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REST maintains self-renewal and pluripotency of

embryonic stem cells

Sanjay K. Singh"*, Mohamedi N. Kagalwala'**+, Jan Parker-Thornburg? Henry Adams' & Sadhan Majumder’>*>¢

The neuronal repressor REST (RE1-silencing transcription factor;
also called NRSF) is expressed at high levels in mouse embryonic
stem (ES) cells', but its role in these cells is unclear. Here we show
that REST maintains self-renewal and pluripotency in mouse ES
cells through suppression of the microRNA miR-21. We found
that, as with known self-renewal markers, the level of REST
expression is much higher in self-renewing mouse ES cells than
in differentiating mouse ES (embryoid body, EB) cells. Hete-
rozygous deletion of Rest (Rest™'”) and its short-interfering-
RNA-mediated knockdown in mouse ES cells cause a loss of
self-renewal—even when these cells are grown under self-renewal
conditions—and lead to the expression of markers specific for
multiple lineages. Conversely, exogenously added REST maintains
self-renewal in mouse EB cells. Furthermore, Rest''~ mouse ES
cells cultured under self-renewal conditions express substantially
reduced levels of several self-renewal regulators, including Oct4
(also called Pou5fl), Nanog, Sox2 and c-Myc, and exogenously
added REST in mouse EB cells maintains the self-renewal pheno-
types and expression of these self-renewal regulators. We also
show that in mouse ES cells, REST is bound to the gene chromatin
of a set of miRNAs that potentially target self-renewal genes.
Whereas mouse ES cells and mouse EB cells containing exogen-
ously added REST express lower levels of these miRNAs, EB cells,
Rest™'™ ES cells and ES cells treated with short interfering RNA
targeting Rest express higher levels of these miRNAs. At least one
of these REST-regulated miRNAs, miR-21, specifically suppresses
the self-renewal of mouse ES cells, corresponding to the decreased
expression of Oct4, Nanog, Sox2 and c-Myc. Thus, REST is a newly
discovered element of the interconnected regulatory network that
maintains the self-renewal and pluripotency of mouse ES cells.

REST is believed to be a major transcriptional repressor of
neurogenesis’, and activation of REST target genes was found to
be sufficient to convert neural stem/progenitor cells to neuronal
phenotypes®’. However, REST activity seems to depend on the cel-
lular context; for example, REST can show both an oncogenic®* '’ and
tumour-suppressor function® as well as involvement in haemato-
poietic and cardiac differentiation®”. Embryonic stem (ES) cells
are pluripotent cells that have the potential for both indefinite self-
renewal and differentiation into all three germ layers of the body''.
Here we provide evidence that REST has a unique role as a protector
of self-renewal and pluripotency in mouse ES cells, corresponding to
the expression of critical regulators such as Oct4, Nanog, Sox2 and
c-Myec.

We began by assessing the levels of REST protein in mouse ES cells
growing under self-renewal conditions and differentiation condi-
tions (Fig. la; ES and EB, respectively). As expected, western blotting
showed that the ES cells had higher levels of REST expression and of

the representative markers of self-renewal (proteins Oct4, Sox2 and
c-Myc) than did the EB cells, indicating that REST expression is
associated with self-renewal. To determine whether REST regulates
the self-renewal of mouse ES cells, we took two approaches using two
cell lines—YHC334 (YHC) and RRC160 (RRC) (see Supplementary
Information). In the first approach, we performed polymerase chain
reaction with reverse transcription (RT-PCR; Fig. 1b), quantitative
RT-PCR (qRT-PCR; Fig. 1¢) using different primer sets than those
used for regular RT-PCR, and western blotting (Fig. 1d), all of which
showed that both of the Rest™'~ mouse ES cell lines (YHC and RRC)
had substantially lower levels of Rest transcript and protein than the
parental mouse ES cells. Alkaline phosphatase assays'?, performed to
measure self-renewal within these cells, revealed that the levels of self-
renewal in both of the Rest"’~ mouse ES cell lines were less than half
that in the parental mouse ES cells (Fig. 1e, f).

In the second approach, done to rule out any adaptive response
accumulated by Rest™'~ mouse ES cell lines, we determined whether
the decreased self-renewal seen in the Rest™'~ mouse ES cells could
also be seen in mouse ES cells treated with short interfering RNA
(siRNA) against Rest messenger RNA (siRest). QRT-PCR assays, done
to confirm that siRNA-treated cells actually had decreased Rest and
Oct4 levels, showed a 50% knockdown of Rest and Oct4, respectively,
in both siRest- and siOct4-treated cells (Fig. 1g). This was further
confirmed by western blotting (Fig. 1h). Self-renewal assays of these
cells (Fig. 1i) then showed that whereas mouse ES cells treated with
non-targeting control (NT) siRNA showed almost no change in self-
renewal (94.5%), mouse ES cells treated with siRest showed about a
50% decrease in self-renewal (see Supplementary Fig. 1 for the effect
of four different siRest constructs on the self-renewal capacity of
mouse ES cells). SiOct4-treated mouse ES cells also showed a decrease
in self-renewal (47%), consistent with the role of Oct4 in mouse ES
cell self-renewal®. Thus, siRest-mediated knockdown of Rest tran-
scripts, and not nonspecific siRNA activity, caused decreased self-
renewal in mouse ES cells, a result similar to that seen in the Rest/~
mouse ES cell lines.

Gain-of-function experiments (Fig. 1j) in which self-renewing
mouse ES cells were transfected with plasmids encoding a neomycin
resistance gene and either green fluorescent protein (GFP) or REST"
showed that cells transfected with GFP showed very little mainten-
ance of self-renewal, whereas cells transfected with REST showed
approximately 55% maintenance of self-renewal. Taken together,
these results further confirmed the role of REST in maintaining
self-renewal of mouse ES cells.

To ascertain the lineages into which Rest™’~ haploinsufficient
mouse ES cells differentiate on their exit from REST-mediated self-
renewal, we performed RT-PCR (Fig. 2a) and qRT-PCR (Fig. 2b)
assays of parental mouse ES cells, YHC and RRC cells growing under
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self-renewal conditions in the presence of leukaemia inhibitory factor
(LIF). Rest™ ™~ cells showed activation of markers specific for meso-
derm, endoderm, ectoderm and trophectoderm. Expression of all of
these differentiation markers was absent or detectable at only very
low levels in self-renewing parental mouse ES cells. The results in
RRC cells (data not shown) and YHC cells were very similar. Notably,
although the neuronal marker gene Calbindin is a direct target of
REST", the other differentiation markers are not known to be direct
REST targets, suggesting that REST can maintain the pluripotency of
mouse ES cells partly by directly repressing the expression of some
differentiation genes and partly by an indirect mechanism in which
the non-REST-target differentiation genes are repressed as a con-
sequence of the REST-mediated maintenance of self-renewal.

The differentiation of Rest"'~ haploinsufficient cells into multiple
lineages growing under self-renewal conditions prompted us to
determine the differentiation characteristics of EB cells derived from
wild-type as well as Rest”™'~ ES cells. RT-PCR of Rest"’~ EB cells
detected the expression of markers for all lineages, including ecto-
derm, mesoderm, endoderm and trophectoderm (Fig. 2¢). Some of
these markers were either absent or markedly reduced in wild-type
ES-cell-derived EB cells. Thus, although both wild-type and Rest™'~
cells started expressing multiple differentiation markers in EB cells,
the Rest™’~-derived cells expressed a greater number of lineage mar-
kers than did the EB cells derived from wild-type mouse ES cells,
suggesting that REST deficiency predisposes mouse ES cells to
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differentiation. To determine whether siRest-treated mouse ES cells
also differentiate into various lineages, we performed a qRT-PCR
assay with these cells growing under self-renewal conditions
(Fig. 2d). The results indicated that siRest indeed increased the
expression of various lineage markers. Notably, the exact level of
expression of each differentiation marker varied between siRest-
treated and Rest™’™ mouse ES cells (Fig. 2b), presumably because of
the differences in the methods used to reduce the REST levels in these
cells (that is, whereas Rest™'~ cells may show additional adaptive
responses as a result of being cultured for longer than the siRest-treated
mouse ES cells, the latter show more immediate effects of REST knock-
down). Nonetheless, the overall results indicated that on exit from
REST-mediated self-renewal, both siRest-treated wild type and
Rest™’~ mouse ES cells were able to differentiate into various lineages.
The inner cell mass of the blastocyst has been shown to harbour
self-renewing cells that express proteins such as Nanog, Oct4 and
Sox2. To determine whether REST is expressed in blastocysts, we
subjected mouse blastocysts to double-immunofluorescence analysis
using anti-REST antibodies and antibodies against Nanog, Oct4, or
Sox2. Consistent with its role in the self-renewal of mouse ES cells,
REST was co-expressed with these self-renewal regulators in the blas-
tocyst inner cell mass (Fig. 2e) (see Supplementary Information for a
discussion on the role of REST in cells of the inner cell mass).
When we subjected the parental mouse ES cells and Rest"'~ (YHC
and RRC) haploinsufficient cells growing under self-renewal
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Figure 1| REST regulates self-renewal in mouse ES cells. a, EB cells (ES
cells grown in the absence of LIF under non-adherent conditions for 4 days)
showed reduced levels of self-renewal markers and REST compared with ES
cells (grown in the presence of LIF under adherent conditions). Western blot
analysis of whole-cell extracts prepared from ES cells and EB cells showed an
association between expression of REST and self-renewal markers. Actin was
used as aloading control. b—f, Mouse ES cell lines with heterozygous deletion
of Rest (RRC and YHC) show loss of self-renewal. b, ¢, RT-PCR (b) and
qRT-PCR (c) analyses with different primer sets of total RNA isolated from
ES, RRC and YHC cells show reduced Rest transcripts in Rest ™'~ cells.
Gapdh was used as a loading control. *, P <0.0001. The values are
represented as mean * s.d. (n = 3). d, Western blot analysis of whole-cell
extracts from ES, RRC and YHC cells shows reduced levels of REST protein
in Rest™™ cells. o-Tubulin was used as a loading control. e, Alkaline
phosphatase staining of ES colonies shows loss of self-renewal in Rest"'~
cells as compared with wild-type ES cells. f, Percentages of self-renewing
colonies of ES, RRC and YHC cells calculated after alkaline phosphatase
assays when cultured under self-renewing conditions show significant
reductions in the self-renewal capacity of both Rest™’ ™~ cell lines compared
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with ES cells. *, P<0.0001. The error bars correspond to three replicates
(n = 3) and show mean * s.d. g-i, siRNA-mediated knockdown of REST
causes loss of self-renewal in mouse ES cells. g, Specific knockdown of
targeted genes was achieved using siRNA. QRT-PCR of total RNA

purified from mouse ES cells treated with siRest or siOct4 shows
knockdown of specific genes. Analysis was performed 5 days after
transfection. *, P < 0.0001. The values are represented as mean = s.d.

(n = 3). h, Western blotting shows reduced REST protein levels in siRest-
treated cells compared with control (NT siRNA). i, siRest- and siOct4-treated
cells show less self-renewal than NT-siRNA-treated cells. Mouse ES cell
colonies were screened by alkaline phosphatase assays. *, P < 0.0001;

** P <0.001. The error bars correspond to three replicates (n = 3) and show
mean * s.d. j, Exogenously added Rest, but not GFP, maintained self-
renewal in mouse ES cells cultured under differentiation conditions. Mouse
ES cells were transfected with plasmids encoding GFP or REST and grown in
the absence of LIF. Percentages of self-renewing colonies from three
independent experiments were averaged after alkaline phosphatase assay
and are shown for each transfected gene. ***, P <0.01. The error bars
correspond to three replicates (n = 3) and show mean * s.d.
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conditions to RT-PCR assays to examine the transcript levels of
various self-renewal markers, we found that the decreased REST
levels in Rest™’™ cells corresponded with decreased transcript levels
of several other self-renewal genes, such as Oct4, Nanog, Sox2, Tbx3
and c-myc (Fig. 3a), suggesting that REST protects the expression of
these self-renewal genes. Western blot analysis of the same cells also
indicated that Rest™’ ™ cells have substantially reduced levels of c-Myc
and Oct4 proteins compared with the parental mouse ES cells
(Fig. 3b), indicating that the downregulation of REST negatively
affects self-renewal signals. To confirm further the role of REST in
maintaining the self-renewal signals, we performed the same experi-
ment shown in Fig. 1j, in which exogenously added REST maintained
the self-renewal of mouse ES cells growing under differentiation
conditions, and then analysed the expression of c-Myc and Oct4 by
western blotting. As shown in Fig. 3¢, the exogenously added REST,
but not GFP, maintained c-Myc and Oct4 protein levels in mouse ES
cells growing under differentiation conditions. Taken together, these
results indicate that REST protects the expression of several self-
renewal genes.

To determine how REST maintains the expression of multiple self-
renewal genes, we examined the possible role of miRNAs in the self-
renewal of REST-mediated mouse ES cells. We examined the miRNA
profiles of wild-type and Rest™'~ mouse ES cells growing under self-
renewal conditions. The miRNAs from self-renewing wild-type
mouse ES cells fell into two major groups, representing expressed
and repressed miRNAs (Supplementary Fig. 1 and Supplementary
Table 1). Rest”’~ YHC and RRC cell lines had similar miRNA pro-
files, which were strikingly opposite to those of wild-type mouse ES
cells. Furthermore, miR-124a, which was recently shown to be a
target of REST", and miR-106a and miR-106b, whose predicted
targets include Rest, were upregulated in Rest™' ™ cells, suggesting
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Figure 2 | Mouse ES cells with heterozygous deletion of Rest or mouse ES
cells treated with siRest differentiate into multiple lineages. a, b, RT-PCR
(a) and qRT-PCR (b) analyses of total RNA isolated from ES and YHC cells
grown under self-renewing conditions were performed using primers specific
for markers for ectoderm, mesoderm, endoderm and trophectoderm. Gapdh
was used as an internal control. *, P = 0.001; **, P = 0.003; ***, P = 0.006;
**#% P = 0.012. The values are represented as mean =* s.d. (n = 3). ¢, EB cells
derived from YHC cells show lineage markers that are either absent or
significantly reduced in EB cells derived from wild-type mouse ES cells.
RT-PCR analysis of total RNA isolated from wild-type EB cells and YHC EB
cells was performed using specific primers for various differentiated lineage
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that regulation involving double-negative feedback loops may exist
to maintain homeostasis. Using miRNA databases (http://cbio.mskecc.
org/mirnaviewer and http://pictar.bio.nyu.edu/), we found a set of
miRNAs that can potentially target self-renewal genes such as Nanog,
Sox2, Tbx3 and c-myc (Supplementary Table 2). These miRNAs were
present only at low levels in self-renewing mouse ES cells and were
present at higher levels in both the Rest"’~ heterozygous cells and EB
cells. To determine whether REST directly binds to the regulatory
sequences (chromatin) of these miRNA-containing genes, we deter-
mined such potential REST binding sites (Supplementary Table 3)
using the MatInspector module of the Genomatix database". We
found several potential REST-binding sites for each of these genes.
Chromatin immunoprecipitation assays (Fig. 3d) and quantitative
chromatin immunoprecipitation assays (Fig. 3e) in ES cells further
revealed that REST was bound only to specific sites of the gene
chromatin for each of these miRNAs. In a gain-of-function experi-
ment similar to those shown in Figs 1j and 3¢, in which exogenously
added REST restored the self-renewal function of mouse ES cells
growing under differentiation conditions, we analysed the expression
of the miRNAs in these cells by qRT-PCR. As shown in Fig. 3f, levels
of these miRNAs were compared with self-renewing mouse ES cells,
expressed at higher levels in both Rest"’™ heterozygous cells and EB
cells, and expressed at lower levels in EB cells transfected with exo-
genous REST. To confirm further REST-mediated repression of the
miRNAs, we performed a loss-of-function experiment in which we
treated mouse ES cells with siRest and analysed the expression of the
miRNAs by qRT-PCR. As shown, siRest-mediated knockdown of
REST resulted in increased levels of miRNA expression when com-
pared with non-targeting siRNA (Fig. 3g). To confirm that the siRest-
mediated knockdown of REST, which increased the expression of the
miRNAs, also decreased the expression of the self-renewal genes, we
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genes (shown above each lane). Gapdh was used as a loading control.

d, QRT-PCR analysis of total RNA isolated from mouse ES cells treated with
either non-targeting siRNA (NT) or siRest was performed using primers
specific for different lineage markers. Analysis was performed 5 days after
transfection. *, P < 0.0001; **, P = 0.001; ***, P = 0.002; **** P = 0.004;
FxHEE P =0.005; ¥*¥**** P =(.01. The values are represented as

mean * s.d. (n = 3). e, The inner cell mass of blastocysts showed
co-expression of REST and self-renewal markers Oct4, Nanog and Sox2.
Blastocysts were stained for nuclei (4,6-diamidino-2-phenylindole (DAPI),
blue), REST (red) and self-renewal markers (green). Merged and differential
interference contrast (DIC) images are also shown. Scale bar, 25 um.
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performed a qRT-PCR assay. As shown in Fig. 3h, siRest-treated
mouse ES cells showed decreased levels of Rest, Oct4, Nanog and
Sox2 expression. Thus, taken together, these results indicate that
REST represses this set of miRNAs, and strongly suggest that at least
some of the miRNAs, in turn, interfere with the expression of critical
self-renewal regulators such as Oct4, Nanog and Sox2.

To determine whether the REST-regulated miRNAs are directly
involved in maintaining self-renewal, we performed self-renewal
assays in mouse ES cells after transfecting cells with individual pre-
cursors of these miRNAs. At least one of these precursor miRNAs,
pre-miR-21, markedly decreased the self-renewing capacity of mouse
ES cells by 60%, compared with that of an NT siRNA. In contrast,
pre-miR-26a did not effectively alter the self-renewal efficiency when
compared with the same NT siRNA (Fig. 4a). To confirm that the
decreased self-renewal seen in mouse ES cells was actually due to the
intracellular increase in the corresponding miRNAs, we measured
levels of miR-21 and miR-26a by qRT-PCR. Indeed, the pre-miR-
transfected cells showed more than tenfold and 300-fold increases in
miR-21 and miR-26a expression, respectively (Fig. 4b).

To confirm that the effect of pre-miR-21 on self-renewal was spe-
cific, we transfected mouse ES cells with NT siRNA or a mixture of
pre-miR-21 plus either NT siRNA or anti-miR-21 and performed
self-renewal assays. As shown in Fig. 4c, pre-miR-21 plus NT
siRNA lowered the self-renewal capacity by 30% when compared
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Figure 3 | REST maintains the expression of critical self-renewal regulators
and represses expression of a set of miRNAs in mouse ES cells.

a, b, Heterozygous deletion of Rest results in decreased expression of self-
renewal genes. a, RT-PCR analysis of total RNA from ES, RRC and YHC
cells. Genes are indicated on the left side of each panel. Gapdh was used as a
loading control. b, Western blot analysis of whole-cell extracts from ES, RRC
and YHC cells. Antibodies specific for REST, c-Myc and Oct4 proteins were
used for the analysis. o-Tubulin was used as aloading control. ¢, Exogenously
added Rest, but not GFP, maintained the expression of c-Myc and Oct4 in
ES cells growing without LIF. Shown is a western blot analysis of whole-cell
extracts from mouse ES cells transfected with plasmids encoding GFP or
REST and then grown in the absence of LIF. Antibodies specific for REST,
c-Myc and Oct4 proteins were used for the analysis. o-Tubulin was used as a
loading control. d—h, REST suppresses the expression of miRNAs, which are
associated with the absence of self-renewal regulators. d, e, ChIP (d) and
quantitative ChIP (e) assays showed that REST binds to the gene chromatin
of a set of miRNAs in ES cells (1, input; 2, IgG, negative control; 3, anti-H3
antibody, positive control; 4, anti-REST antibody; + and — represent
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with NT siRNA alone. This lowering of self-renewal by 50 nM pre-
miR-21 was half of what we had observed with 100 nM pre-miR-21
(Fig. 4a), indicating that under these conditions, 50-100 nM pre-
miR-21 was in the linear range of its activity in suppressing
self-renewal in mouse ES cells. Furthermore, the suppression of
self-renewal by pre-miR-21 was rescued by anti-miR-21 but not by
NT siRNA, indicating that the lowering of self-renewal was pre-miR-
21-specific. We then performed qRT-PCR assays to determine the
expression levels of the self-renewal markers Oct4, Nanog, Sox2 and
c-myc in pre-mir-21-treated cells. The results showed a correspond-
ing decrease in the expression levels of these markers in pre-mir-21-
treated cells (Fig. 4d). This is the first evidence of a single miRNA as a
regulator of self-renewal in mouse ES cells. Interestingly, an earlier
report indicated that miR-21 was one of the miRs whose expression
was higher in differentiated compared with undifferentiated ES
cells'®. Taken together, our results indicate that REST-repressed
miR-21 regulates the self-renewal of mouse ES cells. Thus, we report
that REST has a newly discovered role in maintaining self-renewal
and pluripotency of mouse ES cells. Furthermore, although REST can
perform this function partly by direct repression of some of its target
differentiation genes, such as calbindin, we provide evidence that
REST functions via repressing the transcription of a specific
miRNA, miR-21, which suppresses self-renewal by means of a cor-
responding loss of expression of the critical self-renewing regulators
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predicted RE-1 binding sites occupied and unoccupied by REST,
respectively). *, P < 0.0001; **, P = 0.001. The values of three replicates are
represented as mean * s.d. f, QRT-PCR analysis of ES, YHC, RRC, EB and
EB plus REST showed that expression of the miRNAs (shown in d and e) was
lower in ES than in YHC, RRC and EB cells. The higher expression of
miRNAs in EB cells could be extinguished in a gain-of-function experiment
in the presence of exogenously added REST. *, P < 0.0001. The values are
represented as mean = s.d. (n = 3). g, The expression of the miRNAs shown
in d was upregulated in a loss-of-function experiment when mouse ES cells
were treated with siRest but not when they are treated with non-targeting
siRNA (NT). *, P <0.0001. The values are represented as mean = s.d.

(n = 3). Analysis was performed 3 days after transfection. h, siRest-mediated
knockdown of REST that produced increased expression of the miRNAs in
g corresponded to the decreased expression of Rest and the known self-
renewal genes Oct4, Nanog and Sox2. A qQRT-PCR assay with mouse ES cells
treated with siRest and NT siRNA is shown. Analysis was performed 5 days
after transfection. *, P <<0.0001. The values are represented as mean * s.d.
(n=23).
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Figure 4 | miR-21 regulates self-renewal in mouse ES cells. a, Addition of
exogenous precursor miR-21 (pre-miR-21), but not non-targeting siRNA (NT)
or pre-miR-26a, caused a decrease of self-renewal in mouse ES cells. *,

P < 0.0001. The error bars correspond to three replicates (n = 3) and show
mean = s.d. b, Addition of exogenous pre-miR-21 and exogenous pre-miR-26a,
but not NT siRNA, to mouse ES cells resulted in increased levels of their
corresponding miRNA expression. Results of qRT-PCR assays performed with
NT-siRNA-, pre-miR-26a- and pre-miR-21-transfected cells 1 day after
transfection are shown. *, P < 0.0001. The values are represented as

mean = s.d. (n = 3). ¢, The effect of miR-21 on loss of self-renewal was specific.
Addition of exogenous pre-miR-21 along with anti-miR-21 rescued the loss of
self-renewal by pre-miR-21 alone. *, P < 0.0001 (there was no significant
difference between NT siRNA and pre-miR-21 plus anti-miR-21 values). The
error bars correspond to three replicates (n = 3) and show mean * s.d.

d, Addition of exogenous pre-miR-21, but not NT siRNA, to mouse ES cells
resulted in loss of self-renewal markers Oct4, Nanog, Sox2 and c-myc. QRT-PCR
after transfection of mouse ES cells with pre-miR-21 and NT siRNA was
performed 5 days after transfection to detect the expression levels of the self-
renewal markers. *, P < 0.0001; **, P = 0.002; ***, P = 0.007; **** P = 0.008.
The values are represented as mean * s.d. (n = 3). e, Proposed model of REST-
mediated maintenance of self-renewal through miR-21. Rest maintains self-
renewal and pluripotency of mouse ES cells by suppressing miR-21 expression.

Oct4, Nanog, Sox2 and c-Myc (Fig. 4e). Whether miR-21 directly
suppresses the expression of these self-renewing regulators, thereby
inhibiting self-renewal, or whether miR-21 inhibits self-renewal by a
different mechanism, with consequent suppression of these self-
renewal regulators, is unclear. Of note, bioinformatics-predicted
miR-21-binding sites are present in the mRNAs of Sox2 and Nanog
but not those of Oct4 and c-myc (Supplementary Table 2). If these sites
truly function as miR-21 target sites, and if miR-21 target sites are
indeed not present in Oct4 and c-myc mRNAs, then these observations
indicate that the miR-21-mediated regulation of mouse ES cell self-
renewal involves a regulatory cascade initiated by the loss of Sox2 and
Nanog expression that leads to the loss of expression of Oct4 and
c-Myec. It is noteworthy that Oct4, Nanog and Sox2 were found to
co-occupy Rest promoter/enhancer sequences, apparently as an
activator complex'’. Furthermore, REST formed part of the Nanog—
Oct4 complex'® and was predicted to be a major component of an
Oct4-Sox2-Nanog network in ES cells'”®. Taken together with our data
presented here, these observations indicate that REST is a new element
of the interconnected regulatory network required to maintain the
self-renewal and pluripotency of cultured mouse ES cells.

METHODS SUMMARY

Embryonic stem cells (E14Tg2a) were cultured in the presence of LIF on gelatin-
coated dishes. Embryoid bodies were grown on bacterial dishes in the absence of
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LIF and B-mercaptoethanol. Alkaline phosphatase staining after loss- and gain of
function was carried out using a detection kit from Chemicon. Chromatin
immunoprecipitation (ChIP) assays were performed as described in the
Methods. For the miRNA microarrays, total RNA was prepared using TRIzol,
and RNA samples were analysed by LC Sciences on their microarray platform
with a probe set based on Sanger version 9.0. Blastocysts were obtained from
C57BL/6 NCr mice, fixed in 4% paraformaldehyde, permeabilized with 0.25%
Triton X-100, and were then double immunostained with antibodies against
REST, Sox2, Nanog and Oct4. Primers used for RT-PCR and ChIP are available
in the Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

ES cell lines and culture conditions. Mouse ES cells (E14Tg2A) obtained from
Bay Genomics were cultured under self-renewal conditions (in the presence of
LIF, cultured on adherent tissue culture dishes) without feeder cells in 1,000
unitsml~' LIF (ESGRO) on gelatin-coated tissue culture dishes®. Embryoid
bodies in the absence of LIF and B-mercaptoethanol on non-adherent tissue
culture dishes were grown for 3days in bacterial dishes as described'. The
Rest™ ™ cell lines YHC334 (YHC) and RRC160 (RRC) that have gene traps at
Rest exons 1 and 2, respectively, were obtained from Bay Genomics. Both of these
lines were derived from parental E14Tg2A mouse ES cells, the same cells that we
used for all of our wild-type mouse ES cell experiments.

ChIP assays. ChIP assays of cultured mouse ES cells and EBs were performed as
described”’. We used antibodies against mouse IgG (2 pl; catalogue number
I 5381, Sigma), REST (2 ul; 07-579, Upstate) and histone H3 (2 ul; ab1791,
Abcam). One microgram of each antibody and approximately 15 micrograms
of chromatin were added to each reaction mixture and incubated overnight at
4 °C. The mixtures were then incubated with 33 pl of protein A-agarose beads
(Amersham Pharmacia Biotech AB; pre-equilibrated with 1 mgml™" bovine
serum albumin and 0.3 mgml ™" salmon sperm DNA).

The PCR primer sequences used are as follows: miR-93/miR-106b forward 5'-
CCCCCAAAACCAGTATCCTT-3', reverse 5'-TCGTACTTCCCGGATCACTC-
3’; miR-27a forward 5'-AAATCCCCAGAAGCTGGAGT-3, reverse 5'-AGCAC-
TTGAAAGGCAAAGGA-3'; miR-21 forward 5'-AGGGCAGGAAGATGACA-
CAC-3', reverse 5'-GGGCTGATGAGCACTAAGGA-3’; miR-26a forward 5'-
GCCTAACCCAAGAAGGGAAA-3', reverse 5'-TCCCTCTCATCTGGACAACC-
3’; miR-152 forward 5'-TGGTCTCTGTCCAGCACAAC-3', reverse 5'-CAGGT-
CACAGCTGCACTCAT-3'; miR-124a forward 5'-CTCTGCGTGTTCACAGC-
GG-3', reverse 5'-CTCTTGGCATTCACCGCGTG-3'".

Quantitative ChIP PCR was performed using the same extracts used above.

Briefly, qPCR was performed and analysed using real-time PCR (ABI prism
7500). Primers were designed by Primer Express 2.0 (Applied Biosystems) to
amplify 60- to 150-bp amplicons. Amplicons were measured by SYBR Green
fluorescence (SYBR Green Master mix, Applied Biosystems) in 10-pl reactions.
Reactions were performed in triplicates. The amount of product was determined
relative to a standard curve of input chromatin. Melting curves showed that
PCRs yielded single product. C, values for each sample were normalized against
that of input DNA and percentage recovery is plotted. The primers used for
qPCR will be available on request.
Western blotting, RT-PCR and miRNA microarray. Whole-cell extracts were
prepared, and approximately 10 pg of proteins were resolved on SDS-PAGE
using antibodies against REST (07-579, Upstate), c-Myc (sc-764, Santa Cruz
Biotechnology), Oct4 (ab19857, Abcam), Sox2 (ab15830, Abcam), actin
(sc-1616, Santa Cruz) and o-tubulin (MMS-407R, Covance), following the
manufacturers’ recommendations. Total RNA was extracted using TRIzol
(Invitrogen), and approximately 50 ng of total RNA was used as a template.
RT-PCR was performed using a OneStep RT-PCR kit (Qiagen).

The following gene-specific primers were designed: Rest forward 5'-
AGCGAGTACCACTGGAGGAA-3', reverse 5'-CTGAATGAGTCCGCATGTGT-
3’; calbindin forward 5’ -GCTTCTATCTGGCGGAAGG-3', reverse 5 -TGTCATC-
TGGCTACCTTCCC-3'; Pitx2 forward 5'-CGGCAGAGGACTCATTTCAC-3',
reverse 5 -GTACGAATAGCCGGGGTACA-3'; Snail forward 5'-CTTGTGT-
CTGCACGACCTGT-3', reverse 5'-CTTCACATCCGAGTGGGTTT-3'; SoxI18
forward 5’-AACAAAATCCGGATCTGCAC-3', reverse 5'-CGAGGCCGGTA-
CTTGTAGTT-3'; Cebpaforward 5'-CCGACTTCTACGAGGTGGAG-3', reverse
5"-TGGCCTTCTCCTGCTGTC-3". The following primers were based on
published sequences: Gapdh, Oct4, Nanog, Gata6, Fgf5, brachyury, FlkI and Pl1
(ref. 22); Mash1, Mash2, B-globin, Cd34, Cxcl12, Ehox, Eomes, Gata4, Isl1, Meox1,
Mixl1, Ngn2, Shhand Tbx3 (ref. 23).

For quantitative RT-PCR, first-strand synthesis was performed using Applied
Biosystems” high-capacity cDNA reverse transcription kit (4368814). Real-time
PCR was carried out using cDNAs with SYBR Green PCR master mix from
Applied Biosystems (4309155). Reactions were carried out in triplicates using
ABI prism 7500 and the analysis was performed similar to that described for
quantitative ChIP PCR above, except that AC, was obtained after normalization
with C, of Gapdh for mouse-specific primers and that of actin for human-specific
primers. Mouse-specific primers will be provided on request; human-specific
primers are as published>.

For the miRNA microarrays, total RNA was prepared using TRIzol, and
RNA samples were analysed by LC Sciences on their microarray with a probe
set based on Sanger version 9.0. Multiple sample analysis involves normalization,
data adjustment, t-test/analysis of variance (ANOVA) analysis, and clustering.
Normalization is carried out using a cyclic Lowess (locally weighted regression)
method. The normalization is to remove system-related variations, such as
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sample amount variations, different labelling dyes, and signal gain differences
of scanners so that biological variations can be faithfully revealed. Data adjust-
ment includes data filtering, log, transformation, and gene centring and nor-
malization. The data filtering removes genes (or miRNAs) with (normalized)
intensity values below a threshold value of 32 across all samples. The log, trans-
formation converts intensity values into the log, scale. Gene centring and nor-
malization transform the log, values using the mean and the standard deviation
of individual genes across all samples using the following formula:

Value = [(value) — mean(gene)]/[s.d.(gene)]

In certain cases, expression ratios of dual-sample arrays are used in clustering
analysis. Gene normalization would then be performed using the following
formula:

Value = [log,(ratio)]/[s.d.(logy(ratio))]

The #-test is performed between ‘control’ and ‘test’” sample groups, with each
group containing at least two samples. t-values are calculated for each miRNA,
and P-values are computed from the theoretical #-distribution. MicroRNAs with
P-values below a critical P-value (typically 0.01) are selected for cluster analysis.
The clustering is done using a hierarchical method and is performed with average
linkage and euclidean distance metric.

ANOVA is an extension of the #-test to more than two experimental condi-
tions. It picks out miRNAs that have significant differences in means across three
or more groups of samples, with each group containing at least two samples. In
this analysis, P-values are computed from the F-distribution. In certain cases,
such as time point experiments, in which only one sample is collected and
assayed for each condition or time point, repeating sets of reporters (or probes)
on each array may be used as a ‘group’ in an ANOVA analysis.

All data processes, except clustering plot, were carried out using in-house
developed computer programs. The clustering plot is generated using TIGR MeV
(multiple experimental viewer) software from The Institute for Genomic Research.

miRNA validation was carried out using Ambion’s mirVana QRT-PCR miRNA

detection kit (AM1558). mirVana qRT-PCR primer sets for the miRNA of interest
were also obtained from Ambion (30000-30999). Reactions were performed as
per the manufacturer’s reccommendations. The values obtained were normalized
with primer set corresponding to 55 rRNA (AM 30302).
RNAi-mediated knockdown, exogenous expression of miR-21, anti-miR-21
and gain-of-function experiments. RNAi-mediated knockdown of REST and
Oct4 were carried out per the manufacturer’s protocol (Dharmacon). siRest
(60 pmol), siOct4 (60 pmol) and non-targeting siRNA (60 pmol) were trans-
fected using the Amaxa nucleofection method. Colonies were assayed for alka-
line phosphatase activity 3 days after transfection.

Amaxa nucleofection was also used to deliver precursor miR-21 and anti-
miR-21 molecules into mouse ES cells. Transfection was carried out using
100 pmol of precursor or 50 pmol of miR-21 and anti-miR-21 each using
4 X 10° cells. Non-targeting siRNA was used as a control. Delivery and mature
miR-21 product was inspected in cells by qRT-PCR 1 day after transfection, as
described above.

For the gain-of-function experiments, mouse ES cells were transfected with

2 ug of plasmid DNA using Lipofectamine 2000. The Flag-REST construct was a
gift from G. Mandel. The transfected cells were selected with G418 (125 ugml ")
under self-renewing conditions in the presence of LIF for 3 days. After selection,
we grew the cells under differentiation conditions in the absence of LIF for 4 days,
and subjected them to self-renewal assays. An alkaline phosphatase assay was
then performed using an alkaline phosphatase detection kit (Chemicon) after
4 days. Percentages of self-renewing colonies from three independent experi-
ments were plotted. Standard deviation was calculated and is depicted by error
bars in the figures.
Immunofluorescence microscopy of blastocysts. Blastocysts from C57BL/6
NCr mice were fixed in 4% paraformaldehyde, permeabilized with 0.25%
Triton X-100, and blocked with 1% goat serum in PBS*. The blastocysts were
then double immunostained with mouse anti-REST antibody (raised against the
amino-terminal portion of human REST, A372) in combination with antibodies
against Sox2 (Abcam, AB15830), Oct4 (Abcam, AB19857), Nanog (Abcam,
AB21603) followed by Alexa-Fluor-488-conjugated secondary antibody detect-
ing mouse IgG and Fluor-555-conjugated secondary antibody detecting rabbit
IgG (Molecular Probes). Images were captured with a Nikon microscope (Nikon
Eclipse TE 2000U).
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