into PrE cells would promote ExEn differentiation. Therefore, we
examined the stage-specific role of SOX17 in ExEn differentia-
tion. Ad-SOX17 transduction was performed in human ESCs
treated with BMP4 for 0, 1, 2, 3, or 4 days, and the Ad-SOX17-
transduced cells were cultured with medium containing BMP4
until day 5 (Figures 1A-1D). We confirmed the expression of
exogenous SOX17 in the human ESC-derived mesendoderm cells
transduced with Ad-SOX17 (Figure S3). Since BMP4 is known for
its capability to induce both ExEn and trophectoderm [8,9], we
analyzed not only the expression levels of ExEn markers but also
those of trophectoderm markers by real-time RT-PCR after 5 days
of differentiation (Figures 1A and 1B). The transduction of Ad-
SOX17 on day 1 led to the highest expression levels of ExEn
markers, alpha-fetoprotein (AFP), GATA4, laminin Bl (LAMBI),
and SOX7 [17,18,19]. In contrast, the expression levels of the
trophectoderm markers CDX2, GATA2, hCGa (human chorionic
gonadotropin), and hCGB [20] were down-regulated in Ad-
SOX17-transduced cells as compared with non-transduced cells
(Figure 1B). The expression levels of the pluripotent marker
NANOG and DE marker GSC were not increased by SOX17
transduction (Figures 1C and 1D). We confirmed that there were
no differences between non-transduced cells and Ad-LacZ-
transduced cells in gene expression levels of all the markers
investigated in Figures 1A-1D (data not shown). Therefore, we
concluded that ExEn cells were efficiently induced from Ad-
SOX17-transduced PrE cells.

The effects of SOX17 transduction on the ExEn differentiation
from human ESC-derived PrE cells were also assessed by
quantifying AFP- or SOX7-positive ExEn cells. The percentage
of AFP- or SOX7-positive cells was significantly increased in Ad-
SOX17-transduced cells (69.7% and 63.3%, respectively)
(Figure 1E). Similar results were observed in the human iPS cell
lines (201B7, Dotcom, and Tic) (Figure 1F). These findings
indicated that stage-specific SOX17 overexpression in human
ESC-derived PrE cells enhances ExEn differentiation.

Mesendoderm stage-specific SOX17 overexpression
promotes directive DE differentiation from human ESCs
To examine the effects of transient SOX17 overexpression on
DE differentiation from human ESCs, we optimized the timing
of the Ad-SOX17 transduction. Ad-SOX17 transduction was
performed in human ESCs treated with Activin A (100 ng/ml)
for 0, 1, 2, 3, or 4 days, and the Ad-SOX17-transduced cells
were cultured with medium containing Activin A (100 ng/ml)
until day 5 (Figures 2A-2C). Using a fiber-modified Ad vector,
both undifferentiated human ESCs and Activin A-induced
human ESC-derived cells were efficiently transduced (Figure
S4). The transduction of SOX17 on day 3 led to the highest
expression levels of the DE markers FOXA2 [21], GSC [22],
GATA4 [17], and HEX [23] (Figure 2A). In contrast to the DE
markers, the expression levels of the pluripotent marker
NANOG [24] were down-regulated in Ad-SOX17-transduced
cells as compared with non-transduced cells (Figure 2B). The
expression levels of the ExEn marker SOX7 [14] were up-
regulated, when Ad-SOX17 transduction was performed into
human ESCs treated with Activin A (100 ng/ml) for 0, 1, or 2
days (Figure 2C). On the other hand, the expression levels of the
ExEn marker SOX7 were significantly down-regulated, when
Ad-SOX17 transduction was performed into human ESCs
treated with Activin A (100 ng/ml) for 3 or 4 days, indicating
that SOX17 overexpression prior to mesendoderm formation
(day 0, 1, and 2) promoted not only DE differentiation but also
ExEn differentiation. Similar results were obtained with the
human iPS cell line (Tic) (Figure S5). Although the expression
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levels of the mesoderm marker FLK1 [25] did not exhibit any
change when Ad-SOXI17 transduction was performed into
human ESCs treated with Activin A (100 ng/ml) for 0, 1, or 2
days (Figure 2D), their expression levels were significantly down-
regulated when Ad-SOX17 transduction was performed into
human ESCs treated with Activin A (100 ng/ml) for 3 or 4 days.
These results suggest that SOX17 overexpression promotes
directive differentiation from mesendoderm cells into the DE
cells, but not into mesoderm cells. We also confirmed that Ad-
vector mediated gene expression in the human ESC-derived
mesendoderm cells (day 3) continued until day 6 and
disappeared on day 10 (Figure $6). SOX17 transduction in
the human ESC-derived cells on day 3 and 4 had no effect on
cell viability, while that in the cells on day 0, 1, and 2 resulted in
severely impaired cell viability (Figure S7), probably because
SOX17 transduction directed the cells on day 0, 1, and 2 to
differentiate into ExEn cells but the medium containing Activin
A (100 ng/ml) was inappropriate for ExEn cells. We confirmed
that there were no differences between non-transduced cells and
Ad-LacZ-transduced cells in gene expression levels of all the
markers investigated in Figures 2A-2D (data not shown). These
results indicated that stage-specific SOX17 overexpression in
human ESC-derived mesendoderm cells is essential for promot-
ing efficient DE differentiation.

It has been previously reported that human ESC-derived
mesendoderm cells and DE cells became CXCR4-positive
(>80%) by culturing human ESCs with Activin A (100 ng/ml)
[26]. However, Activin A is not sufficient for homogenous
differentiation of c-Kit/CXCR4-double-positive DE cells [10,11]
or HEX-positive anterior DE cells [23]. Seguin et al. and
Morrison et al. reported that the differentiation efficiency of c-
Kit/CXCR4-double-positive DE cells was approximately 30% in
the absence of stable Sox17 expression and that of HEX-positive
anterior DE cells was only about 10% [10,23]. Therefore, we
next examined whether Ad-SOX17 transduction improves the
differentiation efficiency of c¢-Kit/CXCR4-double-positive DE
cells and HEX-positive anterior DE cells. Human ESC-derived
mesendoderm cells were transduced with Ad-SOX17, and the
number of CXCR4/c-Kit-double-positive cells was analyzed by
using a flow cytometer. The percentage of CXCR4/c-Kit-
double-positive cells was significantly increased in Ad-SOX17-
transduced cells (67.7%), while that in Ad-LacZ-transduced cells
was only 22% (Figure 2E). The percentage of HEX-positive cells
was also significantly increased in Ad-SOX17-transduced cells
(53.7%), while that in Ad-LacZ-transduced cells was approxi-
mately 11% (Figure 2F). Similar results were also observed in the
three human iPS cell lines (201B7, Dotcom, and Tic) (Figure 2G).
These findings indicated that stage-specific SOX17 overexpres-
sion in human ESC-derived mesendoderm cells promotes
efficient differentiation of DE cells.

Ad-SOX17-transduced cells tend to differentiate into the
hepatic lineage

To investigate whether Ad-SOX17-transduced cells have the
ability to differentiate into hepatoblasts and hepatocyte-like cells,
Ad-SOX17-transduced cells were differentiated according to our
previously described method [13]. Our previous report demon-
strated that transient HEX transduction efficiently generates
hepatoblasts from human ESC- and iPSC-derived DE cells. The
hepatic differentiation protocol used in this study is illustrated in
Figure 3A. After the hepatic differentiation, the morphology of
human ESCs transduced with Ad-SOX17 followed by Ad-HEX
was gradually changed into a hepatocyte morphology: polygonal
in shape with distinct round nuclei by day 18 (Figure 3B). We also
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Figure 2. Efficient DE differentiation from human ESC- and iPSC-derived mesendoderm cells by SOX17 transduction. (A-D)
Undifferentiated human ESCs (H9) and Activin A-induced human ESC-derived cells, which were cultured with the medium containing Activin A
(100 ng/ml) for 0, 1, 2, 3, and 4 days, were transduced with 3,000 VP/cell of Ad-SOX17 for 1.5 h. Ad-5S0X17-transduced cells were cultured with
100 ng/ml of Activin A, and the gene expression levels of (A) the DE markers (FOXA2, GSC, and GATA4) and anterior DE marker (HEX), (B) the
pluripotent marker (NANOG), (C) the EXEn marker (SOX7), and (D) the mesoderm marker (FLK1) were examined by real-time RT-PCR on day 5 of
differentiation. The horizontal axis represents the day on which the cells were transduced with Ad-SOX17. The expression levels of human ESCs on
day 0 were defined 1.0. (E, F) After human ESCs were cultured with 100 ng/ml of Activin A for 3 days, human ESC-derived mesendoderm cells were
transduced with Ad-LacZ or Ad-SOX17 and cultured until day 5. Ad-LacZ- or Ad-SOX17-transduced DE cells were subjected to immunostaining with
anti-c-Kit, anti-CXCR4 (E) and anti-HEX antibodies (F) and then analyzed by flow cytometry. (G) After Ad-LacZ or Ad-SOX17 transduction, the DE
differentiation efficacies of the human ES cell line (H9) and three human iPS cell lines (20187, Dotcom, and Tic) were compared at day 5 of
differentiation. All data are represented as the means=SD (n=3).

doi:10.1371/journal.pone.0021780.g002

examined hepatic gene and protein expression levels on day18 of Discussion
differentiation. For this purpose, we used a human ES cell line

(H9) and three human iPS cell lines (201B7, Dotcom, Tic). On day The directed differentiation from human ESCs and iPSCs is a
18 of differentiation, the gene and protein expression analysis useful model system for studying mammalian development as well as
showed up-regulation of the hepatic markers albumin (ALB) [27], a powerful tool for regenerative medicine [29]. In the present study,

cytochrome P450 2D6 (CYP2D6), CYP3A4, and CYP7Al [28] we elucidated the bidirectional role of SOX17 on either ExEn or DE
mRNA and ALB, CYP2D6, CYP3A4, CYP7A1, and cytokeratin differentiation from human ESCs and iPSCs. We initially confirmed
(CK)18 proteins in both Ad-SOX17- and Ad-HEX-transduced that initiation of SOX17 expression was consistent with the time
cells transduced cells as compared with both Ad-LacZ- and Ad- period of PrE or mesendoderm cells formation (Figures S1 and S2).
HEX-transduced cells (Figures 4A and 4B). These results indicated We speculated that stage-specific transient SOX17 transduction in
that Ad-SOX17-transduced cells were more committed to the PrE or mesendoderm could enhance ExEn or DE differentiation
hepatic lineage than non-transduced cells. from human ESCs and iPSCs, respectively.
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Figure 3. Hepatic Differentiation of Human ESC- and iPSC-Derived DE Cells Transduced with Ad-HEX. (A) The procedure for
differentiation of human ESCs and iPSCs into hepatoblasts and hepatocyte-like cells is presented schematically. Both hESF-GRO and hESF-DIF medium
were supplemented with 5 factors and 0.5 mg/ml fatty acid-free BSA, as described in the Materials and Methods section. (B) Sequential
morphological changes (day 0-18) of human ESCs (H9) differentiated into hepatocyte-like cells via the DE cells and the hepatoblasts are shown. The

scale bar represents 50 um.
doi:10.1371/journal.pone.0021780.g003

SOX17 transduction at the pluripotent stage promoted random
differentiation giving heterogeneous populations containing both
ExEn and DE cells were obtained (Figures 2A-2C). Qu et al.
reported that SOX17 promotes random differentiation of mouse
ESCs into PrE cells and DE cells ir vitro [30], which is in consistent
with the present study. Previously, Niakan et al. and Seguin et al.
respectively demonstrated that ESCs could promote either ExEn
or DE differentiation by stable SOX17 expression, respectively
[10,12]. Although these discrepancies might be attributable to
differences in the species used in the experiments (i.e., human
versus mice), SOX17 might have distinct functions according to
the appropriate differentiation stage. To elucidate these discrep-
ancies, we examined the stage-specific roles of SOX17 in the
present study, and found that human ESCs and iPSCs could
differentiate into either ExEn or DE cells when SOX17 was
overexpressed at the PrE or mesendoderm stage, respectively, but
not when it was overexpressed at the pluripotent stage (Figures 1
and 2). This is because endogenous SOX17 is strongly expressed
in the PrE and primitive streak tissues but only slightly expressed
in the inner cell mass, our system might adequately reflect the
early embryogenesis [14,31].

In ExEn differentiation from human ESCs, stage-specific
SOX17 overexpression in human ESC-derived PrE cells promot-
ed efficient ExEn differentiation and repressed trophectoderm
differentiation (Figures 1A and 1B), although SOX17 transduction
at the pluripotent stage did not induce the efficient differentiation

@ PLoS ONE | www.plosone.org

of ExEn cells. In our protocol, the stage-specific overexpression of
SOX17 could elevate the efficacy of AFP-positive or SOX7-
positive ExEn differentiation from human ESCs and iPSCs. The
reason for the efficient ExEn differentiation by SOX17 transduc-
tion might be due to the fact that SOX17 lies downstream from
GATAG6 and directly regulates the expression of GATA4 and
GATAG6 [12]. Although it was previously been reported that
Sox17 plays a substantial role in late-stage differentiation of ExEn
cells in witro [32], those reports utilized embryoid body formation,
in which other types of cells, including endoderm, mesoderm, and
ectoderm cells, might have influences on cellular differentiation.
The present study showed the role of SOX17 in a homogeneous
differentiation system by utilizing a mono-layer culture system.
In DE differentiation from human ESCs, we found that DE cells
were efficiently differentiated from the human ESC-derived
mesendoderm cells by stage-specific SOX17 overexpression
(Figure 2). Therefore, we concluded that SOXI17 plays a
significant role in the differentiation of mesendoderm cells to DE
cells. Although SOXI17 overexpression before the formation of
mesendoderm cells did not affect mesoderm differentiation,
SOX17 transduction at the mesendoderm stage selectively
promoted DE differentiation and repressed mesoderm differenti-
ation (Figures 2A and 2D). These results show that SOX17 plays a
crucial role in decision of DE differentiation from mesendoderm
cells, as previous studies suggested [33,34]. Interestingly, SOX17
transduction at the pluripotent stage promoted not only DE
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differentiation but also ExEn differentiation even in the presence
of Activin A (Figures 2A and 2C), demonstrating that transduction
at an inappropriate stage of differentiation prevents directed
differentiation. These results suggest that stage-specific SOX17
transduction mimicking the gene expression pattern in embryo-
genesis could selectively promote DE differentiation.

Another important finding about DE differentiation is that the
protocol in the present study was sufficient for nearly homoge-
neous DE and anterior DE differentiation by mesendoderm stage-
specific SOX17 overexpression; the differentiation efficacies of c-
Kit/CXCR4-double-positive DE cells and HEX-positive anterior
DE cells were approximately 70% and 54%, respectively
(Figures 2E and 2F). The conventional differentiation protocols
without gene transfer were not sufficient for homogenous DE and
anterior DE differentiation; the differentiation efficacies of DE and
anterior DE were approximately 30% and 10%, respectively
[10,11,28]. One of the reasons for the efficient DE differentiation
by SOX17 transduction might be the activation of the FOXA2
- gene which could regulate many endoderm-associated genes [35].
Moreover, SOX17-transduced cells were more committed to the
hepatic lineage (Figure 4). This might be because the number of
HEX-positive anterior DE cell populations was increased by
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SOX17 transduction. Recent studies have shown that the
conditional expression of Sox17 in the pancreas at E12.5, when
it is not normally expressed, is sufficient to promote biliary
differentiation at the expense of endocrine cells [36]. Therefore,
we reconfirmed that our protocol in which SOX17 was transiently
transduced at the appropriate stage of differentiation was useful for
DE and hepatic differentiation from human ESCs and iPSCs.

Using human iPSCs as well as human ESCs, we confirmed that
stage-specific overexpression of SOX17 could promote directive
differentiation of either ExEn or DE cells (Figures 1F, 2G, and
4A). Interestingly, a difference of DE and hepatic differentiation
efficacy among human iPS cell lines was observed (Figures 1F and
2G). Therefore, it would be necessary to select a human iPS cell
line that is suitable for hepatic differentiation in the case of medical
applications, such as liver transplantation.

To control cellular differentiation mimicking embryogenesis, we
employed Ad vectors, which are one of the most efficient transient
gene delivery vehicles and have been widely used in both
experimental studies and clinical trials [37]. Recently, we have
also demonstrated that ectopic HEX expression by Ad vectors in
human ESC-derived DE cells markedly enhances the hepatic
differentiation [13]. Thus, Ad vector-mediated transient gene
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transfer should be a powerful tool for regulating cellular
differentiation.

In summary, the findings presented here demonstrate a stage-
specific role of SOX17 in the ExEn and DE differentiation from
human ESCs and iPSCs (Figure S8). Although previous reports
showed that SOX17 overexpression in ESCs leads to differenti-
ation of either ExEn or DE cells, we established a novel method to
promote directive differentiation by SOX17 transduction. Because
we utilized a stage-specific overexpression system, our findings
provide further evidence that the lineage commitment in this
method seems to reflects what is observed in embryonic
development. In the present study, both human ESCs and iPSCs
(3 lines) were used and all cell lines showed efficient ExEn or DE
differentiation, indicating that our novel protocol is a powerful tool
for efficient and cell line-independent endoderm differentiation.
Moreover, the establishing methods for efficient hepatic differen-
tiation by sequential SOX17 and HEX transduction would be
useful for in vitro applications such as screening of pharmacological
compounds as well as for regenerative therapy.

Materials and Methods

In vitro Differentiation

Before the initiation of cellular differentiation, the medium of
human ESCs and iPSCs was exchanged for a defined serum-free
medium hESF9 [38] and cultured as we previously reported.
hESF9 consists of hESF-GRO medium (Cell Science & Technol-
ogy Institute) supplemented with 5 factors (10 pg/ml human
recombinant insulin, 5 tg/ml human apotransferrin, 10 uM 2-
mercaptocthanol, 10 UM ethanolamine, and 10 pM  sodium
selenite), oleic acid conjugated with fatty acid free bovine albumin,
10 ng/ml FGF2, and 100 ng/ml heparin (all from Sigma).

To induce, ExEn cells, human ESCs and iPSCs were cultured
for 5 days on a gelatin-coated plate in mouse embryonic
conditioned-medium supplemented with 20 ng/ml BMP4 (R&D
system) and 1% FCS (GIBCO-BRL).

The differentiation protocol for induction of DE cells,
hepatoblasts, and hepatocyte-like cells was based on our previous
report with some modifications [13]. Briefly, in DE differentiation,
human ESCs and iPSCs were cultured for 5 days on a Matrigel
(BD)-coated plate in hESF-DIF medium (Cell Science &
Technology Institute) supplemented with the above-described 5
factors, 0.5 mg/ml BSA, and 100 ng/ml Activin A (R&D
Systems). For induction of hepatoblasts, the DE cells were
transduced with 3,000 VP/cell of Ad-HEX for 1.5 h and cultured
in hESF-DIF (Cell Science & Technology Institute) medium
supplemented with the above-described 5 factors, 0.5 mg/ml BSA,
10 ng/ml bone morphology protein 4 (BMP4) (R&D Systems),
and 10 ng/ml FGF4 (R&D systems). In hepatic differentiation, the
cells were cultured in hepatocyte culture medium (HCM)
supplemented with SingleQuots (Lonza), 10 ng/ml hepatocyte
growth factor (HGF) (R&D Systems), 10 ng/ml Oncostatin M
(OsM) (R&D Systems), and 1077 M dexamethasone (DEX)

(Sigma).

Human ESC and iPSC Culture

A human ES cell line, H9 (WiCell Research Institute), was
maintained on a feeder layer of mitomycin C-treated mouse
embryonic fibroblasts (Millipore) with Repro Stem (Repro CELL),
supplemented with 5 ng/ml fibroblast growth factor 2 (FGF2)
(Sigma). Human ESCs were dissociated with 0.1 mg/ml dispase
(Roche Diagnostics) into small clumps, and subcultured every 4 or
5 days. Two human iPS cell lines generated from the human
embryonic lung fibroblast cell line MCR5 were provided from the
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JCRB Cell Bank (Tic, JCRB Number: JCRB1331; and Dotcom,
JCRB Number: JCRB1327) [39,40]. These human iPS cell lines
were maintained on a feeder layer of mitomycin C-treated mouse
embryonic fibroblasts with iPSellon (Cardio), supplemented with
10 ng /ml FGF2. Another human iPS cell line, 201B7, generated
from human dermal fibroblasts (HDF) was kindly provided by Dr.
S. Yamanaka (Kyoto University) [6]. The human iPS cell line
201B7 was maintained on a feeder layer of mitomycin C-treated
mouse embryonic fibroblasts with Repro Stem (Repro CELL),
supplemented with 5 ng/ml FGF2 (Sigma). Human iPSCs were
dissociated with 0.1 mg/ml dispase (Roche Diagnostics) into small
clumps, and subcultured every 5 or 6 days.

Adenovirus (Ad) Vectors

Ad vectors were constructed by an improved i vitro ligation
method [41,42]. The human SOXI17 gene (accession number
NM_022454) was amplified by PCR using primers designed to
incorporate the 5" BamHI and 3’ Xbal restriction enzyme sites:
Fwd 5'-gcagggatccagcegecatgageageecgg-3' and Rev 5'-cttctaga-
gatcagggacctgtcacacgtc-3'. The human SOX17 gene was inserted
into pcDNAS3 (Invitrogen), resulting in pcDNA-SOX17, and then
the human SOX17 gene was inserted into pHMEF5 [15], which
contains the human EF-la promoter, resulting in pHMEF-
SOX17. The pHMEF-SOX17 was digested with I-Ceul/PI-Scel
and ligated into I-Ceul/PI-Scel-digested pAdHM41-K7 [16],
resulting in pAd-SOX17. The human elongation factor-lo (EF-
lot) promoter-driven LacZ- or HEX-expressing Ad vectors, Ad-
LacZ or Ad-HEX, were constructed previously. [13,43]. Ad-
SOX17, Ad-HEX, and Ad-LacZ, which contain a stretch of lysine
residue (K7) peptides in the C-terminal region of the fiber knob for
more cfficient transduction of human ESCs, iPSCs, and DE cells,
were generated and purified as described previously [13,15,43].
The vector particle (VP) titer was determined by using a
spectrophotometric method [44].

Flow Cytometry

Single-cell suspensions of human ESCs, iPSCs, and their
derivatives were fixed with methanol at 4°C for 20 min, then
incubated with the primary antibody, followed by the secondary
antibody. Flow cytometry analysis was performed using a FACS
LSR Fortessa flow cytometer (Becton Dickinson).

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated from human ESCs, iPSCs, and their
derivatives using ISOGENE (Nippon Gene) according to the
manufacture’s instructions. Primary human hepatocytes were
purchased from CellzDirect. ¢cDNA was synthesized using
500 ng of total RNA with a Superscript VILO c¢cDNA synthesis
kit (Invitrogen). Real-time RT-PCR was performed with Tagman
gene expression assays (Applied Biosystems) or SYBR Premix Ex
Taq (TaKaRa) using an ABI PRISM 7000 Sequence Detector
(Applied Biosystems). Relative quantification was performed
against a standard curve and the values were normalized against
the input determined for the housekeeping gene, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The primer sequences used
in this study are described in Table S1.

Immunohistochemistry

The cells were fixed with methanol or 4% PFA. After blocking
with PBS containing 2% BSA and 0.2% Triton X-100 (Sigma), the
cells were incubated with primary antibody at 4°C for 16 h,
followed by incubation with a secondary antibody that was labeled
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with Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) at room
temperature for 1 h. All the antibodies are listed in Table S2.

Crystal Violet Staining

The human ESC-derived cells that had adhered to the wells
were stained with 200 pl of 0.3% crystal violet solution at room
temperature for 15 min. Excess crystal violet was then removed
and the wells were washed three times. Fixed crystal violet was
solubilized in 200 pl of 100% cthanol at room temperature for
15 min. Cell viability was estimated by measuring the absorbance
at 595 nm of each well using a microtiter plate reader (Sunrise,
Tecan).

LacZ Assay

The human ESC- and iPSC-derived cells were transduced with
Ad-LacZ at 3,000 VP/cell for 1.5 h. After culturing for the
indicated number of days, 5-bromo-4-chloro-3-indolyl B-D-
galactopyranoside (X-Gal) staining was performed as described
previously [15].

Supporting Information

Table S1 List of Tagman probes and primers used in
this study.
(DOC)

Table 82 List of antibodies used in this study.
(DOC)

Figure S1 PrE cells formation from human ESCs on day
1 of differentiation. (A) The procedure for differentiation of
human ESCs and iPSCs to ExEn cells by treatment with BMP4
(20 ng/ml) is presented schematically. (B) Human ESCs (H9) were
morphologically changed during ExEn differentiation; when
human ESCs were cultured with the medium containing BMP4
(20 ng/ml) for 5 days, the cells began to show flattened epithelial
morphology. The scale bar represents 50 um. (C-E) The
tTemporal protein expression analysis during ExEn differentiation
was performed by immunohistochemistry. The PrE markers
COUP-TFI1 [21] (red), SOX17 [14] (red), and SOX7 [14] (red)
were detected on day 1. In contrast to the PS markers, the
expression of the DE marker GSC [22] (red) was not detected and
the level of the pluripotent marker NANOG (green) declined
between day 0 and day 1. Nuclei were counterstained with DAPI
(blue). The scale bar represents 50 pm.

(PDF)

Figure $2 Mesendoderm cells formation from human
ESCs on day 3 of differentiation. (A) The procedure for
differentiation of human ESCs and iPSCs to DE cells by treatment
with Activin A (100 ng/ml) is presented schematically. hESF-GRO
medium was supplemented with 5 factors and 0.5 mg/ml fatty acid
free BSA, as described in the Materials and Methods. (B) Human
ESCs (H9) were morphologically changed during DE differentia-
tion; when human ESCs were cultured with the medium containing
Activin A (100 ng/ml) for 5 days, the morphology of the cells began
to show visible cell-cell boundaries. The scale bar represents 50 um.
(C-E) The tTemporal protein expression analysis during DE
differentiation was performed by immunohistochemistry. The
anterior PS markers FOXA2 [21] (red), GSC [22] (red), and
SOX17 [14] (red) were adequately detected on day 3. The PS
marker T [45] (red) was detected until day 3. In contrast to the PS
markers, the expression of the pluripotent marker NANOG [24]
(green) declined between day 2 and day 3. Nuclei were
counterstained with DAPI (blue). The scale bar represents 50 um.
(PDF)
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Figure S3 Overexpression of SOX17 mRNA in human
ESC (H9)-derived PS cells by Ad-SOX17 transduction.
Human ESC-derived PS cells (day 1) were transduced with
3,000VP/cell of Ad-SOX17 for 1.5 h. On day 3 of differentiation,
real-time RT-PCR analysis of the SOXI17 expression was
performed in Ad-LacZ-transduced cells and Ad-SOX17-trans-
duced cells. On the y axis, the expression levels of undifferentiated
human ESCs on day 0 was were taken defined as 1.0. All data are
represented as the means®SD (n = 3).

(PDF)

Figure S4 Efficient transduction in Activin A-induced
human ESC (H9)-derived cells by using a fiber-modified
Ad vector containing the EF-1a promoter. Undifferentiated
human ESCs and Activin A-induced human ESC-derived cells,
which were cultured with the medium containing Activin A
(100 ng/ml) for 0, 1, 2, 3, and 4 days, were transduced with 3,000
vector particles (VP)/cell of Ad-LacZ for 1.5 h. The day after
transduction, X-gal staining was performed. The scale bar
represents 100 pm. Similar results were obtained in two
independent experiments.

(PDF)

Figure S5 Optimization of the time period for Ad-
SOX17 transduction to promote DE differentiation from
human iPSCs (Tic). Undifferentiated human iPSCs and Activin
A-induced human iPSC-derived cells, which were cultured with
the medium containing Activin A (100 ng/ml) for 0, 1, 2, 3, and 4
days, were transduced with 3,000 VP/cell of Ad-SOX17 for 1.5 h.
Ad-SOXl7-transduced cells were cultured with Activin A
(100 ng/ml) until day 5, and then real-time RT-PCR analysis
was performed. The horizontal axis represents the day on which
the cells were transduced with Ad-SOX17. On the y axis, the
expression levels of undifferentiated cells on day 0 was were taken
defined as 1.0. All data are represented as the means*SD (n=3).
(PDE)

Figure S6 Time course of LacZ expression in human
ESC (H9)-derived mesendoderm cells transduced with
Ad-LacZ. The hHuman ESC-derived mesendoderm cells (day 3)
were transduced with 3,000 VP/cell of Ad-LacZ for 1.5 h. On
days 4, 5, 6, 8, and 10, X-gal staining was performed. Note that
human ESC-derived cells were passaged on day 5. The scale bar
represents 100 pm. Similar results were obtained in two
independent experiments.

(PDF)

Figure S7 Optimization of the time period for Ad-
SOX17 transduction into Activin A-induced human ESC
(H9)-derived cells. Undifferentiated human ESCs and Activin
A-induced hESC-derived cells, which were cultured with the
medium containing Activin A (100 ng/ml) for 0, 1, 2, 3, and 4
days, were transduced with 3,000 VP/cell of Ad-LacZ or Ad-
SOX17 for 1.5 h. Ad-SOX17-transduced cells were cultured with
Activin A (100 ng/ml) until day 5, then the cell viability was
evaluated with crystal violet staining. The horizontal axis
represents the day on which the cells were transduced with Ad-
SOX17. On the y axis, the level of non-transduced cells was taken
defined as 1.0. All data are represented as the means*SD (n= 3),
(PDF)

Figure S8 Model of differentiation of human ESCs and
iPSCs into ExEn and DE cells by stage-specific SOX17
transduction. The ExEn and DE differentiation process is
divided into at least two stages. In the first stage, human ESCs
differentiate into either PrE cells by treatment with BMP4 (20 ng/
ml) or mesendoderm cells by treatment with Activin A (100 ng/
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ml). In the second stage, SOX17 promotes the further differen-
tiation of each precursor cell into ExEn and DE cells, respectively.
We have demonstrated that the efficient differentiation of these
two distinct endoderm lineages is accomplished by stage-specific
SOX17 transduction.

(PDF)
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Abstract Research in order that artificial organs can
supplement or completely replace the functions of impaired
or damaged tissues and internal organs has been underway
for many years. The recent clinical development of
implantable left ventricular assist devices has revolution-
ized the treatment of patients with heart failure. The
emerging field of regenerative medicine, which uses human
cells and tissues to regenerate internal organs, is now
advancing from basic and clinical research to clinical
application. In this review, we focus on the novel bioma-
terials, i.e., fusion protein, and approaches such as three-
dimensional and whole-organ tissue engineering. We also
compare induced pluripotent stem cells, directly repro-
grammed cardiomyocytes, and somatic stem cells for cell
source of future cell-based therapy. Integrated strategy of
artificial organ and tissue engineering/regenerative medi-
cine should give rise to a new era of medical treatment to
organ failure.
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Introduction

The human body is made up of approximately 60 trillion
cells but can be traced back to one fertilized egg created by
the union of an ovum and a sperm. The fertilized egg
divides repeatedly, creating various cells that coordinate
with each other to form all the different tissues and organs,
ultimately leading to the formation of a complete individ-
ual. Whereas the human genome has been almost com-
pletely decoded and the genes involved in various
mechanisms of the body are becoming known, many parts
of this epic developmental process remain unclear. How-
ever, because these developmental mechanisms are closely
related to the homeostatic maintenance and the regenera-
tive mechanisms of organs and tissues, the field of regen-
erative medicine, which aims to use these mechanisms to
treat diseases, is expanding rapidly.

Tissue engineering
Fusion protein

Biological tissue is composed not only of cells but also of a
surrounding environment that is crucial in maintaining cell
function in vivo and in homeostasis. Most importantly, the
extracellular matrix is known to have dynamic and func-
tional roles, such as providing a scaffold for cell adhesion
(basement membrane and fibronectins) as well as main-
taining and providing growth factors (heparan sulfate).
Technological development with respect to manipulating
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Fig. 1 Tissue engineering for
regenerative medicine
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this extracellular matrix in order to control tissues and
cells, and its subsequent application in regenerative medi-
cine, is underway. For example, studies have revealed that
a variety of growth factors play important roles in wound
healing, and some of these growth factors are in clinical
use. However, the short-term effects of these growth fac-
tors pose some limitations on their use. An example is
provided by fibrin, which is released in the wounded area
when tissue damage occurs. An increasing amount of
research is being conducted on the use of fibrin as a
material for tissue regeneration. If a protein produced by
the fusion of a fibrin-binding domain (FBD) to epidermal
growth factor (EGF) is added to an epidermal wound-
model culture system, binding of the growth factor to the
fibrin released from the wound leads to healing by stimu-
lating growth in the surrounding cells [1]. This phenome-
non presumably occurs not because of the independent
function of the growth factor, but because the growth factor
stabilizes after binding to fibrin, and the FBD-EGF com-
plex causes continuous cell stimulation. This suggests that
the process of altering the combination of extracellular
matrix and growth factors can be of therapeutic value in a
variety of conditions. Another example can be considered
with respect to vascular grafts. The development of small-
caliber vascular grafts, such as those used to treat coronary
artery disease, has slowed down because these grafts tend
to fail at an early stage owing to thrombotic occlusion. To
prevent this, prompt graft endothelialization and prevention
of blood clot adherence is necessary. The use of a protein
produced by fusion of the collagen-binding domain
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(CBD)—which binds collagen (a component of the extra-
cellular matrix)—to hepatocyte growth factor (HGF) has
been considered in such cases, and it has been shown that
this complex (CBD-HGF) effectively promotes growth of
endothelial cells [2]. Furthermore, this type of fusion pro-
tein could be placed onto a biodegradable sheet of extra-
cellular matrix and affixed to the wounded area, where it
may stimulate vascular cell growth. This has the potential
for a wide application in medicine (Fig. 1).

Three-dimensional tissue engineering

A substantial amount of tissue engineering research has
been performed on the three-piece that are cell, growth
factors, and scaffolds. There are, however, various limita-
tions to using scaffolds. First, cells tend to be distributed
over the surface of the scaffold, thus making it difficult to
form a solid tissue. Second, a 3D array and structure cannot
be controlled when multiple cell types are used. Third, the
concentration gradient of growth factors cannot be con-
trolled. Fourth, there are certain limitations to the process
of creating the vasa vasorum by tissue engineering tech-
niques. In recent years, the concept of the scaffold has been
put aside, and attempts to construct 3D tissue with cells and
growth factors are now frequently reported. This method is
generally called biofabrication [3], and the techniques of
bioprinting [4] and organ printing [5] also fit into this
category. In addition, although 3D structures using inkjet
printer technology have already appeared as rapid proto-
typing, a 3D printer with an inkjet nozzle from which
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droplets with a volume identical to that of cells are
embossed, and which can be operated in a sterile envi-
ronment, has been developed [6]. This could make the
construction of 3D tissues possible [7]. Biorapid proto-
typing, a method in which many cellular spheres are used
together with arbitrary structures to create 3D tissue, has
also been reported [8]. This is expected to be an extremely
promising methodology despite many issues, such as those
related to cell solvents.

Cell sheets

Of all the recently developed tissue engineering techniques,
practical application of cell sheets has advanced the most.
This technology is based on the properties of a temperature-
responsive polymer, poly(N-isopropylacrylamide). Culture
dishes coated with this material are hydrophobic at 37°C
and hydrophilic <32°C. When cells are cultured to conflu-
ence, they can be recovered as a sheet without enzymatic
digestion [9]. This technique has been made available from
Japan for worldwide application in the development of
regenerative medicine-related products [10]. It was reported
that stratification, which was initially limited to a few lay-
ers, could evolve to include many layers with neovascu-
larization. So far, cell sheets have been made that consist of
myoblasts [11], mesenchymal stem cells [12], cardiac pro-
genitor cells [13], and a mixture of fibroblasts and endo-
thelial progenitors [14]. Osaka University is coordinating a
clinical trial using autologous myoblast sheets in patients
carrying a left ventricular assist device (LVAD) with the
aim of providing a bridge to recovery. In France, a clinical
trial using epithelial cell sheets for corneal regeneration is
being conducted by a venture company.

Whole-organ tissue engineering

The technology of perfusion decellularization of organs is a
unique method of tissue production using scaffolds that has
been reported in recent years. Intracellular structures can
be completely eliminated by perfusing the heart using a
Langendorff coronary perfusion apparatus for more than
12 h with the surfactant sodium dodecyl sulfate. It has also
been reported that components of the extracellular matrix,
including collagen type I/IIl, laminin, and fibronectin, can
be preserved without disturbing their array structure; fur-
thermore, the structure of valves and basal membrane of
the epicardial vessels are not affected [15]. A heartbeat,
albeit faint, has been achieved using this technique. The
feasibility of whole-organ decellularization has been
demonstrated in the pig heart [16] and rat liver [17].
Although the process of cellularization has its flaws, it
is a creative initiative that holds promise for future
developments.

Regenerative medicine
Induced pluripotent stem cells (iPSC)

The term regenerative medicine was introduced in 2000.
Clinical applications have increased greatly since then,
beginning with research on human embryonic stem cells
(ESC) and confirmation of the plasticity of somatic stem
cells. Amid frustration that human ESC could not be
applicable not only to medicine, but also in biological
research, the phenomenon of initialization via nuclear
transplantation has been achieved in an elaborately planned
experiment with four gene transfers. Now, these cells,
called induced pluripotent stem cells (iPSC), certainly
appear to be a major topic in regenerative medicine. Basic
research into the clinical application of iPSC demonstrated
the successful treatment of model mice for Parkinson’s
disease [18], sickle cell anemia [19], and hemophilia [20]
with mouse iPSC. These reports indicate the same scheme
could be applicable to human diseases. However, problems
in iPSC application include the development of teratomas
from undifferentiated cells, carcinomas due to gene trans-
fer, and infection with xenogeneic materials used in cell
cultures. These problems have attracted the interest of a
large number of researchers, and many proposals for
solutions to them have been reported (Fig. 2).

Teratoma formation in mice can reportedly be prevented
by eliminating stage-specific embryonic antigen-1-positive
cells [18]. If the target of interest is the heart, enrichment
with mitochondria could prevent teratoma formation [21].
Of the four genes transferred during iPSC initialization,
which are considered to be reprogramming genes, it was
feared that the existence of c-Myc, in particular, which is
an oncogene, would lead to cancer; carcinogenesis through
c-Myc reactivation was actually observed in vivo. In
addition, because the basic protocol uses a retrovirus as the
vector for gene transfer, the possibility of carcinogenesis
after its insertion into a genome is a problem. It was sub-
sequently reported that just three factors (excluding c-Myc)
induced iPSC, albeit at a low frequency [22]. However,
recently, induction of iPSC with RNA [23] and proteins
[24] of reprogramming factors has been reported in an
attempt to circumvent carcinogenesis because of the
methodology. Of the four factors, Sox2 and c-Myc could
be replaced with transforming growth factor-o receptor
antagonists [25], the nuclear acceptor Esrrb could be
replaced with KlIf4 [26], and Oct4 could be replaced with
nuclear acceptor Nr5a2 [27].

Currently, xenogeneic materials are used in various
processes in standard ESC/iPSC culture (Fig. 3). Feeder
cells are used to maintain the undifferentiated state of both
ESC and iPSC; usually, mouse embryonic fibroblasts
(MEF) treated with mitomycin C to arrest their growth are
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used as feeder cells. It was feared that if these xenogeneic
cells were used in clinical situations, contamination with
xenogeneic cells may lead to infection, This did, in fact,
occur: the presence of non-human-derived Neu5Gce was
confirmed on the cell surface of human ESC cultured onto
MEF. Many individuals possess antibodies for this antigen,
and an immune reaction can be provoked in these indi-
viduals [28]. In order to avoid xenogeneic contamination,
coating cell culture dishes with fully synthetic compounds
and the chemical defined-culture medium has been
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reported from several institutes. A 3D porous natural
polymer scaffold consisting of chitosan and alginate was
able to sustain human ESC self-renewal [29]. Recombinant
vitronectin also supported cultivation of three human ESC
under feeder-free conditions [30]. Moreover, suspension
culture of human ESC and iPSC in chemically defined
media supplied a scalable number of cells [31]. However,
the ability of xeno-free protocols to maintain the self-
renewal ability and pluripotency of human ESC or iPSC
remains questionable. On the other hand, autologous
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fibroblasts could be used as feeder cells in the culture of
human iPSC [32].

Almost the entire process of reprogramming in iPSC
remains poorly understood. It is still unclear whether iPSC
reprogramming is equal to nuclear transplantation, which
showed that the somatic nucleus reacquired totipotency.
The following factors imply that multiple processes exist in
reprogramming: the expression of stem cell-related genes
differs between iPSC clones [33], and “memories” of the
parent cells remain. It has been reported that trichostatin A,
a histone deacetylase inhibitor, is a factor that promotes
this phenomenon [34]. The necessity of using it under
strictly controlled temporal and quantitative requirements
indicates the preciseness of its mechanism.

Direct conversion to differentiated cells

The phenomenon termed direct conversion to differentiated
cells is a novel occurrence recently reported to occur in
several organs. Although many researchers have searched
for the master gene, such as MyoD, that can induce for-
mation of skeletal muscle cells from fibroblasts, no such
gene has been discovered. However, because the use of
four genes allows the differentiated cell to have pluripo-
tency, transformation with one batch of gene transfer is
been investigated. A first report described successful dif-
ferentiation of pancreatic exocrine cells into insulin-
secreting beta-like cells by the transfer of three genes
(Ngn3/Pdx1/MafA) [35]. Another report documented suc-
cessful induction of cells expressing myocardial cell
structural proteins through the transfer of Gatad/Tbx5/
Baf60c into mouse mesodermal cells [36]. According to
later reports, functional neurons can be induced by trans-
ferring Asc11/Brn2/Mytl11 into fibroblasts [37], and myo-
cardial cells can be induced by transferring Gatad/Tbx5/
Mef2c into fibroblasts [38]. Thus far, the possibility that
these cells only caused specific gene expression that exists
in the lower area of transgenes cannot be denied. Func-
tional and quantitative assessments of induced cells pro-
duced by direct reprogramming are required to determine
their application in the clinical setting.

Somatic stem cells

It was long believed that cardiomyocytes were in a state of
terminal differentiation in adults and that the heart cannot
heal itself or restore its homeostatic functions. These
properties led researchers in cardiac regeneration to
increased interest in somatic stem cells, including bone-
marrow-derived stem/progenitor cells, mesenchymal stem
cells, and adipose-derived stem cells. Because cells derived
from fetal-related tissue (including the amnion, umbilical
cord, and placenta) contain a multipotent population that

shows plasticity, many organizations, institutes, and com-
panies run banking systems for these cells. Transplantation
of amniocytes caused cardiac regeneration in myocardial
infarction in rats [39]. On the other hand, other researchers
have continually asserted the heart has regenerative prop-
erties. Recently, clear evidence that cardiomyocytes can be
reborn in the adult heart was reported. This evidence was
based on cardiomyocyte age estimation by measuring
carbon-14, which was generated by nuclear weapons test-
ing during the Cold War [40]. The impetus for the
expansion of this field of study was the reporting of a
method that was apparently based on embryonic bodies
[41]: by forming a sphere with cardiac-tissue-derived cells,
a group of nearly undifferentiated cells could be enriched.
Subsequently, several groups reported that stem cells and
precursor cells exist in the heart. Several profiles were
reported for these cells, including c-kit (+) [42], sca-1 (+)
[43], and side population cells [44]. Whether this means
that we are observing the process of differentiation as it
develops or that multiple stem cell systems exist is an issue
that needs to be addressed. Matsubara et al. [45], who
reported that murine sca-1 (4) cells could be cardiac stem
cells (CSC), performed a detailed preclinical study in pigs
to treat ischemic heart disease [46] and are directing the
world’s first clinical trial using CSC. This clinical trial
targets patients with severe chronic ischemic heart failure
whose left ventricular ejection fraction is <35%. The
method involves intramuscular injection of CSC during
coronary artery bypass grafting. The injected stem cells are
isolated from cardiac tissue collected during a previous
biopsy from the right ventricular septal region. During cell
culture, recombinant basic fibroblast growth factor (bFGF)
is used rather than xenogeneic materials, and blood serum
is obtained from autologous blood. The cells are injected
through the epicardium, and the injection sites are covered
with a basic sustained-release gelatin sheet of bFGF.
Patients are not randomized, and six cases are scheduled
for an open-label phase I/Ila clinical trial, with a planned
1-year follow-up study. It is assumed that after this trial,
cases will accumulate in multifacility clinical studies and
that this method will develop into a highly advanced
medical technology.

Chemical pharmacology is faced with difficulty finding
new classes of drugs despite increasing budgets. Cells and
tissues, therefore, are likely to become important medical
treatments. Moreover, integrated therapy of ventricular
assist device (VAD) and regenerative medicine should
have great potential to treat severe heart failure (Fig. 4).
Although implantable VADs are being used with excellent
prognosis, many issues remain; for example, right ven-
tricular failure, infection, thrombosis, and device mechan-
ical failure. A market report on VAD anticipates that the
“bridge to recovery (BTR)” strategy will constitute more
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Fig. 4 Integrated strategy to
heart failure
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than half of future VAD therapy. The emerging field of
regenerative medicine will surely accelerate the trend to
BTR therapy.
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Abstract Low efficiencies of nonviral gene vectors, such
as transfection reagent, limit their utility in gene therapy.
To overcome this disadvantage, we report on the prepara-
tion and properties of magnetic nanoparticles [diameter
(d) = 121.32 4 27.36 nm] positively charged by cationic
polymer deacylated polyethylenimine (PEI max), which
boosts gene delivery efficiency compare with polyethy-
lenimine (PEI), and their use for the forced expression of
plasmid delivery by application of a magnetic field. Mag-
netic nanoparticles were coated with PEI max, which
enabled their electrostatic interaction with negatively
charged molecules such as plasmid. We successfully
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transfected 81.1 + 4.0% of the cells using PEI max-coated
magnetic nanoparticles (PEI max-nanoparticles). Along
with their superior properties as a DNA delivery vehicle,
PEI max-nanoparticles offer to deliver various DNA for-
mulations in addition to traditional methods. Furthermore,
efficiency of the gene transfer was not inhibited in the
presence of serum in the cells. PEI max-nanoparticles may
be a promising gene carrier that has high transfection
efficiency as well as low cytotoxicity.

Keywords Deacylated polyethylenimine - Magnetic
nanoparticle - Efficient nonviral transfection method

Introduction

Nanotechnologies that allow the nondisruptive introduction
of carriers in vivo have wide potential for gene and ther-
apeutic delivery systems [1-4]. Extremely small particles
have been successfully introduced into living cells without
any further modification to enhance endocytic internaliza-
tion, such as for cationic help. The cells containing the
internalized nanoparticles continued to thrive, indicating
that the particles have no inhibitory effect on mitosis.
Therefore, iron oxide magnetic nanoparticles have played
an important role as magnetic resonance imaging contrast
agents [53, 6], and cytotoxicity of this nanoparticle was none
(or low) [7, 8]. Thereby, the functionalized iron oxide
magnetic nanoparticles are expected to be useful as a new
gene delivery tool [3].

Cationic polymer polyethylenimine (PEI) (linear, MW
25,000) is known as the transfection reagent in molecular
biology [9], and the dispersant in nanotechnology [10]. PEI
are configured to form the positively charged complex with
DNA, which binds to anionic cell surface residues and
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enter the cell via endocytosis [9, 11], keeping the dis-
persed state in the solution [10]. However, PEI containing
residual N-acyl groups is a disadvantage for transfection
efficiency. Also, the deacylated PEI (PEI max) for
transfection reagent was reported, showing an increase in
optimal transfection efficiency of 21-fold in comparison
with PEI [12].

The transfection method using magnetic nanoparticles
utilizes a magnetic force to deliver DNA into target cells.
Therefore, the plasmid is first associated with magnetic
nanoparticles. Then, the application of a magnetic force
drives the plasmid-nanoparticle complexes toward and into
the target cells, where the cargo is released (Fig. 1a) [13-
16]. The magnetic nanoparticles are also coated with bio-
logical polymers, such as PEI, to allow plasmid loading
(Fig. 1b). The binding of the negatively charged plasmid to
the positively charged PEI max-coated magnetic nanopar-
ticles (PEI max-nanoparticles) occurs relatively quickly.
After complex formation, the loaded nanoparticles are
incubated together with the target cells on a magnet plate.
Owing to the magnetic force, the iron particles are rapidly
drawn toward the surface of the cell membrane. Cellular
uptake occurs by either endocytosis or pinocytosis [17].
Once delivered to the target cells, the plasmid is released
into the cytoplasm [17, 18]. The magnetic nanoparticles
accumulate in endosomes and/or vacuoles [18]. Over time,
the nanoparticles are degraded and the iron enters normal
iron metabolism [19]. An influence of magnetic nanopar-
ticles on cellular functions has not been reported yet.
However, in most cases, the increased iron concentration in
culture media does not lead to cytotoxic effects [7].

a Plasmid DNA Plasmid DNA

O

Magnetic nanoparticle

Bottom of
the culture dish

Fig. 1 Nanoparticle transfection method and cationic coating: a Plas-
mid-conjugated magnetic nanoparticles moved to the cell surface on
the magnetic sheet upon application of magnetic force. Then, the
magnetic force drove this complex toward and into the target cells.
b Magnetic nanoparticles (y-Fe,03, d = 70 nm) (CIK NanoTek Inc.)
were coated with deacylated polyethylenimine max linear (PEI max)

@ Springer

-Magnetic nanoparticle complex

In this study, we coated the transfection reagent, PEI
max, on the surface of magnetic nanoparticles and applied
a gene vector using PEI max-nanoparticles for a highly
efficient transfection method. Our results indicate a high
level of expression of the transfected gene in living cells
using the plasmid-conjugated PEI max-nanoparticles.

Materials and methods
Materials

Magnetic nanoparticles (y-Fe;Os3, d = 70 nm) were pur-
chased from CIK NanoTek. PEI max linear (MW 25,000)
was purchased from Polysciences Inc. FuGENE HD was
purchased from Roche Diagnostics. Deionized water was
purchased from Gibco. Magnetic sheet (160 mT), and
neodymium magnet (130 mT) was purchased from Magna
Co. Ltd.

Preparation of the PEI max-nanoparticles

The magnetic nanoparticles (1.0 g) were dissolved in 30 ml
of PEI max solution (1.6 mg PEI max/ml). The mixture was
sonicated for 2 min (40 W) on ice, and 20 ml of deionized
water was added (final concentration 1.0 mg PEI max/ml).
The ferrofluid was centrifuged at 4,100x g for 5 min. The
supernatant fluids were harvested and transferred into a
fresh tube. This fluid was washed twice by deionized water
and resolved into an equal volume of the PEI max solution
(1.0 mg PEI max/ml). Magnetic nanoparticles in this fluid

SN N
Cl H H Jn

Polyethylenimine max, linear
(PEI max)

Magnetic PEl max-coated
nanoparticle magnetic nanopanicle
{y-Fe202) (PEt max-nanoparticie)

(MW 25,000) (Polysciences Inc.), known as a dispersive agent, and
transfection reagents. The surface of the PEI max-nanoparticle was
positively charged. Nanoparticles and plasmid formed complexes by
ionic interaction of the negatively charged plasmid and the positively
charged surface of the PEI max-nanoparticle
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were coated with PEI max and dispersed in PEI max solu-
tion or deionized water.

Measurement of PEI max-nanoparticle size
and {-potential

The size of the PEI max-nanoparticles was measured with a
laser light-scattering method using a fiberoptics particle
analyzer (FPAR-1000, Otsuka Electronics). The measure-
ment was performed in triplicate, and median size and
range of size distribution were obtained. The {-potential of
the PEI max-nanoparticles was determined with electro-
phoretic  light-scattering  spectrophotometer  (ELSZ-2,
Otsuka Electronics).

Charge characteristics of PEI max-nanoparticle

PEI max-nanoparticle (100 pg) and each weight of plasmid
(2,000, 1,000, 750, 500, 375, 250, 188 ng) were mixed in
deionized water or PEI max solution (1 mg/ml). Each
solution were reacted for 1 h at room temperature.

Plasmid DNA was bound to PEI max-nanoparticles

Plasmid DNA (5 pg) was reacted with various weights of
PEI max-nanoparticles (0-1.8 mg/tube) in deionized water
for 15 min at room temperature. Then, the reaction mix-
tures were centrifuged at 12,000x g for 15 min and were
formed in a sol-like precipitation in the lower layer. The
concentration of DNA in the upper layer (hyaline layer)
was determined by NanoDrop 1000 spectrophotometer
(Thermo Scientific). The relative concentration of plasmid
DNA treated without PEI max-nanoparticles was regarded
as 100%.

Cell culture

P19CL6 cells (CL6 cells) from a mouse embryonic carci-
noma cell line were grown on 100-mm dishes (Becton-
Dickinson) in alpha-minimum essentioal medium (MEM)
(Nacalai Tesque) supplemented with 10% fetal bovine
serum (FBS) (JRH Bioscience Inc.), penicillin, and strep-
tomycin (Gibco), and were maintained in a 5% carbon
dioxide (CO,) atmosphere at 37°C.

Transfection procedure using PEI max-nanoparticles

CL6 cells were seeded at 1 x 10° cells/well in six-well
plates (Becton-Dickinson) 18 h before transfection.
Immediately before transfection, cells were rinsed and
supplemented with fresh culture medium (1 ml). The PEI
max-nanoparticles (in 1 mg PEI max/ml solution) were
mixed with 2.0 pg of the plasmid [pCAGGS-enhanced

green fluorescent protein (EGFP), the modified pCAGGS
expression vector [20], weight ratio PEI max:plas-
mid = 3:1] and incubated in the deionized water at final
volume of 50 pl at room temperature for 15 min. The
complexes were added to the CL6 cells on a magnetic sheet
various times (0, 0.5, 1, 4, and 24 h). Forty-eight hours
after transfection, CL6 cells were evaluated; 1 mg/ml of
PEI max solution was used as a positive control.

Quantitative real-time reverse transcriptional (RT)-PCR

Total RNAs from CL6 cells were extracted using ISOGEN
(Nippon Gene). To perform quantitative real-time poly-
merase chain reaction (PCR) assay, total RNA (1 pg) was
reverse-transcribed using random hexamer and the Prime-
Script RT reagent kit (TaKaRa). Quantitative real-time
reverse transcriptional (RT)-PCR was performed on Line-
Gene (BioFlux), using 100 ng of complementary DNA
(cDNA) in 25 pl reaction volumes with 10 nmol/l EGFP
primer and 12.5 pl of SYBR Premix Ex Taq (TaKaRa).
PCR primers for the gene of EGFP and Gapdh were
designed to amplify each ¢cDNA using the sense primer
(5'-CCGACCACATGAAGCAGCAC-3) and the reverse
primer (5'-CTTCAGCTCGATGCGGTTCAC-3’) for the
EGFP, and the sense primer (5-TGCGACTTCAACAGCA
ACTC-3") and the reverse primer (5'-CTTGCTCAGTGTC
CTTGCTG-3') for the Gapdh. Calculations were auto-
matically performed by fluorescent quantitative detection
system software (BioFlux). ‘

Nanoparticle cytotoxicity

Alamar Blue [21] was used to measure cell proliferation and
metabolic activity as an oxidation-reduction indicator. After
48 h of PEI max or PEI max-nanoparticle exposure, 900 pl of
medium from each condition was transferred into a 24-well
flat-bottomed plate. One hundred microliters of Alamar Blue
(AbD Serotec) was added to each well, and the well plate was
incubated for 3 h at 37°C. Fluorescence was measured at
570/600 nm in a Viento multispectrophotometer reader
(Dainippon Pharmaceutical). The relative absorbance of CL6
cells without any treatment is regarded as 100% (it is indicated
as a percent control in Fig. 4c).

Flow cytometric analysis

To count the numbers of EGFP-positive cells using PEI
max-nanoparticles (0.8 ug/well in a six-well plate) on a
magnetic sheet for 4 h (PEI max alone as a positive con-
trol), a Cytomics FC500 (Beckman Coulter Inc.) was used,
and data were analyzed with FlowJo Ver.7 (Tree Star Inc.).
Each sample was compared with negative control cells
(without treatment).
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Statistical analysis

Results, shown as the mean £ standard error (SE), were
compared by analysis of variance (ANOVA) followed by
Scheffe test (http://chiryo.phar.nagoya-cu.ac.jp/javastat/
- JavaStat-j.htm), with P < 0.05 considered significant.

Results
Characterization of PEI max-nanoparticles

Magnetic nanoparticles were well coated with PEI max and
were highly dispersed in PEI max solution (1 mg/ml) or
deionized water. Secondary size of the PEI max-nanopar-
ticles was approximately 121.32 & 27.36 nm (Fig. 2A).
To evaluate stability in PEI max solution (1 mg/ml) or
deionized water, we measured the {-potential of PEI max-
nanoparticles, which was +45.53 mV in PEI max solution
and 430.05 mV in deionized water. The PEI max-nano-
particles were aggregated by magnetic force (Fig. 2Ba) and
quickly redispersed by vortex (Fig. 2Bb). Time-lapse
photography (30 s/s) shows that magnetic nanoparticles
were gradually removed at the site of the neodymium
magnet (right side of the tube) for 2 h (magnetic nano-
particles for transfection: http://www.youtube.com/watch?
v=HyjfcdmoHK4). These nanoparticles in PEI max solu-
tion were not aggregated without magnetic force. To avoid
aggregation of plasmid-attached PEI max-nanoparticle
caused by charge neutralization, it was necessary that their
weight ratio was approximately 1:400 (Fig. 2C). In gen-
eral, 1-2 pug of plasmid per well was mixed with the
transfection reagent such, as PEI max, and FuGENE HD
into six-well plates. However, too much (400-800 pg of
nanoparticle per well) caused inhibition of transfection
(described later). To solve the problem, we decided to use
in 1 mg/ml of PEI max solution as a solvent. As a result,
each concentration of the plasmid did not aggregate with
PEI max-nanoparticle (Fig. 2Bb). To evaluate whether the
plasmid DNA was attached to PEI max-nanoparticles in
deionized water, we reacted PEI max-nanoparticles with
plasmid DNA for 15 min at room temperature. Measuring
the concentration of plasmid DNA in the upper layer
(hyaline layer), the weight of PEI max-nanoparticles was
reduced in a dependent manner (Fig. 2D).

Transfection efficiency using PEI max-nanoparticles
and magnetic sheet, and viability of the CL6 cells
treated with PEI max-nanoparticles

CL6 cells were transfected with pCAGGS-EGFP and PEI

max alone as a positive control (Fig. 3a) and pCAGGS-
EGFP and PEI max-nanoparticles (Fig. 3b) at 48 h after
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transfection. Many EGFP-positive cells were observed
among CL6 cells transfected with PEI max-nanoparticles
compared with those transfected with PEI max. To evaluate
the optimum condition of transfection using PEI max-
nanoparticles, quantitative real-time RT-PCR was per-
formed at 48 h after transfection. The optimum condition
of transfection was a concentration of 0.8 pg/well (Fig. 4a)
on a magnetic sheet for 4 h (Fig. 4b). EGFP gene
expression level was reduced under transfection of excess
magnetic nanoparticles (7.5 pg/well) (Fig. 4a) and pro-
longed time on the magnetic sheet (24 h) (Fig. 4b). EGFP
expression in CL6 cells transfected with PEI max-nano-
particles was increased approximately two to fourfold
compared with those transfected with PEI max. The via-
bility of CL6 cells treated with PEI max-nanoparticles, as
measured by Alamar Blue assay, did not differ between
cells treated with/without PEI max alone (Fig. 4c).

Number of EGFP-positive cells by flow cytometric
analysis

Forty-eight hours after transfection using PEI max alone
or PEI max-nanoparticles, we examined the number of
EGFP-positive cells (total 10,000 cells) by flow cyto-
metric analysis. Compared with the negative control
(untreated CL6 cells), 42.2 + 8.5% of cells treated with
PEI max alone (Fig. 5a), 81.1 £ 4.0% of cells treated
with 0.8 pg of PEI max-nanoparticles per well on the
magnetic sheet for 4 h (Fig. 5b), and 13.9 =+ 1.1% of
cells treated with FuGENE HD (Fig. 5¢) expressed
EGFP. The number of EGFP-positive cells was signifi-
cantly increased (approximately twofold) using PEI max-
nanoparticles.

Discussion

In this study, to express target gene with high efficiency
and low cytotoxicity, we focused on PEI max and magnetic
nanoparticles (y-Fe;Os3). Many researchers have reported
various transfection methods using PEI and magnetic
nanoparticles, such as y-Fe, O3, and superparamagnetic iron
oxide nanoparticle (used as magnetic resonance imaging
contrast agents) (Table 1). However, these methods had a
low transfection efficiency [14, 15], combined with virus
(adenovirus, or retrovirus) [15], and high cytotoxicity (low
cell viability) [13] and may therefore have little effec-
tiveness for clinical use.

The expression level of the EGFP gene was reduced
under transfection of excess magnetic nanoparticles
(7.5 pg/well) (Fig. 4a). This result may indicate that a high
concentration of PEI max-nanoparticles formed the large
agglutinate complexes with plasmid DNAs [22, 23]
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Fig. 2 Characteristics of the deacylated polyethylenimine (PEI max)-
nanoparticle: a The size of the PEI max-nanoparticles was measured
with a laser light-scattering method using a fiberoptics particle
analyzer (FPAR-1000, Otsuka Electronics) at 37°C. Secondary
particle size of the PEI max-nanoparticles was approximately
121.32 £ 27.36 nm. b PEI max-nanoparticles were induced to
aggregate by a magnet (@) and were then dispersed (b). Asterisk
indicates column-shaped neodymium magnet. ¢ Cationic PEI max-
nanoparticles (100 pg per tube) in deionized water or PEI max

because PEI max-nanoparticle and plasmid DNA complexes
are taken in by endocytosis. Thus, it might be difficult to take
the large complexes into the cytoplasm by endocytosis. Fur-
thermore, the expression level of the EGFP gene was also
reduced under transfection during a prolonged time on the
magnetic sheet (24 h) (Fig. 4b). This result may demonstrate
a causal relationship between the cell division cycle and time
on the magnetic sheet. Plasmid DNAs in the cytoplasm were
transported into the nucleus when the nuclear membrane
disappeared on cell division [24]. Thus, plasmid DNAs and

023 045 09
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solution (1 mg/ml) were reacted with anionic plasmid [pCAGGS- .
enhanced green fluorescent protein (EGFP)] by an ionic bond. PEI
max-nanoparticles in deionized water and plasmid aggregated more
easily than that in PEI max solution and plasmid. d To evaluate
whether plasmid DNA attached to PEI max-nanoparticles in deion-
ized water, PEI max-nanoparticles were reacted with plasmid DNA
for 15 min at room temperature. Measuring the concentration of
plasmid DNA in the upper layer (hyaline layer), the weight of PEI
max-nanoparticles was reduced in a dependent manner

magnetic nanoparticle complexes might not be transported
into the nucleus because they are drawn to the bottom of the
cell by magnetic force.

We succeeded in producing PEI max-nanoparticles that
enabled P19CL6 cells, which is derived from embryonic
carcinoma transfected on a magnetic sheet. In addition, this
method resulted in a highly efficient gene transduction
compared with that of conventional transfection methods
(Fig. 5a, c). This transfection method using PEI max-
nanoparticles is a relatively low-cost and quick method of
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Fig. 3 Enhanced green fluorescent protein (EGFP) expression in CL6
cells using deacylated polyethylenimine (PEI max)-nanoparticle and
magnetic field. Phase-contrast fluorescent micrograph of CL6 cells

were transfected with pCAGGS-EGFP and PEI max as a control
(a) and PEI max-nanoparticles (b). The numbers of EGFP-positive
cells were further increased by PEI max-nanoparticles
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Fig. 4 Optimum condition for transfection of the deacylated poly-
ethylenimine (PEI max)-nanoparticle. To optimize the transfection
method, we examined PEI max-nanoparticles in terms of volume
(a) and time (b) on the magnetic sheet. These results were evaluated
by quantitative real-time reverse transcriptional polymerase chain
reaction (RT-PCR). The expression level of the CL6 cells treated with
PEI max alone is regarded as 1. The optimal conditions for
transfection using PEI max-nanoparticles were when the CL6 cells
were treated with 0.8 pg of PEI max-nanoparticles and 2.0 pg of
PCAGGS-EGFP for 4 h on the magnetic sheet. The double asterisks
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indicate a significant difference (P < 0.05). Cytotoxicities of PEI max
and PEI max-nanoparticles were evaluated by Alamar Blue assay (c).
After 48 h of PEI max or PEI max-nanoparticle exposure, there were
no significant differences in cell viability between CL6 cells treated
with PEI max and those with PEI max-nanoparticles. Mock the CL6
cells treated without any treatment as a negative control. PEl max
alone the CL6 cells treated with PEI max. PEI max-nanoparticles the
CL6 cells treated with PEI max-nanoparticles (0.8 pug) for 4 h on the
magnetic sheet. The relative absorbance of untreated CL6 cells is
regarded as 100%



