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In mouse embryos, some primordial germ cells (PGCs) are eliminated by apoptosis, but the molecular

pathways that lead to PGC survival versus apoptosis have not been fully characterized. Here, we found

that REST (repressor element 1-silencing transcription factor), a transcription factor that binds a

conserved regulatory element, NRSE/RE1, played a role in PGC survival. REST expression was higher in

PGCs than in surrounding somatic cells. Moreover, in mouse embryos with a PGC-specific conditional

REST mutation, the PGC population experienced more apoptosis and was significantly smaller than that

in control embryos; these findings indicated that REST functioned in a cell-autonomous fashion that

was critical for PGC survival. Several anti-apoptotic genes were among the previously identified REST-

target gene candidates; moreover, some of these genes were downregulated in the REST-deficient PGCs.

Mek5, which encodes a component in the a MAP kinase cascade, was one of these downregulated REST-

target gene candidates, and a Mek5 mutation, like the REST mutation, caused an increase in PGC

apoptosis; these finding suggested that REST promoted PGC survival via regulation of the Mek5

expression. Importantly, there were a normal number of PGCs in the REST mutants at birth, and both

the male and female REST-mutant adults were fertile; these final observations revealed that the PGC

population was very robust and could recover from a genetically induced reduction in cell number.

& 2012 Elsevier Inc. All rights reserved.
Introduction

Cells in various tissues undergo apoptotic cell death during
embryogenesis, as well as in mature organisms in particular
physiological conditions, and this apoptosis is often important
for development and homeostasis. For example, removal of
unnecessary and/or excess cells in embryos plays a critical role
in the morphogenesis of embryos (Fuchs and Steller (2011)), and
selective cell death of lymphocytes is essential for generating
functional immune cells and for establishing immunotolerance
(Lu and Finn (2008)). The molecular components and regulatory
pathways that result in apoptosis have been studied extensively
and are well characterized. Apoptotic signals enhance perme-
ability of mitochondrial membrane (Youle and Strasser (2008);
Martinou and Youle (2011)); consequently, cytochrome C and
ll rights reserved.

tsui).
other apoptosis inducing molecules are released from mitochon-
dria, and these molecules activate caspase family proteins that
execute apoptosis. Bcl-2 family molecules regulate permeability
of mitochondrial membrane and induce or suppress apoptosis
(Youle and Strasser, 2008; Martinou and Youle, 2011). Several
trophic factors and apoptosis-inducing factors such as TNF and
FasL control the above-mentioned death-and-survival regulating
molecular pathways (Lee et al., 1999; Lysiak (2004)).

Primordial germ cells (PGCs) are undifferentiated germ cells in
embryos; PGCs emerge as a small number of cells in early
gastrulating embryos in mouse, and migrate towards embryonic
gonads (Anderson et al., 2000). During this migration, PGCs
actively proliferate to increase in number (Tam and Snow,
1981), but a small fraction of these PGCs undergo apoptosis
(Coucouvanis et al., 1993; Pesce et al., 1993). In particular, ectopic
PGCs, which have failed to migrate correctly, are efficiently
eliminated by apoptosis (Runyan et al., 2006); apoptosis of
ectopic PCGs is a clinically important phenomenon because
malignant pediatric tumors often arise from ectopic PGCs located
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at the midline of human embryos (Dehner (1983)). A number of
intracellular molecules, as well as extracellular signals, control
PGC survival. One of the most important extracellular signals for
PGC survival is a growth factor, Steel factor (Dolci et al., 1991;
Matsui et al., 1991; Pesce et al., 1993); downregulation of Steel
factor causes apoptosis of migrating PGCs in the allantois and in
the midline of embryos (Runyan et al., 2006). A small number of
PGCs undergo apoptosis after colonizing the genital ridge; in
particular, PGC subpopulations that can be recognized by expres-
sion of cell surface proteins tend to undergo apoptosis
(Coucouvanis et al., 1993; Morita-Fujimura et al., 2009); these
findings indicate that cell-intrinsic mechanisms, in addition to the
extracellular trophic factors, are likely to be involved in selective
apoptosis of PGCs.

Some molecules critical to the control of PGC death, survival,
or both have been identified, but information on the molecular
cascades that control PGC fate is still fragmented, and the details
of these cascades remain largely obscure. For example, the
molecules that link trophic factors (e.g., Steel factor (Runyan
et al., 2006)) to the transcriptional network that controls the
expression of signaling molecules regulating PGC survival are not
known. Here, we show that REST (repressor element 1-silencing
transcription factor), also known as the neuron-restrictive silen-
cer factor (NRSF) (Chong et al., 1995; Schoenherr and Anderson,
1995), is a transcriptional regulator that promotes PGC survival.
REST was initially identified as a key regulator of neurogenesis
(Schoenherr et al., 1996), but it also plays roles in embryonic stem
(ES) cells (Yamada et al., 2010). Previous studies showed that
REST was a target of the regulatory circuitry of pluripotency in ES
cells (Singh et al., 2008), but other reports indicated that REST
functions were not critical for maintenance of pluripotency
(Jørgensen et al., 2009; Buckley et al., 2009), and therefore
functions of REST in ES cells had remained controversial. More
recently, it was demonstrated that REST was not necessary for
maintenance of pluripotency but promoted the early differentia-
tion in ES cells (Yamada et al., 2010). Here, we found that REST
induced the expression of the gene encoding a MAP kinase
cascade molecule, Mek5, to support survival of PGCs in mouse
embryos.
Materials and methods

Mouse strains and staging of embryos

The embryos used for immunohistochemistry, in situ hybridi-
zation, or isolation of PGCs were obtained from dams of the
outbred strain ICR that had been mated to male BDF1 (B6D2F1)
mice or to mil1-GFP transgenic male mice (Tanaka et al., 2004);
the mil1-GFP transgenic mice had been maintained in a C57Bl/6
background. To isolate REST (þ/þ), REST (þ/�), and REST (�/�)
PGCs from embryos, we used embryos from intercrosses between
heterozygote REST males and female that harbored the mil1-GFP
transgene, which is specifically expressed in PGCs. Before each
experiments, embryos were staged as described previously by
Downs and Davies (1993): E7.0, E7.25, and E7.5 embryos corre-
sponded to mid-streak to late-streak, early allantoic bud, and late
allantoic bud stages, respectively. To obtain purified PGCs, tissue
fragment containing PGCs were dissociated by trypsin and GFP-
positive PGCs were manually isolated under a fluorescent micro-
scope. The mice were kept and bred in the Animal Unit of the
Institute of Development, Aging and Cancer (Tohoku University),
an environmentally controlled and specific pathogen-free facility,
according to the guidelines for experimental animals defined by
the facility. Animal protocols were reviewed and approved by the
Tohoku University Animal Studies Committee.
Targeted disruption of the REST locus

To generate a REST targeting vector, exon 1 of REST, which
includes the translational initiation site, was replaced with Pgk-
Neo flanked by loxP sequences (Fig. 1E); the vector was con-
structed using the Red BAC (Bacterial artificial chromosome)
recombineering system (Liu et al. (2003)). A BAC bearing the
REST genomic locus (BMQ-75F23, 129S7 background) was pur-
chased from Geneservice (Geneservice Limited, Cambridge, UK).
The E14.1 ES cell line (129/Ola) was mixed with 40 mg of linear
targeting vector and subjected to electroporation; selection was
performed using 250 mg/ml G418 (GIBCO). ES cell colonies were
isolated and then screened using PCR and primers specific for the
30 arm of the predicted recombination product (Fig. 1E). Homo-
logous recombination was confirmed using Southern blot analysis
and the 50, 30 probes that are diagramed in Fig. 1E. We isolated
three independent ES cell clones that each carried the predicted
recombination product; for each ES clone, cells were injected into
C57BL/6 blastocysts, and the chimeric blastocysts were trans-
ferred into the uteri of pseudo-pregnant ICR females. We obtained
high-contribution chimeras, and germ line transmission of the
recombinant locus (i.e., the new REST mutation) was determined
by coat color in the next generation of mice. We backcrossed the
chimeric mice or heterozygous mutant mice to C57BL/6 for three
or four consecutive generations and created a population of mice
heterozygous for the REST mutation.

Southern blot analysis to assess the recombination products

Genomic DNA was extracted from ES cells using a DNA
extraction kit (Qiagen). For Southern blot analysis of the 50 end
of the REST locus, genomic DNA was digested with XbaI; the
genomic fragments were then separated in an 1% agarose gel and
transferred to a nylon membrane. The 50 probe (884 bp) was
amplified using the REST 50F (50-GATGGTGGTGGTGACTCAGAG-30)
and REST 50R as (50-CCTCCATTGCCTCTATATCAG-30) primers. The
probe specifically labeled a 16.5 kbp band from the wild-type
locus and a 10.8 kbp band from the recombinant locus (Fig.1E and
F). Genomic DNA was also digested with SpeI for Southern blot
analysis of the 30 end of the REST locus. The 30 probe (361 bp) was
amplified with the REST 30 F (50-AACATTGAGGGAATAATTGC-30)
and REST 30R (50-ATTAGAACTATTCTTCAATC-30) primers. The
probe hybridized to an 8 kbp band from the wild-type locus and
a 4.4 kbp band from the recombinant locus (Fig. 1E and F).

Genotyping PCR

The genotype of individual embryos was determined using
samples of yolk sac tissue and PCR amplification. Each tissue
sample was lysed in 50 ml of Proteinase K solution (60 mg/ml) for
2 h at 55 1C. These crude tissue lysates (1 ml each) were used as
template DNA. Amplification was performed using gene-specific
primer sets (Table 1) over 30 PCR cycles that included denatura-
tion for 30 s at 94 1C; annealing for 1 min at 65 1C; extension for
1 min at 72 1C. Products were resolved in a 1.5% agarose gel using
electrophoresis and visualized using ethidium bromide staining.
PCR-based genotyping of Mek5 mutant embryos was performed
as described by Wang et al. (2005).

Generation of the PGC-specific REST conditional knock-out embryo

The TNAP-Cre transgenic mouse line was maintained by
mating them with C57BL/6J mice. REST2lox/2lox females (Yamada
et al., 2010) were mated with TNAP-Cre transgenic males. To
generate embryos homozygous for the PGC-specific conditional



Table 1
Gene-specific primer sets for Genotyping PCR and Real-time PCR and ChIP.

Primer sets Forward primer (50–30) Reverse primer (50–30)

TNAP-Cre GGCTCTCCTCAAGCGTATTCAAC CAAACGGACAGAAGCATTTTCCAG

REST-2lox CCCTTATGGGTGCAAGTGTT CCGGCTCTACTTCAGACCAG

REST CCCAGGCCTATCTAGTGCTAGGA GGCAGCTGAGGCTTCAAATACGG

Neo-gt1 CGTAAAGCACGAGGAAGCGGTCAG

Dad1 CTCGTTCCTCTCTGGCTTCAT GAAGTCAGCAAAGGCTCGCT

Raf1 AATACTATCCGGGTTTTCTTGCC GCGTGCTTTCTTACCTTTGTGT

Aven GAGGAGAAAGAATGGGATGGTG AGCAACATTAAGCCTGACTGC

Traf1 AGGGTGGTGGAATTACAGCAA GCAGTGTAGAAAGCTGGAGAG

Mek5 GGGCCATCTCAACACACCAG TGTCTCGATACCGTATGTCTTGT

Mek5-RE1 site CACCAVGAAGATAGGTGCATT GGAGGTTGAAGGAGGAGGATAG

Calb1 GCTCCGCGCACTCTCAAA GAGATGACTGCAGGTGGGATTC

Esrrb CCAGAGAGAGTGTTTATGCAGGAC CCCTTACAGTTATGAGCCTCACTC

Fig. 1. Expression and targeted disruption of the REST gene. (A–C) In situ hybridization analysis of REST expression in germ cells. REST transcripts were preferentially

detected in the nascent PGCs at E7.25, which corresponds to the early allantoic bud stage (A), in migrating PGCs at E9.5 (B), in gonadal PGCs at E12.5 (C). HG: hind-gut, GR:

genital ridge, MN: mesonephros, ND: nephric duct. Scale bars: 2 mm (A), 0.6 mm (B), 1 mm (C). (D) Quantitative RT-PCR was used to assess expression of REST in purified

GFP-positive PGCs and in the adjacent GFP-negative somatic cells from mil1-GFP transgenic embryos at different embryonic stages. The results of three independent

experiments are presented. (E) Schematic representation of the wild-type and the mutated REST alleles. The genomic DNA regions used as the 50 and 30 homology arms in

the REST targeting vector are indicated by thick lines. Closed boxes indicated the coding exons of REST. Coding exon 1 was replaced by the PGK-Neo cassettes (open arrow).

The 50 and 30 probes (closed boxes) used for Southern blot analyses are shown above the recombinant REST allele. The pair of arrows indicates the primer set for detecting

recombinant ES clones. (F) Southern blots of the parent ES cells and of a recombinant clone. Genomic DNA (10 mg) was digested with XbaI and SpeI. The 50 external probe

hybridized to 16.5-kb (wild-type) and 10.8-kb (targeted) XbaI fragments. The 30 probe hybridized to 8-kb (wild-type) and 4.4-kb (targeted) SpeI fragments. (G) RT-PCR

analysis of REST expression in cDNA from whole E9.5 embryos of three genotypes—(þ/þ) wild type, (þ/�) heterozygote, (�/�) homozygote mutant. HPRT expression

was analyzed and used a an internal control. RT: reverse transcriptase.
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REST-mutation, the female progeny of TNAP-Cre(þ)/RESTþ /2lox

were mated with REST2lox/2lox males.

In situ hybridization

Embryos and embryonic gonads were obtained by mating ICR
mice with B6D2F1 mice. Tissues were fixed in 4% paraformalde-
hyde. Whole-mount in situ hybridization was performed using an
automated machine, InsituPro (INTAVIS Bioanalytical Instruments
AG, Bergisch Gladbach, Germany), according to the manufac-
turer’s instruction (Roche); anti-sense and sense probes were
synthesized using a 1135 bp REST cDNA.

Alkaline phosphatase (AP) staining

Embryos between E8.0 and E9.75 were dissected from the
decidua, Reichert’s membrane and yolk sac. Embryos were fixed
in 4% paraformaldehyde in PBS for 2 h at 4 1C. Fixed embryos were
washed three times in PBS and then treated with 70% ethanol for
at least 1 h at 4 1C. Embryos were then washed three times with
distilled water and then stained with a solution of 0.5 mg/ml of
Naphtali AS-MX, 1 mg/ml of Fast Red TR (Sigma) (Lawson et al.,
1999) for 10 min at room temperature. The embryos were then
rinsed in PBS and cleared in 75% glycerol. AP-positive PGCs was
manually counted under a stereomicroscope. Cultured PGCs were
detected by staining for AP activity as described previously
(Matsui et al., 1991).

RNA preparation and cDNA synthesis

Total RNA was purified from whole embryos at E9.5 or from
isolated PGCs and surrounding somatic cells using an RNeasy
Mini kit plus or RNeasy Micro kit (Qiagen). Total RNA was then
used for cDNA synthesis with random primers (Promega).

RT-PCR

Synthesized cDNAs were used as RT-PCR templates. Amplifica-
tion was performed over 30 cycles that included denaturation for
30 s at 94 1C; annealing for 30 s at 60 1C; extension for 45 min at
72 1C. Products were resolved in a 1.5% agarose gel via electro-
phoresis and visualized by ethidium bromide staining. The
following PCR primer pairs were used for amplification of REST:

REST-F(ex1): 50-AACTTCTGCAAGCACAATGG-30

REST-R(ex3): 50-CCGAGAAGTCATCACCAG-30

Control PCR-amplification was performed using primers for
Hypoxanthine-guanine phosphoribosyltransferase (HPRT):

HPRT-F: 50-GGATTTGAAATTCCAGACAAG-30

HPRT-R: 50-GCATTTAAAAGGAACTGTTGAC-30.

Real-time PCR

Real-time PCR was performed using gene-specific primer sets
(Table 1) along with an ABI Prism 7000 system (Applied Biosys-
tems) and Power SYBR Green PCR Master Mix, according to the
manufacturer’s instructions (Applied Biosystems). Quantitative
expression analysis of REST was performed with Taqman probe
for REST (Mm00803z68_m1) and Express qPCR super mix
(Invitrogen).

Assay for PGC proliferation

PGC proliferation was assessed using the bromodeoxyuridine
(BrdU) pulse-labeling method described by Seki et al. (2007) with
minor modification. BrdU (Roche, 10 mg/kg body weight) was
injected into the peritoneum of pregnant females that had been
staged appropriately. Labeled embryos were isolated six hours
after the dams were injected, and tissue fragments containing
PGCs were dissected out and used to prepare frozen tissue
sections. Detection of BrdU was performed as describe by
Marusich et al. (1994) using anti-BrdU antibody (1:50; Becton
Dickinson); PGCs were detected using anti-Stella/PGC7 antibody
(1:10,000; Sato et al., 2002). Sections were counterstained
with DAPI.
Immunohistochemistry

Immunohistochemical analyses of frozen tissue sections
(10 mm) were performed as described previously (Yamaguchi
et al., 2005). The antibodies used were: anti-Oct3/4 (1:100; Santa
Cruz), anti-active Caspase3 (1:500; BD pharmingen), anti-BrdU
(1:50; Upstate), anti-Stella/PGC7 (1:10,000; Sato et al., 2002),
anti-Vasa (1:100; Toyooka et al., 2000). The appropriate species-
specific fluorophore-labeled secondary antibodies (Molecular
Probes) were applied at a 1:200 dilution. Nuclei were stained
with DAPI (5 mg/ml). Staining was examined using a confocal
laser scan microscope (Leica).
Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed with
samples of 1�106 dissociated genital ridge cells from E12.5
embryos or ES cells using the method described in the on-line
protocol provided by NIPPON GENE CO., LTD. Briefly, REST anti-
bodies (Millipore, 07-579) or rabbit IgG control antibodies (Cell
Lab, 731642) were bound to protein G-coupled beads, Dynabeads
(Invitrogen) at 4 1C for more than 4 h. The dissociated ES cells or
genital ridge cells were subjected to protein–DNA crosslinking
with 1% formaldehyde in 10% FBS/ Dulbecco’s modified Eagle’s
medium (GIBCO) for 10 min at room temperature. Genomic DNA
in chromatin complexes was sheared to 200–1000 bp with
sonication (Branson Sonifier 250). Extraneous cellular debris
was removed by centrifugation at 20,000� g for 10 min at 4 1C,
and the supernatant, which contained the chromatin, was incu-
bated with antibodies-bound-beads overnight at 4 1C. The
chromatin-bead complexes were washed; the chromatin was
eluted and the protein–DNA crosslinking was reversed by incuba-
tion at 65 1C. DNA was purified from the eluates and used as
template for PCR amplification with primers spanning REST
binding site in the vicinity of Mek5 (Table 1) using SYBR PCR
Mastermix (Applied Biosystems). We also used primers spanning
REST binding site in the vicinity of Calb1, a known REST target
gene in ES cells, as a positive control, and primers spanning a
transcription start site of Esrrb as a negative control (Table 1).
Esrrb is expressed in ES cells but REST binding sites do not exist in
the vicinity of this gene. The efficiencies of chromatin immuno-
precipitation were quantified relative to a standard curve pre-
pared using input chromatin. Rabbit IgG control antibodies served
as negative controls.

Dissection of embryos and dissociated PGCs culture

Embryos were dissected away from deciduas, and fragments of
hind-gut tissue were dissociated into single cells by gentle
pipetting in 0.025% trypsin/0.75 mM EDTA. Dissociated hind-gut
cells were cultured on a feeder layer of Sl/Sl4-m220 cells.
Histological analysis

For histological analysis, samples (testes or ovaries) were fixed
in Bouin’s solution and embedded in paraffin. Sections (5 mm)
were stained with hematoxylin and eosin.
Statistical analysis

Statistical differences were assessed using the student’s t-test.
p values o0.05 or o0.01 were considered statistically signifi-
cant. Error bars in graphs denote standard deviation of the
mean (SEM).
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Results

Isolation of REST/NRSF as a candidate regulatory gene of PGC

development

To identify genes that are specifically expressed in primordial
germ cells (PGCs) and have critical roles in the development of
PGCs, we used PGC precursors and nascent PGCs in differential
screens (Okamura et al., in press). In brief, GFP-positive PGCs and
their precursor cells were isolated from mid-streak and late-
streak stage embryos from ICR�mil1-GFP matings. A cDNA
library from mixture of five independent nascent PGC cDNA was
obtained and was identified by Southern blot analysis using the
marker genes as probes such as Blimp1 and Stella. The library was
differentially screened with the nascent PGC cDNA (also used for a
library) and of their precursor cDNA probes. Among about 15,000
clones screened, 100 independent candidate clones were isolated.
We identified REST/NRSF in one such screen; REST was preferen-
tially expressed in PGCs throughout PGC development, although
faint expression of REST was also evident in surrounding somatic
cells (Fig. 1A–D).

Reduction of PGC number in the REST deficient embryos

To examine the functions of REST in PGCs, we used homo-
logous recombination in embryonic stem (ES) cells to generate
mice with a knockout mutation at the REST locus. REST comprises
three coding exons, and we designed a targeting vector to disrupt
exon 1, which includes a translational initiation codon (Fig. 1E)
and confirmed its correct recombination by Southern blot
(Fig. 1F). Based on RT-PCR analysis, REST expression was not
evident in REST-mutant embryos (Fig. 1G). As previously reported,
REST deficient embryos were embryonic lethal by E11.5, and
showed morphological abnormalities including forebrain
Fig. 2. The number of migrating PGCs was reduced in REST-mutant embryos. (A) Alkalin

at the 22 somite stage. Scale bar: 0.5 mm. (B) Linear regression analysis of PGC number

in the embryos between E8.0 and E9.5. PGCs in the hindgut were counted, and the aver

(wild: n¼3; hetero: n¼5; homo: n¼7) or from those at the 20–25 somite stages (wild
malformation and widening of the mesencephalic flexure (Chen
et al., 1998). We confirmed similar morphological abnormalities
in the homozygous mutant embryos at E10.25 (Fig. S1).

We assessed whether the REST mutation affected the number
of PGCs in embryos by comparing the number of PGCs in E9.5
embryos homozygous for the mutation with that in embryos that
were heterozygous; PGCs in all embryos were identified by
staining for alkaline phosphatase activity (Ginsburg et al., 1990).
The number of migrating PGCs in homozygous mutant embryos
was apparently smaller than that in heterozygous mutant
embryos (Fig. 2A). A linear regression analysis indicated that the
increase in the number of PGCs over the course of development
was smaller in homozygous mutant embryos than in wild-type or
heterozygous mutant embryos (Fig. 2B). For embryos of each of
the three genotypes (homozygous mutant, heterozygous, or wild
type), we counted the number of PGCs at the 5–10 somite stage
(E8.5, nascent PGCs) and at the 20–25 somite stage (E9.5,
migrating PGCs) (Fig. 2C). The number of nascent PGCs (5–10
somite stage) in homozygous mutant embryos was not signifi-
cantly different from that in heterozygous embryos or wild-type
embryos; in contrast, the number of migrating PGCs (20–25
somite stage) was significantly smaller in homozygous mutant
embryos than in heterozygous embryos and in wild-type embryos
(Fig. 2C).

Deficiency of REST functions causes enhancement

of apoptotic cell death of PGCs

We examined whether an increase in apoptosis, a decrease in
proliferation, or both contributed to the reduction in the number
of migrating PGCs in REST mutant embryos. First, we examined
apoptosis among PGCs in mutant and wild-type embryos at E9.25
by monitoring active-Caspase3 (Fig. 3A–H). The ratio of apoptotic
PGCs to viable PGCs was much higher in homozygous mutant
e phosphatase (AP) staining of REST heterozygous and REST homozygous embryos

; PGC number was determined via AP staining. (C) The number of AP-positive PGCs

age number of PGCs from mutant and wild-type embryos at the 5–10 somite stage

: n¼9; hetero: n¼15; homo: n¼7) is shown; *Po0.05.



Fig. 3. In migrating PGCs, loss of REST function resulted in induction of apoptosis, but had no influence on proliferation. (A–H) Apoptotic cells in frozen sections of hindgut

tissue from E9.25 embryos were detected by immunostaining for active caspase 3; wild-type (A–D) and REST homozygous mutant (E–H) embryos are shown. PGCs were

identified by the expression of Oct3/4. Closed and open arrowheads indicated apoptotic and non-apoptotic PGCs, respectively. (I–P) BrdU-positive PGCs were detected

using anti-BrdU and anti-PGC7/Stella antibodies in frozen sections of hindgut tissues from wild-type (I–L) and from REST homozygous mutant (M–P) E9.25 embryos.

Closed and open arrowheads indicated BrdU-positive and -negative PGCs, respectively. DNA was labeled by DAPI counterstaining. Scale bar: 25 mm (A–H), 50 mm (I–P).

(Q and R) The ratios of apoptotic to non-apoptotic PGCs (Q) and of BrdU-labeled and unlabeled PGCs (R) in hindguts of E9.25 embryos are shown. The data from four

embryos of each genotype are shown; the percentages above the error bars represent average ratios. *Po0.05.
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Fig. 4. Induction of apoptotic cell death due to PGC-specific loss of REST function. PGC number in E12.5 genital ridges from wild-type embryos (TNAP-Cre(�)) (A) or REST-

mutant littermates (TNAP-Cre(þ)) (B) was estimated by detecting Stella-positive PGCs by immunostaining. (C) The number of Stella-positive PGCs in E12.5 genital ridge

per embryo is shown. PGCs in all serial frozen sections of genital ridges were counted, and the average number of PGCs in three embryos of each genotype was determined.

(D–K) Apoptotic cells were detected by immunostaining for active caspase 3 in frozen sections of genital ridges from wild-type (D–G) or PGC-specific REST-conditional

mutant (H–K) embryos at E11.5. Arrowheads indicate apoptotic PGCs identified by Oct3/4 expression. (L) The ratios of apoptotic to non-apoptotic cells in PGCs at E11.5. For

each embryo, 500–1000 PGCs from both genital ridges were counted; eight tissues sections from each embryo were assessed; ratios of active caspase 3-positive to active

caspase 3-negative PGCs were determined for three embryos of each genotype. The percentages above the error bars represent average ratios. Scale bar: 0.3 mm (A and B),

50 mm (D–K). *Po0.05.
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embryos than in wild-type embryos (Fig. 3Q). Next, we examined
PGC proliferation in mutant and wild-type embryos using BrdU
labeling (Fig. 3I–P). The ratio of BrduU-labeled PGCs to unlabeled
PGCs did not differ significantly between homozygous mutant
and wild-type embryos at E9.25 (Fig. 3R). Taken together, the
results indicated that reduced number of PGCs in REST homo-
zygous mutant embryos was mainly caused by apoptotic cell
death, but not by defective proliferation of PGCs.
Table 2
Candidates of REST regulated apoptotic genes.

Adm Casp9 Dyrk1b Mapk8ip1 Rtn4r

Alg2 Cdkn1a Efnb3 Mek5 Sfrp2

Apaf1 Cradd Elmo1 Morc1 Smad2

Api5 Ctnnbl1 Enc1 Msx2 Stat5b

Aven Cttn Gas6 Nr4a1 Stk17b

Bcl2 Dad1 Gast Pdcd6ip Tada3l

Bik Dapk2 Gspt1 Pla2g6 Tnfrsf8

Bnip2 Diablo Ihpk2 Pmaip1 Tnfsf10

Bnip3 Dnase1l3 Madd Prkce Traf1

Casp8ap2 Dpf2 Map3k7 Raf1 Trp73

Zc3h12a
Cell-autonomous function of REST promotes PGC survival

The low-level of REST expression in the somatic cell surrounding
PGCs (Fig. 1A–D) indicated that REST may promote PGC survival in
non-cell-autonomous manner. To examine this possibility, we
generated embryos that carried a PGC-specific conditional REST-
KO mutation; female mice homozygous for a floxed REST allele
(Yamada et al., 2010) were mated with males that carried a
transgene encoding the cre recombinase driven by the promoter
of the TNAP (tissue non-specific alkaline phosphatase) gene. This TNAP-

Cre transgene is known to be specifically expressed in PGCs after at
E9.0 (Lomeli et al., 2000). In the REST2lox allele, the floxed last exon
of REST was followed by IRES-GFP, which enabled us to monitor the
transcription of the modified allele, i.e., GFP expression should not
be detected if the Cre-mediated recombination occurs (Yamada
et al., 2010). By detecting the GFP expression, we confirmed that
REST was deleted in more than 70% of PGCs in TNAP-Cre(þ)/
REST2lox-heterozygous mutant embryos at E12.5, while GFP-
negative cells were rarely observed among somatic cells in the
same embryos (Fig. S2). In addition, 50–70% of the progeny obtained
form TNAP-Cre(þ)/REST2lox/2lox mice mated with wild-type C57Bl/6
had heterozygous REST deletion (Table S1). Those observations
indicate that REST was efficiently and almost exclusively deleted
in PGCs in TNAP-Cre(þ)/REST2lox-heterozygous and TNAP-Cre(þ)/
REST2lox/2lox homozygote mutant embryos.

At stage E12.5, PGC number in genital ridges of conditional
homozygous mutant embryos and of REST2lox/2lox (control) litter
mates was estimated, and PGC number was significantly smaller
Fig. 5. Co-culture experiments to assess cell-autonomous function of REST in PGCs. (A)

REST in PGC. The dissociated REST-homozygous, REST-heterozygous or wild-type hindgu

hindgut cell were taken from E8.5 embryos. (B and C) After culturing the cells for 60 h,

Oct3/4-GFP-positive (B), and AP-positive cells (C). Scale bar: 160 mm (B and C). (D) T

mutant embryos, among all AP-positive cells, which should include all PGCs, after cult
in the conditional mutant embryos than in control embryos
(Fig. 4A–C). These findings indicated that loss of cell-autonomous
functions of REST in PGCs caused a reduction in PGC number after
E9.0. We next examined whether apoptotic cell death was also
involved in this reduction in PGC number; the ratio of active
caspase3-positive (apoptotic) PGCs to active Caspase3-negative
(viable) PGCs was significantly higher in conditional REST-mutant
embryos at E11.5 than in wild-type embryos (Fig. 4D–L). Taken
together, these findings indicated that when individual PGCs lost
REST function, they underwent apoptosis.

Additionally, we tested whether REST function in PGCs was cell
autonomous by co-culturing hind-gut cells isolated from Oct3/4-
GFP transgenic embryos (Yoshimizu et al., 1999) with hind-guts
cells from REST-mutant embryos or control embryos (Fig. 5A).
PGCs from REST-deficient and from their normal littermates were
distinguished from PGCs from Oct3/4-GFP embryos because
they were AP-positive but GFP-negative cells (Fig. 5B and C).
In the presence of normal somatic cells from the hind-guts of
Oct3/4-GFP embryos, the percentage of homozygous REST mutant
PGCs (n¼4) among all PGCs declined significantly between 12
and 60 h in culture (Fig. 5D); in contrast, the percentage of
heterozygous mutant PGCs (n¼6) and of wild-type PGCs (n¼6)
did not change significantly between 12 and 60 h of culture
(Fig. 5D). Because the expression of REST in somatic cells
Scheme of the co-culturing setup used to examine the cell-autonomous function of

t cells were cultured with hind-gut cells from Oct3/4-GFP transgenic embryos; all

the cultured PGCs derived from Oct3/4-GFP transgenic embryos were detected as

he percentage of Oct3/4-GFP-negative PGCs, which should be derived from REST

uring for 12- or 60-h are shown. *Po0.05.
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surrounding PGCs was low in wild type embryos (Fig. 1D), it is
unlikely that the REST-deficient somatic cells have negative effect
on PGC to increase in number in the culture. These findings
further supported that REST functioned in a cell-autonomous
manner to maintain PGC number.
Fig. 6. Mek5 functions downstream of REST to promote PGC survival. (A) The exp

heterozygous and REST-homozygous mutant embryos at E9.25. The results of three

immunostaining for active caspase 3 in frozen sections of hindgut from wild-type (B–E)

the expression of Oct3/4. Arrowheads indicated apoptotic PGCs. DNA was labeled by D

non-apoptotic PGCs are shown. Data from four embryos of each genotype are shown. *

region located 16.5 kbp downstream of Mek5 (Johnson et al., 2008) in genital ridge cells

and the vicinity of Calb1 and for transcription start site of Esrrb in ES cells as positive and

shown; percentages above the error bars represents average ratios. *Po0.05.
Identification of candidate anti-apoptotic genes regulated by REST

Previous reports indicated that REST directly associates with
regulatory elements of target genes to regulate their expression
(Schoenherr et al., 1996); therefore, we sought to identify possible
ression of anti-apoptotic REST-target genes was examined in PGCs from REST-

independent experiments are presented. (B–I) Apoptotic cells were detected by

or from Mek5 homozygous mutant (F–I) embryos at E9.25. PGCs were identified by

API counterstaining (D, E, H and I). Scale bar: 25 mm. (J) The ratios of apoptotic to

Po0.05. (K) ChIP analysis for REST binding at the NRSE/RE1 site within 30 flanking

of E12.5 embryos. (L) ChIP analysis for REST binding site in at the RE1 site of Mek5

negative controls, respectively. The results for three independent experiments are
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direct targets of REST in PGCs that control in the survival of PGCs.
Johnson et al. (2008) identified REST binding in 2500 genes
distributed throughout the genome of ES cells; we focused on
51 apoptosis-associated genes in this collection of 2500 genes
(Table 2). To assess the effects of REST on these 51 genes, we used
quantitative PCR to measure the expression of each gene in PGCs
that were homozygous or heterozygous for the REST mutation.
Specifically, we isolated PGCs as GFP-positive cells from REST-

heterozygous or REST-homozygous embryos that carried the
mil1-GFP transgene (Tanaka et al., 2004). Among the 51
apoptosis-associated candidate genes, five anti-apoptotic gen-
es—Dad1 (Nishii et al., 1999), Raf1 (Mikula et al., 2001), Aven

(Chau et al., 2000), Traf1 (Arron et al., 2002), and Mek5 (Wang
et al., 2005)—were expressed at significantly lower levels in REST-
homozygous PGCs than in REST-heterozygous PGCs (Fig. 6A),
though REST often functions as a repressor of transcription. These
results indicated that PGCs survival was likely maintained by the
functions of those REST-target genes.
Mek5 functions downstream of REST to promote PGC survival

Among the five candidate REST targets, we focused on Mek5 in
further analyses. We used alkaline phosphatase staining to assess
PGC number in Mek5 mutant and wild-type embryos (Wang et al.,
2005) at E9.25; we found that there were significantly fewer PGCs in
embryos homozygous for the Mek5 mutation than in heterozygous
or wild-type embryos (Fig. 7). Next we monitor active caspase3 in
mutant and wild-type E9.25 embryos to assess the effect of the
Mek5 mutation on apoptosis in PGCs; we found that the ratio of
apoptotic to viable PGCs was apparently higher in homozygous
Mek5 mutant embryos than that in normal (heterozygous or wild-
type) littermates (Fig. 6B–J). Based on a genome-wide ChIP-ChIP
analysis, REST binds to a putative regulatory site downstream of the
last Mek5 exon in ES cells (Johnson et al., 2008). We confirmed this
result in a standard ChIP analysis that involved embryonic gonad
cells at E12.5 (Fig. 6K and L); our findings suggested that REST
regulated the expression of Mek5.
Fig. 7. The number of migrating PGCs was reduced in Mek5-mutant embryos. (A) Alkal

15 somite stage. Scale bar: 300 mm. (B) The number of AP-positive PGCs in E9.25 embr

each genotype is shown. Wild-type (n¼5), Mek5-heterozygous (n¼9), homozygous (n
Viable REST-deficient germ cells undergo normal gametogenesis.

To examine the consequences of a REST deficiency in PGCs, we
examined vasa-expressing germ cells (Toyooka et al., 2000) in
embryonic testes and ovaries of PGC-specific REST-conditional
mutant mice at E18.5; germ cell number in the mutant embryos
was not significantly different from that in normal littermates
(Fig. 8A–E). Male and female mice (8-weeks old, mutant and wild
type) were used to investigated hematoxylin and eosin stained
testes and ovaries. Average testes size and average ovary size did
not differ significantly between the REST-conditional mutant and
wild-type mice (data not shown). Additionally the gonads of
mutant and wild-type mice were similar in histological appear-
ance, and morphologically normal sperm and oocytes were
maturing in the REST-conditional mutant mice (Fig. 8F–I). We
assessed the fertility of the REST-conditional mutant mice by
mating them with B6 mice; the fertility of the mutant male and
female mice was indistinguishable from that of wild-type mice
(Table S1). These observations indicated that spermatogenesis
and oogenesis proceed normally in the REST-conditional mutant
mice.
Discussion

REST is a well-known regulator of transcription, and a number
of previous studies have demonstrated that REST plays critical
roles on neural cell development by repression of neural cell-
specific genes in non-neural cells (Chong et al., 1995; Schoenherr
and Anderson, 1995; Chen et al., 1998; Ooi and Wood, 2007).
REST interacts with various epigenetic factors, and it represses
gene expression in many cases (Ballas et al., 2005; Ooi and Wood,
2007), but REST is occasionally involved in activation of gene
expression (Bessis et al., 1997; Majumder (2006); Abramovitz
et al., 2008; Yamasaki et al., 2011). Here, we found that REST
promoted the survival of PGCs in mouse embryos (Figs. 2–5) and
that this novel function of REST was mediated, at least in part, by
induction of Mek5 (Figs. 6 and 7). Of 2500 previously identified
ine phosphatase (AP) staining of wild-type and Mek5-homozygous embryos at the

yos. PGCs in hindgut were counted, and the average number of PGC in embryos of

¼5) embryos. *Po0.05.



Fig. 8. Normal gametogenesis occurred in REST-deficient germ cells. (A–D) Gonads of both sex from wild-type (A and C) or PGC-specific REST conditional mutants embryos

at E18 (B and D) were immunostained for Vasa protein. (E) The average number of Vasa-positive PGCs in E18 gonads per section is shown for each class of embryos. PGCs in

the 5 serial frozen sections from the middle part of individual gonads were detected using immunostaining and counted; the number of PGCs in three embryos of each

genotype was determined. (F–I) Hematoxylin and eosin-stained sections from wild-type (F and H) and PGC-specific REST conditional mutant (G and I) mice sacrificed

2 month after birth. Male gonads (A, B, F and G) and female gonads (C, D, H and I). Scale bar: 200 mm (A–D) and 100 mm (F–I).
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putative REST-target genes (Johnson et al., 2008), five anti-
apoptotic genes, including Mek5, were downregulated in the
REST-deficient PGCs (Fig. 6A). We confirmed that REST was
indeed associated with the conserved REST binding sequence in
region that flanked the Mek5 gene (Fig. 6K). We then found
evidence indicating that Mek5-deficient PGCs also tended to
undergo apoptosis (Figs. 6–7). The results suggested that REST
directly activated the expression of Mek5 in PGCs, which in turn
supported survival of PGCs (Fig. 9). However, it is also likely that
REST indirectly causes increased expression of Mek5 via repres-
sion of genes that negatively affect Mek5 expression.

Survival of PGCs is supported by trophic factors such as Steel
factor (Dolci et al., 1991; Matsui et al., 1991; Pesce et al., 1993),
and it is likely that intracellular signaling pathways activated by
the trophic factors induce the expression of REST. However, the
mechanisms leading to REST induction are poorly understood,
though it is known that the expression of REST is induced by
various extracellular stimuli in different cell types (Willert et al.,
2002; Nishihara et al., 2003). In ES cells, Oct3/4, as well as Nanog,
activates the expression of REST (Boyer et al., 2005; Loh et al.,
2006; Kim et al., 2008), and embryos with a PGC-specific condi-
tional mutation in Oct3/4 or Nanog showed increased PGC apop-
tosis (Kehler et al., 2004; Yamaguchi et al., 2009). Therefore, we
supposed that Oct3/4 or Nanog also induced the expression of
REST to enhance survival in PGCs; consequently, we examined the
expression of REST in Oct3/4 or Nanog-deficient PGCs (data not
shown) (Kehler et al., 2004; Yamaguchi et al., 2009), but our
evidence did not indicate that REST expression was downregu-
lated in Oct3/4-deficient or Nanog-deficient PGCs.

The MAP kinase cascade is activated by signals from trophic
factors, and this cascade enhances cell survival (Wada and
Penninger, 2004). MEK5 is an activator of two MAP kinases,
ERK5 and MKK4, and it inhibits caspase 3 activity to prevent
apoptosis (Drew et al., 2012). Our finding indicated that the
expression of Mek5 was induced by REST and was involved in
PGC survival (Figs. 6 and 7), and these finding further indicated
that regulation of the expression of components of the MAP
kinase cascade, in addition to the activation of these components
by trophic factors, was critical for proper survival of PGCs in
embryos.



Fig. 9. REST controls survival of PGCs, and this control is mediated by the

activation of anti-apoptotic genes in mouse embryos. REST was preferentially

expressed in PGCs from the stage of their formation until they colonized the

embryonic gonads; REST functioned in a cell-autonomous manner to inhibit

apoptotic cell death of PGCs. The effect of REST seems to be mediated, at least

in part, by upregulating expression of five anti-apoptotic genes, each of which was

previously identified as putative REST-target. Mek5, one of these five anti-

apoptotic genes, was demonstrated to play critical role on PGC survival.
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Although the number of PGCs was significantly decreased in
REST-deficient embryos by the mid-gestational stages, PGC num-
ber in these embryos was restored by E18.5 (Fig. 8); moreover,
fertility of both male and female homozygous mutant mice was
normal. Taken together, these observations indicated that REST
function was not essential for germ cell survival during the later
half of gestation; this conclusion is consistent with the finding
that REST expression decreased after E12.5 (Fig. 1D). Because
maintenance of a healthy population of germ cell should be
crucial for normal fertility and consequent flourish of species,
germ cells should have strong robustness for maintenance of their
number. Our results indicated that PGCs could express this
robustness to restore their numbers after PGC number suffered
to be decreased due to a transient increase in apoptosis in REST-
deficient embryos probably by stimulating proliferation and/or by
being more resistant to apoptosis at later developmental stages.
Conclusion

Here, we demonstrated that REST (1) supported the survival of
developing PGCs in mouse embryos during the mid-gestational
stages, (2) functioned in a cell-autonomous manner, and (3)
induced Mek5 expression to promote PGC survival. Our result
suggested that a novel transcriptional network that included
REST and downstream REST-target genes, which encoded anti-
apoptotic proteins, functioned to ensure proper survival of PGCs.
Although REST-deficient germ cells could generate functional
gametes, our results indicated that germ cells in embryos could
recover their numbers even after the population had decrease due
to a genetic abnormality; this robustness of the germ cell
population may have an important meaning for maintenance of
fertility in these organisms.
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Nagy, A., McLaughlin, K.J., Schöler, H.R., Tomilin, A., 2004. Oct4 is required for
primordial germ cell survival. EMBO Rep. 5, 1078–1083.

Kim, J., Chu, J., Shen, X., Wang, J., Orkin, S.H., 2008. An extended transcriptional
network for pluripotency of embryonic stem cells. Cell 132, 1049–1061.

Lawson, K.A., Dunn, N.R., Roelen, B.A., Zeinstra, L.M., Davis, A.M., Wright, C.V.,
Korving, J.P., Hogan, B.L., 1999. Bmp4 is required for the generation of
primordial germ cells in the mouse embryo. Genes Dev. 13, 424–436.

Lee, J., Richburg, J.H., Shipp, E.B., Meistrich, M.L., Boekelheide, K., 1999. The Fas
system, a regulator of testicular germ cell apoptosis, is differentially up-
regulated in Sertoli cell versus germ cell injury of the testis. Endocrinology
140, 852–858.

Liu, P., Jenkins, N.A., Copeland, N.G., 2003. A highly efficient recombineering-based
method for generating conditional knockout mutations. Genome Res. 13,
476–484.

dx.doi.org/10.1016/j.ydbio.2012.09.013


D. Okamura et al. / Developmental Biology 372 (2012) 190–202202
Loh, Y.H., Wu, Q., Chew, J.L., Vega, V.B., Zhang, W., Chen, X., Bourque, G., George, J.,
Leong, B., Liu, J., Wong, K.Y., Sung, K.W., Lee, C.W., Zhao, X.D., Chiu, K.P.,
Lipovich, L., Kuznetsov, V.A., Robson, P., Stanton, L.W., Wei, C.L., Ruan, Y., Lim,
B., Ng, H.H., 2006. The Oct4 and Nanog transcription network regulates
pluripotency in mouse embryonic stem cells. Nat. Genet. 38, 431–440.

Lomeli, H., Ramos-Mejia, V., Gertsenstein, M., Lobe, C.G., Nagy, A., 2000. Targeted
insertion of Cre recombinase into the TNAP gene: excision in primordial germ
cells. Genesis 26, 116–117.

Lu, B., Finn, O.J., 2008. T-cell death and cancer immune tolerance. Cell Death Differ.
15, 70–79.

Lysiak, J.J., 2004. The role of tumor necrosis factor-alpha and interleukin-1 in the
mammalian testis and their involvement in testicular torsion and autoim-
mune orchitis. Reprod. Biol. Endocrinol. 2, 9.

Majumder, S., 2006. REST in good times and bad: roles in tumor suppressor and
oncogenic activities. Cell Cycle 5, 1929–1935.

Martinou, J.C., Youle, R.J., 2011. Mitochondria in apoptosis: Bcl-2 family members
and mitochondrial dynamics. Dev. Cell 21, 92–101.

Marusich, M.F., Furneaux, H.M., Henion, P.D., Weston, J.A., 1994. Hu neuronal proteins
are expressed in proliferating neurogenic cells. J. Neurobiol. 25, 143–155.

Matsui, Y., Toksoz, D., Nishikawa, S., Williams, D., Zsebo, K., Hogan, B.L., 1991.
Effect of steel factor and leukaemia inhibitory factor on murine primordial
germ cells in culture. Nature 353, 750–752.

Mikula, M., Schreiber, M., Husak, Z., Kucerova, L., Ruth, J., Wieser, R., Zatloukal, K.,
Beug, H., Wagner, E.F., Baccarini, M., 2001. Embryonic lethality and fetal liver
apoptosis in mice lacking the c-raf-1 gene. EMBO J. 20, 1952–1962.
Morita-Fujimura, Y., Tokitake, Y., Matsui, Y., 2009. Heterogeneity of mouse
primordial germ cells reflecting the distinct status of their differentiation,
proliferation and apoptosis can be classified by the expression of cell surface
proteins integrin alpha6 and c-Kit. Dev. Growth Differ. 51, 567–583.

Nishihara, S., Tsuda, L., Ogura, T., 2003. The canonical Wnt pathway directly
regulates NRSF/REST expression in chick spinal cord. Biochem. Biophys. Res.
Commun. 311, 55–63.

Nishii, K., Tsuzuki, T., Kumai, M., Takeda, N., Koga, H., Aizawa, S., Nishimoto, T.,
Shibata, Y., 1999. Abnormalities of developmental cell death in Dad1-deficient
mice. Genes Cells 4, 243–252.

Okamura, D., Maeda, I., Taniguchi, H., Tokitake, Y., Ikeda, M., Ozato, K., Mise, N.,
Abe, K., Noce, T., Izpisua Belmonte, J.C., Matsui, Y. Cell-cycle gene-specific
control of transcription has a critical role in proliferation of primordial germ
cells. Genes Dev. in press.

Ooi, L., Wood, I.C., 2007. Chromatin crosstalk in development and disease: lessons
from REST. Nat. Rev. Genet. 8, 544–554.

Pesce, M., Farrace, M.G., Piacentini, M., Dolci, S., De Felici, M., 1993. Stem cell factor
and leukemia inhibitory factor promote primordial germ cell survival by
suppressing programmed cell death (apoptosis). Development 118, 1089–1094.

Runyan, C., Schaible, K., Molyneaux, K., Wang, Z., Levin, L., Wylie, C., 2006. Steel
factor controls midline cell death of primordial germ cells and is essential for
their normal proliferation and migration. Development 133, 4861–4869.

Sato, M., Kimura, T., Kurokawa, K., Fujita, Y., Abe, K., Masuhara, M., Yasunaga, T.,
Ryo, A., Yamamoto, M., Nakano, T., 2002. Identification of PGC7, a new gene
expressed specifically in preimplantation embryos and germ cells. Mech. Dev.
113, 91–94.

Schoenherr, C.J., Anderson, D.J., 1995. The neuron-restrictive silencer factor
(NRSF): a coordinate repressor of multiple neuron-specific genes. Science
267, 1360–1363.

Schoenherr, C.J., Paquette, A.J., Anderson, D.J., 1996. Identification of potential
target genes for the neuron-restrictive silencer factor. PNAS 93, 9881–9886.

Seki, Y., Yamaji, M., Yabuta, Y., Sano, M., Shigeta, M., Matsui, Y., Saga, Y., Tachibana,
M., Shinkai, Y., Saitou, M., 2007. Cellular dynamics associated with the
genome-wide epigenetic reprogramming in migrating primordial germ cells
in mice. Development 134, 2627–2638.

Singh, S.K., Kagalwala, M.N., Parker-Thornburg, J., Adams, H., Majumder, S., 2008.
REST maintains self-renewal and pluripotency of embryonic stem cells. Nature
453, 223–227.

Tam, P.P., Snow, M.H., 1981. Proliferation and migration of primordial germ cells
during compensatory growth in mouse embryos. J. Embryol. Exp. Morphol. 64,
133–147.

Tanaka, S.S., Nagamatsu, G., Tokitake, Y., Kasa, M., Tam, P.P., Matsui, Y., 2004.
Regulation of expression of mouse interferon-induced transmembrane protein
like gene-3, Ifitm3 (mil-1, fragilis), in germ cells. Dev. Dyn. 230, 651–659.

Toyooka, Y., Tsunekawa, N., Takahashi, Y., Matsui, Y., Satoh, M., Noce, T., 2000.
Expression and intracellular localization of mouse vasa-homologue protein
during germ cell development. Mech. Dev. 93, 139–149.

Wada, T., Penninger, J.M., 2004. Mitogen-activated protein kinases in apoptosis
regulation. Oncogene 23, 2838–2849.

Wang, X., Merritt, A.J., Seyfried, J., Guo, C., Papadakis, E.S., Finegan, K.G., Kayahara,
M., Dixon, J., Boot-Handford, R.P., Cartwright, E.J., Mayer, U., Tournier, C., 2005.
Targeted deletion of mek5 causes early embryonic death and defects in the
extracellular signal-regulated kinase 5/myocyte enhancer factor 2 cell survival
pathway. Mol. Cell. Biol. 25, 336–345.

Willert, J., Epping, M., Pollack, J.R., Brown, P.O., Nusse, R., 2002. A transcriptional
response to Wnt protein in human embryonic carcinoma cells. BMC Dev. Biol. 2, 8.

Yamada, Y., Aoki, H., Kunisada, T., Hara, A., 2010. Rest promotes the early
differentiation of mouse ESCs but is not required for their maintenance. Cell
Stem Cell 6, 10–15.

Yamaguchi, S., Kimura, H., Tada, M., Nakatsuji, N., Tada, T., 2005. Nanog expression
in mouse germ cell development. Gene Expression Patterns 5, 639–646.

Yamaguchi, S., Kurimoto, K., Yabuta, Y., Sasaki, H., Nakatsuji, N., Saitou, M., Tada, T.,
2009. Conditional knockdown of Nanog induces apoptotic cell death in mouse
migrating primordial germ cells. Development 136, 4011–4020.

Yamasaki, Y., Lim, Y.M., Niwa, N., Hayashi, S., Tsuda, L., 2011. Robust specification
of sensory neurons by dual functions of charlatan, a Drosophila NRSF/REST-
like repressor of extramacrochaetae and hairy. Genes Cells 16, 896–909.

Yoshimizu, T., Sugiyama, N., De Felice, M., Yeom, Y.I., Ohbo, K., Masuko, K., Obinata,
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