative transfection act synergistically to mediate
elevated expression levels.
Overall, the expression levels obtained from the two
consecutive transfections of MAR-containing plasmids
were so high that the GFP ﬂuorescence could be readily
seen from the cell culture monolayers in the daylight, without excitation with UV light (Supplementary Figure S2A).
This effect was not limited to the human MAR 1–68, as
both the relatively less potent chicken lysozyme MAR
(cLysMAR) and MAR X-29, a potent MAR isolated
from human chromosome X (21), yielded an increase in
expression when comparing double to single transfections
(Supplementary Figure S3). This indicated that the
elevated expression upon successive transfections may be
a general property of MAR elements. However, the
cLysMAR element yielded relatively lower transgene
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Figure 1. Analysis of the effect of MARs and successive stable transfections on gene transfer and expression. CHO DG44 cells were co-transfected
with the GFP expression vector devoid of MAR element (GFP, dark line), or with the vector containing MAR 1–68 (MAR1–68GFP, red line), and
with the pSVpuro plasmid mediating resistance to puromycin. Some of these cells were submitted to a second transfection with the same GFP
expression vector but with a selection plasmid mediating neomycin resistance, either on the day following the ﬁrst transfection (blue line) or after 2
weeks of selection for puromycin resistance (green line). After 2 weeks of selection for puromycin (single transfections), or 3 weeks of selection for
both puromycin and neomycin resistance (double transfections at 1 day interval), or 2 weeks of selection for puromycin followed by the second
transfection and two weeks of neomycin resistance selection (double transfections at 2 weeks interval), eGFP ﬂuorescence was quantiﬁed by
cytoﬂuorometry. (A) Fluorescence distribution in polyclonal populations of GFP-expressing cells. The cell ﬂuorescence proﬁles shown are representative of four independent experiments. (B) Histogram showing the percentage of total cells corresponding to non/low-expressors that display <10
relative light units (RLU), or cells that display medium and high (>100 RLU) or very-high (>1000 RLU) GFP ﬂuorescence, as determined from the
analysis of stable cell pools as shown in panel A. (C) The mean GFP ﬂuorescence of each stable polyclonal cell pool was normalized to that obtained
from the transfection of MARGFP and the average and standard deviation of four independent transfections is shown as a fold increase over the
ﬂuorescence obtained by one transfection without a MAR. Asterisks indicate signiﬁcant differences in GFP expression (Student’s t-test, P < 0.05).
(D) FISH analysis of eGFP transgene chromosomal integration sites in cells singly or doubly transfected with or without the human MAR.
Metaphase chromosomes spreads of stable cell pools were hybridized with the GFP plasmid without MAR, and representative illustrations of
the results are shown. (E) Enlargements of chromosomes are shown to illustrate differences in ﬂuorescence intensities.

activation after a single transfection, and the increase in
expression observed after the successive transfections was
comparably lower. The converse was true of MAR X-29,
indicating that MARs ability to mediate each of these
effects may vary similarly.
The effect of the double transfection of MARcontaining plasmids was not dependent either on the
GFP transgene or on the SV40 promoter used to express
GFP, as similar results were obtained when a CMV
promoter was used to express the DsRed reporter gene
or the immunoglobulin light and heavy chains
(Supplementary Figure S2B and data not shown).
Interestingly, the very high levels of immunoglobulins

expressed by monoclonal CHO cell clones often correlated with an increased cell division time. This indicates that the cells were likely reaching their
physiological limits in terms of protein synthesis. This
may be expected, as cells synthesizing similar amounts of
the recombinant protein as compared to their own cellular
proteins (100 pg per cell) should double the energetic
input required for each cell division. Nevertheless,
a large proportion of clones were found to express the
heterologous protein at very high levels without
interfering with their own metabolism, as they did not
slow down cell division signiﬁcantly (Supplementary
Figure S2B).
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Cointegration of transgenes upon iterative transfections
An important parameter driving high expression upon iterative transfection was found to be the time interval
between the two transfections. The synergistic effect on
expression was not observed when re-transfecting cells
after 2 weeks. Rather, the two transfections behaved as
two independent and thus additive events (Figure 1C).
This suggested that the plasmid DNAs from each transfection may have to interact as episomes within the
nucleus and potentially form mixed concatemers before
co-integrating into the cell genome. This possibility was
assessed by FISH analysis of metaphase chromosomal
spreads from stable polyclonal populations. Eighty individual metaphases of cells transfected once either with or
without the MAR element were hybridized with a probe
consisting of the GFP plasmid without a MAR. A single
integration site was observed, but higher ﬂuorescence
intensities were observed from cells transfected with the
MAR (Figure 1D and E). Fluorescence intensity was
further increased by the double transfection process, suggesting that a higher number of transgene copies had
integrated. Unique integration sites were noted in all
cases after single or two consecutive transfections.
However, double integration events were observed in approximately half of the cells transfected twice at an
interval of 1 week, when little episomal DNA should
remain from the ﬁrst transfection. This indicates that independent integration events may occur if DNA integration from the ﬁrst transfection has been completed before
the second transfection is performed. Double transfections did not lead to apparently increased aneuploidies
nor to detectable chromosomal rearrangements, and
they did not detectably lead to insertions at a preferred
chromosomal locus, as none of the analyzed cells had an
identical integration site. Thus, transgene integration
upon two transfections does not appear to be targeted to
any speciﬁc chromosomes or chromosomal sites, as reported earlier for single transfections of MAR-containing
plasmids (21).
High transgene expression requires phasing of the cell
cycle and transfections
As timing between transfections seemed to play a role in
high transgene expression, we analyzed the effect of systematic variations of the time interval. The highest GFP
expression level was observed when the second transfection was performed 21 h after the ﬁrst one, yielding consistently a 5-fold increase of ﬂuorescence as compared to a
single transfection. When the second transfection was performed after 18, 24 and 27 h, a 3- to 3.5-fold increase of
expression was obtained as compared to a single transfection, but these were signiﬁcantly lower than those
obtained after 21 h (Figure 2A). As this timing is close
to the duration of the ﬁrst cell division cycle after cell
passaging (Supplementary Figure S4), this suggested that
high transgene expression upon consecutive transfections
might be linked to particular phases of the cell division
cycle.
The distribution of the cells along the division cycle was
determined by PI staining of the DNA. This analysis

PAGE 6 OF 15

indicated an over-representation of cells at the G1 phase
18 h after cell passaging, and this was found to correspond
to the timing that yields the highest expression from a single
transfection (Figure 2B, Supplementary Figure S4A and B
and data not shown). A similar pattern and overrepresentation of G1 cells was obtained 21 h after the
ﬁrst transfection, which again corresponds to the timing
that yields the highest expression levels upon a second
transfection (Figure 2B). If expression is indeed linked
to cell cycle phasing, another optimum for transgene expression should be observed if a second transfection was
performed at an interval corresponding to two cell divisions. After 42 h, the synergistic effect of the two transfections was lost, as expression was similar to that
obtained for one transfection. However, a second, albeit
lower, synergistic increase of transgene expression was
observed after 48 h. The higher levels of expression
observed from a ﬁrst transfection at 18 h and for a
second transfection performed with a 21 or 48 h interval
imply that optimal DNA transfer and/or expression may
occur at speciﬁc cell division stages.
Effect of MAR and consecutive transfections on cellular
DNA uptake
FISH analysis suggested that elevated expression upon
successive transfections may result in part from the integration of a higher number of the transgene copies in the
genome (Figure 1D). Consecutive transfections at an
interval of one day might lead to an increase of the concentration of plasmid episomes in the nucleus, thereby
augmenting the probability of transgene integration
within the cell genome. To assess the amount of transgene
entering nuclei at each transfection, we performed transient single or double transfections followed by plasmid extraction from nuclei isolated 1 or 2 days after the second
transfection and quantiﬁcation of the transgenes by realtime quantitative PCR (qPCR). Cells doubly transfected
with MAR-GFP exhibited 3.8-fold more GFP transgene
copies in their nuclei than cells transfected just once with
MAR-GFP (Figure 3A). When comparing cells transfected with these different plasmids expressing either
GFP or DsRed, we observed that the nuclear delivery resulting from the second transfection of MAR-GFP was
4.2-fold higher than the one observed from a single transfection of this plasmid. However, the nuclear transport of
the ﬁrstly transfected GFP plasmid was not increased signiﬁcantly by performing a second transfection. We
concluded that DNA transport to the nucleus from the
second transfection is favored by performing a prior ﬁrst
transfection.
These conclusions were strengthened by confocal
imaging of DNA transport, where plasmids used for the
ﬁrst transfection were labeled with rhodamine while the
secondly transfected plasmids were labeled with Cy5 (red
and white labels, respectively, Figure 4A). Similar
numbers of rhodamine-labeled plasmid clusters were
observed in cell nuclei after a ﬁrst transfection with or
without a MAR, which correlates well with the lack of
effect of the MAR on DNA transport as assessed by
qPCR (Figures 3A and 4A). Nuclear plasmid clusters
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Figure 2. Determination of the optimal timing between successive transfections. (A) Stable polyclonal populations were generated by a single
transfection (minus symbol) or by two consecutive transfections of the MAR-GFP expression plasmid with the indicated time intervals. After 2
weeks of selection, mean GFP expression of the total polyclonal populations was determined. Fluorescence levels were normalized to the maximal
values obtained and they are displayed as the fold increase over the expression obtained from a single transfection where n corresponds to the
number of independent transfections. Asterisks indicate signiﬁcant differences in GFP expression (Student’s t-test, P < 0.05). (B) Analysis of cell cycle
progression. At the time of ﬁrst and second transfections, CHO cells were harvested and stained with propidium iodide (PI) and ﬂuorescence was
analyzed by cytoﬂuorometry. The distribution of relative PI ﬂuorescence represents the amount of genomic DNA per cell. The percentage of the
population associated to each cell cycle state (G1, S, G2/M) is as indicated.

were observed in essentially all the cells after two transfections. However only few cells expressed GFP, in agreement with previous observations that only a minority of
cells are able to express transiently transfected genes (58).
The transport of transfected plasmid DNA in CHO
cells, which is known to consist of cellular uptake, lysosomal escape and nuclear import, is limited by endosomal/
lysosomal degradation (58). Thus, we next assessed the
intracellular trafﬁcking of transfected plasmid DNA by
quantifying its distribution in cellular organelles and in
the cytosol after each transfection, after speciﬁc staining
of the endosomal/lysosomal and nuclear compartments to
distinguish them from the cytosol. Results summarized in
Figure 4B show a similar subcellular distribution of
plasmid DNA with or without MAR 21 h after a ﬁrst
transfection,
although
nuclear
transport
of
MAR-containing plasmids seemed somewhat faster at
the earlier time points. Performing a second transfection
of the MAR-devoid plasmid did not yield an improved
nuclear transport. However, plasmids bearing a MAR
element escaped lysosomal retention and entered nuclei
much more efﬁciently, as 80% of the total Cy5-labeled
pDNA was located in the nuclei in presence of the

MAR 21 h after the second transfection, as compared to
<40% of the plasmid devoid of MAR (Figure 4B).
Rather, most of the MAR-devoid plasmid ended up in
the lysosomal/endosomal compartment, as found also
for the ﬁrst transfection. The unexpected ﬁnding of a cooperative effect of the MAR and of the iterative gene
transfer on lysosomal escape thus provides an explanation
for the increased concentration of plasmids in isolated
nuclei (Figures 3A and 4B). The reason for this phenomenon is unclear at present, but it might result in part from
the saturation of the cellular degradation compartments
by the DNA of ﬁrst transfection, thus allowing plasmids
of the second transfection to remain in the cytoplasm
where the MAR may promote plasmid transport into
the nucleus.
MAR elements increase the copy number of genomeintegrated transgenes
Next, we examined whether the increased transport of
plasmid DNA elicited by the MAR and the consecutive
transfections may increase transgene integration into the
genome of CHO cells. Stable polyclonal cell populations
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transfections. (A) Amount of GFP transgenes transport into cell nuclei
during single and double transient transfections with GFP or DsRed
plasmids with or without a MAR. MAR-GFP+MAR-RED corresponds to a double transfection where MAR-GFP is transferred
during the ﬁrst transfection, whereas MAR-RED was used in the
second transfection. Nuclei were isolated and total DNA was extracted
one day after a single or after the second transfection, and the number
of GFP transgenes transported into the nuclei was quantiﬁed by qPCR.
Results were normalized to that of the reference CHO cell genomic
GAPDH gene and represent the mean of four independent transfections. (B) Effect of the MAR and successive transfections on integrated
GFP transgene copy number. Total genome-integrated transgene DNA
was extracted from the previously described GFP-expressing cells after
3 weeks of selection of stable polyclonal cell pools, and DNA was
quantiﬁed as for panel A. (C) Effect of MAR and successive transfections on GFP expression. The GFP ﬂuorescence levels of the stable cell
pools analyzed in panel B were assayed by cytoﬂuorometry.

were selected as for Figure 1, and the average numbers of
stably integrated GFP transgene copies per genome were
determined on total cell DNA using qPCR. Inclusion of a
MAR element in transfected plasmids signiﬁcantly
increased the number of transgenes integrating in the
genome of stable cell pools (Figure 3B). Because the
MAR does not act to increase nuclear transport after
single transfections (Figure 3A), we concluded that the
MAR may increase genomic integration of the plasmid
per se. This ﬁnding supports previous indications that
the use of MARs may increase the number of transgene
copies that integrate in the genome of recipient cells
(51,59).
Successive transfections also mediated a 4-fold increase
of plasmid integration, which is commensurate to the

increase in free episomes noted in transient transfections
(Figure 3A and B). We estimated that 48 GFP plasmid
copies had integrated on average when transfecting once
without a MAR, while 163 copies and 676 copies on
average were obtained from one or two successive transfections with the MAR, respectively. Overall, the increased nuclear transport synergistically elicited by both
the MAR and the successive transfections yielded a
>10-fold increase in transgene copy number when combined to the MAR-driven increase of plasmid integration.
Note, however, that the double transfection of MARcontaining plasmids yielded yet an even higher increase
in transgene expression (20-fold, Figure 3C). This
indicated that increased expression did not result solely
from increased transgene copy number, but that it must
also stem from a MAR-mediated increase of expression
per integrated transgene copy, as expected from the previously observed antisilencing and transcription activation
effects of this MAR element (39).
When assessing GFP expression and transgene copy
number in individual cell clones isolated from the polyclonal populations, a correlation was found between
transgene expression and copy number, in that higher
levels of integration and of expression were observed
from single or multiple transfections of MAR-containing
plasmids (Supplementary Figure S5A). Furthermore, no
signiﬁcant decrease of expression could be detected from
MAR-containing clones having co-integrated very high
numbers of transgene copies and MARs (Supplementary
Figure S5B), and stable elevated expression was maintained upon adaptation of several of these clones to
growth in suspension and further culturing (data not
shown). These results indicated that the MAR was able
to prevent inhibitory effects that may result from the repetitive nature of the co-integrated plasmids and/or from
antisense transcription, an effect that can be attributed to
the potent anti-silencing properties of this MAR element
(39). However, the average levels of expression did not
match perfectly with copy number, as noted when
analyzing individual cell clones (Supplementary Figure
S5A), or when comparing GFP expression from the
ﬁrstly or secondly transfected DNA, in co-transfection experiments with the dsRED vector (Figure 3B and C). We
therefore conclude that the enhanced transgene expression observed after two successive transfections of
MAR-containing plasmids can be explained in part by
the improved nuclear import and genomic integration of
the plasmid DNA, which results in increased transgene
copy number, as well as by the lack of silencing and
higher transgene transcription. However, other effects
may also inﬂuence transgene expression in individual
clones depending on the transfection history and conditions, clonal ﬁtness heterogeneity and/or possible effects
pertaining to the genomic integration locus.
Effects of DNA homology on plasmid integration and
expression
As the high GFP ﬂuorescence observed from successive
transfections of MAR-containing plasmids results in
part from the increased transgene integration at a single
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Figure 4. Subcellular distribution of transfected DNA. (A) Confocal microscopy analysis of DNA intracellular trafﬁcking. Transient single or double
transfections were performed in CHO cells using plasmids bearing or not a MAR labeled with Rhodamine and Cy5 ﬂuorophores, as indicated.
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Quantiﬁcation of the subcellular plasmid DNA distribution was performed on confocal laser microscopy performed for panel A, except that
endosome/lysosome compartments were stained with LysoTracker Red DND-99. The pixel area of clusters derived from rhodamine or Cy5 ﬂuorescence were used to estimate the amount of plasmid DNA in 120 cells.

chromosomal locus, we next examined the molecular basis
of this effect. A possibility is that the integration of a
MAR-containing plasmid during the ﬁrst transfection
might promote secondary integration at the same
genomic locus during the second transfection. This may
be expected from the ability of the MAR to maintain
chromatin in an accessible state and thus to provide
proper targets for HR. Alternatively, the high number of
integrated transgenes may result from a more efﬁcient
concatemerization of the plasmids introduced during
both transfections, as may be mediated by the high concentration of episomes found in the nucleus. Indeed, HR
was proposed to mediate the formation of large
concatemers of transfected plasmids (60), which may
lead to the co-integration of multiple plasmid copies
upon recombination with the genomic DNA. In the
latter model, HR may occur between similar DNA sequences on the plasmids used during the ﬁrst and second
transfections, and thus the efﬁcacy of transgene integration and expression should critically depend on DNA
sequence homologies.
This latter possibility was ﬁrst assessed by analyzing
the effect of plasmid homology on transgene expression
by performing successive transfections with different

combinations of transgenes (GFP or DsRed), plasmid
backbones (ampicillin or kanamycin baterial resistance)
and/or MARs (chicken lysozyme MAR or the human
MAR 1–68). Transfection of distinct MARs, transgenes, or bacterial resistance all decreased the high expression normally observed with successive transfections
(Figure 5A). The double transfection effect was almost
fully abolished when using different MARs, transgenes and vector elements (MAR1-GFP+MAR2-RED
constructs), suggesting that plasmid homology is
required to achieve high expression from successive
transfections.
HR is often elicited as a DNA repair mechanism
of double-stranded breaks (DSB), in a process that
was termed homologous recombination repair (61,62).
Thus, we tested whether plasmid linearization prior to
transfection mediates the high expression obtained from
successive transfections. A more than additive increase
of transgene expression was also observed with circular plasmids, however, the overall expression was lower
than that obtained using linear plasmids (Supplementary
Figure S6). This is consistent with the increased
recombinogenic properties of linear DNA in HR
processes (63).
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HR mediates increased expression
The requirement of plasmid homology and double-strand
breaks to achieve the higher expression levels upon the
double transfection implied that HR may be involved.
Transgenes were proposed to integrate into the cell genome
using two families of antagonistic pathways, termed nonhomologous end-joining (NHEJ) or HR. These pathways
are more active during speciﬁc phases of the cell cycle, as
exempliﬁed by HR, which is used to repair DNA damages
during or after DNA replication in the S and G2/M
phases of the cell cycle (64). Cells lacking classical
NHEJ genes show a double-stranded break repair biased
in favor of HR, suggesting that these two major pathways
normally compete to repair these DNA lesions (65). Thus,
one way to activate HR is to suppress or genetically
inactivate NHEJ, as seen in yeast and mammalian cells
(65–68). A possible implication of HR-related mechanisms
in the increased transgene expression that results from the
MAR and/or successive transfections was thus directly

assessed using CHO cell lines mutated in a key component
of either pathways, and which are thus only competent for
either HR or NHEJ.
The 51D1 CHO mutant derivative lacks the RAD51
strand transferase and is thus deﬁcient in HR, while
V3.3 CHO cells lack the catalytic activity of the DNAdependent protein kinase (DNA-PK) that plays an essential role to initiate the NHEJ pathway (13,54,69). In the
wild-type parental cell lines (AA8), the MAR mediated a
3-fold increase of the overall GFP ﬂuorescence in the polyclonal population (Figure 5B). However, few stably transfected colonies survived after selection for antibiotic
resistance in the 51D1 cell line and GFP expression remained very low. In contrast, an exacerbated MARdriven activation of transgene expression was observed
in NHEJ-deﬁcient cells, resulting in a >6-fold increase of
transgene expression when compared to cells transfected
once with the GFP expression vector without MAR.
Similar trends were noted for successive transfections,
in that GFP expression from V3.3 cells was increased in
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the presence of the MAR as compared to the parental
AA8 cells (Figure 5B, note the different scales of the top
and bottom panels). Inactivation of the NHEJ pathway
had little effect on the expression of the MAR-devoid
plasmid but it further exacerbated the expression
increase elicited by the MAR, indicating that presence of
the MAR and high HR activity are both necessary to
obtain very high transgene expression. Cells deﬁcient in
HR did not yield stable colonies from the double transfection, demonstrating the requirement of the HR
pathway in the efﬁcient integration and maintenance of
transgenes in the successive gene transfer process.
Analysis of the number of integrated transgene copies
revealed a 25-fold higher number of integrated transgene
copies upon the double transfection of MARGFP in
NHEJ-deﬁcient V3.3 cells (Supplementary Figure S7).
However, a relatively larger (over 35-fold, Figure 5B)
increase in expression was obtained from two consecutive
transfections of the V3.3 cells with the MAR. Again, this
indicated that the observed MAR-mediated increase in
expression results both from an increase in transgene
genomic integration and in an augmentation of the expression per transgene copy.
DISCUSSION
The variability in gene expression among independently
transformed cells or organisms is well documented.
Inconsistent expression levels have been associated to
the variable number of genes that have stably integrate
in the host cell genome, to properties of the sites of integration, and/or to the gene transfer procedures. Non-viral
gene transfer remains characterized by variable expression
efﬁciencies and by an uncertain outcome in terms of expression levels and stabilities. Gene ampliﬁcation has been
used to augment the copy number and hence expression
of the exogenous genes (70), however this often leads to
unstable expression when the selection reagent is removed
(71). An alternative has been to optimize expression vectors by inserting synthetic or natural regulatory sequences
that increase and/or stabilize expression, such as MAR
elements (39). However, even in the most favorable conditions, transfections have lead to the occurrence of cells
that integrate the transgene in their genome but express it
at low levels. Hence, the identiﬁcation of stable cell lines is
usually associated with the tedious isolation and characterization of many clones to identify one with the desired
expression properties. Here, we show that very high levels
of transgene expression can be consistently obtained in
nearly all cells of a polyclonal cell population after successive transfections of MAR-containing constructs. Our
results further indicate that efﬁcient gene transfer and expression of MAR-driven vectors require a functional HR
or repair pathway.
In this study, we show that MAR elements can act in
part to increase the number of copies of exogenous genes
that integrate in the genome, substantiating previous
non-quantitative observations (21,59). However, the intuition that a high copy number always supports stronger
expression is often non-valid, as the presence of multiple
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gene copies co-integrated at one or a few loci of the host
genome has been reported to favor silencing. The propensity of repeated elements to pair and assemble in heterochromatin or to generate double-stranded and/or small
interfering RNAs from antisens transcription of adjacent
transgenes is a frequent cause of gene silencing (6,72).
Here, the copy number of integrated transgenes and cell
ﬂuorescence levels were shown to correlate well when
comparing single or double transfections performed in
the presence of the MAR. We ﬁnd also that the MARmediated increase in transgene expression results in part
from the integration of more transgene copies in the host
cell genome. However, we also ﬁnd that the relative
increase of transgene expression is higher than the increase
of transgene copy number upon inclusion of the MAR.
This indicates that MAR 1-68 acts both to increase transgene integration and to increase expression per transgene
copy. Overall, we estimate that increased integration
mediates 70% of the observed effect on the increase of
expression, while the augmentation of transgene transcription per se, as shown to occur in presence of MAR 1-68
(39), accounts for the remaining 30% of the increase of
expression observed upon successive transfections. Thus,
both effects concur to mediate the very high expression
levels observed after successive transfections of MARcontaining plasmids.
We also ﬁnd that transgene genomic integration is synergistically increased by successive gene transfers and by
the MAR. Successive transfections of MAR-containing
plasmids result in improved plasmid transport to the
nucleus, as explained by the decreased targeting of the
second DNA load to the degradation compartment.
While the greater amounts of episomal plasmids in the
nucleus may readily explain the increased co-integration
of independent DNA loads in successive transfections
(Supplementary Figure S8), we ﬁnd that the MARmediated increase in transgene integration does not result
from an increased plasmid targeting or transport to the
nucleus. This indicated that the MAR may directly
promote the recombination of the exogenous DNA with
the host cell genome.
In vertebrates, HR and NHEJ differentially contribute
to repairing abnormal DNA structures such as
double-stranded breaks, depending on the nature of the
DNA damage and the phase of the cell cycle (64). This
study shows that plasmid integration critically depend on
a functional HR pathway, as inactivation of Rad51, a key
initiator of HR (73), nearly abolishes transgene integration and expression. Conversely, inactivation of the antagonistic NHEJ pathway, which is associated to increased
HR, concomitantly increases the integration and expression of MAR-containing plasmids, but not of the
MAR-devoid control. In addition, increased integration
and expression upon successive MAR transfections
require the plasmids to have homologous DNA sequences.
Furthermore, the cells must be in the G1 cell cycle phase at
the time of transfection, and we ﬁnd that DNA transport
to the nucleus is nearly completed within 6 h after DNA
transfer, at which time cells have progressed to exit S and
enter G2 (see Supplementary Data), at which time HR is
most active. Taken together, these ﬁndings provide strong
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support for the involvement of HR in the increased integration, and, consequently, the higher expression observed
in presence of the MAR and/or upon double transfections.
They also suggest that plasmid integration by a HR repair
pathway may be increased in the presence of a MAR
element on the DNA. However, a direct demonstration
of the role of MAR elements in activating HR will
require further experimentations.
Mammalian cells contain the enzymatic machinery
required to mediate recombination between newly
introduced plasmid DNA molecules, and HR between
co-injected plasmid molecules is an efﬁcient process in
cultured mammalian cell lines, approaching 100% of the
molecules (60). Plasmid concatemers thereby formed may
integrate at one or a few sites in the host chromosome, the
integration site being different in independently transformed cells (74). The orientation of the copies within
the concatemer is not random, but usually organized as
tandem head-to-tail arrays, as generated by the HR of
independent plasmid copies in the cell (75). HR between
the newly introduced DNA and its homologous chromosomal sequence has been reported to occur infrequently in
the absence of MAR element, at a frequency of 1:1000
cells receiving DNA (76). However, estimations based on
transgene expression, such as antibiotic selection, may signiﬁcantly underestimate the true frequency of integration.
Whether plasmid concatemers may be able to undergo HR
with previously integrated transgene copies, or whether a
single integration event of a large plasmid concatemer
occurs, remains difﬁcult to assess experimentally. In any
case, the contribution of MAR elements to promote HR
proposed in this study readily provides an explanation to
the previously observed MAR-mediated increase in the
occurrence of cells that stably integrate the transfected
genes, and thus in the number of antibiotic-resistant
colonies (21).
The requirement of a functional HR pathway to
mediate efﬁcient integration of MAR-containing constructs implies that these DNA elements might be
preferred sites of homologous pairing and DNA recombination. A number of molecular mechanisms have been
proposed to explain the mode of action of MARs. For
instance, they may reduce the occurrence of
lowly-expressing cells by protecting transgenes from
silencing effects linked to integration at heterochromatic
loci (7). MARs may recruit regulatory proteins that
modify chromatin to adopt a more transcriptionally permissive state by mediating histone hyperacetylation, they
may change subnuclear localization of the transgene, or
they may facilitate the association of transcription factors
that activate gene transcription (2,8,36,39). Although not
mutually exclusive, our results indicate that a signiﬁcant
part of the effect of MAR elements on transgene expression might in fact be attributed to increased transgene integration into the host cell genome by HR.
The proposed role of MARs as HR-promoting genomic
signals might result from their action on chromatin and/or
on DNA accessibility, thereby providing an access to
DNA binding proteins such as topoisomerases (48). As
reported in this study and by prior reports, all cells
take-up the transgene during a transfection although few

express it at a detectable level. This effect remains poorly
understood, but it may result from the slow or inefﬁcient
unpacking of the DNA from complexes generated by the
transfection reagents (77). Thus, the MAR might potentially act in part by facilitating the release of the DNA
from complexes with the transfection agent and/or with
repressive protein structures. However, speciﬁc DNA
structures may also act to promote recombination. For
instance, endonuclease-mediated double-stranded DNA
breaks mediate improved rates of HR in eukaryotes,
bacteria and archae (78–82). Thus, an involvement of
the unwinding and DNA strand unpairing potential of
MARs might directly or indirectly promote the association of recombination-initiating proteins (22,23,83,84).
Finally, MAR elements have been associated with the promotion of DNA replication of episomally maintained
vectors (28,29). However, this latter effect requires a
promoter mediating transcription of the MAR, which is
not the case in this study. Furthermore, the MAR
sequence used in this study did not lead to increased episomal DNA, and transgene maintenance was clearly associated to chromosomal integration. Thus, if a direct role
for DNA replication appears unlikely in the settings used
in this study, the requirement of proteins such as replication promoting activity in both replication and HR would
be consistent with a role of MARs in promoting both
activities.
Overall, our ﬁndings imply that successive transfections
and the MAR may mediate very efﬁcient expression by
promoting HR between individual plasmid molecules,
thereby favoring the chromosomal integration of larger
concatemers, and by maintaining a permissive chromatin
structure after genomic integration. An interesting but
as yet unexplored possibility might be that the MAR
and HR-mediated events may lead to transgene integration at regions of homologies with the cellular genome.
One tantalizing possibility might even be that genomic
integration might occur at the endogenous cellular MAR
elements, as may result from the fact that MARs share
similar AT-rich and highly repetitive sequences across species. Thus, the transgenes would be expected to integrate
at more accessible or privileged regions of the genome,
explaining the efﬁcient and stable expression. It will be
interesting to evaluate whether MAR elements may contribute to regulating HR in a chromosomal context and
whether this can be exploited to facilitate gene replacement strategies.
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