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Abstract Since their discovery in the early 1990s,
microRNAs have emerged as key components of the post-
transcriptional regulation of gene expression. MicroRNAs
occur in the plant and animal kingdoms, with the numbers
of microRNAs encoded in the genome increasing together
with the evolutionary expansion of the phyla. By base-
pairing with complementary sequences usually located within
the 3′ untranslated region, microRNAs target mRNAs for
degradation, destabilization and/or translational inhibition.
Because one microRNA can have many, if not hundreds, of
target mRNAs and because one mRNA can, in turn, be
targeted by many microRNAs, these small single-stranded
RNAs can exert extensive pleiotropic functions during the
development, adulthood and ageing of an organism.
Specific functions of an increasing number of microRNAs
have been described for the invertebrate and vertebrate ner-
vous systems. Among these, the miR-8/miR-200 microRNA
family has recently emerged as an important regulator of
neurogenesis and gliogenesis and of adult neural homeostasis
in the central nervous system of fruit flies, zebrafish and
rodents. This highly conserved microRNA family consists of

a single ortholog in the fruit fly (miR-8) and five members in
vertebrates (miR-200a, miR-200b, miR-200c, miR-141 and
miR-429). Here, we review our current knowledge about the
functions of the miR-8/miR-200 microRNA family during
invertebrate and vertebrate neural development and adult ho-
meostasis and, in particular, about their role in the regulation
of neural stem/progenitor cell proliferation, cell cycle exit,
transition to a neural precursor/neuroblast state, neuronal dif-
ferentiation and cell survival and during glial cell growth and
differentiation into mature oligodendrocytes.

Keywords miR-8 .miR-200 . Neurogenesis . Gliogenesis .

Central nervous system

Introduction

MicroRNAs (miRNAs or miRs) constitute a subclass of the
large family of non-coding RNAs (ncRNAs) comprising those
transcripts that are not translated into a polypeptide or protein
sequence (for a review, see Qureshi and Mehler 2012). As
their name indicates, miRNAs are small single-stranded
RNAs that are encoded in the genome either as a gene with
its own promoter (in the canonical miRNA pathway) or as part
of the intron of another gene, the so-called mirtrons (in the
non-canonical miRNA pathway; for reviews, see Krol et al.
2010; Yang and Lai 2011; Qureshi and Mehler 2012). The
primary transcript (pri-miRNA) of this gene or the mirtron is
processed in two consecutive endoribonucleolytic steps by the
nuclear RNAse III enzyme DROSHA, which generates the
approximately 70-nucleotide (nt)-long hairpin precursor
miRNA (pre-miRNA) that is subsequently transported out of
the nucleus and by the cytoplasmic RNAse III enzyme
DICER1, which cleaves the pre-miRNA into the approximate-
ly 18– to 24-nt-long miRNA/miRNA* duplex (for reviews,
see Krol et al. 2010; Qureshi and Mehler 2012; Yates et al.
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2013). One strand of this miRNA/miRNA* duplex (the
miRNA guide strand), which is generally with the less stably
base-paired 5′ end of the duplex, is subsequently incorporated
into a larger protein complex, namely the miRNA-induced
silencing complex (miRISC), whereas the other strand (the
miRNA passenger strand) is usually degraded. Base-pairing
between this “mature” single-stranded miRNA and especially
of a heptamer or octamer “seed sequence” at the 5′ end of the
miRNA and the complementary sequence of the target
mRNA, usually located within the 3′ untranslated region
(3′ UTR), induces the degradation, destabilization, or transla-
tional inhibition of the target mRNA by mechanisms that are
still not fully understood (for reviews, see Huntzinger and
Izaurralde 2011; Pasquinelli 2012; Yates et al. 2013).

MicroRNAs have emerged as key regulators of gene
expression during development, adulthood and ageing,
especially in the central nervous system (CNS; for a
review, see Qureshi and Mehler 2012). Accordingly, the
dysregulation of miRNA biogenesis and/or function has
been associated with a variety of human diseases but most
prominently with diseases in which tissue or cell homeo-
stasis is disrupted, such as various types of cancer and
neurological (including neurodegenerative), cardiovascular
and neurodevelopmental/psychiatric disorders (for reviews,
see Esteller 2011; Im and Kenny 2012; Abe and Bonini
2013). MicroRNAs can act as “ON-OFF switches” of
gene expression, i.e., the activity of the miRNA leads to
the complete degradation or translational inhibition of the
target mRNA and results in a complementary expression
pattern for the miRNA and its target, or as “fine-tuners”
of gene expression, i.e., the activity of the miRNA results
in smaller changes in target mRNA stability and/or trans-
lation and usually leads to the co-expression of the
miRNA and its target (for a review, see Flynt and Lai
2008). In neural tissues, miRNAs are thus ideally suited to
control the transition between various cellular or develop-
mental states, such as the transition from a proliferating/
self-renewing neural stem/progenitor cell to its postmitotic
offspring, the selection of a particular cell fate within a
specific lineage, and the terminal differentiation of this
postmitotic progeny, but they are also suited to control
cell and tissue homeostasis, such as the maintenance
(survival) of these cells (for reviews, see Moss 2007;
Ivey and Srivastava 2010; Pauli et al. 2011). Among the
miRNAs that have gained particular prominence in CNS
development and homeostasis are let-7, miR-9 and miR-
124 (for reviews, see Coolen and Bally-Cuif 2009;
McNeill and Van Vactor 2012; see also other contributions
to this Special Issue). We will focus here on another
miRNA family, namely the miR-8/miR-200 family, which
has recently emerged as an additional important regulator
of neurogenesis and gliogenesis in invertebrates and
vertebrates.

The conserved miR-8/miR-200 microRNA family
has pleiotropic functions in invertebrates and vertebrates

Chromosomal location, gene structure, mature miRNA
sequence and evolutionary relationships
of the miR-8/miR-200 family

MicroRNAs belonging to the miR-200 family have been
highly conserved throughout deuterostome evolution and are
found across all vertebrate classes, including fish, amphibians,
reptiles, birds and mammals (Wheeler et al. 2009).
Invertebrate species such as the fruit fly Drosophila
melanogaster possess only one ortholog of this family, miR-
8 (Fig. 1a; Wheeler et al. 2009). The vertebrate miR-200
family comprises five members, namely miR-200a, miR-
200b, miR-200c, miR-141 and miR-429, which are organized
in two gene clusters (for reviews, see Brabletz and Brabletz
2010; Feng et al. 2014). The tricistronic miR-200b/a/429
cluster is transcribed from a common promoter and is located
on mouse chromosome 4 and human chromosome 1p36
(Fig. 1a, b). The bicistronic miR-200c/141 cluster also has a
common promoter and is located on mouse chromosome 6
and human chromosome 12p13 (Fig. 1a, b). Both gene clus-
ters encode mature miR-200 miRNAs whose seed sequence
differs by only 1 nt. Mature miR-200 miRNAs are therefore
classified into two seed sequence subgroups (Fig. 1c): sub-
group I comprises miR-200a and miR-141, which have the
seed sequence AACACUG; subgroup II comprisesmiR-200b,
miR-200c andmiR-429, which have the seed sequence AAUA
CUG. Drosophila miR-8 has the same seed sequence as sub-
group II (Fig. 1c). The slight difference between the two seed
sequence subgroups indicates that they each regulate a differ-
ent population of target mRNAs (Uhlmann et al. 2010).
Indeed, a total of 375 target genes (mRNAs) are predicted
by three of the publicly available miRNA target prediction
tools (Targetscan: Friedman et al. 2009; microRNA: Betel
et al. 2008; miRmap: Vejnar and Zdobnov 2012) for seed
sequence subgroup I (exemplified by mmu-miR-200a) and a
total of 448 target genes are predicted by these tools for seed
sequence subgroup II (exemplified by mmu-miR-200b;
Fig. 2a). Of these, only 66 predicted target genes are common
to both subgroups (Fig. 2a), suggesting that each seed se-
quence subgroup mostly regulates a different set of target
genes (mRNAs).

Interestingly and despite the high sequence conservation of
the mature miR-8/miR-200 miRNAs, the evolutionary rela-
tionship between their precursor (pre-miRNA/hairpin) se-
quences is less straight-forward (Fig. 2b). Although pre-
miRNA sequences belonging to miR-200a, miR-200b and
miR-429 are found in all deuterostomes, pre-miR-200c and
pre-miR-141 sequences are only detected in cephalochordates,
teleosts and mammals or in tunicates, teleosts and mammals,
respectively, suggesting that these miRNAs and/or the
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Fig. 1 Chromosomal location, gene structure and mature sequence align-
ment of the conservedmiR-8/miR-200miRNA family. aPosition of themiR-8
gene (top, orange bar) on chromosome 2R (Chr. 2R) in Drosophila
melanogaster and of the miR-200b/a/429 (green bars) and miR-200c/141
(red bars) gene clusters on chromosomes 4 and 6, respectively, in the mouse
(Mus musculus), or on chromosome 1p36 and 12p13, respectively, in human
(Homo sapiens). b Structure of the miR-200b/a/429 (top) and miR-200c/141
(bottom) gene cluster in the mouse. Green boxes indicate the position of the
sequences encoding themiR-200b,miR-200a andmiR-429 pre-miRNAs and
red boxes indicate the position of the sequences encoding the miR-200c and
miR-141 pre-miRNAs. Each gene cluster is transcribed from a common
promoter (TSS transcription start site, pA polyadenylation signal). Experimen-
tally validated (by chromatin immunoprecipitation, electromobility shift assay,
luciferase reporter assays and/or site-directed mutagenesis) binding sites for
E2F (blue oval; Peng et al. 2012), P53 (brown ovals; Kim et al. 2011),
SMAD3 or phosphorylated SMAD (pSMAD) 1/5/8 (purple ovals; Ahn

et al. 2012; Cao et al. 2013), SOX2 (pink ovals; Peng et al. 2012; Wang
et al. 2013) and ZEB1/2 (yellow ovals; Bracken et al. 2008; Burk et al. 2008;
Mizuguchi et al. 2012) are shown in the promoter regions of themiR-200b/a/
429 and miR-200c/141 gene cluster (stippled lines activation of the miR-200
promoter region by the corresponding transcription factor has not been
demonstrated in neural cells). Not drawn to scale. c Conservation of the
mature mouse (mmu) and human (hsa) miRNA sequences for seed sequence
subgroup I (top), comprising miR-200a and miR-141 and of the mature
Drosophila (dme), mouse (mmu) and human (hsa) miRNA sequences for
seed sequence subgroup II (bottom), comprisingmiR-8,miR-200b,miR-200c
andmiR-429 (bold letters conserved nucleotides). The seed sequence is shown
in orange (miR-8), green (miR-200b/a/429 cluster) and red (miR-200c/141
cluster) letters and the 1 nt that differs between the two seed sequence
subgroups is presented in blue. Chromosomal positions were retrieved from
Ensembl (release 74; Flicek et al. 2013); mature miRNA sequences were
retrieved from miRBase (Kozomara and Griffiths-Jones 2014)
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corresponding gene cluster have been secondarily lost during
deuterostome evolution (Fig. 2 and data not shown).
Furthermore, miR-8/miR-200 miRNAs belonging to either
seed sequence subgroup do not show a clear phylogenetic
relationship (Fig. 2b), suggesting that the 1-nt difference
between the two subgroups arose independently in different
lineages.

Evolutionarily conserved and pleiotropic functions
of the miR-8/miR-200 microRNA family

Overall, the sequence of the mature miR-8/miR-200 miRNAs
has been highly conserved across phyla (Fig. 1c), suggesting
that at least some functions of these miRNAs have also been

conserved during evolution. Indeed, Drosophila miR-8 and
human miR-200 members were originally found to fine-tune
the protein levels of atrophin and its human ortholog RERE
(arginine glutamic acid dipeptide [RE] repeats), respectively
and thereby to prevent neurodegeneration in the fly’s CNS and
possibly also in the human brain (Karres et al. 2007).
Subsequently, miR-8/miR-200 miRNAs were described as
repressors of members of the Wingless (Wg) signaling path-
way in the Drosophila eye and in murine mesenchymal stem
cells, respectively, their function being the regulation of eye
size and the differentiation of mesenchymal stem cells into
adipocytes (Kennell et al. 2008). Drosophila mir-8 and the
human miR-200 family also suppress the expression of an
inhibitor of insulin/phosphoinositide-3 kinase (PI3K)

Fig. 2 Proportion of common and specific target genes (mRNAs) for the
two miR-8/miR-200 seed sequence subgroups and phylogenetic relation-
ships between themiR-8/miR-200 precursors. aVenn diagram illustrating
the number of predicted target genes (mRNAs) for either seed sequence
subgroup of the miR-8/miR-200 family and the number of target genes
common to both seed sequence subgroups. Target predictions for the seed
sequence subgroup I are based on the predicted targets ofmmu-miR-200a
and, for the seed sequence subgroup II, on the predicted targets of mmu-
miR-200b. Datasets from three publicly available miRNA target predic-
tion tools (Targetscan, www.targetscan.org; microRNA, www.microrna.
org; miRmap, mirmap.ezlab.org) were combined and filtered for only
those targets that are predicted by all three prediction tools. b
Phylogenetic tree showing the evolutionary relationships between the
miR-8/miR-200 pre-miRNAs (hairpins) of selected model species. Pre-

miRNAs in yellow belong to seed sequence subgroup I and, in blue, to
subgroup II; asterisks indicate that two miR-429 (a/b) miRNA genes are
present in the zebrafish genome, probably because of the whole genome
duplication in the teleost lineage. Pre-miRNA sequences of different
species were retrieved from miRBase (Kozomara and Griffiths-Jones
2014). Multiple species ClustalW nucleotide alignment of the various
pre-miRNAs and generation of the phylogenetic tree by using the
neighbor-joining algorithm were performed with the ClustalX 2.1
program (Larkin et al. 2007). Data were imported in the Phylip format
to the Archaeopteryx program (Han and Zmasek 2009) for visualization
of the phylogenetic tree [bfl lancelet (Branchiostoma floridae), dme fruit
fly (Drosophila melanogaster), dre zebrafish (Danio rerio), gga chick
(Gallus gallus), hsa human (Homo sapiens), sma trematode (Schistosoma
mansoni), xtr frog (Xenopus tropicalis)]
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signaling in fat body and human liver cells, respectively, an
action required for the control of body size and fat body/liver
cell growth and proliferation (Hyun et al. 2009). Finally, miR-
8 and the human miR-200 family restrict the expression of
SERRATE and its human ortholog JAGGED1, two li-
gands of the Notch receptor, thereby suppressing meta-
static tumour growth in the fruit fly and of metastatic
human prostate and breast cancer cells (Brabletz et al.
2011; Vallejo et al. 2011). The mammalian miR-200
family has meanwhile gained particular prominence be-
cause of its regulation of epithelial-to-mesenchymal
transit ion (EMT), “stemness” and somatic cell
reprogramming into induced pluripotent stem cells
(iPSCs; Lin et al. 2009; Shimono et al. 2009; Wellner
et al. 2009; Gill et al. 2011; Chen et al. 2012; Wang
et al. 2013); for reviews, see Peter 2009; Brabletz and
Brabletz 2010) and because of its tumour-suppressive
role in a wide array of human cancers (for reviews,
see Peter 2009; Brabletz and Brabletz 2010; Hill et al.
2013; Feng et al. 2014). The vertebrate miR-200 family
has also been implicated in pharyngeal taste bud devel-
opment in the zebrafish (Kapsimali et al. 2011) and in
submandibular gland morphogenesis (Rebustini et al.
2012) and tooth development and renewal (Cao et al.
2013) in the mouse. These data, apart from revealing
the high conservation of miR-8/miR-200 targets and
mechanistic actions throughout evolution, have also un-
covered the vast pleiotropy of this miRNA family. In
addition to their previously mentioned functions, four
recent publications have shown that miR-8 and the
miR-200 family are important regulators of various as-
pects of invertebrate and vertebrate gliogenesis and/or
neurogenesis, which will be reviewed below.

Glial miR-8/miR-200 regulates neurogenic niche signals
and gliogenesis

Glial miR-8 regulates glial cell size and proliferation
of Drosophila optic lobe neural stem cells

Apart from its highly dynamic expression in the fruit fly
larva (Karres et al. 2007), a recent report has shown that
miR-8 is specifically expressed in a newly discovered
surface-associated glial cell type, which has been termed
“optic-lobe-associated cortex glia”, underlying the
subperineurial glia (the blood–brain-barrier) of the
Drosophila brain and optic lobes (Morante et al. 2013).
The overexpression of Drosophila miR-8 or human miR-
200c in glial cells increases cell-autonomously the size of
the surface glial cell bodies but suppresses their prolifera-
tion in the fruit fly (Morante et al. 2013). This has

subsequently been traced back to the regulation, by miR-
8, of endoreplication without cell division in surface glial
cells via an unknown mechanism (Morante et al. 2013).
Notably, the complete lack or knock-down and the over-
expression of Drosophila miR-8 in optic-lobe-associated
cortex glia cells also has non-cell-autonomous effects on
the surrounding neuroepithelium: in the absence or after
knock-down of miR-8, the proliferation of neural stem
cells (NSCs) is increased and occurs at ectopic sites and
these cells transit precociously to neuroblasts (neural pre-
cursors) in the larval neuroepithelium, whereas the over-
expression of miR-8 in surface glial cells has the opposite
effect (Morante et al. 2013). In search of a mechanistic
link between the expression of miR-8 in optic-lobe-
associated cortex glia cells and the control of NSC prolif-
eration and neuroblast transition in the underlying
neuroepithelium, the authors found that Spitz, a secreted
transforming growth factor alpha (TGFa)-like ligand for
the epidermal growth factor receptor (EGFR), is specifi-
cally expressed in these cells. Overexpression of Spitz in
optic-lobe-associated cortex glia cells or a constitutively
active EGFR in neuroepithelial cells leads to a similar
phenotype (increased NSC proliferation, premature and
ectopic neuroblasts) as in miR-8-deficient flies, whereas
the knock-down of Spitz in optic-lobe-associated cortex
glia cells or the overexpression of a dominant negative
EGFR in neuroepithelial cells strongly decreases the size
of the neuroepithelium, thus resembling the phenotype
after miR-8 overexpression (Morante et al. 2013). Spitz
is indeed a direct target of miR-8 and the expression of a
Spitz transgene lacking the 3′ UTR (and thus incapable of
being regulated by miR-8) completely rescues the defects
after miR-8 overexpression in glial cells (Morante et al.
2013). Together, the data from this study show that miR-8
cell-autonomously controls the endoreplicative growth of
surface-associated glial cells and represses the expression
of a secreted neurogenic signal (the TGFa-like ligand
Spitz) in a specialized subset of surface glial cells, thereby
regulating non-cell-autonomously the proliferation of re-
sponsive (EGFR-expressing) NSCs and their proper tran-
sition to the neural precursor (neuroblast) state in the
Drosophila brain and optic lobes (Fig. 3a). Because
TGFa- and EGFR-mediated signaling have also been im-
plicated in the control of NSC proliferation in the rodent
brain (for a review, see Shi et al. 2008), we need to
determine whether such a non-cell-autonomous function
of miR-200 in (radial) glial cells is conserved in the
vertebrate neurogenic niche(s) (Fig. 3a). Interestingly, fur-
ther reduction of Spitz protein levels in miR-8-overexpress-
ing glial cells enhances the neuroepithelial growth defects
and induces a non-apoptotic form of cell death in the
mutant brains, suggesting that a perturbed control of
Spitz protein dosage by miR-8 is also involved in
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neurodegenerative processes (Morante et al. 2013). The
latter finding might reconcile, at least in part, the initial

data that the lack of miR-8 induces neurodegeneration in
the Drosophila brain (Karres et al. 2007).

Fig. 3 Functions of miR-8/miR-200 miRNAs in invertebrate and verte-
brate neurogenesis and gliogenesis. a In the central nervous system
(CNS) of the fruit fly (Drosophila melanogaster), miR-8 regulates cell-
autonomously the endoreplicative growth of specialized surface glial (SG,
blue) cells by suppressing the expression of an as yet unknown negative
regulator of endoreplication in these cells (Morante et al. 2013). Expres-
sion of miR-8 in SG cells also regulates non-cell-autonomously the
proliferation of neuroepithelial (NEP, green) cells and their transition to
more committed neuroblasts (NB, yellow), by down-regulating the levels
of a transforming growth factor α (TGFa)-like ligand (Spitz), which is
secreted from the SG cells and which promotes these two processes in
EGFR-expressing NEP cells (Morante et al. 2013). Whether a similar
non-cell-autonomous regulatory pathway exists in the vertebrate CNS,
possibly controlled by miR-200 miRNAs expressed in radial glia (RG,
blue in b) cells (an essential component of the vertebrate neurogenic
niche, Gotz and Huttner 2005; Sild and Ruthazer 2011), remains unclear.
Finally, miR-8 expression in the Drosophila CNS fine-tunes the levels of
atrophin (RERE in mammals), thereby balancing the (apoptotic) death
and survival of neural cells, including neurons (N, red; Karres et al. 2007).
b In the vertebrate (zebrafish and mice) CNS, miR-200 family members
regulate the proliferation, cell cycle exit and survival of neural

stem/progenitor cells (NSC, green) by suppressing the levels of SOX2
and E2F3 in these cells, thereby facilitating their transition to a migrating
neural precursor cell (NPC, yellow) and subsequent differentiation into a
neuron (N, red; Peng et al. 2012). SOX2 and E2F3 in turn activate the
transcription of the miR-200 gene clusters (Peng et al. 2012; Wang et al.
2013) and self-activate (SOX2, Tomioka et al. 2002) or repress (E2F3,
Adams et al. 2000) their own expression in NSCs. miR-200 miRNAs
might also repress the expression of NOTCH signaling members (LFNG,
Choi et al. 2008; JAG1, Vallejo et al. 2011) in NSCs, thus inhibiting their
precocious differentiation and of ZEB1/2 transcription factors mediating
EMT in other contexts (Lamouille et al. 2013), thereby maintaining the
neuroepithelial (E-cadherin+) identity of NSCs. Additionally, miR-200
members suppress the expression of serum response factor (SRF, brown)
in OPCs (not shown), thereby inhibiting their premature differentiation
into mature oligodendrocytes (Buller et al. 2012) and down-regulate
directly or indirectly the expression of FOXG1 in NSCs/NPCs (Choi
et al. 2008); FOXG1 is a transcription factor required for proper telence-
phalic neural development (Danesin and Houart 2012). Zeb2, Srf and
Foxg1 mRNAs are also targeted by miR-9. A cross-section through the
ventral midbrain is shown (IZ intermediate zone, MZ mantle zone, SVZ
subventricular zone, VZ ventricular zone)
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GlialmiR-200 regulates the differentiation of oligodendrocyte
precursor cells

Another, direct role ofmiR-200 family members in controlling
the progression of oligodendrogenesis in rats in vivo and cell
cultures in vitro has been described by Buller et al. (2012).
Expression of serum response factor (SRF), a ubiquitous
transcription factor with widespread functions in neuronal
differentiation, maturation, migration and activity (for a
review, see Knoll and Nordheim 2009), is strongly up-
regulated in differentiating white matter oligodendrocytes af-
ter ischemic stroke and this correlates with a down-regulation
of miR-200b expression in the same cells (Buller et al. 2012).
Similarly, the expression of SRF increases, whereas the tran-
scription of miR-200c decreases as oligodendrocyte precursor
cells (OPCs) are differentiating into oligodendrocytes in vitro
(Buller et al. 2012). The Srf 3′ UTR is directly targeted by
miR-200b and miR-9 and co-transfection of immortalized
OPCs with mimics of miR-200b and miR-9 suppresses their
differentiation into oligodendrocytes (Buller et al. 2012).
These data indicate that miR-200 miRNAs modulate the tran-
sition from a proliferating OPC to a differentiating oligoden-
drocyte, at least in part, by negatively regulating the expres-
sion of SRF in these cells (Fig. 3b; Knoll and Nordheim
2009).

Neural miR-200 regulates olfactory neurogenesis
in zebrafish and mice

The expression of miR-200 miRNAs is highly enriched in the
developing and adult olfactory neuroepithelium of rodents
(Fig. 4b; Choi et al. 2008). Depletion of mature miRNAs
(including the miR-200 family) in mature olfactory and
vomeronasal sensory neurons, as achieved by the conditional
ablation of the endoribonuclease Dicer1 gene in these cells
(OMP-Cre; DicerloxP/loxP mice), neither affects the molecular
identity, turnover and survival of the sensory neurons, nor the
olfactory projections and behavior of the mutant mice (Choi
et al. 2008). The conditional ablation of the Dicer1 gene and
consequent depletion of mature miRNAs in neural progeni-
tors, including olfactory progenitors (Foxg1-Cre; DicerloxP/
loxP mice), however, leads to the prenatal lethality of the
mutant embryos (Choi et al. 2008). This phenotype is coupled
to a strong reduction of the olfactory neuroepithelium, includ-
ing the olfactory progenitor cells, to their disrupted differen-
tiation intomature olfactory sensory neurons at midgestational
stages and to the complete loss of this tissue at late gestation
(Choi et al. 2008). Notably, the initial patterning and specifi-
cation of the olfactory neuroepithelium, the proliferation of
olfactory progenitor cells and the generation of non-neural
respiratory epithelium are not affected but the apoptotic death

of olfactory progenitor cells is strongly increased in the
Foxg1-Cre; DicerloxP/loxP mutant embryos (Choi et al. 2008).
Mature olfactory sensory neurons are also depleted in
maternal-zygotic dicer zebrafish mutants whose early defects
have been rescued by the co-injection of miR-430 (MZdicer+
miR430mutants) but in contrast to the mouse, an enlargement of
the foxg1-expressing olfactory neuroepithelium is observed in
these zebrafish mutants (Choi et al. 2008). The genomic
organisation and mature sequence of the miR-200 family is
highly conserved between zebrafish and mouse and miR-200
expression is also enriched in the olfactory tissues of this
teleost species (Choi et al. 2008). Accordingly, the antisense
morpholino oligonucleotide-mediated knock-down of the en-
tire miR-200 family in zebrafish embryos results in a similar
olfactory phenotype as in MZdicer+miR430 zebrafish and
Foxg1-Cre; DicerloxP/loxP mouse mutants (Choi et al. 2008).
The only notable difference between the mouse and zebrafish
mutants is the early thinning and later complete disappearance
of the Foxg1+ olfactory epithelium in the Foxg1-Cre;
DicerloxP/loxP mouse embryos, probably because of an in-
creased apoptosis of these cells, whereas foxg1 expression
appears to be increased in the olfactory neuroepithelium of
the MZdicer+miR430 and miR-200 morphant zebrafish, prob-
ably because of an initial expansion of the foxg1+ olfactory
progenitors that are unable to differentiate into mature
olfactory sensory neurons and despite the apparently also
increased apoptotic death of these cells at later stages (Choi
et al. 2008). The reason for these discrepancies is unclear at
present. Nevertheless, these data indicate that the miR-200
family plays a major and phylogenetically conserved role in
olfactory tissue development. In search of potential targets
of the miR-200 miRNAs in this context, the authors found
that zebrafish lfng (lunatic fringe/LFNG O-fucosylpeptide
3-beta-N-acetylglucosaminyltransferase; a modulator of the
Notch signaling pathway; Louvi and Artavanis-Tsakonas
2006) and zfhx1 (zinc finger E-box binding homeobox, also
known as ZEB1; a modulator of TGFb signaling and EMT;
Conidi et al. 2011) might be direct miR-200 targets that
mediate at least some of the proneural effects of this
miRNA family in the developing olfactory neuroepithelium
of the zebrafish embryo (Fig. 3b; Choi et al. 2008).

This report is the first indication that the miR-200 fam-
ily plays an important role in controlling the transition
from a proliferating neural progenitor to a postmitotic
and differentiating neuron, i.e., the process that genuinely
is known as “neurogenesis”. In addition, the miR-200
family appears to regulate the proper survival of prolifer-
ating neural progenitors during embryonic (neurogenic)
stages. The presence of the miR-200 family, by contrast,
is dispensable for the initial patterning and specification
events in the embryonic olfactory neuroepithelium and for
the proper survival and function of the mature olfactory sen-
sory neurons.
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Fig. 4 Dampening of expression fluctuations and gradual reduction of
SOX2, E2F3 and miR-200 levels by an autoregulatory and unilateral
negative feedback loop. a Expression levels (from next-generation se-
quencing) of the top ten most down-regulated miRNAs and of miR-124
and miR-9 (blue) in the mid-/hindbrain region (MHR) of embryonic day
12.5 (E12.5) En1+/Cre; Dicer1flox/flox (Dicer1 cKO) mouse embryos rela-
tive to En1+/Cre; Dicer1+/flox (het. heterozygote) embryos. The five miR-
200 family members (red) were among the most strongly depleted
miRNAs after Dicer1 ablation in the MHR (ratios: miR-200a, 0.014;
miR-429, 0.019; miR-205, 0.02; miR-200b, 0.026; miR-141, 0.059;
miR-200c, 0.072; let-7b, 0.077; miR-375, 0.12; miR-125a, 0.142; miR-
370, 0.152; miR-124, 0.407; miR-9, 0.444). b–g Representative over-
views (b,d–f) and close-up views (c, g) of the forebrain (b, c), midbrain
(d, f, g) and hindbrain (e) in coronal sections from E12.5 En1+/+; Dicer1-
flox/flox (wild-type; b–e) and E11.5 En1+/Cre; Dicer1+/flox (heterozygote; f,
g) mouse embryos, hybridized with a locked nucleic-acid-modified and
digoxigenin-labeled mmu-mir-200c or mmu-mir-124 (inset in b)

oligonucleotide in situ probe as described in Peng et al. (2012). Note that
miR-200c expression is strongest in the olfactory epithelium (OE) and
weaker in the brain neuroepithelium of the wild-type embryo and is
restricted to the ventricular/subventricular zone (VZ/SVZ) and intermedi-
ate zone (IZ) containing neural progenitors and precursors but is mostly
absent in themantle zone (MZ) containing postmitotic neurons expressing
miR-124 (b–e). Note also the non-uniform spotted expression pattern of
miR-200c in neuroepithelial cells of a heterozygous Dicer1+/− mouse
embryo (f, g). c, g Higher magnifications of the boxed areas in b, f,
respectively (Cx cortex, DT dorsal thalamus, GE ganglionic eminences,
POA preoptic area). Bars 250 μm (b), 100 μm (c, g). h Representation of
the expected time-course of SOX2 (green) and E2F3 (yellow) protein
levels and of miR-200 (red) miRNA levels in cycling neural
stem/progenitor cells (broken gray line threshold level at which the
transcription of Sox2 and E2f3 and concomitantly of the two miR-200
gene clusters, is switched off completely). G1, S, G2, M, G0 are the phases
of the cell cycle. Original data were published in Peng et al. (2012)
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Neural miR-200 regulates ventral mid-/hindbrain
neurogenesis in mice

Loss of DICER1-processed mature miRNAs leads to cell
cycle exit and neuronal differentiation defects
in the developing murine mid-/hindbrain region

The boundary between the midbrain and rostral hind-
brain harbors one of the principal signaling centers
during vertebrate embryonic development, the isthmic
organizer (IsO; for reviews, see Wurst and Bally-Cuif
2001; Vieira et al. 2010). The IsO controls the correct
patterning of the mid-/hindbrain region (MHR) and the
emergence of key neuronal populations in this region,
including dopaminergic, glutamatergic, serotonergic,
cholinergic and noradrenergic nuclei, which have been
implicated in the control and modulation of motor,
cognitive and emotional/affective behaviors (for a
review, see Zervas et al. 2005). Depletion of mature
miRNAs by the conditional ablation of the murine
Dicer1 gene in the MHR (Wnt1–Cre; Dicer1flox/flox

mice; Huang et al. 2010; En1+/Cre; Dicer1flox/flox mice;
Peng et al. 2012) leads to perinatal lethality of the
mutant pups and results in a progressive loss of this
region during embryonic development; this appears to
be mostly attributable to the apoptotic cell death of the
corresponding neural tissues (Huang et al. 2010; Peng
et al. 2012). However, the establishment of the IsO, the
patterning of the MHR and the initial specification of
some of the key neuronal populations are not affected
by the absence of Dicer1 and mature miRNAs in this
region (Huang et al. 2010; Peng et al. 2012), thus
resembling the conditional Dicer1 ablation phenotype
in the olfactory neuroepithelium (Choi et al. 2008).
Although the ventral MHR tissues are affected by apo-
ptotic cell death to a much lower extent than the dorsal
MHR tissues (Peng et al. 2012), neural progenitors
located in the ventral MHR fail to generate the appro-
priate amount of neuronal progeny, resulting in strongly
reduced numbers of midbrain dopaminergic and gluta-
matergic (red nucleus) neurons and of rostral hindbrain
serotonergic neurons at midgestational stages in the
Dicer1 mutant embryos (Huang et al. 2010; Peng
et al. 2012). In search of a mechanistic explanation for
this phenomenon, we found that the cell cycle exit of
neural progenitors located in the ventral MHR and their
subsequent differentiation into the corresponding neuro-
nal populations are strongly impaired in En1+/Cre;
Dicer1flox/flox embryos (Peng et al. 2012). This has
opened up a new avenue for addressing the role of
mature miRNAs in the control of neural progenitor
proliferation, cell cycle exit and neuronal differentiation
in the ventral MHR of the mouse embryo.

The miR-200 family regulates cell cycle exit and neuronal
differentiation of proliferating and multipotent neural
stem/progenitor cells by targeting SOX2 and E2F3 expression
in these cells

Expression profiling by next-generation sequencing has
revealed all five members of the miR-200 family among
the most strongly depleted miRNAs in the MHR of the
En1+/Cre; Dicer1flox/flox embryos (Fig. 4a; Peng et al.
2012). The expression of mature miR-200 miRNAs also
declines as neuronal differentiation progresses in the MHR
in vivo and in differentiating mouse and human embryonic
stem cells (ESCs) in vitro (Gill et al. 2011; Peng et al.
2012; Du et al. 2013; Huang et al. 2013). Because miR-
200c is the most highly expressed miR-200 family mem-
ber in neural tissues and differentiating pluripotent ESCs
(Peng et al. 2012; Huang et al. 2013), subsequent func-
tional analyses have focused on this miR-200 miRNA. In
the MHR and other brain regions, miR-200c is expressed
in neural progenitors and precursors located in the ventric-
ular (VZ) and subventricular (SVZ) zones of the
neuroepithelium but is mostly absent in the mantle zone
(MZ) containing postmitotic and differentiating neurons
(Fig. 4b-e; Peng et al. 2012). The two transcription factors
SOX2 (SRY [sex determining region Y]-box 2) and E2F3
(E2F transcription factor 3) have been identified as two
transcriptional activators of the miR-200c/141 gene cluster
(Fig. 1b) and direct targets of miR-200c (Peng et al.
2012). The numbers of cycling (S-phase) SOX2- and
E2F3-expressing cells are almost doubled and these cells
do not generate the appropriate amount of Tubb3 (beta-III-
tubulin)-expressing neuronal offspring in the ventral MHR
neuroepithelium of the En1+/Cre; Dicer1flox/flox embryos
(Peng et al. 2012). The “sponge” vector-mediated deple-
tion (Ebert and Sharp 2010) of all miR-200 miRNAs in
primary ventral MHR cell cultures indeed increases the
numbers of SOX2- and E2F3-expressing (proliferating)
neural progenitor cells and decreases the numbers of dif-
ferentiating Tubb3+ neurons, thus phenocopying the de-
fects of the Dicer1 mutant embryos, whereas the opposite
effect (decreased SOX2+ and E2F3+ cell numbers and
increased numbers of Tubb3+ neurons) is observed after
the overexpression of the miR-200c/141 cluster in these
cells (Peng et al. 2012).

Taken together, these data corroborate the previous find-
ings that the miR-200 family plays a prominent role in the
generic regulation of invertebrate and vertebrate neurogenesis
and neural progenitor survival but is not involved in the
control of early neural patterning and cell fate specification
events. Furthermore, they indicate that at least part of this
regulatory activity is mediated by a unilateral negative feed-
back loop between the miR-200 miRNAs and the two tran-
scription factors SOX2 and E2F3 (Fig. 3b). SOX2 is a
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member of the SOXB1 subgroup of SRY-related transcrip-
tional regulators characterized by a highly conserved high-
mobility group (HMG) DNA-binding domain (for reviews,
see Pevny and Nicolis 2010; Kamachi and Kondoh 2013). In
addition to being part of the core transcriptional network
regulating ESC pluripotency and somatic cell reprogramming
to pluripotent cells (for reviews, see Kashyap et al. 2009;
Kamachi and Kondoh 2013), SOX2 is expressed in neural
stem and progenitor cells of the vertebrate CNS throughout
development and adulthood (Ellis et al. 2004). The overex-
pression of SOX2 maintains the proliferating neural
stem/progenitor cell identity and inhibits their differentiation
into postmitotic neurons (Graham et al. 2003), all of which
strongly resembles some of the defects detected in the
En1+/Cre; Dicer1flox/flox embryos and after miR-200 knock-
down in primary ventral MHR cells (Peng et al. 2012).
Conversely, the repression of the SOX2 transcriptional
activator function or reduction of Sox2 gene dosage causes
cell cycle exit, the delamination of neural stem/progenitor
cells from the VZ and the initiation of their premature
differentiation into neurons (Graham et al. 2003;
Cavallaro et al. 2008), thus resembling some of the defects
seen after miR-200c/141 overexpression in primary ventral
MHR cells (Peng et al. 2012). E2F3 belongs to the E2F
family of transcription factors with a highly homologous
DNA-binding domain and has been mostly viewed as an
E2F member (together with E2F1 and E2F2) with tran-
scriptional activator function (for reviews, see DeGregori
2002; Chen et al. 2009b). E2F3 plays an important role in
the control of cell survival/apoptosis and cell cycle
progression/DNA synthesis in all types of cells, including
neural progenitors, in vivo and in vitro (Humbert et al.
2000; Danielian et al. 2008; Tsai et al. 2008; Chen et al.
2009a; Chong et al. 2009), although context-dependent and
redundant functions of the E2F family have made it diffi-
cult to establish this conclusively (for reviews, see
DeGregori 2002; Chen et al. 2009b). The overexpression
of E2F1 induces the re-entry of quiescent cells into S-phase
and DNA synthesis (Johnson et al. 1993), whereas deletion
of the E2f3 gene alone leads to variable deficits in cell
survival and proliferation that are augmented in the absence
of the other two activating E2F transcription factors
(E2F1/2; Humbert et al. 2000; Danielian et al. 2008; Tsai
et al. 2008; Chen et al. 2009a; Chong et al. 2009). The
deregulation of E2F3 protein levels in the ventral MHR of
the En1+/Cre; Dicer1flox/flox embryos indeed leads to the
aberrant accumulation of E2F3 in cycling (S-phase) neural
progenitor cells (Peng et al. 2012) and is thus highly likely to
contribute to the proliferation/cell cycle exit, neuronal differ-
entiation and survival defects observed in the Dicer1 mutant
embryos and in primary ventral MHR cells after miR-200
depletion (up-regulated E2F3 expression) or after miR-200c/
141 overexpression (down-regulated E2F3 expression).

A miR-200-controlled autoregulatory and unilateral negative
feedback loop mediates the transition from a proliferating
and multipotent neural stem/progenitor cell to a postmitotic
and differentiating neuron

As mentioned above, the regulatory function of SOX2 and
E2F is highly dose-dependent, with the strongest effects being
seen after the overexpression of SOX2 or E2F1 (Johnson et al.
1993; Graham et al. 2003) or after the complete loss of SOX2
(Taranova et al. 2006; Cavallaro et al. 2008; for a review, see
Pevny and Nicolis 2010) or of all three activating E2F tran-
scription factors (Humbert et al. 2000; Chen et al. 2009a;
Chong et al. 2009). Moreover, the SOX2 and E2F3 transcrip-
tion factors, in cooperation with their binding partners, can
self-activate or -repress, respectively, their own promoters
(Adams et al. 2000; Tomioka et al. 2002; for reviews, see
DeGregori 2002; Kondoh and Kamachi 2010). The mainte-
nance of adequate SOX2 and E2F protein levels within a
(neural progenitor) cell is thus essential for the proper homeo-
stasis of this cell and for its transition to a non-proliferative
(postmitotic) status. The two mousemiR-200 gene clusters are
bound and activated by SOX2 (Fig. 1b; Peng et al. 2012;
Wang et al. 2013) and the mouse miR-200c/141 gene cluster
is also activated by E2F3 (Peng et al. 2012). High basal levels
of SOX2 in neural stem/progenitor cells (Graham et al. 2003;
Cavallaro et al. 2008) and rising levels of E2F3 protein as
these cells transit from the G1 to the S-phase of the cell cycle
(Leone et al. 1998; Adams et al. 2000; Tsai et al. 2008) are
therefore predicted to maintain and repress, respectively, their
own expression but, at the same time, to activate the transcrip-
tion of the twomiR-200 gene clusters in these cells. Increasing
levels of miR-200 miRNAs are in turn predicted to down-
regulate the protein levels of SOX2 and E2F3 in neural
stem/progenitor cells, leading to an attenuation of SOX2,
E2F3 andmiR-200 expression in these cells over time, despite
a cyclic reactivation of E2f3 mRNA/protein expression
(Leone et al. 1998) and possibly also of the miR-200c/141
gene cluster (Fig. 4h; Peng et al. 2012). Mature miR-200
miRNAs indeed appear to be relatively unstable in neural
cells, as demonstrated by the finding that this miRNA family
is among the top ten most strongly depleted mature miRNAs
in neural tissues of the DICER1 mutant MHR at E12.5,
approximately 3 days after ablation of the Dicer1 gene in this
region (Peng et al. 2012) and in contrast to the apparently
more stable mature miR-9 (Bonev et al. 2012) and miR-124
miRNAs in these tissues (Fig. 4a). Furthermore, we detected a
non-uniform spotted expression of miR-200c in the MHR
neural tissues of heterozygote En1+/Cre; Dicer1+/flox embryos
(Fig. 4f, g), in which only half of the Dicer1 gene dosage is
present in these tissues, thus suggesting a cyclic expression
and rapid turnover of this mature miRNA, at least in the MHR
neuroepithelium. The self-regulatory and unilateral nega-
tive feedback loop between SOX2, E2F3 and miR-200
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might thus act, on the one hand, by dampening the potential
expression oscillations of two components of this feedback
loop (E2F3 and miR-200, Fig. 4h) in a similar manner to that
recently described for the lin-4 miRNA and its target, the
transcription factor lin-14, during larval development in the
nematode worm Caenorhabditis elegans (Kim et al. 2013)
and for miR-9 and its target Hes1 during neural differentiation
of an immortalized murine neural progenitor cell line (Bonev
et al. 2012). On the other hand, this self-regulatory and uni-
lateral negative feedback loop is expected to gradually reduce
the SOX2/E2F3 protein and miR-200miRNA levels in neural
stem/progenitor cells (Fig. 4h) and to suppress completely
their expression once the SOX2/E2F3 protein levels drop
below a certain threshold (Mukherji et al. 2011; for a review,
see Ebert and Sharp 2012). However, and in contrast to the
more stable maturemiR-9 (Fig. 4a; Bonev et al. 2012), mature
miR-200miRNAs are not expected to accumulate over time in
neural stem/progenitor cells because of their lower stability in
these cells (Fig. 4a; Peng et al. 2012), indicating that addition-
al signals are required for the precise timing of (ventral MHR)
neural stem/progenitor cell cycle exit and neuronal differenti-
ation. Such a regulatory network might ensure the orderly
transition from a proliferating and multipotent neural
stem/progenitor cell to a postmitotic and differentiating neu-
ron (Fig. 3b; Flynt and Lai 2008; Ebert and Sharp 2012). An
additional layer of complexity might be added to this
autoregulatory and unilateral negative feedback loop between
SOX3/E2F3 andmiR-200miRNAs because the pre-miR-200c
stem-loop contains a conserved sequence motif that is bound
by the RNA-binding protein and pluripotency factor LIN28
(for a review, see Shyh-Chang and Daley 2013) in murine
ESCs, thereby inhibiting its DICER1-mediated processing
into the mature miR-200c miRNA and targeting it for degra-
dation (Heo et al. 2009). Lin28 expression in the developing
mouse neuroepithelium is highest before the onset of
neurogenesis and declines thereafter (Yang and Moss 2003;
Yokoyama et al. 2008; Balzer et al. 2010). This suggests that
the processing of the pre-miR-200c into the mature and func-
tional miR-200cmiRNA might be suppressed in early SOX2-
expressing neuroepithelial cells, thus ensuring their continu-
ous self-renewal and might only become activated once these
cells have down-regulated the expression of LIN28 at later
developmental stages. These data also suggest that the various
miR-200 family members might be differentially regulated at
the post-transcriptional level in this context. Furthermore, the
activation of miR-200 miRNAs and their regulation of SOX2
expressionmight in turn be controlled by the fibroblast growth
factor (FGF)/FGF receptor (FGFR) and Delta/Notch signaling
cascades, as suggested from recent work on pharyngeal taste
bud development in the zebrafish embryo (Kapsimali et al.
2011). The FGF/FGFR and Delta/Notch signaling pathways
play crucial roles during neural development, particularly in
the maintenance of the self-renewing neural progenitor state

and in the initiation of neural precursor differentiation (for
reviews, see Louvi and Artavanis-Tsakonas 2006; Mason
2007).

In search of a common theme: do miR-8/miR-200
miRNAs act as generic regulators of neurogenesis/
gliogenesis and the neuroepithelial cell identity?

Despite the limited data concerning the function of miR-8/
miR-200 miRNAs during invertebrate and vertebrate neural
development and adult homeostasis, some common aspects
seem to emerge about the role of this miRNA family in the
neurogenic and gliogenic context:

1. Transcription of Drosophila miR-8 and vertebrate miR-
200miRNAs appears to be confined to neural cells within
the neurogenic niche(s), i.e., either to specialized glial
cells (miR-8 in optic-lobe-associated cortex glia; miR-
200b/c in OPCs) or to neural stem/progenitor cells (miR-
200; Fig. 3a, b; Choi et al. 2008; Buller et al. 2012; Peng
et al. 2012;Morante et al. 2013).With the exception of the
olfactory neuroepithelium (Choi et al. 2008), miR-200
expression seems to be down-regulated as soon as these
cells transit to a postmitotic and differentiating (maturing)
oligodendrocyte or neuron. Whether miR-200 members
are also expressed in specialized glial cells such as radial
glia or astrocytes (for reviews, see Gotz and Huttner 2005;
Sild and Ruthazer 2011) in the vertebrate neurogenic
niche remains to be determined.

2. Within the neurogenic niche(s), the miR-8/miR-200 fam-
ily appears to play an important role in the non-cell-
autonomous (miR-8) or cell-autonomous (miR-200) regu-
lation of neurogenesis by controlling the survival, prolif-
eration, cell cycle exit and transition to a more committed
neural precursor (neuroblast) state of neural
stem/progenitor cells and consequently also their differ-
entiation into mature neurons (Fig. 3a, b; Choi et al. 2008;
Peng et al. 2012; Morante et al. 2013), suggesting that
these are the principal functions of the miR-8/miR-200
family in neural tissues. Additionally, the miR-8/miR-200
family has been implicated in the regulation of gliogenesis
by controlling cell-autonomously the endoreplicative
growth of surface glial cells in Drosophila (Morante
et al. 2013) and the differentiation of OPCs into mature
oligodendrocytes (Fig. 3a, b; Buller et al. 2012).

3. Within the neurogenic niche(s), the miR-8/miR-200
miRNAs appear to be generally co-expressed with their
mRNA targets, suggesting that this miRNA family acts
mostly as a “tuningmiRNA” in the context of invertebrate
and vertebrate neuro- and gliogenesis. In particular, the
vertebrate miR-200 family might fine-tune the levels of
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the corresponding proteins in neural cells, including glial
and neural stem/progenitor and precursor cells, with only
minor phenotypic consequences in its absence. In support
of this view, mmu-miR-200c/141 knock-out mice are
postnatally viable (Park et al. 2012; Cao et al. 2013),
precluding the existence of strong neurological defects
in these mice. Nevertheless, the overexpression or com-
plete depletion of Drosophila miR-8 has severe deleteri-
ous effects on larval development and adult homeostasis
of the mutant flies (Karres et al. 2007; Hyun et al. 2009;
Vallejo et al. 2011; Morante et al. 2013), suggesting that
the complete ablation of bothmmu-miR-200 gene clusters
is required to detect a phenotypic outcome in the mutant
mice.

4. The miR-8/miR-200 targets in the context of invertebrate
and vertebrate neuro- and gliogenesis appear to be multi-
faceted (Fig. 3a, b, Table 1): neural stem/progenitor cell
proliferation and cell cycle progression are controlled by
SOX2, E2F3, or a TGFa-like ligand and the down-
regulation of these targets by miR-8/miR-200 members
facilitates the cell cycle exit of neural stem/progenitor
cells and/or their transition to a more committed neural
precursor (neuroblast) state (Peng et al. 2012; Morante
et al. 2013). Differentiation of these neural (including
glial) precursor cells into mature neurons or oligodendro-
cytes might also be controlled by the miR-8/miR-200-
mediated down-regulation of the previous factors but is
negatively regulated by the miR-200-mediated suppres-
sion of LFNG, ZEB1 and SRF expression in these cells
(Choi et al. 2008; Buller et al. 2012), thus avoiding their
premature differentiation and/or delamination from the
neurogenic niche. The survival of neural stem/progenitor
cells and their progeny are in turn regulated by the miR-8/
miR-200 family through a fine-tuning of atrophin/RERE
and/or E2F3 protein levels in these cells (Karres et al.
2007; Peng et al. 2012).

5. ThemiR-200 family has emerged as a key regulator of the
epithelial cell identity and of the process generally known
as EMT in other non-neural contexts (for reviews, see
Brabletz and Brabletz 2010; Lamouille et al. 2013). In
these contexts, miR-200miRNAs promote the expression
of E-cadherin and suppress the transition to a migratory
mesenchymal cell fate by repressing the expression of the
ZEB1 and ZEB2 (SIP1) homeobox transcription factors
(Lamouille et al. 2013). As previously noted by Morante
et al. (2013), the transition from a proliferating
neuroepithelial (neural stem/progenitor) cell to a differen-
tiating and migrating neural precursor/neuroblast and/or
neuron strongly resembles EMT. The expression of E-
and N-cadherin is indeed required in neural
stem/progenitor cells to sustain their self-renewal and to
inhibit their premature cell cycle exit and differentiation
into neurons (Karpowicz et al. 2009; Zhang et al. 2010;

for a review, see Chen et al. 2013). On the other hand,
ZEB1/2 are widely expressed in neural progenitors of the
developing mouse and human embryo and in postmitotic
neurons at later developmental stages and in adulthood
(Darling et al. 2003; Bassez et al. 2004). ZEB2 (SIP1) has
meanwhile been implicated in the regulation of
neurogenesis and gliogenesis in various brain regions
in vivo (Seuntjens et al. 2009; McKinsey et al. 2013; for
a review, see Conidi et al. 2011) and in the transition of
differentiating mouse ESCs to a “definitive” neural
stem/progenitor cell fate in vitro (Dang et al. 2012).
Another, as yet unexplored, function of the miR-200
miRNAs in neural stem/progenitor cells might therefore
be the preservation of their particular neuroepithelial
properties within the neurogenic niche(s) and suppression
of “EMT” by fine-tuning the ZEB1/2 protein levels in
these cells (Fig. 3b). In support of this idea, we detected a
slight but highly reproducible midbrain morphogenesis
defect, consisting in a flattened ventral midbrain and
broadened mediolateral extension of the mesencephalic
ventricle, in the En1+/Cre; Dicer1flox/flox embryos (Peng
et al. 2012); this might also be attributed to the loss of
miR-200 expression in the mutant neuroepithelial tissue.

Future directions

The findings summarized in this review currently suggest a
major role of the miR-8/miR-200 family in the cell-
autonomous and non-cell-autonomous regulation of
neurogenesis and gliogenesis in the developing invertebrate
and vertebrate CNS, including the regulation of neurogenic
niche-derived signals, niche-contained neurogenic and/or
gliogenic processes themselves and niche-intrinsic adhesive
properties. However, several questions remain to be answered
about the detailed regulatory mechanism and other or later
functions of this miRNA family, particularly during vertebrate
neural development and homeostasis.

First, the pre- or perinatal lethality of Foxg1-Cre;DicerloxP/
loxP,Wnt1–Cre;Dicer1flox/flox and En1+/Cre;Dicer1flox/floxmice
and strong disruption of neuroepithelial tissues in these em-
bryos preclude the examination of a later involvement ofmiR-
200 family members in gliogenic or adult neurogenic process-
es. Therefore, further analyses with probably more sophisti-
cated tools are required to establish whether this miRNA
family is involved in other developmental processes such as
gliogenesis or homeostatic processes during adulthood or after
brain injury, as suggested by the specific enrichment of miR-
200c and miR-141 miRNAs in isolated microglia cells from
the rat brain (Jovicic et al. 2013). Moreover, the finding that
miR-8-expressing optic-lobe-associated cortex glia cells per-
sist in the adult Drosophila brain (Morante et al. 2013)
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suggests a possible role for the mir-8/miR-200 family during
adult neurogenesis; this has not been explored so far.

Second, the overt phenotype of Dicer1 mutant mice and
MZdicer+miR430 zebrafish mutants is caused by the depletion
of many, if not all, mature miRNAs and not just one miRNA
(family) present in that particular organism or tissue at the
relevant stages. The miR-8/miR-200 family thus probably
cooperates with other miRNAs or miRNA families in the
regulation of invertebrate and vertebrate neuro- and
gliogenesis. One prospective “cooperation partner” for the
miR-8/miR-200 family in this context is miR-9, a miRNA that
has similar functions in the regulation of neural progenitor
proliferation and facilitation of the transition to a more com-
mitted neural precursor state (for a review, see Coolen et al.
2013). Indeed, two experimentally validated targets (Srf;
Buller et al. 2012; Zeb2 Gregory et al. 2008; Korpal et al.
2008; Park et al. 2008; Wang et al. 2013) and one putative
target (the forkhead box G1 transcription factor Foxg1; Choi
et al. 2008) of the miR-200 family are also targeted by miR-9
(Fig. 3b; Shibata et al. 2008; Buller et al. 2012; Kropivsek
et al. 2014). The extent of unique versus redundant (overlap-
ping with other miRNAs) functions of the miR-8/miR-200
family during invertebrate and vertebrate neuro- and
gliogenesis therefore still remains to be determined.

Third, a substantial amount of work is still required to
unravel the identity of all potential targets of the miR-8/miR-
200 family in neural tissues. Several other targets of this
miRNA family have been experimentally validated in non-
neural contexts (listed in Table 1), including secretedmembers
of the TGFb and bone morphogenetic protein (BMP) signal-
ing pathways and ligands for the Notch receptor (Burk et al.
2008; Vallejo et al. 2011; Cao et al. 2013). These proteins play
crucial roles during neural development and homeostasis (for
reviews, see Louvi and Artavanis-Tsakonas 2006; Krieglstein
et al. 2011) and suggest a non-cell-autonomous function of
miR-200 miRNAs in the vertebrate neurogenic niche but
have not been explored as miR-8/miR-200 targets in this
context.

Fourth, the potential low stability and oscillatory expres-
sion of mature miR-200 miRNAs in conjunction with their
targets and, at the same time, transcriptional activators SOX2
and E2F3 still has to be experimentally established in (MHR)
neural tissues. Because of the rather low levels of maturemiR-
200miRNAs in these tissues, more sophisticated tools need to
be generated for the in situ detection of these miRNAs and
their precursors and of their mRNA targets, including
destabilized reporter constructs and/or transgenic mice.

Lastly, a central and universal function of the miR-8/miR-
200 family might be the generic instruction of an epithelial
(including neuroepithelial) cell fate in all types of somatic
(differentiated) and pluripotent (self-renewing) cells and the
preservation of the epithelial integrity in these tissues.
Although current evidence hints at such a global function of

this miRNA family in vertebrates and potentially also inver-
tebrates (see point 5 in “In search of a common theme”), the
involvement of miR-8/miR-200 miRNAs in the regulation of
neuroepithelial cell identity (e.g., by promoting E-cadherin
expression) and in the suppression of EMT in these cells
(e.g., by targeting the ZEB1/2 transcription factors) awaits to
be determined in the context of neural development and
homeostasis in vivo. Notably, in vitro experiments suggest a
generic non-neural-specific function of the miR-200 miRNAs
in this regard: miR-200-mediated repression of ZEB1/2 ex-
pression in differentiating human ESCs promotes
mesendodermal or epidermal cell fates and suppresses neural
induction in these cells (Du et al. 2013; Liao et al. 2013),
whereas miR-200-mediated repression of ZEB1/2 promotes
the mesenchymal-to-epithelial conversion (reprogramming)
of somatic cells to pluripotent stem cells (Wang et al. 2013).
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