

















Pre-124
Pre-124 NeuroD1 +NeuroD1
10 -
§ *k
2 |r—‘*
s
o
o 54
[ 4]
2
=
‘@
o
Q.
)
T
Q.
0.
~ .
s § IS
’ & . & be
g > o S
L ¢ g &9
Uninj < s

Figure 4. NeuroDl antagonizes miR-124-induced cell proliferation.
Transverse sections of the optic vesicle in stage 22/23 embryos
injected with Pre-124 (0.025 pmol) and/or NeuroD1 (10 pg). Proliferzat-
ing cells were immunohistochemically stained with phosphohistone-H3
(pH3) antibody (red). Nuclei were labeled with Hoechst33258 (blue).
The pH3-positive cell ratio of transverse sections was shown in the bar
graph (Mean £ SEM, 16 sections from four embryos). More
proliferating cells in the brain and optic vesicle were detected in the
Pre-124 group compared with the uninjected blank control. Injection of
NeuroDI mRNA alone had no obvious effect on cell proliferation.
Co-injection with Pre-124 plus NeuroDI restored cell proliferation
to the level of the blank control. Scale bar: 100 pm. *P <0.05;
**P<0.01.

significantly (Figure 5B). The above results demonstrate
that miR-124 can directly target the MRE in the 3’-UTR
of the NeuroD1 to repress gene expression.

To confirm the interaction of miR-124 with NeuroDI
in vivo, we performed whole-mount in situ hybridization
on wild-type embryos at stage 22/23. The expression level
of miR-124 in the optic vesicle and forebrain was quite
low compared with the strong expression of NeuroDI.
In these embryos, NeuroD1 signals were observed to be
restricted in the dorsal region of the anterior forebrain and
the peripheral optic vesicle, areas where miR-124 shows
relatively low levels of expression (Figure 5C). These
results show that the expression of miR-124 and
NeuroD1 are somewhat, though not completely, comple-
mentary to each other in the optic vesicle and anterior
forebrain, supporting the hypothesis that NeuroDI can
act as a direct target of miR-124 in vivo to control cell
proliferation and neurogenesis.
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DISCUSSION

Using loss- and gain-of-function studies, we have provided
the first evidence that miR-124, a neuronal-specific
miRNA, antagonizes NeuroD1 and plays an anti-neuronal
role by promoting cell proliferation and repressing
neurogenesis in early eye development (Figure 6).
MiR-124 is a highly conserved and CNS-enriched
miRNA that has been reported in a range of species
from C. elegans to humans (4,8,17,19-20,39-44).
Previous work by in vitro analysis has shown that
miR-124 overexpression represses cell proliferation and
promotes neuronal differentiation (17,45-46). However,
results reported from in vivo analyses are somewhat diver-
gent. It has been shown that neither inhibition nor
overexpression of miR-124 alone significantly alters
neuronal fate in chick embryonic development (19).
At the same time, miR-124 has been found to moderately
enhance neuronal differentiation in chicks (20). Recently,
Maiorano et al. (47) reported that miR-124 promotes em-
bryonic cortico-cerebral neuronogenesis in mice and we
also found that miR-124 overexpression decreases retinal
cell proliferation in the Xenopus optic cup (13). MiR-124 is
both necessary and sufficient for adult neurogenesis in
mice, regulating the progression from progenitor cells to
neurons (18). These results indicate that miR-124 plays a
role in repressing cell proliferation and/or inducing neuro-
genesis. However, all of the above results were obtained
from analyses after the optic vesicle stages. While miR-124
starts to be expressed at the onset of neurogenesis in the
neurula stage, its role during this period of early neuro-
genesis is unclear. Our work shows that at the Xenopus
optic vesicle stage, miR-124 is both required and sufficient
for cell proliferation and repression of neurogenesis in the
forebrain and optic vesicle, playing an anti-neural role
distinct from that in later developmental and adult stages.
During the dynamic embryonic development stages,
miR-124 is expressed in different cells of the central
nervous system (13). The diverse roles of miR-124
in vivo are likely to be developmental stage dependent.
In contrast to results reported here for the optic vesicle
stage, we previously found that at the optic cup stage
when the level of miR-124 has increased to a high level
and miR-124-expressing cells have become more specified,
gain of miR-124 decreases cell proliferation in the retina
(13). In experiments with divergent results from chicks
(19-20), overexpression of miR-124 was carried out by
electroporation at stage HH13, when the optic cup starts
to form from the optic vesicle; and the effect of miR-124
was investigated at stage HH25. The developmental stage
selected in these chick experiments was later than those
used in our experiments. In Maiorano’s work in mice (47),
the role of miR-124 was analyzed at a developmental
period (E12.5-E14.5) even later than those in the chick
experiments. Therefore, miR-124 might act as an
‘enhancer’ for cell proliferation and an inhibitor for
neurogenesis in the less-specified earlier cells, while
playing a reverse role in the later stages. A recent report
showed that miR-124 transgenic embryonic mice have
enlarged body sizes and increased weight compared with
controls (48). In this case, transformation with miR-124
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Figure 5. MiR-124 targets NeuroD1. (A) An evolutionarily conserved miR-124 target element (red) is located at the 3'-UTR of NeuroDI mRNAs in
humans (hsa), mice (mmu), rats (rno), Xenopus tropicalis (xtr) and Xenopus laevis (xla). The minimal free energy (Mfe) of xla-NeuroD1 pairing to xla-
miR-124, xtr-miR-124 and mmu-miR-124 was below —20 kcal/mol. A mutant NeuroD1 plasmid (x/a-NeuroDI-Mut) was constructed with mutations
in the underlined positions which pair with the miR-124 seed sequence (2-7 nt). Homologous sites are marked by asterisks. (B) Luciferase assays were
carried out in the 293T cell line using pCS2-Luc-NeuroDI 3'-UTR reporters (in x/a). Positive (Anti-miR-124, Lhx2) and negative (Pax6,
NeuroD1-Mut) controls were set. Anti-miR-124 almost completely blocks luciferase activity. The relative luciferase activity of the NeuroDI group
is significantly lower than that of the negative control groups and similar to that of the Lhx2 positive control. Means + SD are from three
independent experiments. *P <0.05; **P <0.01; ***P <0.001. (C) In situ hybridization of miR-124 and NeuroDI at stage 22/23. MiR-124 is
weakly expressed in the eye (arrow) in comparison with expression of NeuroDI as shown in the lateral view. Transverse sections at the level of
the eye showed that the expression patterns of miR-124 and NeuroD1 were partially complementary in the forebrain (arrow head) and optic vesicle
(arrow).

was conducted by microinjection into mouse blastomeres
and led to an increased growth rate as determined by
BrdU labeling. This result provides more evidence that
miR-124 overexpression enhances cell proliferation
during early embryonic development. Therefore, we
propose that miR-124 may act as either a positive or a
negative regulator of neurogenesis depending on develop-
mental stage.

Different genes have been identified as targets of

NeuroD1 is specifically upregulated by knocking down
miR-124 at the optic vesicle stage, and that miR-124 can
repress gene expression by targeting the 3-UTR of
NeuroD1, thus providing both in vitro and in vivo
evidence that NewroDI is a target of miR-124.
Systematic research on miRNA and its targets in zebrafish
has shown that NeuroD]I is upregulated in the MZDicer
mutant which does not contain miR-124 (14). Our conclu-
sions are strongly supported by this recent genetic

miR-124 in the developing central nervous system
(13,17,19-20), pancreas (37) and adult brain (18,49).
Recent studies using high-throughput techniques have
also shown that miR-124 has hundreds of targets
(14-15,50). The existence of multiple targets implies that
miR-124 has multiple roles. However, these roles are as
yet largely unexplored. NeuroDI, a candidate miR-124
target (13,37) that has yet to be verified, is well known
as a proneural bHLH transcription factor due to its
critical role in promoting neuronal differentiation, and
has been shown to be downregulated by miR-124
overexpression (13). In this study, we show that

evidence in zebrafish.

NeuroD1 (NeuroD) was identified in mouse and
Xenopus simultaneously, and acts as one of the earliest
transcription factors promoting neuronal differentiation
(30). Knockout of NeuroD1 leads to neuronal deficits in
the granule layers of the cerebellum and hippocampus
(51,52), and its overexpression has been shown to inhibit
cell proliferation and promote neurogenesis (53,54). These
effects are coincident with those of gain and loss of
function of miR-124 at the optic vesicle stage. However,
excessive cell death has also been observed in the NeuroD-
deficient mice (51,52). This is in contrast to the significant
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Figure 6. A putative scheme of the regulatory effect of miR-124 on
NeuroD1 in early eye and brain development. NeuroD 1, which represses
cell proliferation and promotes neuronal differentiation, is one of the
target genes of miR-124. The arrow represents promotion; the right
angle represents repression.

increase in proliferating cells in miR-124-injected embryos
in this study, indicating that expression changes in other
miR-124 targets are also involved in the miR-124
overexpression effects. As the upregulation of NeuroDI
by miR-124 knockdown is significant only at the optic
vesicle stage but not at the later optic cup stage, and
high levels of miR-124 and NeuroDI co-localize in the
central retina at the early optic cup stage (st.32-st.41)
(13,55), other regulators may also be involved in the
regulation of NeuroD1 expression. The differential
interaction of miR-124 with its targets may be key in
determining its changing roles during neural development.

No significant morphological defects have been
observed in miR-124 downregulated embryos (13), sug-
gesting possible compensatory events and complex
regulation of overall embryonic development. This obser-
vation is consistent with recent results from C. elegans,
showing that miR-124 mutant worms show no obvious
morphological changes (15). However, cell proliferation
and differentiation are closely related events during
neurogenesis, and the timing of cell cycle exit has been
shown to be critical to cell fate determination (56-58).
NeuroDI is also known to play multiple roles in
neuronal development and to influence the fate of
specific neuronal cells (30,33-34,51,54,59-62). For
example, in chicks and mice, NeuroDI regulates photo-
receptor cell formation and is involved with other
bHLH transcription factors in controlling retinal
subtype specification (60,62-65). Recent findings on
zebrafish retina development show that NeuroDI is dy-
namically expressed in the proliferating cells that give
rise to the photoreceptor cell lineage and that its
overexpression inhibits retinal cell proliferation and

Nucleic Acids Research, 2011, Vol.39, No.7 2877

promotes neuronal differentiation (53,54). Our identifica-
tion of the conserved miR-124 binding site in the 3-UTR
of NeuroDI, together with the known functional conser-
vation of miR-124 and NeuroD1, suggests that the novel
post-transcriptional regulation of NeuroDI by miR-124
described here may also be conserved in other species,
modulating multiple functional roles of both genes.
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