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Choice of Feeders Is Important When First Establishing iPSCs Derived
From Primarily Cultured Human Deciduous Tooth Dental Pulp Cells
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Feeder cells are generally required to maintain embryonic stem cells (ESCs)/induced pluripotent stem cells
(iPSCs). Mouse embryonic fibroblasts (MEFs) isolated from fetuses and STO mouse stromal cell line are the
most widely used feeder cells. The aim of this study was to determine which cells are suitable for establishing
iPSCs from human deciduous tooth dental pulp cells (HDDPCs). Primary cultures of HDDPCs were cotrans-
fected with three plasmids containing human OCT3/4, SOX2/KLF4, or LMY C/LIN28 and pmaxGFP by using
a novel electroporation method, and then cultured in an ESC qualified medium for 15 days. Emerging colonies
were reseeded onto mitomycin C-treated MEFs or STO cells. The colonies were serially passaged for up to 26
passages. During this period, colony morphology was assessed to determine whether cells exhibited ESC-like
morphology and alkaline phosphatase activity to evaluate the state of cellular reprogramming. HDDPCs main-
tained on MEFs were successfully reprogrammed into iPSCs, whereas those maintained on STO cells were not.
Once established, the iPSCs were maintained on STO cells without loss of pluripotency. Our results indicate
that MEFs are better feeder cells than STO cells for establishing iPSCs. Feeder choice is a key factor enabling

efficient generation of iPSCs.
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INTRODUCTION

Establishment of the human embryonic stem cell
(ESC) line was first reported by Thomson et al. (43).
Currently, induced pluripotent stem cells (iPSCs) can be
obtained from somatic cells by reprogramming these cells
using a defined set of reprogramming factors (37,38,55).
These ESCs/iPSCs are capable of self-renewal and have
the ability to differentiate into various cell types; feeder
cells are required to support their growth while maintain-
ing pluripotency (1,30,43,48).

Feeder cells are known to produce growth factors,
adhesion molecules, and extracellular matrix components

for cell attachment; however, they do not increase the
generation frequency of iPSC colonies (4). The most
widely used feeders include mouse embryonic fibroblasts
(MEFs), an immortalized line established from Santos
inbred mouse (SIM) embryonic fibroblasts resistant to
6-thioguanine and ouabain (STO) cells, and several types
of human cells. MEFs are primary cells derived from
midgestational fetuses, and they can be maintained for
a limited number of passages before senescence (11).
Since the usefulness of MEFs as feeder cells for main-
taining human ESCs was reported by Nichols et al. (22),
these cells have been employed to generate iPSCs/ESCs

Received June 12, 2015; final acceptance July 20, 2015. Online prepub date: August 26, 2015.
Address correspondence to Issei Saitoh, D.D.S., Ph.D., Division of Pediatric Dentistry, Graduate School of Medical and Dental Science,
Niigata University, 2-5274 Gakkocho-dori, Chuo-ku, Niigata 951-8514, Japan. Tel: +81-25-227-2911; Fax: +81-25-227-2911;

E-mail: isaito@dent.niigata-u.ac.jp



10

(25,28,37,38,43,55). However, MEFs have some draw-
backs. First, it is often difficult to obtain gene-engineered
MEFs because their proliferation ability is generally lim-
ited in comparison to that of other immortalized cells.
Second, isolating MEFs is a laborious and time-consuming
process requiring samples from a large number of mice,
and the quality of MEFs often differs depending on the
cell isolation skills of individuals. STO cells (47) have
also proven useful for establishing and maintaining ESCs
(3,6,17,18,20,33,34,40). They can continue to proliferate
in vitro, but stop their proliferation after treatment with
mitotic inhibitors such a mitomycin C (MMC) (21). These
properties indicate that STO cells are superior to MEFs
for generating gene-engineered ESCs/iPSCs because STO
cells do not exhibit senescence, unlike MEFs. Although
some laboratories successfully employed STO cells for
reprogramming somatic cells from monkeys (24) and
humans (23), the overall performance of these cells as
feeders for ESC/iPSC culture appears inferior to that of
MEFs (2,3,49,51). To overcome the problem of xenocon-
tamination, feeder cells of human origin have also been
used to support human ESC growth (1,8,12,15,31,36,52).
However, the ability to support undifferentiated growth
of human ESCs varies among these feeders (5,32).

In the dental field, little is known regarding which
type of feeder cells are suitable for establishing dental
cell-derived iPSCs. Tamaoki et al. (42) first reported the
successful generation of iPSCs from dental pulp cells
(DPCs) isolated from the human wisdom tooth. They
employed traditional approaches using retroviral vectors
carrying Yamanaka factors and MEFs as feeder cells.
Their findings show that DPCs are easy to handle and are
highly proliferative in vitro (39). Interestingly, Yan et al.
demonstrated that iPSCs could be successfully obtained
from three different dental stem/progenitor cells: stem
cells from exfoliated deciduous teeth (SHED), stem cells
from apical papilla (SCAP), and stem cells from DPCs
(53). More importantly, these groups suggested that den-
tal stem cells are more amenable to reprogramming than
are dermal fibroblasts (42,53). In preliminary studies,
we found that DPCs isolated from deciduous teeth of
young children can be easily propagated in vitro. In this
study, we found that these cells can be reprogrammed
and express several stem cell-specific markers (paper
under preparation), similarly to wisdom tooth-derived
DPCs (42,53).

Here we report the successful establishment of iPSCs
from human deciduous tooth dental pulp cells (HDDPCs)
transfected with plasmids carrying cDNAs for Yamanaka
factors. We focused on the ability of feeders (MEFs and
STO cells) to support reprogramming of HDDPCs and
subsequent progression toward HDDPC-derived iPSCs
(HDDPC-iPSCs).
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MATERIALS AND METHODS
Cell Culture

HDDPCs were collected from patients after obtaining
informed consent; the protocols used in this study were
approved by the ethical committee for the use and experi-
mentation of the Kagoshima University Graduate School
of Medical and Dental Sciences. HDDPCs were isolated as
described previously (9), with slight modifications. Pulp
tissue from deciduous teeth were removed from the teeth
of four young patients (age: 8—10 years; two boys and two
girls) and digested in a solution of 3 mg/ml collagenase
type I (No. 17100-017; Invitrogen, Carlsbad, CA, USA)
and 4 mg/ml dispase (No. 410810077; Roche Applied
Science, Basel, Switzerland) for 30-60 min at 37°C. Next,
4 ml of Dulbecco’s modified Eagle’s medium (DMEM;
No. 11995-081; Invitrogen) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; No. SFMB30-
2239; Equitech Bio Inc., Kerrville, TX, USA), 50 U/ml
penicillin, and 50 mg/ml streptomycin (No. 15140-122;
Invitrogen) (DMEM/10% FBS) was then added to stop the
digestion reaction. The resulting single cells were seeded
onto 60-mm gelatin-coated dishes (Iwaki Glass Co. Ltd.,
Tokyo, Japan) containing o-modified minimum essential
medium (MEMo; No. 135-15175; Wako Pure Chemical
Industries, Ltd., Osaka, Japan) with 20% FBS, 100 uM
L-ascorbic acid-2-phosphate (No. 323-44822; Wako Pure
Chemical Industries Ltd.), 50 U/ml penicillin, and 50 mg/
ml streptomycin (MEMo/20% FBS) and were cultured
at 37°C in a 5% CO, atmosphere. After four to six pas-
sages, HDDPCs were subjected to iPSC generation. The
normal human dermal fibroblast line HDFa (female; No.
106-05a; Cell Applications, Inc., San Diego, CA, USA)
was used as a control for reverse transcription (RT)-PCR
analysis. The following cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA): STO cells (No. CRL-1503) and PA-1 (No.
CRL-1572; female), a teratocarcinoma cell line derived
from human ovary (50), which was used as a control for
RT-PCR analysis. MEFs isolated from 13.5 days of gesta-
tion from outbred CD-1 mice were purchased from Takara
Bio Inc. (Shiga, Japan). All cells, except for HDDPCs,
were cultured in DMEM/10% FBS at 37°C in a humidi-
fied atmosphere of 5% CO,.

Generation of HDDPC-iPSCs

Plasmids (Fig. 1a) carrying Yamanaka factor cDNAs
were purchased from Addgene (Cambridge, MA, USA)
(26). pCXLE-hOCT3/4-shp53 carries human octamer-
binding transcription factor 3/4 (OCT3/4) cDNA and short
hairpin RNA (shRNA) for human tumor protein 53 (p53),
pCXLE-hUL carries human V-Myc avian myelocytoma-
tosis viral oncogene lung carcinoma derived homolog
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(L-MYC) and LIN28 cDNAs, and pCXLE-hSK carries
human sex-determining region Y box 2 (SOX2) and
Kriippel-like factor 4 (KLF4) cDNAs. These cells were
propagated in Escherichia coli (DH5o. Competent Cells;
No. 9057; Takara Bio Inc.), and the DNA was purified
using the Qiagen Plasmid Midi Kit (Hilden, Germany).
The study was conducted in accordance with the guide-
lines of the Ethics Committee of the Kagoshima University
Graduate School of Medical and Dental Sciences to
derive and culture the iPSC lines. For transfection,
HDDPCs (5x10%) were electroporated using a Neon®
microporation system (Invitrogen) in 100 pl of R-buffer
(Invitrogen) containing 1 pg of pCXLE-hOCT3/4-shp53,
1 pg of pCXLE-hUL, 1 pg of pCXLE-hSK, and 0.5 pg
of pmaxGFP [a green fluorescent protein (GFP) indica-
tor plasmid for monitoring transfection efficiency; Lonza
GmbH, Cologne, Germany] under electric condition No.
4 (one electrical pulse at 1,600 V and 20 ms pulse). The
electroporated cells were then seeded onto three wells of a
gelatin-coated 24-well plate (Iwaki Glass Co. Ltd.) without
feeder containing DMEM/20% FBS. One day after trans-
fection, cells were inspected for green fluorescence under
UV illumination to confirm that cells had been success-
fully transfected. The cells were further cultivated in the
same medium. Medium changes were performed every
day or every 2 days. Seven days after transfection, cells
in the 24-well plate were trypsinized and subsequently
reseeded onto MMC-treated (No. M4287, Sigma-Aldrich,
St. Louis, MO, USA) MEFs or STO cells in a 60-mm
gelatin-coated dish with human ESC culture medium
iPSellon (No. 007001; Cardio, Kobe, Japan) supplemented
with 5 ng/ml recombinant human basic fibroblast growth
factor (bFGF; Wako Pure Chemical Industries, Ltd.), as the
first passage (P1) (Fig. 1b). Fifteen days after seeding onto
feeder cells, the dish containing emerging small ESC-like
colonies was washed once with phosphate-buffered saline
(PBS) without Ca’* and Mg*, incubated with PBS contain-
ing 10 mg/ml collagenase IV (No. 17104-019; Invitrogen),
I M CaCl/PBS, 20% Knockout Serum Replacement
(KSR; No. 10828-028; Invitrogen), and 0.25% trypsin
(No. 15090-046; Invitrogen) at 37°C for approximately
5 min, and then reseeded onto new feeder cells in a 60-mm
gelatin-coated dish, which was designated as P2. Six to
8 days after reseeding, growing colonies were again dis-
sociated using the method described above, split to 1:5 and
reseeded onto new feeder cells in a 60-mm gelatin-coated
dish, which was designated as P3. Similar passages were
performed until P26 (Fig. 1b). The medium was changed
every day. Seventy-seven days after transfection (corre-
sponding to P10) (Fig. 1b), some ESC-like colonies grown
on MEFs were transferred onto MMC-treated STO cells
to examine whether STO cells could support growth and
maintain pluripotency of HDDPC-iPSCs (#2 of Fig. 1b).
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To determine the reprogramming efficiency of
HDDPCs, the number of ESC-like colonies from 5x 10*
HDDPCs that had been transfected with reprogramming
factors was determined 22 days (P2) after transfection.
The number of ES-like colonies was also determined for
subsequent passages (P3 to P6 and P10 to P15). The data
were plotted as graphs as the average of three exami-
nations (as shown in Fig. lc, d). The determination of
ES-like colony formation efficiency was subjected to sta-
tistical analysis.

Alkaline Phosphatase (ALP)
and Immunocytochemical Staining

To detect ALP activity, the Leukocyte Alkaline
Phosphatase Kit (No. ALP-TKI1; Sigma-Aldrich) was
used. HDDPC-iPSCs were plated onto a well of the Lab-
Tek® Chamber Slide™ System (No. 177399; Nalge
Nunc International, Penfield, NY, USA) into which MEFs
had been seeded. During staining, the cells were fixed with
4% paraformaldehyde (PFA; Sigma-Aldrich) for 10 min at
room temperature and subjected to cytochemical staining
following the manufacturer’s instructions.

For immunocytochemical staining using ES mark-
ers, cells fixed with 4% PFA were permeabilized with
0.05% Triton X-100 (Sigma-Aldrich), if necessary,
and were blocked with 10% normal goat serum (NGS;
Invitrogen). Cells were stained with the primary antibod-
ies OCT3/4 (1:400; clone 10H11.2, No. MAB4401; Merck
Millipore, Billerica, MA, USA), stage-specific embryonic
antigen-1 (SSEA-1) (1:500; No. Ab16285; Abcam Inc.,
Cambridge, MA, USA), SSEA-3 (1:500; No. MAB4303;
Merck Millipore), TRA-1-60 (1:500; MAB4360; Merck
Millipore), forkhead box protein A2 (FOXA2; 1:250; No.
ab5074; Abcam Inc.), BIII tubulin (antibody clone TUJI,;
1:250; No. ab14545; Abcam Inc.), or smooth muscle actin
(SMA; 1:250; No. ab124438; Abcam Inc.). The second-
ary antibodies used were Alexa Fluor 568-conjugated goat
anti-mouse IgM (1:400; Invitrogen), fluorescein isothiocy-
anate (FITC)-conjugated goat anti-mouse IgG antibodies
(1:400; Invitrogen), Alexa Fluor 488-conjugated donkey
anti-goat IgG H&L (1:250; No. ab150129; Abcam Inc.),
FITC-conjugated rat monoclonal SB84a anti-mouse IgG2a
7Y chain (1:250; No. ab79092; Abcam Inc.), or Alexa Fluor
488-conjugated goat anti-rabbit IgG H&L (1:250; No.
ab150077; Abcam Inc.). Nuclear staining was performed
using 6-diamidino-2-phenylindole (DAPI; 1.5 pg/ml; No.
H-1200; Vector Laboratories Inc, Burlingame, CA, USA).

Fluorescence was examined using an Olympus BX60
fluorescence microscope. Microphotographs were obtained
using a digital camera (FUJIX HC-300/OL; Fuji Film,
Tokyo, Japan) attached to the fluorescence microscope and
printed using a Mitsubishi digital color printer (CP700DSA,;
Mitsubishi, Tokyo, Japan).
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PCR-Based Detection of Transgene and RT-PCR

Genomic DNA and total RNA from each sample were
extracted using the DNA/RNA Mini Kit (No. 80204;
Qiagen), which allows for simultaneous purification of
DNA and RNA.

To identify expression of endogenous and exogenous
(transgene) target mRNA by RT-PCR, RT was first per-
formed using the First-Strand cDNA Synthesis Kit (No.
18080-051; Invitrogen). The resulting cDNAs were then
PCR amplified from undiluted cDNA samples (1 pl)
in a total volume of 20 pl using AmpliTaq Gold® 360
Master Mix (No. 4398881; Applied Biosystems, Foster
City, CA, USA). PCR was performed for 38 cycles of
30-s denaturation at 95°C, 30-s annealing at 58°C, and
60-s extension at 72°C in a PC708 thermal cycler (Astec,
Fukuoka, Japan). A negative, no-template control (des-
ignated as —RT) was included for each reaction. In addi-
tion, cDNA from the human dermal fibroblast cell line
HDFa was used as a negative control. cDNA from human
PA-1 teratocarcinoma cells was used as a positive con-
trol. Information regarding PCR primers used is listed
in Table 1. The products (5 pl) were then analyzed by
electrophoresis in 2% agarose gels (Nacalai Tesque, Inc.,
Kyoto, Japan) and visualized after staining with ethidium
bromide (1 ug/ml; No. E1510; Sigma-Aldrich).

To identify transgenes integrated into the host genome,
genomic DNA (approximately 0.5 pg) was subjected to
PCR. To identify pCXLE-hOCT3/4-shp53, the primer set
B-gl-1S and OCT3/4-AS (Fig. 1a and Table 1) was used.
Similarly, the primer set B-gl-1S and SOX2-RV (Fig. la
and Table 1) was used to identify pCXLE-hSK. PCR con-
ditions were the same as those used for RT-PCR.

In Vitro differentiation

To induce embryoid body formation, pieces of HDDPC-
iPSC colonies at P25 (#1 of Fig. 1b) were dissected
mechanically using a pipette tip under a stereomicroscope
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and then seeded onto an ultralow attachment 30-mm dish
(No. MS-9035X; Sumitomo Bakelite Co., Ltd., Tokyo,
Japan) with DMEM/10% FBS. Ten days after cultivation,
emerging embryoid bodies were transferred onto gelatin-
coated 30-mm dish (Iwaki Glass Co. Ltd.) and cultured for
another 10 days in DMEM/10% FBS to allow enhanced
differentiation into various cell types.

In Vivo differentiation

The animal experiment protocols were approved by
the Animal Care and Use Committee of the Kagoshima
University Graduate School of Medical and Dental
Sciences. For teratoma formation (n=3), HDDPC-iPSCs
(2x 10% at P18 (#1 of Fig. 1b) were mixed with Cellmatrix
TypeI-A (No. 631-00651; Wako Pure Chemical Industries,
Ltd.), as described by the manufacturer. This mixture
(100 pl/site) was then injected subcutaneously into
immune-compromised mice (8-week-old, male) [non-
obese diabetic/severe combined immunodeficient (NOD/
Shi-scid); Kyudo Co., Ltd., Tosu, Saga, Japan]. Seven to
8 weeks posttransplantation, teratomas were harvested
and fixed with 4% PFA at 4°C for 4 days. Tissue sections
were embedded in paraffin and stained with hematoxylin
and eosin (Sigma-Aldrich).

Karyotype Analysis
Karyotyping of HDDPC-iPSCs was performed by
Chromocenter Inc. (Tottori, Japan).

Statistical Analysis

The data obtained from experiment 1 were subjected
to statistical analysis using SPSS® 15.0 J for Windows
software (SPSS Inc., Chicago, IL, USA). The determi-
nation of ESC-like colony formation efficiency was sub-
jected to statistical analysis. Statistical significance was
determined by Welch’s 7-test. Values of p <0.05 were con-
sidered statistically significant.

FACING PAGE

Figure 1. Generation of human deciduous teeth dental pulp cell induced pluripotent stem cells (HDDPC-iPSCs). (a) Plasmid vectors
used for reprogramming. The location of each primer is denoted above the construct. ShRNA(shp53): short hairpin RNA for tumor
protein 53 (p53); CAG, cytomegalovirus enhancer +chicken -actin promoter; WPRE, woodchuck hepatitis virus posttranscriptional
regulatory element; PA, poly(A) sites; EBNA-1, Epstein—Barr nuclear antigen 1. (b) Reprogramming protocol of HDDPCs. HDDPCs
were plated (day —10) in the absence of a feeder layer and transfected (day —7) with three different plasmid vectors. Seven days after
transfection, the emerging colonies were then reseeded onto mouse embryonic fibroblasts (MEFs) or STO cells (an immortalized line
established from mouse Santos inbred mouse (SIM) embryonic fibroblasts resistant to 6-thioguanine and ouabain). This first passage
of embryonic stem cell (ESC)-like colonies was designated as passage 1 (P1). Staining for alkaline phosphatase (ALP) activity was
performed on P3, P10, P18, P20, and P26. NOD-Scid, nonobese diabetic-severe combined immunodeficient. (¢, d) Determination of
colony formation efficiency. Approximately 17 days after transfection, several foci were observed. The number of growing colonies
appeared to be the same regardless of feeder type, but after P1, the number of ESC-like colonies seeded onto MEFs increased at least
up to P5; however, the number of cells seeded onto STO cells did not (c). In contrast, the number of growing colonies appeared to
be the same between those continuously grown on MEFs and those grown on MEFs and then grown on STO cells at P10 (d). (e, )
HDDPCs before (e) and after (f) transfection. When enhanced green fluorescent protein (EGFP)-derived fluorescence was inspected 1
day after transfection, more than 70% of the cells were successfully transfected, as shown in (f). Bars: 50 pm.
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Table 1. Primer Sets Used for PCR Analysis

Target mRNA Size

or DNA Primer Name: Sequence (5-3") (bp) Reference

Endogenous OCT3/4 mRNA OCT3/4-S (forward): ATT TCA CCA GGC CCC CGG CT 822 16
OCT3/4-AS (reverse): GCT GAT CTG CTG CAG TGT GGG T

Endogenous SOX2 mRNA SOX2-S (forward): AGG ACC AGC TGG GCT ACC CG 320 29
SOX2-AS (reverse): GGC GCC GGG GAG ATA CAT GC

Endogenous KLF4 mRNA KLF4-S (forward): CGT GCT GAA GGC GTC GCT GA 173 10
KLF4-AS (reverse): GGG TGC ACG AAG AGA CCG CC

Endogenous NANOG mRNA  N-S (forward): CCT CCA GCA GAT GCAAGAACT C 172 46
N-AS (reverse): GTA AAG GCT GGG GTA GGT AGG TG

Endogenous ALP mRNA ALP-S (forward): TGG CCC CCATGC TGA GTGACAC 160 27
ALP-AS (reverse): TGG CGC AGG GGC ACA GCA GAC

Endogenous GAPDH mRNA GAPDH-S (forward): GGC GAT GCT GGC GCT GAG TA 325 14
GAPDH-AS (reverse): ACA GTT TCC CGG AGG GGC CA

Exogenous OCT3/4 mRNA BA-1 (forward): TCT GAC TGA CCG CGT TAC TCC CAC A 836 13,16
OCT3/4-AS (reverse): GCT GAT CTG CTG CAG TGT GGG T

Exogenous SOX2 mRNA BA-1 (forward): TCT GAC TGA CCG CGT TAC TCC CAC A 945 13,16
SOX2-AS (reverse): GGC GCC GGG GAG ATA CAT GC

Transgene OCT3/4 DNA B-gl-1S (forward): TGT GCT GTC TCA TCA TTT TGG CAA A 787 16,45
OCT3/4-AS (reverse): GCT GAT CTG CTG CAG TGT GGG T

Transgene SOX2 DNA B-gl-1S (forward): TGT GCT GTC TCA TCATTT TGG CAA A 880 29,45

SOX2-AS (reverse): GGC GCC GGG GAG ATA CAT GC

Exogenous octamer-binding transcription factor 3/4 (OCT3/4) and sex-determining region Y box 2 (SOX2) mRNA are derived from the
transgenes pCXLE-hOCT3/4-shp53 and pCXLE-hSK, respectively. Similarly, exogenous OCT3/4 and SOX2 DNA correspond to the
integrated pCXLE-hOCT3/4-shp53 and pCXLE-hSK in human deciduous tooth dental pulp cell-derived induced pluripotent stem cells
(HDDPC-iPSCs), respectively. KLF4, Kruppel-like factor 4; ALP, alkaline phosphatase, tissue-nonspecific isozyme; GAPDH, glyceral-

dehyde 3-phosphate dehydrogenase.

RESULTS
Generation of HDDPC-iPSCs

To generate iPSCs, we used one line termed MM
among the four HDDPC lines established from each inde-
pendent patient, since this line exhibited the highest degree
of proliferation (data not shown). MM cells were cotrans-
fected with plasmids, each of which included OCT3/4,
L-MYC/LIN28, or SOX2/KLF4 cDNAs at aratio of 1:1:1,
together with the reporter construct pmaxGFP using the
Neon® microporation system. When cells were inspected
for fluorescence 1 day after transfection, transfection effi-
ciency was more than 70%, as shown in Figure 1f. Seven
days after transfection, cells were reseeded onto MEFs
or STO cells (Fig. 2). Seventeen days posttransfection,
small colonies with ESC-like morphology were observed
on both types of feeders (Fig. 2a, g). From 5x 10* MM
cells, we obtained approximately three ESC-like colonies
[efficiency, ~0.006% (3/5x10%; P1 in Fig. Ic]. Further
independent experiments yielded similar results (data not
shown). Twenty-two days posttransfection, we seeded the
P1 cells onto new feeder cells as P2. Five to 7 days after
seeding as P2, emerging colonies exhibited a flat shape
with an irregular periphery and a rough surface (arrows
in Fig. 2b, h). This morphological property was common,
regardless of the feeder type (Fig. 2b, h). These growing
colonies were next passaged onto new feeder cells, and then

passaging was continued until P26. During this period, the
undifferentiated state of the colonies was microscopically
monitored daily with periodic testing for expression of one
of the stem cell markers, ALP.

ESC-Like Colonies Can be Maintained in
the Presence of MEFs, but not STO Cells

As described above, ESC-like colonies in the initial
stage of reprogramming (P2 to P10) maintained on MEFs
exhibited colony morphology with irregular borders, but
after P10, they exhibited structural characteristics typical
for undifferentiated ESC colonies, such as tightly packed
colonies with a smooth outline and cell surface, as shown
in Figure 2c. Staining with ALP was correlated with these
observed morphologies. ESC-like colonies maintained on
MEFs by P3 exhibited relatively low levels of ALP activ-
ity and were often mosaic (Fig. 2d), while those main-
tained at P10 and thereafter were uniform and showed a
high degree of ALP activity (Fig. 2e, f). In contrast, ESC-
like colonies maintained on STO cells failed to form clear
colonies during passaging (Fig. 2g—i) and finally ceased
to proliferate by P6 (Fig. 1c). Concomitantly, ALP activ-
ity in the colonies remained very low (Fig. 2j). These
findings indicate that MEFs, but not STO cells, can sup-
port the initial growth of iPSC colonies, which may have
been undergoing reprogramming.
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STO — STO MEF — MEF

MEF — STO

| i

Figure 2. ALP activity of ESC-like colonies. Seven days after transfection with Yamanaka factors, HDDPCs were reseeded onto
MEFs or STO cells. Emerging ESC-like colonies grown on MEFs were then serially passaged onto the same feeder cells (a—f).
Similarly, ESC-like colonies grown on STO cells were subjected to serial passage (g—j). In some cases, the ESC-like colonies grown
on MEFs were seeded onto STO cells at P10 and then were serially passaged using the same feeder (k, 1). (a—c, g—i, k) Photographed
under phase contrast microscopy; (d—f, j, 1) cytochemical staining for ALP activity. Scale bars: 50 um.
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To test whether STO cells can support the growth of
established iPSCs, HDDPC-iPSCs at P10 that had been
grown on MEFs were transferred to the STO cells. As
shown in Figure 2k, ESC-like colonies grew well and
exhibited smooth edges when inspection was performed
on P26. High ALP activity was observed in these colonies
(Fig. 21). These findings suggest that STO cells can sup-
port the growth and pluripotency of iPSCs, which have
been established as a continuous cultured cell line.

ESC-Like Colonies Express ESC Markers

Next, we performed immunocytochemical staining to
determine whether the resulting ESC-like colonies main-
tained continuously on MEFs over P18 could express
ESC-specific proteins. As expected, cells were reactive
to the antibodies produced against OCT3/4 (Fig. 3a—c),
SSEA-4 (Fig. 3d—f), and TRA-1-60 (Fig. 3j-1), but not to
those against SSEA-1 (Fig. 3g—i).

RT-PCR demonstrated that the transcript derived from
the integrated pCXLE-hOCT?3/4-shp53 or pCXLE-hSK plas-
mid was undetectable (exogenous OCT3/4 and exogenous
SOX2 in Fig. 4a). As expected, ESC-like colonies expressed
endogenous stem cell-specific marker mRNAs, including
OCT3/4, SOX2, KLF4, NANOG, and ALP (Fig. 4a).

When genomic DNA isolated from 10 iPSC colonies
was subjected to PCR, all tested colonies contained trans-
genes (at least pCXLE-hOCT3/4-shp53 and pCXLE-
hSK) in their genomes (Fig. 4b).

Embryoid Body Formation
and In Vitro Differentiation

The formation of embryoid bodies can be a good indi-
cator of the ability of ESCs/iPSCs to differentiate in vitro.
We cultured HDDPC-iPSCs at P25 on a nonadherent dish
in DMEM/10% FBS for up to 10 days. The cells formed
aggregates with differentiated cells on their surfaces
(arrows in Fig. 5a, b). The resulting aggregates were
next cultured on an adherent tissue culture dish to exam-
ine whether the outgrowth of differentiated cells from
the aggregates occurs. As expected, outgrowth occurred
approximately 2 days after attachment to the substra-
tum (arrows in Fig. 5c), and it was further accelerated
over additional days (arrows in Fig. 5d). The presence
of differentiated cells from three germ layers (endoderm,
mesoderm, and ectoderm) was confirmed by immuno-
cytochemical staining of differentiated cells 10 days after
attachment of embryoid bodies (derived from HDDPC-
iPSCs at P25) to the substratum using typical endodermal
(FOXA2) (Fig. 5e), ectodermal (antibody clone TUJI)
(Fig. 5f), and mesodermal (SMA) (Fig. 5g) markers.

Teratoma Formation

To test whether the HDDPC-iPSCs maintained on
MEFs can form teratomas in vivo, we transplanted cells

SAITOH ET AL.

at P18 (#1 of Fig. 1b) under the skin of immune-compro-
mised mice. Generation of solid tumors at the transplanted
region (3/4 grafted) was noted less than 1.5 months after
grafting. Histological examination of the resulting tumors
revealed that the tumors contained several types of dif-
ferentiated cells derived from three germ layers, includ-
ing adipose tissue (mesoderm) (Fig. 5h), skeletal muscle
(mesoderm) (Fig. 51), keratin-containing epidermal tissue
(ectoderm) (Fig. 5j), and columnar structure (endoderm)
(Fig. 5k).

Cytogenetic Analysis

Cytogenetic analysis of HDDPC-iPSCs (P15) revealed
abnormal karyotypes (Fig. 6a). Of 20 cells examined, there
were typical karyotypes exemplified by 47,XX,add(3)
(q29),+del(17)(p11) (50%) (Fig. 6a-i), 46,XX,add(3)
(q29),-8,+del(17)(p11) (10%) (Fig. 6a-ii), 46,XX,add(3)
(q29),—12,4del(17)(p11) (10%) (Fig. 6a-iii), 46,X,add(3)
(q29),+del(17)(p11) (20%) (Fig. 6a-iv), and 46,X,der(X)
add(p2?),add(3)(q29) (10%; not shown) by images of
G-band staining of HDDPC-iPSCs. The chromosomal
number ranged between 46 and 47 (Fig. 6b). We observed
the presence of chromosomal number 44 and 48 (Fig. 6b),
but in this case the slides might have had excessive
spreading of the chromosomes and consequently genera-
tion of artifacts.

DISCUSSION

The best feeder cell type for establishing HDDPC-
derived iPSCs remains unknown, although both MEFs
and STO cells have been shown to be effective for estab-
lishing ESCs. Therefore, we examined these two types of
cells and found that MEFs are superior to STO cells for
supporting the growth of “young” iPSCs, which do not
appear to be fully reprogrammed.

What is the difference between MEFs and STO cells
in their abilities to support the growth of young iPSCs?
Recent studies have revealed a difference in the quality
and amounts of secreted substances between MEF and
STO cells. For example, mesenchymal stem cells derived
from human ESCs (hESC-MSCs) secreted bFGF, one of
the key factors in maintaining human ESCs (2,5,44,51),
whereas STO cells did not (15). CF-1 cells, MEFs derived
from 13.5-day fetuses of CF-1 outbred mice, expressed
10-fold more activin A, a key factor (2,5,44,51), than did
STO cells (41). Notably, MEFs produce transforming
growth factor-B (TGF-f), wingless-type mouse mammary
tumor virus (MMTYV) integration site family members
(WNTs), and bone morphogenetic protein 4 (BMP4), in
addition to bFGF and activin A (5,19,35), which are also
important for ESC proliferation and for maintaining its
pluripotency. Interestingly, Lee et al. demonstrated that
STO cells overexpressing human bFGF can readily sup-
port the pluripotency of ESCs (18). Furthermore, STO
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Figure 3. Immunostaining of ESC-like colonies. Immunocytochemical staining (ICC) of ESC-like colonies showed reactivity against
octamer-binding transcription factor 3/4 (OCT3/4), stage-specific embryonic antigen 4 (SSEA-4), and TRA-1-60, but not against
SSEA-1. Nuclei were stained with 6-diamidino-2-phenylindole (DAPI). Phase, photographs taken using a phase-contrast microscope.

Scale bars: 50 um.

cells genetically engineered to express E-cadherin, a cell—
cell adhesion molecule expressed abundantly in ESCs,
exhibited better performance in maintaining a pluripotent
state of ESCs than did parental STO cells (11). These
data clearly indicate that MEFs significantly can produce
more growth factors that are beneficial for ESC growth
compared to STO cells.

During reprogramming of somatic cells into iPSCs, at
least three phases appear to exist, as shown in Figure 1b:
(1) Phase I, during which the first ESC-like colony appears
after transduction with a set of reprogramming factors,
and the growth of ESC-like colonies is supported by their
nontransfected parental cells; (ii) Phase II, during which
the outline of ESC-like colony is often irregular, and the
surface of the colony is not smooth, suggesting incom-
plete reprogramming; and (iii) Phase III, during which the

outline of ESC-like colony is distinct and the surface of the
colony is smooth, suggesting complete reprogramming.
ESC-like colonies in Phase II likely require specific fac-
tors (i.e., activin A and bFGF) to guide their growth and
pluripotency. In the present study, we found that STO cells
were unable to support the growth of iPSCs during this
phase (Fig. 1c¢). In contrast, ESC-like colonies in Phase III
do not appear to require these factors to the same extent as
do iPSCs in Phase II (Fig. 1d). This may be why STO cells
were able to support the growth of iPSCs in Phase III.

It is important to create iPSCs in which no exogenous
DNA has been integrated because the integrated compo-
nent may activate oncogenic genes or inhibit the normal
function of the cell itself. Thus, a vector-free induction
system for iPSC generation has been developed (7,54).
The plasmids used in this study are thought to be hard
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Figure 4. Gene expression profiling of ESC-like colonies. (a) RT-PCR analysis performed to detect the expression of endogenous
genes [OCT3/4, sex-determining region Y box 2 (SOX2), Kriippel-like factor 4 (KLF4), NANOG, and ALP] in HDDPC-iPSCs,
HDFa (negative control), and PA-1 (positive control). Expression of OCT3/4 and SOX2 mRNA from the exogenous construct was
also assessed using primer sets BA-1/0CT3/4-AS (for OCT3/4) and BA-1/SOX2-RV (for SOX2). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as a loading control. —RT indicates the negative control (PCR with no RT product). M, 100-bp ladder
markers. (b) PCR analysis of genomic DNA to detect the presence of integrated transgenes using the primer sets $-gl-1S/OCT3/4-AS
(for pCXLE-hOCT3/4-shp53) and B-gl-1S/SOX2-RV (for pPCXLE-hSK). As positive controls, plasmid DNA (5 ng) was concomitantly

subjected to PCR and loaded.
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Figure 5. Teratoma formation. (a, b) Embryoid bodies formed from the ESC-like cells 2 (a) and 10 (b) days after floating culture.
Note the formation of differentiated cells (arrows) at the surface of embryoid bodies. (c, d) In vitro outgrowth of embryoid bodies 2
(c) and 10 (d) days after transfer of floating embryoid bodies to the adhesive substratum. Note that extensive outgrowth of differenti-
ated cells (arrows) from the center of a colony is observed along with extension of cultural period. (e—g) Immunocytochemical staining
of cells 10 days after in vitro differentiation of embryoid bodies from HDDPC-iPSCs at P25 by typical endodermal (forkhead box
protein A2; FOXAZ2, e), ectodermal (BIII tubulin; antibody clone TUJI1, f) and mesodermal (smooth muscle actin; SMA, g) markers.
(h—k) Hematoxylin—eosin staining of sections of solid tumors generated after transplantation of HDDPC-iPSCs at P18 into immuno-

compromised mice. Bars: 50 um.

to integrate (26). However, we observed the presence of
at least two vector components (pCXLE-hOCT3/4-shp53
and pCXLE-hSK) in the genome of the resulting iPSC
clones tested (see Fig. 4b). Fortunately, we did not detect a
transcript generated from the integrated pCXLE-hOCT3/
4-shp53 or pPCXLE-hSK transgene (see Fig. 4a). This may
be due to silencing of the integrated transgenes. A lack
of gene expression from the integrated transgenes would
have allowed HDDPC-iPSCs to differentiate into various
types of cells under in vitro and in vivo conditions.

Finally, we succeeded in producing iPSCs from one
HDDPC line. The other four lines were also success-
fully reprogrammed using the same method (unpublished
results). Furthermore, we succeeded in generating iPSCs
from other tissues such as human MSCs and fibroblasts
using the same method employed here (unpublished
results). Notably, the overall efficiency for HDDPC-iPSC
generation was 0.006% (30/5x10%), which appeared
approximately 10-fold lower than that of other iPSCs pro-
duced via retroviral transduction (~0.06% =~30/5x 10%)
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Figure 6. Karyotype analysis. (a) Abnormal karyotypes in HDDPC-iPSCs. A total of 20 cells were examined. Arrows indicate chro-
mosomal abnormality including addition or deletion of chromosomal fragments. (b) Distribution pattern of chromosomal number

obtained after karyotype analysis.

(4). This low efficiency may be due to differences in the
transfection methods used. We employed a cotransfection
approach using plasmids in which simultaneous uptake of
three plasmids by a cell is a prerequisite for iPSC induc-
tion. Such simultaneous uptake may not have been fre-
quent in this system.

Unfortunately, the karyotype of HDDPC-iPSCs we
established here was abnormal with addition or deletion
of some chromosomal fragments (see Fig. 6). It is clear
that this is not ascribed to the chromosomal abnormality
of parental cells (data not shown). It remains unknown
why such this abnormality generates in our iPSCs. We
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are now investigating possible chromosomal abnormality
using other established iPSC clones.

Direct reprogramming of dental cells has been recently
reported by Tamaoki et al. and Yan et al. (42,53). Other
than these two reports, few studies have reported the suc-
cessful generation of iPSCs in the dental field. Our suc-
cessful establishment of iPSCs from HDDPCs isolated
from young patients appears to be the first. Our present
finding that MEFs are suitable for obtaining HDDPC-
iPSCs may be helpful for researchers attempting to iso-
late iPSCs from primary dental cells.
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