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Human embryonic stem cells (hESCs) are an in vitro model system for the study of human early
development and a potential source for cell-based therapies. An efficient strategy for cellular
manipulation of hESCs may be highly valuable for the analysis of gene function involved in human
embryogenesis and the development of cell-based therapies via induced differentiation into
particular cell types. However, plasmid transfection of hESCs has low efficiency and viral
transduction may not be the method of choice for cell-based therapies due to genome integration.
To overcome these limitations, we applied protein transduction technology that can transfer
proteins into cells via direct penetration across the lipid bilayer. Here, we show that the FITC dye
fused to the TAT protein transduction domain (PTD) was efficiently transferred into hESCs. In
addition, the PDX1 transcription factor, which plays a central role in pancreatic development, was
transferred into hESCs as a fusion form of TAT PTD. The transduced TAT-PDX1 activated its
downstream target genes and induced insulin protein production in hESCs. These results
demonstrate that protein transduction could be used in the cellular manipulation of hESCs and
would provide a significant breakthrough for basic and therapeutic research in hESCs.
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INTRODUCTION

Human embryonic stem cells (hESCs) are derived from
the inner cell mass of blastocyst-stage embryos [1-3].
These cells can be maintained in an undifferentiated state
for more than 1 year and can proliferate indefinitely in
culture [1-4]. In addition, they retain the ability to
differentiate into all cell types from the three germ layers
[1-5]. Because of these properties, hESCs are expected to
be an unlimited source for cell-based therapies of various
diseases and a useful in vitro model system for the study of
human early development. The practical applications of
such basic and therapeutic potentials require the efficient
manipulation of hESCs. Many strategies for genetic
modifications, such as plasmid transfection and viral
transduction, have been applied to hESCs [6-8]. How-
ever, plasmid transfection by chemical reagents or
electroporation is known to have low transfer efficiency
[6]. Lentiviral transduction may not be the appropriate
method for therapeutic use due to genome integration
[7,8]. To develop an effective tool that has high transfer
efficiency and is compatible with therapeutic use in
hESCs, here we used the protein transduction method.

Protein transduction was initially observed in the HIV-
1 TAT protein, which was able to cross cell membranes
directly and activate viral genes [9,10]. The protein’s
ability to transverse cell membranes resides in a stretch of
11 amino acids (residues 47-57) [11,12]. This highly basic
TAT protein transduction domain (TAT PTD) is known to
interact with negatively charged cell surface constituents
and is rapidly internalized by lipid raft-dependent macro-
pinocytosis [13]. The TAT PTD-mediated protein trans-
duction has been used successfully to deliver a variety of
molecules such as antigenic peptides [14], antisense
oligonucleotides [15], and full-length proteins into cells
[11,12,16]. Recent studies show that it could be utilized
for a variety of therapeutic applications, including
protection from ischemic brain injury [17,18], antigen
presentation by dendritic cells [14], and modulation of
NF-kB activity [19].

In this study, we report for the first time that TAT PTD-
mediated protein transduction works with high effi-
ciency in hESCs. We also demonstrate that as a fusion
form of TAT PTD, the transduced PDX1 transcription
factor, a crucial regulator for pancreatic development and
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insulin gene transcription [20,21], can elicit cellular
changes in hESCs.

RESULTS AND DIScussSION

Transduction of TAT-FITC Peptide into hESCs

To investigate whether TAT-mediated protein transduc-
tion occurs efficiently in hESCs, we treated three hESC
lines, SNUhES2, SNURES3, and SNUhES4, with free FITC
as a control and TAT-FITC peptide at a final concen-
tration of 50 uM for 1 h and then observed the cells
under fluorescence confocal microscope. The results
demonstrated that, whereas control free FITC did not
enter the cells, TAT-fused FITC penetrated most of the
cells in all three hESC lines (Fig. 1A). In addition, we
formed embryoid bodies (EBs) from the three hESC lines
and transduced them with TAT-FITC under the condi-
tions mentioned above. Similar results were also
obtained in EBs (Fig. 1B). To measure transduction
efficiency quantitatively, we performed flow cytometry
analysis using day 1 EBs. The results indicated that about
70% of cells in the EBs were transduced with TAT-FITC
(Fig. 1C). To block artifactual increase in efficiency, we
omitted the cell fixation step in the confocal microscopy
and FACS analysis [22]. Previous reports demonstrated
that nearly all cells were transduced with TAT-fusion
proteins in ordinary animal cell lines such as HeLa and
Jurkat [11,23]. In the case of EBs formed from hESCs, it
seems that TAT-FITC could not reach deep inside of the
EBs, possibly due to their aggregated structure. However,
the transfer efficiency was much higher than that of
genetic modification in hESCs [6,7] and therefore, the
protein transduction method could be a more efficient
transfer tool. Importantly, the protein transduction
efficiencies showed similar levels in three hESC lines
that were derived from different cryopreserved pronu-
clear-stage embryos and were established using different
methods for isolation of the inner cell mass [3].
Consequently, protein transduction could be applied
generally to nearly all of the hESC lines with high
efficiency.

Inefficient Transduction of PDX1 Protein and Rapid
Transduction of TAT-PDX1 Fusion Protein into hESCs
To deliver full-length proteins into hESCs, we isolated
Pdx1 cDNA from a human cDNA library and cloned it
into expression vectors pET21b and pPT1, which con-
tains TAT PTD sequence. PDX1 and TAT-PDX1 proteins
were purified in Escherichia coli BL21(DE3) using His-tag
affinity chromatography (Figs. 2A and 2B). PDX1 itself
contains an Antennapedia-like protein transduction
domain and a study showed that PDX1 protein was
able to enter a variety of cells [24]. To test whether
PDX1 protein can be internalized into hESCs, we treated
day 1 EBs from the SNUOES3 cell line with PDX1 at a
final concentration of 0.2 uM and analyzed transduction
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FIG. 1. Transduction of TAT-FITC peptide into three hESC lines. Fluorescence
confocal microscopy of (A) day 4 colonies of hESCs and (B) day 1 EBs after
treatment of control free FITC and TAT-FITC at the concentration of 50 uM for
1 h. (A) Original magnification, x100; scale bars, 200 um. (B) Original
magnification, x200; scale bars, 100 pm. (C) Flow cytometry analysis of day 1
EBs treated with control free FITC (open region) and TAT-FITC (gray region) at
the concentration of 50 uM for 1 h. The EBs were treated with trypsin and the
dissociated cells were washed with PBS and analyzed.

by western blotting using His-tag antibody. Contrary to
previously reported results [24], positive signal was not
detected during 24 h treatment (Fig. 2C). On the other
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FIG. 2. Transduction of TAT-PDX1 protein into EBs. (A)
Schematic representation of PDX1 and TAT-PDXI1
proteins. Gray box represents the Antennapedia-like
protein transduction domain in the PDX1 protein. (B)
Purity of recombinant proteins. Purified proteins were
run on a 10% gel and stained with Coomassie Brilliant
Blue R solution. Positions of molecular weight markers
are indicated. Lane 1, PDX1; lane 2, TAT-PDX1. (C)
Western blotting of cell lysates of EBs treated with TAT-
PDX1 or PDX1 protein at a concentration of 0.2 pM.
Mouse anti-Penta- His HRP conjugate and the en-
hanced chemiluminescence system were used to probe
the proteins. No signal was detected in the case of
PDX1. (D) Stability of TAT-PDX1 and PDX1 proteins in 1
culture medium. Day 1 EBs were treated with TAT-

PDX1 or PDX1 protein at a concentration of 0.2 uM (kDa)
and the culture media were prepared at the indicated
times. Western blotting was performed to detect the
proteins.
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hand, transduction of TAT-PDX1 fusion protein was
detected at 15 min after adding the protein to culture
medium and the level of the fusion protein in EBs was
increased after that time (Fig. 2C). Both proteins were
stable for at least 24 h in the culture medium (Fig. 2D).
These results suggest that TAT-mediated protein trans-
duction occurs efficiently in hESCs, but transduction of
the Antennapedia-like PTD does not. This distinctive
transduction efficiency between TAT and Antennapedia-
like PTDs might be due to their different transduction
mechanisms. A recent study on the mechanism of TAT-
mediated protein transduction suggested that TAT PTD
first interacts with cell surface lipid rafts containing
sulfated proteoglycans and sialylated glycoproteins, and
the PTD is rapidly internalized by macropinocytosis
[13]. On the other hand, Antennapedia PTD, as Derossi
and colleagues propose, interacts with negatively
charged phospholipids, and accumulation of the pep-
tide at the membranes subsequently results in formation
of an inverted micelle that is able to transport the
peptide to the cytoplasmic side [25]. We could infer
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from our finding and the previous studies that because
of the unique properties of hESCs, such as strong cell-
to-cell interactions and high content of extracellular
matrix molecules [26], each PTD may interact differ-
ently with the membrane and extracellular matrix of
hESCs, resulting in each PTD’s distinctive transduction
efficiencies.

The Transduced TAT-PDX1 Elicited Cellular Changes
in hESC

To investigate whether the transduced TAT-PDX1 protein
functions inside hESCs, we treated day 1 EBs with PDX1
as a control and TAT-PDX1 at a concentration of 0.2 uM
for a week with daily exchange of medium. PDX1
transcription factor is known to activate many pan-
creas-specific genes such as insulin, glucokinase, GLUT2,
IAPP, somatostatin, and Pdx1 itself [24,27]. Real-time RT-
PCR against the downstream target genes of PDX1 was
performed. The result showed an increase in insulin,
IAPP, and Pdx1 mRNA levels, but not in GLUT2 mRNA
level (Fig. 3A). No increase in GLUT2 mRNA level means

30

MOLECULAR THERAPY Vol. 12, No. 1, July 2005
Copyright © The American Society of Gene Therapy



doi:10.1016/j.ymthe.2005.03.010

>

40 ¢

= i o PDXI

'g 30 - OTAT-PDX1

B

3

@

=)

S 20t

3

=

2

S 10t

o

=

0 — ==

Pdx1 insulin LAPP GLUT2
DAPI C-peptide

His-tag C-peptide/His-tag

FIG. 3. Transcriptional activation of pancreatic genes by transduced TAT-PDX1
protein. (A) Real-time RT-PCR analysis of Pdx1, insulin, IAPP, and GLUT2
mMRNA levels. Total RNA quantity was normalized to GAPDH mRNA level. Day
1 EBs were treated with TAT-PDX1 and control PDX1 for 1 week with daily
exchange of medium. (B) Immunofluorescence staining with mouse anti-His-
tag antibody and rabbit anti-human C-peptide antibody. Day 1 EBs were
treated with TAT-PDX1 and PDX1 for 1 week and were attached to Matrigel-
coated coverglasses. Original magnification, x400; scale bars, 40 pm.

that the cells transduced by TAT-PDX1 might not be
mature pancreatic cells. To obtain mature and functional
pancreatic B cells, it seemed to require a longer period of
culture and/or additional treatment with other differ-
entiation-inducing factors such as Pax4, which can
activate GLUT2 gene expression in mouse embryonic
stem cells [28]. To determine the actual increase in
insulin protein expression by transduced TAT-PDX1, we
performed immunocytochemistry with antibodies
against His-tag and C-peptide, an indicator of biosyn-
thesis of insulin. Whereas we observed little fluorescence

in the cells treated with control PDX1 protein (data not
shown), the cells treated with TAT-PDX1 protein showed
specific fluorescence signals for His-tag in the nucleus and
for C-peptide in the cytoplasm (Fig. 3B). These RT-PCR and
immunocytochemistry results demonstrated that the
transduced TAT-PDX1 protein activated expression of its
target genes and induced an actual increase in insulin
protein level. Therefore, TAT-mediated protein transduc-
tion could be used for cellular manipulations in hESCs.

In conclusion, we showed for the first time a highly
efficient TAT-mediated protein transduction and ineffi-
cient transduction of Antennapedia-like PTD in hESCs. In
addition, we demonstrated that the transduced TAT-
PDX1 was functional inside hESCs and generated insu-
lin-producing cells from hESCs. Therefore, we generated a
new cellular manipulation method in hESCs with high
transfer efficiency and compatible with cell-based thera-
pies owing to avoidance of genetic modification. This
protein transduction technology could be used for
delivery of a variety of proteins into hESCs and applied
to cell-based therapies and the study of human early
development.

MATERIALS AND METHODS

Culture of hESCs. Three human embryonic stem cell lines, SNUhES2,
SNUhES3, and SNUOES4, were used [3]. Undifferentiated hESCs were
grown on mitotically inactivated STO cells in DMEM/F-12 supplemented
with 20% knockout serum replacement, 1 mM glutamine, 1% nones-
sential amino acids, 4 ng/ml basic fibroblast growth factor (bFGF), 0.1 mM
2-mercaptoethanol, 50 U/ml penicillin, and 50 pg/ml streptomycin (all
from GIBCO Invitrogen, San Diego, CA, USA). The hESC colonies were
dissociated mechanically using a finely drawn out Pasteur pipette and
then were transferred into new culture dishes. For EB formation, hESC
colonies were treated with 2 mg/ml type IV collagenase (GIBCO
Invitrogen) and the dissociated colonies were cultured in suspension
without bFGF in petri dishes to allow aggregation and differentiation.

Peptide synthesis and protein purification. Synthetic TAT peptide
was purchased from Peptron (Daejeon, Korea). The sequence was
FITC-GGGGYGRKKRRQRRR. For generation of TAT-fusion protein, oligo-
nucleotides 5-GATCCCTATGGCAGGAAGAAGCGGAGACAGCGACGAA-
GAGG-3" and 5-AATTCCCTCTTCGTGGCTGCCGTCTCCGCTTCCTGCC-
ATAGG-3’' were annealed and inserted into the BamHI-EcoRI sites of
pET21b to construct pPT1. Full-length PDX1 ¢cDNA was amplified by PCR
with primers 5-CCCAAGCTTATGAACGGCGAGGAGCAGTAC-3' and 5'-
CCGCTCGAGTCGTGGTTCCTGCGGCCGCCG-3, from the human pan-
creas RACE-ready cDNA library (Ambion, Austin, TX, USA) and inserted
into the EcoRI-Xhol sites of pET21b and pPT1. BL21(DE3) E. coli cells
(Novagen, Madison, WI, USA) containing the expression plasmids were
induced for 15 h at 18°C with 0.5 mM IPTG and were sonicated. The
supernatants were applied to NTA chelating agarose CL-6B (Peptron) and
recombinant proteins were eluted with 0.5 M NaCl/20 mM Tris-HCl/20
mM imidazole/pH 5.9 buffer. The purity of eluted proteins was analyzed
by SDS-PAGE and Coomassie Brilliant Blue R staining.

Flow cytometry. To measure the transduction efficiency of FITC-labeled
TAT peptide, EBs were transduced with TAT-FITC at a concentration of 50
uM for 1 h and were dissociated by trypsin/EDTA treatment. After adding
DMEM/F-12/10% FBS medium, the cells were centrifuged at 1000 g and
resuspended and washed in 1 x D-PBS. Fluorescence analysis was
performed with a FACScan Calibur (Becton-Dickinson, San Jose, CA,
USA).
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Western blotting. After being washed with PBS, the cells were solubilized
in SDS-PAGE sample buffer. Cell extracts were run on a 10% gel and were
blotted onto PVDF membranes (Amersham, Cardiff, Wales, UK). After
being blocked at room temperature for 1 h in TBST with 3% BSA, the
membranes were treated with Penta-His HRP conjugate antibody
(Qiagen, Hilden, Germany) for detection of transduced protein. Also,
the membranes were treated with mouse anti-actin antibody and then
bovine anti-mouse IgG HRP conjugate antibody for normalization of cell
extract quantity (all from Santa Cruz Biotechnology, Santa Cruz, CA,
USA). After being washed with PBST, the membranes were probed using
ECL Plus detection reagents (Amersham).

Real-time RT-PCR. Total RNA was isolated from hESCs using Trizol
reagent (GIBCO Invitrogen) according to the manufacturer’s instructions.
First-strand ¢cDNA was synthesized using the SuperScript system (GIBCO
Invitrogen). Quantification of selected transcripts was performed using the
Rotor-Gene 3000 system (Corbett, Australia) and QuantiTect SYBR Green
PCR kit (Qiagen). PCR amplification conditions were 20 s denaturation at
94°C, 20 s annealing at 55°C, and 20 s extension at 72°C for all genes.
The oligonucleotide primers used for PCR were as follows: GAPDH, §'-
AGCCACATCGCTCAGACACC-3' and 5-GTACTCAGCGGCCAGCATCG-
3'; insulin, 5-TACCTAGTGTGCGGGGAACGA-3 and 5-CCAGCTGGTA-
GAGGGAGCAGA-3; IAPP, 5-TGTGCTCTCTGTTGCATTGAACC-3 and
5-TGGATCCCACGTTGGTAGATGA-3; GLUT2, 5-CGGCTGGTATCAG-
CAAACCTG-3 and 5-CAGCAGCACAAGTCCCACTGA-3; and PDX1,
5'-AAAGCTCACGCGTGGAAAGG-3" and 5-TCAACATGACAGC-
CAGCTCCA-3'.

Immunocytochemistry. Protein-transduced EBs were attached to Matrigel-
coated coverglasses. The cells were fixed with 4% paraformaldehyde in D-
PBS buffer. After being blocked with 3% BSA in PBST for 1 h at room
temperature, cells were incubated with mouse anti-His-tag antibody (Santa
Cruz Biotechnology) and rabbit anti-human C-peptide antibody (Linco
Research, St. Charles, MO, USA). The cells were then washed four times with
PBST and were incubated with donkey anti-mouse IgG Alexa 594 conjugate
and donkey anti-rabbit IgG Alexa 488 conjugate (all from Molecular Probes,
Eugene, OR, USA) for 30 min at room temperature. All antibodies were used
at 1:200. After being washed four times with PBST, the cells were observed
under laser-scanning confocal microscopy (Bio-Rad, Hercules, CA, USA).
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