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Notch/Hes signaling and miR-9 engage in complex feedback interactions
controlling neural progenitor cell proliferation and differentiation
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ABSTRACT

Canonical Notch signaling has diverse functions during nervous system development and is critical
for neural progenitor self-renewal, timing of differentiation and specification of various cell fates. A
key feature of Notch-mediated self-renewal is its fluctuating activity within the neural progenitor
cell population and the oscillatory expression pattern of the Notch effector Hes1 and its target
genes. A negative feedback loop between Hes1 and neurogenic microRNA miR-9 was found to be
part of this oscillatory clock. In a recent study we discovered that miR-9 expression is further
modulated by direct binding of the Notch intracellular domain/RBPj transcriptional complex to the
miR-9_2 promoter. In turn, miR-9 not only targets Hes1 but also Notch2 to attenuate Notch
signaling and promote neuronal differentiation. Here, we discuss how the two interwoven feedback
loops may provide an additional fail-save mechanism to control proliferation and differentiation
within the neural progenitor cell population. Furthermore, we explore potential implications of
miR-9-mediated regulation of Notch/Hes1 signaling with regard to neural progenitor homeostasis,
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patterning, timing of differentiation and tumor formation.

Introduction

How neural stem cells balance proliferation and differ-
entiation is not only a key question in developmental
neurobiology, but also highly relevant to our under-
standing of brain tumor formation and central nervous
system (CNS) malformations. One very prominent
player for maintaining neural stem cells is the Notch sig-
naling pathway (reviewed by ref. 1). Notch signaling
requires direct cell-cell contact, whereby the Notch
receptor on one cell is activated by a Notch ligand
(Delta/Delta-like (DII) or Jagged) on a neighboring cell.
The Notch receptor is a transmembrane receptor, of
which several isoforms exist. The human genome con-
tains 4 Notch receptors — Notchl to 4. Binding of the
ligand triggers a series of proteolytic cleavage steps,
which ultimately results in the release of the intracellular
domain of Notch (NICD) by the y-secretase complex
(see ref. 2 for detailed information). NICD translocates
to the nucleus where it interacts with RBPj and MAML
to form a transcriptional complex, which recognizes

RBPj motifs in promoter regions activating gene tran-
scription. In the embryonic nervous system, Notch acti-
vates the Hes (Hesl and Hes5) and related Hey genes,
which encode inhibitory basic helix-loop-helix (PHLH)
proteins. Hes and Hey proteins maintain neural stem
cells (NSCs) in an undifferentiated state by suppressing
the expression of so-called pro-neural bHLH genes,
including Neurogenins (Neurogl, Neurog2) and Ascll
(reviewed by refs. 3, 4). Notch signaling acts in a con-
text- and dose-dependent manner, and its effects within
the cell are tightly controlled by intrinsic feedback loops
and epigenetic factors. The expression of Notch path-
way components is further regulated at the post-tran-
scriptional level by the action of non-coding RNAs,
including microRNAs (reviewed by ref. 5).

In particular, brain-enriched miRNA-9 has been
shown to regulate the expression of Notch target genes
in several organisms (reviewed by ref. 6). In Drosoph-
ila sensory organ precursor cells, miR-9 represses
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expression of the Notch downstream effector and pro-
neural gene senseless, thereby controlling the number
of neuronal precursor cells generated.” In the develop-
ing brain of zebrafish and frog, miR-9 regulates the
expression of Hes orthologs to drive neuronal differ-
entiation of progenitor cells.*’

In mouse neural progenitor cells, miR-9 and Hesl
form a double-negative feedback loop, with miR-9 tar-
geting Hesl, and Hesl repressing the expression of
pri-miR-9."° This auto-regulatory loop between miR-9
and Hesl is believed to contribute to the ultradian
Hesl oscillations, which are important for neural pro-
genitor proliferation.'’

Until recently, studies into the interaction between
miR-9 and Notch in human neural progenitor cells
have been largely precluded by the limited access to
human CNS tissue. With the availability of human plu-
ripotent stem cells (PSCs) this restriction has been
eliminated. Using long-term self-renewing neural stem
cells (It-NES cells'™'?) derived from human PSCs we
have recently identified another regulatory loop
between miR-9 and Notch signaling besides the miR-
9-Hesl interaction.”> We found that miR-9 targets
Hesl as well as Notch2 to attenuate Notch activity in
human neural stem cells. Reciprocally, miR-9 expres-
sion itself depends on active Notch signaling and is
induced by binding of the NICD/RBPj complex to the
pri-miR-9 locus. In the following, we revisit these find-
ings and discuss what is known about the combinato-
rial interplay of Notch, Hesl and miR-9 and its
implications on neural progenitor maintenance, iden-
tity, differentiation and tumor formation. Finally, we
delineate how the interaction of miR-9 with Notch/Hes
relates to the vast regulatory network spanning around
miR-9.

Mutual interaction between Notch signaling and
miR-9 to regulate human neural stem cells

We first assessed expression of miR-9 during sponta-
neous differentiation of a specific population of
human pluripotent stem cell-derived NSCs, i.e. long-
term self-renewing neuroepithelial stem cells (1t-NES
cells'"'?). Expression of both miR-9 (generated from
the 5" arm of the mature miR-9 duplex) and miR-9"
(generated from the 3’ arm) increase during 1t-NES
cell differentiation.'* In agreement with earlier studies,
we observed that overexpression of miR-9/9" induces
It-NES cells to shift from proliferation to neuronal

differentiation.'> We further found that miR-9/9" tar-
gets both Hes1 and Notch2 to decrease Notch activity
MicroRNA-9/9"-
induced differentiation could be reversed by simulta-

in human neural stem cells."

neous overexpression of the active Notch intracellular
domain (NICD). In turn, inhibition of miR-9/9" led to
a reduction in 1t-NES cell differentiation, which could
be rescued using the y-secretase inhibitor DAPT to
block Notch signaling."”” The biologically active,
mature miRNA is generated via two processing steps
from primary (pri-) miRNA transcripts.'® Interest-
ingly, inhibition of Notch signaling decreased both
mature miR-9 and miR-9" as well as pri-miR-9_2 lev-
els, while overexpression of NICD had the opposite
effect.’® Following up on this, we found that miR-9/9"
expression itself is triggered by binding of the NICD/
RBPj complex to the miR-9_2 locus creating a relay-
like mechanism fine-tuning Notch activity (Fig. 1) and
thus human neural stem cell maintenance."

The fact that miR-9 expression depends on active
Notch signaling was previously suggested by other
studies: Blockage of Notch activity in the developing
zebrafish brain reduced expression of pri-miR-9,
which according to sequence prediction might also
carry potential target sites for the Notch transcrip-
tional complex in its promoter.” DAPT treatment
also reduced the expression of miR-9 and miR-9* in
cultured mouse retina.'® Mice lacking the PresenilinI
gene, which codes for the catalytic component of the
y-secretase complex, also exhibit decreased miR-9
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Figure 1. Model of the Notch/Hes1-miR-9 network and its impact
on neural progenitor maintenance and differentiation. Blue lines
indicate regulatory interactions demonstrated in Roese-Koerner
et al. 2016." While Notch drives miR-9 expression,”® miR-9 damp-
ens Notch activity by targeting Hes1 and Notch2.'®'® In turn, Hes1,
which is also activated by Notch, inhibits miR-9 expression.'



expression levels.'” While we assessed the impact and
expression of miR-9 and miR-9" together, most of the
studies discussed above focused on miR-9 as the pref-
erentially expressed miRNA. Nevertheless, together
with our findings on a direct interaction of the NICD/
RBPj with the miR-9 locus, these data show that miR-
9 expression in the CNS is regulated by Notch signal-
ing in various organisms. The strength of this regula-
tion may, however, be context-dependent and further
modulated by the interconnection of Notch and Hes,
which was found to negatively affect miR-9 expression
(Fig. 1)."

MicroRNA-9 contributes to and dampens Hes
oscillation in neural progenitor cells

Interestingly, proliferative neural progenitor cells
exhibit oscillatory expression of Hes1 with a period of
2-3 hours, while sustained Hesl expression retards
cell cycling.* Tt is assumed that this oscillatory pattern
of Hesl and the out-of phase oscillation of its target
genes (Ascll, Neurog2 and DII1) is crucial for main-
taining the neural progenitor population (Fig. 2).*
Oscillation of the Notch ligand DII1, which is induced
by Neurog2 and repressed by Hesl, might lead to
mutual activation of Notch signaling between neigh-
boring cells, thus maintain stemness within the cell
population.**! Inhibition of Notch signaling in neural
progenitor cells, instead, results in a downregulation
of Hesl concomitantly with a sustained upregulation
of pro-neural bHLH genes, which drive the cells

Proliferative state
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toward differentiation. In this context, it is very
important to understand how the oscillatory pattern
of Hesl is established and maintained within the
neural progenitor population and how it is toned
down to enable neuronal differentiation.

The expression of Hes1 is induced by Notch signal-
ing, which itself fluctuates within the progenitor popu-
lation. Hesl autorepression (Hesl represses its own
transcription) and instability of Hes1 mRNA are con-
sidered as the main driving force of the oscillatory pat-
tern (reviewed by ref. 22). It was recently shown that
miR-9 binds to and induces degradation of Hesl
mRNA.' By doing so, miR-9 may contribute to the
oscillatory pattern of Hesl. In fact, both miR-9 over-
expression as well as its inhibition resulted in an
dampening of Hesl oscillations.’® Vice versa, Hesl
represses the transcription of miR-9, which results in
an out-of-phase oscillation of miR-9. Thus, miR-9 and
Hesl seem to form a double-negative feedback loop,
which is important for limiting Hesl oscillations:
Over time mature miR-9 accumulates (due to its lon-
ger half-life compared with the rather instable Hesl
mRNA and protein) until it reaches a certain thresh-
old at which Hes1 oscillations are dampened, allowing
the cells to proceed toward differentiation (Fig. 2).10

Mathematical modeling suggests that the Hesl-
miR-9 double-negative feedback loop ensures that
neural progenitors can acquire different levels of oscil-
latory Hes1 expression simply by tuning of miR-9 lev-
els.”” Neural progenitor cells may express high Hesl
levels, which are associated with quiescence, or low

Differentiation |
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Figure 2. Model of the Hes1-miR-9 oscillation. The negative feedback between miR-9 and HES1 is considered to create an oscillatory
pattern resembling the expression of DLL1 and bHLH factors like NEUROG2 and ASCL1. This out-of-phase oscillation may work like an

internal clock timing neural progenitor proliferation and differentiation.

10,20,23
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Hes1 levels to proceed toward differentiation. Given
that miR-9 accumulates over time to induce dampen-
ing of Hes1 oscillation, miR-9 might serve as an inter-
nal mechanism to measure the time until
differentiation.> Once the cells have embarked for dif-
ferentiation they do not only down-regulate Notch
activity but also the responsiveness of the Hesl pro-
moter toward NICD/RPBj transcriptional complex.**
*° In this context, the transcriptional repressor MyT1
has recently been found to negatively regulate Hesl
expression and to counteract Notch-mediated activa-
tion of the Hes1 locus.”” The expression of MyT1 itself
is negatively coupled to Notch activity via its tran-
scriptional activator Ascll.”” Taken together, these
findings suggest that miR-9 contributes to the initial
dampening of the Hes1 oscillations at the onset of dif-
ferentiation, while at later stages of differentiation
other factors such as MyT1 join in to directly interfere
with Hes1 transcription.

The involvement of Notch signaling in miR-9
expression regulation, upstream of Hes1, adds another
layer of complexity to the Hesl-miR-9 interaction.
Due to the entanglement of Notch and Hesl, it is quite
challenging to decipher and predict the individual
impact of Notch and Hesl on miR-9 expression. This
is even further complicated by the fact that miR-9
might target also other components of the transduc-
tion cascade, such as Notch ligands, Presenilin and the
NICD-cofactor MAML as suggested by target predic-
tion analysis.”> As Notch signaling is highly orches-
trated, it might be difficult to separate the
contribution of individual miR-9 targets with regard
to self-renewal and differentiation of neural progeni-
tor cells. The use of specific target protectors blocking
miR-9 binding sites in mRNAs may help to further
elucidate the relevance of miR-9 mediated repression
for Notch regulation.

MicroRNA-9 and its interaction with Notch/Hes
regulate fate specification of neural progenitor cells

Emerging evidence suggests that Notch signaling not
only functions to maintain neural progenitor cells but
that it also contributes to progenitor cell heterogeneity
by regulating fate specification, the frequency of pro-
genitor cell proliferation and their neurogenic versus
gliogenic differentiation propensity (reviewed by refs.
1, 28). These processes were also found to be regulated

by a cohort of brain-enriched miRNAs, including
miR-9 (reviewed by ref. 29).

In developing zebrafish, miR-9 was shown to be
involved in timing the transition from proliferation to
differentiation. Ablation of miR-9 in zebrafish neural
progenitor cells delayed their exit from proliferation
and increased the generation of late-born neuronal sub-
types."” Since neural progenitor cells change their com-
petence to generate different neural progeny over time,
miR-9 may indirectly contribute to neuronal diversity.
In this context, miR-9-mediated targeting of Hes genes
was, again, identified as one of the underlying mecha-
nisms. MicroRNA-9 was also demonstrated to influ-
ence temporal fate specification during neurogenesis in
other model systems (reviewed in ref. 30). For instance,
miR-9 - together with let-7 and miR-125 - promotes
the transition of murine retinal progenitor cells from
the early to the late-born progenitor state by targeting
Protogenin and Lin28b.>" Depletion of the miR-9-2
and miR-9-3 loci in mice resulted in altered develop-
ment of cortical layers, with the production of Cajal-
Retzius cells and other early-born cortical cell types
being most prominently affected.’>*> Thus, miR-9 may
be involved in timing cortical development. Likewise,
Notch signaling has also been shown to be important
for temporal fate specification of cortical neural pro-
genitors®™>* (see also ref. 36 for a review on this topic).
Hence, it would be interesting to assess whether there
is a direct interaction of miR-9 and Notch with respect
to temporal fate patterning in the cortex.

Neural progenitor cells have to integrate different
patterning signals to adopt different spatial identities
along the anterior-posterior and dorso-ventral axes of
the developing brain (reviewed by ref. 37). Interest-
ingly, miR-9 and its target hairyl (which belongs to
the Hes family) have been shown to act in a region-
specific manner in Xenopus neural progenitor cells.®
Although miR-9 inhibition resulted in an impaired
neuronal differentiation across the whole Xenopus
brain, its net effect on neural progenitor behavior dif-
fered along the anterior-posterior axis. In the hind-
brain, miR-9 loss-of-function led to an enhanced
proliferation, while in the forebrain an increased cell
death was observed as the main effect, masking the
proliferation effect. Bonev at al. argued, that rather
than by miR-9 itself, this divergence seems to be
mainly generated at the level of the hairyl target
genes, which appear to be different in hindbrain and
forebrain.®



MicroRNA-9-mediated targeting of Hes genes
also contributes to the refinement of boundary
zones, which separate the different compartments
of the brain. These boundary regions often act as
important organizing centers for neural patterning
and subtype specification. To maintain this func-
tion and the residing progenitor pool, boundary
regions are characterized by a low neurogenic
activity and persistent high Hesl expression.’**®
MicroRNA-9 shows the opposite expression pattern
and is absent from the boundary cells, but highly
expressed in the surrounding neurogenic regions of
zebrafish and mice.”'”** This mutual exclusive
expression pattern was suggested to be established
by the auto-regulation of miR-9 and Hesl. For
instance it has been shown that in the zebrafish
embryo miR-9 delimits the spatial extent of the
midbrain-hindbrain boundary by clearance of the
HES orthologs her5 and her9 in the adjacent tis-
sue.” Thus, both Hesl and miR-9 are importantly
involved in CNS patterning.

Notch and miR-9 may also have important roles
in guiding the generation of astrocytes and oligo-
dendrocytes at later stages of development. The
transition from neurogenesis to gliogenesis has
been shown to be regulated by Notch signaling.
Notch promotes astrocytic differentiation of neural
progenitor cells by directly inducing the expression
of astroglial genes such as FABP7/BLBP and
GFAP, and by cooperating with the transcription
factor NFIA and the JAK/STAT pathway (reviewed
by ref. 1). In contrast, miR-9 inhibits astroglial dif-
ferentiation by targeting components of the JAK/
STAT pathway.”>*® Zhao et al. found that miR-9
expression is directly induced by the pro-neural
bHLH factor Neurogl, which also inhibits astroglial
differentiation.”” Interestingly, Neurogl itself is
negatively regulated by Notch signaling.*' Thus,
Neurogl-mediated induction of miR-9 might repre-
sent an additional loop within the Notch/Hesl/
miR-9 auto-regulatory circuitry. However, it still
remains to be determined whether there is a direct
interaction of Notch and miR-9 with regard to
astroglial cell differentiation. While Notch signaling
also induces oligodendroglial progenitor cell specifi-
cation, it has a negative effect on terminal differen-
oligodendrocytes
(reviewed by ref. 42). Interestingly, in this context,

tiation and maturation of

miR-9 seems to have a similar function to Notch
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and was found to inhibit differentiation of murine
oligodendrocyte progenitor cells.*’

MicroRNA-9 and Notch in the context of neural stem
cell homeostasis and tumor formation

Changes in the balance of NSC proliferation and dif-
ferentiation may have fatal effects: On the one hand,
premature exhaustion of the progenitor pool due to
low proliferation rates might manifest in microcephaly
and the loss of late-born neural cells. On the other
hand, uncontrolled proliferation or reactivation of
stemness properties might promote tumor formation.
Notch and miR-9 appear to be crucially involved in
regulating neural progenitor cell expansion and
tumorigenesis.

The impact of Notch on progenitor cell prolifer-
ation seems to depend on the level of its activation
(reviewed by ref. 28). For instance, treating mouse
neural progenitor cells with low doses of the con-
stitutive active NI1ICD promoted proliferation,
while high levels of N1ICD led to growth arrest.*
Likewise, depending on their expression levels and
dynamics, Hes genes can either drive proliferation
or induce quiescence.’® Allowing cells to enter qui-
escence is very important for long-term mainte-
nance of the adult neural progenitor pools that
reside in the hippocampal dentate gyrus and in the
subventricular zone in mammals (reviewed by ref.
45). Very recently, it was shown that miR-9 poten-
tiated Notch signaling to maintain quiescence in
adult zebrafish NSCs.*® In the context of this pro-
cess, miR-9 is actively shuttled into the nucleus, a
phenomenon mediated by binding of the miR-9-
Ago complex to the shuttle protein TNRC6.*® The
function of these nuclear Ago-miR-9 complexes
stands in apparent contrast to the function of cyto-
plasmatic miR-9 in embryonic zebrafish NSCs,
where miR-9 is expressed in cycling NSCs and
serves to promote neuronal differentiation, an effect
at least partially mediated by interference with
Notch signaling.”

Considering its dose-dependent function, it is not
surprising that Notch signaling is heavily regulated
(reviewed by ref. 5). Interestingly, a primate-specific
mechanism to titrate Notch with regard to neural pro-
genitor proliferation has been identified.*” Rani et al.
reported on the long non-coding RNA LncND, which
is expressed in radial glial cells in the developing
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human cortex.”” LncND functions as an endogenous
sponge for miR-143, which targets Notch mRNAs. In
mouse radial glial cells, miR-143 also attenuates Notch
signaling.*” However, the additional layer of regula-
tion through LncND is missing, which might be key
to the differences in the size of the cortical progenitor
population in mice and humans. In fact, LncND gain-
of-function in mouse radial glial cells led to an expan-
sion of the neural progenitor population.*’

A recent publication suggested a role for miR-9 in
regulating postnatal cerebellar growth.*® This study
originated from the observation that neonatal loss of
N-Myc leads to reduced cerebellar mass due to a
decrease in granule neuron progenitor proliferation.
Follow-up experiments revealed that N-Myc is a nega-
tive regulator of miR-9, and that overexpression of
miR-9 inhibits proliferation of granule neuron pro-
genitors.*® Again, it would be interesting to assess
whether miR-9 and Notch interact with each other
with regard to cortical and cerebellar progenitor cell
expansion.

Considering their key roles in regulating neural
progenitor proliferation and differentiation, it is
tempting to ascribe Notch and miR-9 tumor-promot-
ing and tumor-suppressive effects, respectively. How-
ever, the role of both Notch and miR-9 in brain
tumors is surprisingly complex. While Notchl has
been shown to be critical for proliferation and survival

49

of glioma cells,” it was also proposed that Notch

cooperates with p53 to keep NSCs in a state of
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Figure 3. Model of the transcription factor network spanning
around miR-9. MicroRNA-9 forms double-negative feedback
loops with the transcription factors TLX, REST, HEST and Mef2C/
HDAC4.'%%%%" In turn, miR-9 expression is driven by Notch'? and
— once it is freed from HDAC4 binding — by Mef2C.*" The action
of these transcriptional regulators converges to ensure timely
miR-9 expression in neural progenitor cells.

quiescence preventing them from entering a state of
fast division.”® In this context, Notch signaling has a
tumor-suppressive function, and its inactivation accel-
erates the growth of mouse gliomas. This is in line
with the finding that high Notch activity - measured
by HES5 levels - correlates with better survival of
patients with specific subtypes of glioma.’® Expression
of miR-9 is increased in various types of brain tumors
(e.g. refs. 51-53), and many studies have shown that
miR-9 regulates tumor cell proliferation (e.g., refs. 53-
55) and migration (e.g., refs. 51, 53, 56). However,
whether miR-9 affects these two processes positively
or negatively depends on the type of brain tumor ana-
lyzed. Given these controversial results, more work is
needed to understand the network spanning around
miR-9 and Notch and to shed light on its role in brain
tumorigenesis

Beyond Notch: Interaction of miR-9 with various
transcriptional regulators

MicroRNAs often interact with transcriptional regula-
tors forming feedforward or feedback loops (for
review see refs. 57,58). Within these circuits miRNAs
can either reinforce gene expressional programs or
attenuate disturbing transcripts. By doing so, miRNAs
contribute to the robustness of gene regulatory net-
works consolidating cell fate. However, miRNAs can
also act as switches to induce cell fate changes. The
double-negative feedback loop between miR-9 and
Hesl may represent both, depending on the state of
progenitor cells. As long as miR-9 levels are rather
low, the out-of-phase oscillation of Hesl and miR-9
seems to contribute to a proliferative state. However,
once a certain miR-9 threshold is reached, it allows
switching toward neuronal differentiation.'®** Besides
Notch and Hes, miR-9 interacts with many other fac-
tors critical for neural progenitor stemness and differ-
entiation. These factors include, for instance, the
transcriptional regulators TLX and REST, both of
which interfere with the expression of pro-neural
genes including miR-9 itself (Fig. 3).>°° Thus, both
miR-9 and TLX as well as miR-9 and REST form dou-
ble-negative feedback loops ensuring that miR-9 is
only expressed in neural progenitor cells. Once miR-9
expression is induced, it reinforces its own expression
by targeting its negative transcriptional regulators.
Another interesting double-negative feedback loop,
which in fact restricts miR-9 expression to neural cells,



comprises Mef2C and HDAC4. In non-neuronal cells
cooperative binding of transcription factor Mef2C and
HDAC4 inhibits miR-9 expression.®' During neuronal
differentiation, Mef2C is relieved from its partner
HDAC4, turning it into an activator of the miR-9
locus. Here, again, miR-9 reinforces its own expres-
sion by targeting HDAC4 (Fig. 3)."

These complex interactions seem to tie a safety
net through which miR-9 is able to buffer changes
and pace differentiation and fate commitment of
Results
modeling suggest that the overall low abundance

neural progenitors. from mathematical
and stochastic distribution of miR-9 and Hesl in
individual cells might in fact increase robustness of
the system toward intrinsic and extrinsic noise by
opening up a window for feedback control on
whether the correct number of differentiating cells
have been generated.®> Interestingly, in drosophila,
too, miR-9 was recently found to buffer transcrip-
tional noise and genomic diversity by targeting
senseless.”” Along the same line, miR-9 was found
to reduce transcriptional noise in mouse by target-
ing the RNA-stability regulator TTP.** In non-neu-
ronal cells, TTP prevents the accumulation of
neuronal mRNAs, while downregulation of TTP
during neuronal differentiation leads to coordinated
upregulation of pro-neuronal genes.®* MicroRNA-
9" induces neuronal gene expression by targeting
BAF53a, an important component of the Swi/Snf
chromatin remodeling complex.®®> MicroRNA-9
might even affect the miRNA repertoire itself by
targeting the RNA-binding proteins Lin28a and
Lin28b, which block the processing of a specific
miRNA subset favoring differentiation.>*® In turn,
Lin28a binds to and destabilizes pre-miR-9, thereby
forming yet another feedback loop to control
miR-9 production and neuronal differentiation.®”
The broad regulatory potential of miR-9 is also
impressively reflected in its ability to induce neuro-
nal reprogramming of fibroblasts upon ectopic
expression together with miR-124 and miR-9*.®
Expression of miR-9 itself is induced by BRN2,
which is one of the so-called BAM factors (Brn2,
Ascll, Mytll) that were initially found to be suffi-
cient for converting somatic cells into induced neu-
ron (iNs).”” Follow-up studies showed that while
miR-9 is not necessary for the early neural induc-
tion phase, it is required to obtain fully mature iNs
from human fibroblasts.”””" The function of miR-9
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during iN maturation was linked to a repression of
the mRNA splicing regulator PTBP2 by miR-9.”!
However, considering the broad target repertoire of
miR-9, which includes several key neuronal fate
regulators, it is conceivable that other target genes
contribute to the consolidation of neuronal differ-
entiation in this conversion paradigm.

Conclusions and future directions

Both Notch/Hes signaling and miR-9 have pro-
found effects on fate specification and neural pro-
genitor cell heterogeneity. For some aspects of
neural development, such as balancing prolifera-
tion and differentiation, temporal fate specifica-
tion, and (non-neurogenic) boundary formation a
direct interaction of miR-9 and Notch/Hes has
been shown. However, it still remains to be deter-
mined whether miR-9 and Notch/Hes are directly
linked with each other with regard to gliogenesis
and tumorigenesis. So far, most of the studies
have connected the function of miR-9 to the Hes
family as important target genes. It might be inter-
esting to explore the role of miR-9-mediated regu-
lation of Notch signaling upstream of Hes. In this
context, one could use specific target protectors to
abolish the impact of miR-9 on selective target
genes. Moreover, the ambivalent role of miR-9
between noise reduction and switching neural pro-
genitor fate is still to be understood. Simultaneous
mapping of miR-9, Notch and Hesl expression
using non-invasive high-resolution imaging and
single cell genomics (as described in refs. 58,72)
might help to explore their role in CNS develop-
ment. It would be interesting to assess whether
miR-9 and Hesl are expressed in the same salt
and Ascll
(reviewed by ref. 4) and, if so, at which develop-
mental stages and in which progenitor populations
oscillatory expression occurs. Further knowledge
on miR-9 regulation could be gained using
reporter systems to detect miR-9 promoter activity
and by targeted deletion of transcription factor
binding sites. Deeper insight into the dynamics of

and pepper like fashion as Hesl

the Notch/Hes1 miR-9 network during neural pro-
genitor cell proliferation and differentiation might
have important implications for understanding not
only normal neural development but also the
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pathogenic principles underlying developmental
disorders and brain tumor formation.
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