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We examined the effect of EWS/ATFI knockdown on FOS expres-
sion in human CCS cell lines to furcher investigate the association
between EWS/ATF1 expression and increased FOS expression in
human CCS. Human CCS cell lines MP-CCS-SY and KAS carry
the EWS/ATFI type 1 and type 2 fusion genes, respectively (Supple-
mental Figure 9. A and B). We next designed a specific siRNA tar-
geting the breakpoint of the EWS/ATFI type 1 fusion gene, which
had no effect on the expression of ATFI or of the EWS/ATFI type 2
fusion gene in KAS (Supplemental Figure 9, E and F). siRNA treat-
ment targeting EWS/ATFI type 1 in MP-CCS-SY led to significant
downregulation of FOS 48 hours after treatment (Supplemental
Figure 9G) as well as of EWS/ATFI type 1 itself (Supplemental Fig-
ure 9, C and D), which indicates that FOS is a direct target of EWS/
ATF1 in human CCS. In contrast to FOS, we observed a modest
reduction of MITF-M expression after EWS/ATFI knockdown n
MP-CCS-SY cells (Supplemental Figure 9H).

FOS could be a promising thevapentic target for human CCS. To exam-
ine whether Fos overexpression facilitates proliferation of tumor
cells expressing EWS/ATFI, we knocked down Fos in EWS/ATFI-
induced tumor cells using siRNA. The G1297 cell line was treated
with siRNA for Fos in the presence of doxycycline. siRNA treatment
(10 nM) decreased the expression of Fos at the mRNA level by 75%
at 24 hours after transfection, although it had no effect on expres-
sion of the EWS/ATFI transgene compared with the control siRNA
(Supplemental Figure 10A). In addition, we confirmed that Fos pro-
tein levels were also decreased 48 hours after transfection (Supple-
mental Figure 10B). A WST-8 assay was performed in EWS/ATFI-
induced tumor cells transfected wicth the nonfunctional con-
trol siRNA or with functional Fos siRNA to examine the effect
of Fos knockdown on the cellular kinetics. The siRNA targeting
Fos efficiently inhibited cell proliferation of EWS,/ATFI-induced
tumor cells, even in the presence of doxycycline (Figure 6A).
In order to further confirm the importance of Fos expression for
EWS/ATFI-induced tumor cell growth, we established EWS/ATFI-
induced tumor cell lines in which Fos is overexpressed (Figure 6B).
We found that Fos-overexpressed EWS/ATFI-inducible cells retained
che ability to proliferate for at least 48 hours after doxycycline
withdrawal, whereas control cells in which GFP is overexpressed
stopped their proliferation soon after wichdrawal (Figure 6C).
We also examined the effect of FOS knockdown on cell growth
of human CCS cell lines using siRNA targeting FOS. Consistent
wich the resulcts in EWS/ATFI-induced tumor cells, siRNA treat-
ment strongly suppressed the groweh ot CCS cell lines (Figure 6,
D and E, and Supplemental Figure 11, A-F). Taken together, these
data suggest that FOS, a direct target of EWS/ATF1, mediates the
oncogenic growth of EWS/ATFI-related sarcomas and could be a
potent therapeutic target for human CCS.

Discussion

The current study revealed that forced expression of the EWS/ATFI
fusion gene induced sarcoma formation in EWS/ATFI transgenic
mice. The histology of the tumors in EWS/ATFI transgenic mice
showed a striking similaricy to that of human CCS. In addition,
immunohistochemistry demonstrated that EWS/ATFI-induced
tumor cells express neural crest-associated markers, such as S100,
Mitf, and Sox10, which are also expressed in human CCS. Given
that the EWS/ATFI fusion gene is detected in CCS, our EWS/ATFI
transgenic mouse is the first mouse model for investigating CCS
pathogenesis. Our present results demonstrated thar continu-
ous expression of EWS/ATFI was required for growth and tumor
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formation of EWS/ATFI-induced tumor cells. These results indi-
cate that EWS/ATFI plays a pivotal role in both development and
maintenance of EWS/ATFI-associated sarcomas, implying thart
CCS exhibits oncogene addiction (36) to EWS/ATFI, and provide
a rationale for targeting EWS/ATF1 itself to treat CCS.

[c1s interesting to note that sarcoma formation was observed only
in deep soft tissue, although EWS/ATFI was induced in a variety
of cell types in this experimental system (37, 38). In addition, the
cell proliferation rate of MEFs in vitro was reduced by EWS/ATFI
induction. These results clearly demonstrated that the abnormal
proliferation by the forced expression of EWS/ATFI requires a
specific cell type of origin, accompanied by a specific microenvi-
ronment. Consistent with these findings, recent studies of other
sarcoma-related genes revealed chat introduction of SYT/SSX,
a synovial sarcoma-related gene, into MyfS-positive immarture
myoblasts specifically resulted in sarcoma formation, whereas its
expression in more differentiated cells induced myopathy without
cumor induction (39). In addition, introduction of EWS/FLI1, a
fusion gene decectable in Ewing sarcomas, results in transforma-
tion specifically in bone marrow-derived mesenchymal progeni-
tor cells in vitro (40). Taken together, these findings are suggestive
of cell type-specific carcinogenesis by expression of sarcoma-
related fusion oncogenes.

Our lineage-tracing experiments in vivo suggested that EWS/ATFI-
associated cumor cells are derived from neural crest-derived cells.
This result is consistent with several lines of evidence that CCS
often shows melanocytic differentiation and resembles MM.
However, our present results do not exclude the possibility that
EWS/ATFI-induced tumors can arise from non-neural crest-
derived cells. In addirion, the exact cell type of origin of EWS/ATFI-
induced tumors remains unclear, since neural crest-lineage pro-
genitors can differentiate into many difterent cell types, such
as neuronal cells, melanocytes, and Schwann cells. Recently,
Schwann cell precursors along the peripheral nerve have been
shown to be a cellular source of large numbers of melanocytes
in the skin during development in mice and chicks (41). More-
over, Schwann cells also retain the potential ro differentiate into
melanocytes, resulting from a loss of nerve contact (41). Given
the finding that EWS/ATFI-induced tumor cells expressed mark-
ers for melanocytic differentiation, it 1s possible that the neural
crest-derived Schwann cells could be the origin of EWS/ATFI-
associated sarcomas.

We found that Fos was one of the direct targets of EWS/ATF1
in EWS/ATFI-induced tumor cells. Fos is an immediate early gene
that can be activated by a variety of mitogens and growth factors.
The present study showed that Fos induction by forced expression
of EWS/ATF1 was independent of the ERK signaling pathway. In
contrast, we found that Fos upregulation was mediated by a CRE
of the Fos promoter, accompanied by direct interaction of EWS/
ATF1 with the CRE on the Fos promoter. The direct interaction of
EWS/ATF1 at CRE may induce continuous transcriptional acti-
vation of Fos in EWS/ATFI-induced tumor cells. Previous studies
have demonstrated a higher expression level of FOS to be involved
in tumor growth in several cancers (42-44), and overexpression
of Fos results in osteosarcoma formation in transgenic mice (45,
46). Here we showed that FOS was also upregulated in CCS by the
EWS/ATFI fusion transcript and that the increased FOS promoted
the growth of EWS/ATFI-related sarcomas. Accordingly, blocking
the FOS pathway might be a promising therapeutic strategy for
treacing CCS (Supplemental Figure 12).
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Methods

Molecular cloning and gene targeting in ES cells. Human EWS/ATFI-FLAG-
HA was amplified by RT-PCR from the human CCS cell line KAS using
primers ACATGGCGTCCACGGATTACAG and CCTAGGCGTAGTC-
GGGCACGTCGTAGGGGTATCCTCCAGCGGCCGACTTGTCATC-
GTCGTCCTTGTAGTCTCCTCCAACACTTTTATTGGAATAAAGAT and
cloned into pcr2.1-TOPO. Sequence-verified EWS/ATFI-FLAG-HA ¢cDNA
was subcloned into a unique EcoRI site of pBS31 prime (37, 38). KH2
ES cells (obtained from Open Biosystems) were used to insert a single
copy of EWS/ATFI-FLAG-HA by Flipase (PLP) recombination into the
Coll1AlI locus under the control of a minimal CMV tetracycline-inducible
promorter using a previously described method (37), and ES cells were
selected for hygromycin resistance.

Mouse generation. For blastocyst mnjections, fertilized zygotes were isolat-
ed from the oviducts of day-0.5 pregnant B6D2F1 females and allowed to
develop to the blastocyst stage in culture. 7-12 ES cells were injected per
blastocyst. The injected blastocysts were transferred into day-2.5 pseudo-
pregnant recipient females.

Doxycycline treatment. 6-week-old mice were administered 50 ug/ml
doxyeycline (Sigma-Aldrich) in their drinking water supplemented with
2 mg/ml sucrose. For cultured cells, doxycycline was used at a concenrra-
tion of 0.05-0.2 ug/ml.

RNA preparation and RT-PCR. Total RNA was isolated using a RNeasy mini
kit (Qiagen). Toral RNA was reverse rranscribed using a High-Capacity
c¢DNA Reverse Transcription Kit with RNase inhibitor (Applied Biosystems).
qRT-PCR analysis using the fluorescent SYBR green method (Bio-Rad)
was performed in accordance with the manufacturer’s instructions. The
data generated from each reaction were subjected to gene expression analy-
sis using an iCycler 1Q Real-Time PCR Detection System (Bio-Rad). See
Supplemental Table 1 for specific primer pairs used for amplification.
Microarray analysis was performed with SurePrint G3 Mouse GE 8X60K
microarray (Agilent Technologies) and Mouse Gene 1.0 ST Array (Affyme-
trix) according to the manufacturer’s instructions. All analyses were per-
formed by Genespring GX (version 12; Agilent Technologies).

Western blot analysis. Western blot analyses were carried out as described
previously (47, 48). The following antibodies were used: anti-HA (rab-
bit I1gG, 1:1,000 dilution; Cell Signaling), anti-Fos (rabbit IgG, 1:1,000
dilution; Cell Signaling), anti-ERK1/2 (rabbit IgG, 1:1,000 dilution; Cell
Signaling), anti-phospho-ERK1/2 (rabbirt IgG, 1:1,000 dilution: Cell Sig-
naling), anti-ATF1 (rabbir [gG, 1:5,000 dilution; EPITOMICS), and anti-
B-actin (mouse IgG, 1:5,000 dilution; Calbiochem).

Cell proliferation assay. Cell growth was determined by WST-8 assay using
a Cell Counting Kit-8 (Dojindo Laboratories). Absorbance at 450 nm is
indicative of the die amount of formazan, which is directly proportional
to the number of living cells.

Histological analysis. Normal and tumor tissue samples were fixed in 10%
buffered formalin for 24 hours and embedded in paraffin. 4-um sections were
stamned with H&E, and serial sections were used for immunohistochemical
analyses. Immunostaining was performed using an avidin-biotin immuno-
peroxidase assay. The primary antibodies used were anti-HA-Tag (1:600 dilu-
tion; Cell Signaling), anti-Ki67 (1:250 dilution: Dako), anti-S100 (1:800 dilu-
tion; Dako), anti-SOX10 (1:200 dilution; R&D Systems), anti-MITF (1:500
dilution; Exalpha), and anti-GFP (1:1,000 dilution; Abcam).

X-gal starning. Briefly. tumor tissue samples were embedded in OCT com-
pound and frozen. 8-um cryostart sections were immediarely fixed in 0.2%
glutalaldehyde for 10 minutes. The sections were stamed overnight in an
X-gal staining solution, then counterscained with fast red for 3 minures.

Tumorigenicity studies. 4-week-old male BALB/c athymic mice were
obtained from Japan SLC. A total of 5.0 x 10° G1297 cells in 0.1 ml serum-
free DMEM was inoculated subcutaneously through a 26-gauge needle
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into the posterior flank of each mouse. 3 weeks after inoculation, the
tumor diameters were measured with digital calipers, and tumor volume
was calculated as (w2 x [)/2 and expressed in mm?.

siRNA transfection. We performed transient knockdown assays with a
siRNA rargeting Fos (Santa Cruz), FOS (Santa Cruz and Dharmacon) or the
breakpoint of EWS/ATFI type 1 (sense, GCGGUGGAAUGGGAAAAAUTT;
antisense, AUUUUUCCCAUUCCACCGCTT; KOKEN) using Lipo-
fectamine RNAIMAX (Invitrogen). We used nontargeting siRNA (Cosmo
Bio Co.) as a control.

Cell lines. MP-CCS-SY and KAS are CCS cell lines carrying EWS/ATFI
type 1 and type 2, respectively. MP-CCS-SY was established as described
previously (49), and KAS was provided by T. Nakamura (Cancer Institute,

Japanese Foundation for Cancer Research, Tokyo, Japan; ref. 24). HOS

(osteosarcoma), U20S (osteosarcoma), NIH3T3 (embryonic fibroblast),
and WI38 (lung fibroblast) cells were purchased from the American Type
Culrure Collection. B16-F1 (mouse melanoma) and A375 (human MM)
were purchased from the European Collection of Cell Cultures.

Mice. Wnt1-Cre mice were provided by S. Iseki (Tokyo Medical and Dental
University, Tokyo, Japan; ref. 50), PO-Cre mice were provided by K. Yama-
mura (Kumamorto University, Kumamoto, Japan; ref. 51), and tloxed LacZ
mice were provided by M. Okabe (Osaka University, Suita, Japan; ref. 52).
Floxed EYFP mice (53) were obtained from Jackson Laboratory.

Construction of the reporter plasmid. To obtain the Fos reporter plasmid
(pGL3A-1486), the genomic DNA fragment containing -450 to +0 of the
S'-flanking sequence was amplified by PCR with the primer set 5" TCTATC-
GATAGGTACGAATGTTCGCTCGCCTTCTC-3" and 5'-ACGCGTA-
AGAGCTCGGGAGTAGTAGGCGCCTCAGC-3" and subcloned into the
Kpnl site of the pGL3 vector (Promega). The Fos reporter plasmid with
mutant CRE element was generated by PCR-targeted mutagenesis with
the primer set 5-CCAGTTCCGCCCACTCAGCTAGGAAGTCCATCC-3'
and 5-GGATGGACTTCCTAGCTGAGTGGGCGGAACTGG-3'.

Luciferase assay. Reporter genes were transfected into the G1297 EWS/ATFI-
induced tumor cell line together with phRL-SV40 (Promega) using lipo-
fectamine LTX (Invitrogen), and luciferase activity was measured with a
luminometer (VERITAS; Promega). Firefly luciferase acrivities, derived
from each reporter construct, were normalized to Renilla luciferase activi-
ties from phRL-SV40.

Stable transfection. To obtain Fos expression plasmid (pCAG-Fos-1Z vec-
tor), Fos cDNA was amplified by RT-PCR from the G1297 cell line with
the primer set 3'-ACATGATGTTCTCGGGTTTCAA-3" and 5'-ACTCA-
CAGGGCCAGCAGCGTGG-3" and subcloned into the ECoR site of the
pCAG-EGFP-1Z vector (provided by H. Niwa, RIKEN, Kobe, Japan). pCAG-
EGEFP-1Z vector or pCAG-Fos-1Z vector was transfected into the G1297 cell
line using Lipofectamine LTX Reagent (Invitrogen) and selected for Zeo-
cine resistance (600 ug/ml).

Patients and tumor tissue collection. Anonymized tumor specimens were
obtained by surgical resection or biopsy at Gifu University Hospital or
Kyoto University Hospital in accordance with an approved protocol
from the Institutional Review Board. Total RNA was 1solated using a
RNeasy mini kit (Qiagen).

ChIP analysis. A total of 5.0 x 10° EWS/ATFI-inducible tumor cells was fixed
in 1% formaldehyde for 10 minutes, followed by treatment with 1 mi glycine
bufter for 5 minutes. Cells were pelleted, washed, and then resuspended in
lysis buffer for 30 minutes. After centrifugation, the peller was resuspended
in NP40 bufter with protease mhibitors (Sigma-Aldrich). Sonication was per-
formed using a XL-2000 (MISONIX), atter which the supernarant was used
as the input sample for immunoprecipitation experiments. Antibodies used
were rabbit HA (Cell Signaling) and rabbit normal IgG (Abcam). Protein G-
coated magneric beads were used to purify specific antibody/DNA com-

plexes. After washes, immunoprecipitated DNA was decrosslinked by elu-
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tion buffer ar 65°C for 12 hours. To remove protein and RNA, samples were
incubated with RNaseA for 1 hour at 37°C and protemase K trearment for
1 hourat 37°C. Samples were purified by PCR purification kit (Qiagen). The
amount of DNA immunoprecipitated with HA-tagged protein was quanti-
fied by real-time PCR with primers flanking the Fos promoter, including the
CRE element (forward, S'-TCCTACACGCGGAAGGTCTAGG-3"; reverse,
5" TAGAAGCGCTGTGAATGGATGG-3"). Primers 5'-GCACTAATTAGTC-
GCGGTGGTGG-3 (forward) and §-CAGGGTCTTAGTGGGATCAAGG-3'
(reverse) were used as a negative control.

Accession number. The profiling data cited in Supplemental Figure 6 are
available at GEO (accession no, GSE41123).

Statistics. Staristical analyses were carried out using GraphPad Prism (ver-
sion 5.01; GraphPad Software). Data were analyzed using ANOVA, and
Pvalues less than 0.05 were considered statistically significant.

Study approval. Animal experiments were approved by the Gifu University
Animal Experiment Commirtee, and the care of the animals was in accor-
dance with institutional guidelines. All clinical samples were approved for
analysis by the Ethics Commuttee at Kyoto University Graduate School
and Faculty of Medicine (Kyoto, Japan). Written informed consent was

obtained from all patients with cancers analyzed in this study.
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ABSTRACT

Hypoxia enhances the reprogramming efficiency
of human dermal fibroblasts to become induced
pluripotent stem cells (iPSCs). Because we showed
previously that hypoxia facilitates the isolation
and maintenance of human dental pulp cells
(DPCs), we examined here whether it promotes
the reprogramming of DPCs to become iPSCs.
Unlike dermal fibroblasts, early and transient
hypoxia (3% O,) induced the transition of DPCs to
iPSCs by 3.3- to 5.1-fold compared with normoxia
(21% O,). The resulting iPSCs closely resembled
embryonic stem cells as well as iPSCs generated in
normoxia, as judged by morphology and expres-
sion of stem cell markers. However, sustained
hypoxia strongly inhibited the appearance of iPSC
colonies and altered their morphology, and anti-
oxidants failed to suppress this effect. Transient
hypoxia increased the expression levels of NANOG
and CDHI and modulated the expression of
numerous genes, including those encoding chemo-
kines and their receptors. Therefore, we conclude
that hypoxia, when optimized for cell type, is a
simple and useful tool to enhance the reprogram-
ming of somatic cells to become iPSCs.
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blasts, cadherins, microarray analysis, chemo-
kines.
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Hypoxia-enhanced Derivation
of iPSCs from Human Dental
Pulp Cells

INTRODUCTION

Human dental pulp cells (DPCs) are present in dental pulp tissues, and
function as stem/progenitor cells through their ability to self-renew and
differentiate into restricted-lineages (Gronthos er al., 2000, 2002; Takeda
et al., 2008). We previously reported that retroviral transduction of 4 tran-
scription factors (OCT3/4, SOX2, KLF4, and ¢-MYC) can reprogram DPCs
into induced pluripotent stem cells (iPSCs) that closely resemble embryonic
stem cells (ESCs). These findings suggested that an iPSC bank can be estab-
lished from DPCs as a valuable resource for regenerative medicine (Tamaoki
et al., 2010; Okita et al., 2011). However, dental pulp tissues isolated from
aged donors (45-68 yrs) are smaller, form fewer DPC colonies in culture, and
have diminished proliferative capacity (Iida et al., 2010). Therefore, to estab-
lish iPSCs from a wide range of donors, such as patients with chronic diseases
specific to later stages of life, it is important to improve reprogramming and
colony-forming efficiencies of primary cultures.

Human peripheral tissues reside in a low-oxygen-tension environment.
Therefore, low-oxygen tension is suitable for establishing and maintaining
human somatic cells (Packer and Fuehr, 1977; D’Ippolito et al., 2006). Rat
incisor pulp tissue is surrounded by hard dentin tissue, and its oxygen tension
(23.2 mm Hg, 3% 0,) is lower than that of air (Yu et al., 2002). We previously
showed that hypoxia (3% O,) enhances proliferation and inhibits differentia-
tion of human DPCs (lida er al., 2010). Recently, exposure to hypoxia was
reported to enhance the reprogramming of human dermal fibroblast cells
(DFs) (Yoshida et al., 2009). Therefore, we reasoned that hypoxia might
enhance the reprogramming of DPCs toward iPSCs. Thus, the goal of the
present study was to test the effect of hypoxia on reprogramming human
DPCs.

MATERIALS & METHODS
Cell Culture and Generation of iPSCs

Human DPCs, collected from patients at Gifu University Hospital who pro-
vided informed consent, were isolated and cultured by previously reported
techniques (Gronthos et al, 2000) and modifications as described in the
Appendix. Following the guidelines for the generation of human iPSCs
approved by the Institutional Review Board of Gifu University, we used
DPCs from three donors (DP31, 14-year-old girl; DP54, 19-year-old man; and
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Table 1. Genes Up-regulated (Hypoxia>Normoxia) or Down-regulated (Hypoxia<Normoxia) by >5-fold

Hypoxia>Normoxia

Hypoxia<Normoxia

GenBank Accession

GenBank Accession

Gene Symbol Number Fold-increase Gene Symbol Number Fold-increase
ANKRD24 NM_133475 38.43 CXCR3 NM_001504 10.91
CBLC NM_012116 30.23 MKRN3 NM_005664 10.65
GFRAZ2 NM_001495 25.99 GTSF1 NM_144594 7.29
ATPPA NM_006045 17.16 CXCL1 NM_001511 7.22
EGIN3 NM_022073 12.33 CPA2a NM_001869 7.4
SORBS1 AK022468 8.91 RGSI18 NM_130782 6.28
ANGPTL4 NM_139314 8.88 OLAH NM_001039702 6.20
LILRA3 NM_006865 8.81 FIMT NM_177478 6.14
PTPRB NM_002837 7.96 I8 NM_000584 574
SFTPA1 NM_005411 7.95 KRTAP3-2 NM_031959 5.11
CCR4 NM_005508 7.38

OCIN NM_002538 7.12

SMPD3 NM_018667 7.02

CA9 NM_001216 6.45

IGFBP3 NM_001013398 6.37

INHBB NM_002193 6.34

CDHI1 NM_004360 5.75

AQP] NM_198098 5.56

FAMI189A2 NM_004816 5.45

MCHR1 NM_005297 5.30

APIN NM_017413 5.18

DP185, 62-year-old man) for generating iPSCs within 10 pas-
sages. Using a retroviral vector, we generated iPSCs that
express the transcription factors encoded by OCT3/4, SOX2,
KLF4, and ¢-MYC according to a published protocol (Takahashi
et al., 2007; Tamaoki et al., 2010). To determine the reprogram-
ming efficiency of DPCs under hypoxia, we cultured these cells
in atmospheres containing either 21% O, or 3% O, and analyzed
them according to the time schedule described in the Appendix.
At 6 days post-infection, the cells were seeded onto feeder lay-
ers (see Appendix) and cultured in 21% O, On day 21, we
counted the number of human ESC-like colonies and alkaline
phosphatase (ALP)-positive colonies and isolated total RNA
from the cells to determine the level of NANOG expression. To
characterize iPSCs, we selected ESC-like colonies from days 14
to 21 and cultured them in 21% O,. Assays were performed in
triplicate, and the values of average and standard deviation (SD)
were calculated. Student’s ¢ test was used for determining sig-
nificance. A human ESC line (KhESO1) was obtained from
Kyoto University (Kyoto, Japan) and cultured on mitomycin
C-treated SNL feeder layers (SNL cell line obtained from
Sanger Institute, Cambridge, UK) in Primate ES cell medium
(ReproCell, Tokyo, Japan) supplemented with 4 ng/mL basic
fibroblast growth factor (Wako, Osaka, Japan).

Quantitative Real-time Polymerase
Chain-reaction (RT-PCR)

RNA extraction (RNeasy Plus Mini Kit; Qiagen, Valencia, CA,
USA) and RT-PCR (Thermal Cycler Dice Real Time System
TP800; Takara, Shiga, Japan) were performed as described pre-

viously (Takeda ef al., 2008). The mRNA data were normalized
to those of GAPDH and used to calculate expression coeffi-
cients. Primer sequences are shown in Appendix Table 1.
Primers used for OCT3/4, SOX2, and KLF4 specifically detect
the endogenous transcripts (Takahashi et al., 2007). For com-
parison of the expression levels of CDHI (E-cadherin) and
CXCR3 in DPCs exposed to normoxia and hypoxia, DPCs from
the three donors were transduced as described above or not and
then cultured for 6 days under 21% O, or 3% O,. Expression
levels of CDHI and CXCR3 mRNA were assessed by RT-PCR
at day 6 post-infection.

Immunchistochemisiry

The cells were fixed with 4% paraformaldehyde for 15 min and
treated with phosphate-buffered saline (PBS) containing 2%
normal goat or donkey serum (Wako), 0.5% BSA (Sigma-
Aldrich, St. Louis, MO, USA), and 0.2% Triton X-100 (Wako)
for 30 min. The primary and secondary antibodies are shown in
the Appendix. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI) (Merck Millipore, Billerica, MA, USA).

Teratoma Formation Assays

Teratoma formation assays were performed as reported
(Takahashi et al., 2007; Watanabe et al., 2007). Briefly, 3x10°
iPSCs were injected by means of a Hamilton syringe into the
testes of six-week-old immunodeficient nude mice (BALB/c nu/
nu; CLEA, Tokyo, Japan). Twelve wks after injection, tumors
were dissected and fixed with PBS containing 4% paraformal-
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dehyde. Paraffin-embedded tissues were sectioned (3 pm) with
a microtome (TU-213, YAMATO KOUKI, Asaka, Japan) and
stained with hematoxylin and eosin.

Microarray Analysis

DPCs from three donors (DP31, DP54, and DP185) that had
been induced with the reprogramming factors were cultured in
atmospheres of 21% O, or 3% O,, according to the time sched-
ule for hypoxic assessment described above. Total RNA was
isolated with an RNeasy Plus Mini Kit (Qiagen) on day 6 after
transduction. The cDNA microarray analysis was performed as
described in the Appendix. The level of gene expression was
determined by use of Gene Spring GX11.5 (Agilent
Technologies, Santa Clara, CA, USA). The raw microarray data
are deposited in the National Center for Biotechnology
Information Gene Expression Omnibus (GEO Series GSE45872;
http://www.ncbi.nlm.nih.gov/geo/).

Statistical Analysis

Data are presented as the mean + SD. The differences in mean
values were evaluated by the ¢ test after evaluation of variances
(Microsoft Excel). For RT-PCR, the mean and standard devia-
tion of the expression coefficient were calculated with Thermal
Cycler Dice® Real Time System Software Ver. 4.02 (Takara).

RESULTS

Hypoxia Enhances Reprogramming of DPCs

With a retrovirus vector, OCT3/4, SOX2, KLF4, and c-MYC
were introduced into DPCs isolated from three individuals
(DP31, DP54, and DP185), and 24 hrs later the cells were cul-
tured under hypoxia (3% O,) for 6 days and re-plated onto SNL
feeder cells in an atmosphere containing 21% O, for an addi-
tional 14 days. Prolonged exposure to hypoxia after passage
suppressed colony formation and altered the appearance of the
ESC-like colonies. These colonies either became less compact
(Appendix Fig. 1A) or their morphology was altered by the
presence of peripheral spindle-like cells (Appendix Fig. 1B).
However, exposure of DPCs to hypoxia for only the first 6 days
significantly increased the number of ALP-positive (1.9- to 3.2-
fold) and ESC-like colonies (3.3~ to 5.1-fold, Fig. 1A). The
expression levels of NANOG significantly increased, suggesting
that this transient hypoxia enhanced reprogramming of the cells
(Fig. 1B). There was a marked increase in the ratio of ESC-like
colonies to ALP-positive cells generated from DPCs from a
62-year-old donor. This time schedule differed from that used in
a previous study demonstrating that exposure of human DFs to
5% O, for 7 to 21 days of reprogramming enhanced generation
of iPSCs (Yoshida ez al., 2009).

To investigate why prolonged cultivation of DPCs under 3%
O, strongly suppressed colony formation and expansion, we
checked the effect of hypoxia on established DPC-derived
iPSCs. The growth of iPSCs established from DPCs did not
change significantly in 3% O,, suggesting that the morphology
and proliferation of iPSCs were not affected once reprogramming
was completed (Appendix Fig. 1C). We next cultured DPCs
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Figure 1. Generation of iPSCs under hypoxia. {A) Numbers of ESC-like
colonies (white) and ALP-positive colonies (biack) generated from 1 x
10° DPCs on day 21 after retroviral transduction. We transduced
DPCs from three donors (DP31, DP54, and DP185) with retroviral
expression veciors containing the genes encoding 4 programming
factors (OCT3/4, SOX2, KLF4, and ¢-MYC), and incubated them in
atmospheres of either 21% O, (N) or 3% O, (H) 1 to 6 days after virus
infection, re-seeded them onto SNL feeder cells on day 6, and then
incubated them in an atmosphere of 21% O,. Mean numbers of
colonies from 3 experiments (n = 3) are shown with error bars
indicating SD; *p < .05 compared with 21% O,. (B) The levels of
NANOG expression were quantified by RT-PCR. Error bars indicate
the SD obtained from friplicate measurements.

exposed to hypoxia for 2 days and observed increased levels of
reactive oxygen species (ROS) (Appendix Fig. 2A). When DPCs
were subjected to hypoxia, ROS generation was suppressed by
anti-oxidants such as vitamins C and E (data not shown); how-
ever, when we generated iPSCs under 3% O, in the presence of
these anti-oxidants for 21 days, we did not detect an increase in
the induction of iPSCs (Appendix Fig. 2B), suggesting that ROS
generation did not account for the adverse effects of sustained
hypoxia. We conclude, therefore, that transient exposure io
hypoxia at an early stage of reprogramming had a positive effect
on DPCs, which was different from the effect on DFs.

The iPSC colonies were characterized by their ESC-like mor-
phology and ALP activity (Figs. 24, 2B, and Appendix Table 2).
They were positive for OCT3/4, SSEA-4, TRA1-60, and TRA1-
81, and negative for SSEA-1 (Figs. 2C-2G and Appendix Table
2). RT-PCR analysis showed that expression of NANOG and
REX1 was comparable with that of human ESCs, and endogenous
OCT3/4, SOX2, and KLF4 were also expressed (Fig. 2H). These
cells also formed teratomas in nude mice, suggesting that they
possess the characteristics of iPSCs (Figs. 21-2K).

Effect of Transient Hypoxia Treatment
on Gene Expression in DPCs

To assess the responses of DPCs to hypoxia, we first determined
the levels of HIF-1a expression by cultures of DPCs exposed to
hypoxia for 2, 4, and 24 hrs. The expression of HIF-1a increased
transiently, suggesting a relatively rapid adaptation of the cells
to hypoxia within 48 hrs (data not shown). To investigate the
effect of oxygen concentration on global gene expression, we
compared DPCs cultured for 6 days under hypoxia and nor-
moxia (Appendix Figs. 3 and 4). Under hypoxia, the expression
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Figure 2. Characterization of iPSCs generated under hypoxic condition. (A) Typical morphology of an iPSC colony generated from DP31 under hypoxia
(DP31-iPS-1). Scale bar = 200 um. (B-G) iPSCs generated from DP31 under hypoxia (DP31-iPS-1) expressed ALP (B) and pluripotency markers OCT3/4
(C), SSEA4 (D), TRAT-60 (E), and TRA1-81 (F), but not SSEA-1 (G), as judged by immunostaining. Nuclei were stained with DAPI. Scale bar = 200 pum.
{H) RT-PCR analysis of ESC-marker genes in iPSCs (DP31-iPS-1 and -2) generated from DP31 under hypoxia, iPSCs generated under normoxia, human
ESCs, and DP31. Numbers indicate different iPSC clones generated from DP31. Endogenous NANOG, OCT3/4, SOX2, REX1, and KLF4 were
expressed in 2 iPSCs lines generated under hypoxia as well as in human ESCs and iPSCs generated under normoxia, but not in DPCs. Error bars indicate
the SD calculated from ftriplicates. (HK) To confirm the pluripotency of iPSCs generated from DP31 exposed to hypoxia (DP31-iPS-1), we injected the cells
info the testes of immunodeficient nude mice to generate feratomas. Twelve wks after injection, we observed tumor formation. Hematoxylin- and eosin-
stained teratoma sections show that the tumor contained various fypes of tissues, such as neuraHubelike structures (I, ectoderm tissue), cartilage (,
mesoderm tissue), and gutlike epithelial tissues (K, endoderm fissue). Scale bar = 200 pm.

of 21 genes increased at least 5-fold (Table 1). Activation of
epithelial and inhibition of mesenchymal genes (mesenchymal-
epithelial transition, MET) is required for reprogramming mes-
enchymal cells into iPSCs (Li et al., 2010). CDHI (E-cadherin)
is an epithelial gene required for reprogramming (Chen et al.,
2010; Li et al., 2010). Therefore, we further confirmed the

expression of E-cadherin using RT-PCR, suggesting that MET
was stimulated in DPCs by hypoxia (Fig. 3A). In contrast, the
expression of 10 genes decreased. CXCR3, which encodes a
chemokine receptor, was down-regulated (Fig. 3B). It should be
noted that E-cadherin was significantly down-regulated in
hypoxia without introduction of reprogramming factors. We
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assume that hypoxia supported the MET in the presence but not
the absence of reprogramming factors.

Mir-302 is predominantly expressed in human ESCs or
iPSCs, mediates reprogramming of somatic cells, and is up-
regulated in hypoxia (Suh et al., 2004; Wilson et al., 2009; Lin
etal.,2011; Foja et al., 2013). We determined microRNA levels
using microarray analyses of DPCs cultured under conditions of
normoxia or hypoxia for 7 days (Appendix Table 3). Mir-302 was
not detected in either case; however, Mir-210 was up-regulated
over 2-fold in hypoxia, which is regulated by HIF-1a in a vari-
ety of tumor types (Huang et al., 2009), suggesting that hypoxia
induced changes in the expression of certain microRNAs with-
out affecting that of the ESCs/iPSCs-specific Mir-302.

DISCUSSION

In the present study, we examined the effects of hypoxia on the
generation of human iPSCs from DPCs and found that exposure
to hypoxia (3% O,) during the early period of reprogramming
(days 1 to day 6) enhanced the induction of ESC-like colonies.
Interestingly, when we treated the transfected cells with 3% O,
during the later stage of reprogramming (from day 6 to day 21),
these conditions strongly inhibited the generation of iPSCs. In
contrast, a previous study of human DFs exposed to milder
hypoxia (5% O,) in a later period of reprogramming (days 7 to
21 or later) enhanced the generation of iPSCs (Yoshida ef al.,
2009). Our previous reports showed that iPSC colonies derived
from most DPCs lines start to appear by 14 days after retroviral
transduction, but human DFs do not start to form any iPSC
colonies until 21 days (Tamaoki et al., 2010). Therefore, we
conclude from our present findings that exposure to hypoxia
from days 1 through 6 after retroviral transduction conforms to
the reprogramming schedule of DPCs.

We do not know why prolonged culture under hypoxic condi-
tions strongly inhibited colony formation and growth of maturing
iPSCs at late stages of reprogramming. The proliferation of DPCs
was optimum in 3% O,, and DPCs are known to resist hypoxia in
1% O, (lida et al., 2010). Moreover, 3% O, did not affect the
proliferation or morphology of established iPSCs. Therefore, we
assume that hypoxia (3% O,) may not be toxic for either DPCs or
iPSCs; however, it may instead affect an unstable stage involved
in their maturation. Further, although we found that the ROS
levels were up-regulated in DPCs in 3% O,, we could not rescue
iPSCs from the inhibitory effects of hypoxia using anti-oxidants
(Appendix Figs. 2A-2B). We predict that other factors, such as
metabolic changes, may be involved.

E-cadherin is a transmembrane constituent of intercellular
adherens junctions that are responsible for maintaining epithelial
cohesion (Cavallaro and Christofori, 2004) and has been linked to
the control of ESC pluripotency (Chou et al., 2008; Soncin et al.,
2009). Li et al. (2010) reported that exogenous reprogramming
factors activate an epithelial program and inhibit expression of
key mesenchymal genes to overcome the MET epigenetic barrier
of fibroblasts and allow for their successful reprogramming into
iPSCs. The gene encoding E-cadherin is activated by KLF4
expression during reprogramming and is required for generating
iPSCs (Chen et al., 2010; Li et al., 2010). In our present study, the
expression levels of E-cadherin and KLF4 in DPCs that were not
transduced with reprogramming factors did not increase under
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Figure 3. Comparison of the expression levels of CDH1 (E-cadherin)
and CXCR3 in DPCs exposed to normoxia and hypoxia. DPCs from
the three donors were transduced (+) or not [} as described in
“Methods” and then cultured for é days under 21% O, (N) or 3% O,
{H). Expression levels of CDHI (A) and CXCR3 (B} mRNA were
assessed by RT-PCR at day 6 postinfection. The mRNA values were
divided by those of GAPDH and used to calculate expression
coefficients. Error bars indicate the SD obtained from triplicate
measurements; *p < .05 compared with 21% O,.

hypoxia (KLF4 data not shown). However, in the presence of
reprogramming factors, the expression level of E-cadherin sig-
nificantly increased. This result in the presence and absence of
reprogramming factors is quite interesting because it may indicate
that hypoxia affected the early stage of the reprogramming
sequence rather than competency of DPCs by changing the
expression of E-cadherin and inducing MET.

Microarray analysis revealed that some genes were up-
regulated over 10-fold in hypoxia (Table 1). CBLC belongs to
the Cbl family of ubiquitin ligases that plays a critical role in
protein tyrosine kinase signaling and is exclusively expressed in
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epithelial cells, and it may play a role in the MET (Griffiths
et al., 2003; Ryan et al., 2012). EGLN3 belongs to the EGLN
family of oxygen-sensitive prolyl hydroxylase that controls the
degradation of HIF-1a (Epstein et al., 2001). Remarkably, our
analysis of microarrays suggested that hypoxia induced changes
in the expression levels of several genes encoding chemokines
and their receptors (Table 1 and Appendix Figs. 3, 4). Chemokine
signaling pathways influence reprogramming target cells toward
iPSCs, and the expression of CCL2, which encodes a chemo-
kine, dramatically promoted the reprogramming of fibroblasts
toward iPSCs (Nagamatsu et al., 2012). Although analysis of
our data showed a decrease in CCL2 expression in hypoxia
(Appendix Fig. 4B), the levels of transcription of multiple che-
mokines and their receptors were altered. Such modulation of
chemokine genes may be related to a response of DPCs to
inflammation of the teeth, causing signal propagation to the
cytokine network (Horst et al, 2011). Interestingly, CCR4,
CCL23, and CXCLG6, whose expression levels were altered
(Table 1 and Appendix Figs. 3, 4), are expressed at levels 100-
fold higher in the odontoblast layer affected by caries (Horst
et al., 2011). IL8, down-regulated in hypoxia (Table 1), is also
an important inflammatory signal mediator. The comparison
between up-regulated and down-regulated chemokines and their
receptors and examination of downstream signals may reveal
the mechanism that underlies the enhanced reprogramming of
DPCs observed here.

In the present study, transient hypoxia improved the efficiency
of generating iPSCs from DPCs. These conditions differed from
those described in a previous report on human DFs. This indicates
that complex mechanisms are involved in the effects of hypoxia
on the reprogramming process, and that studies conducted in vitro
must be carefully optimized for each cell type.
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