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Abstract

Objectives: Mechanisms that regulate proliferation
of adult neural stem cells are largely unknown.
Here, we have investigated the role of microR-30c
(miR-30c) and its target, semaphoring 3A (se-
ma3A), in regulating adult neurogenesis and mech-
anisms underlying this process.

Materials and methods: In situ hybridization,
immunofluorescence and quantitative real-time PCR
were used to assess complementary expression pat-
terns of miR-30c and sema3A in mice. Effects of
miR-30c in the subventricular zone (SVZ) were exam-
ined by stereotaxic injection of up- and down-regulat-
ing lentiviruses. 5'-bromo-2’-deoxyuridine labelling
was performed to investigate effects of miR-30c and
sema3A on adult neurogenesis. Real-time cell assays,
morphological analysis and cell cycle measurements
were used to reveal the mechanisms by which miR-
30c and sema3A regulate adult neurogenesis.

Results: Expression of miR-30c negatively correlated
with that of sema3A in neurons, and levels of miR-
30c and sema3A correlated positively with numbers
of newborn cells in the SVZ and rostral migration
stream. miR-30c and sema3A affected adult neuroge-
nesis by regulating proliferation and differentiation,
as well as cycles of stem cells in the SVZ.
Conclusions: miR-30c and sema3A regulate adult
neurogenesis by controlling proliferation and differ-
entiation of stem cells in the SVZ. This finding
reveals a novel regulatory mechanism of adult
neurogenesis.
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Introduction

The principal property of stem cells and pluripotent cells
is their proliferative capacity, which peaks during
embryonic development. Most cells in the adult brain
are quiescent, having lost the ability to self-renew (1).
Two regions, the SVZ bordering the lateral ventricle
(LV) and the dentate gyrus of the hippocampus, are the
main sources of stem cells in the adult rodent brain;
they continuously provide newborn neurons to replace
those in existing circuits (2). Adult-born neurons are
considered to play critical roles in maintaining the nor-
mal functions of the nervous system and its adaption to
the changing environment. Recent reports have proposed
that neural stem cells are involved in causing and exac-
erbating the degenerative diseases, as a result of a com-
promised or lost capacity for cell renewal. Moreover, a
gradual loss of neuronal populations occurs in neurode-
generative diseases and brain trauma. Unravelling the
mechanisms that control the renewal of adult stem cells
is pivotal for developing novel therapies for such condi-
tions (3-6).

miRNAs are important regulators both in embryonic
development and in adult, due to their differential
expression in specific tissue over time (7,8). Their
expressions changes during development, and they are
abundant in specific tissues, suggesting that they play
their roles at specific stages. miR-30c is abundant in
brain and is known to be critical for the renewal of
glioma cells in vitro (9).

Novel research has suggested that the molecules in
axon guidance are not only just confined to directing
axon elongation but are also associated with cell prolif-
eration. Some genes that encoded axon guidance mole-
cules are located in the chromosome of cancer cells and
their promoter regions are highly methylated, suggesting
that they play an inhibitory role in cancer (10). Given
that cancer cells constantly proliferate (11), these axon-
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guidance genes may be involved in cell proliferation
and differentiation. Sema3A, a protein involved in repul-
sive axon guidance, plays roles in neuronal regeneration
and polarity (12,13). Having confirmed that miR-30c
negatively regulates the expression of sema3A in human
embryonic kidney 293T (HEK293T) cells (14), and tak-
ing these findings together, we set out to determine
whether miR-30c and sema3A play roles in neuronal
proliferation and differentiation.

Materials and methods

Animals

Mice were housed under standard laboratory conditions
at the Animal Facility of Zhejiang University. The
experimental protocols were approved by Zhejiang
University Animal Care and Use Committee and con-
formed to the international guidelines on the ethical use
of animals. The experimental animals were male
C57BL/6 mice (8-16 weeks old) from the Shanghai
Laboratory Animal Center (SLAC, Chinese Academy of
Sciences, Shanghai, China).

Vectors construction

Sema3a-WT-3'UTR (wild-type 3’ untranslated region)
and sema3a-MUT-3'UTR (mutant 3’ untranslated region)
were constructed as previously reported (14). The pre-
miRNA sequence of miR-30c (miR-30c overexpression,
miR-30c-OE) was cloned into the lentiviral vector
pLVX-tdTomato. The miR-30c knockdown vector
(miR-30c-KD), with 8 tandem repeats of an imperfectly
complementary sequence forming a central bulge when
binding to miR-30c, was synthesized and cloned into
the lentiviral vector pLVX-EGFP. One unit of the miR-
30c-KD sequence was as follows: 5'-GCTGAGAGTGT
GAAGTGTTTACAGCATCG-3' (underline indicates the
sequence imperfectly complementary to miR-30c) (15).
All the vectors were validated by sequencing.

Cell cultures and transfection

The neuro2A cells used in this study were limited to
<10 passages and were cultured in Dulbecco’s modified
Eagle’s medium with 10% foetal bovine serum and 1%
penicillin—streptomycin, and they were incubated at
37 °C in a humidified atmosphere with 5% CO,. miR-
30c-OE was transfected with or without miR-30c-KD
into neuro2A cells using Lipofectamine 2000
(11668019; Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. To assess the effects
of miR-30c-OE and miR-30c-KD on sema3A, the total
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RNA at 24, 48 and 72 h after transfection was harvested
for quantification by quantitative real-time PCR (qRT-
PCR).

Primary neuronal culture

Dissection of the SVZ and isolation of the neural stem
cells and progenitor cells from EI18 mice were
performed as previously described (16). miR-30c-OE,
miR-30c-KD and control plasmid were individually
transfected into isolated cells by electroporation (Amaxa
Nucleofector II, Lonza, Switzerland). Then, the cells
were seeded on poly (L-lysine)-coated coverslips in 6-
well plates and cultured in Neurobasal medium contain-
ing 1% penicillin-streptomycin supplemented with
2 mMm L-glutamine and B27. Two weeks after seeding,
the cells were fixed with 4% paraformaldehyde for mor-
phological examination.

Dual luciferase reporter assay

miR-30c-OE was transfected with psiCHECK-2-sema3a-
WT-3’'UTR or psiCHECK-2-sema3a-MUT-3'UTR into
HEK293T cells using 1 pl. Lipofectamine 2000
(11668019; Invitrogen). Six hours after transfection, par-
allel wells were re-transfected with miR-30c-KD. The
activity of both firefly and Renilla luciferase was
assayed at 24 h after the last transfection using a Dual
Luciferase Reporter Kit (E1910; Promega, Madison, WI,
USA) and a DLReady Veritas 96-well plate luminometer
(Turner Biosystems, Madison, WI, USA). The whole
procedure was carried out according to the manufac-
turer’s protocol. Experimental replication and data calcu-
lation were performed as previously described (17).

Quantitative RT-PCR

The relative expression of miR-30c, sema3a and miR-
30c-KD was determined by two steps of quantitative
RT-PCR. To avoid the influence of the RNA extraction
procedure and to guarantee the reliability of the endoge-
nous internal controls, the spike-in miRNA, cel-miR-39
(Qiagen, Hilden, Germany), was added to the cell lysate
before miRNA extraction (18). The cDNA of mRNA
was synthesized with a Universal cDNA kit (RR047A;
Takara, Dalian, China), and the cDNA of microRNA
was synthesized with the specific stem-loop primer.
Then, PCR reactions containing SYBR Green Mix
(RR39LR, Takara) were performed on a CFX96 (Bio-
Rad, Hercules, CA, USA) with specific amplification
primers (Invitrogen) (Table S1). The relative miRNA
and mRNA levels were computed using the p-AAC
method, where Snord2 and NADPH served as internal
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controls for miRNA and mRNA, respectively. All reac-
tions were run in triplicate (14).

In situ hybridization

Digoxigenin-labelled locked nucleic acid detection ribo-
probes for miR-30c and sema3A were used (Exgion)
(Table S2) (19). The proteinase treatment, endogenous
peroxidase quenching, pre-hybridization and hybridiza-
tion procedures were performed as described (20). After
hybridization, the horseradish peroxidase-tagged anti-
digoxigenin antibody (11207733910; Roche, Basel, Swit-
zerland) was added to recognize the digoxigenin moieties
on probes.

Lentivirus packaging and stereotaxic injection

Lentiviruses were produced as previously described
(21,22). The lentivirus titres for in vivo microinjection
were in the range from 5 x 10% to 1 x 10° transducing
units (TU)/ml, and the same infectivity of lentivirus (10°
TU) was injected into the right SVZ of 8-week-old
mice. Mice were deeply anesthetized with pentobarbital
sodium (P3761; Sigma-Aldrich, St. Louis , MO, USA)
before positioning them in a stereotaxic frame (RWD
Life Science Co. Ltd, Shenzhen, China). Coordinates
from bregma were AP +0.86, ML —0.8 and DV
—3.8 mm for lentivirus injection (23). A subgroup of
mice was killed 2 weeks after injection to assess the
expression of miR-30c in the SVZ.

Fluorescence-Activated Cell Sorting (FACS)

Eight mice from each group (2 weeks after stereotaxic
injection) were anesthetized with pentobarbital sodium
(P3761; Sigma-Aldrich). Brain slice preparation, micro-
dissection and dissociation were carried out as per previ-
ous report (20). Cells infected with miR-30c-OE and
miR-30c-KD were each isolated by FACS based on
their tagged fluorescent proteins.

BrdU labelling and quantification

BrdU (50 pg/g body weight, i.p.) was used to label new-
born cells in the SVZ, and mice were killed 4 h after injec-
tion. To evaluate the migration of newborn cells in the
rostral migration stream (RMS), mice were given one daily
injection of BrdU for 7 days (n = 4 mice/group) (24).
Sectioning of the brain and calculation of the newborn
cells in the SVZ were carried out as in a previous report
with minor modifications (25). Six sets of sagittal sections
(20 pm/section) from each mouse were obtained by cut-
ting the right hemisphere in the lateral to medial direction.
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Each set provided a representative sample of the total
SVZ. Sections with ventricles in the first set were selected
for calculation (15 sections). The number of newborn cells
were counted under the same conditions and photographed
with identical microscope settings. Another parallel set of
sections was used to count the number of newborn cells in
the RMS. The cells were counted and analysed in a
blinded fashion. The proliferation rates were estimated as
the number of BrdU-positive cells per unit area, and the
mean proliferation rate for each group was calculated by
averaging the rates of animals from animals in the same
group (n = 4 mice/group).

Immunofluorescence

The primary antibodies used were mouse anti-BrdU
(B8434; Sigma-Aldrich), mouse anti-Nestin (MAB353;
Millipore), rabbit anti-S100B (S2644; Sigma-Aldrich),
rabbit anti-NeuN (MABN140; Millipore, Boston, MA,
USA), mouse anti-PSA-NCAM (MAB5324; Millipore),
rabbit anti-GFAP (ARH4195; AR, San Diego, CA,
USA), goat anti-sema3A (sc-1147; Santa Cruz, Shang-
hai, China) and rabbit anti-Tuji (T2200; Sigma-Aldrich).
The secondary antibodies were Alexa Fluor 546 donkey
anti-mouse IgG (A10036; Thermo Scientific, Waltham,
MA, USA), Alexa Fluor 488 donkey anti-rabbit IgG
(CA21206s; Invitrogen) and Alexa Fluor 568 donkey
anti-goat (A-11057; Thermo). Immunofluorescence of
BrdU and the other proteins was measuring using stan-
dard procedures (25).

Proliferation detection

Neuro2A cells were transfected with miR-30c-OE or miR-
30c-KD using Lipofectamine 2000 (11668019; Invitro-
gen). Ten hours after transfection, the cells were trypsi-
nized, counted and suspended in culture medium. E16
plates from the real-time cell analysis instrument (ACEA
Biosciences Inc., San Diego, CA, USA) were calibrated
with 50 pl of the same medium. Then, the cells were
plated at 20 000/wells with fresh medium in a final
volume of 150 pl. The xCELLigence software (ACEA
Biosciences Inc.) records the impedance signal and con-
verts it into the Cell Index, which is used as a measure of
proliferation (the original explanation of the Cell Index
is in the website: http://www.aceabio.com/theory.aspx?-
cateid=281). The impedance signals were recorded for 240
sweeps at 15 min intervals to assess proliferation (26).

Cell-cycle measurement

Neuro2A cells transfected with vehicle control, miR-30c-
OE or miR-30c-KD were harvested and incubated with
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propidium iodide buffer (50 pg/ml propidium iodide, Results

Sigma; 10 pg/ml RNAase A, Thermo; 0.3% Triton X-

100, Amresco; 0.1% sodium citrate, Merk) for 30 min at Negative correlation between miR-30c and sema3A
room temperature (27). Stained cells were subjected to
flow cytometric analysis using 10 000 cells/sample
(FlowCytometer; Beckman Coulter, Brea, CA) and anal-
ysed using Wincycle 32 software (Beckman Coulter).

To determine the distribution of miR-30c and sema3A
in the brain, in situ hybridization was applied to the
SVZ, olfactory bulb and hippocampus. The results
showed that miR-30c was abundant at the anterior lat-
eral walls of the LV and sema3A had a complementary
Statistical analysis reversed distribution. Furthermore, miR-30c and sema3A
were also complementarily distributed in the olfactory
bulb and hippocampus (Fig. 1a). We had found prelimi-
nary evidence that the level of sema3A is controlled by
miR-30c (14). To confirm this relationship, miR-30c-
KD, which captures miR-30c by binding to miR-30c

Data are presented as mean + SD. Differences were
assessed using one-way analysis of variance (ANOVA)
with SPASS version 20.0 (SPSS Inc., Chicago, IL,
USA), and P <0.05 was considered statistically

significant.
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Figure 1. Negative association between miR-30c and sema3A in mouse brain. (a) Representative images of complementary distribution of miR-
30c and sema3A as visualized by in situ hybridization. LV, lateral ventricle; SVZ, subventricular zone; OB, olfactory bulb; HIP, hippocampus.
Domains abundant in miR-30c and lacking sema3A are indicated by the outlines. Scale bars, 200 um in SVZ and HIP; 200 pm in OB. (b) Inhibi-
tory effect of miR-30c on sema3A expression assessed by dual luciferase assays in HEK-293T cells (n = 3 wells/group). WT-3'UTR, wild-type
3'UTR of sema3A; MUT-3'UTR, mutant 3'UTR of sema3A. Data normalized to wells with sema3A transfection only. The data are representative
of two independent experiments. Data passed Kolmogorov—Smirnov normality test: one-way ANOVA followed by Bonferroni post-test. (c, d)
Effects of up- and down-regulated miR-30c on the expression of sema3A in neuro2A cells assessed by qRT-PCR (n = 3 wells/group). (c) Neuro2A
cells transfected with miR-30c-OE only; (d) neuro2A cells co-transfected with miR-30c-OE and miR-30c-KD. The data are representative of three
independent experiments and normalized to the value at 24 h. Data were analysed by one-way ANOVA followed by Dunnett’s T3 post-test. All
data are shown as mean £+ SD, *P < 0.05, **P < 0.01, NS, not significant. miR-30c-OE, miR-30c overexpression; miR-30c-KD, miR-30c
knockdown.
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mature sequences, was added in a luciferase assay.
Without miR-30c-KD, the sema3A level was signifi-
cantly reduced by miR-30c. When miR-30c-KD was
added, this inhibitory effect was partly relieved. How-
ever, when the sites on the 3’'UTR of sema3A that bind-
ing to miR-30c were mutated, miR-30c had no effect on
the level of mutant sema3A and the subsequent addition
of miR-30c-KD did not further elevate its level. These
results demonstrated that miR-30c negatively regulates
sema3A by the binding sites between its seed sequence
and the 3’'UTR of sema3A (Fig. 1b).

The inhibitory effect of miR-30c on sema3A was
further evaluated in neuro2A cells using the overexpres-
sion (miR-30c-OE) and knockdown (miR-30c-KD) vec-
tors. The addition of miR-30c-OE increased the level of
miR-30c and decreased that of sema3A, reflecting their
inverse expression with time (Fig. 1c). Interestingly,
when miR-30c-KD was co-transfected with miR-30c-
OE, the expression of sema3A was highly correlated
with that of miR-30c-KD (Fig. 1d). Taken together, the
sema3A level is reduced by miR-30c in neurons.

Sema3A is abundant in neuronal progenitors and
neurons in the SVZ

To investigate the roles of sema3A in vivo, we first
examined the neuronal lineage distribution of sema3A in
the SVZ. Double staining showed that neuronal progeni-
tor cells and mature neurons expressed sema3A-immu-
noreactive cells (Fig. 2a,b). However, sema3A was not
detectable in cells immunoreactive for nestin, a marker
of neural stem cells (Fig. 2c). Sema3A was scarcely
expressed by ependymal cells or S100B-positive cells in
the SVZ (Fig. 2d), both of which are candidate neural
stem cells. The distinct neuronal lineage distribution of
sema3A suggested that it plays a role in neuronal prolif-
eration and differentiation in the SVZ.

miR-30c increases stem cell proliferation by negative
regulation of sema3A

The distinct lineage distribution of sema3A prompted us
to explore its role on neuronal proliferation and differen-
tiation in the SVZ. Since the above results confirmed
that sema3A is negatively regulated by miR-30c, up-
and down-regulation of sema3A in vivo could be
achieved by knockdown and overexpression of miR-
30c. We constructed lentiviral vectors for the overex-
pression and knockdown of miR-30c and tagged them
with tdTomato (red) and EGFP (enhanced green fluores-
cent protein), respectively (Fig. 3a). These fluorescent
protein-tagged viral vectors were successfully expressed
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Figure 2. Lineage distribution of sema3A in the subventricular
zone (SVZ) of adult mouse brain detected by double immunofluores-
cence (n = 6 sections per mouse, 4 mice per group). (a, b) Sema3A is
expressed in PSA-NCAM-positive migratory neuroblasts and NeuN-
positive mature neurons. (¢, d) Sema3A-immunoreactivity is absent
from Nestin-immunoreactive cells and S100B-immunoreactive ependy-
mal cells. Scale bars, 50 um in (a) and (c); 100 pm in (b) and (d).

by integration into the genomes of the SVZ cells after
stereotactic injection (Fig. 3b,c).

To assess whether these viral vectors served as indi-
cators for the levels of miR-30c and sema3A in SVZ
cells, fluorescent protein-tagged SVZ cells were sorted
by flow cytometry and the levels of miR-30c and
sema3A were then quantified using qRT-PCR. The
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results revealed that the miR-30c-OE and miR-30c-KD
vectors gave rise to the corresponding changes in the
level of miR-30c. The miR-30c level in cells infected
with miR-30c-OE increased 3.12 + 0.031-fold
(P < 0.001), while the level decreased in cells infected
with miR-30c-KD (0.62 + 0.013-fold, P < 0.01). More-
over, the sema3A level was negatively correlated with
that of miR-30c in these lentivirus-infected SVZ cells.
The level of sema3A decreased (0.41 £ 0.012-fold ver-
sus control, P < 0.001) when the miR-30c level
increased in miR-30c-OE-expressing cells. Correspond-
ingly, there was a remarkable increase in sema3A
(2.48 £ 0.02-fold versus control, P < 0.001) when
miR-30c expression decreased in miR-30c-KD-expres-
sing cells (Fig. 3d,e).

The above findings demonstrated that miR-30c-OE
and miR-30c-KD as miR-30c biosensors successfully
intervened in the expression of sema3A in vivo. To
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investigate the role of sema3A in adult neurogenesis,
newborn cells were traced with BrdU, a nucleotide
analogue that integrates into the genome during DNA
duplication. In the miR-30c-OE group, the number of
BrdU-labelled newborn cells in the SVZ was strikingly
higher (3.12 4+ 0.4-fold, log, transformed, P < 0.001)
than that in the control littermates. In contrast, the num-
ber of labelled cells in the miR-30c-KD group was
lower than that in control littermates (-1.02 + 0.21-fold,
log, transformed, P = 0.43), suggesting a negative role
of sema3A in regulating the proliferation of stem cells
(Fig. 4a—c). However, other than changes in the prolifer-
ative capacity, apoptosis can also result in changes in
neuronal lineages. To exclude the possibility that apop-
tosis induced the discrepancy of newborn cells in the
adult SVZ, TUNEL labelling was used to detect apopto-
sis in the SVZ, and quantification revealed no significant
difference among the three groups of mice (Fig. S1).
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(a) Vehicle control miR-30c-KD

miR-30¢c-OE

Figure 4. Effects of miR-30c and sema3A
on cells born in the adult mouse SVZ. (a)
Representative images of newborn cells in the
SVZ 4 h after intraperitoneal injection of
BrdU and in the rostral migration stream
(RMS) 7 days after cumulative administration
of BrdU. Scale bars, 40 um. (b, ¢) Numbers
of newborn cells in the adult SVZ (b) and
RMS (c). Data were normalized to vehicle

*kk

control and transformed to log, values.
*P <0.05 **P<0.01, ***P<0.001 by
one-way ANOVA followed by the Bonferroni
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Roles of miR-30c and sema3A in neuronal proliferation
and differentiation

Proliferation and differentiation are mutually exclusive
in a given cell. Having demonstrated that elevated miR-
30c and reduced sema3A in the SVZ increased prolifera-
tion, we inferred that these processes probably inhibit
differentiation. SVZ cells infected with miR-30c-OE had
fewer neurites than miR-30c-KD-infected cells, suggest-
ing a negative effect of miR-30c and a positive effect of
sema3A on neuronal differentiation. (Fig. 5a,b). Further,
proliferation assays showed more proliferation of neu-
ro2A cells infected with miR-30c-OE and less prolifera-
tion in the miR-30c-KD group, demonstrating the
stimulatory effect of miR-30c and inhibitory effect of
sema3A on neuronal proliferation (Fig. 5c).

Roles of miR-30c and sema3A in the cell cycle

To further disclose the mechanisms by which miR-30c
and sema3A modulate neuronal proliferation and differ-
entiation, we investigated the cell cycle in neuro2A cells
infected with miR-30c-OE or miR-30c-KD. When the
cells expressed miR-30c-OE, cell cycling was stimu-
lated, as shown by the increased proportion of cells in
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post-test; n = 15 sections/mouse, 4 mice/

dekk group.

the G2 + M stages (1.47-fold, P = 0.021). In contrast,
in neuro2A cells that expressed miR-30c-KD, cell
cycling was inhibited, as indicated by the increased pro-
portion of cells in G1 (1.35-fold, P < 0.001) (Fig. 5d).
Taken together, miR-30c regulates adult neurogenesis
by modulating the cell cycle.

Discussion

Here, we confirmed that miR-30c is a negative regulator
of sema3A both in vitro and in vivo. Up- and down-reg-
ulation of miR-30c and sema3A demonstrated that adult
neurogenesis is closely associated with their levels in
the SVZ. Elevated miR-30c and reduced sema3A
resulted in a significantly increased numbers of newborn
cells in the adult SVZ and RMS. On the other hand,
reduced miR-30c and elevated sema3A led to a dramatic
decrease in newborn cells in the adult SVZ and RMS.
Furthermore, neuronal morphology, proliferation and
cell-cycle data revealed that miR-30c and sema3A con-
trol adult neurogenesis by acting on the cell cycle to
ultimately regulate the proliferation and differentiation
of stem cells in the SVZ.

Adult neurogenesis is conserved across evolutionary
boundaries from crustaceans to higher vertebrates
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Figure 5. Effects of miR-30c on the proliferation and differentiation of cells in the subventricular zone (SVZ). (a, b) Representative images
showing the effects of miR-30c overexpression (OE) and knockdown (KD) on the morphology of neurons in the SVZ after stereotaxic injection (a)
and in primary culture (b). Scale bars, 50 pm. (c) Effects of miR-30c OE and KD on the proliferation of neuro2A cells by real-time cell analysis.
Curves represent the mean £+ SD cell index value from 3 wells. The index was normalized to the star-point value. (d) Cell-cycle assessment by
flow cytometry. n = 3 wells/group and the data are representative of three independent experiments.

(28,29). Although adult neurogenesis in mammals is
restricted to a few regions, it contributes a certain degree
of plasticity to the adult brain (2,30). Evidence suggests
that the capacity for adult neurogenesis is determined by
the proliferative and differentiated states of adult stem
cells (31,32). A correlation between differentiation and
cell-cycle lengthening has been reported in several cell
lineages in vitro and in vivo (33). Neuronal differentia-
tion is accompanied by exit from the cell cycle into the
quiescent GO phase, and the length of Gl is the key fac-
tor that influences the balance between neuronal precur-
sor and the differentiated neuron (34,35). Generally,
when the inhibitors of the cell-cycle process are reduced,
then an increase in proliferation and the number of neu-
ronal precursors and stem cells follows (36). In the last
decade, researchers have provided a detailed explanation
of the mechanisms underlying cell-cycle length, espe-
cially the duration of GI in determining the terminal dif-
ferentiation of neurons (37,38). Changes of cytokines
and their associated transcriptional factors impact
directly on adult neurogenesis (39—41). The cytokines
are non-uniformly distributed in the stem-cell niche dur-
ing neurogenesis. Actually, many cytokines are
expressed in specific tissues at certain times, and this

© 2016 John Wiley & Sons Ltd

leads to asynchronous cell division (42). The cortical
plate in cyclin-dependent kinase 2(cdk2) and cdk4 dou-
ble-knockout mice is reduced by >46% at embryonic
day 13.5, and correspondingly, the basal progenitor pop-
ulations are severely reduced (43). Although the knock-
out cells retain the ability to replicate, G1 is lengthened,
resulting in premature symmetric neurogenic divisions,
and over time the neuronal output is reduced (44).
Besides these functions of cytokines in the cell cycle,
some transcriptional factors are directly involved. Kar-
sten et al. have provided evidence from the in vitro
microarray data that the expression of transcriptional
factors differs dramatically between proliferating
neuronal stem cells and differentiating neurons. By
focusing on proteins that are specifically enriched
in vivo in the proliferating neuroepithelial zones, specific
transcriptional factors such as Sox3 and FoxMI1 have
been shown to play roles in the cell cycle and cell fate
events (45). The above findings show that cell prolifera-
tion and differentiation as two mutually exclusive pro-
cesses are critical in maintaining a dynamic balance of
neurogenesis.

miRNAs are key regulators of development, owing
to their roles in large-scale transcriptomic changes that
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occur during cell-fate transitions. miRNAs are specifi-
cally expressed in somatic stem and progenitor cells,
and they are considered to be involved in haematopoi-
esis and myogenesis, as well as skin and neural develop-
ment. miRNA functions are precisely regulated during
development to promote and stabilize cell-fate choice,
and they are integrated within the regulatory networks
as positive and negative modulators (46—49). These reg-
ulatory networks result in a refined molecular response
system that enables proper cellular proliferation, differ-
entiation and function. miR-30c, an abundant miRNA in
brain, has been reported to enable the proliferation of
C6 glioma cells and simultaneously inhibit their differ-
entiation (9). In our study, using the methods of SVZ
microdomain intervention, morphological analysis, cell-
cycle analysis and cell-proliferation assays, miR-30c
was demonstrated to stimulate the proliferation and inhi-
bit the differentiation of stem cells in the adult SVZ.

Neural stem cells and their precursors initially
undergo symmetric proliferative cell divisions to expand
the progenitor pool. Later, they switch to asymmetric
division to generate cellular diversity and asynchronous
growth within the stem-cell regions (50,51). Sema3A
has the ability to regulate neuronal polarization by sup-
pressing axon formation and promoting dendrite growth
when it is added to hippocampal neurons in culture
(12). Consistent with this, we found that a high level of
sema3A (low level of miR-30c) resulted in reduced cell
proliferation, while a low level of sema3A (high level of
miR-30c) led to increased cell proliferation in the SVZ.

In conclusion, miR-30c, a negative regulator of
sema3A, determines the number of newborn neurons in
the adult SVZ by regulating the proliferation and differ-
entiation of stem cells. Although further work is
required to identify the downstream molecules mediating
the miR-30c/sema3A signal, miR-30c/sema3A could
serve as targets in treatment of neurodegenerative dis-
eases and other brain trauma in the perspective of stimu-
lation of endogenous regenerative processes.
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Fig. S1. Cellular apoptosis detection by terminal
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(TUNEL) assay. (A) Apoptosis cells were restricted to knockdown; miR-30c-OE, miR-30c overexpression; con-

subventricular zone microdomains. Scale bar, 100 pm. trol, sham group.
(B) Quantification of cellular apoptosis in SVZ. n = 6 Table S1. Quantitative RT-PCR primers
sections, data were determined by one-way ANOVA, Table S2. Sequences for in situ hybridization

followed by LSD test. MiR-30c-KD, miR-30c
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