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Heterochronic microRNAs in temporal specification of neural
stem cells: application toward rejuvenation

Takuya Shimazaki' and Hideyuki Okano'

Plasticity is a critical factor enabling stem cells to contribute to the development and regeneration of tissues. In the mammalian
central nervous system (CNS), neural stem cells (NSCs) that are defined by their capability for self-renewal and differentiation into
neurons and glia, are present in the ventricular neuroaxis throughout life. However, the differentiation potential of NSCs changes in
a spatiotemporally regulated manner and these cells progressively lose plasticity during development. One of the major alterations
in this process is the switch from neurogenesis to gliogenesis. NSCs initiate neurogenesis immediately after neural tube closure and
then turn to gliogenesis from midgestation, which requires an irreversible competence transition that enforces a progressive
reduction of neuropotency. A growing body of evidence indicates that the neurogenesis-to-gliogenesis transition is governed by
multiple layers of regulatory networks consisting of multiple factors, including epigenetic regulators, transcription factors, and non-
coding RNA (ncRNA). In this review, we focus on critical roles of microRNAs (miRNAs), a class of small ncRNA that regulate gene
expression at the post-transcriptional level, in the regulation of the switch from neurogenesis to gliogenesis in NSCs in the
developing CNS. Unraveling the regulatory interactions of miRNAs and target genes will provide insights into the regulation of
plasticity of NSCs, and the development of new strategies for the regeneration of damaged CNS.
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INTRODUCTION

The discovery of neural stem cells (NSCs) in the developing and
adult brain of mammals, including human, has raised expectations
for their clinical application in cell replacement therapies for
central nervous system (CNS) disorders.”™ Numerous studies
have sought to elucidate mechanisms of self-renewal and
differentiation of NSCs, as control of neural stem cell fate is
required to obtain desired types of neurons and glia. However, the
developmental reduction of plasticity and neuropotency of NSCs
is a limiting factor in use of in vitro expanded NSCs and
mobilization of latent and active NSCs in the adult CNS. The
differentiation potential of NSCs is spatiotemporally regulated
during CNS development, enabling these cells to generate various
types of neurons and glia in appropriate regions and time
points to enable the formation of complex neural networks.>® In
the developing cerebral cortex, NSCs sequentially generate
several different types of neurons specifically located to
form the six distinct layers and finally differentiate into glia after
ceasing neurogenesis.>> This is normally a one-way process. The
developmental potential of NSCs is restricted in a time-dependent
manner and becomes much more gliogenic both in vivo and
in vitro,>® which may be a feature of the aging process in NSCs.
One proposed solution to this problem is the use of embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs)” as
sources for highly plastic NSCs in an early developmental state.
Direct reprograming of non-neural somatic cells and other types
of neural cells into specific types of neurons is also an option.®®
However, safety concerns remain surrounding the use of these
cells.”"" In particular, the quality of neural cells derived via
reprogramming has not been definitively confirmed. Elucidation
of regulatory mechanisms underlying the temporal specification

of NSCs to identify means of controlling NSC plasticity in vivo and
in vitro is thus important to increase the viability of cell
replacement therapy using NSCs. Under these circumstances, an
increasing number of studies designed to elucidate mechanisms
behind the temporal specification of NSCs have been conducted
over the past decade.>® In particular, the mechanisms by which
neurogenesis precedes gliogenesis during the CNS development
have been intensively studied. In these studies, several
transcription factors and non-coding RNAs (ncRNAs) including
microRNAs (miRNAs), which comprise a class of small ncRNAs,
typically 21-25 nucleotides in length that regulate gene
expression at post-transcriptional level by binding to the
3’-untranslated region (UTR) of specific target messenger RNAs
(mRNAs) have been identified as critical regulatory factors.

In mammals, the initial transcript containing miRNAs is
transcribed mostly by RNA polymerase Il from the exons and
introns of coding genes, or from intergenic regions encoding long
ncRNAs containing one or more miRNAs. A single strand of the
mature miRNA duplex, is incorporated into the RNA-induced
silencing complex (RISC) containing Dicer, a ribonuclease Il
enzyme, and Argonaute 2 protein (Ago2). The miRNA-RISC
complex recognizes mRNA targets through partial base pairing
to the seed sequence, which is 6-8 nucleotides mostly located at
positions 2-8 from the 5’-end of miRNA, and mediates their
repression through translational repression, mRNA degradation,
or mRNA deadenylation. Each miRNA recognizes multiple
target transcripts and each mRNA transcript is targeted by
multiple miRNAs. Details on the biogenesis and functions of
miRNA, including non-canonical miRNA, have been reviewed
elsewhere.'>"3
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Hundreds of miRNAs are detected in the developing and adult
mammalian CNS, and some of these have been shown to
have critical roles in CNS development.'*"” Initially, a series of
loss-of-function (LOF) analyses of Dicer, including its conditional
deletion using various specific Cre drivers, revealed that miRNAs
confer robustness to CNS development.'® For instance, the
conditional deletion of Dicer in neural progenitors, including
NSCs, using Emx7-Cre or Nestin-Cre drivers resulted in significant
progenitor cell death in the developing cortex and defects in
neurogenesis and gliogenesis."® 2 In recent years, studies of the
specific functions of miRNAs in the CNS development have been
increasing. Several recent studies revealed the presence of
complex networks formed by heterochronic genes, including
several transcription factors, miRNAs, and epigenetic regulation, in
the process of the neurogenesis-to-gliogenesis transition by NSCs.

REGULATION OF GLIOGENIC COMPETENCE BY MIR-153 AND
MIR-17/106

The initiation of gliogenesis by NSCs proceeds in two
steps: acquisition of gliogenic competence and induction of
differentiation.>?' In the developing mammalian CNS, NSCs
acquire gliogenic competence at midgestation, and subsequently
oligodendrogliogenesis begins. Astrocytic differentiation can be
detected only in the perinatal period.?’ The gliogenic competence
is defined as the competence to respond to gliogenic signals
that induce glial differentiation in NSCs. NSCs in the
early-neurogenic phase before midgestation cannot differentiate
into glia, even in the presence of these signals.?>?® The
interleukin-6  (IL-6)/Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway, BMP2/4/mothers against
decapentaplegic homolog (SMAD) pathway, and the Notch
signaling pathway are known as major inductive signals for
astrocytic differentiation (Figure 1).>?' IL-6 family cytokines such
as ciliary neurotrophic factor), leukemia inhibitory factor, and
cardiotrophin-1 (CT-1) activate the JAK family of non-receptor
tyrosine kinases via binding to the receptor complex, which shares
a common receptor subunit glycoprotein 130 (gp130), inducing
activation of STAT1 and STAT3.*’ In particular, developmental
increase of CT-1 caused by increase of neurons that express CT-1 is
critical for the timing of astrocytic differentiation.”® BMP2/4 bind
to a tetrameric complex of type | and type Il serine/threonine

Neurogenic

kinase receptors (BMPR1/2), thereby activating SMAD transcription
factors.” In canonical Notch signaling of vertebrates, binding of
ligands such as Delta and Jagged to Notch receptors at the
cell surface leads to nuclear translocation of Notch intercellular
domain (NICD) after proteolytic cleavage. The NICD is
subsequently translocated into the nucleus and forms a
transcriptional complex with the coactivator Mastermind and
the DNA-binding protein recombination signal binding protein for
immunoglobulin kappa J region (RBPJ)/CBF1/Su(H)/Lag-1 (CSL) to
activate the transcription of target genes, including glial fibrillary
acidic protein (Gfap).3® The BMP/SMAD and JAK/STAT pathways
have been shown to facilitate astrocytic differentiation of NSCs
synergistically via the co-operative action of SMAD1 and STAT3 via
complex formation with a transcriptional coactivator p300 to
induce the expression of astrocyte-specific genes.3'>? In the early-
neurogenic phase, before the acquisition of gliogenic compe-
tence, the activation of BMP/SMAD pathway and JAK/STAT
pathway cannot induce differentiation of NSCs into
astrocytes.”> 2% BMPs rather facilitate neuronal differentiation of
NSCs at this stage.3®* The epigenetic modification of glia-specific
genes is a part of the regulation of gliogenic competence. The
promoter region of the Gfap gene including the STAT3-binding
site is epigenetically silent; high levels of DNA methylation and
repressive histone marks are found in NSCs during the early-
neurogenic phase (Figure 1).2%%>3% Several transcription factors
have been shown to be involved in this competence change in
developing NSCs. At midgestation, the expression of a SRY
(Sex determining Region Y)-box 9 (SOX9) a SOX (SRY-like HMG
box) family transcription factor increases and induces an
expression of the transcription factor nuclear factor | (NFI) A,
which is involved in the initiation of gliogenesis.>*’ NFIA forms a
complex with SOX9 to induce a subset of glial-specific genes
including GFAP.>” NFIA has also shown to mediate Notch
signaling-induced demethylation of Gfap gene promoter in
NSCs.® Recently, our group identified miR-153 a CNS specific
evolutionally highly conserved miRNA as a modulator of
the neurogenesis-to-gliogenesis switch by targeting NFIA
and NFIB which has also been shown to be required for
astrogliogenesis (Figure 2)2°*' In the developing mouse CNS,
miR-153 is broadly expressed throughout the CNS, including the
ventricular zone (VZ). However, the expression level of miR-153 in
cortical neural stem and/or progenitor cells (NSPCs) markedly
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Figure 1. Temporal regulation of Gfap gene transcription in NSCs in response to gliogenic signals. In the early-neurogenic period, the Gfap
promoter including STAT3-binding site in NSCs is highly methylated (diamonds in red), severely limiting access by transcriptional activators
downstream_of gliogenic signals. Moreover, repressor complex containing N-CoR, a co-repressor, may associate with RBPJ on the
promoter.”%~72 After acquisition of gliogenic competence, NFIA induces demethylation of the Gfap promoter, and the activation of JAK/STAT
signaling via gp130/LIFR by increase of a ligand CT-1 secreted from neurons leads to the formation of STAT3/SMAD/p300 complex on the
promoter in co-operation with BMP signaling. The translocation of N-CoR to the cytoplasm may allow association of NICD to RBPJ, resulting in
derepression and activation of Gfap promoter in the astrocytic differentiation.
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decreases at midgestation. Overexpression (OE) of miR-153 results
in inhibition of astrogliogenesis and maintenance of NSPCs in an
undifferentiated state in ESC-derived NSPC cultures and in the
developing cortex. Conversely, inhibition of miR-153 in early-
neurogenic NSPCs induces precocious expression of NFIA/B and
astrogliogenesis. As the presence of NFIA/B is essential for
gliogenic competence of NSPCs, miR-153 must be one of critical
factors for the timing of astrogliogenesis via modulation of
gliogenic competence. Intriguingly, miR-153 expression is main-
tained in the VZ of the lateral ganglionic eminence (LGE), even at
the perinatal stage.*’ As the LGE and, subsequently, the adult
subventricular zone (aSVZ) constantly generate neurons migrating
into olfactory bulbs throughout life,*> miR-153 may also be
involved in the maintenance of neurogenic NSPCs. Indeed,
miR-153 OE in ESC-derived NSPCs and cortical NSPCs resulted in
enhanced neurogenesis to a limited extent along with the
maintenance of an undifferentiated state of NSPCs.*' It could
therefore be argued that the constant neurogenesis in the aSVZ is
a form of neoteny, which may be supported by the expression of
miR-153.

We also identified miR-17 and 106a/b (miR-17/106), belonging
to the miR-17 family of miRNAs that share a common seed
sequence as critical regulators for neurogenesis-to-gliogenesis
switch in NSPCs downstream of chicken ovalbumin upstream
promoter-transcription factor | and Il (COUP-TFI and COUP-TFII,
also known as NR2F1 and NR2F2), which belong to the orphan
nuclear hormone receptor family (Figure 2).** Ahead of this
discovery, we had found that the transient increase of COUP-TFI/II
expression in NSPCs at midgestation is essential for their temporal
specification, including acquisition of gliogenic competence.?
The double knockdown (KD) of Coup-tfl/ll in ESC-derived NSPCs
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and the developing mouse forebrain resulted in sustained
neurogenesis and the prolonged generation of specific types of
neurons, which are normally born only at the early neurogenic
stage. Initially, miR-17/106 was found to be expressed in
NSPCs specifically at the early-neurogenic stage and increased
in response to the Coup-tfl/l KD in ESC-derived NSPCs.
Our functional analyses revealed a time-dependent decrease
of miR-17/106 expression in developing NSPCs, leading to an
increase of one of their targets, mitogen-activated protein
kinase 14 (MAPK14, also known as p38a) in turn, which is
essential for the acquisition of gliogenic competence. Importantly,
miR-17-mediated OE or LOF of MAPK14 in stage-progressed
highly gliogenic NSPCs resulted in robust recovery of
neuropotency, which is literally an instance of ‘rejuvenation’.
However, miR-17 OE did not alter the temporal change in the
epigenetic status of Gfap promoter.

These results suggest that the acquisition of gliogenic
competence involves at least two distinct regulatory layers,
regulation of the expression of glial-specific genes, including
epigenetic regulation, which involves regulation by the
Notch-NFIA and miR-153-NFIA/B axes, and regulation of NSPC
neuropotency by the miR-17/106-MAPK14 axis. The former is
currently only observed in the regulation of astrogliogenesis. In
fact, miR-153 OE does not alter oligodendrogliogenesis in
ESC-derived NSPCs (Tsuyama et al., unpublished result). In the
latter, miR-17/106 may be essential for the maintenance of
neuropotency in NSPCs, as the neurogenic phenotype induced by
miR-17 OE in developing and highly gliogenic NSPCs is extremely
pronounced compared with that induced by miR-153 OE, and
even resembles to that of early-neurogenic NSPCs (Figure 2a,b).
Moreover, miR-17 has been shown to suppress astrocytic
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Schematic models for the acquisition of gliogenic competence and involvements of miR-17/106-MAPK14 axis and miR-153-NFIA/B
b) Competence models: early-neurogenic NSCs (eNSC), which generate only neurons (N) become late-gliogenic NSCs (INSC) acquired

gllogenlc competence to differentiate into astrocytes (A) or oligodendrocytes (O) directly and/or indirectly through the glial-restricted
progenitor (GRP) state in response to gliogenic signals. miR-17/106b may be required for the maintenance of eNSC state via repression of
MAPK14. miR-153 represses NFIA/B expressions which are essential for astroctytic differentiation of NSCs and/or GRPs. It is not clear whether
NFIA/B are required for the differentiation of NSCs into GRPs. (c) Differentiation model: NSCs rarely differentiate into GRPs in the early-
neurogenic period. miR-17/106b may be required for the maintenance of neuropotency and/or inhibition of differentiation of NSCs into GRP
via repression of MAPK14. The role of miR-153-NFIA/B axis is same as that in the competence models. NFIA has also been shown to suppress
oligodendrocyte differentiation.
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differentiation of mouse cortical progenitors via repression of
BMPR2, which is acquired in cortical VZ after midgestation and is
essential for BMP2/4 signaling, which inhibits neurogenesis and
promotes astrogliogenesis.** If that is the case, then MAPK14 may
be required for the competence change of NSCs to allow glial
differentiation in the presence of sufficient amounts of gliogenic
factors, including NFIA/B and gliogenic signals. The miR-17 OE in
ESC-derived NSPCs does not alter Nfia/b expression (Naka-Kaneda
et al., unpublished result). Alternatively or additionally, miR-17/106
may suppress differentiation of NSCs into glial lineages
independent of the epigenetic regulation of glial-specific genes
(Figure 2c). In this case, the expression level of MAPK14
may determine the frequency of the commitment into glial
lineages and NFIA/B may simply be required for astrocytic
differentiation of glial-restricted precursors (GRPs), because NFIA
OE suppresses differentiation of oligodendrocyte progenitor cells
into oligodendrocytes. It is possible that the majority of
undifferentiated NSPCs increased as a result of miR-153 OE*'
are GRPs and/or astrocyte precursors. To date, there is no
reliable marker to distinguish these glial progenitor cells from
NSCs, although GRPs can be isolated in vitro.***¢ We also do not
know whether astrocyte and oligodendrocyte lineages can be
differentiated directly from NSCs, or must necessarily pass through
the GRP state. Future studies regarding glial development should
thus include a focus on identification of definitive NSCs and/or
GRP markers.

REGULATION OF NEURONAL AND GLIAL DIFFERENTIATION BY
MIRNAS

miRNAs are also involved in the terminal differentiation of neurons
and glia at appropriate time points. Initial analyses of Dicer
conditional knockout (CKO) mice using Nestin, Emx1-, Foxg1- and
Olig1-Cre drivers revealed that the contribution of miRNAs to
neuronal and glial differentiation in the developing CNS is more
pronounced after mid-gestation.'*'®2° In particular, the massive
reduction of gliogenesis in the developing spinal cord was
observed in the CKO mice with Nestin-Cre or Oligl-Cre
driver,*”*® whereas no major defect in neurogenesis was observed
in any of these mice, although massive cell death and reduced
maturation of neurons were evoked in the developing cortex of
Dicer-CKO mice with Nestin, Emx1-, and Foxgi-Cre drivers.'*18-20
The relatively normal neurogenesis in these Dicer-CKO mice in
early developmental stages may be owing to the presence of key
miRNAs for both promotion of neurogenesis (e.g., miR-9 and
miR124)"” and promotion of self-renewal and proliferation of
NSPCs (e.g, miR-19 and miR-92)*°° (see also other reviews
for more details).”>'®>" In contrast, a mosaic deletion of Dicer
in the developing cortex in mouse by the transfection of a
Cre-expressing plasmid resulted in prolonged neurogenesis, but
no significant alteration in gliogenesis.>> The phenotypic
discrepancy between the mosaic deletion and CKO using several
drivers indicates that miRNAs are involved in both the cell
autonomous and non-cell autonomous regulation of NSPC
differentiation.

Among several dozens of specific miRNAs involved in
neurogenesis and gliogenesis, the let-7 family of miRNAs seems
to have a key role in the timing of glial differentiation (Figure 3a).
let-7 miRNAs are heterochronic genes encoding components of
machinery underlying timing mechanisms in animal development,
and were first identified as genes that control the timing of
cell-fate decisions in the larval development of Caenorhabditis
elegans.> In mammals, let-7 miRNAs have been shown to be
involved in a wide range of biological processes, including
differentiation and temporal specification of several types of stem
cells>* In NSC development, let-7b was initially found to be
involved in the age-dependent decline of stem cell function by
targeting high-mobility group-AT-hook 2 (HMGA2) a member of
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Figure 3. Roles for miRNAs in the regulation of neurogenesis-to-

gliogenesis switch by NSCs. (a) Roles of let-7 and miR-125 in the
neuronal and glial differentiation of NSCs. let-7 suppresses self-
renewal and neuronal differentiation of NSCs via repression of
IGF2BP1, TLX, cyclin D1, and HMGA2, respectively, but facilitate
astrocytic differentiation of GRPs via repression of IGFBP2 and
PLAGL2, which also are targets of miR-125. (b) A schematic model
for the regulation of neurogenic-to-gliogenic switch by hetero-
chronic genes including microRNAs in the developing NSCs. The
expressions of miR-153 and miR-17/106 decline with time, leading to
increases of their target NFIA/B and MAPK14, respectively, which are
essential for gliogenesis. The let-7 expression increases with time
caused by decrease of LIN28, leading to a inhibition of neurogenesis
via repression of HMIGA2. A, astrocyte; N, neuron; NSCs, neural stem
cells; O, oligodendrocyte.

the high-mobility group A (HMGA) family, which encodes a small
non-histone chromatin-associated protein that modulates
transcription of many genes by altering chromatin structure.>
Age-dependent increase of mature let-7 miRNAs in NSPCs after
midgestation seems to contribute to the age-dependent decline
of HMGA2, which induces upregulation of the cell cycle inhibitors
p16™€*? and p19*%F. Jet-7b has also been shown to induce
differentiation of NSPCs into neurons and glia by targeting an
orphan nuclear receptor TLX and cyclin D1 (Figure 3a).>°
Moreover, deletion of Insulin-like growth factor two mRNA
binding protein 1 (IGF2BP1; also known as IMP-1, ZBP1), another
target of let-7 miRNAs in mice, reduces proliferation of NSPCs and
induces premature differentiation of neurons and astrocytes along
with a reduction of HMGA2 expression in the developing cortex,
while let-7g OE exhibits a similar phenotype with a significant
reduction of IGF2BP1 expression.”” Gain-of-function (GOF) and
LOF phenotypes of HMGA2, however, do not completely fit in the
expected phenotypes as a target of let-7 miRNAs. In the mouse
embryonic cortex and human NSPC cultures derived from hPSCs,
HMGA2 appears to suppress astrocyte differentiation but be
required for neurogenesis.*®**° This is unsurprising, as let-7

© 2016 Japanese Society of Anti-Aging Medicine/Macmillan Publishers Limited



miRNAs regulate multiple target genes, as described above.
Overexpression of let-7 miRNAs suppresses neuronal differentia-
tion, depending on the cellular context. In the neurogenesis from
hESC-derived NSPCs and zebrafish retinal injury, let-7 miRNAs are
likely to target a neurogenic basic helix-loop-helix transcription
factor Achaete-scute homolog 1 to inhibit neurogenesis®® or
prevent premature Miller glia dedifferentiation upon retinal
injury.®' Intriguingly, Cimadamore et al.®° reported that let-7
activity was not detected in hESC-derived NSPCs owing to the
high expression level of LIN28, a well-known inhibitor of let-7
biogenesis driven by SOX2. This finding suggests that these NSPCs
were in an early-neurogenic phase because the temporal patterns
of LIN28 and mature let-7 miRNA expression in developing NSPCs
are inversely correlated. SOX2 and LIN28 are downregulated along
the neuronal differentiation of hESC-derived NSPCs, thereby let-7
is derepressed in differentiating neurons. Phenotypes induced by
the ectopic expression of particular genes are often inconsistent
with their physiological functions. Recently, let-7 and miR-125
have been shown to promote astrocytic differentiation
of GRPs derived from mouse ESCs through the regulation
of multiple targets in parallel with JAK/STAT pathway
(Figure 3a).52 Moreover, let-7 OE in hPSC-derived NSPCs enhanced
oligodendrogliogenesis.®® Thus, let-7 miRNAs are involved in
gliogenesis at multiple levels. The developmental increase of
let-7 miRNAs in NSPCs thus seems to be integrated into the timing
mechanisms of gliogenesis (Figure 3b).

CONCLUSION

A recent large body of work on miRNAs has revealed their
significant contribution to a wide range of biological processes,
including cell-fate determination events. One might also argue
that the major function for miRNAs may be buffering stochastic
noise in the gene expression,®® as LOF of individual miRNAs often
results in mild or no phenotype under normal physiological
conditions.®* This may be due in part to compensation by other
miRNAs targeting the same mRNAs.®® In contrast, GOF of a miRNA
causing a significant reduction of the expression of multiple target
often results in a clear phenotypic change.®® However, as
described above, several miRNAs have critical roles in the
regulation of neurogenesis-to-gliogenesis  switch in the
developing CNS (Figure 3b). Similarly, let-7, miR-125, and miR-9
have also been found to have major roles in the temporal
specification of retinal progenitors.®” Inhibition of all these or let-7
activity leads to the prolonged generation of ganglion cells from
progenitors stuck in an early state. Moreover, evidence is
accumulating for the involvement of specific miRNAs in the
age-related changes in the properties of several tissue stem
cells such as hematopoietic stem cells and mesenchymal
stem cells in addition to NSCs.>*®® Aging usually causes reduction
of regenerative capacity of stem cells.%

The limited regenerative capacity of adult tissues in mammals
compared with that of other lower vertebrates, such as urodele
amphibians and teleost fish, may largely be due to the limited
number and plasticity of tissue stem cells. Therefore, rejuvenation
of adult stem cells represents an important target in regenerative
medicine and aging research. Given the robust contribution of
miRNAs to the temporal specification of several tissue stem cells
including NSCs, controlling stem cell plasticity via LOF and GOF of
specific miRNAs along with the mobilization of stem cells may
serve as a possible therapeutic approach to various degenerative
diseases. Further studies to elucidate how miRNAs regulate
plasticity of stem cells during aging will provide important
information for better understanding of stem cell aging and
development other therapeutic approaches including use of small
molecules that modulate functions and/or expressions of specific
targets of key miRNAs.

© 2016 Japanese Society of Anti-Aging Medicine/Macmillan Publishers Limited

microRNAs regulate timing of gliogenesis
T Shimazaki and H Okano

np)

ACKNOWLEDGEMENTS

We are grateful to Dr D. Sipp for his critical reading of the manuscript. TS and HO are
supported by Grants-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) of Japan. This work was also partly
supported by Research Center Network for Realization of Regenerative Medicine from
the Japan Science and Technology Agency (JST) and Japan Agency for Medical
Research and Development (AMED) to HO, and by the Program for Intractable
Disease Research utilizing disease-specific iPS Cells from JST and AMED to HO.

CONTRIBUTIONS

TS and HO wrote the manuscript.

COMPETING INTERESTS

HO is a paid scientific advisory board consultant for San Bio, Co Ltd. TS declares no
conflict of interest.

REFERENCES

1. Shimazaki, T. Biology and clinical application of neural stem cells. Horm. Res. 60
(Suppl 3) 1-9 (2003).

2. Okano, H. Neural stem cells and strategies for the regeneration of the central
nervous system. Proc. Jpn Acad. Ser. B 86, 438-450 (2010).

3. Gage, F. H. & Temple, S. Neural stem cells: generating and regenerating the brain.
Neuron 80, 588-601 (2013).

4. Casarosa, S., Bozzi, Y. & Conti, L. Neural stem cells: ready for therapeutic appli-
cations? Mol. Cell. Ther. 2, 31 (2014).

5. Okano, H. & Temple, S. Cell types to order: temporal specification of CNS
stem cells. Curr. Opin. Neurobiol. 19, 112-119 (2009).

6. Kohwi, M. & Doe, C. Q. Temporal fate specification and neural progenitor
competence during development. Nat. Rev. Neurosci. 14, 823-838 (2013).

7. Takahashi, K. et al. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131, 861-872 (2007).

8. Arlotta, P. & Berninger, B. Brains in metamorphosis: reprogramming cell
identity within the central nervous system. Curr. Opin. Neurobiol. 27,
208-214 (2014).

9. Tsunemoto, R. K., Eade, K. T., Blanchard, J. W. & Baldwin, K. K. Forward engineering
neuronal diversity using direct reprogramming. EMBO J. 34, 1445-1455
(2015).

10. Okano, H. et al. Steps toward safe cell therapy using induced pluripotent
stem cells. Circul. Res. 112, 523-533 (2013).

11. Nori, S. et al. Long-term safety issues of iPSC-based cell therapy in a spinal cord
injury model: oncogenic transformation with epithelial-mesenchymal transition.
Stem Cell Rep. 4, 360-373 (2015).

12. Ha, M. & Kim, V. N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 15,
509-524 (2014).

13. Lin, S. & Gregory, R. I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer
15, 321-333 (2015).

14. Fineberg, S. K, Kosik, K. S. & Davidson, B. L. MicroRNAs potentiate neural
development. Neuron 64, 303-309 (2009).

15. Bian, S, Xu, T. L. & Sun, T. Tuning the cell fate of neurons and glia by microRNAs.
Curr. Opin. Neurobiol. 23, 928-934 (2013).

16. Sun, A. X, Crabtree, G. R. & Yoo, A. S. MicroRNAs: regulators of neuronal fate. Curr.
Opin. Cell Biol. 25, 215-221 (2013).

17. Sun, E. & Shi, Y. MicroRNAs: Small molecules with big roles in neurodevelopment
and diseases. Exp. Neurol. 268, 46-53 (2015).

18. De Pietri Tonelli, D. et al. miRNAs are essential for survival and differentiation of
newborn neurons but not for expansion of neural progenitors during early
neurogenesis in the mouse embryonic neocortex. Development 135,
3911-3921 (2008).

19. Nowakowski, T. J., Mysiak, K. S., Pratt, T. & Price, D. J. Functional dicer is necessary
for appropriate specification of radial glia during early development of mouse
telencephalon. PLoS ONE 6, €23013 (2011).

20. McLoughlin, H. S., Fineberg, S. K., Ghosh, L. L, Tecedor, L. & Davidson, B. L. Dicer
is required for proliferation, viability, migration and differentiation in
corticoneurogenesis. Neuroscience 223, 285-295 (2012).

21. Miller, F. D. & Gauthier, A. S. Timing is everything: making neurons versus glia in
the developing cortex. Neuron 54, 357-369 (2007).

22. Naka, H. Nakamura, S., Shimazaki, T. & Okano, H. Requirement for COUP-TFI
and Il in the temporal specification of neural stem cells in CNS development.
Nat. Neurosci. 11, 1014-1023 (2008).

23. Molne, M. et al. Early cortical precursors do not undergo LIF-mediated astrocytic
differentiation. J. Neurosci. Res. 59, 301-311 (2000).

npj Aging and Mechanisms of Disease (2016) 15014



np)

microRNAs regulate timing of gliogenesis
T Shimazaki and H Okano

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Mehler, M. F,, Mabie, P. C,, Zhu, G., Gokhan, S. & Kessler, J. A. Developmental
changes in progenitor cell responsiveness to bone morphogenetic proteins
differentially modulate progressive CNS lineage fate. Dev. Neurosci. 22,
74-85 (2000).

Takizawa, T. et al. DNA methylation is a critical cell-intrinsic determinant of
astrocyte differentiation in the fetal brain. Dev. Cell 1, 749-758 (2001).

He, F. et al. A positive autoregulatory loop of Jak-STAT signaling controls the
onset of astrogliogenesis. Nat. Neurosci. 8, 616-625 (2005).

Heinrich, P. C. et al. Principles of interleukin (IL)-6-type cytokine signalling and its
regulation. Biochem. J. 374, 1-20 (2003).

Barnabe-Heider, F. et al. Evidence that embryonic neurons regulate the onset of
cortical gliogenesis via cardiotrophin-1. Neuron 48, 253-265 (2005).

Mueller, T. D. & Nickel, J. Promiscuity and specificity in BMP receptor activation.
FEBS Lett. 586, 1846-1859 (2012).

Guruharsha, K. G, Kankel, M. W. & Artavanis-Tsakonas, S. The Notch signalling
system: recent insights into the complexity of a conserved pathway. Nat. Rev.
Genet. 13, 654-666 (2012).

Nakashima, K. et al. Synergistic signaling in fetal brain by STAT3-Smad1 complex
bridged by p300. Science 284, 479-482 (1999).

Sun, Y. et al. Neurogenin promotes neurogenesis and inhibits glial differentiation
by independent mechanisms. Cell 104, 365-376 (2001).

Li, W., Cogswell, C. A. & LoTurco, J. J. Neuronal differentiation of precursors in the
neocortical ventricular zone is triggered by BMP. J. Neurosci 18,
8853-8862 (1998).

Song, M. R. & Ghosh, A. FGF2-induced chromatin remodeling regulates CNTF-
mediated gene expression and astrocyte differentiation. Nat. Neurosci. 7,
229-235 (2004).

das Neves, L. et al. Disruption of the murine nuclear factor I-A gene (Nfia) results
in perinatal lethality, hydrocephalus, and agenesis of the corpus callosum. Proc.
Natl Acad. Sci. USA 96, 11946-11951 (1999).

Deneen, B. et al. The transcription factor NFIA controls the onset of gliogenesis in
the developing spinal cord. Neuron 52, 953-968 (2006).

Kang, P. et al. Sox9 and NFIA coordinate a transcriptional regulatory cascade
during the initiation of gliogenesis. Neuron 74, 79-94 (2012).

Namihira, M. et al. Committed neuronal precursors confer astrocytic potential on
residual neural precursor cells. Dev. Cell. 16, 245-255 (2009).

Steele-Perkins, G. et al. The transcription factor gene Nfib is essential for both
lung maturation and brain development. Mol. Cell. Biol. 25, 685-698 (2005).
Piper, M. et al. Multiple non-cell-autonomous defects underlie neocortical callosal
dysgenesis in Nfib-deficient mice. Neural Dev. 4, 43 (2009).

Tsuyama, J. et al. MicroRNA-153 Regulates the Acquisition of Gliogenic
Competence by Neural Stem Cells. Stem Cell Rep. 5, 365-377 (2015).
Alvarez-Buylla, A, Kohwi, M., Nguyen, T. M. & Merkle, F. T. The heterogeneity of
adult neural stem cells and the emerging complexity of their niche. Cold Spring
Harb. Symp. Quant. Biol. 73, 357-365 (2008).

Naka-Kaneda, H. et al. The miR-17/106-p38 axis is a key regulator of the
neurogenic-to-gliogenic transition in developing neural stem/progenitor cells.
Proc. Natl Acad. Sci. USA 111, 1604-1609 (2014).

Mao, S. et al. miR-17 regulates the proliferation and differentiation of the
neural precursor cells during mouse corticogenesis. FEBS journal 281,
1144-1158 (2014).

Rao, M. S., Noble, M. & Mayer-Proschel, M. A tripotential glial precursor cell is
present in the developing spinal cord. Proc. Natl Acad. Sci. USA 95,
3996-4001 (1998).

Brustle, O. et al. Embryonic stem cell-derived glial precursors: a source of
myelinating transplants. Science 285, 754-756 (1999).

Kawase-Koga, Y., Otaegi, G. & Sun, T. Different timings of Dicer deletion affect
neurogenesis and gliogenesis in the developing mouse central nervous system.
Dev. Dyn. 238, 2800-2812 (2009).

Zheng, K, Li, H, Zhu, Y., Zhu, Q. & Qiu, M. MicroRNAs are essential for the
developmental switch from neurogenesis to gliogenesis in the developing
spinal cord. J. Neurosci. 30, 8245-8250 (2010).

Bian, S. et al. MicroRNA cluster miR-17-92 regulates neural stem cell expansion
and transition to intermediate progenitors in the developing mouse neocortex.
Cell Rep. 3, 1398-1406 (2013).

npj Aging and Mechanisms of Disease (2016) 15014

50.

51.
52.
53.

54.
55.
56.
57.
58.

59.

60.
61.

62.
63.
64.

65.

66.

67.

68.
69.
70.
71.

72.

Fei, J. F, Haffner, C. & Huttner, W. B. 3’ UTR-dependent, miR-92-mediated
restriction of Tis21 expression maintains asymmetric neural stem cell division to
ensure proper neocortex size. Cell Rep. 7, 398-411 (2014).

Ji, F.,, Lv, X. & Jiao, J. The role of microRNAs in neural stem cells and neurogenesis.
J. Genet. Genomics 40, 61-66 (2013).

Nowakowski, T. J. et al. Loss of functional Dicer in mouse radial glia
cell-autonomously prolongs cortical neurogenesis. Dev. Biol. 382, 530-537 (2013).
Pasquinelli, A. E. et al. Conservation of the sequence and temporal expression of
let-7 heterochronic regulatory RNA. Nature 408, 86-89 (2000).

Shenoy, A. & Blelloch, R. H. Regulation of microRNA function in somatic
stem cell proliferation and differentiation. Nat. Rev. Mol. Cell Biol. 15,
565-576 (2014).

Nishino, J., Kim, I, Chada, K. & Morrison, S. J. Hmga2 promotes neural stem cell
self-renewal in young but not old mice by reducing pl16ink4a and p19Arf
Expression. Cell 135, 227-239 (2008).

Zhao, C. et al. MicroRNA let-7b regulates neural stem cell proliferation and
differentiation by targeting nuclear receptor TLX signaling. Proc. Natl Acad. Sci.
USA 107, 1876-1881 (2010).

Nishino, J., Kim, S., Zhu, Y., Zhu, H. & Morrison, S. J. A network of heterochronic
genes including Imp1 regulates temporal changes in stem cell properties. Elife 2,
00924 (2013).

Kishi, Y., Fujii, Y., Hirabayashi, Y. & Gotoh, Y. HMGA regulates the global chromatin
state and neurogenic potential in neocortical precursor cells. Nat. Neurosci. 15,
1127-1133 (2012).

Patterson, M. et al. let-7 miRNAs can act through notch to regulate human
gliogenesis. Stem Cell Rep. 3, 758-773 (2014).

Cimadamore, F., Amador-Arjona, A, Chen, C, Huang, C. T. & Terskikh, A. V.
SOX2-LIN28/let-7 pathway regulates proliferation and neurogenesis in neural
precursors. Proc. Natl Acad. Sci. USA 110, E3017-E3026 (2013).

Ramachandran, R, Fausett, B. V. & Goldman, D. Asclla regulates Muller glia
dedifferentiation and retinal regeneration through a Lin-28-dependent, let-7
microRNA signalling pathway. Nat. Cell Biol. 12, 1101-1107 (2010).

Shenoy, A., Danial, M. & Blelloch, R. H. Let-7 and miR-125 cooperate to prime
progenitors for astrogliogenesis. EMBO J. 34, 1180-1194 (2015).

Cui, Q., Yu, Z,, Purisima, E. O. & Wang, E. MicroRNA regulation and interspecific
variation of gene expression. Trends Genet. 23, 372-375 (2007).

Park, C. Y. et al. A resource for the conditional ablation of microRNAs in
the mouse. Cell Rep. 1, 385-391 (2012).

Olive, V. Minella, A. C. & He, L. Outside the coding genome,
mammalian microRNAs confer structural and functional complexity. Sci. Signal. 8,
re2 (2015).

Shenoy, A. & Blelloch, R. microRNA induced transdifferentiation. F1000 Biol. Rep. 4,
3 (2012).

La Torre, A, Georgi, S. & Reh, T. A. Conserved microRNA pathway regulates
developmental timing of retinal neurogenesis. Proc. Natl Acad. Sci. USA 110,
E2362-E2370 (2013).

Hodzic, M., Naaldijk, Y. & Stolzing, A. Regulating aging in adult stem cells with
microRNA. Z. Gerontol. Geriatr. 46, 629-634 (2013).

Oh, J, Lee, Y. D. & Wagers, A. J. Stem cell aging: mechanisms, regulators and
therapeutic opportunities. Nat. Med. 20, 870-880 (2014).

Hermanson, O., Jepsen, K. & Rosenfeld, M. G. N-CoR controls differentiation of
neural stem cells into astrocytes. Nature 419, 934-939 (2002).

Ge, W. et al. Notch signaling promotes astrogliogenesis via direct CSL-mediated
glial gene activation. J. Neurosci. Res. 69, 848-860 (2002).

Sardi, S. P, Murtie, J., Koirala, S., Patten, B. A. & Corfas, G. Presenilin-dependent
ErbB4 nuclear signaling regulates the timing of astrogenesis in the
developing brain. Cell 127, 185-197 (2006).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© 2016 Japanese Society of Anti-Aging Medicine/Macmillan Publishers Limited


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Heterochronic microRNAs in temporal specification of neural stem cells: application toward rejuvenation
	Introduction
	Regulation of gliogenic competence by miR-153 and miR-17/106
	Regulation of neuronal and glial differentiation by miRNAs
	Conclusion
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Heterochronic microRNAs in temporal specification of neural stem cells: application toward rejuvenation
            
         
          
             
                npj Aging and Mechanisms of Disease ,  (2015). doi:10.1038/npjamd.2015.14
            
         
          
             
                Takuya Shimazaki
                Hideyuki Okano
            
         
          doi:10.1038/npjamd.2015.14
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Japanese Society of Anti-Aging Medicine/Macmillan Publishers Limited
          10.1038/npjamd.2015.14
          2056-3973
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/npjamd.2015.14
            
         
      
       
          
          
          
             
                doi:10.1038/npjamd.2015.14
            
         
          
             
                npjamd ,  (2015). doi:10.1038/npjamd.2015.14
            
         
          
          
      
       
       
          True
      
   




