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ABSTRACT

Human embryonic stem (HuES) cells represent a new
potential tool for cell-therapy and gene-therapy applica-
tions. However, these approaches require the development

of efficient, stable gene delivery, and proper progenitor
cell and tissue separation methods. In HuES cell lines, we

have generated stable, enhanced green fluorescent protein
(EGFP)-expressing clones using a transposon-based (Sleep-
ing Beauty) system. This method yielded high percentage

of transgene integration and expression. Similarly to a len-
tiviral expression system, both the undifferentiated state
and the differentiation pattern of the HuES cells were pre-

served. By using the CAG promoter, in contrast to several
other constitutive promoter sequences (such as CMV, elon-

gation factor 1a, or phosphoglycerate kinase), an excep-
tionally high EGFP expression was observed in

differentiated cardiomyocytes. This phenomenon was inde-
pendent of the transgene sequence, methods of gene deliv-
ery, copy number, and the integration sites. This ‘‘double-

feature’’ promoter behavior, that is providing a selectable
marker for transgene expressing undifferentiated stem

cells, and also specifically labeling differentiated cardiomy-
ocytes, was assessed by transcriptional profiling. We found
a positive correlation between CAG promoter-driven

EGFP transcription and expression of cardiomyocyte-spe-
cific genes. Our experiments indicate an efficient applic-
ability of transposon-based gene delivery into HuES cells

and provide a novel approach to identify differentiated tis-
sues by exploiting a nontypical behavior of a constitutively

active promoter, thereby avoiding invasive drug selection
methods. STEM CELLS 2009;27:1077–1087

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

The application of human embryonic stem (HuES) cells pro-
vides new hopes in the clinical treatment of a number of dis-
eases and, at the same time, these stem cells are excellent
models for studying tissue development and physiological cell
differentiation. The so called ‘‘regenerative medicine’’ makes
use of cells that can grow and differentiate to replace a dam-
aged tissue. Also, efficient and stable gene delivery into stem
cells should form the basis of successful gene therapy applica-
tions. Currently, the most widely applied methods for gene

delivery into various stem/progenitor cells are based on the
use of viral vector constructs. By now, there are numerous ef-
ficient retrovirus- or lentivirus-based methods which allow
stable genomic incorporation of the foreign DNAs with high
gene product expression levels. However, virus-based gene
therapy technologies also have serious draw-backs, including
safety concerns of virus production, and the preferential incor-
poration of foreign genes into active host gene loci, which
may cause uncontrolled proliferation of the gene-modified
stem cells [1, 2]. On the other hand, although non-viral gene
delivery techniques are usually considered to be less efficient,
with the emergence and refinement of the transposon-based
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writing; Á.A.: conception and design; collection and assembly of data; data analysis and interpretation; manuscript writing; A.N.:
collection and assembly of data; N.V.: collection and assembly of data; V.K.: collection and assembly of data; A.S.: collection and
assembly of data; K.S.: collection and assembly of data; Z.E.: collection and assembly of data; G.V.: collection and interpretation of
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methods, they certainly represent a plausible alternative to vi-
ral applications [3–6].

Current methods for directed tissue differentiation from
various HuES cells often apply endogenous morphogenic pro-
teins or invasive chemicals to obtain the tissue(s) of interest
[7–9]. However, the use of such artificial cocktail of drugs
may affect natural differentiation and, among other problems,
may induce undesired gene expression profiles. In addition, it
is often advisable to examine whether tissues derived after
such invasive attempts reliably represent naturally occurring
cell types [10]. A common way of overcoming this problem
is to use a combination of tissue-specific promoters and cer-
tain drug resistance genes as selection markers. This method
can provide the solution for obtaining the desired cell types,
as it is based on ‘‘spontaneous’’ differentiation of HuES cells
(see [11]) and selecting for the differentiated cell types in a
later phase, e.g., by certain antibiotics [12, 13]. In principle,
this could result in the enrichment of desired tissues in large
quantities and most likely provide less interference with the
gene expression profiles of the tissues of interest. However,
it still requires drug selection which may induce an altered
way of differentiation, again asking for the need to prove
that the obtained tissues represent naturally occurring cell
types [14].

The use of tissue specific promoters generates another
technical problem, as in this case transgene expression is not
detectable in the undifferentiated HuES cells [15]. Especially
for non-viral applications, where the efficiency of gene deliv-
ery is generally low, this represents a serious disadvantage.
To avoid this, one can use another, constitutive promoter to
drive the expression of an additional selection marker gene,
and first select for transgene delivery, then, after spontaneous
differentiation, for specific tissues. Apart from being cumber-
some and time-consuming, this also creates another techni-
cally challenging problem, requiring either the codelivery of
different transgenes or the use of a larger cargo vector, often
resulting in lower delivery efficiency.

Delivering transgenes into HuES cells also requires a
careful design as to which promoters are to be used for yield-
ing high expression levels. Previous studies are controversial
concerning the applicability of widely used transgene pro-
moters. The cytomegalovirus immediate early 1 (CMV) pro-
moter has been claimed to be a useful system for expressing
transgenes in undifferentiated mouse embryonic stem (ES)
cells [16]. Some studies, however, found that the CMV pro-
moter has only a moderate activity when compared with the
elongation factor 1a (EF1a) promoter [17]. Other investiga-
tions revealed that the CMV promoter is strongly silenced in
ES cells by means of epigenetic modification via DNA meth-
ylation [18, 19]. Chung et al. [20] carried out a systematic
study in comparing three promoters in undifferentiated and
differentiated mouse ES cells. They demonstrated that the
EF1a and the CMV-chicken b-actin fusion (a version of
CAG-CMV-Actin-Globin) promoters yielded robust gene
expression in undifferentiated mouse ES cells and effective
transgene expression both in embryoid bodies and differenti-
ated neuronal precursors. On the other hand, the CMV pro-
moter was only active in the neuronal precursors [20]. Similar
systematic study was carried out in human ES cells, using a
lentiviral transduction method [21]. It was demonstrated that
the CAG promoter drove gene expression in the ES cells
more efficiently than the (strongly silenced) CMV promoter,
whereas the EF1a and the phosphoglycerate kinase (PGK)
promoters showed much stronger transgene expression and
were thereby claimed to be the promoters of choice for HuES
cells. Nevertheless, it is still unsettled which promoter is to
be used in ES cells, especially if one needs to have strong

transgene expression in certain types of tissues, originated
from the genetically modified ES cells.

In this study, we have developed a non-viral methodology
for efficient and stable gene delivery into HuES cells. We
applied Sleeping Beauty (SB) transposition [4, 22] for non-vi-
ral gene delivery and expression, examined the efficiency of
stable gene delivery, as well as the expression level and the
effect of a reporter gene construct on early stem cell differen-
tiation. In this system, enhanced green fluorescent protein
(EGFP)-expressing SB transposon-based vectors were deliv-
ered into HuES cells together with a hyperactive version of
the SB transposase that shows �32-fold higher activity than
the originally reported first-generation transposase [3]. By
comparing this system to a lentiviral gene delivery into the
HuES cells, we provide a detailed description of the two sta-
ble gene modification methods.

In addition, we have developed an efficient and relatively
simple genetic system to selectively enrich transgene-express-
ing cardiomyocytes differentiated from HuES cells. We found
that one version of the widely used CAG promoter exhibits a
previously unknown ‘‘double-feature’’ characteristic: it can be
used to mark genetically modified undifferentiated HuES cells
and it also provides a selection platform specifically for cardi-
omyocytes during subsequent spontaneous differentiation. We
documented that this unusual behavior is independent of gene
delivery methods, and the sequence, copy number, and chro-
mosomal integration site of the transgene.

MATERIALS AND METHODS

Embryonic Stem Cell Culturing and Differentiation

The HuES cell lines HUES9 (originally provided by Dr.
Douglas Melton, Harvard University) and BG01V (from
ATCC) were maintained essentially as described earlier [23];
cells from passage no. 35 were used for these analyses. Dif-
ferentiation of the HuES cells were initiated spontaneously
via the embryoid body (EB) formation pathway [23]. Cell
types were identified by morphological signs under phase con-
trast light microscopy and by immunostaining for various pro-
tein markers.

Promoter and Vector Constructs

Plasmids used in this project contained the cDNA of the
highly fluorescent marker amaxaGFP or EGFP (Fig. 1A; the
original CAG-amaxaGFP transposon plasmid was kindly pro-
vided by Evelyn Zeira via collaboration in the EU FP6
INTHER project). By a Hind-III and NheI restriction diges-
tion followed by ligation, we cloned the CMV viral promoter,
the CAG promoter, the human PGK promoter or the short
version of the human EF1a promoter upstream of the trans-
gene in the transposon vectors (Fig. 1B). For the lentiviral
constructs, the used transgene cassettes were exactly the
same, as in all cases the entire transcription unit was removed
from the transposon vector by restriction digestion and
inserted into the viral vector by blunt end ligation (Fig. 1C).

Transposon-Based Gene Delivery

For the SB transposase, we used an enhanced version of the
enzyme having 32 times higher activity than the originally
reconstructed transposase ([3] and unpublished results); for
transposition control, we applied a DDE inactive mutant form
of the enzyme [22]. For transfection, the FuGENE

VR
6 (Roche

Applied Science, Rotkreuz, Switzerland, http://www.roche-
applied-science.com) reagent was used according to the manu-
facturer’s instruction. Before transfection, HuES cells were
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separated from the mouse feeder cells and placed on gelatin-
coated plates. On the subsequent day, the cells were cotrans-
fected with transposon and transposase plasmids in a 10:1 ra-
tio to avoid overproduction inhibition of the transposase [4,
5]. Next day, the transfected HuES cells were placed back
onto the mouse feeder layer to keep them in an undifferenti-
ated state. Although some differentiation could start during
the 2 days without feeder cells, in our hands it did not signifi-
cantly jeopardize the preservation of pluripotency (The cur-
rent transfection protocol was not efficiently working in a
Matrigel system.) To provide evidence that the transposon
constructs are capable of transposition, a nested excision PCR
method was applied, as described previously. This method
amplifies the ‘‘footprint’’ sequence left in the plasmid after
transposon excision, whereas no PCR product is obtained if
no excision occurs [24]. To determine the integration sites of
the transgenes in human genomic DNA, splinkerette PCR and
inverse PCR methods were applied, essentially as described
earlier [22, 25]. Copy number determination was carried out
by real-time PCR using the relative standard curve method
with a TaqMan

VR
assay designed specifically for the right

inverted repeat sequences of the SB transposon vector. As a

single-copy gene control, a predeveloped TaqMan
VR
assays for

the RNA subunit of the RNaseP enzyme, was purchased from
the manufacturer; analyses were carried out using the StepOne
Real-Time PCR System (Applied Biosystems, Foster City,
CA, http://www.appliedbiosystems.com).

Lentiviral Transduction Procedure

For the viral-based gene delivery, the third generation lentivi-
ral vector system was used, as described in [26] (Fig. 1C).
Determination of virus titers and transduction procedures
were performed essentially as described previously [27]. The
HUES cells were transduced by a MOI of 2–5, and the further
handling of undifferentiated cells and cell differentiation pro-
tocols were the same as for the transposon-based gene deliv-
ery system.

Flow Cytometry

EGFP-expressing undifferentiated HuES cell colonies were
manually selected by using a fluorescent microscope under
sterile conditions, to enrich the marker gene expressing popu-
lation. Such heterogeneous colonies (Fig. 2A) were harvested
from the mouse feeder cells, washed with PBS and were

Figure 1. Vector constructs. (A): Four different promoters were used to drive transgene expression. (B): Structure of the cotransfected plasmids
for the Sleeping Beauty transposon system. IR-DR(L) and (R) stand for left and right inverted repeat–direct repeat transposon sequence. (C):
Structure of the lentiviral constructs. Psi and RRE are elements required for viral packaging. Sizes of the different elements are not drawn to
scale. Abbreviations: CAG, CMV enhancer-chicken b-actin-rabbit b1-globin fusion; CMV, cytomegalovirus immediate early 1; EF1a, elongation
factor 1a; EGFP, enhanced green fluorescent protein; IR-DR(L), inverted repeat-direct repeat, left; IR-DR(R), inverted repeat-direct repeat, right;
LTR, (viral) long terminal repeat; PGK, phosphoglycerate kinase; SIN, self-inactivating (virus); SB, Sleeping Beauty; WPRE, woodchuck hepati-
tis B virus posttranscriptional regulatory element.
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sorted based on GFP fluorescence using the fluorescence-
based cell sorting (FACS) Aria High Speed Cell Sorter (Beck-
ton-Dickinson, San Jose, CA, http://www.bdbiosciences.com).
Mock-transfected HuES cells were measured to set the level
for EGFP-positivity with the FACS Diva analysis software;
propidium iodide staining was used to gate out the nonviable
cells. Sorted EGFP positive single cells were placed onto the
mouse feeder cells and monitored until the formation of sur-
viving clones. For further gene expression analysis, differenti-
ated cells from EGFP-expressing HuES clones were sorted

into four different artificial fractions based on increasing
EGFP fluorescent signal intensity. Cells obtained from differ-
ent fractions were washed with PBS and immediately resus-
pended in Trizol (Invitrogen, Carlsbad, CA, http://www.invi-
trogen.com) for further RNA analysis.

Immunohistochemical Assays

Immunostaining procedures were performed essentially
as described previously [23]. For stem cell markers, mono-
clonal antibodies against Oct-4 (Santa Cruz Biotechnology,

Figure 2. Human embryonic stem cells stably expressing the transgene, exemplified by the CAG-amaxaGFP transgene, delivered by the SB
transposon system. (A): Morphology and GFP expression of human embryonic stem cell (HUES9) clumps. GFP expression was detected by fluo-
rescence microscopy following transfection (left panel) or after subsequent sorting and cloning of the transgene expressing cells (right panel, magnifi-
cation: �200). (B): GFP expressing HUES9 clone on mouse feeder cells stained for the Oct-4 embryonic stem cell marker. This transcription factor is
localized in the nucleus and it is only expressed in the cells of the HuES clump and not in the surrounding feeder cells. Green: amaxaGFP; blue: Oct-
4; red: TRITC-phalloidin, representing actin filaments; white: DAPI staining for the nucleus. Confocal images, scale bars represent 50 lm. (C): GFP
expressing HUES9 clone on mouse feeders stained for the SSEA-4 embryonic stem cell marker. This plasma membrane protein could only be detected
in HuES clump cells and not in the surrounding embryonic feeders. Green: amaxaGFP; blue: SSEA-4; red: TRITC-phalloidin, representing actin fila-
ments; white: DAPI staining for the nucleus. Confocal images, scale bars represent 50 lm. (D): Six-days-old EBs formed from GFP expressing
HUES9 clones observed by fluorescence microscopy (magnification: �40). (E): Neuronal and myocardial cells differentiated from GFP expressing
HUES9 clones. The left panel represents a confocal image of neuronal rosettes (scale bar represents 50 lm). The right panel depicts a typical area with
beating cardiomyocytes (white arrow), indicating a prominent difference of amaxaGFP expression between the cardiomyocytes and the other surround-
ing tissues (phase contrast fluorescence microscopy image, �40 magnification). Green: GFP fluorescence, red: TRITC-phalloidin, representing actin fila-
ments. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; EB, embryoid body; GFP, green fluorescent protein.
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Santa Cruz, CA, http://www.scbt.com), SSEA-4, or
podocalyxin (R&D Systems Inc., Minneapolis, MN, http://
www.rndsystems.com) were used. TRITC-phalloidin (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) stain-
ing was used for the detection of actin filaments, anti-myosin
IIA (Santa Cruz Biotechnology) was used for nonmuscle cell
detection, DAPI (Invitrogen) was used for nuclear staining,
and GFP was evaluated by direct fluorescence. All docu-
mented measurements were carried out on cells from four in-
dependent GFP-expressing clones, at least in triplicate stainings.

RNA Analysis

RNA isolation was carried out from cells collected in Trizol
reagent (Invitrogen) according to the manufacturer’s instruc-
tion. cDNA samples were prepared from 0.1 lg total RNA
using the Promega Reverse Transcription System Kit, as
specified by the manufacturer. Tissue specific genes were
selected using the TiProD tissue-specific promoter database
(tiprod.cbi.pku.edu.cn:8080/index.html). The following
markers were selected: OCT-4 and NANOG transcripts as un-
differentiated stem cell markers; ACTC (cardiac-specific a-
actin), NPPA (natriuretic peptide precursor A) and PLN
(phospholamban) genes as cardiac specific markers; PAX6
(paired box gene six) gene as an early marker for neuronal
differentiation; CAPG (capping protein (actin filament), gelso-
lin-like) gene as a skin differentiation marker; P0 ribosomal
protein as endogenous controls. Predeveloped real-time
TaqMan

VR
assays for the listed genes were purchased from

Applied Biosystems. For quantifying EFGP mRNA, specific
TaqMan

VR
assay were designed for the cDNA sequence. Real-

time PCR analyses were carried out using the StepOne Real-
Time PCR System (Applied Biosystems), according to the
manufacturer’s instructions.

RESULTS

Comparison of the Transposon-Based and
Lentiviral Gene Delivery Systems

An important goal in ES cell biology is to create transgenic
stem cells with stable transgene expression to provide a
source for potentially any type of tissues. The first difficulty
to overcome during this process is to achieve a high rate of
stable gene delivery into HuES cells. For this purpose, we
applied the SB transposon system and tested several constitu-
tive promoters previously shown to drive marker gene expres-
sion in ES cell lines, namely, the cytomegalovirus immediate
early 1 (CMV) promoter, the EF1a promoter, the PGK pro-
moter, and the artificial CMV enhancer—chicken b-actin–rab-
bit b1-globin fusion (CAG) promoter. To compare the effi-
ciency and the applicability of viral and non-viral gene
delivery, we have also applied a lentiviral-based vector sys-
tem to express the EGFP marker gene with the promoters
mentioned earlier (Fig. 1).

In the case of the transposon system, the lipid-based trans-
fection was less efficient (5%–10%) than viral transduction
(in most cases above 20%), but the selected transgene
expressing cells were found to be stable and useful for later
cloning and differentiation studies in both cases. As expected
from the data in the literature, the CMV promoter was not ap-
plicable in our HuES cell lines, as transgene expression rap-
idly faded away soon after transfection/transduction, most
likely due to the silencing of this viral promoter [18, 19]. The
other constitutive promoters (PGK, EF1a, and CAG)
expressed the transgene in undifferentiated and in differentiat-

ing HuES cells. To avoid the problem of copy number varia-
tion when comparing expression levels among different tissue
types after differentiation, we established clones from trans-
genic stem cells expressing EGFP by all these three different
promoters. For each case, a manual enrichment of the EGFP-
expressing HuES cells was followed by a flow cytometry sort-
ing and the selected cells were placed back onto mouse
feeders at a density to allow individual clones to grow sepa-
rately (Fig. 2A). These clones preserved their ES cell charac-
teristics, as they expressed the ES cell markers Oct-4, SSEA-
4, and podocalyxin (Fig. 2B, 2C, and data not shown). The
uniform EGFP expression in these clones, grown in an undif-
ferentiated state for 3–20 passages, was preserved; thus, at
least in this period, a stability of foreign gene expression was
observed (supporting information Fig. 2A).

Subsequently, we followed differentiation of these HuES
clones by embryoid body (EB) formation in vitro. The result-
ing EBs and the various tissue types differentiated from them
were similar to those observed in the untransfected HuES
cells, and there was no observable change in the general pat-
tern or timing of these differentiating clones (Figs. 2D, 2E).
Concerning cardiomyocytes, 19–33 beating areas/100 plated
EBs were detected in different transgenic clones which was
not significantly different from the average number of 28
beating areas observed during differentiation of control HuES
cells. A detailed analysis of the gene expression patterns in
these differentiated colonies is underway in our laboratory
(see discussion). Collectively, these experiments indicated that
neither the transduction nor the combined transfection/trans-
position procedure altered the cardiomyocyte differentiation
potential of HuES cells per se and stable transgene expression
could be achieved in these pluripotent cells by our gene deliv-
ery methods.

Robust CAG Promoter-Driven Gene Expression in
Cardiomyocytes

HuES cells form EBs when detached from the plate surface,
and under well-defined conditions the EBs spontaneously dif-
ferentiated into various tissue types (such as neuronal, epithe-
lial, myocardial, and other progenitors [7, 23, 28, 29]). Cardi-
omyocytes that differentiate from HuES cells can easily be
recognized by the spontaneous contractions of small tissue
patches, by the immunochemical recognition of cardiac-spe-
cific markers [30], and by a clear response to pharmacological
modulations (increased contraction frequency after adrenaline,
decreased frequency, and arrest after calcium channel block-
ers [31, 32]). Although we do not include a detailed docu-
mentation here, the cardiomyocytes differentiated from the
parental or gene-modified HuES cells showed all these param-
eters, without observable differences caused by the actual
methods of gene transfer (supporting information Video 1).
As the BG01V cell line has a lower potential to generate
beating cardiomyocytes, most of the detailed experiments
were carried out in the HUES9 cell line.

When comparing various tissue types differentiated from
such EGFP-expressing HuES clones, an intriguing observation
in CAG promoter-driven EGFP cells was that the fluorescent
signal intensity in cardiomyocytes was always significantly
higher than in the other surrounding tissue types. As the phe-
nomenon was first seen for SB transposon-derived clones, this
gene delivery experiment was repeated several times and the
outcome was always the same: CAG-driven EGFP expression
was extremely strong in differentiated cardiomyocytes as
compared with cells with PGK promoter- or EF1a promoter-
driven transgenes (Figs. 2E and 3). In fact, in the case of the
CAG promoter, all beating cardiomyocytes could easily be
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identified by the extremely high transgene expression. This
unexpected behavior of a constitutive promoter allowed solv-
ing two problems at the same time: following transgene
expression in undifferentiated cell types and selecting for a
particular tissue type after differentiation.

The ‘‘Double-Feature’’ Behavior of the CAG
Promoter Is Independent of the Gene Delivery
Method and the Sequence, Copy Number,
and the Integration Sites of the Transgenes

To prove that the phenomenon is a characteristic of the CAG
promoter, we first compared the results of two different CAG-
driven fluorescent transgenes (EGFP and amaxaGFP) deliv-
ered into the HuES cells by the SB transposon system. EGFP
(e.g., www.clontech.com) and the amaxaGFP (www.amaxa.-
com) are sequentially unrelated proteins, isolated from differ-
ent organisms. Despite this sequence difference, the same
phenomenon was observed, that is the differentiated cardio-
myocytes showed a markedly higher fluorescent signal as
compared with other differentiated cell types (Figs. 2E, 3, and
supporting information Video 2, 3). Lentiviral gene delivery
provided an additional proof that the CAG promoter, but not
the EF1a or the PGK promoters, has this behavior of being
transcriptionally extremely active selectively in cardiomyo-
cytes (Fig. 3 and data not shown). Thus, this feature of the
CAG promoter is independent of the gene delivery method.

To further characterize the phenomenon, we compared
clones with different copy numbers of the CAG-EGFP trans-
gene for both transposon-derived and lentiviral-derived HuES
clones. The transgene copy numbers determined by real-time
PCR were found to be 3–6 in our experiments. The differen-
tiation-linked EGFP expression behavior was detected in all
cases, clearly showing that copy number differences do not
influence the ‘‘double-feature’’ behavior.

To document the independence of this phenomenon from
transgene integration into specific host loci, we carried out inte-
gration site determination for transposon-based amaxaGFP-
expressing HuES cells (Fig. 4). We identified several different
genetic loci (being on different chromosomes) in which SB
transposition occurred. In all cases, although these sites were

apparently not related to any cardiomyocyte-related protein
coding genes or miRNA clusters, an increased expression of
EGFP in the cardiomyocytes was observed. All these data indi-
cated that it is not the site of integration, but the CAG pro-
moter itself that is responsible for the observed effect.

Selection for High, CAG Promoter-Mediated
Transcription Enriches Differentiated Cells
Expressing Cardiomyocyte Markers

In principle, higher EGFP fluorescence in particular cell types
can be the result of various factors, including higher transcription
or translation rate, or certain posttranslational modifications.
Alternatively, the size or the higher cytoplasm/nucleus ratio in
the observed cell types could also account for the higher signal
intensity. To distinguish among these possibilities, we separated
cells based on EGFP fluorescence by FACS at the 30th day of
differentiation and isolated total cellular RNA from each sepa-
rated fraction. Four different EGFP fractions were analyzed from
cells differentiated from either CAG-EGFP or EF1a-EGFP-
expressing HuES cell clones, created by either lentiviral-based or
transposon-based gene delivery (Fig. 5B and supporting informa-
tion Fig. 1B). By real-time quantitative PCR analysis, we meas-
ured the transcriptional profiles of cardiac-specific, early neuron-
specific, and skin-specific marker genes, as well as stem cell-spe-
cific (pluripotency marker) genes, and also the EGFP mRNA
levels in the different cell populations. As expected, the expres-
sion levels of pluripotency marker genes, OCT-4 and NANOG,
were high in the undifferentiated HuES clones, whereas practi-
cally undetectable in the differentiated populations (Fig. 5A and
supporting information Fig. 1A). In the differentiated cells, the
EGFP transcription level closely correlated with the fluorescent
signal intensity, thereby proving that high EGFP intensity was
the result of increased transcription, as a consequence of
increased promoter activity (Fig. 5C and supporting information
Fig. 1C).

When analyzing cardiac-specific transcripts, we measured
the mRNA levels of the ACTC, PLN, and NPPA genes (see
Materials and Methods). For all cells originated from CAG-
EGFP clones (irrespective of the gene delivery method
applied), these cardiac-specific transcripts exhibited a

Figure 3. The ‘‘double-feature’’ phenomenon of the CAG promoter is independent of the gene delivery method. Several independent differentia-
tions from transposon (SB) or lentiviral (LV) clones expressing EGFP resulted in numerous spontaneously contracting cardiomyocytes (white
arrows, see also supporting information Videos 2 and 3). When the CAG promoter was used, the EGFP fluorescence in cardiomyocytes was
always extremely high so that it masked the green fluorescence in the surrounding tissues (left ‘‘CAG’’ panels). In cells expressing the EF1a-
driven transgene, cells were expressing the EGFP almost uniformly and did not show such an expression bias toward cardiomyocytes (right
‘‘EF1a’’ panels). Abbreviations: CAG, CMV enhancer-chicken b-actin-rabbit b1-globin fusion; EF1a, elongation factor 1a; EGFP, enhanced green
fluorescent protein; LV, lentiviral; SB, Sleeping Beauty.
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significant, several-fold higher level in high EGFP expressing
populations, indicating that in differentiated cells, cardiomyo-
cytes were located in the fractions with high EGFP signal in-
tensity (as observed earlier by fluorescence and confocal mi-
croscopy). On the other hand, in fractions from cells
expressing the EF1a-EGFP transgene there was no such corre-
lation: the examined cardiac specific genes showed a random
distribution among the different EGFP expressing populations
(Fig. 5C and supporting information Fig. 1C). When analyz-
ing early neuron-specific (PAX6) or skin-specific (CAPG)
transcripts, we did not find any correlation between their
mRNA levels and EGFP transcriptional levels, and these
genes had random expression profiles among different frac-
tions for both CAG-EGFP- and EF1a-EGFP-expressing cells
(Fig. 5C and supporting information Fig. 1C). Taken together,
these expression studies provide evidence that the transcrip-
tional activity of the CAG promoter, in contrast to other con-
stitutive promoters examined, is significantly higher, selec-
tively in cardiomyocytes. In addition, it also raises the
possibility of flow cytometric separation of cardiomyocytes,
based on high CAG promoter-driven transgene expression,
especially because the currently available cardiac-specific cell
surface antibodies require fixation and/or permeabilization of
the cells (supporting information Fig. 2B).

Deciphering the ‘‘Double-Feature’’ Behavior
by Bioinformatics Approaches

The artificial CAG promoter used in this study contains the
CMV enhancer region, two sequences from the chicken b-
actin promoter and one short part of the rabbit b1-globin pro-
moter (Fig. 6A). To understand the sequential reasons behind
the ‘‘double-feature’’ phenomenon, we conducted a bioinfor-
matics analysis of the CAG promoter for potential tissue-spe-
cific transcription factor binding sites, by using the program
MatInspector 7.7.3. When the analysis was narrowed down to
heart-specific transcription factors, several potential binding
sites were revealed (Fig. 6B). An especially intriguing feature
of the CAG promoter is that it contains a consensus Nkx2.5
binding site (nt 234–248), three serum response factor
(SRF.01, SRF.02, and SRF.03) binding sites (nt 317–335, 55–
73, 595–613), as well as a MEF2-SL1.01 binding site (nt
624–646). These are all located within the CMV enhancer
and the first chicken b-actin promoter region (Fig. 6B).

Several studies have documented that Nkx2.5 expression is
specifically required for cardiogenesis, and the expression of this
transcription factor is present from the early, neonatal develop-
ment, to the fully matured form of cardiomyocytes [35–38]. SRF
proteins were documented to cooperate with MEF2 and Nkx2.5
to promote cardiogenesis, and the activation of SRF by its inter-
action with myocardin provides a strict tissue-specificity for SRF
binding promoters in the cardiac tissues [39]. Based on these
data, it is not unexpected that the CAG promoter, most probably
through multiple interactions with cardiac-specific transcription
factors, shows an exquisite overexpression in cardiomyocytes.

DISCUSSION

To establish stable transgene integration into ES cells, the
careful design of the gene delivery method and the choice of
promoters are crucial points. Among non-viral gene deliv-
eries, transposon-based methods are becoming increasing pop-
ular, because their advantages outweigh their potential techno-
logical drawbacks. They certainly require less sophisticated
and expensive facilities, their use is simpler than viral appli-
cations, and their use can also overcome safety and ethical
issues currently associated with viral-based vector systems.
One of the most effective transposon-based platforms is the
SB system. One particular advantage of the SB system in the
context of potential human applications is undoubtedly the
random genomic integration profile, which lowers the chance
of insertional mutagenesis or induced oncogenesis. These
problems represent a serious drawback for viral-based gene
delivery methods [1, 2]. A further advantage of the SB system
is the availability of hyperactive transposases, providing
highly efficient gene delivery tools [3, 24]. There is one
report in which the SB system was successfully applied in
HuES cells [33], but this study used an older version of the
transposase (SB11), and a nucleofection technology in a given
HuES cell line, which may not be directly applicable for other
stem cell cultures. Therefore, we aimed to examine the use of
a hyperactive SB transposase, combined with a lipid-based
transfection methodology, and compared this with the efficient
lentiviral gene delivery system.

Figure 4. Examples of transposon inte-
gration sites. Splinkerette and inverse PCR
techniques were used to determine the SB-
CAG-amaxaGFP integration sites in HuES
clones. In all cases, a ‘‘ta’’ sequence
(marked by red) was found in the genomic
locus next to the transposon IR-DR
sequence which is a footprint of Sleeping
Beauty transposition [25]. None of the
detected integration sites were apparently
related to any cardiomyocyte-associated
protein coding genes or miRNA clusters.
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Recent, as yet unpublished experiments clearly indicate
the higher specific integration efficiency of the hyperactive
transposase system in tissue-derived stem cells (Ivics and Izs-
vak, personal communication). Our experiments demonstrate

that the same SB transposon system is an effective gene
delivery method that can be applied to create stable cell lines
for a given transgene even if the transfection efficiency is low
and a drug-based selection method is not applied. These

Figure 5. Expression profiles of HuES clones
expressing either CAG-EGFP or EF1a-EGFP trans-
genes after lentiviral gene delivery. (A): Comparing
the expression levels of stem cell markers in undif-
ferentiated (Undiff.) and in differentiated (Diff.)
HuES cells. The transcription levels of OCT-4 and
NANOG were almost undetectable and at least 40-
times lower in differentiated cells. (B): Fluores-
cence-based cell sorting diagrams indicating the
sorted populations of differentiated EGFP-express-
ing cells. For unknown reasons, two major EGFP
peaks were detected in this particular experiment af-
ter differentiating EF1a-EGFP expressing HuES
clones. Total RNAs were isolated from cells col-
lected from the four indicated fractions in both
cases, representing cells with increasing EGFP sig-
nal intensity. (C): Transcription levels of EGFP and
differentiation specific endogenous genes in the four
different fractions. Increasing EGFP transcript level
positively correlated with increasing fluorescence
signal intensity. mRNA levels of cardiac specific
genes (ACTC, NPPA, and PLN) showed a several
fold increase in the cell population with the highest
EGFP intensity for the CAG promoter-driven trans-
gene, whereas no such tendency was observed for
the EIF1a promoter-driven transgene. No correlation
between EGFP transcription level and skin-specific
(CAPG) or early neuron-specific (PAX6) gene tran-
scripts could be identified for either of the pro-
moters. In all real-time PCR experiments, results
represent mean values � S.E.M. of at least three in-
dependent measurements; transcription levels were
normalized to the ribosomal P0 endogenous control.
Abbreviations: ACTC, cardiac-specific alpha-actin;
CAG, CMV enhancer-chicken b-actin-rabbit b1-glo-
bin fusion; CAPG, capping protein (actin filament),
gelsolin-like; EF1a, elongation factor 1a; (E)GFP,
(enhanced) green fluorescent protein; LV, lentiviral;
NPPA, natriuretic peptide precursor A; PLN,
phospholamban.
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conditions especially apply to HuES cells, which are difficult
subjects for transfection, and may not be selectable by com-
monly used antibiotics without jeopardizing their pluripotency
status (Fig. 2). We propose that the transposon protocol pre-
sented here could be a method of choice for gene delivery
into HuES cells.

To assure the similarity of the transgene-expressing HuES
cells and their differentiation to the normal parental cells, we
have analyzed a number of gene expression patterns, includ-
ing the expression of the ABCG2 protein [23], and found no
apparent differences in these parameters (Figs. 2, 5 and data
to be reported elsewhere). For a systematic comparison of the
differentiation patterns in gene-modified cells, a detailed analysis
of a full gene expression profile by a TaqMan based real-time
quantitative PCR assay system is underway in our laboratory.

The use of suitable promoter(s) for foreign gene expres-
sion in stem cells is still an unresolved issue, although sev-
eral studies described the potential silencing or the variable
transcriptional efficiency of commonly used promoters [19–
21]. It is widely accepted, however, that some housekeeping
promoters, such as the PGK or the EF1a promoters, as well
as the constitutive artificial CAG promoter most likely rep-

resent the best choices for stem cell applications, as these
promoters also remain active in a wide variety of differenti-
ated tissues, although with variable intensities [19–21, 34].
On the other hand, the need to express transgenes specifi-
cally in a given tissue raises the problem of controlling
transgene delivery and tissue-specific transcription at the
same time. Current solutions to this problem offer the use
of two different transcription units separately (with the
problem of the delivery of two plasmids or viruses), or in
one cargo (with the problem of larger plasmid or virus vec-
tor size), both of which decrease delivery efficiency. Based
on the present study, we propose that the use of the ‘‘dou-
ble-feature’’ CAG promoter solves both problems: it pro-
vides a means for transgene detection in undifferentiated
cells, as well as a later separation platform for cardiomyo-
cytes, based on its selectively high transcription rate in
these cell types (Figs. 3 and 5). We provided evidence that
this feature is independent of the gene delivery method,
transgene sequence, copy number, or integration sites (Figs.
3 and 4). We are currently investigating the applicability of
cardiomyocytes selected by this method for potential thera-
peutic purposes. As an important first criterion, these cells

Figure 6. Structure of the applied CAG promoter. (A): Proportional representation of the distinct elements of the fusion promoter. (B): The pre-
dicted cardiac-specific transcription factor binding sites. The most prominent one is the complete consensus site of the Nkx2.5 homeodomain fac-
tor, located in the CMV Immediate Early Enhancer element (nt 234–248). See text for further details. Color coding is intentionally comparable
between the two panels. Abbreviations: CAG, CMV enhancer-chicken b-actin-rabbit b1-globin fusion; CMV, cytomegalovirus.
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show negligible OCT-4 and NANOG expression (Fig. 5A),
indicating the absence of undifferentiated cells that might
represent a risk of tumor formation [30–32].

It should be noted that the term ‘‘CAG promoter’’ is
inconsistently used in the scientific literature. The version
applied in our experiments is probably very close to the origi-
nally created artificial promoter (Fig. 6A), as it contains the
three crucial elements (CMV enhancer, b-actin sequence, rab-
bit b1-globin sequence), although it has two shorter parts of
chicken actin promoter rather than the original long sequence
[40]. It is often impossible to decipher the exact ‘‘CAG’’
sequence used by a particular research group, but from the
size of the construct in several cases it is likely different from
the ‘‘canonical’’ promoter. A common mistake is that a con-
struct without the rabbit b1-globin sequence is also called a
‘‘CAG’’ promoter [41, 42], or the CMV enhancer sequence is
sometimes shortened, e.g., in the commercially available
pDRIVE-CAG plasmid (www.invivogen.com). If our bioinfor-
matics analysis correctly identifies the Nkx2.5 and the serum
response element binding sites as responsible sequences for
the cardiac-specific upregulation, than many of the generally
used ‘‘CAG’’ promoters may not show the ‘‘double-feature’’
characteristics. Currently, we have embarked on a detailed ex-
perimental analysis of these questions; deletions and binding
factor consensus site mutations are hoped to reveal the back-
ground of this phenomenon. Moreover, as this phenomenon
holds true for two human-derived ES cell lines, HUES9 and
BG01V, we have started similar experiments in mouse ES
cells, and preliminary results indicate that the same CAG pro-
moter also drives cardiac-specific marker expression in this
species (data not shown).

An important issue is whether it is possible to design
‘‘double-feature’’ promoters with different tissue specificities.
By understanding the exact sequence characteristics from the
current constellation of the CAG promoter, we hope to be
able to create other ‘‘double-feature’’ promoters. These could
become important tools in ES cell research and in future gene
therapy applications.

CONCLUSION

In this study, we show that hyperactive SB transposons repre-
sent a powerful gene delivery methodology in HuES cell-
based applications. By random transgene integration, this
method provides an attractive alternative of virus-based appli-
cations. We also document that the CAG promoter shows
unexpected characteristics when applied in HuES cells. This
promoter has a long-term activity in undifferentiated cells,
thus enabling the investigator to control the efficiency of
transgene delivery and selecting for transgene-expressing
cells. At the same time, the CAG promoter also provides a
possibility in later differentiation stages for cardiomyocyte
selection, via its unique, tissue-specific transcriptional upregu-
lation. The application of this ‘‘double-feature’’ promoter pro-
vides a tool for human cardiomyocyte recognition and separa-
tion, and the system may be developed to follow various cell
differentiation pathways.
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