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MicroRNA-9 Regulates Neurogenesis in Mouse Telencephalon
by Targeting Multiple Transcription Factors

Mikihito Shibata,' Hiromi Nakao,' Hiroshi Kiyonari,” Takaya Abe,? and Shinichi Aizawa'
Laboratories for 'Vertebrate Body Plan and 2Animal Resources and Genetic Engineering, Center for Developmental Biology, RIKEN Kobe, Chuo-ku, Kobe
650-0047, Japan

microRNA-9-2 and microRNA-9-3 double-mutant mice demonstrate that microRNA-9 (miR-9) controls neural progenitor proliferation
and differentiation in the developing telencephalon by regulating the expression of multiple transcription factors. As suggested by our
previous study, the Foxgl expression was elevated, and the production of Cajal-Retzius cells and early-born neurons was suppressed in
the miR-9-2/3 double-mutant pallium. At embryonic day 16.5 (E16.5), however, the Foxgl expression was no longer elevated. The
expression of an AU-rich RNA-binding protein Elavl2 increased at E16.5, Elav2 associated with FoxgI 3" untranslated region (UTR), and
it countered the FoxgI suppression by miR-9. Later, progenitor proliferation was reduced in the miR-9-2/3 double-mutant pallium with
the decrease in Nr2el and Pax6 expression and the increase in Meis2 expression. The analyses suggest that microRNA-9indirectly inhibits
Pax6 expression by suppressing Meis2 expression. In contrast, together with Elavll and Msil, microRNA-9 targets Nr2el mRNA 3’ UTR
to enhance the expression. Concomitantly, cortical layers were reduced, each cortical projection was malformed, and the tangential
migration of interneurons into the pallium was impaired in the miR-9-2/3 double mutants. miR-9 also targets Gsh2 3’ UTR, and Gsh2, as
well as Foxgl, expression was elevated in the miR-9-2/3 double-mutant subpallium. The subpallium progenitor proliferation was en-
hanced, and the development of basal ganglia including striatum and globus pallidus was suppressed. Pallial/subpallial boundary shifted
dorsally, and the ventral pallium was lost. Corridor was malformed, and thalamocortical and corticofugal axons were misrouted in the

miR-9-2/3 double mutants.

Introduction

Development of mammalian telencephalon depends on the
highly ordered regulation of neural progenitor proliferation/dif-
ferentiation and neuronal migration. In the pallium, younger
projection neurons migrate radially and settle between the mar-
ginal zone and subplate to create the cortical plate in an inside-
out manner. Cajal-Retzius cells in the marginal zone provide a
critical instructive cue in the six-layer formation (Huang, 2009).
The cortical projection neurons are generated from two major
progenitor pools: radial glia in the ventricular zone (VZ) and
intermediate progenitor cells (IPCs) in the subventricular zone
(SVZ) (Guillemot et al., 2006). Several transcription factors
control the proliferation/differentiation of these cells. Foxgl
regulates progenitor proliferation and Cajal-Retzius cell dif-
ferentiation (Dou et al., 1999; Hanashima et al., 2002, 2004; Mar-
tynoga et al., 2005; Muzio and Mallamaci, 2005). Ngnl/2 and

Received Sept. 28, 2010; revised Nov. 28, 2010; accepted Dec. 20, 2010.

This work was supported by a Grant-in-Aid for Creative Scientific Research from the Japan Society for the Pro-
motion of Science. We are indebted to the Laboratory for Animal Resources and Genetic Engineering, RIKEN Center
for Developmental Biology (CDB), for their help in the generation and housing of the mutant mice. We acknowledge
Dr. Y. Sasai of RIKEN CDB for the Foxg1 antibody, Dr. K. Campbell of the University of Cincinnati College of Medicine
for the Gsh2 antibody, and Dr. Y. Hayashizaki of RIKEN Omics Science Center and the Genome Resource and Analysis
unit of RIKEN CDB for providing us FANTOM3 clones. We also thank those who provided us with probes for RNA in situ
hybridization.

Correspondence should be addressed to Shinichi Aizawa, Laboratories for Vertebrate Body Plan and for Animal
Resources and Genetic Engineering, Center for Developmental Biology, RIKEN Kobe, 2-2-3 Minatojima-
minamimachi, Chuo-ku, Kobe 650-0047, Japan. E-mail: saizawa@cdb.riken.jp.

DOI:10.1523/JNEUR0SCI.5085-10.2011
Copyright © 2011 the authors ~ 0270-6474/11/313407-16%15.00/0

Tbrl regulate the production of early-born neurons, Tbr2 directs
IPC generation, and Pax6, Nr2el/Tlx, and Id4 regulate the gener-
ation of later-born neurons (Yun et al., 2004; Bedford et al., 2005;
Guillemot et al., 2006; Molyneaux et al., 2007). In the subpallium,
lateral (LGE) and medial (MGE) ganglionic eminences generate
distinct nuclei, including the striatum and the globus pallidus,
respectively. The proliferation/differentiation of the subpallial
progenitor cells are regulated by Mash1, DIx1/2/5/6, Nkx2.1, and
Gsh2 (Anderson et al., 1997; Horton et al., 1999; Sussel et al.,
1999; Toresson et al., 2000; Yun et al., 2001; Flames et al., 2007;
Molero et al., 2009).

The expression of these genes must be finely regulated for
proper neurogenesis. microRNAs are small, noncoding RNAs
that typically bind to specific sequences in the 3" untranslated
regions (3" UTR) of target mRNAs to fine-tune protein expres-
sion (Bartel, 2009). Conditional mutants of the Dicer] gene,
which is essential to the biosynthesis of almost all microRNAs,
have indicated that microRNAs are required for brain develop-
ment (De Pietri Tonelli et al., 2008). However, the contribution
of each microRNA has been essentially unexplored. microRNA-9
(miR-9) and complementary miR-9* are abundantly expressed in
vertebrate brains (Lagos-Quintana et al., 2002; Griffiths-Jones,
2006; Kloosterman et al., 2006). In zebrafish, a knockdown study
demonstrated that miR-9 modulates the organizing activity of the
midbrain—hindbrain boundary by suppressing Fgf signaling
pathway (Leucht et al., 2008). Several studies have suggested that
miR-9/miR-9* targets Nr2el, REST, CoREST, and BAF53a to sup-
press progenitor proliferation and promotes neural differentia-
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tion (Packer et al., 2008; Yoo et al., 2009; Zhao et al., 2009). miR-9
promotes proliferation of human embryonic stem cell-derived
neural progenitors by targeting stathmin (Delaloy et al., 2010).
We have proposed that miR-9 targets Foxgl to regulate Cajal-
Retzius cell production (Shibata et al., 2008). In this study, we
generated mutant mice lacking #iR-9-2 and miR-9-3 (referred to
as miR-9-2/3 double mutants) to examine the miR-9/miR-9*
functions in telencephalic development. miR-9-2/3 double mu-
tants exhibited dysregulation of pallial and subpallial progenitor
proliferation/differentiation. Concomitantly, the double mu-
tants exhibited multiple defects in the telencephalic struc-
tures. These defects are considered to be brought about by the
dysregulation of Foxgl, Nr2el, Gsh2, and Meis2 expression.
Furthermore, we propose that miR-9 functions are modulated
by RNA-binding proteins.

Materials and Methods

Generation of miR-9-2 and miR-9-3 mutant mice. microRNA-9-2 and
microRNA-9-3 mutant mice (Center for Developmental Biology acces-
sion numbers CDB0072K and CDB0071K; http://www.cdb.riken.jp/arg/
mutant%20mice%?20list.html) were generated by gene targeting with
TT2 embryonic stem cells as described previously (Yagi et al.,, 1993).
Genomic DNA fragments were isolated by long-amplification PCR with
C57BL/6 BAC clones to construct the targeting vector (Murata et al.,
2004). The PrDT-A pA cassette is the diphtheria toxin A fragment gene
with an MC1 promoter and B-globin poly(A) signal, and the PrNeo
poly(A) cassette is the neomycin-resistant gene with a Pgk1 promoter and
simian virus 40 (SV40) poly(A) signal; they were flanked by loxP se-
quences as described (http://www.cdb.riken.jp/arg/cassette.html). Chi-
meras were mated, and mutant mice were maintained by mating with
C57BL/6 mice. Southern hybridization to identify the mutants was per-
formed as described (Murata et al., 2004). Details of the targeting strategy
will be provided on request. Genotyping of mice or embryos was rou-
tinely performed with specimens of tail, yolk sac, or a part of embryonic
tissue by PCR using a mixture of two or three primers. Primer sets used
are pl (AAACTCCTTCAAGGTCACCGAG), p2 (CCCTTTTCCCT-
GCTAGCTCTAAG), p3 (ACCCGTGATATTGCTGAAGAGCTTGG),
p4 (CCTTTGCCTTCACCCCATAA), and p5 (CGTCCGACCAGAAC-
TATAGAGGTTTA), of which locations are indicated in supplemental
Figure 2 (available at www.jneurosci.org as supplemental material). The
PCR with p1-p3 primers yields 517 and 624 bp products for the wild-type
(WT) and mutant (MT) miR-9-2 alleles and with p3—p5 606 and 856 bp
products for the wild-type and mutant miR-9-3 alleles, respectively. Two
mutant mouse lines were established from independent homologous
recombinant embryonic stem cell clones of both miR-9-2 and miR-9-3
loci; no difference in phenotype was observed between the two mutant
lines of each locus. Two independent lines were also established for miR-
9-2/3 double mutants, giving no apparent difference in phenotype. miR-
9-2 single homozygous pups died within 1 month of birth; miR-9-3 single
homozygous pups grew to adulthood, but both male and female ho-
mozygous mutants were infertile. miR-9-3 homozygous and miR-9-2
heterozygous double mutants died within 1 month of birth, and miR-9-
2/3 double homozygous mutants were obtained by crosses between dou-
ble heterozygotes. Mice were housed in environmentally controlled
rooms of the Animal Housing Facility of the Center for Developmental
Biology, RIKEN Kobe under the institute guidelines for animal and re-
combinant DNA experiments.

Plasmid construction. The procedure to generate luciferase reporter and
expression vector was described previously (Shibata et al., 2008). To
generate luciferase reporter constructs, wild-type and mutant DNA frag-
ments harboring the putative miR-9 responsive elements from the Meis2,
Islet], Gsh2, and Pax6 3' UTRs were synthesized as DNA oligonucleotides.
Their sizes were 48 —52 bp, and target sequences were placed in the middle of
each fragment: top strand, 5'-ggCGTCTCTGGGCTGATTACTTAAC-
CAAAGACAAAATAATGAGTCCTAA-3" and bottom strand, 5" -ccTTAG-
GACTCATTATTTTGTCTTTGGTTAAGTAATCAGCCCAGAGACG-3’
for Meis2; top strand, 5'-ggCGTCTCTGGGCTGATTACTTAACGTTT-
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GACAAAATAATGAGTCCTAA-3" and bottom strand, 5'-ccTTAGGACT-
CATTATTTTGTCAAACGTTAAGTAATCAGCCCAGAGACG-3’ for
mutant Meis2; top strand, 5'-ccTGTCTGTCCAAGAACTTTTC-
CCCCAAAGATGTGTATAGTTATTGGTTA-3" and bottom strand,
5'-ggTAACCAATAACTATACACATCTTTGGGGGAAAAGTTCTTGGA-
CAGACA-3' for IsletI; top strand, 5'-ccTGTCTGTCCAAGAACTTTTC-
CCCGTTTGATGTGTATAGTTATTGGTTA-3’ and bottom strand, 5'-gg-
TAACCAATAACTATACACATCAAACGGGGAAAAGTTCTTGGACA-
GACA-3' for mutant Islet]; top strand, 5'-ggCTCCTCCCCATCAGCA-
CAGGGACCAAAGTTCTAGTCCATTGCCCTCAT-3" and bottom strand,
5'-ccATGAGGGCAATGGACTAGAACTTTGGTCCCTGTGCTGA-
TGGGGAGGAG-3' for Gsh2; top strand, 5’-ggCTCCTCCCCATCAGCA-
CAGGGACGTTTGTTCTAGTCCATTGCCCTCAT-3' and bottom strand,
5'-ccATGAGGGCAATGGACTAGAACAAACGTCCCTGTGCTGATGG-
GGAGGAG-3' for mutant Gsh2; and top strand, 5'-ggGGAGCCCGGGAATG-
GACTAGAACCAAGGACCTTTGCGTACAGAAGGC-3" and bottom strand,
5"-ccGCCTTCTGTACGCAAAGGTCCTTGGTTCTAGTCCATT
CCCGGGCTCC-3' for Pax6. Underlining indicate sequences predicted to
base pair with the seed sequence of miR-9; bold letters indicate mutated
nucleotides. To construct reporters with mutant Foxgl 3" UTR in Figure
4D (Foxgl 3" UTR MTI1, MT2, MT1 + 2, and MT3), T and A were
substituted by G and C, respectively, as indicated. For the Nr2el reporter
construct, a DNA fragment containing the full-length Nr2el 3" UTR (1398
bp) was amplified from clone 3425403H08, obtained from the Functional
Annotation of Mouse-3 (FANTOM3) library (Carninci et al., 2005). Foxgl
reporter (luc—Foxgl), pEF1a—miR-9-2Wt and pEF1a—miR-9-2Mtwere con-
structed previously (Shibata et al., 2008).

To express Elavll, Elavi2, Elavl4, and Msil in the P19 cells, the protein-
coding regions of ElavlI (clone A630073F18; FANTOMS3), Elavi2 (IMAGE
identification number 6821133; Open Biosystems), Elavi4 (clone
3110037G03; FANTOM3), and Musashil (clone D130076N11; FANTOM3)
c¢DNAs were amplified by PCR and inserted into the pEF-1a vector
(Invitrogen). Primer sets used were as follows: forward, 5'-ataagaatgcggec-
gcATGTCTAATGGTTATGA-3' and reverse, 5'-atagtttagcggccgc TTATTT-
GTGGGACTTGT-3" for Elavll; forward, 5’-ataagaatgcggccgcAA-
CAAAGCAATATGAGGT-3' and reverse, 5'-atagtttagcggccgc TTAG-
GCTTTGTGCGTTT-3" for Elavl2; forward, 5'-ataagaatgcggccgc
ATGGAGTGGAATGGCTT-3" and reverse, 5'-atagtttagcggccgc TCAG-
GATTTGTGGGCTT-3' for Elavl4; and forward, 5'-ataagaatgcggcecgecac-
cATGTTCATCGGAGGACTCAG-3" and reverse, 5'-atagtttagcggecgc TTA-
CCTCCGTCTGCCTG-3' for Msil. Lowercase letters indicate linker
sequences, and underlining indicate the NotI site. To express wild-type or
mutant miR-9-2 in the P19 cells, ~200 bp of wild-type or mutant DNA
fragments obtained in the previous study (Shibata et al., 2008) were inserted
into a modified pGK vector (Gene Bridge) at the NotI site to produce pGK—
miR-9-2Wt or pGK—miR-9-2Mt. For electroporation into the telencephalon,
the protein-coding region of a human Gsh2 cDNA clone (IMAGE identifi-
cation number 30915389; Open Biosystems) and mouse Foxgl cDNA (IM-
AGE identification number 6314329; Open Biosystems) were amplified by
PCR and inserted into pCMS—EGFP vector (SV40—-EGFP; Clontech).
Primer sets used were as follows: forward, 5'-gctctagacaccATG-
TCGCGCTCCTTCTA-3" (underlining indicates Xbal site) and reverse,
5'-gctctagaTCATAAGGGGGAAATCT-3’ for Gsh2; and forward, 5'-
ggaattccaccATGCTGGACATGGGAGATAG-3" (underlining indicates
EcoRI site) and reverse, 5'-gctctagagCTAATGTATTAAAGGGTTGG-3'
(underlining indicates Xbal site) for Foxgl. Lowercase letters indicate linker
sequences.

In situ hybridization. Section in situ hybridization using antisense
DIG-labeled RNA was performed as described previously (Shibata et al.,
2008). All cDNAs used for the DIG-RNA probe synthesis were obtained
from the FANTOMS3 library, except for Wnt3a and Svetl. cDNAs for
Wnt3a and Svetl probes were gifts from Drs. A. McMahon (Harvard
University, Cambridge, MA) and P. Gruss (Max Planck Institute of Bio-
physical Chemistry, Gottingen, Germany), respectively. To detect
miR-9-1 and miR-9-3 precursors, 244 and 397 bp DNA fragments
containing loop and miR-9* sequences were amplified from the
mouse genome using T7-tagged reverse primers, and amplified PCR
fragments were used as templates to generate probes. Primer sets used were as
follows: forward, 5'-AGTGGTGTGGAGTCTTCATAAAGCT-3’ and reverse,
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5'-ccggatcctaatacgactcactatagggCCAGAGCGGCTTCTTGCTT-3' (low-
ercase letters indicate T7 promoter) for miR-9-1; and forward,
5'-AGTGCCACAGAGCCGTCATAA-3" and reverse, 5'-ccggatcctaata-
cgactcactatagggGCGTGGATTGTTCTAGCCTGAT-3’ for miR-9-3. For
the detection of miR-9-2, a cDNA clone (IMAGE identification number
6819393; Open Biosystems) was used as a template to generate probes.
The in situ hybridization data were confirmed by repeating the assay
more than twice with independent embryos from different litters.

Quantitative reverse transcription-PCR for RNAs. cDNAs were prepared
from more than three independent wild-type and miR-9-2/3 double-mutant
cerebral hemispheres from different litters, and quantitative reverse tran-
scription (RT)-PCR was performed as described previously (Shibata et al.,
2008). At least three replicates per transcript were used for every reaction.
Assays were repeated at least three times. Data are expressed as means * SD.
The copy number of transcripts was normalized against the TATA-binding
protein transcript level, and the ratio is shown as relative transcript level in
Figures 1 A, 2C, 6 D, 7B, F, and 8 B, D and supplemental Figures 1 B and 2G
(available at www.jneurosci.org as supplemental material). For all tested
primer sets, correlation (R 2) was higher than 0.98, and the slope was —3.1 to
—3.6 in each standard curve. Primers to detect Foxgl, the TATA binding
protein, miR-9-1, miR-9-2, and miR-9-3 RNAs were described previously
(Shibata et al., 2008). Primers to detect the expression of the following genes
were designed in a single exon encoding the 3’ UTR: forward, 5'-CTAAC-
CATGGCCAAGAGCTCA-3" and reverse, 5'-CTGACCAAAGCATGTGGC-
TG-3' for Foxp2; forward, 5'-ACAGGCTGAGCCAGGTTCTG-3" and reverse,
5"-AATGATTCAGCGGGATCTTCC-3" for Ni2el; forward, 5'-GAAAT-
GGCGGTTAGAAGCACTT-3' and reverse, 5'-GGGCTCCAGTTCAGGA-
CAGTT-3" for Pax6; forward, 5'-CCAGGCCCTCCAGAGACAC-3’ and
reverse, 5'-TCATTGGTGCCTGGGCTTAC-3' for Elavll; forward, 5'-CTGC-
CTCTCTCCCTGGTCG-3" and reverse, 5'-GGGCAACTGGCTAATCCAA-
AA-3' for Msil; forward, 5'- GGGAGTGACAGCGAAAACCA-3' and reverse,
5'-TGGCCCTTATCAGTTGGCTT-3" for Sox5; and forward, 5-GCTCT-
TTCACTTGACCCTCGA-3" and reverse, 5-GAGACCTGCACTTATCC-
CCG-3' for Tbrl. Primers to detect the expression of transcripts surrounding
each miR-9 precursor as shown in supplemental Figure 1B (available at
www.jneurosci.org as supplemental material): forward, 5-ACCCGG-
CAAGTGGTGACTAC-3" and reverse, 5'-TTAGGTGACAGGCGTGT-
TCCT-3' for Mef2C; forward, 5'-GGCTGGTTCTCTGTCCTGCT-3" and
reverse, 5'-CCCTTCTAGGGCACTGCATC-3' for Poly; forward, 5'-
CCCATTAGCTGTGGCCAGAA-3" and reverse, 5-GGTGGCAGTCA
CCTAGGCTG-3' for Rhcg; forward, 5'-ATTCCCCTGCGTACCTTGC-3’
and reverse, 5'-CAGCTTCCGCACGACTTTTT-3' for hs_Smarcel; for-
ward, 5-GCATAGGCAGGCAGATGGAA-3" and reverse, 5'-GAGG-
CCCTGCTTTAAGCAATAG-3' for the RT-PCR product “a” in AK043150;
forward, 5'-GTTGGCTAACGATACTGGAGATTACTT-3" and reverse,
5'-TTATTCCAAACTTTTCCCCTTCC-3’ for “b” in BC096523; forward,
5'-TTACTCTGCGCCTAGCATTGG-3" and reverse, 5'-TTTTTTGTGG-
CGTAAATGTCACTT-3' for “c” in BC096523; forward, 5'-CGCTGTA-
CACGTGCCAAAGTT-3" and reverse, 5'-GGGTCTTCTCGACTGCCT-
CTAC-3' for “d” in AK048540; forward, 5'-AGCCTGGAGACTCGCCT-
GAT-3" and reverse, 5'-GGTTGTGGTGATGGTGGTT-3’" for “e” in
AK032343; forward, 5'-AACCACCATCACCACAACC-3' and reverse,
5'-TCTTTTCTCCTGGCCCAC-3' for “f” in AK032343; forward, 5'-TGA-
TGACTAAGAAGATTGTCCTGTGAA-3" and reverse, 5'-TCAGAGCC-
TGTGCCATCACTT-3" for “g” in AK032343; and forward, 5'-TGTT-
CTGTGCCTGAGAACGG-3' and reverse, 5'-CGAGTGTGCCCTTGA-
ACCTC-3' for “h” in AK032343.

miR-9 and miR-9% quantification. Total RNAs were isolated from wild-
type and miR-9-2/3 double-mutant telencephalon using a mirVana
miRNA Isolation kit (Ambion). Quantitative RT-PCR was performed
using a Tagman microRNA Reverse Transcription kit (Ambion) and
Tagqman Universal Master MixIl, noUNG (Ambion) according to the
instructions of the manufacturer. The snoRNA202 was used as an endog-
enous internal control for normalization; after the normalization, each
transcript level was shown as the relative ratio to the level in E16.5 wild-
type cerebral hemispheres (supplemental Fig. 2 H,I, available at www.
jneurosci.org as supplemental material). Assays were repeated at least
three times with two independent embryos from different litters. Data
are presented as means * SD.
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Immunoblot, immunohistochemistry, and histology. Immunoblot and
immunohistochemistry were performed as described (Shibata et al.,
2008). Each immunoblotting was repeated more than two times with
independent embryos from different litters, and representative results
are presented in Figures 2 B, 7A, E, 9R, and 10 L. Quantification of band
intensity was performed with NIH Image] software (Abramoff et al.,
2004). Immunohistology was also confirmed by repeating the assay more
than twice with independent embryos from different litters. For immu-
nohistochemistry, the brain was dissected from each embryo and fixed
with 4% paraformaldehyde overnight at 4°C, followed by embedding in
OCT and sectioning at 14 wm. For antigen retrieval, sections were treated
with HistoVT One (Nacalai Tesque) for 20 min at 72°C. For the detection
of bromodeoxyuridine (BrdU) distribution in the pallium, sections were
treated in 1N HCI for 10 min at room temperature and then in 2N HCI
for 40 min at 37°C to denature DNA, followed by a rinse with PBS and the
antigen retrieval. Nissl staining was performed using standard proce-
dure. terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) assay was performed with the In Situ Cell
Death Detection kit (Roche) according to the instructions of the manu-
facturer. The sources of antibodies used are as follows: primary antibod-
ies used for immunohistochemistry were anti-Foxgl (1:500) (Watanabe
et al,, 2005), anti-active caspase3 (1:500; Promega), anti-Gsh2 (1:5000)
(Toresson et al., 2000), anti-Tujl (1:500; Covance), anti-calretinin (1:
1000; Millipore Bioscience Research Reagents), anti-Id4 (1:500; Santa
Cruz Biotechnology), anti-Nestin (1:100; BD Pharmingen), anti-BrdU
(1:100; BD Pharmingen), anti-Ctip2 (1:500; Abcam), anti-Sox5 (1:200;
Abcam), anti-Ki67 (1:200; Thermo Fisher Scientific), anti-L1 (1:200;
Millipore Bioscience Research Reagents), anti-TAG1 (whole serum; De-
velopmental Studies Hybridoma Bank), anti-GAP43 (1:2000; Zymed),
anti-chondroitin sulfate proteoglycans (CSPGs) (1:200; Sigma), anti-
Meis2 (1:500; Santa Cruz Biotechnology), and anti-Pax6 (1:500; Cova-
nce). Secondary antibodies were conjugated with Alexa Fluor 488 or 594
(1:200; Invitrogen). The anti-TAG1 antibody (4D7) developed by M.
Yamamoto was obtained from the Developmental Studies Hybridoma
Bank under the auspices of the National Institute of Child Health and
Human Development and maintained by the University of lowa, Depart-
ment of Biology (Iowa City, IA). Primary antibodies used for immuno-
blot were anti-Nr2E1 (1:500; Perseus Proteomics), anti-Ngn2 (1:200; US
Biological), anti-Foxgl (1:1000) (Watanabe et al., 2005), anti-Gsh2 (1:5000)
(Toresson et al., 2000), anti-Isletl (1:200; Abcam), anti-Elavl2 (1:500;
Abcam), and anti-glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (1:
5000; Abcam). Secondary antibodies were conjugated to horseradish perox-
idase (1: 2000; Millipore or Cell Signaling Technology).

Image processing. Several photographs of a section taken at the same
time were assembled into single images shown in Figures 1E,F, 2A,
5A,E, 6A,B, and 9A-D",M-N',S,U.

RNA affinity precipitation assay. The RNA affinity precipitation assay
was performed as described previously (Wakiyama et al., 2007) with
minor modifications. Mouse cortices at E17.5 were homogenized in ra-
dioimmunoprecipitation assay buffer, and homogenate was adjusted to 5
mg/ml. Ten microliters of lysates were diluted in 500 ul of binding buffer
[20 mm HEPES-KOH at pH 7.4, 150 mm NaCl, 1.5 mm MgCl,, 5%
glycerol, 0.1% Triton X-100, 1.5 mwm dithiothreitol, 0.2 mg/ml heparin,
0.2 mg/ml tRNA (Ambion), 0.25% BSA (Ambion), protease inhibitor
cocktail (Roche Diagnostics), and ribonuclease inhibitor (Invitrogen)].
The mixtures were incubated with or without biotinylated RNA (2 ug)
for 10 min at 16°C. Adding Dynabeads Myone Streptavidin T1 (Invitro-
gen), preequilibrated in the binding buffer, the mixtures were further
incubated for 15 min at 4°C. The beads were then captured with a mag-
net, washed four times with 500 ul of the wash buffer (20 mm HEPES-
KOH at pH 7.4, 150 mm NaCl, 1.5 mm MgClL,, 5% glycerol, 0.1% Triton
X-100, 1.5 mm dithiothreitol, and 0.2 mg/ml heparin), and boiled with 20
ul of SDS sample buffer. The supernatant was resolved on 10% poly-
acrylamide gels and subjected to the Elavl2 immunoblot. Biotinylated
Foxgl 3’ UTR (both wild-type Foxgl 3" UTR WT and mutated Foxgl 3’
UTR MT]1) fragments were purchased from Gene Design.

Cell culture and transfection. Cell culture and transfection for luciferase
assays were performed with P19 cells as described (Shibata et al., 2008);
P19 cells were treated with 500 nMm retinoic acid for 2 d after transfection.
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Dissociation of and electroporation into corti-
cal cells in culture were conducted as described 4
previously (Shibata et al., 2008).

Luciferase assay. Luciferase assay was per-
formed with P19 cells using a Dual-Glo Lu-
ciferase Assay system (Promega) as described
previously (Shibata et al., 2008); Renilla reni-
formis luciferase expression vector was
cotransfected for normalization. For each sam-
ple, four replicates were measured in a single
assay. Assays were repeated at least three times,
and representative results are shown. Data are
expressed as means * SD of four replicates. In
Figure 4, Band D, miR-9-2 precursor RNA and
its control oligo RNA were purchased from

>

relative transcript level
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miR-9-3

miR-9-1

Ambion and transfected into P19 cells. In Fig-

ures 6C, 7C,D, 9Q, and 10K, miR-9 was ex-
pressed by transfecting miR-9-2 precursor in B
pEFIa or pGK expression vector, and the vec-
tor served as control. The relative luciferase ac-
tivity is given as the relative ratio to the activity
observed by the control (oligo RNA, pEF]1«, or
pGK) transfection.

BrdU labeling. For the pulse labeling of cells
in S phase, timed pregnant female mice at
E12.5,E13.5,and E15.5 were injected intraperi-
toneally with a single pulse of BrdU (Roche) (50
mg/kg body weight) and killed after 30 min or
after 24 h for the dissection of embryonic
brains. For birthdating analyses, BrdU was in-
jected at E14.5, and the distribution of BrdU-
positive cells in the embryonic pallium was
determined at E18.5 as described previously
(Schuurmans et al., 2004).

Quantification of BrdU-positive, Ki67-
positive, and pH3-positive cells. In Figure 3, V'
and W, three anatomically matched cortical
sections 84 wm apart were selected from wild-
type and miR-9-2/3 double-mutant cortices.
They were immunostained with the anti-BrdU
antibody, two anatomically matched 270 X
200 wm areas, including the entire ventricular—
pial axis, were selected, and the BrdU-positive
cells in the areas were counted. For E13.5 cor-
tex, areas were divided into the VZ and SVZ
according to Tbr2 expression, and the BrdU-
positive cells in VZ and SVZ were counted. In
Figure 3X, three anatomically matched cortical
sections 84 wm apart from three cortices of
both genotypes were stained with the anti-
phospho-histone H3 antibody, and two ana-
tomically matched 200 X 200 wm areas were
selected and divided into the VZ and SVZ ac-
cording to Tbr2 expression for counting. In
Figure 5B-D, three anatomically matched cor-
tical sections 168 wm apart from wild-type and
miR-9-2/3 double-mutant cortices were im-
munostained with anti-BrdU and anti-Ki67
antibodies, and five anatomically matched
200 X 100 wm areas in the VZ and 200 X 200
um (wild-type) or 200 X 150 um (miR-9-2/3
double mutant) areas in the SVZ were selected
for counting. In Figure 5F, two anatomically matched 400 X 100 wm
areas of both genotypes were selected for the counting. The VZ and SVZ
in Figure 5B—F were defined by Tbr2 or Svetl expression, respectively,
detected by in situ hybridization of adjacent sections. In Figure 9M—P and
supplemental Figure 7A—F (available at www.jneurosci.org as supple-
mental material), BrdU- and Ki67-positive cells were counted in four and
three, respectively, 180 X 100 wm bins along the ventricular—pial axis of

E9.5

E125

E14.5

miR-9-2 +/+, miR-9-3 +/+

miR-9-2 -I-, miR-9-3 -/-

Figure 1.

E10.5

miR-9-1

E11.5 E13.5 E14.5 E15.5 E16.5

miR-9-2

miR-9-3

miR-9-2/3 double mutation. A, Quantitative RT-PCR analyses of expression levels of miR-9 precursors in developing
cerebral hemispheres at the indicated stages. See Materials and Methods for relative transcript level. B, Expression pattern of each
miR-9 precursorin E12.5 and E14.5 telencephalon by RNA in situ hybridization. In each miR-9 precursor expression, the right panels
give enlarged views of the areas boxed in the left panels. (~J, Gross phenotypes of miR-9-2/3 double mutants at P1. Dorsal views
(€, D), parasagittal sections (E, F), and frontal sections at the telencephalic level (/, J) of F2 wild-type and miR-9-2/3 double-
mutant brains, respectively. G and H gives enlarged views of the cortices boxed in E and F. E-J, Niss| staining. Scale bars: B, 100
um; C=F, 1,J,500 wm; G, H, 200 um.

the LGE. Three anatomically matched cortical sections 168 uwm (see Fig.
9M-P) or 84 um (supplemental Fig. 7A-F, available at www.jneurosci.
org as supplemental material) apart were chosen for the counting. All
these assays were repeated more than twice with three independent em-
bryos from different litters. Data are presented as means * SD. Unpaired
two-tailed Student’s t tests were performed, and p values are given in each
figure.
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ture miR-9 expression was reduced to 24
and 23% of wild type in the miR-9-2/3
double mutants at E12.5 and E16.5,
respectively (supplemental Fig. 2 H, avail-
able at www.jneurosci.org as supplemen-
tal material). The miR-9* expression was
decreased to 29 and 38% at E12.5and E16.5,
respectively (supplemental Fig. 21, available
at www.jneurosci.org as supplemental
material).

The miR-9-2/3 double mutants ob-
tained by crosses between double
heterozygotes were live born but exhib-
ited severe growth retardation with small
cerebral hemispheres and olfactory bulbs
(Fig. 1C,D), and they died within 1 week.
miR-9-2/3 double mutants exhibited de-
fects in other parts of the brain, especially

5 a2 in the inferior colliculus, but this study
§ - d ‘ * focused on the functions of miR—9 in .tel—
. ; WM W Mt encephalon development. Hlstologlc.al
E135 E16.5 analyses at postnatal day 1 (P1) (Fig.

Figure2.

out. Scale bar, 100 m.

Exo utero electroporation. Exo utero electroporation of DNA con-
structs into the cortex was performed as described previously (Shibata et
al., 2008). Gsh2 (see Fig. 9T') or Foxgl (see Fig. 9V') transgene under the
cytomegalovirus promoter was conjugated to enhanced green fluores-
cent protein (EGFP) under the SV40 promoter and electroporated into
the subpallium. In an assay, two anatomically matched sections 84 um
apart were selected from electroporated hemispheres. They were immu-
nostained with the Ki67 and GFP antibody, anatomically matched 400 X
200 um LGE areas were selected, and Ki67- and GFP-positive cells were
counted. The assays were repeated more than two times with four inde-
pendent embryos. Data are presented as means * SD. Unpaired two-
tailed Student’s ¢ tests were performed, and p values are given in the
figures.

Results

Targeted deletion of miR-9-2 and miR-9-3

miR-9/mR-9* has three precursors, miR-9-1, miR-9-2, and miR-
9-3 encoded in chromosomes 3, 13, and 7, respectively (Griffiths-
Jones, 2006) (supplemental Fig. 1 A, available at www.jneurosci.
org as supplemental material). Quantitative RT-PCR revealed
that miR-9-2 is expressed most abundantly, miR-9-3 much less
so, and miR-9-1 the least during telencephalon development
(Shibata et al., 2008) (Fig. 1A). In situ hybridization demon-
strated that, at E12.5 and E14.5, the miR-9-2 is expressed
throughout the telencephalon, whereas miR-9-1 and miR-9-3 are
mostly localized in the proliferative zone (Fig. 1 B). To assess the
functions of miR-9/miR-9* in telencephalon development, we
mutated the miR-9-2 and miR-9-3 loci by replacing 72 and 90 nt,
respectively, covering the mature miR-9/miR-9* with a neomycin
resistance cassette (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). The double mutation
abolished the miR-9-2 and miR-9-3 expression; no compensatory
increase in miR-9-1 expression was apparent (supplemental Fig.

Foxg1 expressionin miR-9-2/3 double-mutant pallium. 4, Inmunostaining with an anti-Foxg1 antibody of cortices at
indicated stages. Layers are indicated as V/Z, preplate (PP), SVZ, intermediate zone (IZ), and cortical plate (CP). B, Western blotting
for Foxg1 expressionin cerebral hemispheres dissected at E13.5and E16.5. Relative intensities of Foxg1 bands in the double mutant
are 2.0-fold and 1.0-fold of the wild type at E13.5and E16.5, respectively, as estimated by normalizing the intensities against those
of Gapdh bands. €, Quantitative RT-PCR for Foxg7 transcripts. Wt, Wild type; Mt, miR-9-2/-3 double mutant; dKO, double knock-

1E-J) showed marked reduction of the
cortical layers and VZ; concomitantly, the
lateral ventricles were expanded. In the
subpallium, the proliferating zone was hy-
perplastic, whereas differentiated struc-
tures were reduced. Neither miR-9-2 nor
miR-9-3 single homozygous mutants ex-
hibited any apparent defects in neurogen-
esis of pallium or subpallium (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material) (data not shown),
and the miR-9-2/3 double-mutant defects are apparently attrib-
utable to miR-9/miR-9* reduction (supplemental Figs. 1, 2, avail-
able at www.jneurosci.org as supplemental material).

miR-9 suppresses Foxgl protein expression for the proper
differentiation of Cajal-Retzius cells and early-born neurons
Foxgl mRNA has miR-9 responsive element in its 3" UTR (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material); it does not have miR-9* responsive element. The pres-
ence or absence of miR-9 and miR-9* responsive elements in a
mRNA was assessed as described previously (Shibata et al., 2008)
(also see Discussion). As suggested by our previous study (Shi-
bata et al., 2008), the Foxgl protein expression increased in the
miR-9-2/3 double-mutant VZ at E12.5-E14.5 (Fig. 2 A, B; Table
1); Foxgl mRNA level was essentially unaffected (Fig. 2C). Con-
comitantly, cortical hem and the pallium/subpallium boundary
(PSB)-derived Cajal-Retzius cells, marked by p73 and Ebf2, re-
spectively, were substantially reduced in the marginal zone at
E12.5 and E13.5 (Fig. 3A-D) (data not shown). Consequently,
reelin-positive Cajal-Retzius cells of multiple origins were greatly
reduced in the marginal zone (Fig. 3E, F). The Wnt3a-positive do-
main and the differentiation of early neurons marked by Tujl or
calretinin were also reduced in the cortical hem region (Fig. 3G-/)
(supplemental Fig. 5A, available at www.jneurosci.org as supple-
mental material). DbxI-positive ventral pallium from which Ebf2-
positive Cajal-Retzius cells originate (Hanashima et al., 2007) was
greatly reduced (Fig. 3K, L). The septum-derived Cajal-Retzius cells
also appeared reduced in miR-9-2/3 double mutants (supplemental
Fig. 5A, available at www.jneurosci.org as supplemental material),
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Table 1. miR-9/miR-9* target candidates

Shibata et al. ® miR-9 Regulation of Telencephalic Neurogenesis

Responsive element” Reporter assay’ Expression in double mutants
Gene miR-9 miR-9* | I Reference Protein level Reference
Foxg1 + — ! DS (ElavI2) Shibata et al., 2008; Fig. 4 1 (E13.5)pNSC(E16.5) Fig.2
CoREST + + 1 (miR-9%) NE Packer et al., 2008 NSC (E13.5) Data not shown
REST + + 1 (miR-9) NE Packer et al., 2008 NSC(E13.5) Data not shown
BAF53a + + 1 (miR-9%) NE Yoo etal., 2009 NSC (E13.5, 15.5) Data not shown
Nr2el + - NSC 1 (Elav, MsiT) Fig.7¢.D 1 (E13.9) Fig. 74
Nr2el + — ! NE Zhao etal., 2009 | (E13.9) Fig. 74
Id4 + - NSC NE Shibata et al., 2008 NSC(E12.5) Fig. 3M,N
Pax6 + - NSC NE Fig. 6C | (E15.5) Fig. 64,8
Meis2 + - ! NE Fig. 6C 1 (E15.5) Fig. 64,8
Gsh2 + - l NE Fig. 9Q 1 (E15.5) Fig.9R.S
Islet1 + - m NE Fig. 10K m 1 (E13.5) Fig. 10

“+ indicates the presence and — the absence of the miR-9 or miR-9* responsive element in the mRNA of the gene indicated.

® Reporter assay with the cells given in the reference without (1) or with () the overexpression of an RNA-binding protein indicated in the parentheses. | indicates the decrease and 7 the increase in the expression by miR-9 or miR-9*.

NSC, No significant change; DS, desupression; NE, not examined; m, moderate.
“Changes of the protein expression in miR-9—2/3 double mutants at the stage indicated in parentheses.
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Early neurogenesis in miR-9-2/3 double-mutant pallium. A-R, Marker analyses of early-born neurons at E12.5. A-H, K, L, and Q-T give RNA in situ hybridization for genes indicated;

1,J, M-P, immunostaining with an anti-Tuj1 antibody (red) and 4’,6’-diamidino-2-phenylindole (DAPI) (blue) at the cortical hem region (I, J), with anti-Tuj1 antibody and an anti-ld4 antibody
(green) in telencephalon (M, N) or with anti-Tuj1 antibody and anti-Pax6 antibody (green) in the pallium (0, P). Arrowheads in , D, K, and L indicate the ventral pallium, and arrows in K and L
indicate the normal Dbx1 expression in the thalamus. Scale bars: A-H, KN, 200 pum; 1,J,100 pem; 0-T, 50 um. U, Typical examples of distribution of BrdU-incorporated cells after 30 min labeling,
of distribution of phospho-histone H3-positive cells, and of RNA in situ hybridization for SVZ marker, Tbr2 in the neopallium at either E12.5 or E13.5. V, Quantification of BrdU-positive cells in the
entire E12.5 pallium. W, X, Quantification of BrdU-positive cells (W) and phospho-histone H3-positive cells (X) in the VZ and SVZ at E13.5. Quantification in V=X was performed as described in

Materials and Methods. Scale bar (in U), 100 um.

but more detailed analyses are required with specific markers.
Cxcl12-positive meninges that are proposed to be the substrate for
the tangential migration of Cajal-Retzius cells from the cortical hem
(Huang, 2009) and BMP7- and MsxI-positive choroidal roof and
choroid plexus developed normally (supplemental Fig. 5A, available
at www.jneurosci.org as supplemental material). There were also no
changes in the number of TUNEL-positive or active caspase3-
positive cells (supplemental Fig. 5A, available at www.jneurosci.org
as supplemental material).

Foxgl has also been suggested to promote the proliferation of
cortical progenitor cells in the VZ (Hanashima et al., 2002, 2004;

Martynoga et al., 2005). In the E12.5 pallium, Id4- or Pax6-
positive neuroepithelial cells were not significantly affected (Fig.
3M-P), and Nestin-positive radial glia cells were almost normal
in the miR-9-2/3 double mutants (supplemental Fig. 5A, available
at www.jneurosci.org as supplemental material). However, early-
differentiated Tujl-, NeuroDI-, or Tbrl-positive neurons were
significantly reduced in the preplate at E12.5 (Fig. 3M-T'). Coin-
cidentally, the calretinin-positive marginal zone and subplate
and the CSPG- or GAP43-positive subplate were reduced in the
miR-9-2/3 double mutants at E18.5 (supplemental Fig. 5B, C, avail-
able at www.jneurosci.org as supplemental material) (Fig. 10C-D").
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Figure4.  Flav2 counteraction of the miR-9-2 suppression of Foxg1 expression. A, RNA in situ hybridization of Foxg 7, miR-9,and
Elav2 expression in the wild-type neopallium at E14.5 and E16.5. B, Effects of Elav/ paralogs on the miR-9-2 suppression of
luciferase expression from a luciferase reporter conjugated to the Foxg7 3" UTRin P19 cells. See Materials and Methods for relative
luciferase activity. €, Sequences of the wild-type Foxg7 U-rich 3" UTR and its mutant forms; miR-9 responsive elements are
indicated by red letters, and substituted sequences are underlined and in blue letters. D, Luciferase expression from luciferase
reporters conjugated to the wild-type and mutant Foxg7 3" UTRs described in C. E, ElavI2 protein interaction with Foxg7 3" UTR.
Protein lysates from E17.5 cortices were incubated with biotinylated Foxg73” UTR WTor Foxg1 3" UTR MT1RNA probe. Probes were
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BrdU 30 min pulselabeling at E12.5 demon-
strated that cell proliferation was increased
by 56% in the miR-9-2/3 double-mutant
cortices compared with control cortices
(Fig. 3V). At E13.5 BrdU incorporation was
increased by 112 and 31% in the SVZ and
VZ of the double-mutant cortices, respec-
tively (Fig. 3W). Phospho-histone H3-
positive mitotic cells were also increased by
230 and 47% in the SVZ and VZ, respec-
tively (Fig. 3X). Concomitant with the in-
crease in progenitor proliferation in the
SVZ, Tbr2 expression was enhanced in the
SVZ (Fig. 3U). This is consistent with
the report that IPCs are reduced by Foxgl
haploinsufficiency (Siegenthaler et al., 2008).
Among genes suggested to regulate the pro-
duction of early-born neurons (see Intro-
duction), Ngnl, Ngn2, or Tbr] mRNAs do
not have miR-9/miR-9% responsive element.
Among miR-9/miR-9* targets demon-
strated in vitro for progenitor proliferation
(see Introduction), the protein expression
of CoREST, REST, or BAF53a was not sig-
nificantly changed in the E13.5 miR-9-2/3
double-mutant telencephalon (Table 1).

Elavl2 attenuates the miR-9

suppression of Foxgl expression

The increase in Foxgl expression in #1iR-
9-2/3 double-mutant VZ was apparent at
E14.5 but not from E16.5 onward (Fig.
2A,B). Even at these stages, miR-9 and
Foxgl expression overlapped (Fig. 4A),
implying that miR-9 suppression of Foxgl
expression was attenuated as development
proceeded. The miR-430 suppression of
Nanosl and Tdrd7 protein expression has
been reported to be cancelled by an AU-
rich RNA binding protein Dndl in germ
cells (Kedde et al., 2007). The 3" UTR of
Foxgl has U-rich sequences upstream of
the miR-9 responsive element (Fig. 4C).
Elavll/HuR, Elavl2/HuB, and Elavl4/
HuD are the AU-rich RNA-binding pro-
teins reportedly expressed in the pallium
(Deschénes-Furry et al., 2006). Among
them, Elavl2 was found to counter the
miR-9 suppression of luciferase expres-
sion from a reporter conjugated to the
Foxgl 3" UTR (Fig. 4B). This desuppres-
sion of miR-9 activity by Elavl2 required
the U-rich sequence located 5" upstream
of the miR-9 responsive element in the

<«

precipitated with streptavidin-coated beads, and hound Elavl2
protein was detected by Western blotting using anti-ElavI2
antibody. F, Increase in Foxg1 expression by Flavi2 overexpres-
sionin E12.5 cortical cells. E12.5 cortical cells were dissociated,
electroporated with control £GFP or EGFP--ElavI2 expression
vector, and cultured for 48 h. Foxg1 expression was examined
by immunostaining. Scale bars: 4, 200 wm; F, 10 m.
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Figure 5.

Progenitor proliferation in later miR-9-2/3 double-mutant pallium. 4, Typical examples of RNA in situ hybridization of Tbr2 and Svet1 expression for the VZ and SVZ, and 30 min BrdU

labeling and Ki67 staining for S phase and cycling cells in the pallium at E15.5, respectively. B, €, Quantification of Ki67-positive (B) and BrdU-positive (C) cells in the SVZ and VZ. D, Cell cycle length
asindicated by the number of BrdU and Ki67 double-positive cells among Ki67-positive cycling cells in the SVZ and VZ. E, Typical examples of 24 h BrdU labeling and Ki67 staining for cells reentering
the cell cyclein the VZatE16.5. F, Quantification of the cells reentering the cell cycle as the ratio of Ki67 and BrdU double-positive cells among BrdU-positive cells. G, Typical examples of Ki-67 staining
of E17.5 and E18.5 cortices. Quantification was performed as described in Materials and Methods. Scale bars: 4, E, G, 100 um.

Foxgl 3" UTR (Fig. 4C,D); Foxgl 3" UTRs bearing mutations in
the U-rich sequences (Foxgl 3' UTR MT1, MT2, and MTI + 2)
were suppressed by miR-9, but these suppressions were not re-
leased by Elavl2. Foxgl 3" UTR MTI1 + 2 completely lost the
ability to be desuppressed by Elavl2. In addition, RNA affinity
precipitation assay demonstrated that endogenous Elavl2 associ-
ates with Foxgl 3 UTR WT RNA probe; the association was
inefficient with the Foxgl 3" UTR MT1 probe (Fig. 4E). Further-
more, the Elavl2 overexpression in the dissociated cortical cells at
E12.5 upregulated Foxgl expression (Fig. 4F). Elavl2 was ex-
pressed in the E16.5 VZ as well as the cortical plate and interme-
diate zone, but the expression was faint in the E14.5 VZ (Fig. 4 A).
These results suggest that Foxgl expression is suppressed by
miR-9at earlier stages, but the suppression is countered by Elavl2,
whose expression increases at later stages. Concomitantly, no
significant increase in the cycling Ki67-positive or BrdU-
incorporated cells after 30 min of labeling was apparent in the

miR-9-2/3 double-mutant VZ at E15.5 as described below (Fig.
5A-C).

miR-9 enhances Nr2el and Pax6 expression, and progenitor
proliferation was suppressed in later ventricular and
subventricular zones

In P1 miR-9-2/3 double mutant, cortical layers were hypoplastic
(Fig. 1E-]). In E15.5 miR-9-2/3 double-mutant pallium, the
thickness of Tbr2-positive VZ (Tarabykin et al., 2001; Englund et
al., 2005) was almost unaffected, whereas Thr2- and Svetl-
positive SVZ (Tarabykin et al., 2001) was reduced (Fig. 5A). The
number of cycling Ki67-positive cells or of BrdU-positive
S-phase cells was significantly reduced in the double-mutant SVZ
(Fig. 5B,C). There was no significant difference in the ratio of
BrdU-positive cells among Ki67-positive cells between wild-type
and mutant SVZ (Fig. 5D), suggesting that IPCs in the mutant
pallium had a cell cycle length similar to that of the wild type. We
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Figure 6.  miR-9 regulation of Pax6 expression. A, Inmunohistology of Pax6 (green) and Meis2 (red) protein expression in the
E15.5telencephalon. B, RNA in situ hybridization of Meis2 expression, anti-Meis2 or anti-Pax6 staining, and merged views of Meis2
and Pax6 protein expression with DAPI staining in the E15.5 pallium. ¢, miR-9-2 suppression of luciferase expression from a
reporter conjugated to the wild-type and mutant Pax6 and Meis2 3" UTRs; in mutant miR-9-2 (miR-9-2Mt), the mutation was
introduced in the miR-9 seed sequences. D, Quantitative RT-PCR analyses of Pax6 mRNA expression at indicated stages. Scale bars:

A, 200 pm; B, 50 m.

also examined cell cycle reentry in the VZ at E16.5 by labeling
with BrdU for 24 h; the frequency of the cells reentering the cell
cycle is given as the ratio of BrdU and Ki67 double-positive cells
over the total number of BrdU-positive cells. This ratio was sig-
nificantly reduced in the miR-9-2/3 double-mutant VZ (Fig.
5E,F). Consistently, the number of Ki67-positive proliferating
cells in the VZ significantly decreased at E17.5 and E18.5 (Fig.
5G), suggesting the depletion of the progenitor pool in the VZ at
later stages.

Among genes suggested to regulate cortical progenitor prolif-
eration and differentiation at later phases (see Introduction), Id4,

Wt Mt WtMt Wt Mt

E12.5 E13.5 E14.5
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Pax6, and Nr2el mRNAs have miR-9
target sequences (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material); none has miR-9* re-
sponsive element. miR-9-2 did not affect
the luciferase expression from a reporter
conjugated to the Id4 3" UTR (Shibata et
al., 2008); moreover, Id4 protein expres-
sion was almost unchanged in the miR-9-
2/3 double-mutant pallium (Fig. 3M,N).
In contrast, Pax6 and Nr2el protein ex-
pressions were reduced in the E15.5 miR-
9-2/3 double mutants (Figs. 6A,B, 7A;
Table 1). However, we were unable to
demonstrate significant change of lu-
ciferase expression from a reporter conju-
gated to the Pax6 3" UTR by miR-9 (Fig.
6C). The Pax6 mRNA expression reduces
with telencephalon development (Fig. 6 D).
The double mutation did not affect the Pax6
mRNA expression initially, but the reduc-
tion was more pronounced in the miR-9-2/3
double-mutant telencephalon later than
E14.5 (Fig. 6 D). Meis2 has been known to
suppress the Pax6 expression (Agoston and
Schulte, 2009), and Meis2 mRNA has miR-9
responsive element (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material). Indeed, wild-type miR-
9-2 suppressed luciferase expression from a
reporter conjugated to the wild-type Meis2
3" UTR, whereas mutant miR-9-2 did not
(Fig. 6C). Furthermore, miR-9-2 did not
suppress luciferase expression from a re-
porter conjugated to the Meis2 3’ UTR with
amutation in the miR-9 responsive element
(Fig. 6C). Meis2 protein expression was
indeed enhanced in miR-9-2/3 double-
mutant pallium, although its expression was
not significantly changed at the mRNA level
(Fig. 6A,B; Table 1).

Nr2el expression was not significantly
changed at the mRNA level (Fig. 7B), and
miR-9-2 did not suppress luciferase ex-
pression from a reporter conjugated to
the Nr2el 3" UTR in P19 cells (Fig. 7C,D).
It is reported that RNA-binding protein
FXR1 activates protein expression from
miR369-3-targeted tumor necrosis factor
a mRNAs (Vasudevan et al., 2007). Among
RNA-binding proteins expressed in the pal-
lium (Deschénes-Furry et al., 2006), we
found that Elavll (Ma et al., 1996) and Msil (Sakakibara et al., 1996)
activated miR-9-2-directed luciferase expression from the reporter
conjugated to the Nr2el 3" UTR. Neither Elavll nor Msil activated
luciferase expression directed by mutant miR-9-2 (Fig. 7C,D). More-
over, wild-type miR-9-2, but not mutant miR-9-2, upregulated the
expression of endogenous Nr2el in P19 cells, synergistically with
Elavll (Fig. 7E). Elavll did not relieve the miR-9-directed suppres-
sion of luciferase expression from the reporter conjugated to the
Foxgl 3' UTR (Fig. 4 B), suggesting that the Elavl1 activity is specific
to Nr2el. Elavl] is expressed intensively in the VZ and moderately in
the SVZ and cortical plate (data not shown); Msil is expressed in the
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were oriented normally (supplemental
Fig. 5A, available at www.jneurosci.org as
supplemental material), and inside-out
lamination took place in the miR-9-2/3
double-mutant neopallium. Concomi-
tantly with the defects in progenitor pro-
liferation and differentiation, however,
cortical layers were hypoplastic in the P1
miR-9-2/3 double mutants (Fig. 1G,H).
At E18.5, Foxp2- or Thrl-positive layer VI
was almost normally generated, whereas
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changed at E13.5 or E14.5 (Fig. 8 B). Con- 0
. . . .1 Wt Mt Wt Mt
versely, birthdating analysis also indicated
that the number of BrdU-positive cells la- Figure7. miR-9regulation of Nr2e1 expression. A, Western blotting for Nr2e1 expression in E13.5 pallium and subpallium, with

beled at E14.5 was significantly decreased
in mutant layer II-1II, defined by CuxI
expression at E18.5 (Fig. 8C). Notably, the
Er81-positive layer V was also reduced,
whereas Ctip2 expression was expanded
into deeper layers in miR-9-2/3 double
mutants (Fig. 8 A); Er81 marks all layer V
neurons, whereas Ctip2 marks corticospi-
nal motor neurons (Molnar and Cheung,
2006). Moreover, the Sox5 expression in V
and VIlayers was also decreased in the double mutants to approx-
imately one-third of the wild-type level (Fig. 8 A, D). Neither Er81
nor Ctip2 mRNAs have miR-9 responsive elements. Er81 is
known to be a downstream target of Pax6 in cortical progenitors
(Tuoc and Stoykova, 2008), and we speculate that the reduction
of Er8I-positive layer V is attributable to the Pax6 reduction.
Sox5 is also known to suppress Ctip2 expression in layer VI and
the subplate (Kwan et al., 2008; Lai et al., 2008), and we assume
that the expansion of Ctip2 expression is attributable to the Sox5
reduction. However, Sox5 mRNA does not have miR-9 re-

Ngn2 as a negative control and Gapdh as a loading control. B, Quantitative RT-PCR for Nr2e7 mRNA expression in cerebral
hemispheres dissected at E16.5. , D, Effects of Elav/T and Elavi2 (C) and MsiT (D) on luciferase expression from a luciferase reporter
conjugated to the Nr2e7 3" UTRin P19 cells. No miR-9 suppression of luciferase expression was observed from luciferase reporters
conjugated to the 1.4 kb full-length Nr2e7 3" UTR (C, D) as used by Zhao et al. (2009) or with four tandem repeats of its 50 nt
fragment containing miR-9 responsive element (data not shown). E, Increase in the endogenous Nr2e1 expression in P19 cells by
Elavl1 and miR-9. P19 cells were transfected with Elav/7 and/or miR-9 expression vectors as indicated, and Nr2e1 expression was
detected by Western blotting. Numerals give the relative intensity of each Nr2eT band to that in control in which pEF7cx and pGK
vectors were transfected; each band intensity was normalized by the intensity of Gapdh band. F, Quantitative RT-PCR analysis of
ElaviT and MsiT mRNA expression in wild and miR-9-2/3 double-mutant cortices at E16.5.

sponsive element; thus, miR-9 must enhance Sox5 expression
indirectly.

As expected from the malformation of cortical layers, each
cortical projection was greatly reduced in the miR-9-2/3 double
mutants. Axons of commissural neurons labeled by L1 (corpus
callosum, anterior commissure, and fornix/hippocampal com-
missure) were poorly formed (Fig. 8 E-J), and corticofugal axons
(CFAs) labeled by TAG-1 and L1 were also thin in the miR-9-2/3
double-mutant pallium (see Fig. 10 A-D"). Furthermore, the cortical
interneurons that are born in the subpallium and tangentially
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Layer formation in miR-9-2/3 double-mutant neopallium. 4, Marker analysis for layer formation at E18.5. B, Quantification of Foxp2 mRNA expression at indicated stages. C, Birthdating

analysis of the E18.5 cortex by BrdU labeling at E14.5. D, Quantitative RT-PCR analysis of Sox5 and Tbr7 mRNA expression in the pallium at E14.5. E-J, Anti-L1 staining for corpus callosum,
fornix/hippocampal commissure (arrowheads), and anterior commissure (arrow). Sectionsin E, F, I, and J were immunostained as described in Materials and Methods, whereas the section in G and
H was stained with 3,3"-diaminobenzidine tetrahydrochloride afterimmunoreaction with the secondary antibody conjugated to horseradish peroxidase. Scale bars: 4, E-J, 200 um; €, 100 em.

migrate into the pallium were scarcely present in the miR-9-2/3
double-mutant pallium (supplemental Fig. 6 A—], available at
www.jneurosci.org as supplemental material); this is coincident
with the malformation of the intermediate and marginal zones
that provide interneuron passages (Métin et al., 2006) or the
reduction of TAG-1- or reelin-positive cells that guide the migra-
tion (Denaxa et al., 2001; Morante-Oria et al., 2003). However,
interneurons were apparently normally specified in MGE (supple-
mental Fig. 6K, L, available at www.jneurosci.org as supplemental
material). Moreover, interneurons in the rostral migratory stream to
the olfactory bulb were also generated apparently normally in the
miR-9-2/3 double-mutant LGE (supplemental Fig. 6 M, N, available
at www.jneurosci.org as supplemental material).

miR-9 suppresses Gsh2 and Foxgl expression and progenitor
proliferation is enhanced in the miR-9-2/3 double-mutant
subpallium

Morphologically, the miR-9-2/3 double-mutant subpallium was
almost normal at E12.5 (Fig. 3A—H,K-N) (data not shown) but
hyperplastic at E15.5; the cell-dense proliferating field was mark-
edly expanded into the deep differentiating field (Figs. 1E,F,
9A,B). Indeed, the Brn2- and Mashl-positive fields expanded
deeply in the miR-9-2/3 double-mutant subpallium (Fig. 9C,D,
C".D",E,F). Concomitantly, the Ctip2-, Lmo4-, and Foxpl-

positive differentiating field (Hermanson et al., 1999; Tamura et
al., 2004; Arlotta et al., 2008) was greatly reduced (Fig. 9C'-D",G—
J). The Islet1-positive LGE SVZ (Stenman et al., 2003a) was also
markedly expanded, whereas that in the differentiating area was
reduced (Fig. 9K, L). At E15.5, the number of BrdU-positive and
Ki67-positive cells in the lateral ganglionic eminences was in-
creased in the miR-9-2/3 double-mutant LGE (Fig. 9M-P), par-
ticularly in the deeper area. However, such hyperproliferation
was not apparent at E12.5 (supplemental Fig. 7A—F, available at
www.jneurosci.org as supplemental material).

Among genes reported to be essential to progenitor cell pro-
liferation in the VZ and SVZ of ganglionic eminences (see Intro-
duction), we found none has miR-9* responsive element, and
neither Mash1, DIx1/2/5/6, nor Nkx2.1 has miR-9 responsive el-
ement. Gsh2 mRNA, however, has miR-9 responsive element in
its 3" UTRs (supplemental Fig. 3, available at www.jneurosci.org
as supplemental material). Wild-type miR-9-2 effectively sup-
pressed the expression of luciferase from a reporter conjugated to
the wild-type Gsh2 3" UTR but not the 3’ UTR, of which the
miR-9 responsive element was transversely mutated (Fig. 9Q).
Gsh2 protein level was indeed enhanced in the miR-9-2/3 double-
mutant compared with the wild-type subpallial region (Fig. 9R, S;
Table 1). In addition, Gsh2 overexpression in the LGE region by
electroporation markedly enhanced the number of Ki67-positive
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Figure 9.  miR-9 requlation of cell proliferation and neural differentiation in the subpallium. A, B, Coronal sections of the E15.5 telencephalon stained with hematoxylin/eosin. Arrowheads
indicate TCA trajectories, and arrows the intermediate zones. €, D, Anti-Brn2 staining of the E18.5 subpallium for the proliferative zone. C’, D’, Anti-Ctip2 staining for the (Figure legend continues.)
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cells (Fig. 9T'). Foxgl is also expressed in subpallium, but its role
in subpallial progenitor proliferation and differentiation has
been unclear in Foxgl mutants because of the earlier defect in the
subpallial specification (Martynoga et al., 2005; Manuel et al.,
2010). Foxgl protein expression was modest in the E15.5 wild-
type subpallium but enhanced in the miR-9-2/3 double-mutant
subpallium (Fig. 9U); this increase was not apparent in the E12.5
miR-9-2/3 double-mutant subpallium (supplemental Fig. 7G,H,
available at www.jneurosci.org as supplemental material). In ad-
dition, Foxgl overexpression enhanced the proportion of cycling
cells in the subpallium (Fig. 9V).

Dorsal shift of pallial-subpallial boundary

The PSB is proposed to be determined by the counteraction of
Pax6 and Gsh2 (Toresson et al., 2000; Yun et al., 2001). The PSB
also shifts dorsally in Nr2el mutants (Stenman et al., 2003b).
Consistent with the reduction of Pax6 and Nr2el expression and
the increase of Gsh2 expression in the miR-9-2/3 double mutants,
the Tbhr2/Gsh2 boundary that marks the PSB shifted dorsally and
coincided with the morphological flexure between the pallium
and subpallium (supplemental Fig. 8 A-D, available at www.
jneurosci.org as supplemental material). The PSB is also marked
morphologically by a fasciculated palisade of radial glial fibers
(Stenman et al., 2003b). In miR-9-2/3 double mutants, the
Nestin-positive glial palisade was aberrant and less fascicu-
lated (supplemental Fig. 8 E, F, available at www.jneurosci.org
as supplemental material). With the dorsal shift of the PSB, the
Dbx1-positive ventral pallium that juxtaposes to the PSB was
greatly reduced as stated above (Fig. 3K, L), and Er81-positive
basolateral amygdala that derives from the pallium (Stenman
et al., 2003b) was lost in the miR-9-2/3 double mutants (sup-
plemental Fig. 8G,H, available at www.jneurosci.org as sup-
plemental material).

Thalamocortical axon and CFA projections are misrouted
with corridor malformation in MGE

In the miR-9-2/3 double-mutant ventral telencephalon, CFAs
poorly innervated the internal capsule (Fig. 10A—D"). Thalamo-

<«

(Figure legend continued.)  striatal neurons in the adjacent sections. €, D", Their merged
views. €, D", The enlarged views of the regions boxed in ", D". E-L, RNA in situ
hybridization of Mash1 (E, F) expression for the proliferative zone at E17.5, of Lmo4 (G, H)
and Foxp1 (I, J) expression for the striatal neurons at E17.5, and of /s/etT (K, L) expression
for striatal neurons (arrowheads) and SVZ (arrows) at E15.5. M=N’, Typical examples of
30 min BrdU labeling for S-phase cells (M, N) and Ki67 staining for cycling cells (M’, N") in
the E15.5LGE. 0, P, The number of BrdU-positive (0) and Ki67-positive (P) cells in the four
bins along the ventricular—pial axis of the LGE shown in M-N". Quantification was per-
formed as described in Materials and Methods. Q, Luciferase expression from a luciferase
reporter conjugated to the wild-type and mutant Gsh2 3" UTR: the mutation was intro-
duced in the miR-9 responsive element. R, Western blotting for Gsh2 expression in cere-
bral hemispheres at E15.5. Quantification of the Gsh2 protein level by normalizing with
Gapdh levels (loading control) indicated 1.7-fold increase in miR-9-2/3 double-mutant
telencephalon. S, Anti-Gsh2 staining in the wild-type and double-mutant E15.5 LGE re-
gion. T, V, The effects of Gsh2 (T) and Foxg1 (V) overexpression by exo utero electropora-
tion at E13 or E12 on cell proliferation in the subpallium at E15 or E14, respectively. The
percentage of Ki67 and EGFP double-positive cells among total EGFP-positive cells is
indicated. Quantification was performed as described in Materials and Methods. U, Anti-
Foxg1 staining in the wild-type and miR-9-2/3 double-mutant E15.5 LGE region. A-L,
M-N', S, and U are all coronal views. Nr2e1 is known to promote cell proliferation in
subpallium (Stenman et al., 2003c), and thus the reduction in Nr2e1 expression in E15.5
miR-9-2/3 double-mutant subpallium (Fig. 74) cannot account for the hyperproliferation
of progenitors in the miR-9-2/3 double-mutant subpallium. The areas of each bin in
(M-N') are 180 X 100 wm. Scale bars: A, B, M-N', 100 wm; -D”", E-L, 300 m; (",
D", 10 m; S, U, 200 wm.
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cortical axons (TCAs) labeled by L1 and GAP43 were nearly lost
before reaching the internal capsule, and a majority of fibers ab-
normally descended into the hypothalamus (Figs. 9A,B, 10A—
D"). Islet1- and Meis2-positive corridor neurons, which originate
from the LGE and locate between the Nkx2.I-positive proliferat-
ing zone and globus pallidus (Lépez-Bendito et al., 2006) (Fig.
10E,E',G,G'), are known to function as a gateway for TCA tracts
to the internal capsule. Nkx2.I-positive globus pallidus was
nearly lost (Fig. 10 E-H ), and Islet1- and Meis2-positive corridor
neurons were expanded or dispersed in the miR-9-2/3 double
mutants (Fig. 10E",F',G’,H"). In a mutant that has no Pax6 ex-
pression in the ventral telencephalon, the corridor cells are dis-
persed and TCA is not trajected into the telencephalon (Simpson
etal., 2009). This Pax6 expression was, however, not significantly
altered in the miR-9-2/3 double mutant at E15.5 (Fig. 101,]). Not
only Meis2, as described above, but also Islet] mRNA has miR-9
responsive elements (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Meis2 protein level was
increased in the miR-9-2/3 double-mutant subpallium (Fig.
6A, B). Wild-type miR-9-2 moderately suppressed luciferase ex-
pression from a reporter conjugated to the Islet] 3" UTR (Fig.
10K). The increase in Islet] protein expression was also moderate
in the miR-9-2/3 double-mutant subpallium (Fig. 10L; Table 1).

Discussion
The miR-9-2/3 double mutants demonstrate that miR-9 orches-
trates neurogenesis in the pallium and subpallium by regulating
the expression of multiple genes that function in progenitor pro-
liferation and differentiation. Furthermore, we propose that
these miR-9 functions are modulated by the RNA-binding pro-
teins. Increase in Foxgl expression in miR-9-2/3 double mutant
at early neurogenic stages is consistent with the reduction in
Cajal-Retzius cells and early-born neurons (Dou et al., 1999; Ha-
nashima et al., 2002, 2004; Martynoga et al., 2005; Muzio and
Mallamaci, 2005). Nr2el and Pax6 reduction is also consistent
with the decrease in later progenitor proliferation in pallium
(Stenman et al., 2003b; Roy et al., 2004; Schuurmans et al., 2004)
and the increase in Gsh2 and Foxgl expression with the increase
in progenitor proliferation in subpallium (Toresson et al., 2000;
Yun etal., 2001) in this study. However, the Foxgl increase was at
a twofold level, and it is a question whether this level of Foxgl
increase can fully explain the reduction of Cajal-Retzius cells and
early-born neurons; the question remains for future studies such
as Foxgl overexpression or the miR-9-2/3 compound mutation
with heterozygous Foxgl mutation. It should also be examined
whether and how Nr2el or Pax6 overexpression can restore the
later pallium phenotype in the miR-9-2/3 double mutants. Gsh2
increase in the miR-9-2/3 double mutants was also ~1.7-fold and
Islet] increase was ~1.4-fold. It is plausible that miR-9 targets
many more genes in each event. The miR-9 regulation of each
gene is moderate, and the regulation of a single gene by miR-9
might not be responsible in each phenotype; rather, miR-9 mu-
tant phenotype might be explained by the cumulation of the
moderate reduction of multiple genes that participate in an event.
Previous studies (Bhattacharyya et al., 2006; Kedde et al.,
2007; Vasudevan and Steitz, 2007; Vasudevan et al., 2007) and
this study strongly suggest that it depends on the context of RNA-
binding proteins expressed whether a microRNA suppresses or
enhances the protein expression or has no effect. The Foxgl 3’
UTR has U-rich sequences, and this study proposes that the
miR-9 suppression of Foxgl protein expression is countered by
an AU-rich RNA binding protein, Elavl2, later than E15.5. We
also propose that miR-9 targets Nr2e] mRNA to enhance its pro-
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Figure 10.  Corticofugal and thalamocortical projections with corridor malformation in miR-9-2/3 double-mutant subpallium. A, B, Anti-L1 staining for CFAs and TCAs at E18.5. 4", B, Enlarged

views of the internal capsule areas boxed in A and B. (, D, Anti-TAG1 (red) and anti-GAP43 (green) staining for CFAs and TCAs/subplate at E18.5. €', D', Enlarged views of the areas boxed in Cand
D. Scale bars: A-D, 100 wm; ¢, D', 50 em. RNA in situ hybridization of Nkx2.1 for the proliferating field of the MGE and globus pallidus at E13.5 (E, F), of Islet 1 for corridor in sections adjacent to
Eand F(E',F"), and of Nkx2.7 (G, H) and Meis2 (G, H') for the ventral telencephalon in adjacent sections at E15.5. 1, J, Anti-Pax6 (green) and Tuj1 (red) staining in the E15.5 subpallium. Arrowheads
indicate the globus pallidus in Eand G; arrows indicate the MGE VZin E-H, and brackets indicate the corridorin E'—H’ . Scale bars: E-F', 50 m; G—H’, 200 um; 1,J,100 em. K, miR-9-2 suppression
of luciferase expression from a reporter conjugated to the /slet7 3" UTR. L, Moderate increase of Islet1 expression in E13.5 miR-9-2/3 double-mutant cerebral hemispheres.

tein expression in cooperation with Elavll and/or Msil. Notably,
miR-9 suppresses the expression of luciferase conjugated to the
1.4 kb Nr2el 3" UTR in HEK 293 cells and adult neural stem cells
(Zhao etal., 2009). We speculate that the discrepancy is explained
by differences in cell types or RNA binding protein repertoires.
Extensive analysis of factors that bind to Foxgl and Nr2el 3’
UTRs site and stage specifically are required to clarify the precise
mechanisms of the miR-9 regulation of Foxgl and Nr2el expres-
sion. miR-9 was ineffective on Id4 and Pax6 3’ UTRs and only
marginally effective on Islet] 3" UTR in the luciferase assay with
the P19 cells. However, miR-9 might also target these mRNAs
efficiently in vivo in the presence of RNA binding proteins that
are missing or insufficient in the P19 cells. At the same time, the
possibility that miR-9 enhances Nr2el expression indirectly by
suppressing a gene that inhibits Nr2el expression cannot be ruled
out. This possibility will be tested in future studies by deleting the
miR-9 responsive element in endogenous Nr2el; Nr2el expres-
sion from such allele should not be affected by miR-9-2/3 defi-
ciency if miR-9 directly targets Nr2el.

Cajal-Retzius cells are reduced in miR-9-2/3 double mu-
tants as expected from our previous study (Shibata et al.,

2008). However, a significant number of Cajal-Retzius cells
remain in the miR-9-2/3 double mutants, explaining the nor-
mal lamination in the inside-out pattern (Yoshida et al.,
2006). The presence of miR-9-1 in the miR-9-2/3 double mu-
tants might explain the incomplete loss of Cajal-Retzius cells
(Fig. 3A-F). Alternatively, microRNAs fine-tune protein ex-
pression levels rather than completely switching gene expres-
sion on and off, and a significant number of Cajal-Retzius cells
might be generated even if miR-9 were completely lost. This
must await the analyses of miR-9-1/2/3 triple mutants, and the
issue must be kept in mind in interpreting all phenotypes of
miR-9-2/3 double mutants.

We propose that miR-9 targets Meis2 in both pallium and
subpallium, but the roles of Meis2 in telencephalon development
remain to be demonstrated. The mechanisms of the Meis2- and
Islet-1-positive corridor expansion, including whether it is a real
expansion or dispersion brought about by the loss of Nkx2—1-
positive globus pallidus, and the significance of the corridor ab-
normality in TCA projection require additional studies. No
reduction of corridor was reported in Islet] knock-out mutants
(Elshatory and Gan, 2008), but the effects of Islet1 overexpression
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in the corridor formation remain to be determined. The reduc-
tion of differentiating field in subpallium but normal differenti-
ation of interneurons as well as details of the lack of tangential
migration of interneurons in miR-9-2/3 double mutants also re-
quire additional study; reduction in striatum differentiation but
normal interneuron generation was observed in Nr2el mutant
LGE (Stenman et al., 2003c). The reason why the layer VI was
apparently normal in the double mutants, against the increase in
progenitor proliferation and decrease in neuronal differentiation
at E12.5, remains uncertain; layer VI neuron production was
caught up at E13.5 in miR-9-2/3 double mutants. To explain this,
the origin of layer VI neurons or the birthdate analysis of double-
mutant progenitor cells must first be examined in detail during
E12.5-E13.5. miR-9* expression was decreased to 38% in miR-9-
2/3 double-mutant telencephalon at E16.5, but this study could
not demonstrate miR-9% functions in neurogenesis in telen-
cephalon. More detailed studies are required to assess miR-9*
regulation of REST, CoREST, and BAF53a expression; it might
be stage- and/or site-dependent in terms of RNA binding part-
ners. In addition, we could not find other miR-9* target can-
didates with the criteria described in the previous paper
(Shibata et al., 2008). The criteria include the conservation of
miR-9% responsive element among mouse, human, and chick
orthologs, and the analyses of genes that conserve miR-9/
miR-9* responsive elements between mouse and human or-
thologs may be desired. A lot of questions remain to future
studies. Nevertheless, the study fully demonstrates that miR-9
is a crucial regulator of progenitor proliferation in both the
pallium and subpallium through the regulation of multiple
genes.

Finally, defects in subpallial development in the miR-9-2/3
double mutant are reminiscent of mutant mice in which exon 1 of
huntingtin (Htt) was replaced with a human mutant Htt exon 1;
progenitor proliferation is enhanced, and differentiation sup-
pressed, in the striatum (Molero et al., 2009). Huntington’s dis-
ease is a neurogenic disorder associated with dysfunction and
degeneration of mainly medial spiny neurons of the striatum,
having a midlife onset. However, the nexus of Huntington’s dis-
ease might occur at an earlier time in the specification of the
neurons (Molero et al., 2009). Nuclear localization of REST by
Htt mutation with an expanded polyglutamate stretch is one pu-
tative molecular mechanism underlying Huntington’s disease
pathogenesis (Zuccato et al., 2003). REST suppresses the tran-
scription of neuron restrictive silencer element-controlled neural
genes. miR-9/miR-9* is reported to suppress REST and CoREST
expression in vitro (Packer et al., 2008) and REST in turn to
suppress miR-9 expression for progenitor proliferation (Conaco
et al., 2006). Furthermore, miR-9/9* expression was signifi-
cantly decreased in Huntington’s disease patient cortices
(Packer et al., 2008). In vivo functions of REST in neurogenesis
in mouse telencephalon have been not demonstrated, and
REST expression was not significantly altered in miR-9-2/3
double-mutant E13.5 telencephalon. However, more detailed
analysis, especially on miR-9-1/2/3 triple mutants, is worth-
while to elucidate the significance of miR-9/miR-9* functions
in the neurogenesis as well as in the pathological mechanisms
of Huntington’s disease.
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