
Original Article

Role of Egr1 on Pancreatic Endoderm
Differentiation
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Abstract
The low efficiency of in vitro differentiation of human embryonic stem cells (hESCs) or human-induced pluripotent stem cells
(iPSCs) into insulin-producing cells is a crucial hurdle for the clinical implementation of human pluripotent stem cells (PSCs). Our
previous investigation into the key factors for the differentiation of PSCs into insulin-producing cells suggested that the expression
of GATA binding protein 6 (GATA6) and Gremlin 1 (GREM1) and inhibition of early growth response protein 1 (Egr1) may be
important factors. In this study, we investigated the role of Egr1 in pancreas development. The transfection of small interfering
RNA (siRNA) of Egr1 in the early phase induced the differentiation of iPSCs derived from fibroblasts (FiPSCs) into pancreatic
endoderm and insulin-producing cells. In contrast, the downregulation of Egr1 in the late phase suppressed the differentiation of
FiPSCs into pancreatic endoderm and insulin-producing cells. In addition, the overexpression of Egr1 suppressed the differ-
entiation of iPSCs derived from pancreatic cells into pancreatic endoderm and insulin-producing cells. These data suggest that the
downregulation of Egr1 in the early phase can efficiently induce the differentiation of iPSCs into insulin-producing cells.
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Introduction

Diabetes is caused by an absolute or relative insufficiency of

insulin, which is secreted from pancreatic b cells, resulting in

impaired glucose metabolism in the entire body1,2. The sup-

plementation of the b-cell function is an effective therapeutic

strategy, but the insufficient cell supply is a major obstacle to

this intervention3,4. Therefore, vigorous efforts have been

made to develop a stable source of pancreatic cells for clinical

use. Human embryonic stem cells (hESCs) and human-

induced pluripotent stem cells (iPSCs) are capable of differ-

entiation into cells from the 3 embryonic germ layers that

constitute the body. Indeed, a number of groups have gener-

ated immature pancreatic b-cell-like cells, which are referred

to as insulin-producing or insulin-secreting cells, from ESCs/

iPSCs in vitro5–9. However, it is difficult to obtain the stable

production of pancreatic lineage cells in a sufficient quantity

for use in the clinical setting10.

We previously investigated the key factors for the differ-

entiation of pluripotent stem cells (PSCs) into insulin-

producing cells and found that the expression of GATA6 and

GREM1 and the inhibition of early growth response protein 1
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(Egr1) may be important factors for this differentiation11.

The protein encoded by the Egr1 gene belongs to the EGR

family of C2H2-type zinc-finger proteins. It is a nuclear

protein and functions as a transcriptional regulator. Although

1 group reported Egr1 to regulate the transcription of the

insulin gene12 and the Pdx1 gene13, the relationship between

Egr1 and pancreas development is unknown.

In this study, we investigated the role of Egr1 in pancreas

development. We first investigated the efficacy of differen-

tiation into pancreatic endoderm by the inhibition of Egr1 in

iPSCs derived from fibroblasts (FiPSCs) and next investi-

gated the efficacy of differentiation into pancreatic endo-

derm by the overexpression of Egr1 in iPSCs derived from

pancreatic cells (PiPSCs). We used PiPSCs and FiPSCs in

this study because the expression of Egr1 in FiPSCs was

higher than in PiPSCs11, and PiPSCs differentiated into

insulin-producing cells more efficiently than FiPSCs

because of their epigenetic memory14.

Materials and Methods

Cell Culture

PiPSCs11 and FiPSCs (201B7; RIKEN BioResource Center,

Ibaraki, Japan) were maintained in ESC culture medium.

These cells were cultured on mitomycin C-treated SNL76/7

(European Collection of Cell Culture, cat. No. 07032801, lot

no. 08F009). The ESC culture medium comprised Dulbecco’s

modified Eagle’s medium (DMEM)-F12 (Sigma-Aldrich,

St. Louis, MO, USA) supplemented with 20% Knockout

Serum Replacement (KSR) (Thermo Fisher Scientific, Yoko-

hama, Japan), 2 mM L-glutamine (Nacalai Tesque, Kyoto,

Japan), 1% nonessential amino acid (Thermo Fisher Scien-

tific), 0.1 mM 2-Mercaptoethanol (Thermo Fisher Scientific),

and 5 ng/mL Fibroblast Growth Factor 2 (FGF2) (Repro

CELL, Kanagawa, Japan). For routine passaging, iPSCs colo-

nies were detached with a CTK solution (2.5 mg/mL Trypsin,

1 mg/mL Collagenase IV, 20% KSR, 1 mM CaCl2/phosphate

buffered saline [PBS], and 70% PBS) and split at a ratio

between 1:3 and 1:6.

siRNA Transfection

Cells were transfected with siRNAs of Egr1 (Thermo Fisher

Scientific) at a final concentration of 10 nM using Lipofec-

tamine1 RNAiMAX Transfection Reagent (13778030;

Thermo Fisher Scientific) in accordance with the manufac-

turer’s protocol. For a 6-well plate (9.6 cm2), we used 4 mL

of transfection reagent in 150 mL of OptiMEM (Thermo

Fisher Scientific), 0.8 mL of 50 mM siRNA solution in

150 mL of OptiMEM, and 2� 105 PSCs in 2 mL of Essential

8 medium on Matrigel-coated dishes (hESC-qualified,

354277; Corning, NY, USA). Silencer1 Select Negative

Control No. 1 (Thermo Fisher Scientific) was used as a

control. The medium was changed after 48-h incubation.

Messenger RNA (mRNA) Transfection

For transfection of the messenger Egr1 in FiPSCs, synthetic

mRNA for Egr1 (mEgr1) was made with the mMESSAGE

mMACHINE T7 ULTRA Transcription Kit after amplifying

the Egr1 ORF clones (RG209956; ORIGENE, Rockville,

MD, USA) with polymerase chain reaction (PCR) primers

(Table 1). The quantity of resultant mRNA was measured

with a Nano Drop ND-1000 (Thermo Fisher Scientific).

Lipofectamine Messenger MAX (Thermo Fisher Scientific)

was used for mEgr1 transfection according to the instruc-

tions of the manufacturer. For a 6-well plate (9.6 cm2), we

used 7.5 mL of transfection reagent, 2.5 mg messenger Egr1,

and 3� 105 PiPSCs in 2 mL of SNL-conditioned medium on

Matrigel-coated dishes (hESC-qualified, 354277; Corning).

Enhanced green fluorescent protein (EGFP) mRNA (TriLink

BioTechnologies, San Diego, CA, USA) was used for con-

trol. The medium was changed after 24-h incubation.

Table 1. List of Primers Used for Quantitative Reverse Transcrip-
tion Polymerase Chain Reaction of Induced Pluripotent Stem Cells
and the Synthesis of Egr1 Messenger RNA.

Gene Sequences (50 to 30)

Endoderm-
specific gene

SOX17 Forward AGCCAAGGGCGAGTC
CCGTA

Reverse GCCTTCCACGACTTGC
CCAGC

HNF4 Forward CACCTGATGCAGGAAC
ATATGG

Reverse CTGTCCGTTGCTGAGG
TGAGT

Pancreas-
specific genes

Pdx1 Forward GATACTGGATTGGCGT
TGTTTG

Reverse TCCCAAGGTGGAGTGC
TGTAG

INS Forward ACGAGGCTTCTTCTAC
ACACCC

Reverse TCCACAATGCCACGCT
TCTGCA

Target gene in
this study

Egr1 Forward TTTCACGTCTTGGTGC
CTTTT

Reverse TCCCTCACAATTGCAC
ATGTC

GREM1 Forward CCCCCCGCCAGACAAG
Reverse TTGCACCAGTCTCGCT

TCAG
Endogenous

control
GAPDH Forward CCACTCCTCCACCTTT

GACG
Reverse ATGAGGTCCACCACCC

TGTT
mEgr1 synthesis Egr1 Forward GGACTTTCCAAAATG

TCG
Reverse ATTAGGACAAGGCTGG

TGGG

Note: mEgr1 ¼ mRNA of Egr1; GAPDH ¼ glycelaldehyde-3-phosphate
dehydrogenase; SOX17 ¼ SRY-Box 17; HNF4 ¼ Hepatocyte Nuclear
Factor 4; Pdx1 ¼ Pancreatic And Duodenal Homeobox 1; INS ¼ insulin;
Egr1 ¼ Early Growth Response 1; GREM1 ¼ Gremlin1; GAPDH ¼ glycer-
aldehyde-3 phosphate dehydrogenase.
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Differentiation

Directed differentiation into insulin-producing cells was con-

ducted as described previously5–8, with minor modifications.

For endoderm differentiation (stage 1), cells were treated with

25 ng/mL of Wnt3a and 100 ng/mL of activin A (Peprotech,

Rocky Hill, NJ, USA) in Roswell Park Memorial Institute

(RPMI) (Thermo Fisher Scientific) for 1 d, followed by treat-

ment with 100 ng/mL of activin A in RPMI þ 0.2% fetal

bovine serum (FBS) for 1 d. For differentiation into primitive

gut tube (stage 2), the cells were treated with 50 ng/mL of

Keratinocyte Growth Factor (KGF) (Peprotech) in RPMI þ
2% FBS for 1 d. Medium in stage 3 was not used in this study.

For spontaneous differentiation (stage 4), the cells were cul-

tured in DMEM þ 1% (vol/vol) B27 supplement for 3 d.

Quantitative Reverse Transcription (RT) PCR

Total RNA was prepared using RNeasy Micro Kit (Qiagen,

Tokyo, Japan) and treated with RNase free DNase (Qiagen).

A total of 500 ng RNA was used for a RT reaction using the

QuantiTect Reverse Transcription Kit (Qiagen). Quantita-

tive RT-PCR (qRT-PCR) was carried out in triplicate using

SYBR1 Select Master Mix in StepOnePlus™ (Thermo

Fisher Scientific) with the following PCR program: 95 �C

for 10 min, 40 cycles at 95 �C for 15 s, 60 �C for 1 min, and

72 �C for 15 s. The specific primers are listed in Table 1.

Relative quantification was calculated using the 2�DDCt

method after normalization to the glycelaldehyde-3-

phosphate dehydrogenase.

Results

Increase in Pancreas-Related Genes by Transfection
of siRNA of Egr1

To investigate whether or not the suppression of Egr1

induces the differentiation of iPSCs into insulin-producing

cells, siRNA of Egr1 (siEgr1) was transfected into FiPSCs,

which were derived from fibroblasts and expressed Egr1

more strongly than PiPSCs. FiPSCs were incubated with

siEgr1 for 48 h (Fig. 1A). An expression analysis of Egr1,

endoderm-specific genes, and pancreatic specific gene

(Table 1) in FiPSCs was conducted using qRT-PCR. We

used Silencer1 Select Negative Control No. 1 as control

of siEgr1 (siNeg). After 48-h incubation for transfection, the

expression of Egr1 was reduced by about 60%, and endo-

derm- and pancreatic-specific genes were expressed to a

greater degree in siEgr1-transfected FiPSCs than in siNeg-

transfected FiPSCs (Fig. 1B).

Fig. 1. Transfection of early growth response protein 1 (Egr1) small interfering RNA (siRNA) (siEgr1) in human-induced pluripotent stem
cells (iPSCs) derived from fibroblast (FiPSCs) in the early phase. (A) Time schedules for the induction of FiPSCs by siEgr1. (B) A quantitative
reverse transcription polymerase chain reaction analysis of Egr1 and endoderm- and pancreas-specific genes in FiPSCs treated with siEgr1.
The data are expressed as the genes to glycelaldehyde-3-phosphate dehydrogenase ratio, with that of FiPSCs treated with siNeg arbitrarily
set at 1.
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Increase in Endoderm Genes by siEgr1 Transfection
and Treatment with Growth Factors

To investigate the effect of siEgr1 with growth factors on

endoderm differentiation, FiPSCs were incubated with siEgr1

for 48 h and then were treated with Wnt3A and/or activin A

(Fig. 2A). After 96-h incubation for siEgr1 transfection, the

expression of Egr1 was reduced, and endoderm- and

pancreatic-specific genes were expressed to a greater degree

in siEgr1-transfected FiPSCs than in siNeg-transfected

FiPSCs. In particular, the expression of SRY-Box 17

(SOX17) in FiPSCs with siEgr1 was significantly (5- to

6-fold) higher than that in FiPSCs with siNeg (Fig. 2B).

Increase in Insulin Genes by siEgr1 Transfection,
Treatment with Growth Factors, and Spontaneous
Differentiation

We next investigated whether or not the endoderm differentia-

tion with the suppression of Egr1 led to pancreatic differentia-

tion. FiPSCs were transfected with siEgr1 and incubated for

48 h. The cells were then treated with growth factors for another

48 h and cultured in DMEM þ B27 (spontaneous differentia-

tion) for 72 h (Fig. 3A). Seven days after siEgr1 transfection, the

endoderm- and pancreatic-specific genes were expressed to a

greater degree in siEgr1-transfected FiPSCs than in siNeg-

transfected FiPSCs (Fig. 3B). Furthermore, the expression of

pancreas-specific genes such as insulin in FiPSCs with siEgr1

was likely to be higher than without spontaneous differentiation

(Figs. 2B and 3B). These data suggest that the downregulation

of Egr1 in the early phase induced the differentiation of FiPSCs

into pancreatic endoderm and insulin-producing cells.

Inhibition of Endoderm Differentiation by the
Downregulation of Egr1 in the Late Phase

Since the downregulation of Egr1 in the early phase induced

the differentiation of FiPSCs into pancreatic endoderm, we

also investigated whether or not the downregulation of Egr1 in

the late phase induced the differentiation of FiPSCs into pan-

creatic endoderm. FiPSCs were incubated with siEgr1 for 48 h

and then treated with Wnt3A and/or activin A for another

48 h. Subsequently, the cells were transfected with siEgr1

again (Fig. 4A). After the second transfection of siEgr1, the

endoderm- and pancreatic-specific genes were expressed

significantly more weakly in siEgr1-transfected FiPSCs than

in siNeg-transfected FiPSCs (Fig. 4B). These data suggest that

the downregulation of Egr1 in the late phase suppressed the

differentiation of FiPSCs into pancreatic endoderm and

insulin-producing cells.

Fig. 2. Transfection of small interfering RNA (siRNA) of early growth response protein 1 (Egr1) (siEgr1) in human-induced pluripotent stem
cells (iPSCs) derived from fibroblast (FiPSCs) in the early phase and treatment with growth factors. (A) Time schedules for the induction of
FiPSCs by siEgr1 and growth factors. (B) A quantitative reverse transcription polymerase chain reaction analysis of Egr1 and endoderm- and
pancreas-specific genes in FiPSCs treated with siEgr1. The data are expressed as the genes to glycelaldehyde-3-phosphate dehydrogenase
ratio, with that of FiPSCs treated with siNeg arbitrarily set at 1.
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Fig. 3. Transfection of small interfering RNA (siRNA) of early growth response protein 1 (Egr1) (siEgr1) in human-induced pluripotent stem
cells (iPSCs) derived from fibroblast (FiPSCs) in the early phase, treatment with growth factors, and spontaneous differentiation. (A) Time
schedules for the induction of FiPSCs by siEgr1, growth factors, and spontaneous differentiation. (B) The quantitative reverse transcription
polymerase chain reaction analysis of Egr1 and endoderm- and pancreas-specific genes in FiPSCs treated with siEgr1. The data are expressed
as the genes to glycelaldehyde-3-phosphate dehydrogenase ratio, with that of FiPSCs treated with siNeg arbitrarily set at 1.

Fig. 4. Transfection of small interfering RNA (siRNA) of early growth response protein 1 (Egr1) (siEgr1) in human-induced pluripotent stem
cells (iPSCs) derived from fibroblast (FiPSCs) in the early and late phases and treatment with growth factors. (A) Time schedules for the
induction of FiPSCs by siEgr1 and growth factors. (B) A quantitative reverse transcription polymerase chain reaction analysis of Egr1 and
endoderm- and pancreas-specific genes in FiPSCs treated with siEgr1. The data are expressed as the genes to glycelaldehyde-3-phosphate
dehydrogenase ratio, with that of FiPSCs treated with siNeg arbitrarily set at 1.
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Upregulation of Egr1 Inhibits Endoderm
Differentiation

To investigate whether or not the overexpression of Egr1

reduces the differentiation of iPSCs into insulin-producing

cells, mEgr1 was transfected into PiPSCs, which were

derived from pancreatic cells. The expression of Egr1 was

lower than that in FiPSCs. We used mRNA of EGFP as a

control for mEgr1. PiPSCs were incubated with mEgr1 for

24 h and then treated with Wnt3A and activin A for another

24 h. Subsequently, the cells were transfected with mEgr1

again (Fig. 5A). After the second mEgr1 transfection, the

expression of Egr1 was increased, and the endoderm-

(except GREM1 and HNF4) and pancreatic-specific genes

were expressed to a lesser degree in mEgr1-transfected

PiPSCs than in EGFP-transfected PiPSCs (Fig. 5B). These

data suggest that the overexpression of Egr1 suppressed the

differentiation of PiPSCs into pancreatic endoderm and

insulin-producing cells.

Discussion

In this study, we showed that the suppression of Egr1 in the

early phase induced the differentiation of iPSCs into pancrea-

tic endoderm and insulin-producing cells. It has been reported

that Wnt signaling inhibits Egr115 and that Egr1 acts as an

upstream regulator of b-catenin signaling16. Since Wnt/b-

catenin signaling is important for endodermal differentiation,

the suppression of Egr1 in the early phase may also be impor-

tant for differentiation. In contrast, the suppression of Egr1 in

the late phase suppressed the differentiation of iPSCs into

pancreatic endoderm and insulin-producing cells. Eto et al.

reported that Egr1 activates the insulin promoter in part by

increasing the expression of Pdx1 and enhancing the Pdx1

binding to insulin promoter sequences12. The same group

reported that Egr1 regulates the expression of Pdx1 in pan-

creatic b cells by both direct and indirect activation of the

Pdx1 promoter, suggesting that the Egr1 expression may act

as a sensor in pancreatic b cells to translate extracellular

signals into changes in the Pdx1 expression and pancreatic

b cell function13. These reports support our data on the sup-

pression of Egr1 in the late phase.

ESCs and iPSCs are capable of differentiation into cells

from the 3 embryonic germ layers that constitute the body,

making them particularly useful for regenerative medicine

research at many institutions17–19. It was recently shown

that, following the reprogramming of mouse/human iPSCs,

epigenetic memory inherited from parental cells affects the

differentiation capacity of iPSC lines20–22. It has also been

shown that this epigenetic memory predisposes iPSCs

Fig. 5. Transfection of messenger RNA of early growth response protein 1 (mEgr1) in human-induced pluripotent stem cells (iPSCs) derived
from pancreatic cells (PiPSCs) and treatment with growth factors. (A) Time schedules for the induction of PiPSCs by mEgr1 and growth
factors. (B) A quantitative reverse transcription polymerase chain reaction analysis of Egr1 and endoderm- and pancreas-specific genes in
PiPSCs treated with mEgr1. The data are expressed as the genes to glycelaldehyde-3-phosphate dehydrogenase ratio, with that of PiPSCs
treated with green fluorescent protein (GFP) mRNA arbitrarily set at 1.
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derived from pancreatic b cells to differentiate more readily

into insulin-producing cells14. These findings demonstrate

that the iPSC phenotype is influenced by the cells of origin.

We previously reported that PiPSCs differentiated into

insulin-producing cells more efficiently than FiPSCs and

that the expression of Egr1 in FiPSCs was higher than in

PiPSCs11. These data suggest that the inhibition of Egr1 may

be an important factor for the differentiation of PSCs into

insulin-producing cells. We therefore used FiPSCs and

PiPSCs in the present study.

In conclusion, the inhibition of Egr1 in the early phase

induced the differentiation of PSCs into insulin-producing

cells, and the inhibition of Egr1 in the late phase suppressed

the differentiation of FiPSCs into pancreatic endoderm and

insulin-producing cells. The role of Egr1 may be important

for the differentiation of PSCs into insulin-producing cells.

Ethical Approval

This study was approved by our institutional review board.

Statement of Human and Animal Rights

This article does not contain any studies with human or

animal subjects.

Statement of Informed Consent

There are no human subjects in this article and informed consent is

not applicable.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect

to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this arti-

cle. This work was supported in part by the Japan Society for

the Promotion of Science and the Ministry of Health, Labour

and Welfare.

References

1. Mathis D, Vence L, Benoist C. beta-Cell death during progres-

sion to diabetes. Nature. 2001;414(6865):792–798.

2. Donath MY, Halban PA. Decreased beta-cell mass in diabetes:

significance, mechanisms and therapeutic implications. Diabe-

tologia. 2004;47(3):581–589.

3. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, War-

nock GL, Kneteman NM, Rajotte RV. Islet transplantation in

seven patients with type 1 diabetes mellitus using a

glucocorticoid-free immunosuppressive regimen. N Engl J

Med. 2000;343(4):230–238.

4. Noguchi H, Iwanaga Y, Okitsu T, Nagata H, Yonekawa Y,

Matsumoto S. Evaluation of islet transplantation from non-

heart beating donors. Am J Transplant. 2006;6(10):

2476–2482.

5. D’Amour KA, Bang AG, Eliazer S, Kelly OG, Agulnick AD,

Smart NG, Moorman MA, Kroon E, Carpenter MK, Baetge

EE. Production of pancreatic hormone-expressing endocrine

cells from human embryonic stem cells. Nat Biotechnol.

2006;24(11):1392–1401.

6. D’Amour KA, Agulnick AD, Eliazer S, Kelly OG, Kroon E,

Baetge EE. Efficient differentiation of human embryonic

stem cells to definitive endoderm. Nat Biotechnol. 2005;

23(12):1534–1541.

7. Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly OG,

Eliazer S, Young H, Richardson M, Smart NG, Cunningham

J, et al. Pancreatic endoderm derived from human embryonic

stem cells generates glucose-responsive insulin-secreting cells

in vivo. Nat Biotechnol. 2008;26(4):443–452.

8. Noguchi H, Saitoh I, Tsugata T, Kataoka H, Watanabe M,

Noguchi Y. Induction of tissue-specific stem cells by repro-

gramming factors, and tissue-specific selection. Cell Death

Differ. 2015;22(1):145–155.

9. Jiang W, Shi Y, Zhao D, Chen S, Yong J, Zhang J, Qing T, Sun

X, Zhang P, Ding M, et al. In vitro derivation of functional

insulin-producing cells from human embryonic stem cells. Cell

Res. 2007;17(4):333–344.

10. Osafune K, Caron L, Borowiak M, Martinez RJ, Fitz-Gerald

CS, Sato Y, Cowan CA, Chien KR, Melton DA. Marked dif-

ferences in differentiation propensity among human embryonic

stem cell lines. Nat Biotechnol. 2008;26(3):313–315.

11. Tsugata T, Nikoh N, Kin T, Saitoh I, Noguchi Y, Ueki H,

Watanabe M, Shapiro AMJ, Noguchi H. Potential factors for

the differentiation of ESCs/iPSCs into insulin-producing cells.

Cell Med. 2014;7(2):83–93.

12. Eto K, Kaur V, Thomas MK. Regulation of insulin gene tran-

scription by the immediate-early growth response gene Egr-1.

Endocrinology. 2006;147(6):2923–2935.

13. Eto K, Kaur V, Thomas MK. Regulation of pancreas duode-

num homeobox-1 expression by early growth response-1. J

Biol Chem. 2007;282(9):5973–5983.

14. Bar-Nur O, Russ HA, Efrat S, Benvenisty N. Epigenetic mem-

ory and preferential lineage-specific differentiation in induced

pluripotent stem cells derived from human pancreatic islet beta

cells. Cell Stem Cell. 2011;9(1):17–23.

15. Tice DA, Soloviev I, Polakis P. Activation of the Wnt path-

way interferes with serum response element-driven tran-

scription of immediate early genes. J Biol Chem. 2002;

277(8):6118–6123.

16. Saegusa M, Hashimura M, Kuwata T, Hamano M, Watanabe J,

Kawaguchi M, Okayasu I. Transcription factor Egr1 acts as an

upstream regulator of beta-catenin signalling through

up-regulation of TCF4 and p300 expression during trans-

differentiation of endometrial carcinoma cells. J Pathol.

2008;216(4):521–532.

17. Itskovitz-Eldor J, Schuldiner M, Karsenti D, Eden A,

Yanuka O, Amit M, Soreq H, Benvenisty N. Differentiation

of human embryonic stem cells into embryoid bodies com-

promising the three embryonic germ layers. Mol Med.

2000;6(2):88–95.

18. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,

Tomoda K, Yamanaka S. Induction of pluripotent stem cells

from adult human fibroblasts by defined factors. Cell. 2007;

131(5):861–872.

Tsugata et al 7



19. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swier-

giel JJ, Marshall VS, Jones JM. Embryonic stem cell lines derived

from human blastocysts. Science. 1998;282(5391):1145–1147.

20. Kim K, Doi A, Wen B, Ng K, Zhao R, Cahan P, Kim J, Aryee

MJ, Ji H, Ehrlich LI, et al. Epigenetic memory in induced

pluripotent stem cells. Nature. 2010;467(7313):285–290.

21. Ohi Y, Qin H, Hong C, Blouin L, Polo JM, Guo T, Qi Z,

Downey SL, Manos PD, Rossi DJ, et al. Incomplete DNA

methylation underlies a transcriptional memory of somatic

cells in human iPS cells. Nat Cell Biol. 2011;13(5):

541–549.

22. Polo JM, Liu S, Figueroa ME, Kulalert W, Eminli S, Tan KY,

Apostolou E, Stadtfeld M, Li Y, Shioda T, et al. Cell type of

origin influences the molecular and functional properties of

mouse induced pluripotent stem cells. Nat Biotechnol. 2010;

28(8):848–855.

8 Cell Medicine



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


