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The functional significance of Rest in
the maintenance of ESC pluripotency
remains controversial. We herein showed
that Rest is not necessary for the mainte-
nance of mouse ESCs, and instead
suggested that the Rest transcriptional
repressor connects to the Oct3/4-Sox2-
Nanog core regulatory circuitry during
early ESC differentiation.

The pluripotency of ESCs is maintained
by coordinated expression of a core
regulatory circuit of genes that includes
Oct3/4, Sox2, and Nanog. Rest (also
called Nrsf) is abundantly expressed in
ESCs and is a target of the Oct3/4-Sox2-
Nanog regulatory network. However, the
functional significance of Rest in the
maintenance of pluripotency remains
controversial. We have generated Rest
conditional knockout and Rest-inducible
ESC lines. Conditional ablation of Rest
showed that it is not required for mainte-
nance of pluripotency, but it is involved
in the suppression of self-renewal genes
during early differentiation of ESCs. In
addition, forced expression of REST in
ESCsresults in rapid differentiation. These
results indicate that Rest is not necessary
for the maintenance of mouse ESCs, and
instead suggest that the Rest transcrip-
tional repressor connects to the Oct3/4-
Sox2-Nanog core regulatory circuitry
during early ESC differentiation.

The transcriptional repressor Rest is
a zinc finger protein that binds to a
conserved 23 bp motif known as RE1
(repressor element 1, also called NRSE)
in a number of genes encoding the funda-
mental neuronal traits (Chong et al., 1995;
Schoenherr and Anderson, 1995). Rest is
expressed throughout early development
where it represses the expression of

neural genes, such as Syp and Syt4
(Schoenherr et al., 1996). Rest is also
expressed in ESCs and it has also been
shown to be one of target genes of the
regulatory circuitry of the pluripotent state
in ESCs (Johnson et al., 2008; Sun et al.,
2005). However, the functional signifi-
cance of Rest in the maintenance of
pluripotency in ESCs still remains contro-
versial (Buckley et al., 2009; Jorgensen
et al., 2009a; Singh et al., 2008). A
previous study with a heterozygous Rest
ESC line combined with an siRNA knock-
down indicated that Rest maintains pluri-
potency through the induction of self-
renewal genes, such as Oct3/4, Nanog,
and Sox2 (Singh et al., 2008). In contrast,
Jorgensen et al. generated a Rest null
ESC line and reported that such Rest
null ESCs revealed no substantial change
in either the Oct3/4 protein levels or alka-
line phosphatase activity in comparison to
matched wild-type controls (Jergensen
et al., 2009a, 2009b).

In order to elucidate the role of Rest in
the maintenance of pluripotency, we first
generated an ESC line and mice that con-
tained the conditional knockout alleles of
Rest. The first Rest allele in the ESCs
(V6.5) was replaced with the KO vector
carrying the floxed last exon of Rest, which
encodes the coRest binding site that is
essential for the generation of the silencing
complex (Andréset al., 1999; Grimeset al.,
2000), followed by ires-Gfp to monitor
the transcription of the modified allele
(Rest™*; Figure 1A). The transient
expression of Cre recombinase generated
a Rest floxed ESC line that lacks a drug
selection cassette (Rest?°**). Analyzing
the GFP expression allowed us to confirm
that Restis expressedin ESCs (Figure 1B).
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Rest™"~ ESCs were next generated with
the floxed Rest ESC line together with
a plasmid expressing Cre recombinase
(Figure 1A). After the excision of the floxed
Rest gene by the transient transfection of
Cre (Rest*’~ ") the second Rest allele
was also replaced with the floxed allele
(Rest®®*"). The transient transfection of
Cre into Rest”*" ESCs resulted in the
establishment of Rest™~ ESCs that were
isogenic to the parental ESCs without
any genetic modification except for the
Rest alleles.

After the recombination of the Rest
alleles, the lack of a Rest transcript in
such Rest™~ ESCs was confirmed by
a northern blot analysis (Figure 1B; Fig-
ure S1A available online). Consistent
with the recombination, a FACS analysis
revealed a lack of any GFP signal in the
Rest™~ ESCs (Figure 1B). In addition,
a western blot analysis revealed the lack
of any Rest protein in such Rest’~
ESCs (Figure 1B). Syt4 possesses RE1
and it is expressed while relying solely
on dissociation of the Rest repressor
complex from the RE1 site for maximal
expression (Ballas et al., 2005). The
expression of Syt4 significantly increased
in the Rest™~ ESCs, thus indicating that
the Rest-targeted gene is derepressed in
Rest™'~ ESCs (Figure S1B).

Consistent with the findings by Jergen-
sen et al. (2009a, 2009b), the growth and
mormphology of the Rest'~ ESCs were
indistinguishable from those of wild-type
V6.5 ESCs under the self-renewal condi-
tions (under the presence of LIF and
MEF). Furthermore, when the expression
of the pluripotent genes was compared,
the expression of Nanog, Oct3/4, and
Sox2 in Rest™'~ ESCs were not altered
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Figure 1. Rest Is Not Required for the Maintenance of ESC Pluripotency
(A) A schematic drawing of the Rest-conditional knockout vector and targeted Rest allele.

(B) A northemn biot analysis reveals a lack of Rest transcripts. GFP fluorescence is observed to have disappeared in the Rest™/~ ESCs. A western blot analysis
shows the absence of any Rest protein in two independent knockout ESC lines, RestKO8 and RestkK048.

(C) Transcript levels of pluripotent genes in Rest™~ ESCs. No significant changes in the expression of Oct3/4, Nanog, and Sox2 are detectable in the Rest™'~
ESC:s relative to the control ESCs. Transcript levels were normalized to $-actin levels. The data are presented as the average values with SD of six independent
samples.

(D) Rest ™'~ teratomas differentiate into three different germ layers, including neural celis, ciliated columnar cells, and muscle cells. E12.5 chimeric mice were
generated by injecting Rest '~ ESCs into blastocysts.

(E) A schematic drawing of the conditional Rest knockout ESC line containing doxycycline-inducible Cre alleles.

(F) An experimental protocol. Conditional Rest knockout ESCs were treated with doxycycline (2 ug/ml) for 24 hr starting at 24 hr and then were harvested at 96 hr
after the passage. A FACS analysis revealed the presence of GFP-negative cells, thus indicating the occurrence of Rest ablation at 96 hr after passage.

(G) The conditional deletion of the Rest gene does not suppress the development of alkaline phosphatase (AP)-positive ESC colonies under the presence or
absence of feeder cells. Rest-floxed Cre-inducible ESCs were to line and then were fixed after 3 days of exposure. The total number of colonies

and the percent positivity for AP are indicated. The data are presented as the mean + SD of three independent 35 mm wells.

in comparison to those in the control
ESCs (Figure 1C). To further examine the
pluripotency of Rest™~ ESCs, Rest™/~
ESCs were next injected into the subcuta-
neous tissue of nude mice. Rest~~ ESCs
could generate teratomas with evidence
of differentiation into three different germ
layers (Figure 1D). To fully evaluate the
differentiation ability of the Rest™’~
ESCs, GFP-labeled Rest™~ ESCs were

injected into blastocysts followed by
transplantation into the uteri of pseudo-
pregnant mice to generate chimeric
embryos (Yamada et al., 2004). Eventu-
ally, this generated E12.5 chimeric mice
with the widespread contribution of
GFP-positive cells into the three germ
layers (Figure 1D; Figure S1C).

In order to rule out the possibility that
the adaptive responses, which occurred

Cell Stem Cell 6, January 8, 2010 ©2010 Elsevier Inc.
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as a result of multiple cell passages,
reduced the requirement of Rest-medi-
ated maintenance of ESCs, the initial
response of the gene expression was
examined after the conditional ablation
of the Rest genes. For this purpose, an
ESC line was derived from transgenic
embryo that harbors a doxycycline-induc-
ible Cre transgene together with Rest-
floxed alleles (Figure 1E; Rest 2lox/2lox;

1
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Figure 2. Rest Differenti: in ESCs

(A) Under confluent culture condmons, the expression of Gata4 and Gata6 were significantly lower in the Rest '~ ESCs in comparison to the control i isogenic ESCs

(V6.5). The expression of Sox7 and Dab2, which are both markers for the primitive endoderm, are suppressed in Rest ™'~ ESCs. Transcript levels were normalized

1o p-actin levels. The data are presented as the average values with SD of six independent samples.

(B) The exogenous expression of REST rescued the suppression of Gata4 and Gata in Rest™'~ ESCs. Mean + SD of three independent samples.

(C) The expression of pluripotent genes in the embryoid body (EB) cells. The expression of Occt3/4, Nanog, and Sox2 are upregulated in Rest ™~ EB cells relative

to the control EB cells. The data are presented as the mean + SD of six independent samples.

(D) Conditional Rest knockout ESCs were cultured under differentiation culture conditions and treated with doxycydline (2 ug/mi) for 24 hr starting at 24 hr. The

ce|ls were harvested at 96 hr after the passage. The expression of Syt4, Oct3/4, Nanog, and Gata4 after the condlﬂond deletion of Rest under the differentiation
ition. Note that the exp: of Nanog and Syt4, but not of Oct3/4, latedin the A1 d cells. The data are presented as the

mean + SD of six independent samples.

(E) A schematic drawing of the doxycycline-inducible REST ESC line.

(F) 48 hr of the induction of REST causes the ESC dif iation into epithelium-like colonies with a AP activity.

(G) The forced expression of REST in ESCs leads to decreased expression of Nanog, Oct3/4, and Fgf5, whereas it results in increased expression of Gata6. The

data are presented as the mean + SD of six independent samples.

(H) In vitro differentiation of REST-inducible ESCs into EBs under the absence or presence of doxycycline. The exogenous REST expression results in an

increased number of Gatad-positive cells at the periphery of EBs.
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Rosa26::rtTA; Collat:tetO-Cre ESCs;
Beard et al., 2006; Hochedlinger et al.,
2005). This new ESC line enabled the
conditional deletion of the floxed Rest
genes in the presence of doxycycline.
After 3 days of doxycycline exposure,
the recombination in both alleles of the
Rest was confirmed in 70%-80% of these
ESCs by FACS (Figure 1F). However, the
conditional deletion did not suppress the
formation of AP-positive colonies regard-
less of the presence or absence of feeder
cells in comparison to the parental ESCs
without doxycycline (Figure 1G). In addi-
tion, the expression levels of Oct3/4 and
Nanog did not change, whereas the
expression level of Syt4 was derepressed
while demonstrating evidence of Rest
recombination shortly after doxycycline
treatment (Figure S1D). These results
therefore clearly rule out both the possi-
bility of the adaptation in the long-term
culture as well as the notion that
feeder cells reduce the requirement of
Rest-mediated ESC maintenance. Taken
together, our results indicate that Rest is
not required for the maintenance of ESC
pluripotency in these experimental condi-
tions.

Both Gata4 and Gata6 were signi-
ficantly downregulated in the Rest™’~
ESCs under confluent culture conditions
(Figure 2A), although the findings were
not prominent before the cells reached
confluence. Gata4 and Gata6 are tran-
scriptional factors that promote primitive
endoderm differentiation (Fujikura et al.,
2002; Niwa, 2007). These findings sug-
gest that the genetic deletion of Rest
prevents ESCs from differentiating toward
the primitive endoderm. The notion of the
suppression of primitive endoderm differ-
entiation is confirmed by the decreased
expression of both Sox7 and Dab2,
markers for the primitive endoderm (Shi-
moda et al., 2007; Yang et al., 2002), in
Rest™'~ ESCs (Figure 2A). Consistent
with this notion, embryoid bodies (EBs)
generated from Rest™~ ESCs revealed
adecreased number of Gata4-expressing
cells in the periphery of EBs on the histo-
logical sections in comparison to the
control EBs (13.1 + 15.0/EB and 30.4 +
9.02/EB in RestKO8 EBs and V6.5 EBs,

respectively, p < 0.006 by Student’s
t test) (Figure S2A). Rescue experiments
were performed with a plasmid containing
human REST cDNA (Grimes et al., 2000)
to further investigate the direct associa-
tion of the genetic deletion of Rest and
the altered expression of Gata4 and
Gata6 in confluent Rest™'~ ESCs. Impor-
tantly, the decreased expression of both
Gata4 and Gata6 in confluent Rest™’~
ESCs were derepressed by the exoge-
nous expression of REST (Figure 2B).

The expression of Nanog, Oct3/4, and
Sox2 were significantly higher in the
Rest™~ EB cellsthaninthe control EB cells
(Figure 2C). Accordingly, these observa-
tions suggest that the delayed repres-
sion of self-renewal genes during the early
differentiation of ESCs may thus cause the
suppression of the early differentiation
of Rest™'~ ESCs. To further examine the
initial response of gene expression upon
the early differentiation of Rest™~ ESCs,
the differentiation (-LIF, -MEF) of Cre-
inducible Rest-floxed ESCs was induced
with/without doxycycline exposure (Fig-
ure 2D). At 3 days after doxycycline treat-
ment, the expression of Nanog, but not of
Oct3/4, was observed to be significantly
higher in the doxycycline-treated ESCs
than that of the nontreated ESCs (Fig-
ure 2D). In contrast, a decreased expres-
sion of Gata4 was not detectable at
3 days after doxycycline treatment when
the Syt4 expression had already been
derepressed (Figure 2D). These resuits
suggest that a decreased expression of
Gata4 in Rest™'~ cells is preceded by an
increased expression of Nanog and that
Gata4 repression is therefore a secondary
effect of Rest ablation.

Finally, a doxycycline-inducible REST
ESC line was generated (Figure 2F;
Figure S2B). The forced expression of
REST led to the rapid morphological
changes of ESC colonies into an epithe-
lium-like shape, which was accompanied
by decreased AP activity (Figure 2F). In
line with such morphological changes,
ESCs with exogenous REST expressed
significantly lower levels of self-renewal
genes. The expression of Gata6 was
higher, whereas the expression of an
epiblast marker, Fgf5, was significantly

lower in such ESCs (Figure 2G). Further-
more, an increased number of Gata4-
expressing cells in the periphery of EBs
was observed in the exogenous REST-
induced EBs {79.2 + 19.6/EB and
50.7 + 17.6/EB in REST-induced EBs
and control EBs, respectively, p < 0.004
by Student’s t test) (Figure 2H), thus sug-
gesting that the forced REST expression
promotes the ESC differentiation into the
primitive endoderm. Importantly, the
REST-induced ESC differentiation was,
at least in part, rescued by the Nanog
overexpression (Figure 2I; Figure S2D).
Although the critical role of the Oct3/
4-Sox2-Nanog core transcription circuitry
in the maintenance of ESC pluripotency is
widely accepted (Boyer et al., 2005, 2006;
Chambers et al., 2003; Loh et al., 2006;
Mitsui et al., 2003; Niwa et al., 2000), the
mechanisms leading to the breakdown
of such core circuitry upon the early ESC
differentiation are still not well understood
(Kunath et al., 2007). The present study
demonstrated that Rest ablation causes
delayed repression of the pluripotent
genes, whereas overexpression of REST
immediately results in the suppression of
the pluripotent gene expression. It is note-
worthy that the delayed repression of the
pluripotent genes by the conditional abla-
tion of Rest was predominantly observed
inNanog. Given the factthat Rest isa tran-
scriptional repressor and Nanog harbors
RE1 in its promoter (Johnson et al.,
2008), the current results therefore sug-
gest that Rest is involved in the silencing
of Nanog expression during the early
differentiation of ESCs. This notion is
also supported by the observation that
ectopic REST in Rest™'~ ESCs predomi-
nantly repressed the Nanog expression
relative to the expression in original
Rest™~ ESCs (Figure S2C). These find-
ings suggest that Rest is an external
factor connecting to the Oct3/4-Sox2-
Nanog regulatory network core circuitry
to influence the initial differentiation of
ESCs. It is interesting to note that Rest is
abundantly expressed in ESCs and it is
a target of the Oct3/4-Sox2-Nanog regu-
latory network core circuitry (Johnson
etal., 2008). Itis possible that the negative
feedback loop through Rest may play

(I) The Nanog overexpression dampens the REST-mediated ESC dlﬁereﬂhaﬂon REST was lnducsd in N
colonies by the doxycycline exposure. The 24 hr exposure of
Nanog-overexpressing ESCs retained an undifferentiated morphology. After the 48 hr exposure of

g Xpi and EGFP- ESC
led to the rapid in EGFP- ing ESCs whereas
16 out of 25 EGFP- colonies

(68%) started to differentiate, whereas none of Nanog-overexpressing colonies (0/21, 0%) revealed the evidence of differentiation (see also Fgura S2D).
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