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Development of a Safeguard System Using an Episomal
Mammalian Artificial Chromosome for Gene and Cell
Therapy

Narumi Uno'?, Katsuhiro Uno? Shinya Komoto? Teruhiko Suzuki®, Masaharu Hiratsuka‘, Mitsuhiko Osaki®, Yasuhiro Kazuki'** and
Mitsuo Oshimura’

The development of a safeguard system to remove tumorigenic cells would allow safer clinical applications of stem cells
for the treatment of patients with an intractable disease including genetic disorders. Such safeguard systems should not
disrupt the host genome and should have long-term stability. Here, we attempted to develop a tumor-suppressing mammalian
artificial chromosome containing a safeguard system that uses the immune rejection system against allogeneic tissue from
the host. For proof-of-concept of the safeguard system, B16F10 mouse melanoma cells expressing the introduced H2-K(d)
major histocompatibility complex (MHC class I)-allogenic haplotype were transplanted into recipient C57BL/6J mice expressing
MHC H2-K(b). Subcutaneous implantation of B16F10 cells into C57BL/6J mice resulted in high tumorigenicity. The volume of
tumors derived from B16F10 cells expressing allogenic MHC H2-K(d) was decreased significantly (P < 0.01). Suppression of
MHC H2-K(d)-expressing tumors in C57BL/6J mice was enhanced by immunization with MHC H2-K(d)-expressing splenocytes
(P < 0.01).These results suggest that the safeguard system is capable of suppressing tumor formation by the transplanted cells.
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Introduction

Cell transplantation, which involves somatic stem cells and
engraftments derived from pluripotent stem cells, is expected
to be an innovative technology for the progression of regen-
erative medicine.’® Recently, numerous types of cells have
been successfully generated from stem cells.*” Self-renewal
and multiple-lineage differentiation enable the production
of functional cells to treat patients with intractable diseases
including various genetic disorders. However, the risk of malig-
nancy remains a significant concern.®® Teratomas might form
from immature cells, and primary tumors might be derived
from injected stem cells. Tumors develop at an increased fre-
quency in chimeric animals generated with induced pluripo-
tent stem cells.’®'2 Moreover, neuronal tumors have formed
in primates injected with pluripotent stem cell-derived neuro-
genic cells.” A striking case is a patient with ataxia telangi-
ectasia, who developed a multifocal aggressive brain tumor
following administration of neurogenic stem cells.'* These
examples strongly illustrate the need for a safeguard system,
even though the cause of malignancy in such cases is unclear.
The causes of malignancy include reactivation of reprogram-
ming factors,'" increased genomic instability,’ frequent and
nonrandom chromosomal aberrations,'® and recurrent inac-
tivation of tumor suppressor genes.'®'® However, improved
reprogramming procedures have greatly reduced the risk of
cancer.® For these reprogramming procedures, nonintegrat-
ing and excisable vectors, and the exclusion of oncogenes

and reprogramming agents, i.e., RNA," protein,® or small
molecules,?' are required for treatment without additional
genomic alterations.’®2-24 |n addition, removal of residual
pluripotent stem cells and genomic surveys for somatic muta-
tions are crucial.?>-%® Previous safeguard systems have often
involved disruption of the host genome, treatment with a pro-
drug,?® or limited application of specific cell lines such as plu-
ripotent stem cells.?° Here, we conducted a pilot study based
on the physiological barrier of immunity against an allogenic
subject using a mouse artificial chromosome (MAC), a non-
integrating vector.*® We demonstrated the feasibility of an
in vivo safeguard system by introducing an allogenic haplo-
type of major histocompatibility complex (MHC) class I, which
can be expressed in various tumor cells without gene disrup-
tions and prodrugs.

Results

Construction of a safeguard system using a tumor-
suppressing MAC (TS-MAC)

As an in vivo model of tumor rejection for the following autolo-
gous transplantations, we used the mouse melanoma cell line
B16F10, For an in vitro model of undifferentiated cell elimina-
tion, we used mouse embryonic stem (mES) cells derived from
C57BL/6J mice. MACs are maintained stably and indepen-
dently from native chromosomes in mouse cell lines and indi-
viduals.®'%2 Because the introduced safeguard system required
high stability, MACs were used in this study,®* although
human artificial chromosomes (HACs) have the potential to be
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applied to humans. Additionally, several genes can be inserted
onto a MAC and expressed under the control of the promoter.
These characteristics are suitable for the construction of an
in vivo safeguard system. MAC4 contained enhanced green
fluorescent protein (EGFP), hygromycin resistance (Hyg’), and
5’hypoxanthine-guanine phosphoribosyltransferase (HPRT)
genes, and a loxP site. MAC4 was combined with a phage
artificial chromosome (PAC) containing in vitro and in vivo
safeguard systems, and a loxP site following the HPRT gene.*

As the in vitro safeguard system, we constructed herpes
simplex virus thymidine kinase (HSV-TK) connected to tdTo-
mato with a P2A peptide signal sequence under the control
of the nanog promoter (pNanog-HSV-TK-P2A-tdTomato).
Nanog is a marker of undifferentiated ES cells.?* A safe-
guard system using HSV-TK under the control of the nanog
promoter via a lentiviral gene expression system has been
reported previously.?® Because the lentiviral gene expres-
sion system requires insertion of a gene expression cassette
into the host cell, such gene insertion may increase the risk
of tumorigenicity in cell transplantation. Therefore, we used
a nonintegrative gene delivery vector, the MAC, which was
maintained independently from host chromosomes. tdTo-
mato was added to visualize the expression of HSV-TK. The
P2A peptide signal in the construct can efficiently separate
upstream and downstream peptides.®

For the in vivo safeguard system, we connected MHC
H2-K(d) and -2 microglobulin (B2M) with P2A under the con-
trol of the human telomerase reverse transcriptase (hTERT)
promoter (phTERT-MHC H2-K(d)-P2A-B2M). hTERT is a major
component of telomerase, which is a marker of unlimited pro-
liferation in cells, and the majority of malignant tumors exhibit
telomerase activity.*3° A haplotype of MHC class | (MHC
H2-K(d)) is expressed on the surface of cells derived from
Balb/c mice.** Thus, the transplanted cells expressing allogenic
MHC H2-K(d) were rejected owing to the immune reaction of
the host C57BL/6 mice.*' In addition, MHC H2-K(d) forms a
complex with B2M. Therefore, MHC H2-K(d) was linked to B2M
with P2A peptide signal, so that B2M and MHC H2-K(d) would
have similar expression levels. MHC H2-K(d) was expected to
be present on the cell surface with B2M.

The PAC vector (pPH_pN_TK_ pT_MHCK(d)) was
designed for the MAC containing in vitro and in vivo safe-
guard systems, namely tumor suppressing-MAC (TS-MAC).
Thus, the PAC and Cre-recombinase expression vector were
cotransfected in Chinese hamster ovary (CHO) cells contain-
ing MAC4 to mediate site-specific recombination. CHO cells
containing MAC4 that correctly recombined with the PAC
vector could survive in medium containing hypoxanthine,
aminopterin, and thymidine (HAT) (Figure 1a). Therefore,
the transfected CHO cells were expanded in HAT selec-
tion medium. Fifty-eight clones were selected. To confirm
that the obtained CHO clones had the expected TS-MAC,
polymerase chain reaction (PCR) analysis was performed
with several primer sets (Table 1). Among them, 21 clones
showed a positive result for all primer sets (data not shown).
PCR results of two representative clones, CHO/TS-MAC#1
and #2, and CHO/MAC4 as a negative control are shown in
Figure 1b. Fluorescence in situ hybridization (FISH) analy-
sis showed that TS-MAC was maintained independently from
CHO chromosomes (Figure 1c, Table 2). Thus, the TS-MAC
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Figure 1 Construction of a tumor-suppressing mouse
artificial chromosome (TS-MAC). (a) Diagram of the TS-MAC.
The TS-MAC was constructed using MAC4, which was derived
from mouse chromosome 11, and contained EGFP and hygromycin
resistance (Hyg) genes, a loxP site, and exons 1 and 2 of the
hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene.
pPH_pN_TK_pT_MHCK(d) was inserted into MAC4 using the
Cre-loxP system. pPH_pN_TK_pT_MHCK(d) included HSV-TK
connected to tdTomato, which was controlled by the mouse nanog
promoter regulatory element, and MHC H2-K(d) connected to beta-
2 microglobulin, which was controlled by the human telomerase
reverse transcriptase (hTERT) promoter regulatory element. These
two expression cassettes were aligned bi-directionally and flanked
HS4 insulators. (b) Polymerase chain reaction (PCR) analysis of two
representative Chinese hamster ovary (CHO) cell clones containing
the TS-MAC and CHO cells without TS-MAC as the negative control
(N.C.) with the primers listed in Table 1. (c) A representative image of
fluorescence in situ hybridization (FISH) analysis of CHO/TS-MAC#1.
Blue indicates 4’,6-diamidino-2-phenylindole signals. The rhodamine
(red) signal indicates the MAC. The fluorescein isothiocyanate signal
(green), which was observed as a yellow dot, indicates the inserted
phage artificial chromosome (PAC) vector. The yellow arrow shows
TS-MAC. An elongated TS-MAC is shown in the inset.

was correctly constructed in CHO cells and capable of trans-
fer from the CHO cells to other targeted cells.

Elimination of tumor cells with TS-MAC

We evaluated whether the safeguard system could be applied
to suppress tumor formation in vivo. The TS-MAC was trans-
ferred by microcell-mediated chromosome transfer (MMCT)
from CHO/TS-MAC#1 cells to the B16F10 cell line that was
derived from a C57BL/6J mouse expressing MHC H2-K(b).
Because C57BL6/J mice have the MHC H2-K(b) haplotype,
the B16F10 cell line expressed MHC H2-K(b) protein. MHC
H2-K(d) was the haplotype cloned from the Balb/c mouse.
MHC H2-K(d) was completely different from MHC H2-K(b).
In addition, the immune rejection force of the Balb/c mouse
against transplanted tissue derived from C57BL6/J mice is
higher than that of other transplantation combinations between
different mouse lines.*? Therefore, the melanoma cell line
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Table 1 Primers for screening the expected fragments
Primer 1

Primer set No. Gene Primer 2 Sequence
No.1 HPRT junction HPRT 400 F TGGAGCCATAAACAAGAAGA

HPRT 400 R CCTTGACCCAGAAATTCCAC
No.2 pNanog pNanog 2.5k L2 GGACCGTCTATATAAACCCGCAGTAGC

pNanog 2.5k R2 CAAGTTTGGATCTAAGGGGCGAGAAACT
No.3 HSV-TK TK_dw_FW3409 GCCAATACGGTGCGGTATCTGCAGG

TK_dw_RV3810 GCCAATACGGTGCGGTATCTGCAGG
No.4 phTERT phTERT 1.7k F TTACCAACAGTACCGGAATGCCAAG

phTERT 1.7k R GGGGTGTCTTCTGGGTATCAGCG
No.5 MHC class | MHC K(d) F AGGAACACAGGTGGAAAAGG

MHC P2A R GGTCAGTGAGACAAGCACCAG
No.6 B2 micro-globulin b2microglobuin F ATGGGAAGCCGAACATACTG

Primer 3 R CTGTTATCCCTAGCGTAACTTCTAG

Table 2 Fluorescence in situ hybridization analysis of Chinese hamster
ovary clones containing TS-MAC

Clone name 2n+0 2n+1 Translocated
TS-MAC #1 1 19 0
TS-MAC #2 1 18 0

B16F10 was selected as the target cell line as representative
tumorigenic cells. Three clones containing the expected TS-
MAC were selected by PCR analysis (Figure 2a). In addition,
FISH analysis confirmed that the TS-MAC was maintained
independently in these representative clones (Figure 2b,
Table 3). Flow cytometric analysis to measure MHC H2-K(d)
and H2-K(b) with specific antibodies for each MHC haplotype
on the cell surface (Figure 2c) revealed that B16F10 cells
containing TS-MAC expressed only MHC H2-K(d), which was
similar to the cell line derived from the Balb/c mouse. B16F10
clones with MAC4 did not express MHC H2-K(d) or MHC
H2-K(b), which is consistent with a previous report.*®

Next, to investigate whether TS-MAC can suppress tumor
formation, the B16F10 clones expressing MHC H2-K(d)
(1x10° cells) were subcutaneously transplanted into
C57BL6/J mice. The parental B16F10 cell line and B16F10
clones containing MAC4 without the MHC H2-K(d) expres-
sion cassette were prepared. First, we subcutaneously trans-
planted these B16F10 cells into C57BL/6J mice under the
nonimmunized condition (Figure 3, a-1). Therefore, tumors
were observed in every experiment. The volume of tumors
derived from B16F10 clones containing TS-MAC was sig-
nificantly decreased compared with those derived from the
parental B16F10 cell line and B16F10 clones containing
MAC4 expressing EGFP (P < 0.01; Figure 3b). The major-
ity of transplanted B16F10 cells with TS-MAC formed tumors
before day 12, and some suppression effects were observed.
To enhance the response of immune cells against the tumori-
genic cells, mice were immunized before transplantation
of these B16F10 cells with cells expressing MHC H2-K(d),
which were derived from the spleens of nonobese diabetic
(NOD) mice, with the immunization protocol (Figure 3,
a-2). Generally, NOD mice express MHC H2-K(d) and MHC
H2-D(b) without MHC H2-L, but C57BL/6J mice express
H2-K(b), H2-D(b), and H2-L(b). There is a mismatch between
NOD and C57BL/6J mice for H2-K. Hence, the immunization
would give C57BL/6J mice immunity against MHC H2-K(d).

Tumors were not observed in 17 of 18 transplantations of
B16F10 cells with TS-MAC into immunized C57BL/6J mice
at 12 days. The remaining transplantation resulted in a very
small tumor (0.75mm?3) (Figure 3b). These results sug-
gest that MHC H2-K(d) expressed from TS-MAC eliminated
B16F10 cells by immunization against the allogenic antigen,
namely MHC H2-K(d). However, among mice with trans-
planted B16F10 clones containing MAC4 expressing EGFP,
the volume of tumors was decreased compared with that in
non-immunized mice (P < 0.01; Figure 3b).

In the transplanted mice, CD3-positive T-cells were local-
ized in the tumors (Figure 3d), especially at the boundary
between tumor and normal tissue areas. The number of
localized T-cells in an area showed an inverse correlation
with the tumor volume (R = -0.59; Figure 3c). These results
suggest that the tumor cells were eliminated by the immune
response via T-cells.*

In vitro elimination of mES cells by TS-MAC

To validate the ability of TS-MAC to eliminate undifferenti-
ated mES cells, we transferred TS-MAC from CHO/TS-
MAC#2 cells to mES cells derived from a C57BL/6J mouse.
PCR analysis confirmed that four clones received TS-MAC
correctly (Supplementary Figure S1a). FISH analysis con-
firmed that these clones maintained TS-MAC independently
from host chromosomes without disruption (Supplemen-
tary Figure S1b; Table 4). Four clones, in which the tested
regions were positive, were cultured in selection medium with
ganciclovir. Parental mES cells, mES cells containing MAC4,
and mES cells containing TS-MAC were compared with 55
pmol/l ganciclovir treatment for 7 days. Unfortunately, the
results showed that the immature cells could not be elimi-
nated by expressing HSV-TK under the control of the nanog
promoter in TS-MAC (Supplementary Figure S1c).

Discussion

Gene introduction with a nonintegrating vector is gener-
ally thought to avoid the risk of tumor development through
insertion of transgenes in a host genome.* Nonintegrating
viral vectors such as Sendai virus and adeno-associated
viruses often have low long-term stability. In addition, these

www.moleculartherapy.org/mtna
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Figure 2 Generation of B16F10 clones containing TS-MAC or MACA4. (a) PCR analysis with the primers for B16F10 clones containing
TS-MAC or MAC4 from microcell-mediated chromosome transfer (MMCT). (b) A representative image of FISH analysis of B16F10/
TS-MAC#1. Blue indicates 4’,6-diamidino-2-phenylindole signals. The rhodamine (red) signal indicates the centromere sequence of mouse
chromosomes. The fluorescein isothiocyanate signal (green), which was observed as a yellow dot, indicates the inserted PAC vector. The
yellow arrow shows TS-MAC. An elongated TS-MAC is shown in the inset. (¢) Flow cytometric analysis of B16F10 clones containing TS-MAC
or MAC4 using antibodies against MHC H2-K(d) or -K(b). The gray histogram shows the counts of MHC H2-K(b) polyclonal mouse anti-goat
IgG conjugated with allophycocyanin (APC) as a negative control. Red histograms show the counts of MHC H2-K(d) detected by a polyclonal

mouse anti-goat IgG conjugated with APC.

Table 3 Fluorescence in situ hybridization analysis of B16F10 clones
containing TS-MAC

Clone name 2n+0 2n +1 Translocated
TS-MAC #1 5 15 0
TS-MAC #2 0 20 4
TS-MAC #3 1 19 0

viral vectors sometimes activate immune reaction via their
viral antigens.*6#” In contrast, HACs and TS-MACs are non-
integrating vectors that show long-term stability with inde-
pendent maintenance from host chromosomes.®'#84° Thus,
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MACs may be a new tool for gene and cell therapies.30.50-52
Here, we showed that a TS-MAC suppressed the growth of a
strongly malignant tumor cell line, namely mouse melanoma
cells, using the hTERT promoter that functions in tumors.®®
Although the expression level of MHC H2-K(d) among the
clones was similar to that in CD19-positive B-cells derived
from a C57BL/6J mouse (data not shown), the MHC H2-K(d)
expression level from the TS-MAC was sufficient to suppress
tumor growth under certain conditions.

Only one of the 18 transplantations into immunized
C57BL/6J mice resulted in a very small tumor at day 12
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Figure 3 Tumor formation assay with B16F10 clones containing TS-MAC or MAC4. (a) Schema of the tumor formation assay with or
without immunization. A-1 shows the nonimmunized condition without immunization. A-2 shows the immunization protocol. In the immunized
protocol, splenocytes from NOD mice were injected on days —28, —21, —14, and —7. Then, each B16F10 clone was injected on day 0. On day
12, the volume of each tumor was measured. (b) Comparison of tumor volumes among B16F10 cells. Black dots in lane N, parental B16F10
cell line; green dots, B16F10/MAC4#1-3; red dots, B16F10/TS-MAC#1-3. (¢) Comparison of the number of CD3-positive cells in an area of
each tumor. (d) Immunohistochemical examination of CD3+ cells in each clone. The number of CD3+ cells was distinctly higher in tumors
derived from B16F10/TS-MAC than those derived from B16F10/MAC4 or B16F10 cells. Enlarged images of the red boxed areas are shown

below. Photographs were taken using a 40x objective lens.

Table 4 Fluorescence in situ hybridization analysis of BEES cell clones
containing TS-MAC

Number of host chromosome + MAC

Clone name 39+1 40+0 40+1 40+2
TS-MAC #01 1 0 19 0
TS-MAC #02 1 0 19 0
TS-MAC #03 1 4 15 0
TS-MAC #04 0 3 16 1

(Figure 3b). It is possibly due to the loss of the transferred
TS-MAC in one-quarter of in the TS-MAC #1 clone (Table 3).

The reason we did not use mES cells for the in vivo study is
that mES cells were not suitable for the proof of this concept
because mES cells do not express MHC class | on their cell
surface because they lack chaperones for MHC class I, such
as Transporter associated with antigen processing.54%® In this
study, B16F10 cells, a malignant melanoma cell line, were
used for the proof-of-concept as a model of malignant tumors
formed by transplanted cells for cell therapy.

Various promoters are available to control the expression
of MHC H2-K(d) to eliminate tumor cells. Many cell types,

www.moleculartherapy.org/mtna
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including stem cells, immortalized cells, and somatic cells,
are being applied to cellular therapies. To adapt this concept
of a safeguard system using an allogenic antigen expressed
by a tumor-specific promoter in transplanted tissue, a safe-
guard system requires a suitable promoter to control the anti-
gen expression in the expected tumor cells. Some promoters
can achieve a high level of gene expression, whereas others
may result in a low expression level. Our data showed that a
promoter resulting in low expression could eliminate tumor
cells, thereby strongly supporting the idea that an exten-
sive array of promoters might be suitable for this safeguard
system.

To induce stronger effects, immunization was performed
with splenocytes from NOD mice. Splenocytes present not
only MHC H2-K(d) but also other minor antigens. Hence, it
is possible that the immune system responded to other anti-
gens, and that the response was not specific to MHC H2-K(d).
Because the immunization was crude, an experiment using
purified MHC H2-K(d) protein as the immunogen should be
performed in the future.

The growth suppression of B16F10 cells expressing
EGFP and parental B16F10 cells in immunized mice might
have been the result of an upregulated immune reaction
against antigens including EGFP, the drug-resistance protein
encoded on MAC4, or cancer antigens.

Requiring immunization to eliminate tumor cells completely
may be impractical. Therefore, natural immunization, in which
the patients have already been inoculated with viral and bac-
terial antigens, may be ideal. These higher immunogenic
alternative antigens are expected to be effective to adapt
this type of safeguard system to practical use. MHC H2-K(d)
was derived from mice. To adapt the safeguard system using
MHC class |, a human leukocyte antigen could be used in a
safeguard system for humans.

Unfortunately, the results of our in vitro elimination
system using HSV-TK under the control of the nanog
promoter showed that the system did not act as expected.
The in vitro elimination system did not express enough
HSV-TK to kill BBES cells, whereas overexpressed
HSV-TK on a HAC eliminates tumorigenic cells*® and
undifferentiated cells.®® A safeguard system using HSV-
TK under the control of the nanog promoter has been
reported previously.?® This discrepancy might be caused
by the method of gene transfer using MACs or viral
vectors. The system in this study included only one copy of
the gene expression cassette. However, gene introduction
using a viral vector would result in higher gene expression
because several copies of the transgene are introduced
into a cell. Therefore, to generate an efficient cell elimina-
tion system, loading of multiple copies on the TS-MAC or
enhanced expression may resolve the issue of low expres-
sion. However, it is necessary to mention the safety of gene
introduction mechanisms. MACs can be maintained inde-
pendently in host cells, but viral vectors are integrated into
the genome. Because insertion of a viral vector has poten-
tial oncogenicity, there is a paradoxical risk of tumorigenic-
ity in the elimination of a tumor derived from contaminating
ES cells in cellular therapy. On the other hand, MACs have
been shown to be safe through the generation of trans-
chromosomic mice.??
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Finally, an advantage of our safeguard system is that it
does not require a pro-drug to eliminate tumorigenic cells via
suicide genes using a tumor-specific promoter and allogenic
MHC class | with the MAC. Regenerative medicine with gene
and cell therapies has the potential to benefit our health in
the near future. Therefore, the concept of our safeguard sys-
tem will be helpful to solve the safety issues related to gene
and cell therapies, as well as induction of pluripotent stem
cells using episomal MACs.5%6:%7

Materials and Methods

Plasmid construction. A PAC, pPH_pN_TK_pT_MHCK(d),
was constructed, which contained HSV-TK under the control
of the mouse nanog promoter, and MHC H2-K(d) and B2M
under the control of the hTERT promoter. The PAC vector
also contained a loxP site and exons 3-9 of the HPRT gene
to mediate site-specific recombination by Cre recombinase.

A MAC vector named MAC4 (refs. 3'%2) was constructed
previously and contained the EGFP gene under the control
of the CAG promoter, Hyg', and a loxP site adjacent to exons
1-2 of the HPRT gene.

A nanog promoter regulatory element, which was the
sequence 2.6 kbp upstream of the first ATG in the mouse
nanog gene, was inserted into pGEM-Stm L as an Ascl-
Sall fragment.®* The hTERT promoter, which was 1.7 kbp
upstream of the first ATG in the hTERT gene, was inserted
into hTERT prom4-Lu.®® The complete DNA sequence of
MHC H2-K(d)* and B2M, which were linked by a self-cleav-
ing peptide derived from porcine teschovirus-1 (P2A) was
synthesized by Genescript (Piscataway, NJ). A plasmid vec-
tor with an acceptor site for the nanog promoter was synthe-
sized and named the pNanog acceptor vector. The HSV-TK
gene was amplified from x6.1'® by PCR with primers TKwt_
Fw (ccatggcttcgtaccccggecatc) and TKwt_Rv (aacctagggt-
tagcctccccatcteeegt). Then, HSV-TK cDNA was inserted into
the Ncol and Nhel sites of the pNanog acceptor vector after
digestion with Ncol and Avrl. The cDNA of tdTomato was
amplified by PCR with primers tdTomato (ATGGATCCACCGG
TccCGCCACCATGGT) and pB4_Asc-Cla_Fw (GCCGTA
CGCTAGCATCGATCCTTAT) from pCMV-tdTomato (Clontech
Laboratories, Mountain View, CA) and inserted into the Agel
and Pvul sites of the pNanog acceptor vector. Then, 2.6
kbp of the nanog promoter sequence was inserted into the
pNanog acceptor vector at Ascl and Sall sites. A synthesized
DNA fragment from the synthe_homing endonuclease vec-
tor (Integrated Device Technology: IDT, San Jose, CA) was
inserted into the pinsB4 vector at the Ascl and Avrl sites.
Then, the DNA fragment containing pNanog-HSV-TK-P2A-
tdTomato was inserted into the pinsB4 vector at the Ascl and
I-Scel sites. This plasmid vector was named pinsB4_pNanog
promoter HSV-TK-P2A-tdTomato.

To construct pinsB4_phTERT_MHC K(d), the ICeul-
hTERT-IScel vector was synthesized by IDT. Then, a DNA
fragment of the hTERT promoter sequence was inserted into
the ICeul-hTERT-IScel vector at the Kpnl and Ncol sites,
and the MHC K(d)-2A-B-2 microglobulin DNA fragment was
inserted into the Pvul site of the ICeul-hTERT-IScel vector.
A DNA fragment of the synthesized HNMCS vector was



inserted into pinsB4. A DNA fragment containing the hTERT
promoter sequence was inserted into the pinsB4 vector from
the ICeul-hTERT-IScel vector using the I-Scel and I-Ceul
sites. This vector was named pinsB4_phTERT promoter
MHC H2-K(d).

Next, a DNA fragment from pinsB4_phTERT promoter
MHC H2-K(d) was inserted into the pinsB4_pNanog pro-
moter HSV-TK-P2A-tdTomato at the Fsel and I-Ceul sites,
resulting in pinsB4_pN_TK_pT_MHCK(d).

Finally, a fragment of pPH3-9, which contained exons 3-9
of the HPRT gene and a loxP site, was inserted into pinsB4_
pN_TK_pT_MHCK(d) using the Ascl and Avrl sites, con-
structing pPH_pN_TK_pT_MHCK(d) (Figure 1a).

Cell culture. CHO cells containing MAC4 or TS-MAC were
maintained in Ham’s F-12 nutrient mixture (Wako Pure
Chemical Industries, Osaka, Japan) with 10% fetal calf serum
(FCS; Biowest SAS, Nuaillé, France) and 800 pg/ml hygro-
mycin B (Hyg) (Wako Pure Chemical Industries). mES cells,
which were newly established from a C57BL/6J/SIc mouse,
were cultured in mES medium consisting of Knockout Dul-
becco’s modified Eagle’s medium (DMEM) containing 17.5%
FCS, 1% sodium pyruvate, 1% minimum essential medium
non-essential amino acids, 1% L-glutamine, 0.1 mmol/l
2-mercaptoethanol, 0.1% penicillin streptomycin (all pur-
chased from Thermo Fisher Scientific, Waltham, MA), and
2,000 U/ml leukemia inhibitory factor (ES Gro; Millipore, Bil-
lerica, MA). Following the transfer of each MAC vector, BGES
cells were cultured in mES cell medium with 300 pg/ml Hyg.
B16F10 cells were cultured in DMEM containing 10% FCS.
B16F10 cells containing MAC4 or TS-MAC were cultured in
DMEM with 300 pg/ml Hyg.

Microcell-mediated chromosome transfer. To transfer MAC
vectors, we performed microcell-mediated chromosome
transfer.®® Donor CHO cells (4x10° cells) expanded in T-25
flasks (Thermo Fisher Scientific) were treated with Ham’s-
F12 medium containing 20% FCS and 0.1 pg/ml colcemid
(Thermo Fisher Scientific) at 37 °C for 48 hours to induce
micronucleation. Then, the culture medium was refreshed,
and the cells were incubated for another 24 hours. The T-25
flask containing the CHO cells with micronuclei was filled with
DMEM containing 10 pg/ml cytochalasin B (Sigma-Aldrich,
St. Louis, MO) and centrifuged for 1 hour using an Avanti
HP-26XP, JLA-10,500 rotor (Beckman Coulter Life Sciences,
Indianapolis, IN) at 11,900 x g to form microcells. The pellet
including microcells was collected and sequentially filtered
through 8-, 5-, and 3-uym pore-size filters to purify the micro-
cells. Microcell pellets were collected by centrifugation at
760 x g with a tabletop centrifuge (Kubota, Tokyo, Japan). To
introduce the MAC vector into mES cells, 5x 108 mES cells
were collected and layered on the microcell pellets. To fuse
the microcells and mES cells, the pellets were mixed and
treated with polyethylene glycol 1500 (PEG1500) (Roche,
Basel, Switzerland) containing 10% dimethyl sulfoxide Hybri-
max (Sigma-Aldrich). Finally, the fused cells were expanded
on a feeder layer and cultured in mES medium containing
300 pg/ml Hyg. To introduce the MAC vector into B16F10
cells, 2x10° B16F10 cells were prepared in a 6-cm dish
(Corning Incorporated, Corning, NY). The microcell pellets
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were suspended in 2ml DMEM containing 0.05mg/ml phy-
tohemagglutinin P (Sigma-Aldrich). This suspension was
seeded on the dish containing B16F10 cells. Then, the cells
were treated with PEG1500 containing 10% dimethyl sulfox-
ide for 20 minutes to fuse the microcells and B16F10 cells.
These fused cells were incubated for 24 hours at 37 °C in
DMEM containing 10% FCS and 300 pg/ml Hyg.

FISH. Metaphase chromosomes were prepared from
colcemid-treated cell cultures by hypotonic treatment
with 0.075mol/I KCI and methanol/acetate (3:1) fixation.
FISH was carried out using mouse cot-1 DNA labeled
with digoxigenin (Roche) and the PAC vector, which was
inserted into the MAC vector labeled with biotin (Roche).®!
The DNA was labeled using a nick translation kit (Roche).
Hybridization of the probe and immunochemical staining
were performed using the Ventana XT-Discovery System
(Roche). The digoxigenin-labeled DNA was detected with
an anti-digoxigenin-rhodamine complex (Roche), and the
biotin-labeled DNA was detected using avidin conjugated
with fluorescein isothiocyanate (Roche). The chromosomes
were counterstained with 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich). Metaphase images were captured digitally
with a CoolCubel CCD camera mounted on a fluorescence
microscope (Axio Imager, Z2; Carl Zeiss, Jena, Germany).
Images were processed using ISIS software provided with
the microscope.®!

Plasmid transfection and gene loading to the MAC vector.
Construction of the MAC4 vector has been reported pre-
viously.®" To insert a safeguard system into MAC4, 8 ug
pPH_pN_TK_pT_MHCK(d) was cotransfected with 0.1 pg
pBS-185 expressing Cre recombinase into 2x10% CHO
cells containing MAC4 using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. The transfected CHO cells were incubated for 2h,
transferred to Ham’s F-12 culture medium with 10% FCS,
and incubated for 24 hours. The transfected cells were
expanded in Ham’s F12 medium with 10% FCS and HAT
supplements (Sigma-Aldrich) that were added to the
medium according to the manufacturer’s instructions.

Genomic PCR analysis. Genomic DNA was extracted using
a Gentra Puregene Cell kit (Qiagen, Valencia, CA). PCR
analyses were carried out with Ex taq or LA taq (Takara Bio,
Shiga, Japan). The primers (Sigma-Aldrich) are described in
Table 1. The primer sets for detection of EGFP have been
described elsewhere.*

Flow cytometry. Cells (1x108) were resuspended in 100 pl
phosphate-buffered saline (PBS; Nissui, Tokyo, Japan) con-
taining 1% FCS and incubated with 1 pl anti-MHC H2-K(d)
(116603; BioLegend, San Diego, CA) or H2-K(b) (1165083;
BioLegend) for 1 hour at 4 °C. The cells were washed with
PBS, resuspended in 100 pl PBS, and incubated with allo-
phycocyanin-conjugated goat anti-mouse 1gG (Poly4053;
Biolegend) for 1 hour at 4 °C. After washing with PBS, flow
cytometric analysis was performed using a Gallios Flow
Cytometer (Beckman Coulter Life Sciences) and Kaluza
software.
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Immunization with splenocytes. The spleen of a NOD/ShiJcl
mouse (CLEA Japan, Tokyo, Japan) was removed and homog-
enized in a 1.5-ml tube. After washing with PBS, the sample
was filtered through a 40-pm pore-size filter (BD Biosciences,
San Jose, CA). Then, 1x10° cells were suspended in 100 pl
PBS and injected subcutaneously into both hind limbs of a
mouse once per week for a total of four times in a month.

Tumor formation assay. Transplanted cells were collected by
trypsinization, counted, and diluted to 1x10° cells/ml. A cell
suspension (100 ul) was injected into both flanks of C57BL6/J
mice (CLEA Japan) with or without immunization. After 12
days, the tumor volume was measured. The observed tumors
were surgically excised and fixed in 10% formalin neutral
buffer solution (Wako Pure Chemical Industries). All animal
experiments were approved by the Animal Care and Use
Committee of Tottori University. The tumor volume (mm?3) was
defined as (height x length x width). Statistical analysis was
performed using the Mann—Whitney U-test.

Immunohistochemistry. Specimens were fixed with 10% for-
malin and embedded in paraffin. As the primary antibody, we
used a rat polyclonal antibody raised against CD3 (1:100;
AbD serotec, Oxford, UK). Briefly, paraffin-embedded sec-
tions were dewaxed with xylene and hydrated gradually.
Antigen retrieval was performed by incubation in 10 pg/ml
Proteinase K (Sigma-Aldrich)/PBS(-) for 30 minutes. Endog-
enous peroxidase activity was blocked by immersing the sec-
tions in 0.3% hydrogen peroxide/methanol for 30 minutes.
The sections were reacted with the primary antibody over-
night at 4 °C and then treated with a Histofine Simple Stain
Rat MAX-PO kit (Nichirei Biosciences, Tokyo, Japan) for 30
minutes at room temperature. Immunoreactions were visu-
alized with diaminobenzidine (Wako Pure Chemical Indus-
tries). The sections were counterstained with hematoxylin.
Photographs were taken using a CCD camera mounted on
a microscope (Nikon, Tokyo, Japan). Images were processed
using the software provided with the microscope.

Supplementary Material

Figure S1. In vitro elimination of ES cells containing the
TS-MAC by ganciclovir treatment.

Acknowledgments. pGEM-Stm L was a kind gift from Ma-
sako Tada. hTERT prom4-Luc was a kind gift from Hiroyuki
Kugoh. The mouse ES cell line was a kind gift from Tetsuya
Ohbayashi. Kazuma Tomizuka and Taro Kawai provided
critical discussions relating to the immunization of mice.
This study was supported by Japan Science and Technology
Agency, Core Research for Evolutional Science and Technol-
ogy (M.O.), and the Regional Innovation Strategy Support
Program by MEXT, Japan (M.O.). Conceived and designed
the experiments: N.U. Constructed and transferred TS-MAC:
N.U.,, K.U., and S.K. Contributed materials and vector design:
M.H., T.S., and Y.K. Performed the histochemistry analysis:
N.U. and M.O. Wrote the manuscript: N.U., Y.K., and M.O.

1. Takahashi, K, Tanabe, K, Ohnuki, M, Narita, M, Ichisaka, T, Tomoda, K et al. (2007).
Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell
131: 861-872.

Molecular Therapy—Nucleic Acids

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

32.

Hanna, J, Wernig, M, Markoulaki, S, Sun, CW, Meissner, A, Cassady, JP et al. (2007).
Treatment of sickle cell anemia mouse model with iPS cells generated from autologous
skin. Science 318: 1920-1923.

Takahashi, K and Yamanaka, S (2006). Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126: 663-676.

Eiraku, M, Takata, N, Ishibashi, H, Kawada, M, Sakakura, E, Okuda, S et al. (2011).
Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature 472: 51-56.
Takebe, T, Sekine, K, Enomura, M, Koike, H, Kimura, M, Ogaeri, T et al. (2013).
Vascularized and functional human liver from an iPSC-derived organ bud transplant.
Nature 499: 481-484.

Kriks, S, Shim, JW, Piao, J, Ganat, YM, Wakeman, DR, Xie, Z et al. (2011). Dopamine
neurons derived from human ES cells efficiently engraft in animal models of Parkinson’s
disease. Nature 480: 547-551.

Pagliuca, FW, Millman, JR, Giirtler, M, Segel, M, Van Dervort, A, Ryu, JH et al. (2014).
Generation of functional human pancreatic 3 cells in vitro. Cell 159: 428-439.

Goldring, CE, Duffy, PA, Benvenisty, N, Andrews, PW, Ben-David, U, Eakins, R et al.
(2011). Assessing the safety of stem cell therapeutics. Cell Stem Cell 8: 618-628.

Lee, AS, Tang, C, Rao, MS, Weissman, IL and Wu, JC (2013). Tumorigenicity as a clinical
hurdle for pluripotent stem cell therapies. Nat Med 19: 998-1004.

Carey, BW, Markoulaki, S, Beard, C, Hanna, J and Jaenisch, R (2010). Single-gene
transgenic mouse strains for reprogramming adult somatic cells. Nat Methods 7: 56-59.

. Okita, K, Ichisaka, T and Yamanaka, S (2007). Generation of germline-competent induced

pluripotent stem cells. Nature 448: 313-317.

Stadtfeld, M, Maherali, N, Borkent, M and Hochedlinger, K (2010). A reprogrammable
mouse strain from gene-targeted embryonic stem cells. Nat Methods 7: 53-55.

Doi, D, Morizane, A, Kikuchi, T, Onoe, H, Hayashi, T, Kawasaki, T et al. (2012). Prolonged
maturation culture favors a reduction in the tumorigenicity and the dopaminergic function
of human ESC-derived neural cells in a primate model of Parkinson’s disease. Stem Cells
30: 935-945.

Amariglio, N, Hirshberg, A, Scheithauer, BW, Cohen, Y, Loewenthal, R, Trakhtenbrot, L

et al. (2009). Donor-derived brain tumor following neural stem cell transplantation in an
ataxia telangiectasia patient. PLoS Med 6: €1000029.

Pasi, CE, Dereli-Oz, A, Negrini, S, Friedli, M, Fragola, G, Lombardo, A et al. (2011).
Genomic instability in induced stem cells. Cell Death Differ 18: 745-753.

Mayshar, Y, Ben-David, U, Lavon, N, Biancotti, JC, Yakir, B, Clark, AT et al. (2010).
Identification and classification of chromosomal aberrations in human induced pluripotent
stem cells. Cell Stem Cell 7: 521-531.

Hussein, SM, Batada, NN, Vuoristo, S, Ching, RW, Autio, R, Narv4, E et al. (2011). Copy
number variation and selection during reprogramming to pluripotency. Nature 471: 58-62.
Marién, RM, Strati, K, Li, H, Murga, M, Blanco, R, Ortega, S et al. (2009). A p53-mediated
DNA damage response limits reprogramming to ensure iPS cell genomic integrity. Nature
460: 1149-1153.

Warren, L, Manos, PD, Ahfeldt, T, Loh, YH, Li, H, Lau, F et al. (2010). Highly efficient
reprogramming to pluripotency and directed differentiation of human cells with synthetic
modified mRNA. Cell Stem Cell 7: 618-630.

Kim, D, Kim, CH, Moon, JI, Chung, YG, Chang, MY, Han, BS et al. (2009). Generation of
human induced pluripotent stem cells by direct delivery of reprogramming proteins. Cell
Stem Cell 4: 472-476.

Hou, P, Li, Y, Zhang, X, Liu, C, Guan, J, Li, H et al. (2013). Pluripotent stem cells induced
from mouse somatic cells by small-molecule compounds. Science 341: 651-654.

Kaji, K, Norrby, K, Paca, A, Mileikovsky, M, Mohseni, P and Woltjen, K (2009). Virus-free
induction of pluripotency and subsequent excision of reprogramming factors. Nature 458:
771-775.

Stadtfeld, M, Apostolou, E, Akutsu, H, Fukuda, A, Follett, P, Natesan, S et al. (2010).
Aberrant silencing of imprinted genes on chromosome 12gF1 in mouse induced
pluripotent stem cells. Nature 465: 175-181.

Wernig, M, Meissner, A, Cassady, JP and Jaenisch, R (2008). c-Myc is dispensable for
direct reprogramming of mouse fibroblasts. Cell Stem Cell 2: 10-12.

Choo, AB, Tan, HL, Ang, SN, Fong, WJ, Chin, A, Lo, J et al. (2008). Selection against
undifferentiated human embryonic stem cells by a cytotoxic antibody recognizing
podocalyxin-like protein-1. Stem Cells 26: 1454—1463.

Zhong, B, Watts, KL, Gori, JL, Wohifahrt, ME, Enssle, J, Adair, JE et al. (2011).
Safeguarding nonhuman primate iPS cells with suicide genes. Mol Ther 19: 1667-1675.
Schuldiner, M, Itskovitz-Eldor, J and Benvenisty, N (2003). Selective ablation of human
embryonic stem cells expressing a “suicide” gene. Stem Cells 21: 257-265.

Cheng, F, Ke, Q, Chen, F, Cai, B, Gao, Y, Ye, C et al. (2012). Protecting against wayward
human induced pluripotent stem cells with a suicide gene. Biomaterials 33: 3195-3204.
Oricchio, E, Papapetrou, EP, Lafaille, F, Ganat, YM, Kriks, S, Ortega-Molina, A et al.
(2014). A cell engineering strategy to enhance the safety of stem cell therapies. Cell Rep 8:
1677-1685.

Oshimura, M, Uno, N, Kazuki, Y, Katoh, M and Inoue, T (2015). A pathway from
chromosome transfer to engineering resulting in human and mouse artificial chromosomes
for a variety of applications to bio-medical challenges. Chromosome Res 23: 111-133.

. Takiguchi, M, Kazuki, Y, Hiramatsu, K, Abe, S, lida, Y, Takehara, S et al. (2014). A novel and

stable mouse artificial chromosome vector. ACS Synth Biol 3: 903-914.

Kazuki, K, Takehara, S, Uno, N, Imaoka, N, Abe, S, Takiguchi, M et al. (2013). Highly stable
maintenance of a mouse artificial chromosome in human cells and mice. Biochem Biophys
Res Commun 442: 44-50.



33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

Narai, T, Katoh, M, Inoue, T, Taniguchi, M, Kazuki, K, Kazuki, Y et al. (2015). Construction
of a Luciferase Reporter System to Monitor Osteogenic Differentiation of Mesenchymal
Stem Cells by Using a Mammalian Artificial Chromosome Vector. Yonago Acta Med 58:
23-29.

Kuroda, T, Tada, M, Kubota, H, Kimura, H, Hatano, SY, Suemori, H et al. (2005). Octamer
and Sox elements are required for transcriptional cis regulation of Nanog gene expression.
Mol Cell Biol 25: 2475-2485.

Kim, JH, Lee, SR, Li, LH, Park, HJ, Park, JH, Lee, KY et al. (2011). High cleavage
efficiency of a 2A peptide derived from porcine teschovirus-1 in human cell lines, zebrafish
and mice. PLoS One 6: e18556.

Meyerson, M, Counter, CM, Eaton, EN, Ellisen, LW, Steiner, P, Caddle, SD et al. (1997).
hEST2, the putative human telomerase catalytic subunit gene, is up-regulated in tumor
cells and during immortalization. Cell 90: 785-795.

Gu, J, Kagawa, S, Takakura, M, Kyo, S, Inoue, M, Roth, JA et al. (2000). Tumor-specific
transgene expression from the human telomerase reverse transcriptase promoter enables

targeting of the therapeutic effects of the Bax gene to cancers. Cancer Res 60: 5359-5364.

Nakamura, TM, Morin, GB, Chapman, KB, Weinrich, SL, Andrews, WH, Lingner, J et al.

(1997). Telomerase catalytic subunit homologs from fission yeast and human. Science 277:

955-959.

Kawashima, T, Kagawa, S, Kobayashi, N, Shirakiya, Y, Umeoka, T, Teraishi, F et al. (2004).
Telomerase-specific replication-selective virotherapy for human cancer. Clin Cancer Res
10(1 Pt 1): 285-292.

Weiss, E, Golden, L, Zakut, R, Mellor, A, Fahrner, K, Kvist, S et al. (1983). The DNA
sequence of the H-2kb gene: evidence for gene conversion as a mechanism for the
generation of polymorphism in histocompatibilty antigens. EMBO J 2: 453-462.

Lim, YS, Kang, BY, Kim, EJ, Kim, SH, Hwang, SY and Kim, TS (1998). Augmentation of
therapeutic antitumor immunity by B16F10 melanoma cells transfected by interferon-
gamma and allogeneic MHC class | cDNAs. Mol Cells 8: 629-636.

Morita, H, Sugiura, K, Inaba, M, Jin, T, Ishikawa, J, Lian, Z et al. (1998). A strategy for
organ allografts without using immunosuppressants or irradiation. Proc Natl Acad Sci USA
95: 6947-6952.

Porgador, A, Feldman, M and Eisenbach, L (1989). H-2Kb transfection of B16 melanoma
cells results in reduced tumourigenicity and metastatic competence. J Immunogenet 16:
291-303.

Zhao, T, Zhang, ZN, Rong, Z and Xu, Y (2011). Inmunogenicity of induced pluripotent
stem cells. Nature 474: 212-215.

Hacein-Bey-Abina, S, Caccaveli, L, Touzot, F, Dal-Cortivo, L, Heritier, S, Frange, P, et al.
(2011). Efficacy of gene therapy for X-linked severe combined immunodeficiency: update
on trial No.1 follow-up and preliminary results of multicentric collaborative trial No. 2 (Paris
- Boston - London). Human Gene Therapy 22: A40-A40.

Mingozzi, F and High, KA (2013). Immune responses to AAV vectors: overcoming barriers
to successful gene therapy. Blood 122: 23-36.

Murakami, Y, lkeda, Y, Yonemitsu, Y, Tanaka, S, Kondo, H, Okano, S et al. (2008).
Newly-developed Sendai virus vector for retinal gene transfer: reduction of innate immune
response via deletion of all envelope-related genes. J Gene Med 10: 165-176.

Safeguard System Using an Episomal Vector
Unoetal.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kazuki, Y, Hoshiya, H, Takiguchi, M, Abe, S, lida, Y, Osaki, M et al. (2011). Refined human
artificial chromosome vectors for gene therapy and animal transgenesis. Gene Ther 18:
384-393.

Kouprina, N, Tomilin, AN, Masumoto, H, Earnshaw, WC and Larionov, V (2014). Human
artificial chromosome-based gene delivery vectors for biomedicine and biotechnology.
Expert Opin Drug Deliv11: 517-535.

Hoshiya, H, Kazuki, Y, Abe, S, Takiguchi, M, Kajitani, N, Watanabe, Y et al. (2009). A highly
stable and nonintegrated human artificial chromosome (HAC) containing the 2.4 Mb entire
human dystrophin gene. Mol Ther 17: 309-317.

Kazuki, Y, Hiratsuka, M, Takiguchi, M, Osaki, M, Kajitani, N, Hoshiya, H et al. (2010).
Complete genetic correction of ips cells from Duchenne muscular dystrophy. Mol Ther 18:
386-393.

Uno, N, Kazuki, Y and Oshimura, M (2014). Toward gene and cell therapies

employing human artificial chromosomes in conjunction with stem cells. Cloning &
Transgenesis 3: 122. doi: 10.4172/2168-9849.1000122.

Shay, JW, Zou, Y, Hiyama, E and Wright, WE (2001). Telomerase and cancer. Hum Mol
Genet 10: 677-685.

Bonde, S and Zavazava, N (2006). Inmunogenicity and engraftment of mouse embryonic
stem cells in allogenesic recipients. Stem Cells 24: 2192-2201.

Lampton, PW, Crooker, RJ, Newmark, JA and Warner, CM (2008). Expression of major
histocompatibility complex class | proteins and their antigen processing chaperones in
mouse embryonic stem cells from fertilized and parthenogenetic embryos. Tissue Antigens
72: 448-457.

Hiratsuka, M, Uno, N, Ueda, K, Kurosaki, H, Imaoka, N, Kazuki, K et al. (2011). Integration-
free iPS cells engineered using human artificial chromosome vectors. PLoS One 6: 625961.
Hiratsuka, M, Ueda, K, Uno, N, Uno, K, Fukuhara, S, Kurosaki, H et al. (2015). Retargeting
of microcell fusion towards recipient cell-oriented transfer of human artificial chromosome.
BMC Biotechnol 15: 58.

Qi, DL, Ohhira, T, Fujisaki, C, Inoue, T, Ohta, T, Osaki, M et al. (2011). Identification of
PITX1 as a TERT suppressor gene located on human chromosome 5. Mol Cell Biol 31:
1624-1636.

Uno, N, Uno, K; Zatti, S, Ueda, K, Hiratsuka, M, Katoh, M et al. (2013). The transfer of
human artificial chromosomes via cryopreserved microcells. Cytotechnology 65: 803-809.

OO0 This work is licensed under a Creative Commons

Attribution-NonCommercial-ShareAlike 4.0 International

License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by-nc-sa/4.0/

Supplementary Information accompanies this paper on the Molecular Therapy-Nucleic Acids website (http://www.nature.com/mtna)

www.moleculartherapy.org/mtna



