
広島大学学術情報リポジトリ
Hiroshima University Institutional Repository

Title
Gene Targeting and Subsequent Site-Specific Transgenesis at
the beta-actin (ACTB) Locus in Common Marmoset Embryonic
Stem Cells

Auther(s)
Shiozawa, Seiji; Kawai, Kenji; Okada, Yohei; Tomioka, Ikuo;
Maeda, Takuji; Kanda, Akifumi; Shinohara, Haruka; Suemizu,
Hiroshi; Okano, James Hirotaka; Sotomaru, Yusuke; Sasaki,
Erika; Okano, Hideyuki

Citation
Stem Cells and Development , 20 (9) : 1587 - 1600

Issue Date
2011

DOI
10.1089/scd.2010.0351

Self DOI

URL
http://ir.lib.hiroshima-u.ac.jp/00034740

Right
(c) 2011 by Mary Ann Liebert, Inc. All Rights are Reserved.

Relation

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Hiroshima University Institutional Repository

https://core.ac.uk/display/222951552?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1089/scd.2010.0351
http://ir.lib.hiroshima-u.ac.jp/00034740


Gene Targeting and Subsequent Site-Specific
Transgenesis at the b-actin (ACTB) Locus

in Common Marmoset Embryonic Stem Cells

Seiji Shiozawa,1–3 Kenji Kawai,2 Yohei Okada,1 Ikuo Tomioka,2 Takuji Maeda,1,2 Akifumi Kanda,3

Haruka Shinohara,2 Hiroshi Suemizu,2 Hirotaka James Okano,1 Yusuke Sotomaru,3

Erika Sasaki,2 and Hideyuki Okano1

Nonhuman primate embryonic stem (ES) cells have vast promise for preclinical studies. Genetic modification in
nonhuman primate ES cells is an essential technique for maximizing the potential of these cells. The common
marmoset (Callithrix jacchus), a nonhuman primate, is expected to be a useful transgenic model for preclinical
studies. However, genetic modification in common marmoset ES (cmES) cells has not yet been adequately
developed. To establish efficient and stable genetic modifications in cmES cells, we inserted the enhanced green
fluorescent protein (EGFP) gene with heterotypic lox sites into the b-actin (ACTB) locus of the cmES cells using
gene targeting. The resulting knock-in ES cells expressed EGFP ubiquitously under the control of the endoge-
nous ACTB promoter. Using inserted heterotypic lox sites, we demonstrated Cre recombinase-mediated cassette
exchange (RMCE) and successfully established a monomeric red fluorescent protein (mRFP) knock-in cmES cell
line. Further, a herpes simplex virus-thymidine kinase (HSV-tk) knock-in cmES cell line was established using
RMCE. The growth of tumor cells originating from the cell line was significantly suppressed by the adminis-
tration of ganciclovir. Therefore, the HSV-tk=ganciclovir system is promising as a safeguard for stem cell
therapy. The stable and ubiquitous expression of EGFP before RMCE enables cell fate to be tracked when the
cells are transplanted into an animal. Moreover, the creation of a transgene acceptor locus for site-specific
transgenesis will be a powerful tool, similar to the ROSA26 locus in mice.

Introduction

Embryonic stem (ES) cells are unique cells derived from
early embryo that are capable of both pluripotency and

self-renewal [1,2]. Genetic modification techniques, including
gene targeting and transgenesis, in mouse ES cells have been
used as important tools for many aspects of life science [3].
Recently, the establishment of both human ES cells and in-
duced pluripotent stem (iPS) cells has gained public attention
in terms of its application to stem cell therapy as a potential
source of donor cells [4–6]. For the clinical use of these stem
cells, however, thorough preclinical studies using nonhuman
primate models are essential to evaluate efficacy and safety.
Genetic modification techniques would be a powerful tool in
such studies. For instance, the introduction of a reporter gene
expression cassette would enable donor cells to be observed
and tracked to estimate the utility of stem cell therapy in
degenerative disease models such as spinal cord injury,
Parkinson’s disease, or myocardial infarction. Further, loss-of-

function and gain-of-function studies would enable the func-
tions of genes involved in tissue regeneration to be investigated.

However, transgenesis and gene targeting in primate ES
cells, including human ES cells, remain difficult mainly
because of the obscurity of cell cultures and the low trans-
fection efficiency. Also, the fact that transgenes are often
silenced in primate ES cells is another major problem [7,8].

The common marmoset (Callithrix jacchus), a type of new
world monkey, has several advantages for use as an exper-
imental primate [9,10]. These advantages include their small
size (250–400 g), ease of breeding, and high reproductive
efficiency (average of 4 pups=year from a breeding pair).
Moreover, we have recently developed transgenic common
marmosets, in which the transgene is transmitted through
the germ line [11]. Therefore, the common marmoset is
strongly expected to be useful as a nonhuman primate model
for human diseases in preclinical studies. Our group previ-
ously reported the successful establishment of common
marmoset ES (cmES) cell lines [12,13]. The cmES cells share
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biological characteristics with human and other primate ES
cells such as marker gene expression, cytokine response, and
differentiation ability, including teratoma formation. None-
theless, genetic modification techniques in cmES cells have
not yet been developed.

Recombinase-mediated cassette exchange (RMCE) is a
transgenic strategy using recombinase activity [14–16].
RMCE enables the site-specific integration of a transgene
efficiently by inserting a cassette flanked by a pair of het-
erospecific lox sites into a genomic locus in advance [17–20].
This method is highly advantageous relative to conventional
transgenesis using nonhomologous end joining because of its
predictable, reproducible, and stable expression from a sin-
gle copy transgene. Therefore, this transgenic strategy is
feasible for research using primate ES cells [21–24].

In this report, we demonstrated the insertion of a transgene
cassette carrying enhanced green fluorescent protein (EGFP)
flanked by loxP and loxPV into the b-ACTIN (ACTB) locus
of cmES cells using gene targeting [25–27]. The resulting
ACTBþ=EGFP cmES cell line expressed EGFP ubiquitously
under the control of the endogenous ACTB promoter before
RMCE. Hence, this cell line was useful for transplantation
experiments as a source of donor cells. We then performed
RMCE in the ACTBþ=EGFP cmES cells and showed the correct
exchange of the EGFP transgene with the monomeric red
fluorescent protein (mRFP) gene. Therefore, RMCE in this cell
line is useful for site-specific transgenesis in cmES cells. Fur-
ther, we also established a Herpes simplex virus-thymidine
kinase (HSV-tk) knock-in cmES cell line using RMCE. The
HSV-tk gene is a suicidal gene derived from herpes simplex
virus 1, which converts ganciclovir (GCV), a harmless pro-
drug, into toxic metabolites and selectively eliminates HSV-tk
gene-expressing cells [28]. The HSV-tk knock-in cmES cell line
was capable of forming tumors, and tumor growth was sig-
nificantly suppressed by GCV administration. Therefore, this
HSV-tk=GCV system is a promising safeguard against possi-
ble tumorigenesis during stem cell therapy.

Materials and Methods

Cell culture

cmES cells (CMES40) were cultured on 50-Gy g-irradiated
mouse embryonic fibroblast feeder cells in ES medium (ESM)
which consisted of Knockout Dulbecco’s modified Eagle’s me-
dium (Invitrogen, Carlsbad CA) supplemented with 20%
Knockout Serum Replacement (Invitrogen), 0.1 mM MEM Non-
Essential Amino Acids Solution (Sigma-Aldrich, St. Louis, MO),
2 mM l-glutamine (Invitrogen), 0.1 mM b-mercaptoethanol
(2-ME; Sigma-Aldrich), and 10 ng=mL basic fibroblast growth
factor (bFGF; Wako Pure Chemical Industries Ltd., Osaka,
Japan).

For cmES cell splitting, the cells were treated with 10mM
Y27632 (Merck, Darmstadt, Germany) in ESM at 378C for 1 h,
then washed in phosphate-buffered saline (PBS), and disso-
ciated using 0.25% trypsin–ethylenediaminetetraacetic acid
(Invitrogen). The dissociated cells were seeded onto new
mouse embryonic fibroblast feeder cells.

Construction of targeting vector

A targeting vector was constructed to insert the exchange-
able transgene cassette into the 30 UTR of the marmoset

ACTB gene. The genomic DNA sequence of the putative C.
jacchus ACTB locus, which contains an exon–intron structure
homologous to human and mouse ACTB loci, was identified
from the C. jacchus genome database (Callithrix_jucchus-2.0.2:
the Genome Sequencing Center at Washington University
School of Medicine in St. Louis, http:==genome.wustl.edu=
pub=organism=Primates=Callithrix_jacchus=).

The 2.4-kb fragment containing exon 1–6 of the C. jacchus
ACTB gene and the 5.4 kb fragment downstream of the stop
codon were obtained using polymerase chain reaction (PCR)
as the 50 arm and the 30 arm, respectively. PCR was per-
formed using special primers and genomic DNA as tem-
plates, and then cloned using the Zero blunt TOPO PCR
Cloning kit (Invitrogen). These fragments were ligated with
the vector pPV-SE2N, which has an internal ribosome entry
site (IRES), EGFP, Furin-2A (F2A) [29], and neomycin-resistant
gene (Neo) flanked by loxP and loxPV.

Introduction of targeting vector

Forty micrograms of linearized targeting vector was in-
troduced with 100 mL of Lipofectamine LTX into sub-
confluent cmES cells in a 10-cm2 culture plate (5–7�106 cells)
according to the manufacturer’s instructions (Invitrogen). At
16–24 h after transfection, the cells were dissociated and re-
seeded onto new feeder cells resistant to neomycin (day 1).
On day 3, the medium was changed to ESM containing
25 mg=mL of G418 (Invitrogen). The next day, the concen-
tration of G418 was increased to 50mg=mL. At days 12–14,
the G418-resistant colonies were selected and mechanically
dissociated by pipetting. The dissociated cells were reseeded
onto new feeder cells and partly onto a cell culture plate
without feeder cells for DNA preparation.

To detect the homologous recombinants, genomic DNA
was prepared using the DNeasy mini kit (Qiagen, Venlo, The
Netherlands) and double-digested with BamHI and EcoRI.
Southern blotting was performed using a DIG High Prime
DNA Labeling & Detection Starter Kit II (Roche Applied
Science, Manheim, Germany). For the 50 external probe, a
0.6-kb fragment was amplified using a PCR DIG Probe
Synthesis Kit (Roche Applied Science) using the primer pair
50-CATTCAGCAGCGTGGAGCTC and 50-AACTTTCCCAG
CCTGTCTAC. Single copy integration of the targeting vector
was confirmed using Southern blotting with BamHI-digested
genomic DNA and the EGFP probe.

Karyotyping, alkaline phosphatase staining,
and immunocytochemistry

The chromosome number and karyotype of the cmES cells
(passage number, 55) were analyzed as reported previously
[12,30]. For alkaline phosphatase staining, the cells were
fixed with 4% paraformaldehyde for a minute at room
temperature and washed twice with PBS(�), then stained
with sigmaFAST BCIP=NBT kit (Sigma-Aldrich).

Immunocytochemistry for SSEA-4, TRA-1-60, and TRA-1-81
were performed as previously reported [12]. For the immu-
nocytochemistry of NANOG, OCT3=4, SOX17, CD31, neural
cell adhesion molecule (NCAM), and GFP, the cells were
fixed with 100% ethanol for 10 min at room temperature.
After antigen retrieval using heat only for NCAM, the cells
were incubated with primary antibodies against NANOG
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(RCAB0001P; Reprocell, Kanagawa, Japan), OCT3=4 (MAB4419;
Millipore, Billerica, MA), SOX17 (AF1924; R&D Systems,
Minneapolis, MN), CD31 (N1596; Dako, Carpinteria, CA),
and NCAM (413331; Nichirei Biosciences, Tokyo, Japan) at
dilutions of 1:200, 1:200, 1:20, 1:1, and 1:1, respectively, overnight
at 48C, followed by incubation with Alexa 594–conjugated anti-
goat IgG for SOX17, Alexa 594–conjugated anti-rabbit IgG
for NANOG, and Alexa 594–conjugated anti-mouse IgG
for OCT3=4, CD31, and NCAM. After washing with PBS(�),
the cells were incubated with Alexa 488–conjugated anti-
GFP antibody (Invitrogen) for 1 h at room temperature, and
washed with PBS(�) 3 times, and then examined under a
fluorescence microscope.

Embryoid body formation and flow cytometry

For embryoid body (EB) formation, dissociated cmES cells
were resuspended in ESM without bFGF and seeded onto
low cell-binding dishes (Nalge Nunc, Rochester, NY). After
15 days of suspension culture, the EBs were dissociated and
resuspended in PBS(�) with 2.5 mg=mL of propidium iodide
and analyzed for GFP fluorescence using a FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ).

In vitro differentiation

For endoderm differentiation, undifferentiated cmES cells
were cultured in ESM containing 100 ng=mL of Activin A
(R&D Systems) for 5 days. For mesoderm differentiation, the
EBs were formed for 7 days and transferred onto chamber
slides in ESM containing 50 ng=mL of vascular endothelial
growth factor-A (Peprotech, Rocky Hill, NJ) for the next 7
days. For ectoderm differentiation, cmES cells were cultured
onto gelatin-coated chamber slide for 21 days in 10 ng=mL of
bFGF and 0.5 mM A83-01 (Wako Pure Chemical Industries
Ltd.) and N2 and B27 supplement (Invitrogen)-containing
Knockout Dulbecco’s modified Eagle’s medium.

Teratoma formation

Teratoma formation was performed as previously de-
scribed [12]. Briefly, 5–10�106 cmES cells were injected
subcutaneously or into the kidney capsule of NOD=shi-scid,
IL-2Rgnull (NOG) mice [31]. About 5 weeks after injection, the
tumors were collected and fixed in neutral-buffered formalin
and embedded in paraffin. The paraffin blocks were sectioned
and subjected to immunohistochemical staining. Primary
antibodies against NCAM (clone: 1B6; Leica Microsystems,
Wetzlar, Germany), vimentin (clone: SP20; Nichirei Bios-
ciences), a-fetoprotein (AFP, clone: C3; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and GFP (rabbit polyclonal anti-GFP
antibody; Abcam, Cambridge, United Kingdom) were incu-
bated with the paraffin sections at dilutions of 1:200, 1:100,
1:100, and 1:4,000, respectively. The localization of the bound
monoclonal antibodies was detected using the universal
immunoenzyme polymer system (Histofine Simple Stain
MAX-PO; Nichirei Biosciences). The sections for NCAM and
vimentin were pretreated in an autoclave for antigen retrieval.
Suitable positive and negative controls were included.

Recombinase-mediated cassette exchange

For RMCE, a donor plasmid, pPV-BE-Red, consisting of
BGH poly A, the EF1 a promoter, and mRFP cDNA flanked

by loxP and loxPV was constructed [32]. Five micrograms of
the donor plasmid and 5 mg of the Cre expression plasmid
(pCAGGS-Cre) were cotransfected with Lipofectamine LTX
into subconfluent cmES cells in a well of a 6-well plate. The
next day, the cells were dissociated and reseeded onto new
feeder cells. Resulting colonies that included mRFP-positive
cells was selected, dissociated, and reseeded onto new feeder
cells. A colony consisting of only mRFP-positive cells was
isolated, and an mRFP-positive cell line was established.
Genotyping was performed by genomic PCR using the fol-
lowing primer pair: EGFP, 50-GCACAAGCTGGAGTA
CAACTACAACAGC and 50-TCACGAACTCCAGCAGGA
CCATG; mRFP, 50-CGAGGACGTCATCAAGGAGT and
50-CTTGGCCATGTAGGTGGTCT; Cre, 50-CGTACTGACGG
TGGGAGAAT and 50-CCCGGCAAAACAGGTAGTTA.

For the HSV-tk donor plasmid, the IRES-driven HSV-tk
transgene was connected upstream of the IRES-driven
Hygromycin-resistant gene and was flanked by loxP and
loxPV (pPV-TK). The Cre expression plasmid and pPV-TK
were introduced into BR29 cells, as described above, and the
cells were reseeded onto hygromycin-resistant feeder cells.
The cells were selected using 25mg=mL of hygromycin (Wako
Pure Chemical Industries Ltd.) for 2 weeks, and hygromycin-
resistant colonies were selected. The IRES-HSV-tk transgene
was detected using PCR with 50-GTAATGACAAGCGC
CCAGAT and 50-ATGCTGCCCATAAGGTATCG.

GCV administration in vitro and in vivo

Cultured HSV-tk knock-in cmES cells and BR29 cells were
dissociated and cultured with or without 1mM GCV on
feeder cells.

For the in vivo study, 5�105–10�105 HSV-tk knock-in
cmES cells were injected into NOG mice subcutaneously.
One and half months after injection, 18 out of 20 NOG mice
developed tumors. The tumor diameter was measured
(day 10), and the mice were divided into 2 groups: a GCV-
treatment group and a control group. The GCV-treatment
group was given 50 mg=kg of GCV intraperitoneally on
days �2 and 0. The tumor diameter was measured 1 or 2
times per week. The tumor volume was calculated using the
formula (V¼ ab2=2), where a is the larger and b is the smaller
axis of the tumor [33]. The tumor growth rate relative to
the tumor volume on day 10 was calculated. On day 19, the
tumors were collected and the specimens were prepared as
described above. Immunostaining using anti-Ki-67 antibody
(MIB-1; N1633; Dako) was performed, and Ki-67-positive
and Ki-67-negative nuclei in 3 different areas of each slide
were counted automatically using DynamicCellCount soft-
ware (Keyence, Osaka, Japan).

Results

Cloning of the common marmoset ACTB gene

First, to determine the ACTB genomic DNA sequence of
the common marmoset, we searched the Washington Uni-
versity GSC BLST server using the sequence for human
ACTB cDNA as a probe. As a result, several sequences were
hit, including obvious pseudogenes that did not have an
exon–intron structure. From these sequences, we selected
contig6614.25, which has a putative exon–intron structure

SITE-SPECIFIC TRANSGENESIS IN COMMON MARMOSET ES CELLS 1589



and a TATA box and a CAAT box upstream of the putative
ATG, similar to the human ACTB gene (Fig. 1A) [34]. The
reconstructed open reading frame and amino acid sequence
from the genomic sequence were 94% and 100% identical to
those of the human ACTB gene, respectively (Fig. 1B). Thus,
we defined the sequence as the common marmoset ACTB
gene locus. Next, we designed the homology arms of the
targeting vector to insert an exchangeable transgene cassette

between the stop codon and the putative polyadenylation
signal sequence (Fig. 2A). The designed homology arms were
cloned from genomic DNA of the cmES cell line CMES40
using PCR. After confirmation of the sequence, the homol-
ogy arms were ligated into a backbone plasmid consisting of
a transgene cassette flanked by loxP and loxPV containing the
F2A peptide-linked EGFP gene and the Neomycin (G418)-
resistant gene (Neo) driven by IRES.

FIG. 1. Analysis of genomic
locus for the common mar-
moset ACTB gene. (A) Sche-
matic representation of the
genomic locus for the com-
mon marmoset ACTB gene
and the 50 sequence. The UTRs
and exons are represented by
the gray boxes and the black
boxes, respectively. The under-
lined sequences indicate the
exons. The open-boxed se-
quences indicate the putative
promoter and enhancer. The
first ATG in exon 2 is shaded.
(B) Comparison of the re-
constructed open reading
frame of the common mar-
moset ACTB gene (cjACTB)
versus the human ACTB gene
(hACTB) open reading frame.
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ACTB gene targeting in cmES cells

For gene targeting, the targeting vector was linearized
using AatII digestion and introduced into cmES cell CMES40
using Lipofectamine LTX. After selection with G418, 31 re-
sistant colonies from 2 transfections were obtained. These
colonies were selected and reseeded onto new feeder cells
and then expanded. Genomic DNAs were isolated from
some of the cells and analyzed using a Southern blot analysis
with the 50 external genomic probe to confirm homologous
recombination. As shown in Fig. 2B, 17 of the 21 clones that
were analyzed were homologous recombinants. All the
ACTBþ=EGFP cmES cell clones were EGFP positive, whereas
the other clones were EGFP negative except for one clone.
Three ACTBþ=EGFP cmES cell clones were used for the sub-
sequent analyses (No. 8, 21, and 29). Single copy integration
of the targeting vector was confirmed by detection of a single
band of the expected size using a Southern blot analysis with
the EGFP probe (Fig. 2C).

Characterization of ACTB þ=EGFP cmES cells

Out of the ACTBþ=EGFP cmES cell clones, clone No. 29 was
used for the subsequent experiments; this cell line was
named BR29. A karyotype analysis revealed the mainte-
nance of a normal karyotype (46, XX) in the BR29 cells even
after over 50 passages (Fig. 3A). This cell line forms typical
ES cell colonies and constitutively expressed EGFP (Fig. 3B).
Moreover, the cells were positive for alkaline phosphatase
staining, which is characteristic of undifferentiated ES cells
(Fig. 3C). To further confirm their undifferentiated state, the
expression of primate ES cell-specific surface antigens

(SSEA-4, TRA-1-60, and TRA-1-81) was examined using
immunocytochemistry. As shown in Fig. 3C, all 3 antigens
were expressed on the BR29 cells. Further, the expression of
the ES cell-specific transcription factors OCT3=4 and NA-
NOG was observed in the nuclei of the BR29 cells (Fig. 3D).
Therefore, this cell line was thought to retain an undiffer-
entiated state.

Differentiation ability of BR29 cells

To estimate their differentiation ability, undifferentiated
BR29 cells were transferred into a suspension culture
containing a differentiation medium. The BR29 cells spon-
taneously formed EBs, which expressed EGFP. No EGFP-
negative cells were found in the EB (Fig. 4A). Further, a flow
cytometry analysis confirmed ubiquitous EGFP expression in
EBs (Fig. 4B).

BR29 cells also showed directed differentiation into
derivatives of the three germ layers. As shown in Fig. 4C,
differentiation into SOX17-positive endoderm cells, CD31-
positive mesoderm cells, and NCAM-positive neuroectoderm
cells was observed. EGFP expression was persistently ob-
served in the differentiated state.

Next, a teratoma formation assay was performed to esti-
mate their differentiation ability in vivo. When cmES cells
were injected subcutaneously or into the kidney capsule of
immunodeficient mice, the mice developed tumors (Fig. 5A).
Immunohistochemistry of the tumors revealed that the
tumor contained derivatives of all three germ layers (Fig.
5B–G). EGFP expression strictly marked the tumor tissue
derived from the cmES cells (Fig. 5H, I).

FIG. 2. Gene targeting of the common marmoset ACTB gene locus. (A) Schematic representations of the wild-type common
marmoset ACTB gene locus, the targeting vector, and the targeted locus. (B) Southern blot analysis of BamHI and EcoRI
double-digested genomic DNA from G418-resistant clones using the 50 probe. WT, wild-type; KI, Knock-in. (C) Southern blot
analysis of the BamHI-digested genomic DNA from clone No. 8, 21, and 29 using the enhanced green fluorescent protein
(EGFP) probe shown in (A).
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Cre RMCE at the ACTB locus

The transgene inserted into the ACTB locus of the BR29
cells had 2 heterotypic lox sites, wild-type loxP and mutant
loxP, also known as loxPV or lox2272. Recombination by Cre
recombinase rarely occurs between these lox sites. None-
theless, if a DNA fragment is flanked by the same set of lox
sites, recombination occurs between each of the homologous
lox sites. As a result of this recombination, the EGFP trans-
gene cassette is replaced by the DNA fragment. To confirm
the exchange reaction in the cell line, we constructed a donor
plasmid EF1a promoter-driven mRFP expression cassette
flanked by heterotypic lox sites (pPV-BE-Red). A poly A
signal sequence was inserted upstream of the EF1a promoter
to terminate transcription from the endogenous ACTB gene
(Fig. 6A).

To examine the cassette replacement, the Cre expression
plasmid and pPV-BE-Red were cotransfected into BR29
cells using lipofection. As a result, a colony including
mRFP-positive cells was obtained. These mRFP-positive
cells lost their EGFP expression, indicating that RMCE
occurred properly (Fig. 6B). The colony including mRFP-
positive and EGFP-negative cells was selected and me-
chanically dissociated by pipetting, and then reseeded onto
new feeder cells. The mRFP-positive and EGFP-negative

cmES cell line was established by subsequent serial sub-
cloning based on mRFP expression (Fig. 6C). The cell line
maintained the expression of ES cell-specific markers
and showed a normal karyotype (Supplementary Fig. S1;
Supplementary Data are available online at www
.liebertonline.com=scd). Cassette exchange and the absence
of Cre expression plasmid integration were confirmed us-
ing genomic PCR (Fig. 6D).

Establishment of ACTBþ=HSV-tk cmES cells
using RMCE

Next, we tried to establish HSV-tk knock-in cmES cell lines
using RMCE (Fig. 7A). The cassette-replaced clones were
selected using hygromycin resistance. As a result, 6 clones
were obtained, all of which had lost their EGFP fluorescence.
The genotype was confirmed using genomic PCR (Fig. 7B).
The established clone No. 2, BR29-TK, showed an undiffer-
entiated phenotype and a normal karyotype (Supplementary
Fig. S1). To examine the sensitivity against GCV in BR29-TK,
they were cultured in the growth medium with or without
1 mM of GCV for 7 days. Whereas the BR29 cells grew and
formed colonies normally in the presence of GCV, the BR29-
TK cells could not grow in the medium containing 1mM of
GCV (Fig. 7C).

FIG. 3. BR29 cells retain a normal karyotype, an undifferentiated state, and express EGFP. (A) Karyotype analysis of the
ACTBþ=EGFP common marmoset embryonic stem (cmES) cell clone no. 29. (B) Phase-contrast microscopy (left) and fluores-
cence microscopy (right) of the ACTBþ=EGFP cmES colonies. Bar, 200mm. (C) Alkaline phosphatase (ALP) staining and
immunocytochemistry for SSEA-4, TRA-1-60, and TRA-1-81 in ACTBþ=EGFP cmES cell clone no. 29. Bar, 200mm. (D) Detection of the
ES cell-specific transcription factors, NANOG and OCT3=4, using immunocytochemistry. Bars, 100 mm.
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To test the effect of GCV treatment on the growth of
HSV-tk-expressing tumors in vivo, BR29-TK cells were
subcutaneously injected into immunodeficient mice. About
1–1.5 months after injection, 18 of the 20 immunodeficient
mice developed a tumor. The tumor volume was measured
at each time period (Fig. 7D). Half of the tumor-bearing
mice were given 50 mg=kg of GCV on days �2 and 0 (Fig.
7D). As shown in Fig. 7E, the growth rate of the tumor
was slightly decreased at 4 days after GCV administration.
Although the growth rate gradually increased from days 7
to 19, a significant suppression of tumor growth in re-
sponse to GCV treatment was observed. Subsequent
immunohistochemistry of the tumor revealed that although
Ki-67-positive growing tumor cells persisted within the
GCV treatment group, the number of Ki-67-positive cells
was less than that in the control group (Fig. 7F). Quanti-
tative analysis of the proportion of Ki-67-positive nuclei
against all the nuclei of these tumors confirmed a signifi-
cant reduction in Ki-67-positive cells in the GCV treatment
group (Fig. 7G).

Discussion

Primate, including human, and mouse ES cells have dif-
ferent biological properties in several aspects, such as gene
expression and their responses to growth factors. Mouse
epiblast stem cell (EpiSC) lines from early postimplantation
embryos have been shown to share some features with pri-
mate ES cells [35,36]. Therefore, primate ES cells are likely to
have mouse EpiSCs-like characteristics, rather than mouse
ES cell-like ones. Mouse EpiSCs are known to be highly in-
efficient at producing chimeric mice upon aggregation or
injection into host blastocysts, unlike mouse ES cells. Thus,
well-developed genetic modification techniques in mouse ES
cells were considered to be inapplicable to primate ES cells.
Further, a high frequency of transgene silencing in primate
ES cells has also been an obstacle for their use in basic re-
search and preclinical research using transgenes [7,8].
However, a recent report has shown that the identity
of mouse EpiSCs-like human ES cells can be rewired into
a more immature state that extensively shares defining

FIG. 4. BR29 cells can dif-
ferentiate into three germ lay-
ers in vitro without the loss of
EGFP expression. (A) Phase-
contrast microscopy (left) and
fluorescence microscopy (right)
of day 21 embryoid bodies
(EB). Bar, 500mm. (B) Flow cy-
tometric analysis of EGFP ex-
pression in day 15 EB.þ=EGFP
and þ=þ indicate the BR29
cells and wild-type cmES cells,
respectively. (C) Differentia-
tion of BR29 cells into three
germ layers. The right column
shows overlapping images for
each of the immunocytochem-
istry results (left, top, to bottom,
SOX17, CD31, and NCAM;
red) and the center column
(EGFP; green) with DAPI
staining (blue). Bars, 50mm.
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features with mouse ES cells [37]. Such a conversion of hu-
man ES cell characteristics was achieved through the ectopic
induction of some pluripotent factors combined with leuke-
mia inhibitory factor and the well-known 2i method [38],
which was used for the production of the first germline-

competent rat ES cells [39,40] using inhibitors of glycogen
synthase kinase 3b and the mitogen-activated protein kinase
(ERK1=2) pathway [37]. Thus, based on these technological
improvements, an increasing need exists for an efficient site-
specific transgenic system in primate ES cells for the future
generation of knock-in and knock-out primate animals.

In the present study, we built a site-specific transgenic
system using RMCE at the ACTB locus in cmES cells, en-
abling stable and ubiquitous transgene expression. For this
purpose, we first established a gene targeting technique
and inserted heterospecific lox sites with the EGFP transgene
into the ACTB locus. The targeted cmES cells retained the
undifferentiated ES cell characteristics, with a normal kar-
yotype and a three germ layer differentiation ability after
gene targeting, suggesting that our gene targeting method
does not affect the undifferentiated state of cmES cells (Figs.
4 and 5). In addition, the inserted EGFP transgene could be
replaced with another transgene cassette carrying the mRFP
gene through Cre recombinase.

The instability of transgene expression, such as silencing
or ectopic expression, mainly arises from a position effect of
the integration site and has often been problematic in mouse
transgenesis [41]. To circumvent this phenomenon, a site-
specific transgenesis strategy has been developed using the
ROSA26 locus. Although Irion et al. recently reported a hu-
man ROSA26 gene knock-in locus [42], whether an ubiqui-
tous expression pattern from the fetal to adult stage is
conserved in primates remains unclear. Another group also
established a versatile human ES cell lines for RMCE using
random integration with an exogenous promoter [23].
However, the expression pattern can never be predicted
in vivo using this method. On the other hand, the ACTB gene
is a typical housekeeping gene that is ubiquitously expressed
and has been used as a positive control of gene expression in
many aspects. Since the ACTB gene has a critical function in
cell homeostasis, latent haploinsufficiency may occur if an
allele is disrupted by the insertion of a transgene. Therefore,
we designed a targeting vector that inserted an IRES-driven
transgene into the 30 UTR of this gene to avoid any loss of
gene expression (Fig. 2A).

We adapted the lipofection method using Lipofectamine
LTX to introduce the targeting vector. Electroporation is
thought to be more effective for gene targeting in human ES
cells than chemical methods [43,44], although we first ex-
amined the use of electroporation to introduce the targeting
vector, the efficiency was quite low, and only one clone was
a homologous recombinant (data not shown). On the other
hand, 17 homologous recombinants out of 21 G418-resistant
clones were obtained using lipofection (Fig. 2B). Recently, a
notable improvement in viral vectors has made gene tar-
geting in human and cynomolgus monkey ES cells possible
through the use of helper-dependent adenoviral vector
(HDAdV) [45]. HDAdV permits the insertion of a large DNA
fragment with a high efficiency and has a low cytotoxicity,
compared with common AdV [46–48]. However, the prepa-
ration of HDAdV requires an advanced technique, making
this technique difficult to perform on a routine laboratory
basis. By contrast, lipofection is a relatively simple method
that requires neither specific, complicated techniques nor any
specific instruments. Thus, the lipofection method used in
this report is a promising tool for the targeting of other genes
in cmES cells.

FIG. 5. Teratoma formation of the BR29 cells. (A) Tumors
formed in the kidney capsule (left side) and normal kidney
(right side). Bar, 1 cm. (B–G) Immunohistochemistry of the
formed tumor. This tumor is comprised of a-fetoprotein
(AFP)-positive cells (B), vimentin-positive cells (D), and
neural cell adhesion molecule (NCAM)-positive cells (F),
indicating the endoderm, mesoderm, and ectoderm, respec-
tively. Hematoxylin–eosin (HE) staining is shown in (C, E,
G). Bars in (B) and (C), 50 mm. Bars in (D–G), 100mm. (H)
EGFP expression at the border between the teratoma tissue
and the normal kidney tissue. (I) HE staining of the serially
sectioned specimen shown in (H). Bars in (H) and (I), 200mm.
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The cassette replacement experiment showed that the
EGFP transgene was correctly replaced with the mRFP
transgene by cotransfection with the Cre expression plasmid
(Fig. 6B, D). The mRFP-positive cmES cell line was success-
fully established by serial subcloning without any drug se-
lection (Fig. 6C). This technique should facilitate the
establishment of various transgenic cmES cell lines with
stable and ubiquitous expression.

For therapeutic applications of ES cells or iPS cells as
sources of donor cells, the tumorigenic propensity of these
cells has been a major barrier [49,50]. Teratoma formation
ability is a native characteristic of these undifferentiated
pluripotent stem cells. Moreover, these cells may acquire an
even higher tumorigenic propensity as a result of mutations
or chromosomal abnormalities in cultured cells. Indeed, re-
current chromosomal abnormalities in cultured human ES
cells have been reported, and some of these abnormalities
have been associated with oncogenic transformation [51–54].
On the other hand, proving the chromosomal normality of all
donor cells is practically impossible in viable cells before
transplantation. To ensure the safety of stem cell therapy,
the application of the HSV-tk=GCV system has been pro-
posed [55,56]. The introduction of the HSV-tk gene into do-
nor cells in advance enables tumors originating from the
donor cells to be suppressed by the administration of GCV.
For this purpose, however, the transgene should be stably
expressed even after the cells have transformed into any cell
type. However, achieving the ubiquitous expression of the
transgene constantly is rather difficult using conventional

transgenesis with random integration. Our site-specific
transgenesis using the endogenous ACTB gene promoter is
especially suitable for this purpose. Thus, we established
an HSV-tk knock-in cmES cell line using RMCE. Using
drug selection, about 10 colonies were obtained. Of these, 6
clones were expanded and their genotypes were analyzed.
All the clones that were analyzed exhibited correct ex-
changes. This high efficiency of cassette exchange is prob-
ably due to the promoter-less strategy using an IRES
sequence, since most randomly integrated clones do not
express the transgene except for promoter trapping. BR29-
TK, an established HSV-tk knock-in cmES cell line, ex-
hibited sensitivity to GCV in vitro. This finding indicates
the expression of a functional HSV-tk gene. Next, we per-
formed tumor formation in immunodeficient mice using
BR29-TK. In the GCV administration group, the tumor
growth rate was significantly suppressed. An immuno-
histochemical analysis revealed that the number of Ki-
67-positive growing tumor cells was significantly lower
than that in the control group. Therefore, for therapeutic
application of ES cells or iPS cells, this HSV-tk constitutive
expression from the ACTB locus in donor cells is a prom-
ising countermeasure to the possible donor cell-derived
tumor formation upon transplantation. However, in this
experiment, the Ki-67-positive cells partially persisted de-
spite the administration of GCV (Fig. 7F). This result might
have arisen because a certain population of the cells that had
been in a quiescent state when GCV was administered sur-
vived and grew within our moderate GCV administration

FIG. 6. Cre recombinase-mediated cas-
sette exchange (RMCE) in BR29 cells. (A)
Schematic representation of the strategy
for RMCE at the ACTB locus. As a result of
cassette replacement, EGFP fluorescence is
lost instead of monomeric red fluorescent
protein (mRFP) positivity. BGHpA, bovine
growth hormone gene polyadenylation
signal; EF1a, human elongation factor 1a
gene promoter. (B) Fluorescence micros-
copy of mRFP (left) and EGFP (right) in a
colony obtained by RMCE. The arrowheads
indicate mRFP-positive and EGFP-negative
cells. (C) Phase-contrast microscopy (left)
and fluorescence microscopy (right) of the
established mRFP knock-in cmES cells.
Bar, 500mm. (D) Polymerase chain reaction
(PCR) analysis of the genomic DNA of the
mRFP Knock-in cmES cells (þ=mRFP),
BR29 cells (þ=EGFP). Cre indicates the Cre
expression plasmid used as a positive con-
trol for PCR.
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protocol. In many reports, the HSV-tk=GCV tumor
suppression system was given GCV once or twice a day for
5–14 days [57–61]. In our experiment, GCV was adminis-
tered only once on both days �2 and 0 to reduce adverse
effect-related damage to the animals, but this regimen was
sufficient to produce a tumor suppression effect. None-
theless, to eliminate the Ki-67-positive tumor cells com-
pletely, a longer GCV administration period is likely
needed. Further studies to assess the efficacy of this system

using disease model marmosets with states similar to those
experienced in clinical settings are expected.

In conclusion, we created a transgene acceptor site at the
ACTB locus of cmES cells for performing RMCE. This report
is the first to demonstrate gene targeting in cmES cells. This
cell line allows the efficient targeting of various transgenes
using Cre recombinase activity. The transgene expression
enabled by the endogenous ACTB promoter is ubiquitous
and stable. These techniques are expected to be useful for

FIG. 7. Establishment of her-
pes simplex virus-thymidine
kinase (HSV-tk) knock-in
cmES cell line using RMCE. (A)
Schematic representation of
HSV-tk knock-in ES cell line
using RMCE. The exchanged
clone loses EGFP expression
and acquires resistance to hy-
gromycin. (B) Genotyping re-
sults for hygromycin-resistant
clones using genomic PCR. (C)
In vitro study of sensitivity to
ganciclovir (GCV) in BR29-TK
cells (þ=HSV-tk). Bar, 200mm.
(D) Schedule of the in vivo
study for GCV administration
in tumors derived from BR29-
TK cells. The cells were injected
into immunodeficient mice and
developed into tumors after
about 1 month. Thereafter, mice
harboring tumors were treated
with GCV or water as a control
on days �2 and 0. The tumor
volume was measured during
each time period. (E) Transi-
tions of tumor growth rate. The
arrows indicate the timing of
the administration. The graph
presents the mean of the rela-
tive values of the tumor volume
against that of day 10. The error
bars indicate the standard error
of the mean. The P values ob-
tained using the Student’s t-test
indicate a significant differ-
ence (*P< 0.05). (F) The mice
were sacrificed on day 20 and
the tumors were examined. The
upper panels show HE staining
of the control (left) and GCV-
treated (right) tumors. The mid-
dle and lower panels show Ki-67
immunostaining. Bars in the
upper and middle panel, 100mm.

Bar in the lower panel, 50mm. (G) Quantitative analysis of Ki-67-positive cells in the control and GCV-treated tumors. The results are
expressed as the percentage of the Ki-67-positive nuclei. The error bars indicate the standard error of the mean (GCV, n¼ 8;
Control, n¼ 10). P values obtained using the Student’s t-test indicate a significant difference (**P< 0.01).
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preclinical studies and stem cell biology using transgenes in
the common marmoset.

Acknowledgments

This work was partly supported by a Grant-in-Aid for
Young Scientists (B) (19700370 to S.S.) from the Ministry of
Education, Culture, Sports, Science and Technology, Japan
(MEXT), and grants from the Funding Program for World-
leading Innovative R&D on Science and Technology and the
Japan Science and Technology Agency (SORST) to H.O. A
part of this study is the result of the Highly Creative Animal
Model Development for Brain Sciences program carried out
under the Strategic Research Program for Brain Sciences by
MEXT. We wish to thank the Analysis Center of Life Science,
Hiroshima University, for the use of their facilities. We also
thank Akiko Shimada, Ryo Oiwa (Central Institute for Ex-
perimental Animals), and Yuko Kato (Natural Science Center
for Basic Research and Development, Hiroshima University)
for their technical assistance. The BR29 cell line is available
upon request from the corresponding author.

Author Disclosure Statement

All authors declare that they have no potential conflict of
interest in connection with the submitted article.

References

1. Evans MJ and MH Kaufman. (1981). Establishment in cul-
ture of pluripotential cells from mouse embryos. Nature
292:154–156.

2. Martin GR. (1981). Isolation of a pluripotent cell line from
early mouse embryos cultured in medium conditioned by
teratocarcinoma stem cells. Proc Natl Acad Sci U S A
78:7634–7638.

3. Capecchi MR. (2005). Gene targeting in mice: functional
analysis of the mammalian genome for the twenty-first
century. Nat Rev Genet 6:507–512.

4. Thomson JA, J Itskovitz-Eldor, SS Shapiro, MA Waknitz, JJ
Swiergiel, VS Marshall and JM Jones. (1998). Embryonic
stem cell lines derived from human blastocysts. Science
282:1145–1147.

5. Takahashi K, K Tanabe, M Ohnuki, M Narita, T Ichisaka, K
Tomoda and S Yamanaka. (2007). Induction of pluripotent
stem cells from adult human fibroblasts by defined factors.
Cell 131:861–872.

6. Yu J, MA Vodyanik, K Smuga-Otto, J Antosiewicz-Bourget,
JL Frane, S Tian, J Nie, GA Jonsdottir, V Ruotti, R Stewart, II
Slukvin and JA Thomson. (2007). Induced pluripotent stem
cell lines derived from human somatic cells. Science
318:1917–1920.

7. Liew CG, JS Draper, J Walsh, H Moore and PW Andrews.
(2007). Transient and stable transgene expression in human
embryonic stem cells. Stem Cells 25:1521–1528.

8. Xia X, Y Zhang, CR Zieth and SC Zhang. (2007). Transgenes
delivered by lentiviral vector are suppressed in human
embryonic stem cells in a promoter-dependent manner.
Stem Cells Dev 16:167–176.

9. Hibino H, K Tani, K Ikebuchi, MS Wu, H Sugiyama, Y
Nakazaki, T Tanabe, S Takahashi, A Tojo, S Suzuki, Y
Tanioka, Y Sugimoto, T Nakahata and S Asano. (1999). The
common marmoset as a target preclinical primate model for
cytokine and gene therapy studies. Blood 93:2839–2848.

10. Mansfield K. (2003). Marmoset models commonly used in
biomedical research. Comp Med 53:383–392.

11. Sasaki E, H Suemizu, A Shimada, K Hanazawa, R Oiwa, M
Kamioka, I Tomioka, Y Sotomaru, R Hirakawa, T Eto, S
Shiozawa, T Maeda, M Ito, R Ito, C Kito, C Yagihashi, K
Kawai, H Miyoshi, Y Tanioka, N Tamaoki, S Habu, H Okano
and T Nomura. (2009). Generation of transgenic non-human
primates with germline transmission. Nature 459:523–527.

12. Sasaki E, K Hanazawa, R Kurita, A Akatsuka, T Yoshizaki,
H Ishii, Y Tanioka, Y Ohnishi, H Suemizu, A Sugawara, N
Tamaoki, K Izawa, Y Nakazaki, H Hamada, H Suemori, S
Asano, N Nakatsuji, H Okano and K Tani. (2005). Estab-
lishment of novel embryonic stem cell lines derived from the
common marmoset (Callithrix jacchus). Stem Cells 23:1304–
1313.

13. Muller T, G Fleischmann, K Eildermann, K Matz-Rensing,
PA Horn, E Sasaki and R Behr. (2009). A novel embryonic
stem cell line derived from the common marmoset monkey
(Callithrix jacchus) exhibiting germ cell-like characteristics.
Hum Reprod 24:1359–1372.

14. Oumard A, J Qiao, T Jostock, J Li and J Bode. (2006).
Recommended method for chromosome exploitation:
RMCE-based cassette-exchange systems in animal cell bio-
technology. Cytotechnology 50:93–108.

15. Bouhassira EE, K Westerman and P Leboulch. (1997).
Transcriptional behavior of LCR enhancer elements inte-
grated at the same chromosomal locus by recombinase-
mediated cassette exchange. Blood 90:3332–3344.

16. Feng YQ, J Seibler, R Alami, A Eisen, KA Westerman, P
Leboulch, S Fiering and EE Bouhassira. (1999). Site-specific
chromosomal integration in mammalian cells: highly effi-
cient CRE recombinase-mediated cassette exchange. J Mol
Biol 292:779–785.

17. Araki K, M Araki and K Yamamura. (2002). Site-directed
integration of the cre gene mediated by Cre recombinase
using a combination of mutant lox sites. Nucleic Acids Res
30:e103.

18. Zambrowicz BP, A Imamoto, S Fiering, LA Herzenberg, WG
Kerr and P Soriano. (1997). Disruption of overlapping tran-
scripts in the ROSA beta geo 26 gene trap strain leads to
widespread expression of beta-galactosidase in mouse em-
bryos and hematopoietic cells. Proc Natl Acad Sci U S A
94:3789–3794.

19. Shmerling D, CP Danzer, X Mao, J Boisclair, M Haffner, M
Lemaistre, V Schuler, E Kaeslin, R Korn, K Burki, B
Ledermann, B Kinzel and M Muller. (2005). Strong and
ubiquitous expression of transgenes targeted into the beta-
actin locus by Cre=lox cassette replacement. Genesis
42:229–235.

20. Garcia-Otin AL and F Guillou. (2006). Mammalian genome
targeting using site-specific recombinases. Front Biosci
11:1108–1136.

21. Di Domenico AI, I Christodoulou, SC Pells, J McWhir and AJ
Thomson. (2008). Sequential genetic modification of the hprt
locus in human ESCs combining gene targeting and re-
combinase-mediated cassette exchange. Cloning Stem Cells
10:217–230.

22. Liu Y, B Thyagarajan, U Lakshmipathy, H Xue, P Lieu, A
Fontes, CC MacArthur, K Scheyhing, MS Rao and JD
Chesnut. (2009). Generation of platform human embryonic
stem cell lines that allow efficient targeting at a pre-
determined genomic location. Stem Cells Dev 18:1459–1472.

23. Du ZW, BY Hu, M Ayala, B Sauer and SC Zhang. (2009). Cre
recombination-mediated cassette exchange for building

SITE-SPECIFIC TRANSGENESIS IN COMMON MARMOSET ES CELLS 1597



versatile transgenic human embryonic stem cells lines. Stem
Cells 27:1032–1041.

24. Sakurai K, M Shimoji, CG Tahimic, K Aiba, E Kawase, K
Hasegawa, Y Amagai, H Suemori and N Nakatsuji. (2010).
Efficient integration of transgenes into a defined locus in
human embryonic stem cells. Nucleic Acids Res 38:e96.

25. Kolb AF. (2001). Selection-marker-free modification of the
murine beta-casein gene using a lox2272 [correction of
lox2722] site. Anal Biochem 290:260–271.

26. Kondo S, A Okuda, H Sato, N Tachikawa, M Terashima, Y
Kanegae and I Saito. (2003). Simultaneous on=off regulation
of transgenes located on a mammalian chromosome with
Cre-expressing adenovirus and a mutant loxP. Nucleic
Acids Res 31:e76.

27. Masui S, D Shimosato, Y Toyooka, R Yagi, K Takahashi and
H Niwa. (2005). An efficient system to establish multiple
embryonic stem cell lines carrying an inducible expression
unit. Nucleic Acids Res 33:e43.

28. Niculescu-Duvaz I and CJ Springer. (2005). Introduction to
the background, principles, and state of the art in suicide
gene therapy. Mol Biotechnol 30:71–88.

29. Fang J, JJ Qian, S Yi, TC Harding, GH Tu, M VanRoey and K
Jooss. (2005). Stable antibody expression at therapeutic lev-
els using the 2A peptide. Nat Biotechnol 23:584–590.

30. Sugawara A, K Goto, Y Sotomaru, T Sofuni and T Ito. (2006).
Current status of chromosomal abnormalities in mouse
embryonic stem cell lines used in Japan. Comp Med 56:
31–34.

31. Ito M, H Hiramatsu, K Kobayashi, K Suzue, M Kawahata, K
Hioki, Y Ueyama, Y Koyanagi, K Sugamura, K Tsuji, T
Heike and T Nakahata. (2002). NOD=SCID=gamma(c)(null)
mouse: an excellent recipient mouse model for engraftment
of human cells. Blood 100:3175–3182.

32. Campbell RE, O Tour, AE Palmer, PA Steinbach, GS Baird,
DA Zacharias and RY Tsien. (2002). A monomeric red
fluorescent protein. Proc Natl Acad Sci U S A 99:7877–7882.

33. Corbett TH, DP Griswold Jr., BJ Roberts, JC Peckham and
FM Schabel Jr. (1977). Evaluation of single agents and
combinations of chemotherapeutic agents in mouse colon
carcinomas. Cancer 40:2660–2680.

34. Ng SY, P Gunning, R Eddy, P Ponte, J Leavitt, T Shows and
L Kedes. (1985). Evolution of the functional human beta-
actin gene and its multi-pseudogene family: conservation of
noncoding regions and chromosomal dispersion of pseu-
dogenes. Mol Cell Biol 5:2720–2732.

35. Tesar PJ, JG Chenoweth, FA Brook, TJ Davies, EP Evans, DL
Mack, RL Gardner and RD McKay. (2007). New cell lines
from mouse epiblast share defining features with human
embryonic stem cells. Nature 448:196–199.

36. Brons IG, LE Smithers, MW Trotter, P Rugg-Gunn, B Sun,
SM Chuva de Sousa Lopes, SK Howlett, A Clarkson, L
Ahrlund-Richter, RA Pedersen and L Vallier. (2007). Deri-
vation of pluripotent epiblast stem cells from mammalian
embryos. Nature 448:191–195.

37. Hanna J, AW Cheng, K Saha, J Kim, CJ Lengner, F Soldner,
JP Cassady, J Muffat, BW Carey and R Jaenisch. (2010).
Human embryonic stem cells with biological and epigenetic
characteristics similar to those of mouse ESCs. Proc Natl
Acad Sci U S A 107:9222–9227.

38. Ying QL, J Wray, J Nichols, L Batlle-Morera, B Doble, J
Woodgett, P Cohen and A Smith. (2008). The ground state of
embryonic stem cell self-renewal. Nature 453:519–523.

39. Buehr M, S Meek, K Blair, J Yang, J Ure, J Silva, R McLay,
J Hall, QL Ying and A Smith. (2008). Capture of authentic

embryonic stem cells from rat blastocysts. Cell 135:1287–
1298.

40. Li P, C Tong, R Mehrian-Shai, L Jia, N Wu, Y Yan, RE
Maxson, EN Schulze, H Song, CL Hsieh, MF Pera and QL
Ying. (2008). Germline competent embryonic stem cells de-
rived from rat blastocysts. Cell 135:1299–1310.

41. Feng YQ, MC Lorincz, S Fiering, JM Greally and EE Bou-
hassira. (2001). Position effects are influenced by the orien-
tation of a transgene with respect to flanking chromatin. Mol
Cell Biol 21:298–309.

42. Irion S, H Luche, P Gadue, HJ Fehling, M Kennedy and G
Keller. (2007). Identification and targeting of the ROSA26
locus in human embryonic stem cells. Nat Biotechnol
25:1477–1482.

43. Yanez RJ and AC Porter. (1999). Influence of DNA delivery
method on gene targeting frequencies in human cells. Somat
Cell Mol Genet 25:27–31.

44. Zwaka TP and JA Thomson. (2003). Homologous recombi-
nation in human embryonic stem cells. Nat Biotechnol
21:319–321.

45. Suzuki K, K Mitsui, E Aizawa, K Hasegawa, E Kawase, T
Yamagishi, Y Shimizu, H Suemori, N Nakatsuji and K Mi-
tani. (2008). Highly efficient transient gene expression and
gene targeting in primate embryonic stem cells with helper-
dependent adenoviral vectors. Proc Natl Acad Sci U S A
105:13781–13786.

46. Mitani K, FL Graham, CT Caskey and S Kochanek. (1995).
Rescue, propagation, and partial purification of a helper
virus-dependent adenovirus vector. Proc Natl Acad Sci U S A
92:3854–3858.

47. Ohbayashi F, MA Balamotis, A Kishimoto, E Aizawa, A
Diaz, P Hasty, FL Graham, CT Caskey and K Mitani.
(2005). Correction of chromosomal mutation and random
integration in embryonic stem cells with helper-dependent
adenoviral vectors. Proc Natl Acad Sci U S A 102:13628–
13633.

48. Palmer DJ and P Ng. (2005). Helper-dependent adenoviral
vectors for gene therapy. Hum Gene Ther 16:1–16.

49. Knoepfler PS. (2009). Deconstructing stem cell tumorigenic-
ity: a roadmap to safe regenerative medicine. Stem Cells
27:1050–1056.

50. Carpenter MK, J Frey-Vasconcells and MS Rao. (2009). De-
veloping safe therapies from human pluripotent stem cells.
Nat Biotechnol 27:606–613.

51. Draper JS, K Smith, P Gokhale, HD Moore, E Maltby, J
Johnson, L Meisner, TP Zwaka, JA Thomson and PW An-
drews. (2004). Recurrent gain of chromosomes 17q and 12
in cultured human embryonic stem cells. Nat Biotechnol
22:53–54.

52. Maitra A, DE Arking, N Shivapurkar, M Ikeda, V Stastny,
K Kassauei, G Sui, DJ Cutler, Y Liu, SN Brimble, K
Noaksson, J Hyllner, TC Schulz, X Zeng, WJ Freed, J Crook,
S Abraham, A Colman, P Sartipy, S Matsui, M Carpenter,
AF Gazdar, M Rao and A Chakravarti. (2005). Genomic
alterations in cultured human embryonic stem cells. Nat
Genet 37:1099–1103.

53. Lefort N, M Feyeux, C Bas, O Feraud, A Bennaceur-Griscelli,
G Tachdjian, M Peschanski and AL Perrier. (2008). Human
embryonic stem cells reveal recurrent genomic instability at
20q11.21. Nat Biotechnol 26:1364–1366.

54. Spits C, I Mateizel, M Geens, A Mertzanidou, C Staessen, Y
Vandeskelde, J Van der Elst, I Liebaers and K Sermon.
(2008). Recurrent chromosomal abnormalities in human
embryonic stem cells. Nat Biotechnol 26:1361–1363.

1598 SHIOZAWA ET AL.



55. Schuldiner M, J Itskovitz-Eldor and N Benvenisty. (2003).
Selective ablation of human embryonic stem cells expressing
a ‘‘suicide’’ gene. Stem Cells 21:257–265.

56. Kiuru M, JL Boyer, TP O’Connor and RG Crystal. (2009).
Genetic control of wayward pluripotent stem cells and their
progeny after transplantation. Cell Stem Cell 4:289–300.

57. Culver KW, Z Ram, S Wallbridge, H Ishii, EH Oldfield and
RM Blaese. (1992). In vivo gene transfer with retroviral
vector-producer cells for treatment of experimental brain
tumors. Science 256:1550–1552.

58. Caruso M, Y Panis, S Gagandeep, D Houssin, JL Salzmann
and D Klatzmann. (1993). Regression of established macro-
scopic liver metastases after in situ transduction of a suicide
gene. Proc Natl Acad Sci U S A 90:7024–7028.

59. Gao Ding C, W An and J Dai. (1999). Retrovirus-mediated
herpes simplex virus thymidine kinase gene therapy ap-
proach for hepatocellular carcinoma. Cell Res 9:225–235.

60. Pulkkanen KJ, JJ Parkkinen, JM Laukkanen, MI Kettunen, K
Tyynela, RA Kauppinen, MY Ala-Opas and S Yla-Herttuala.
(2001). HSV-tk gene therapy for human renal cell carcinoma
in nude mice. Cancer Gene Ther 8:529–536.

61. Di Ianni M, A Terenzi, F Falzetti, A Bartoli, S Di Florio, R
Benedetti, G Venditti, D Alfonsi, M De Ioanni, B Falini and A
Tabilio. (2002). Homing and survival of thymidine kinase-
transduced human T cells in NOD=SCID mice. Cancer Gene
Ther 9:756–761.

Address correspondence to:
Dr. Hideyuki Okano

Department of Physiology
School of Medicine

Keio University
35 Shinanomachi Shinjuku

Tokyo 160-8582
Japan

E-mail: hidokano@sc.itc.keio.ac.jp; hidokano@a2.keio.jp

Received for publication August 19, 2010
Accepted after revision November 29, 2010

Prepublished on Liebert Instant Online December 2, 2010

SITE-SPECIFIC TRANSGENESIS IN COMMON MARMOSET ES CELLS 1599




