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Neuronal gene expression is tightly regulated in devel-
oping CNS. Here, we demonstrate the anti-neural func-
tion of phosphatase SCP1 (small C-terminal domain
phosphatase 1) during development. We further show
that the neuron-enriched microRNA miR-124 directly
targets SCP1-3� untranslated region (UTR) to suppress
SCP1 expression. In developing spinal cord, expression
of miR-124 and SCP1 is complementary, and miR-124
antagonism phenocopies SCP1 overexpression and vice
versa. In P19 cells, miR-124 suppresses SCP1 expression
and induces neurogenesis, and SCP1 counteracts this
proneural activity of miR-124. Our results suggest that,
during CNS development, timely down-regulation of
SCP1 is critical for inducing neurogenesis, and miR-124
contributes to this process at least in part by down-regu-
lating SCP1 expression.
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In the developing CNS, dividing neural progenitors in
the ventricular zone begin to express neuronal genes as
they migrate laterally. Post-mitotic neurons eventually
settle in the outer layer. This process of neurogenesis
requires the coordinated up-regulation of neuronal genes
and down-regulation of nonneuronal genes to ensure the
proper timing of differentiation and number of neurons.

The transcription factor REST/NRSF suppresses neu-
ronal genes in nonneuronal cells by binding a conserved
repressor element (RE1) in neuronal gene loci and re-
cruiting the corepressor complex containing histone
deacetylases and methyl CpG-binding protein MeCP2

(Andres et al. 1999; Huang et al. 1999; Roopra et al. 2000;
Ballas et al. 2001; Lunyak et al. 2002). Down-regulation
of REST during transition from progenitors to post-mi-
totic neurons allows neuronal gene expression (Ballas et
al. 2005). Small C-terminal domain phosphatase 1 (SCP1)
is an anti-neural factor expressed in nonneuronal tissues,
like REST, and recruited to RE1-containing neural genes
by REST (Yeo et al. 2005). Phosphatase-inactive SCP1
mutant promotes neurogenesis in P19 cells by blocking
the anti-neural function of REST. Thus, timely down-
regulation of the anti-neural REST/SCP1 pathway is ex-
pected to be a key step in neurogenesis during CNS de-
velopment. REST is subjected to both post-translational
degradation and retinoic acid receptor-mediated tran-
scriptional repression (Ballas et al. 2005). However, little
is known about how SCP1 expression is regulated during
development.

MicroRNAs (miRNAs), a group of noncoding small
RNAs, repress gene expression by translational inhibi-
tion and destabilization of mRNAs (Bartel and Chen
2004; He and Hannon 2004). miRNA genes are tran-
scribed as a primary miRNA transcript and processed to
an ∼22-nucleotide (nt) mature miRNA. The seed region
(nucleotides 2–7) of miRNAs is critical for target recog-
nition and silencing (Doench and Sharp 2004; Lewis et
al. 2005). Because miRNAs down-regulate multiple tar-
get genes simultaneously (Brennecke et al. 2005; Grun et
al. 2005; Krek et al. 2005; Lewis et al. 2005), miRNAs can
serve as global regulators of gene expression. Indeed,
miRNAs have been implicated in many biological pro-
cesses (Carrington and Ambros 2003; Ambros 2004; Al-
varez-Garcia and Miska 2005).

During development, many miRNAs are expressed in
neurons or specific areas of the CNS, and their roles in
CNS development and direct target genes have just be-
gun to be defined. In particular, miR-124, whose mature
sequences are conserved from Caenorhabditis elegans to
humans, is the most abundant miRNA in adult and em-
bryonic CNS (Lagos-Quintana et al. 2002; Darnell et al.
2006; Deo et al. 2006; Kloosterman et al. 2006). In non-
neuronal HeLa cells, misexpressed miR-124 down-regu-
lates 174 genes expressed at lower levels in the brain (Lim
et al. 2005). Although none of these genes has been vali-
dated as a direct target of miR-124, these results suggest
that miR-124 may contribute to maintaining neuronal
identity by suppressing nonneuronal genes in neurons.

Neurogenesis is accompanied by up-regulation of neu-
ronal genes and down-regulation of unwanted nonneu-
ronal genes. The opposite functions of REST/SCP1 and
miR-124 in neurogenesis suggest that these two path-
ways are intricately orchestrated during development.
Indeed, REST functions as a negative regulator of miR-
124 via RE1 sites in three miR-124 genomic loci (Conaco
et al. 2006). The recent computational approaches also
uncovered miR-124-binding sites in the 3� untranslated
regions (UTRs) of MeCP2 and CoREST, encoding two
components of the REST complex (Wu and Xie 2006).
Interestingly, SCP1 was found among the 174 down-
regulated genes by miR-124 in HeLa cells (Lim et al.
2005) and among up-regulated genes in miR-124-de-
pleted cortical neurons (Conaco et al. 2006). However, it
remains to be tested whether SCP1 is a direct target of
miR-124.
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Here, we assess the developmental functions of SCP1
and miR-124. This work demonstrates the anti-neural
activity of SCP1 as well as the proneural activity of a
brain-enriched miRNA miR-124 in developing CNS, and
identifies SCP1 as one of miR-124’s direct targets.

Results and Discussion

Constitutive SCP1 expression attenuates neurogenesis
in the developing spinal cord

SCP1 silences neuronal genes in P19 and S2 cells (Yeo et
al. 2005). To test the anti-neural function of SCP1 in the
CNS, we utilized the developing chick spinal cord. Like
mouse SCP1 (Yeo et al. 2005), chick SCP1 is widely ex-
pressed in multiple cell types but rapidly down-regulated
in laterally located post-mitotic spinal neurons (Fig. 1A).
For forced maintenance of SCP1, a vector consisting of
chick �-actin promoter and the SCP1 ORF was electro-
porated into neuroepithelial cells along one side of the
chick neural tube. Interestingly, some SCP1-misexpress-
ing cells (i.e., GFP+ cells in Fig. 1B) settled in the lateral

neuronal zone and lacked expression of neuronal mark-
ers neurofilament (NF) and TuJ (Fig. 1B; data not shown).
Upon SCP1 expression, ∼16% of BrdU+-proliferating
cells appeared ectopically in the lateral zone of the neu-
ral tube (Fig. 1C). These cells were not immunostained
for NF (Supplementary Fig. S1A) or post-mitotic cell
marker p27kip1 (Fig. 1D). SCP1 also triggered the appear-
ance of cells still expressing progenitor markers Pax6 and
Nkx6.1 in the lateral zone (Fig. 1E; Supplementary Fig.
S1A). Occasionally, post-mitotic Nkx6.1+ cells were
detected in the lateral zone of control side, but
Nkx6.1+BrdU+ cells were seen only in the SCP1-electro-
porated side (Supplementary Fig. S1A, arrows). Thus, the
forced maintenance of SCP1 in neuroepithelial cells in-
terferes with the cell cycle exit of progenitors, down-
regulation of progenitor genes, and the subsequent neu-
rogenesis. This relatively subtle anti-neural effect of
SCP1 is similar to that observed with REST misexpres-
sion (Paquette et al. 2000). Consistent with the coopera-
tiveness of REST and SCP1 to silence neuronal genes in
P19 cells (Yeo et al. 2005), however, coexpression of
REST markedly enhanced the anti-neural phenotype of
SCP1; ∼31% of BrdU+-proliferating cells were located ec-
topically in the lateral zone of the neural tube (Fig. 1C),
which were negative for post-mitotic neuronal markers
(Supplementary Fig. S1B).

Expression of phosphatase-inactive SCP1 mutant
SCP1-pi (Yeo et al. 2005) triggered precocious neurogen-
esis in the ventricular progenitor zone, as shown by more
medially located NF+ and p27kip1+ post-mitotic cells (ar-
rows in Fig. 1F,G). These data suggest that the phospha-
tase activity of SCP1 is required for its anti-neural activ-
ity in developing spinal cord and SCP1 antagonism in
neural progenitors results in their premature neurogen-
esis. Thus, SCP1 is a key regulator of neurogenesis in
developing CNS, and down-regulation of SCP1 is likely a
prerequisite for differentiation of neural progenitors.

SCP1 is down-regulated by miR-124

The anti-neural function of SCP1 in the developing spi-
nal cord and its recent identification as a down-regulated
transcript by miR-124 (Lim et al. 2005; Conaco et al.
2006) led us to test whether SCP1 is a direct target of
miR-124. In situ hybridization with antisense miR-124
LNA oligonucleotides revealed that miR-124 expression
was induced during neuronal differentiation of progeni-
tors and maintained in a lateral neuronal domain of the
developing spinal cord and dorsal root ganglion (DRG) in
mouse and chick embryos but barely detected in non-
neuronal cells including neural progenitors (Fig. 2A,B;
Supplementary Fig. S2A,B). In contrast, SCP1 expression
was largely absent in the lateral zone of the spinal cord
and DRG (Fig. 2B). This complementary expression of
miR-124 and SCP1 in the developing spinal cord sup-
ports the possibility that SCP1 is a target of miR-124.

Next, we used the miR-binding site search engine
Target-Scan (Lewis et al. 2003), which revealed three
evolutionarily conserved, potential miR-124 sites in the
3�UTR of SCP1 mRNA (Fig. 2C). To determine whether
these sites are targeted by miR-124, we generated a lu-
ciferase reporter GL3�SCP1-3�UTR, in which luciferase
coding sequences are followed by an ∼1.6-kb 3�UTR of
mouse SCP1 containing all three miR-124 sites. To ex-
press miR-124, we used both synthetic miR-124 RNA
duplexes and the miR-124 expression vector. The latter

Figure 1. SCP1 as an anti-neural factor in the chick neural tube. (A)
In situ hybridization on chick embryos reveals that SCP1 is widely
expressed but down-regulated in the lateral neuronal zone. (B) SCP1-
misexpressing cells (GFP+ cells) in the lateral zone lack the NF ex-
pression. (C) Misexpression of SCP1 leads to ectopic BrdU+-prolifer-
ating cells in the lateral zone (cells in red circle), and this is mark-
edly enhanced by coexpression of REST. (D,E) While ectopic BrdU+

cells lack post-mitotic marker p27kip1 (arrows in D), they maintain
expression of progenitor gene Pax6 (arrows in E). (F,G) Phosphatase-
inactive SCP1 mutant SCP1-pi induces ectopic and precocious NF+

neuronal differentiation (arrows in F) and expression of p27kip1 (ar-
rows in G) in the medial zone of the chick neural tube.
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contains an ∼320-nt miR-124-2 genomic region in the
CMV vector, which includes the ∼22-nt mature miRNA
sequences and ∼125 nt of genomic sequences flanking
each side of the mature miR-124 sequences (Chen et al.
2004). Both miR-124 RNA duplexes and the miR-124
expression vector suppressed luciferase expression from
GL3�SCP1-3�UTR in HEK293 cells but did not affect
the vector alone (Fig. 2D). Similar results were obtained
with a reporter containing IQGAP1-3�UTR, a direct
miR-124 target (Lim et al. 2005; data not shown). Sup-
porting the specificity of miR-124-mediated inhibition of
SCP1-3�UTR, neither the miR-128 nor miR-124 mutant
(miR-124-mt), which bears two nucleotide mutations at
positions 5 and 6 (Lim et al. 2005), altered luciferase
expression from GL3�SCP1-3�UTR (Fig. 2D). Segments
of SCP1-3�UTR containing either the second or the third
miR-124 target site also responded to miR-124, although
the fold suppression by miR-124 was smaller than that
for GL3-SCP1-3�UTR full-length (3�UTR segment B in
Fig. 2D; data not shown). The effect of miR-124 on SCP1-
3�UTR segment B required its miR-124-binding site, as
mutation of this site destroyed the responsiveness to
miR-124 (Bm in Fig. 2D). Thus, miR-124 specifically in-
hibits SCP1 expression via directly targeting the evolu-
tionarily conserved, multiple miR-124 sites in SCP1-
3�UTR.

To further test the functional interactions between
miR-124 and SCP1-3�UTR in the developing spinal cord,
electroporation indicator CMV-LacZ and GFP�SCP1-
3�UTR reporter, in which the CMV promoter-driven

GFP gene is fused to SCP1-3�UTR,
were electroporated into the chick
neural tube. GFP was highly expressed
in the medial zone but significantly
less in the lateral neuronal domain
(Fig. 2E; Supplementary Fig. S2C), in
which miR-124 is highly expressed.
Coelectroporation of miR-124 RNA
duplexes abolished GFP expression
from GFP�SCP1-3�UTR in the neural
tube, whereas miR-124-mt had little
effect (Fig. 2E). Similar expression of
the coelectroporated LacZ indicator
in all three samples confirmed the
comparable efficiency of electropora-
tion (Fig. 2E). These results further
demonstrate that SCP1-3�UTR is di-
rectly targeted by miR-124 in the de-
veloping spinal cord. These results
also support that miRNAs and their
target genes are preferentially ex-
pressed in neighboring tissues (Farh et
al. 2005; Stark et al. 2005).

miR-124 stimulates neuronal
differentiation in the developing
spinal cord

The evolutionary conservation of se-
quences and expression pattern for
miR-124 suggests its critical role in
CNS development. Our finding that
miR-124 targets SCP1-3�UTR (Fig. 2)
led to a proposal that miR-124 facili-
tates neurogenesis at least in part by
blocking the anti-neural REST/SCP1

pathway. To test this idea in the developing spinal cord,
we expressed miR-124 in neural progenitors of the chick
neural tube. In situ hybridization confirmed overexpres-
sion of miR-124 2 d post-electroporations of miR-124
RNA duplexes (Fig. 3A). Interestingly, the p27kip1+ post-
mitotic area was expanded medially (Fig. 3B). Moreover,
miR-124 electroporation triggered ectopic neurogenesis
in the more medial area of the neural tube, as is evident
with NF staining (Fig. 3C). While the overall area occu-
pied by BrdU+-proliferating cells did not change, the
number of BrdU+ cells also decreased relative to the un-
electroporated control side (Fig. 3D). In contrast, miR-
124-mt RNA duplexes had no effect (Fig. 3D; data not
shown). These data suggest that overexpressed miR-124
attenuates proliferation of neural progenitors and pro-
motes their precocious neurogenesis.

To test whether SCP1 is a key target for miR-124 to
trigger neurogenesis, we coelectroporated the miR-124
and SCP1 expression vector lacking SCP1-3�UTR. This
prevented miR-124 from reducing progenitor prolifera-
tion, resulting in laterally positioned BrdU+ cells, like
SCP1 alone (Fig. 3D; Supplementary Fig. S3). Next, we
generated the miR-124-sensitive SCP1 expression vector
by including the SCP1-3�UTR in the downstream region
of the SCP1 coding sequences. This SCP1�SCP1-3�UTR
construct, without or with miR-124, failed to induce ec-
topic BrdU+ cells in the lateral spinal cord (Supplemen-
tary Fig. S3). These results suggest that SCP1 is a key
target of miR-124 during developmental conversion of
progenitors to neurons.

Figure 2. SCP1-3�UTR as a direct target of miR-124. (A,B) In situ detection of miR-124 in
chick and mouse embryos shows that miR-124 is highly and specifically expressed in the
lateral neuronal zone of the neural tube and DRG, complementary to the expression pattern
of SCP1. (C) Three evolutionarily conserved miR-124 target sites are found at the 3�UTR of
SCP1 mRNA. Seed match sequences are marked in red. (D) Luciferase assays with the
GL3�SCP1-3�UTR reporter in HEK293 cells. Both synthetic miR-124 RNA duplexes (miR-
124) and miR-124 expression vector (CMV-124) repress luciferase expression from GL3�SCP1-
3�UTR, while the miR-124 mutant and miR-128 have no effect. GL3 vector alone is minimally
affected by miRNAs. The B-segment of SCP1-3�UTR containing the second miR-124 target
site is suppressed by miR-124, and mutation on the miR-124 target site in the B-segment (Bm)
abolishes the repression by miR-124. (E) Electroporation of GFP�SCP1-3�UTR directs a high
level of GFP expression in the medial zone and a lower GFP expression in the NF+ lateral zone
of the chick neural tube. Coelectroporation of miR-124 diminishes GFP expression from
GFP�SCP1-3�UTR, whereas miR-124-mt has no effect. CMV-LacZ was included as an elec-
troporation indicator.
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To further define the miR-124 function in neurogen-
esis, we inhibited miR-124 function with 2�-O-methyl
(2�-OMe) antisense miR-124 oligoribonucleotides, which
specifically inactivate their target miRNA through irre-
versible binding (Meister et al. 2004). Electroporations of
2�-OMe antisense miR-124 to the chick neural tube no-
ticeably decreased miR-124 detection in the lateral zone
(Fig. 3E). Interestingly, this resulted in reduced neuronal
differentiation, as monitored by immunostaining with
the post-mitotic marker p27kip1 (Fig. 3F) and neuronal
marker NeuN (Fig. 3G). Moreover, inhibition of the miR-
124 function triggered laterally positioned BrdU+-prolif-
erating cells (Fig. 3H). In contrast, 2�-OMe-scrambled
miR-124 had no effect (Fig. 3F,H). These results of miR-
124 inhibition are similar to those of forced SCP1 ex-
pression in the neural tube (Fig. 1B–E), supporting the
antagonistic regulations between SCP1 and miR-124 in
the developing neural tube. Interestingly, these pheno-
types were augmented by cotransfection of GFP�SCP1-
3�UTR, although GFP�SCP1-3�UTR alone had no de-
tectable effect (data not shown), suggesting that overex-
pression of SCP1-3�UTR may help sequester miR-124, as
it contains miR-124 sites.

Our results in the chick neural tube show that miR-
124 facilitates neurogenesis in the developing spinal
cord, which is likely required for neural progenitors to
acquire robust neuronal phenotypes in a timely manner.

However, the overall strength of the proneural activity of
overexpressed miR-124 is relatively subtle. This could be
due to an already sufficient level of endogenous miR-
124. Alternatively, miR-124 may require additional fac-
tors/signals to trigger robust neurogenesis, because it is
unlikely to be a single determinant for neurogenesis in
the developing CNS.

SCP1 antagonizes miR-124-mediated neurogenesis
of P19 cells

To further assess the neurogenic function of miR-124 in
a more homogenous cellular system, we utilized P19
cells, which lack endogenous miR-124 but undergo neu-
ronal differentiation upon either aggregation plus reti-
noic acid treatment or expression of proneural basic he-
lix–loop–helix (bHLH) factors (Jones-Villeneuve et al.
1982; Farah et al. 2000). During neurogenesis of P19
cells, REST and SCP1 are down-regulated and miR-124 is
induced (Yeo et al. 2005; Conaco et al. 2006). When ex-
amined 3 d post-transfection, miR-124 expression ap-
peared to promote cell cycle exit of P19 cells, as shown
by down-regulated proliferation marker cyclinA and si-
multaneously induced post-mitotic marker p27kip1 (Fig.
4A). This reduced the number of transfected cells, as
evident from a lower expression of the transfection indi-
cator GFP in P19 cells transfected with miR-124 than
those with miR-124-mt or scrambled RNA duplexes (Fig.
4A,B). Intriguingly, despite the decreased number of

Figure 3. Proneural activity of miR-124 in the chick neural tube.
(A–D) Overexpression of miR-124 in the chick spinal cord. (A) Elec-
troporation of miR-124 RNA duplexes (with CMV-GFP as an elec-
troporation indicator) increases miR-124 expression in the develop-
ing chick spinal cord 2 d post-electroporation as detected with in
situ hybridization. (B–D) miR-124 overexpression triggers ectopic
neurogenesis (p27kip1+, NF+ post-mitotic neuronal cells in B,C) in
the more medial area of the neural tube, accompanied by compro-
mised progenitor cell proliferation (D). (E–H) Inhibition of miR-124
function in the chick spinal cord. Electroporation of 2�-OMe anti-
sense miR124 (anti-miR-124) with CMV-GFP interferes with miR-
124 detection by in situ hybridization (E), decreases the expression
of neuronal markers p27kip1 and NeuN in the lateral zone of the
neural tube (F,G), and simultaneously triggers laterally positioned
BrdU+-proliferating cells (cells in red circle in H).

Figure 4. miR-124-induced neurogenesis is antagonized by SCP1 in
P19 mouse embryonic cells. (A) Western analyses show that, in P19
cells, miR-124 expression induces post-mitotic cell marker p27kip1

and neuronal marker TuJ, while suppressing proliferation marker
cyclinA. Notably, transfection indicator GFP expression is lower in
miR-124-transfected cells. (B) RT–PCR assays reveal that expression
of miR-124, but not miR-124-mt, reduces SCP1 and induces proneu-
ral bHLH factors Ngn2 and NeuroD and neuronal marker TuJ.
Quantitative RT–PCR results are as shown. (C) Neuronal differen-
tiation analyses in transfected P19 cells. miR-124 expression trig-
gers TuJ+ neuronal differentiation, which is compromised by co-
transfection of the miR-124-resistant SCP1 vector but not by the
miR-124-sensitive SCP1 vector containing SCP1-3�UTR (SCP1�
3�UTR). Percentage of neuronal differentiation is measured by per-
centage of TuJ+ neurons among GFP+-transfected cells. (D) Negative
feedback loop between the anti-neural REST/SCP1 and proneural
miR-124 pathways contributes to a rapid and efficient transition of
cellular phenotypes between neural progenitors and post-mitotic
neurons (see text). Blue and red denote the regulatory pathways in
nonneurons and neurons, respectively.
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transfected cells, miR-124 markedly induced expression
of two proneural bHLH factors Ngn2 and NeuroD and
neuronal marker TuJ, while reducing expression of SCP1
(Fig. 4A,B). To examine P19 cell differentiation at a cel-
lular level, we performed immunostaining. Expression of
miR-124, but not miR-124-mt or miR-128, induced ex-
pression of TuJ and triggered neurite outgrowth (Fig. 4C;
Supplementary Fig. S4). In contrast, miR-124 had no ef-
fect on cell death in P19 cells (data not shown). We noted
that neurogenesis triggered by miR-124 expression is
relatively modest in comparison to expression of proneu-
ral bHLH factors in P19 cells (Yeo et al. 2005), similar to
the effect of miR-124 in the developing spinal cord (Fig.
3). Nonetheless, these findings clearly establish a neuro-
genic potential of miR-124 in P19 cells.

To test whether SCP1 suppression is critical for the
proneural function of miR-124 in P19 cells, we moni-
tored miR-124-mediated neurogenesis following cotrans-
fection of the expression vector for SCP1-ORF or miR-
124-sensitive SCP1�SCP1-3�UTR. While constitutive
expression of SCP1-ORF significantly compromised TuJ
expression, inclusion of SCP1-3�UTR blocked SCP1
from suppressing the ability of miR-124 to induce TuJ
expression in P19 cells (Fig. 4C). Thus, miR-124 likely
induces neurogenesis in P19 cells at least in part through
directly down-regulating the anti-neural factor SCP1.
However, SCP1 expression did not completely abolish
the neurogenic potential of miR-124, suggesting that
SCP1 is not the sole target of miR124, and complete
interference of the miR-124 function involves additional
miR-124 targets.

Neurogenesis in developing CNS is regulated by com-
plex molecular events. Here, we demonstrate the anti-
neural function of SCP1 in the developing CNS and the
importance of its timely down-regulation for proper CNS
development. In particular, SCP1 antagonism in neural
progenitors with the phosphatase-inactive SCP1 mutant
promotes precocious neurogenesis. Although SCP1 is
known to dephosphorylate Ser 5 of the C-terminal do-
main of RNA polymerase II (Yeo et al. 2003; Zhang et al.
2006), the identity of phosphatase substrate(s) mediating
the anti-neural function of SCP1 is unclear.

Our findings indicate that miR-124 targets the anti-
neural factor SCP1 during neurogenesis. Accordingly,
miR-124 shows a modest but specific ability to induce
neuronal gene expression in both P19 cells and the de-
veloping spinal cord. Moreover, miR-124 antagonism in
the neural tube results in proliferating cells in the lateral
post-mitotic zone accompanied by reduction of neuronal
markers, supporting the idea that miR-124 participates
actively in neurogenesis. The proneural function of miR-
124 could also involve up-regulation of proneural bHLH
factor Ngn2, likely through suppression of the Ngn2 re-
pressor (Fig. 4B). As miR-124 expression is maintained
throughout adulthood, miR-124 may also play additional
roles in mature neurons, which could not be addressed in
our study due to the nature of the transient expression of
miR-124 or 2�-OMe antisense miR-124 oligonucleotides.

SCP1 is one of the key direct targets of miR-124, as the
miR-124-resistant SCP1 expression construct lacking
SCP1-3�UTR attenuates the neurogenic potential of
miR-124 in P19 cells and the chick neural tube. These
results, combined with the recent report that REST tran-
scriptionally inhibits miR-124 genes (Conaco et al.
2006), suggest a negative feedback loop between REST/
SCP1 and miR-124 for a rapid transition between neural

progenitors and post-mitotic neurons (Fig. 4D). In non-
neuronal cells including neural progenitors, the REST/
SCP1 complex transcriptionally represses expression of
miR-124 and other neuronal genes. As the REST level
decreases during neurogenesis, miR-124 expression is de-
repressed, and subsequently, miR-124 post-transcrip-
tionally suppresses multiple anti-neural factors includ-
ing SCP1, resulting in further inhibition of the anti-neu-
ral pathway by REST/SCP1. This regulatory loop may
represent a key mechanism to sense the intricate balance
between proneural and anti-neural cues during develop-
ment, to coordinate robust neuronal gene expression,
and to confer neuronal identity in a timely manner. In
Drosophila, miR-124 is also expressed exclusively in
neuronal cells as they begin to differentiate (Stark et al.
2005). A single Drosophila dSCP gene is involved in neu-
ronal gene silencing as knockdown of dSCP leads to up-
regulation of neural genes (Yeo et al. 2005). Thus, the
negative feedback loop between anti-neural SCP and pro-
neural miR-124 pathways may represent an evolution-
arily conserved developmental strategy. Interestingly,
Drosophila has a functional ortholog of REST, Tramtrack
88 (ttk88) (Dallman et al. 2004), and Drosophila miR-124
promoter contains a consensus ttk88 response element
(Conaco et al. 2006). However, analyses of the current
databases revealed that 3�UTR of dSCP1 does not appear
to have miR-124-binding sites (data not shown).

Overall, our studies suggest that the brain-enriched
miRNAs can play key roles in coordinating vertebrate
CNS development, and establish a novel evolutionarily
conserved strategy to keep the balance between miRNAs
and their transcriptional regulatory programs.

Materials and methods

In ovo electroporations, BrdU incorporation assays, immunostaining,
and in situ hybridization
These assays were done as described (Lee and Pfaff 2003). Forty micro-
molar miR-124 or miR-124-mt RNA duplex, 2�-OMe antisense or 2�-
OMe-scrambled miR-124 oligoribonucleotides (IDT) were injected into a
Hamburger and Hamilton (HH) stage 13 chick neural tube. Locked
nucleic acid (LNA)-modified miR124 oligonucleotide probe (Exiqon) was
labeled with digoxigenin according to the supplier’s protocol (Roche) and
used for in situ hybridization as described (Kloosterman et al. 2006). At
least five embryos and 50 sections were analyzed for individual immu-
nostaining and in situ hybridization results.

Luciferase assays
HEK293 cells, grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), were transfected using
SuperFect (Qiagen), harvested 3 d post-transfection, and assayed for lu-
ciferase activity with normalization for �-galactosidase activity. All
transfections were independently repeated at least three times. The final
100 nM RNA duplexes were used for transfection.

RT–PCR, Western blotting, and cell differentiation assays
P19 cells, grown in �MEM supplemented with 10% FBS, were trans-
fected with plasmids and/or RNA duplexes using Lipofectamine 2000
(Invitrogen) and analyzed for gene expression and cell differentiation 3 d
post-transfection. Total RNA was extracted with Trizol (Invitrogen) and
RT was performed using SuperScript III (Invitrogen). The levels of mRNA
were determined using quantitative RT–PCR (Mx3000P; Stratagene).
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