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Abstract
One of the most distinctive steps in the development of the vertebrate nervous system occurs at
mitotic exit when cells lose multi-potency and begin to develop stable connections that will persist
for a lifetime1,2. This transition is accompanied by a switch in ATP-dependent chromatin-
remodelling mechanisms that appears to coincide with the final mitotic division of neurons. This
switch involves the exchange of the BAF53a (also known as ACTL6a) and BAF45a (PHF10)
subunits within Swi/Snf-like neural-progenitor-specific BAF (npBAF) complexes for the
homologous BAF53b (ACTL6b) and BAF45b (DPF1) subunits within neuron-specific BAF
(nBAF) complexes in post-mitotic neurons. The subunits of the npBAF complex are essential for
neural-progenitor proliferation, and mice with reduced dosage for the genes encoding its subunits
have defects in neural-tube closure similar to those in human spina bifida3, one of the most serious
congenital birth defects. In contrast, BAF53b and the nBAF complex are essential for an
evolutionarily conserved program of post-mitotic neural development and dendritic
morphogenesis4,5. Here we show that this essential transition is mediated by repression of
BAF53a by miR-9* and miR-124. We find that BAF53a repression is mediated by sequences in
the 3′ untranslated region corresponding to the recognition sites for miR-9* and miR-124, which
are selectively expressed in post-mitotic neurons. Mutation of these sites led to persistent
expression of BAF53a and defective activity-dependent dendritic outgrowth in neurons. In
addition, overexpression of miR-9* and miR-124 in neural progenitors caused reduced
proliferation. Previous studies have indicated that miR-9* and miR-124 are repressed by the
repressor-element-1-silencing transcription factor (REST, also known as NRSF)6. Indeed,
expression of REST in post-mitotic neurons led to derepression of BAF53a, indicating that REST-
mediated repression of microRNAs directs the essential switch of chromatin regulatory
complexes.

The ATP-dependent chromatin-remodelling complexes, typified by the yeast Swi/Snf
complex, regulate chromatin assembly and accessibility7,8. The mammalian genome
encodes nearly 30 different Swi2/Snf2-like ATPases, two of which, BRG1 and BRM are
alternative subunits in complexes of 11 subunits termed BAF or mammalian SWI/SNF
(mSWI/SNF)3,4,9–11. To understand the essential switch in subunit composition of these
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complexes during neural development, we examined 180 kilobases (kb) around the BAF53a
gene for transcriptional regulatory regions by replacing the first exon of BAF53a at the start
codon with a destabilized nuclear enhanced green fluorescent protein (d2nucEGFP) in a
BAF53a-containing bacterial artificial chromosome (BAC). The d2nucEGFP is followed by
the stop codon and a 3′ untranslated region (UTR) so that EGFP expression reflects BAF53a
transcription (Fig. 1a, diagram). The BAF53a BAC reporter with a SV40 3′ UTR gave
persistent expression of EGFP in post-mitotic neurons in the neural tube (Fig. 1a, lower-left
panel) and, hence, failed to mimic the expression pattern of the endogenous gene (Fig. 1b).
However, when the 3′ UTR of BAF53a was used in place of the SV40 UTR, the
d2nucEGFP reporter faithfully reproduced the downregulation of the endogenous BAF53a
gene in post-mitotic neurons (Fig. 1a, lower-right panel, and Supplementary Fig. 1),
implicating the evolutionarily conserved 3′ UTR (Supplementary Fig. 1) in post-mitotic
suppression of BAF53a.

The 3′ UTR of BAF53a has predicted binding sites for microRNAs (miRNAs) miR-9,
miR-9* and miR-124 (refs 12, 13; see Fig. 2a and Supplementary Fig. 2), small, 20–22-base-
pair (bp), non-coding RNAs that inhibit expression of their target genes by transcript
degradation or translation inhibition14. These miRNAs are enriched in neurons15 and mouse
brain tissues16. There appeared to be three sites for miR-9* and single sites for miR-9 and
miR-124 (Fig. 2a and Supplementary Fig. 2). Short, 6-bp, sequences complementary to the
5′ ends of miRNAs are important for target recognition by miRNAs17,18. To determine
whether the predicted binding sites for miRNAs are responsible for BAF53a repression, we
inserted point mutations into the 3′ UTR targeting sequences for miR-9, miR-9* and
miR-124 (Fig. 2b, left panel). The mutant BAF53a 3′ UTR failed to repress its reporter in
post-mitotic neurons (Fig. 2b and Supplementary Fig. 3), indicating that the predicted
binding sites in the 3′ UTR mediate BAF53a downregulation.

To distinguish the relative roles of the different miRNAs targeting BAF53a, we designed a
construct to ‘sense’ and quantify the miRNA-mediated repression of the reporter through the
3′ UTR of BAF53a. This sensor construct contains the d2nucEGFP with test 3′ UTRs and
tomato fluorescent protein (nuc mTom) with the invariant SV40 3′ UTR (Supplementary
Fig. 4). Stable cell lines containing miR-9, miR-9* and miR-124 overexpression and sensor
constructs were established (Supplementary Fig. 4). The function of 3′ UTRs in EGFP
expression was scored as the ratio of EGFP/Tomato signals in individual cells. When the
BAF53a 3′ UTR was tested, EGFP expression was significantly reduced relative to EGFP
expression with SV40 3′ UTR (Fig. 2c). Mutating the miR-9* and miR-124 sites abolished
the downregulation of the EGFP signal, and removal of the miR-9 site gave no additional
derepression (Fig. 2c). Mutating only the miR-9* sites or the miR-124 site was not sufficient
to abolish the repression of the EGFP signal. These results suggest that miR-9* and miR-124
are both required to inhibit BAF53a expression. Furthermore, in situ analysis showed that
miR-9* was expressed mostly in post-mitotic neurons in the neural tube of E11.5 embryos
(Fig. 2d). Published studies show that miR-124 was expressed in a nearly identical pattern to
miR-9* (refs 19–21), indicating that both miR-9* and miR-124 are expressed just before
BAF53a repression in post-mitotic neurons.

MicroRNAs typically target multiple genes22. To define the contribution of miRNA-
mediated repression of BAF53a to neural development, we prepared transgenic embryos
expressing the BAC containing mutations in the 3′ UTR of BAF53a. In contrast to the wild-
type BAC-transgenic embryos (Fig. 3a), embryos containing the mutant BAC transgene
displayed a loss of the clear boundary of BAF53a downregulation, and instead showed
irregular expansion of BAF53a expression into β-tubulin-III-positive neurons (Fig. 3b).
Because BAF53a and BAF53b are expressed in a mutually exclusive pattern (Fig. 1b), we
then investigated whether BAF53b expression would be affected by the prolonged
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expression of BAF53a. Embryos transgenic with the wild-type BAF53a BAC showed strong
and specific expression of BAF53b in β-tubulin-III-positive neurons (Fig. 3c). However,
continued expression of BAF53a in neurons repressed BAF53b expression (Fig. 3d, e).
These results suggest that BAF53a directly or indirectly antagonizes BAF53b expression,
and provide a possible explanation of how the mutually exclusive BAF switching is
achieved during neural development.

Because BAF53b is essential for dendritic morphogenesis4,5, this result suggests that
miRNA-mediated repression of BAF53a is essential for the onset of post-mitotic neuronal
function. We tested this hypothesis by overexpressing BAF53a in cultured hippocampal
neurons and assayed activity-dependent dendritic outgrowth (stimulated by KCl treatment4).
Persistent expression of BAF53a in neurons inhibited stimulated dendritic outgrowth (Fig.
3f), elucidating the importance of BAF53a switching in neurons. We then tested the
contribution of miRNA-mediated regulation of BAF53a in dendritic outgrowth. When
BAF53a was expressed with the SV40 3′ UTR, we observed strong inhibition of dendritic
outgrowth in neurons; expression with the wild-type BAF53a 3′ UTR did not produce such
inhibition (Fig. 3g). The dendritic phenotype reappeared when we mutated the binding sites
for miR-9* and miR-124 in the BAF53a 3′ UTR (Fig. 3g). These results underline the
essential role of miR-9*-and miR-124-mediated BAF53a repression in dendritic outgrowth.

To elucidate further the function of miR-9* and miR-124, we created transgenic embryos in
which miR-9* and -124 were ectopically expressed under the control of the nestin promoter
in neural progenitors (Fig. 4a). Control transgenic embryos in which the nestin promoter
drove EGFP expression only showed the expected co-localization between EGFP-positive
cells and BAF53a expression. When the nestin promoter drove expression of miR-9* and
miR-124 ectopically in progenitors, transgenic embryos showed significantly reduced
expression of BAF53a in progenitors (Fig. 4b, top-right graph). This reduction in BAF53a
expression was probably not due to precocious differentiation of the progenitors into
neurons, because the miR-9* and miR-124 expressing progenitors did not show staining for
BAF53b (Supplementary Fig. 5).

As BAF53a has previously been shown to promote proliferation of progenitors3, we asked
whether the reduction in BAF53a expression would be associated with the proliferation state
of progenitors. As expected, control transgenic embryos showed complete co-localization
between Ki-67 (a marker for proliferating cells) and EGFP-positive progenitors (Fig. 4b).
We found that overexpressing miR-9* and miR-124 hindered the proliferation of
progenitors, evidenced by the significantly reduced expression of Ki-67 in EGFP-positive
progenitors (Fig. 4b). This proliferation was significantly restored when miRNA-resistant
BAF53a (BAF53aΔΔ) was expressed with miR-9* and miR-124 (Fig. 4b). The results are
consistent with the previous finding that one of the functions of BAF53a and other
components of the npBAF complex in progenitors is to promote proliferation, and suggest a
role for miR-9* and miR-124 in combination to prevent proliferation in post-mitotic neurons
by removing BAF53a expression. We wondered whether prolonging BAF53a expression in
already committed neurons would be sufficient to trigger re-entry into the cell cycle in
neurons. In mutant BAF53a BAC-transgenic embryos, BAF53a expression was extended
into neurons (Fig. 3b). However, Ki-67 expression eventually disappeared in the neuronal
zone in these embryos, suggesting that continued BAF53a expression in committed neurons
was not sufficient to cause neurons to re-enter the cell cycle (Supplementary Fig. 6).
Consistent with this finding, expressing BAF53a in neuronal cultures was insufficient to
reactivate proliferation (data not shown).

The miRNAs miR-9* and miR-124 have been shown to be targets of REST6. REST, with its
co-repressor, restricts the activation of neuronal genes to neurons by silencing its target
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genes in non-neuronal cells; REST activity is reduced as progenitors differentiate into
neurons, allowing the expression of neuronal genes23–28. All three loci of miR-9* and
miR-124 contain REST-binding sites, which inhibit miR-9* and miR-124 expression6,
suggesting that REST expression would activate BAF53a in post-mitotic neurons. Neurons
transfected with an REST-expression plasmid reactivated BAF53a expression, which
contrasted with the absence of BAF53a expression in control-transfected neurons (Fig. 4c).
We reasoned that this BAF53a expression in neurons should be suppressed if we co-
introduced a plasmid that overexpresses miR-9* and miR-124 when driven by a promoter
whose activity is independent of REST. Indeed, co-transfection of miR-9* and miR-124
along with REST-expression plasmids suppressed BAF53a reactivation in neurons (Fig. 4c),
suggesting an antagonism between REST and miRNAs in repressing BAF53a in post-
mitotic neurons.

Our studies indicate that the mechanism underlying the essential switch in subunit
composition of Swi/Snf-like BAF complexes involves miRNA-mediated repression of
BAF53a as neural progenitors differentiate into neurons (Fig. 4d). The repression is
accomplished through the 3′ UTR of BAF53a and mediated by the simultaneous activities of
miR-9* and miR-124. REST participates in this switch by repressing miR-9* and miR-124,
thereby permitting BAF53a expression in neural progenitors. In neurons, the absence of
REST allows the expression of miR-9* and miR-124 to repress BAF53a (Fig. 4d).
Repression of BAF53a allows BAF53b expression, which is critical for dendritic
development4,5. Failure of miRNA-mediated repression of BAF53a results in reduced
BAF53b expression and defective dendritic outgrowth (Fig. 4d). Because repression of
BAF53a reduces progenitor proliferation, miRNA-mediated repression of BAF53a may be
essential in regulating the number of cell divisions in the vertebrate nervous system. Mice
with reduced BAF155 and BRG1 levels have defects in neural-tube closure similar to spina
bifida in humans3,29,30, indicating a genetically dominant role of npBAF in progenitor
proliferation. Thus, studies of the genes involved in the npBAF-to-nBAF switch might yield
insights into the pathogenesis of spina bifida and perhaps also the mechanisms controlling
the number cell divisions in the central nervous system.

METHODS SUMMARY
Transgenic mouse embryos

We made BAC-based reporters by recombineering using galK-positive and -negative
selections. Detailed protocols for constructing BAC reporters and other related transgene
constructs are provided in the full Methods. Transgenic mouse embryos were generated by
pronuclear injection of fertilized oocytes from CB6-F1 mice, and analysed 11.5 days after
fertilization in cryostat sections immunostained with appropriate antibodies.

Tissue culture
We cultured E18.5 hippocampal neurons on coverslips coated with poly-L-ornithine,
fibronectin and laminin in 24-well plates for four days in vitro (div), and transfected with
appropriate plasmids after 4 div. Cells were fixed and stained 48 h later, after 6 div.
Immunocytochemistry was done with affinity-purified BAF53a and Tuj-1 (BD Biosciences)
primary antibodies and goat anti-rabbit or mouse secondary antibodies (Invitrogen) with
DAPI (Vector) DNA staining. Detailed protocols are provided in the full Methods.
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METHODS
Recombineering of BAC containing BAF53a and mutagenesis

BAC (RP23-370O17, approximately 180 kb around BAF53a) was recombined at the first
exon of BAF53a with d2nucEGFP, using the galK-positive and -negative selection method
as previously described31. SW106 cells were transformed with RP23-370O17, selected and
transformed with galK PCR product amplified by primers with 50-bp arms homologous to
the sites to be recombined: galK FWD,
TGTTATCTTTCGTCCGGTAGTCTTCGGCCAGTCCCCGCCAGACAGTAGCC
CCTGTTGACAATTAATCATCGGCA; galK REV,
GGCCGGTCGTTCCGGTCCGCACGCCCCGAGGCGCCGCTGCGCTCACTCACTCAG
CACTGTCCTGCTCCTT.

Recombination was performed by heat-shocking the transformed SW106 cells, and colonies
containing the recombined products were selected on minimal agarose plates plus galactose.
The galK-containing RP23-370O17 was then recombined to replace galK with d2nucEGFP
gene by transforming SW106 cells with PCR product (below) of d2nucEGFP/3′ UTR and
homology arms. Different versions of 3′ UTRs were subcloned into a d2nucEGFP-
containing plasmid, and used as templates for PCR amplification. d2nucEGFP FWD,
TGTTATCTTTCGTCCGGTAGTCTTCGGCCAGTCCCCGCCAGACAGTAGCC
ATGGTGCACGTGGATCCAAAAAAG; d2nucEGFP REV (for SV40 UTR):
GGCCGGTCGTTCCGGTCCGCACGCCCCGAGGCGCCGCTGCGCTCACTCAC
ATCGCCCTGATAGACGGTTTTTCG; d2nucEGFP REV (for BAF53a UTR):
GGCCGGTCGTTCCGGTCCGCACGCCCCGAGGCGCCGCTGCGCTCACTCACGGGA
AGGATCTGAGGAGGGCTCAG.

Point mutations in BAF53a 3′ UTR were generated by QuikChange mutagenesis
(Stratagene) using the following primers (bold fonts denote mutated base pairs): miR-9*
site1, CACCTCAACGTCTGTACGAATAGTACACTCAGGAA; miR-9* site2-1,
CCACTTAAATTTTTTAAGCGAATAACTGGCTCTATAAATTAAATG; miR-9*
site2-2, CTTAAATTTTTTAAGCGAATAAGACCGCCTATAAATTAAATGAG; miR-9*
site3, GAATGTCTATTTTCTCTAAATATTTTCGAATCAGTAAGTACTCTCC; miR-124
site, GTACAAGTTACTGCCTAACGAAACTACCTTAGGCTACAAAAC; miR-9 site,
TGTACGAATAGTACACACTCCTAAAGATGACCATCTTTTG.

SW106 cells transformed with d2nucEGFP PCR product were grown on 2-deoxy-D-
galactose-containing minimal plates for negative selection. Colonies with correctly
recombined BACs were identified by PCR using primers surrounding the recombined 5′ and
3′ junctions. BAC DNA was prepared from the isolated colonies, rechecked by PCR and
further confirmed by sequencing.

BAF53a BAC containing mutations in the 3′ UTR of BAF53a was generated similarly by
recombining the 3′UTR of BAF53a with the PCR product of mutant 3′ UTR plus homology
arms using the following primers: BAF53a UTR H1 galK FWD,
AGGAATATGAAGAAGGAGGGAAGCAGTGTGTAGAAAGAAAATGCCCTTGACCT
GTTGACAATTAATCATCGGCA; BAF53a UTR H2 galK REV,
CAGCAAAGTCAGTTTGGAAATGCTGTTCTCACTAGTGTTAAACTGTGAGGTCAG
CACTGTCCTGCTCCTT; BAF53a UTR H1 FWD, AGG
AATATGAAGAAGGAGGGAAGCAGTGTGTAGAAAGAAAATGCCCTTGAGGGCTC
CACCCTGCCTGCC; BAF53a UTR H2 REV,
CAGCAAAGTCAGTTTGGAAATGCTGTTCTCACTAGTGTTAAACTGTGAGGGGGA
AGGATCTGAGGAGGGCTCAG.
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Transgenic embryos
All BAC-transgenic embryos were generated by pronuclear injections. More than three
E11.5 embryos were examined for each BAC-reporter transgene.

Data analysis
Images for embryonic sections were captured using a Leica DM5000B microscope with
Leica Application Suite (LAS) Advanced Fluorescence 1.8.0. Intensity measurements for
BAF53a expression in REST expression (Fig. 4c) were performed with LAS 1.8.0. Images
for stable Chinese hamster ovary lines containing sensor reporters were made using a Leica
DMI4000B microscope with LAS 2.8.1. Image intensity analyses for sensor experiments
(Fig. 2c) were performed with METAMORPH (version 7, Molecular Devices) using the
images captured with the same exposure parameters. Co-localization analyses for Fig. 4b
were also performed using METAMORPH.

Fluorescent in situ hybridization
Fluorescent in situ analysis was performed using the fluorescein-labelled locked nucleic acid
(LNA) oligonucleotide for miR-9* (Exiqon). Detailed protocols for LNA oligonucleotide in
situ staining are provided on the manufacture’s website (www.exiqon.com). The same
sections were also stained for β-tubulin III using Tuj-1 antibody (BD Biosciences).

MicroRNA cluster construct
A cluster of miR-9* and miR-124 precursors was made by amplifying approximately 300
base pairs around mmu-miR-9*-3 and mmu-miR-124-2, which were together cloned into
pSilencer (Ambion). mmu-miR-9*-3 precursor was amplified by the following primers
containing appropriate restriction sites (not shown): mmu-miR-9-3 OX FWD,
TGTCGGTCCCCTCTGGCTCTC; mmu-miR-9-3 OX REV,
AGGAGAGCCGAGGTCGGATACC. mmu-miR-124-2 precursor was amplified using the
following primers containing appropriate restriction sites: mmu-miR-124-2 OX FWD,
AGGTGGGAGTACTGCTCAGAGCTA; mmu-miR-124-2 OX REV:
GTGTCGCACAGGATGGGTTC.

The ability of the cluster construct to generate mature miR-9* and miR-124 was assayed by
quantitative real-time PCR using a TaqMan miR-9* and miR-124 microRNA assay kit
(Applied Biosystems). RNA was extracted from COS7 cells transfected with the
miR-9*-124 overexpression construct using a mirVana miRNA isolation kit (Ambion). The
same cluster of miR-9* and miR-124 was used for the constructs containing nestin
promoters (Fig. 4a). Proliferation of progenitors in nestin p/miR-9*-124-transgenic embryos
was assayed by immunostaining with Ki-67 antibody (BD Biosciences).

Hippocampal neuronal culture and REST overexpression experiments
The pActin–IRES–EGFP plasmid was constructed by inserting the chicken β-actin promoter
followed by the IRES–EGFP module from the pIRES2–EGFP plasmid (Clontech) into
pUC19 backbone. The pActin–REST–IRES–EGFP construct was generated by cloning the
coding region of mouse REST gene into the pActin–IRES–EGFP vector. E18.5 murine
hippocampal cells were cultured as previously described32. Dissociated cells were cultured
on coverslips coated with poly-L-ornithine, fibronectin and laminin in 24-well plates. AraC
was added after 1 div. Culture media contained DMEM/F12 with putrescine, 2-
mercaptoethanol, transferrin, insulin, selenium, progesterone, MEM vitamin additive and
5% FBS. After 4 div, cells were transfected with GFP or other constructs using
Lipofectamine (Invitrogen) as per the manufacturer’s suggestions. Each transfection had 0.6
μg total DNA: pCMV–Bcl2 (to prevent occasional apoptosis of neurons associated with

Yoo et al. Page 6

Nature. Author manuscript; available in PMC 2010 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transfection), pActin–EGFP (control) or pActin–REST–EGFP, with or without pSil–
mir-9*-124. Cells were fixed (4% PFA) and stained 48 h later, after 6 div.
Immunocytochemistry was done with affinity-purified BAF53a and Tuj-1 (BD Biosciences)
primary antibodies and goat anti-rabbit or mouse secondary antibodies (Invitrogen) with
DAPI (Vector) DNA staining.

Dendritic outgrowth analysis
Hippocampal neurons were prepared from P0 mouse brains and transfected with BAF53a
overexpression constructs on day one. Activity-dependent dendritic outgrowth analysis was
performed as described4. Briefly, after 4 div, cells were treated with KCl (30 mM) in half of
the cultures. Cells were fixed and stained for GFP (Molecular Probes) and MAP2 (to mark
dendrites; Sigma-Aldrich) after 5 div. A GFP construct was co-transfected to visualize
transfected neurons for the experiments shown in Fig. 3f, g. The total dendritic length was
measured from dendritic structures defined by GFP and MAP2 signals in individual neurons
using the neurite outgrowth extension of METAMORPH.

Prediction of miRNAs targeting BAF53a
We used PICTAR12 and RNA2213 to predict miRNAs that target BAF53a 3′ UTR. Because
BAF53a downregulation is specific for neurons, we sought miRNAs enriched in neurons
and the brain15,16. miR-9* was the highest-scored miRNA when the BAF53a 3′ UTR was
searched in PICTAR. We further examined the 3′ UTR for additional sites for other
miRNAs enriched in the brain using RNA22 (number of unpaired bases allowed, 1; seed/
nucleus ratio, 7; minimum number of paired bases in heteroduplex, 14; maximum folding
energy, −18 Kcal mol−1) and identified the binding sites for miR-124 and miR-9 as outlined
in Fig. 2.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BAF53a repression is mediated by sequences within its 3′ UTR
a, Schematic diagrams of BAC clones of approximately 180 kb containing BAF53a and the
BAC-based reporter constructs. Exon 1 from the ATG of BAF53a to the end of the exon was
replaced by d2nucEGFP and 3′ UTR. Whereas EGFP failed to be repressed in neurons with
SV40 UTR (lower-left panel), the BAF53a 3′ UTR allowed efficient downregulation of the
reporter in neurons (lower-right panel). Photographs in the lower panels show transverse
sections of the neural tubes of E11.5 transgenic embryos. DAPI, 4,6-diamidino-2-
phenylindole. b, BAF53a and BAF53b are expressed selectively in progenitors (green) and
neurons (red), respectively, in the neural tubes of E11.5 embryos.
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Figure 2. BAF53a is a target of miR-9* and miR-124
a, Predicted configurations of duplex formations between miRNAs and their target sites. b,
Expression of BAF53a BAC reporter, containing mutations at the miRNA-binding sites in
the 3′ UTR of d2nucEGFP. Point mutations were made to 4–6 bp predicted to bind to the 5′
ends of miR-9, miR-9* and miR-124. The photograph shows a representative expression
pattern seen in three individual transgenic lines. c, BAF53a 3′ UTR sensor experiments in
stable Chinese hamster ovary (CHO) cells expressing miR-9, mirR-9* and miR-124 and
sensor reporter constructs. The quantification of sensor expression was expressed as the ratio
of EGFP/Tomato signals and normalized to the ratio values of the SV40 UTR sensor. Error
bars, s.d. Signal intensities were averaged in ten random fields totalling approximately 500–
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1,000 cells. *P <0.001, Student’s t-test. WT, wild type. d, Selective expression of miR-9* in
post-mitotic neurons. Photographs show fluorescent in situ hybridization analysis of miR-9*
expression (in green) and β-tubulin-III staining (in red) in the neural tubes of E11.5
embryos.
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Figure 3. BAF53a repression is essential for activity-dependent dendritic outgrowth in neurons
a, Normal downregulation of BAF53a in post-mitotic neurons in transgenic embryos with
wild type BAF53a BAC. The rightmost panel shows the lower-right quadrant of the neural
tube.
b, Persistent expression of BAF53a in neurons seen with BAF53a BAC containing point
mutations in the miRNA-binding sites. c, Normal expression of BAF53b (red) in β-tubulin-
III-positive (green) neurons in transgenic embryos with wild-type BAF53a BAC. d,
Reduced BAF53b expression with persistent expression of BAF53a in neurons.
e, Quantification of BAF53b expression: ratio of BAF53b level (arbitrary units) and β-
tubulin-III-positive neurons. Average values are from eight sections of the neural tube. Error
bars, s.e. *P <0.005, Student’s t-test. f, Constructs to overexpress BAF53a in cultured
hippocampal neurons and quantification of dendritic outgrowth of GFP-positive neurons
upon stimulation using KCl. The average values are from five individual coverslips from
two independent experiments, with each coverslip containing 50–100 scored neurons. Error
bars, s.e. *P <0.005, Student’s t-test. p, promoter; IRES, internal ribosome entry site. g,
Schematic diagrams of BAF53a expression constructs using different 3′ UTRs and
quantification of dendritic outgrowth of transfected neurons upon stimulation using KCl. In
independent experiments, we found that the 4-kb upstream region of BAF53a (illustrated)
was sufficient to drive expression of GFP reporters that could be repressed by endogenous
miR-9* and miR-124. Error bars, s.e. *P <0.001, Student’s t-test.
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Figure 4. Effect of miR-9* and miR-124 overexpression in progenitors and REST in neurons
a, miR-9* and miR-124 overexpression constructs (miR-9*-124) expressed in progenitors.
nucEGFP, nuclear enhanced green fluorescent protein. b, Proliferative defect caused by
miR-9* and miR-124 overexpression in progenitors. Overexpression of miR-9* and
miR-124 reduced BAF53a expression in the EGFP-positive progenitors relative to control
(upper-right graph). Photographs show transgenic embryos containing either control or
miR-9*-124 overexpression constructs and Ki-67 staining, quantified in the lower-right
graph on the basis of nine individual tissue sections. Error bars, s.e. *P <0.001, Student’s t-
test. c, BAF53a regulation is mediated by REST. Hippocampal neurons cultured from E18.5
embryos were transfected with control (EGFP only), REST (EGFP +REST expression
constructs) or REST +miR-9*-124 (EGFP +REST +miRNA overexpression constructs). The
quantification represents average percentages of transfected GFP-positive neurons that had
BAF53a expression from five coverslips. We analysed 15–25 GFP-positive neurons per
coverslip. Error bars, s.e. *P <0.05, Student’s t-test. d, Genetic pathway leading to BAF53-
subunit switching during neuronal differentiation.

Yoo et al. Page 14

Nature. Author manuscript; available in PMC 2010 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


