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MicroRNA (miRNA) is a type of short-length (∼22 nt) non-coding RNA. Most miRNAs are
transcribed by RNA polymerase II and processed by Drosha-DGCR8 and Dicer complexes
in the cropping and dicing steps, respectively. miRNAs are exported by exportin-5 from
the nucleus to the cytoplasm after cropping. Trimmed mature miRNA is loaded and tar-
gets mRNA at the 3′ or 5′ untranslated region (UTR) by recognition of base-pairing in the
miRNA-loaded RISC, where it is involved in gene silencing including translational repres-
sion and/or degradation along with deadenylation. Recent studies have shown that miRNA
participates in various biological functions including cell fate decision, developmental tim-
ing regulation, apoptosis, and tumorigenesis. Analyses of miRNA expression profiles have
demonstrated tissue- and stage-specific miRNAs including the let-7 family, miR-124, and
miR-9, which regulate the differentiation of embryonic stem cells and/or neurogenesis.
This review focuses on RNA-binding protein-mediated miRNA biogenesis during neuroge-
nesis.These miRNA biogenesis-relating proteins have also been linked to human diseases
because their mutations can cause several nervous system disorders. Moreover, defects
in core proteins involved in miRNA biogenesis including Drosha, DGCR8, and Dicer pro-
mote tumorigenesis. Thus, the study of not only mature miRNA function but also miRNA
biogenesis steps is likely to be important.
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INTRODUCTION
MicroRNAs (miRNAs) are 22–24 nucleotide (nt) single-stranded
non-coding RNAs (ncRNAs) that play an important role as genetic
regulators of development, differentiation, growth, and neurogen-
esis. Although some miRNAs are transcribed by RNA polymerase
(pol) III (Borchert et al., 2006), most miRNAs are produced as pri-
mary miRNA (pri-miRNA) including 5′ cap and 3′ poly(A)-tails
by pol II (Lee et al., 2004). The pri-miRNA is produced as two dif-
ferent transcripts (intergenic and intragenic products; please see
below Transcription of miRNA; Figure 1).

The processing of miRNAs includes both cropping and dicing
steps. The pri-miRNA is processed as precursor-miRNA (pre-
miRNA) hairpins of approximately 60–100 nt by the microproces-
sor in the nucleus that includes the nuclear RNase III enzyme
Drosha and DGCR8 (DiGeorge syndrome critical region gene
8); this is known as the cropping step. In addition, approxi-
mately 50% of mammalian miRNAs are expressed from introns
of protein-coding genes (Saini et al., 2008). In an alternate or
Drosha-bypassing pathway, mirtrons, which mimic the structural
features of pre-miRNAs, are generated as branched intron lar-
iat pre-mirtrons during an ordinal splicing step (Okamura et al.,
2007; Ruby et al., 2007). The pre-miRNA and mirtron hairpins are
exported to the cytoplasm by exportin-5 and Ran-GTP (Figure 1;
Yi et al., 2003). The pre-miRNA is then cleaved near its termi-
nal loop by the RNase III enzyme Dicer to form mature miRNA
of approximately 22-nt miRNA duplexes in the cytoplasm; this
is known as the dicing step. The cleaved miRNA duplex contains
mature miRNA (the guide) and miRNA∗ (the passenger) strands,
whose strands demonstrate a 2-nt 3′ overhang due to RNase III

enzyme-mediated cleavage. The mature miRNA is incorporated
into the RNA-induced silencing complex (RISC), referred to as the
miRNA-loaded RISC (miRISC), while the non-functional passen-
ger strand is generally degraded. Finally, the miRISC is capable of
conducting RNA-based gene silencing through base-pair match-
ing between the 3′ (or 5′) untranslated region (UTR) of target
RNA and positions 2–8 from the 5′ end of the miRNA, known as
the “seed” sequence (Bartel, 2009).

Several recent studies have discussed the biological mecha-
nisms of miRNA regulation in the nervous system. In this review,
we highlight recent contributions to our understanding of the
molecular mechanism of neural stem cell (NSC) maintenance
and neurogenesis by mature miRNA, and how their expression
is regulated during miRNA biogenesis by RNA-binding proteins.

TRANSCRIPTION OF miRNA
In mammals, miRNAs are categorized as either intergenic or
intragenic miRNAs in the genomic position: the former can be
transcribed by pol II or pol III, while the latter can be done
by pol II including intronic or exonic miRNAs. Intergenic miR-
NAs are synthesized from their own promoters, which are gener-
ally more evolutionarily conserved than intronic miRNAs, while
intragenic miRNAs are synthesized with their host genes from
the host transcriptional start sites (Kim et al., 2009b). Some
intronic miRNAs,which have shorter precursor stem’s lengths than
canonical miRNAs, are processed as spliced-out introns (so-called
mirtrons; Ozsolak et al., 2008). Pol III is involved in transcrib-
ing miRNAs that have upstream Alu-, tRNA-, and mammalian-
wide interspersed repeat (MWIR) promoter units. The human
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FIGURE 1 | MicroRNA biogenesis pathway including some

regulations of RNA-binding proteins. Pol II or pol III transcribe miRNAs
as pri-miRNAs including a 5′ cap and poly(A)-tail, while pre-miRNAs (or
mirtrons) are processed by microprocessor or canonical spliceosome
(Drosha-bypassing pathway) and exported by exportin-5 from the nucleus
to the cytoplasm. Exported pre-miRNAs are processed by the Dicer
complex or Ago2 (Ago2-mediated cleavage in miR-451). Most trimmed

miRNAs (but not miRNA* passenger strand) are sorted in the RISC
complex, which includes Ago proteins, incorporated in the miRISC, and
finally involved in gene silencing of their target mRNA by base-paring of
the seed sequence. Gene silencing including translational repression and
degradation via deadenylation of poly(A)-tail functions in the miRISC.
Some RNA-binding proteins may regulate each biogenesis step (please
see the text).

Frontiers in Neuroscience | Neurogenesis March 2012 | Volume 6 | Article 30 | 2

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neurogenesis
http://www.frontiersin.org/Neurogenesis/archive


Kawahara et al. miRNA biogenesis during neurogenesis

chromosome 19 miRNA cluster (C19MC), which contains 46
intronic miRNAs, 37 repeated exons, and many Alu sequences, is
transcribed by pol III (Borchert et al., 2006; Bortolin-Cavaille et al.,
2009). Interestingly, C19MC is a novel biomarker of the central
nervous system primitive neuroectodermal tumor (CNS-PNET).
Screening of about 40 CNS-PNET patients using microarray (SNP
and dChip) analysis indicated a frequent high-level amplicon at
chr19q13.41, whose locus contains C19MC. Either miR-520g or
517c overexpression enhanced cell growth and transformation in
xenografted mice and inhibited differentiation of human NSCs via
Wnt signaling. Remarkably, the results of Kaplan–Meier analysis
(n = 25) revealed that overall survival was significantly reduced in
C19MC-amplified patients, and tissue microarrays only detected
the C19MC amplicon in CNS-PNET but not in 263 other brain
tumors (Li et al., 2009).

CROPPING OF miRNA
In the cropping step associated with transcription of intergenic
miRNA (pri-miRNA, average length 100–1000 nt), miRNA is rec-
ognized at a bulge site between upper stem and lower stem regions
(Han et al., 2006) and cleaved by the microprocessor (Drosha
and DGCR8). Then pri-miRNA is converted into trimmed pre-
miRNA of approximately 60–100 nt with a 2-nt overhang at the
3′ end (Lee et al., 2003). Human Drosha-associated proteins have
been biochemically identified as two discrete small and large mole-
cular weight complexes using FLAG-tagged immunoprecipitation
in FLAG-Drosha-expressing HEK293T cells (Gregory et al., 2004;
Han et al., 2004). The larger Drosha complex contains multiple
classes of RNA-binding proteins [hnRNPs (heterogeneous nuclear
ribonucleoproteins), DDXs (DEAD-box), and RRM-type pro-
teins], and the smaller complex contains DGCR8. However, the
larger complex has an insignificant effect on the cleavage activ-
ity of pri-miRNAs; thus, the smaller complex Drosha-DGCR8 is
considered the microprocessor (Gregory et al., 2004).

MicroRNA biogenesis is often regulated at the post-
transcriptional level (Newman and Hammond, 2010; Siomi and
Siomi, 2010). Some pri-miRNAs are not cropped and remain
present at high levels, and pre-miRNAs are not necessarily
processed into mature miRNAs at the dicing step, leading to the
induction of mature miRNA expression during developmental
stages (Thomson et al., 2006). Various studies suggest that the
cropping step is an important step in miRNA biogenesis, whose
mechanism is regulated by many RNA-binding proteins, such as
DDX5, DDX17, KSRP (K-homology splicing regulator protein),
hnRNP A1, hnRNP L, NF complex (NF90 and NF45), Musashi1,
and Lin28 (Yamagata et al., 2009; Michlewski and Caceres, 2010;
Newman and Hammond, 2010; Siomi and Siomi, 2010; Kawahara
et al., 2011).

In ATP-dependent DEAD-box RNA helicase DDX5/p68- and
DDX17/p78-null mice, a global survey of miRNA microarray
expression indicated decreased expression of many miRNAs except
for miR-19a, and DDX5–DDX17 was found to interact with mouse
Drosha in vivo in co-immunoprecipitation experiments. Although
other Drosha-associated proteins demonstrate consistent results
between human and mouse Drosha complex (Gregory et al., 2004;
Fukuda et al., 2007), the mouse Drosha complex is purified as a sin-
gle large complex. The production of pre-miRNA was significantly

decreased when pri-miRNA processing was performed under
conditions of DDX5 or DDX17 knockout or in the presence of
an ATP analog. By contrast, ATP stimulated production of pre-
miRNA in a concentration-dependent manner (Fukuda et al.,
2007). These results suggest that DDX5–DDX17 is required for
recognition of a subset of pri-miRNAs in Drosha-mediated pro-
cessing (Figure 1). How DDX15–DDX17 specifically recognizes
the miRNAs is unclear.

Lin28 has been identified as a key gene in the control of the
succession of patterns of division and differentiation during C.
elegans larval stages, which has been to depend on repression of
lin28 mRNA by lin-4 miRNA (Moss et al., 1997). The human
homolog of Lin28 used as a reprogramming factor to establish
iPS cells (Yu et al., 2007). The highest expression of Lin28 peak
occurs at the early embryogenesis stage [e.g., embryonic stem (ES)
cells] and expression gradually decreases during cell differenti-
ation (Polesskaya et al., 2007; Viswanathan et al., 2008). Lin28
localizes mainly to the cytoplasm and cytoplasmic bodies, includ-
ing processing bodies and stress granules, but also partially to the
nucleus (Balzer and Moss, 2007). Particular ES cells have been
shown by two groups to post-transcriptionally inhibit let-7 family
miRNA biogenesis via Lin28-mediated selective inhibition of let-
7 at the cropping step (Newman et al., 2008; Viswanathan et al.,
2008). The mechanism by which Lin28 blocks let-7 cropping is
suggested to involve competition between Lin28 and the micro-
processor for the pri-let-7 interaction. Lin28 selectively binds the
conserved terminal loop region of precursor let-7 family miRNAs,
and a comparison of K d values indicates that the binding activity
between Lin28 and precursor let-7 is stronger than that between
DGCR8 and pri-miRNA (Piskounova et al., 2008; Newman and
Hammond, 2010).

Musashi1, which is highly expressed in neural stem/precursor
cells (NS/PCs) and other somatic stem cells (Sakakibara et al.,
1996, 2002; Okano et al., 2002, 2005), competes with eIF4G for
PABP, resulting in the repression of formation of the 80S ribo-
some complex in target mRNAs of Musashi1, and supports the
maintenance of NS/PCs in the undifferentiated state (Imai et al.,
2001; Sakakibara et al., 2002; Kawahara et al., 2008). Comparison
of the expression of Lin28, Musashi1, and miR-98, a let-7 family
member, indicates that Lin28 and Musashi1 temporal expression
patterns may finely regulate the timing of ES cell neural differen-
tiation. Although Lin28 is abundantly expressed in ES cells during
the initial retinoic acid-induction period, its expression is grad-
ually downregulated during ES cell differentiation. During this
period (EB cells on day 5), Lin28 repression of miR-98 crop-
ping may attenuate. By contrast, Musashi1 expression gradually
increases, which compensates for the lower activity of Lin28 and
represses miR-98 cropping (Figure 2). Finally, around late neu-
rogenesis, Musashi1 expression also decreases, allowing miR-98
cropping to proceed and resulting in the formation of mature
miR-98 and the induction of neural marker expression. Musashi1
also enhanced the inhibitory effects of Lin28 on miR-98 biogenesis
at the cropping step in a dose-dependent manner by controlling
the subcellular localization of Lin28.

These results suggest that Lin28 and Musashi1 sequentially and
synergistically repress miR-98 processing at the cropping step and
determine the timing of neural differentiation (Figures 1 and 5;
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FIGURE 2 | Relative expression of proteins and let-7 family miRNAs

during embryonic stem cell (ESC) differentiation. Top panel indicates
relative expression of proteins including Lin28 and Musashi1 in from
embryoid body (EB) at day 0 to EB at day 13. Bottom panel indicates the
expression of let-7 family miRNAs by northern blotting (Kawahara et al.,
2011).

FIGURE 3 | Relationship between Hu protein and miR-9-2 during

neurogenesis. Top panel indicates the relative expression of mouse HuB
and miR-9-2 throughout the embryonic stage (Okano and Darnell, 1997;
Shibata et al., 2011). Bottom panel indicates the model of translational
regulation by HuB-hnRNP K and miR-9 via p21 and Foxg1 mRNA during
neurogenesis (Yano et al., 2005; Shibata et al., 2011). HuB induces the
expression of p21CIP1, is a positive regulator of neuronal differentiation, by
inhibiting function of hnRNP K in the 3′ UTR. HuB can also attenuate the
miR-9 suppression of Foxg1, blocks expression of p21CIP1 (Seoane et al.,
2004).

Kawahara et al., 2011). However, the detailed mechanism by which
Musashi1 is involved in Lin28-mediated inhibition of let-7 in
the cropping step has remained undetermined. The regulation
of miRNA cropping in other systems outside of neurogenesis is
reviewed and discussed in a recent report (Davis and Hata, 2010).

FIGURE 4 | Brahma-associated factor (BAF) complexes during

embryogenesis. Convertible subunits are focused on each stage. The
esBAF complex contains BAF155 and BAF53a in embryonic stem cells,
npBAF contains BAF170 (substituent of BAF155) and BAF53a in neural
progenitor cells (NPCs), and nBAF contains BAF170 and BAF53b
(substituent of BAF55a) in neurons. REST/NRSF represses the expression
of miR-124 and miR-9*, these neural miRNAs repress BAF53a via its
translation, and BAF54a represses the transcription of BAF53b. For greater
detail please see this text and the review of Ho and Crabtree (2010).

DICING OF miRNA
The RNAs processed by Drosha and DGCR8, which are referred
to as pre-miRNAs, are exported from the nucleus to the cyto-
plasm accompanied by a nuclear export cargo receptor, exportin-5
(Yi et al., 2003; Bohnsack, 2004; Lund et al., 2004). The mat-
uration of RNAs then proceeds to the second processing step,
known as the “dicing” step. This step requires the enzymatic
activity of Dicer, an RNase III-type endonuclease. Pre-miRNAs
have hairpin-like structures comprised of a double-strand com-
ponent and a loop component. Dicer enzymatic activity cleaves
pre-miRNA to remove the loop structure. Through dicing, pre-
miRNAs are processed into ∼22-nt double-strand RNAs, which
are often referred to as miRNA duplexes (Bernstein et al., 2001;
Ketting et al., 2001).

In the dicing step, Dicer cooperates with HIV-1 TAR RNA-
binding protein (TRBP; Chendrimada et al., 2005; Haase et al.,
2005) and PKR activator (PACT; Lee et al., 2006). Both TRBP and
PACT contain double-strand RNA-binding domains (dsRBD) and
their domain structures are highly similar. Interestingly, TRBP and
PACT interact with not only Dicer but also Argonaute2 (Ago2),one
of the core components of RISC (Figure 1; Chendrimada et al.,
2005). It is possible that the two dsRBD proteins are involved not
alone in the dicing step, but also in the loading of mature miRNAs
into the RISC (Chendrimada et al., 2005; Lee et al., 2006).

Recent reports using Ago2 catalytically inactive mutant knock-
in mice and zebrafish have demonstrated a Dicer-independent
pathway for miRNA dicing that depends on Ago2 catalytic activ-
ity (Cheloufi et al., 2010; Cifuentes et al., 2010). miR-451 has an
evolutionarily conserved secondary hairpin structure that is con-
tained in mature miR-451, and its length is insufficient for efficient
cleavage by Dicer. Pre-miR-451 is processed by Ago2, resulting in
mature miR-451 after further uridylation and trimming (Figure 1;
Cifuentes et al., 2010). However, the details of how uridylation
and trimming contribute to miR-451 maturation remain to be
elucidated.
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FIGURE 5 | Working model of cell fate decision by miRNA and the gene

regulatory network. Important phenomena during neurogenesis are
summarized, and regulation of each is described in this text. NS-AS indicates
that neuron-specific alternative splicing is repressed by PTBP1 (strongly) or
PTBP2 (moderately) in some neurogenic factors that are involved in

neurogenesis. PTBP2 may regulate neurogenesis via spatial–temporal
fine-tuning during neurogenesis. Gray font and line indicate attenuation.
Bold lines indicate strong activation or repression, and thin lines indicate mild
or weak regulation. ES, embryonic stem cells; NS/PC, neural
stem/progenitor cell.

As is well known in stem cells, including ES cells and NS/PCs,
many molecular mechanisms, including cytokine signal trans-
duction, transcription regulation, epigenetic modification, and
differentiation-related miRNA regulation, work to inhibit further
cell differentiation. In the central nervous system (CNS), primary
transcript expression of let-7, miR-124, miR-125, and miR-128 is
induced during neural induction (Rybak et al., 2008), and the
activities of these transcripts lead NS/PCs to the neuronal differ-
entiation (Enciu et al., 2011). However, their activities are lower
in NS/PCs than in mature cells (Rybak et al., 2008; Kawahara
et al., 2011). Why does miRNA activity fail to emerge although
precursor transcripts of the miRNAs exist? The inhibition of
miRNA activity would appear to depend on the regulation of
numerous overlapping processes, such as miRNA primary tran-
scription, multiple miRNA processing, RISC loading, and trans-
lational repression, as well as possibly other currently unknown
processes. Here, we introduce the examples that regulation of the
“dicing” miRNA maturation step is involved in the acquisition of
“stemness.”

Regulation of the dicing step in immature progenitor cells has
been well characterized especially with respect to pre-let-7. In stem
cells, “stemness,” such as the maintenance of immature status and
self-renewing proliferation activity, is likely to require the down-
regulation of let-7 family activity (Wulczyn et al., 2007; Nishino
et al., 2008; Schwamborn et al., 2009; Zhao et al., 2010). Both
the cropping and dicing steps of let-7 maturation are selectively
inhibited by Lin28 (Rybak et al., 2008). Lin28 directly binds to the

loop region of pre-let-7a through its specific RNA-binding activity
(Newman et al., 2008; Piskounova et al., 2008).

The Seoul National University Kim group found that Lin28
overexpression induced uridylation (average 14 nt) at the 3′ termi-
nal of pre-let-7 and that Dicer could not cleave pre-let-7 bearing
a uridylated tail (Heo et al., 2008). The activity of 3′-terminal
uridylyl transferase 4 (TUTase 4/TUT4), also known as zinc fin-
ger CCHC domain containing 11 (Zcchc11), was also reported to
accompany Lin28-mediated dicing inhibition. Elongation of the
pre-miRNA 3′-terminal by TUT4-mediated uridylation decreased
the accessibility of pre-miRNA to Dicer (Hagan et al., 2009)
and increased pre-miRNA sensitivity to destabilizing exonuclease
activity (Heo et al., 2008). By inhibiting the dicing maturation step
of pre-let-7, the expression of let-7 target genes, including c-Myc,
Hmga2, Ras, and TLX (Bussing et al., 2008; Zhao et al., 2010) is
promoted in NS/PCs (Figure 5). Thus, regulation of the pre-let-7
dicing step is thought to be deeply associated with NS/PC prolifer-
ation and differentiation. Interestingly, tissue-specific cases, such
as in the case of miR-138, whose mature form is restricted to the
mouse developing CNS despite the ubiquitous expression of it
precursor RNA (Obernosterer et al., 2006), suggest the existence
of other, currently unknown, regulatory mechanisms of miRNA
dicing.

The conditional knock out studies using Cre-recombination
directed by Emx1 and Nestin promoters/enhancers revealed that
Dicer is critical for neurogenesis and gliogenesis in the CNS (De
Pietri Tonelli et al., 2008; Kawase-Koga et al., 2009). However,
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these assays showed the delayed Dicer deletion and a low level
of Dicer proteins persisted in processing miRNAs. Thus, Livesey
group established Dicer-null NSC lines from the embryonic mouse
cerebral cortex (Andersson et al., 2010). The observations using
these cell lines exhibited Dicer could be involved in protecting
NS/PCs from the EGF-mediated apoptosis, and that the NS/PCs’
self-renewal ability was maintained because of increased Hmga2
expression. Hmga2 is one of the let-7 target mRNAs and its expres-
sion is promoted in NSCs. Interestingly, although these cell lines
were incompetent for neurogenesis and gliogenesis, the retrovi-
ral reintroduction of Dicer allowed Dicer-null NSCs to recover
from incapability of either neurogenesis or gliogenesis, suggesting
that Dicer-null NSC lines have reversibly altered their neuro-
genic and gliogenic potential. However, recent reports showed
the Dicer-bypass pathway in vivo (Figure 1; Cheloufi et al., 2010;
Cifuentes et al., 2010). Furthermore, miRNA expression array used
by Livesey group did not cover many kinds of miRNA (just 171
miRNAs were tested; Andersson et al., 2010). Thus, it remains
still unclear whether Ago2-mediated pre-miRNA processing can
be involved in self-renewal of NS/PCs and neurogenesis.

LOADING AND TARGETING OF miRNA
Processed 22-nt mature miRNAs are transferred from the Dicer
processing complex to the RISC. This step is called miRNA
“loading.” RISC is assembled with many proteins including Ago,
GW182, MOV10, and others (Peters and Meister, 2007; Kawa-
mata and Tomari, 2010). The main component of the RISC is Ago,
which is a member of a conserved protein family. In mammals,
the Ago family consists of four (human) or five (mouse) members
(Ago1, Ago2, Ago3, Ago4, Ago5) that are expressed in somatic cells
and four germ line-specific members (PIWIL1, PIWIL2, PIWIL3,
PIWIL4; Peters and Meister, 2007; Czech and Hannon, 2011).
Among Ago proteins, the major player in somatic cells is Ago2,
which is ubiquitously expressed and predominantly located in the
cytoplasm (Peters and Meister, 2007).

In the miRNA transition from the Dicer processing com-
plex to the Ago2-containing RISC, the above-mentioned TRBP
is required for the recruitment of Ago2 to miRNA in the Dicer
complex (Chendrimada et al., 2005). After loading, only one of
the miRNA duplex strands with the lower thermodynamic stabil-
ity profile is usually selected and captured by the RISC (Khvorova
et al., 2003; Schwarz et al., 2003). The selected strand is called
the “guide strand,” while the other strand, called the “passenger
strand” (passenger∗), is discarded from the RISC. Ago2 protein
directly binds miRNAs through their PAZ domain (binding to the
3′ miRNA terminal) and MID domain (binding to the 5′ miRNA
terminal; Song et al., 2003; Peters and Meister, 2007; Wang et al.,
2008a,b; Czech and Hannon, 2011). Once loaded onto Ago2, the
miRNAs act as guides to target mRNAs. Then, miRNAs utilize the
guide strand seed region to access and engage in complementary
hybridization with the 3′ UTR of the target mRNA.

The seed region at the 5′ end (nt 2–8) of miRNA is necessary
for the association between miRNA and its target mRNA. Comple-
mentary hybridization by the seed sequence is important for target
gene silencing, but a perfect match between miRNA and mRNA
is not necessary for target gene downregulation (Pillai, 2005;
Tomari and Zamore, 2005). The miRISC-bound target mRNAs

are inhibited upon translation or degraded through mRNA decay,
which is accompanied by decapping and deadenylation (Bhat-
tacharyya et al., 2006; Giraldez et al., 2006; Mishima et al., 2006; Wu
et al., 2006). The miRISC is enriched in cytoplasmic foci referred to
as processing bodies (P-bodies), which contain Dcp1–Dcp2 decap-
ping enzyme and Ccr4–Caf1 deadenylation complexes but lack
translation initiation factors and ribosomes (Liu et al., 2005; Chen
et al., 2009). The P-body is the site of translational inhibition and
mRNA decay by miRISC.

One regulatory mechanism of RISC-loaded miRNA involves
an RNA-binding protein to counteract miRNA-mediated repres-
sion by its specific binding to mRNA. Dead end 1 (Dnd1), which
is required for germ cell survival and migration, directly binds to
the U-rich region near the miR-221 complementary site of p27
mRNA, which encodes a cell cycle inhibitor, and inhibits accessi-
bility of p27 mRNA to miR-221-loaded RISC. In another case, the
RNA-binding protein HuR relieved miR-122 microRNA-mediated
translational repression of CAT-1 mRNA in human hepatoma
under stress conditions (Kedde et al., 2007). By contrast, a recent
report demonstrated that HuR recruited let-7 -loaded RISC onto c-
Myc mRNA and that HuR and let-7 cooperatively inhibited c-Myc
expression (Kim et al., 2009a). The current understanding of the
regulation of miRNA loading and mRNA targeting may be incom-
plete because not all of the mechanisms involving RNA-binding
proteins or other types of molecules have been discovered.

MODIFICATION OF miRNA PRECURSORS BY EDITING
Adenosine deaminases acting on RNA (ADARs) convert
adenosines to inosines (A → I editing) in double-stranded RNA
(dsRNA) substrates (Nishikura, 2010). The human and mouse
miR-376 cluster are transcribed into a long primary transcript,
and the seed sequences of some miR-370 members are edited at
a highly edited site by ADAR1 and ADAR2 in cerebral cortex and
medulla but not in other tissues (Blow et al., 2006; Kawahara et al.,
2007b). ADAR2 also edits other sites. For instance, edited miR-
376 represses a different set of targets including phosphoribosyl
pyrophosphate synthetase 1 (PRPS1). ADAR1−/− is embryonic
lethal in mice, but analyses using ADAR2−/− mice demonstrate
no editing of miR-376 and no repression of PRPS1 mRNA expres-
sion in mouse cerebral cortex (Kawahara et al., 2007b). Addi-
tionally, mutation of PRPS1 leads to hereditary peripheral neu-
ropathy (Kim et al., 2007). The regulation of miRNA precursor
editing suppresses miRNA biogenesis at both the cropping and
dicing steps.

Pri-miR-151 is highly edited in many tissues (Blow et al.,
2006); the editing frequency of pre-miR-151 or pri-miR-151 within
mature miRNA at the +3 site is 100 and 38%, respectively,
in human amygdala. The editing of pre-miR-151 at the dic-
ing step inhibited pre-miR-151 processing by the Dicer complex
(Kawahara et al., 2007a). Analysis using pri-miR-142 demon-
strated that pri-miR-142 cropping is inhibited by editing in a
dose-dependent manner, and the edited pri-miR-142 is further
targeted and degraded by Tudor-SN, which contains five staphy-
lococcal/micrococcal nuclease domains and is an evolutionarily
conserved component of RISC in many animal species (Caudy
et al., 2003). miRNA-142 expression increases in spleen and
thymus but not in liver in ADAR2−/− mice and ADAR1−/−
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conditional knockout mice (Yang et al., 2006). These reports
indicate that miRNA editing, particularly by ADARs, plays an
important role in tissue-specific gene expression via regulation
of miRNA biogenesis.

REGULATION BY Let-7 FAMILY miRNAs
TRIM32 contains four domains: RING, BBOX, a coiled-coil, and
NHL (NCL1, HT2A, and Lin41) domains. The RING-domain
drives ubiquitin ligase activity, and the NHL domain regulates
miRNA loading by associating with Ago proteins. Mutations in the
NHL domain of TRIM32 cause limb-girdle muscular dystrophy
type 2H (LGMD2H; Frosk et al., 2002), and a missense muta-
tion in the BBOX domain causes Bardet–Biedl syndrome type 11
(BBS11; Chiang et al., 2006). In the mouse telencephalon, TRIM32
is strongly expressed in differentiating neurons in the ventricular
zone (VZ) at E12.5 and focally in cortical layers at E18.5. TRIM32
overexpression using in utero electroporation resulted in a 6.3-fold
decrease of Nestin-positive neural progenitors cells (NPCs) and in
a 12.8-fold increase of Tuj1-positive early differentiating neurons
when compared with the control, and TRIM32-overexpressing
cells migrated to the cortical plate at E15.5. By contrast, knock-
down of TRIM32 by electroporation resulted in a 2.3-fold increase
of Nestin-positive NPCs and in a 3.6-fold decrease of Tuj1-
positive early differentiating neurons, and TRIM32-knockdown
cells remained localized to the VZ and subventricular zone (SVZ)
at E18.5. Additionally, doublet analysis of paired cells demon-
strated higher TRIM32 expression in the daughter cell that under-
went neuronal differentiation (Schwamborn et al., 2009). These
results indicate that TRIM32 represses proliferation and induces
mouse NS/PC differentiation.

The RING-domain of TRIM32 ubiquitinates c-Myc protein but
not Ago1 protein, and a RING-domain mutation or coexpres-
sion of c-Myc and TRIM32 significantly decreased Tuj1-positive
differentiating neurons in vivo (Schwamborn et al., 2009). Let-
7 family miRNAs are enriched in NS/PCs (Wulczyn et al., 2007;
Marson et al., 2008) and inhibit c-Myc protein expression (Melton
et al., 2010). Let-7a is present in the TRIM32-Ago1 complex
via its association with the NHL domain of TRIM32, and let-
7a induces increase of Tuj1-positive neurons (Schwamborn et al.,
2009). These reports suggest that TRIM32 regulates NSC differ-
entiation through a pathway involving let-7 and c-Myc, and that
differentiation is accompanied by TRIM32-mediated degradation
(Figure 5). Interestingly, the Drosophila ortholog Mei-P26, also
acts by inhibiting the many miRNAs pathway, such as dr-let-7, and
control ovarian stem cell proliferation (Neumuller et al., 2008).

Pluripotency factors Oct4/Sox2/Nanog/Tcf3, which control the
identity of ES cells and are involved in the induction of iPS cells,
promote the expression of miRNAs in ES cells enriched in these
miRNAs (ES cell-miRNAs). The connection between these fac-
tors and ES cell-miRNAs (mouse miR-290 to 295) maintains
pluripotency by repressing the pathway of Lin28-let-7 family miR-
NAs (Marson et al., 2008). DGCR8-deficient ES cells continue ES
cell self-renewal despite induction of differentiation by retinoic
acid, with no reduction in pluripotency factor expression (Wang
et al., 2007). Additionally, rescue screening with a combination of
let-7 and ES cell-miRNA families indicated that they had oppos-
ing roles in regulating the self-renewal of ES cells. Pluripotency

factor expression decreased with let-7 family treatment, but both
let-7 and ES cell-miRNA treatment abolished let-7 family func-
tion. ChIP target overlap analysis comparing previously generated
ChIP-on-chip data indicated that the let-7 family repressed down-
stream targets of the pluripotency factors Lin28 and Myc, whereas
miR-294, known as an ES cell-miRNA, had no significant effects
on either pluripotency factors or downstream targets (Melton
et al., 2010). Let-7 and Lin28 are involved in a negative autoreg-
ulatory circuit during neurogenesis (Rybak et al., 2008). Thus,
these reports suggest that repression of the let-7 family by Lin28
promotes reprogramming to induce pluripotency (Figure 5).

REGULATION BY miR-124
Polypyrimidine tract-binding protein (PTBP) is an RNA-binding
protein with multiple functions, including transcriptional regu-
lation, mRNA localization, mRNA stability, translational regu-
lation, polyadenylation, and splicing regulation (Dreyfuss et al.,
2002). Three isoforms of mammalian PTBP have been identi-
fied as PTBP1, PTBP2/nPTBP/brPTBP, and PTBP3/ROD1. Four
splice variants (PTB1 to PTB4) and one pseudogene (ψPTBP1)
are expressed in PTBP1, four splice variants (nPTB5 to nPTB8)
are expressed in PTBP2, and three splice variants (ROD1-1 to
ROD1-3) are expressed in PTBP3 (Romanelli et al., 2000). PTBP1
expression is downregulated during neurogenesis, while PTBP2
expression is upregulated during neurogenesis and involved in
neural-specific splicing (Chou et al., 2000; Makeyev et al., 2007).

Microarray expression analysis identified PTBP2 as an enrich-
ment target in miR-124-mediated neural differentiation of CAD
cells. Although miR-124 led to neuronal differentiation of mouse
neuroblastoma cell lines CAD and Neuro2a (Makeyev et al., 2007),
it did not affect neuronal fate in chick neural tube (Cao et al., 2007).
In various mouse neuroblastoma cell lines and primary cortical
cultured cells, PTBP1 strongly represses the production of neural-
specific splice variants of its target pre-mRNAs including Mtap4,
Rufy3, and Nogo, but induces the production of their global splice
variants. Likewise, PTBP2 also moderately repressed the produc-
tion of neural-specific splice variants. Moreover, PTBP1-mediated
exon skipping induced nonsense-mediated decay of PTBP2.

Chick and mouse miRNA-124 is expressed in the neural tube
mantle zone (Cao et al., 2007; Makeyev et al., 2007). miR-124
and neural-specific splice variants of PTBP-targeted mRNA colo-
calized to the neural tube, while miR-124 and PTBP1 mRNA
were expressed almost mutually exclusively. Additionally, PTBP1
expression is upregulated and neural-specific splice variants of its
targets are reduced in Dicer−/− mice that do not produce all miR-
NAs (Makeyev et al., 2007). These results suggest that miR-124 pro-
motes neuronal differentiation by suppression of PTBP1, which
represses neural-specific alternative splicing of its targets and
induces PTBP1-mediated nonsense-mediated decay of PTBP2,
and then PTBP2 can fine-tune neurogenesis (Figure 5). However,
discrepancies in miR-124-mediated neurogenesis between mouse
and chick still remain.

Rncr3 is an approximately 4-kb ncRNA that contains pre-miR-
124a in its exon (Blackshaw et al., 2004) and is expressed in retina
and CNS, including cerebrum and cerebellum. Although Rncr3−/−
mice maintained 20–60% of miR-124a expression in some tis-
sues, considerable loss of miR-124a expression was observed in
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the dentate gyrus (DG). Cell death and normal cell proliferation
in the DG and cortex led to a small brain size and dyskinesia of the
limb-clasping response. Expression of Lhx2, a target of miR-124a,
was slightly upregulated (28%) in Rncr3−/− cultured hippocam-
pal cells by transfection with luciferase construct with Lhx2 of 3′
UTR,but endogenous LHX2 expression was significantly increased
in the Rncr3−/− DG. Although the brain size, clasping, and apop-
tosis in the cortex were not recovered in Rncr3−/− mice when
miR-124a-2 was transgenically expressed, the mossy fiber elon-
gation in the Rncr3−/− DG was rescued by knockdown of Lhx2
(Sanuki et al., 2011). These results suggest that miR-124a-mediated
LHX2 regulation is involved in DG maturation and survival.

Not only miR-124a but miR-132 is also participated in neu-
ronal morphogenesis in developing neurons of DG including
SGZ (subgranular zone) where adult neurogenesis occurs. The
CREB-signaling regulates the maturation and survival of newborn
neurons in DG and miR-132 transcription is regulated by CREB
at the consensus CRE sequences (Vo et al., 2005). Since miR-132
and miR-212 locus are proximal, floxed miR-132/212 conditional
knockout mice was generated. In the mice, the number of newborn
hippocampal neurons had dramatically decreased dendritic arbors
and spine density (Magill et al., 2010). Additionally, miR-132 was
the predominantly active product in hippocampal neurons (Vo
et al., 2005; Magill et al., 2010). By using a bidirectional ratio-
metric sensors capable of distinguishing miR-132, Magill et al.
elucidated that miR-132 but not miR-132∗, -212, or -212∗ was
active in Doublecortin-positive immature hippocampal granule
neurons. The result was coincident with other papers (Edbauer
et al., 2010; Luikart et al., 2011). Thus, miR-132 plays an important
role in DG including SGZ.

Microglia, tissue-specific resident macrophages in the CNS,
pass the blood–brain barrier to serve as immunocompetent cells
in the CNS, where they are maintained in a quiescent state. Upon
nerve injury, microglia are activated by CCAAT/enhancer bind-
ing protein-α (C/EBP-α), a master transcription factor involved in
myeloid cell differentiation. Microglia then migrate to the lesioned
area and are involved in cell clearance via cytophagocytosis. miR-
124 is expressed in inactivated microglia but not in activated
microglia or bone marrow-derived macrophages (BMDMs). In
autoimmune encephalomyelitis, miR-124 overexpression inhibits
microglial activation and macrophage stimulation with accompa-
nying suppression of C/EBP and leads to amelioration of spinal
cord inflammation. By contrast, miR-124 knockdown causes acti-
vation of microglia and macrophages in co-cultures of BMDMs
with either an astroglial or neuronal cell line. Furthermore, miR-
124 was found to inhibit expression of C/EBP-α (Ponomarev
et al., 2011) in the NIE115 mouse neuroblastoma cell line trans-
fected with a construct containing the full-length C/EBP-α 3′ UTR
sequence downstream of firefly luciferase. These results suggest
that miR-124 is a key regulator of microglial cell quiescence in
the CNS that acts via direct repression of C/EBP-α mRNA at the
3′ UTR.

Strong expression of miR-124 has been observed in early born
neurons and CNS during embryonic neurogenesis stage (Makeyev
et al., 2007; Rybak et al., 2008), and miR-124 expression was
also observed in the SVZ during the conversion of GFAP-positive
astrocyte stem cells into neuroblasts and newly born neurons in

adult neurogenesis. Gene ontology analysis of computationally
predicted targets of miR-124 detected Sox9 as a novel mole-
cule of unknown function, and miR-124-mediated direct repres-
sion of Sox9 was verified by luciferase assays in HEK293T cells.
Sox9 expression was observed in approximately 30% of tran-
sit amplifying cells but not in neuroblasts. Sox9 knockdown by
retroviral infection led to a moderate increase of Tuj1-positive
neurons, and miR-124 overexpression led to increased neuro-
genesis. Also, neurogenesis induced by miR-124 overexpression
was silenced in Sox9-overexpressing cells (Cheng et al., 2009).
These results suggest that miR-124 regulates adult neurogenesis
in the SVZ stem cell population as well as during embryogenesis
(Figure 5).

REGULATION BY miR-9
The neural-specific miRNA miR-9 is evolutionarily conserved in
NSC and neurogenesis function. Drosophila miR-9 is expressed in
epithelial cells in the peripheral nervous system, including in cells
adjacent to sensory organ precursor (SOP) cells, and is involved
in neuron production from SOPs via repression of the sense-
less 3′ UTR, a proneural gene and transcriptional activator (Li
et al., 2006). Zebrafish miR-9 expressed in regions adjacent to
the midbrain–hindbrain boundary (MHB) inhibits FGF signals
including FGF8 and FGFR1. Additionally, z-miR-9 regulates neu-
ron production via the repression of the mammalian Hes ortholog,
bHLH hairy/E(spl) transcription factors Her5 and 9 (Leucht et al.,
2008). These two independent pathways play a role in the delimi-
tation and maintenance of MHB. Xenopus miR-9 also regulates
neurogenesis at the forebrain–hindbrain boundary by control-
ling the expression of hairy1 mRNA. Like zebrafish, x-miR-9 is
expressed in regions adjacent to the MHB and in the neural tube
including forebrain, midbrain, and hindbrain along the anterior–
posterior (A–P) axis, but not in spinal cord. Z-miR-9 knockdown
using morpholino oligonucleotide injection did not affect expres-
sion levels of progenitor markers Sox3 and pH3 (phospho-Histone
H3) in the forebrain, while z-miR-9 knockdown led to an increase
in the levels of these makers in the hindbrain and TUNEL-positive
cells in the forebrain. Expression of hairy1 and miR-9 is mutu-
ally exclusive in the neural tube, and z-miR-9 knockdown induced
hairy1 expression. Thus, z-miR-9 is involved in neural progeni-
tor survival in the forebrain and in the transition of progenitors
to neurons across the A–P axis in the hindbrain via repression of
hairy1 (Bonev et al., 2011).

Some mammalian miR-9s (miR-9-1 to miR-9-3) are separately
transcribed from different promoters. Drosophila contains miR-
9a to miR-9c, and zebrafish contains miR-9-1 to miR-9-7. Various
miR-9 targets are known, including TLX/Nre1, Foxg1, REST/NRSF
(repression element silencing transcriptional factor/neural restric-
tive silencer factor), CoREST, Meis2, Gsh2, Islet1, and Id4 (Shibata
et al., 2008, 2011). TLX/Nre1 represses the transcription of genes
including p21, Pten, and Gfap via recruitment of HDAC (histone
deacetylase) to each of the promoters of these genes. TLX also
represses pri-miR-9-1 expression, and the TLX–HDAC complex
promotes proliferation of NSCs (Qu and Shi, 2009). Therefore,
TLX forms a negative regulatory loop with miR-9. Additionally,
TLX is expressed in type B cells in the SVZ and stimulates prolifer-
ation and self-renewal of adult NSCs (Qu et al., 2010). TLX is also
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involved in glioma stem cell genesis (Liu et al., 2010; Park et al.,
2010).

Staining using various neuronal makers in miR-9-2 and miR-
9-3 double-mutant mice revealed almost normal generation of
cerebral layer VI, with decreased layers I to IV and subplate,
poorly formed axons of commissural neurons, and thin corti-
cofugal axons (CFAs) in the VZ and SVZ of ganglionic eminences.
Although miR-9-1 overexpression by electroporation led to expres-
sion of Reelin, p21, p73, and βIII-tubulin, targets of Foxg1 (Shibata
et al., 2008), double-mutant mice did not demonstrate increased
Foxg1 during neurogenesis at E16.5. Additionally, a luciferase assay
of P19 cells indicated that neural RNA-binding proteins including
Musashi1 and Hu proteins competed with miR-9 for interaction
with the 3′ UTR of target mRNA of miR-9 (Figure 1). Hu proteins
that bind the AU-rich element of the 3′ UTR of this target mRNAs
are positively involved in neurogenesis via mRNA stability and
translational activation. However, detailed characterization of the
spatio-temporal expression patterns of all Hu proteins (HuA/HuR,
HuB, Huc, HuD) is lacking, and the relationship between Hu
binding proteins and miR-9 is not clear. For instance, there is a
discrepancy in HuB expression between a previous report and this
analysis: the Darnell group showed that HuB expression is gradu-
ally decreased from E10 to E16 (Okano and Darnell, 1997; Shibata
et al., 2011). How does HuB function as a neural repressor protein?
Additionally, hnRNP K, a HuB-binding protein, participates in
stemness, but hnRNP K-mediated function is suspended by HuB
(Figure 3; Yano et al., 2005). The relationship between miR-9 and
hnRNP K remains to be determined. Moreover, miR-9 does not
control the expression of Foxg1 in Xenopus (Bonev et al., 2011).

As mentioned above, the studies in several model animals
showed miR-9 possesses the neuronal differentiation and migra-
tion promoting activity (Li et al., 2006; Leucht et al., 2008; Shibata
et al., 2008; Qu and Shi, 2009). Human miR-9 also functions pro-
liferation and maturation of early NPCs, and moreover regulates
migration of NPCs in vitro and in vivo (Delaloy et al., 2010). Stath-
min, whose expression was inversely correlated with h-miR-9 in
hNPCs culture (between rosette formation and neuronal forma-
tion stage), was identified as one of the direct target of h-miR-9
(Delaloy et al., 2010). Loss of h-miR-9 function promoted hNPCs
migration and proliferation in a two-dimensional migration assay,
and moreover both h-miR-9 and stathmin knockdown rescued the
effect of loss of h-miR-9 activity. Thus, stathmin is an essential tar-
get of h-miR-9 in modulating hNPCs migration and proliferation
(Delaloy et al., 2010).

COMBINATION OF miR-9 ∗ AND miR-124
The Crabtree group reported that miR-124 and miR-9 co-act to
regulate neurogenesis via chromatin-remodeling of REST and
CoREST. The ATP-dependent chromatin-remodeling enzyme,
Brahma-associated factor (BAF) complex, represses transcription
by associating with the nucleosome. Stage-specific BAF complex
is formed by switching of some stage-specific subunits: at the ES
cell stage, esBAF; at the neural progenitor stage, npBAF; and at the
post-mitotic neuronal stage, nBAF (Figure 4; Ho and Crabtree,
2010). For instance, although the BAF53a subunit is expressed in
NPCs residing at the neuroepithelial layer at E11.5, the BAF53b
subunit, miR-124, and miR-9∗ are colocalized to the spinal cord

mantle layer. A luciferase assay of CHO cells indicated that miR-
124 and miR-9∗ repressed BAF53a translation via direct binding
of its 3′ UTR. Transgenic embryos containing a BAF53a 3′-UTR
mutant with miRNA-binding defect exhibit significantly decreased
endogenous BAF53b expression. Moreover, REST overexpression
induces endogenous BAF53a in the neuroepithelial layer, while co-
expression of REST, miR-124, and miR-9∗ has no significant effect
on BAF53a expression. Additionally, overexpression of BAF53a
and its 3′ UTR induced an extension of dendritic outgrowth in
transfected neurons upon KCl stimulation, while by contrast, the
overexpression of BAF53a and its mutated 3′ UTR had no effect
(Yoo et al., 2009). These results suggest that REST represses miR-
124 and miR-9∗. Thus, BAF53a can maintain NS/PCs via inhibi-
tion of BAF53b expression, while miR-124 and miR-9∗ represses
BAF53a during neurogenesis, allowing BAF53b to induce dendritic
outgrowth (Figure 4).

Although overexpression of miR-124 and miR-9/9∗ by
lentivirus infection converted low levels of human neonatal fore-
skin fibroblasts to MAP2-positive neurons, the co-overexpression
of miR-124, miR-9/9∗, and NeuroD2 increased the conversion fre-
quency to 50%. These miR-124 and miR-9/9∗-induced neurons
expressed voltage-gated sodium channels and potassium channels
(Yoo et al., 2011). DAM neurogenic transcription factors (ASCL1
and MYT1L) functioned significantly in transdifferentiation of
mouse embryonic fibroblasts (Vierbuchen et al., 2010), and co-
expression systems including miR-9/9∗, miR-124, NeuroD2, Ascl1,
and DAM exhibited 80% conversion frequency. This conversion
method can also be adapted to adult fibroblasts, but converted
adult neurons are expressed in almost all cortical layers and syn-
thesize voltage-gated channels markers. Importantly, conversion
methods were ineffective without miR-124 and miR-9/9∗ (Yoo
et al., 2011). Thus, not only are these neural-specific miRNAs
involved in neural fate determination, but various combinations
of these miRNAs and different sets of transcription factors may
induce various types of neurons.

PERSPECTIVES
Expression of miRNA is strictly controlled in a developmental
and/or tissue-specific manner, and disruption of miRNA expres-
sion can induce many human diseases including cancer. Indeed,
knockout of major components of miRNA biogenesis such Dicer,
Drosha, DGCR8, and regulator Lin28 can cause tumorigenesis
(Kumar et al., 2007; Viswanathan et al., 2009). TDP-43, one com-
ponent of the Drosha complex (Gregory et al., 2004), binds the
let-7b sequence itself or to the stem-loop of miR-663, which serves
to recruit/keep the pri-miRNAs in the cropping step (Buratti et al.,
2010). TDP-43 is found in ubiquitin-positive inclusions in fron-
totemporal lobar degeneration (FTLD) and amyotrophic lateral
sclerosis (ALS). Mutations in angiogenin are also related to ALS
(Greenway et al., 2006). Angiogenin is a secreted ribonuclease that
induces production of stress-induced small RNAs (tiRNAs) from
cleaved tRNA, serves not to translational arrest under some stress
conditions (Yamasaki et al., 2009; McLaughlin et al., 2010). Angio-
genin and tiRNA have been suggested to contribute to the survival
of motor neurons.

The fragile X mental retardation protein (FMRP), mutation of
which can cause, fragile x syndrome, is a component of the RISC
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that interacts with Ago1 (Jin et al., 2004). Drosophila FMRP1 is
involved in maintenance of the steady-state neural-specific dr-
miR-124a expression in the nervous system (Xu et al., 2008).
Mutation of PACT, one of the core proteins of the Dicer complex
also known as DYT16, causes young-onset dystonia–parkinsonism
disorder (Camargos et al., 2008). As mentioned above, mutation
of TRIM32 causes nervous system disorders including BBS11.
Mutation of PRPS1, which is regulated by ADARs, leads to hered-
itary peripheral neuropathy. These reports suggest that miRNA
biogenesis is closely related to the pathogenesis of nervous sys-
tem diseases. Thus, analysis of miRNA biogenesis may provide
potential cures for these diseases.

Interestingly, miR-9-2 expression is relatively higher than that
of miR-9-1 and miR-9-3 at all differentiated neurogenic stages
(Shibata et al., 2011); by contrast, pri-miR-9-2 expression is

incomplete, but other pri-miR-9 are expressed in undifferentiated
and differentiated neurons (Ko et al., 2008). The expression differ-
ence between pri-miRNA and mature miRNA has not yet been
addressed. Additionally, there are not enough reports focusing
on the relationship between neurogenesis and miRNA biogene-
sis. Addressing these relationships could be important for a full
understanding of the regulation of NSCs and neurogenesis.
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