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SUMMARY

The polycomb repressive complexes 1 (PRC1) and 2 (PRC2) are two distinct polycomb group (PcG) proteins that maintain the stable
silencing of specific sets of genes through chromatin modifications. Although the PRC2 component EZH2 has been known as an epige-
netic regulator in promoting the proliferation of neural stem/progenitor cells (NSPCs), the regulatory network that controls this process
remains largely unknown. Here we show that miR-203 is repressed by EZH2 in both embryonic and adult NSPCs. MiR-203 negatively
regulates the proliferation of NSPCs. One of PRC1 components, Bmil, is a downstream target of miR-203 in NSPCs. Conditional knockout
of Ezh2 results in decreased proliferation ability of both embryonic and adult NSPCs. Meanwhile, ectopic overexpression of BMI1 rescues
the proliferation defects exhibited by miR-203 overexpression or EZH2 deficiency in NSPCs. Therefore, this study provides evidence for

coordinated function of the EZH2-miR-203-BMI1 regulatory axis that regulates the proliferation of NSPCs.

INTRODUCTION

Neural stem cells (NSCs) are self-renewing, multipotent
cells that have the capability to differentiate into neurons,
astrocytes, and oligodendrocytes (Gage, 2000). NSCs are
abundant during CNS development and also exist in the
adult nervous system of all mammals, including humans
(Spalding et al., 2013). NSCs not only provide a model of
nervous system development but also have great therapeu-
tic potential for the treatment of CNS injuries and diseases
(Dixon et al., 2015; Ruan et al., 2014; Stenudd et al., 2015).
A better understanding of molecular mechanisms regu-
lating their behavior, especially self-renewal ability and
stemness maintenance, is required to fully exploit the ca-
pacity of these cells. The mechanisms underlying the regu-
lation of NSCs proliferation and maintenance of their mul-
tipotency have not yet been completely elucidated (Batista
et al., 2014; Sher et al., 2008; Ziegler et al., 2015).
Polycomb group (PcG) proteins comprise the Polycomb
complexes PRC1 and PRC2 in the nucleus and regulate
gene expression levels through histone modifications
(Sparmann and van Lohuizen, 2006; Takamatsu-Ichihara
and Kitabayashi, 2016). Dysregulation of PcG proteins
can contribute to a number of human diseases, most
notably cancer (Bracken and Helin, 2009; Margueron and
Reinberg, 2011). PRC1 is composed of BMI1, CBXs,
RING1 and RINGZ2, and functions as a multi-protein com-
plex to ubiquitinate histone H2A at lysine 119 (uH2A)
(Caoetal., 2005; Wang et al., 2004), and to condense chro-
matin to repress transcription (Francis et al., 2004). PRC2
typically contains EZH1/2, SUZ12, and EED. EZH2 is a his-

tone methyltransferase responsible for catalyzing histone
H3 lysine 27 trimethylation (H3K27me3) (Cao et al.,
2002; Czermin et al., 2002). EED and SUZ12 are necessary
factors for the recruitment of PRC2 to nucleosomes and
histone methyltransferase activity (Cao and Zhang, 2004;
Margueron et al., 2009). A previous study suggests that
PRC1 and PRC2 might coordinate in epigenetic silencing
of target genes through some unknown mechanisms
(Bracken and Helin, 2009).

PRC1 and PRC2 are important epigenetic regulators in
NSPCs. EZH2 is highly expressed in NSPCs, with little pro-
tein expression in neurons, which suggests that PcG pro-
tein might be involved in stem cell renewal and mainte-
nance (Pereira et al., 2010; Sher et al., 2008; Zhang et al.,
2014). In the early developing forebrain, conditional dele-
tion of Ezh2 results in a shortened period of neuronal pro-
duction related to lack of precursor cell proliferation and
premature NSPC differentiation (Pereira et al., 2010).
Meanwhile, in adult NSPCs the deletion of Ezh2 in NSPCs
results in a reduction in progenitor cell proliferation
(Hwang et al., 2014; Zhang et al., 2015). Importantly, post-
natal NSPCs lacking the PRC1 component BMI1 are defec-
tive for proliferation, in part due to the repression of cell-
cycle inhibitors encoded by the Ink4a/Arf locus (Molofsky
et al., 2003). PRC1 and PRC2 are thought to coordinately
maintain the gene expression pattern in different cells
(Margueron and Reinberg, 2011).

MicroRNA (miRNA) is a class of non-coding RNAs that
also play critical roles in NSPCs (Kawahara et al., 2012;
Liu et al., 2010; Nguyen et al., 2015). In cancer cell lines
and prostate cancer tissues, there is an inverse correlation
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between miRNA and PRC protein levels, suggesting a
possible model for a coordinated PRC2-PRC1 oncoprotein
axis mediated by PRC2-regulated miRNAs (Cao et al,,
2011). In this study, we provide the evidence showing
that miR-203 is a mediator between PRC2 and PRC1 that
modulates NSPC proliferation.

RESULTS

EZH2 Is Highly Expressed in NSPCs but Decreased
Rapidly upon Their Differentiation

To explore the functions of EZH2 in NSPCs, we first exam-
ined its expression levels during brain development by

Relative amount of BrdU* cells

Figure 1. EZH2 Loss of Function Impairs
Proliferation of Both Embryonic and Adult
NSPCs

(A) Western blot showed that EZH2 was
highly expressed in E12, newborn PO, or
adult NSPCs.

(B) EZH2 was almost undetectable in the
cortex of Ezh2 cKO mice at E14 by western
blot analysis.

(C) Representative images of neurospheres
formed by NSPCs isolated from Ezh2 WT and
cKO littermates at E12. The diameters of
neurospheres were significantly smaller in
cKO mouse-derived cultures. Neurospheres
were derived from three different pairs of
littermates. Scale bar, 100 pum.

(D) Ki67 immunostaining showed that cell
proliferation was decreased in the cerebral
cortex of Ezh2 cKO mice at E14. Scale bar,
30 pm.

(E) Decreased proliferation in the cerebral
cortex of £zh2 cKO mice at E14 was
confirmed by BrdU incorporation assay.
Scale bar, 30 um.

(F) BrdU incorporation assay demonstrated
that there were fewer BrdU™ cells in the DG of
Ezh2 iKO mice at 2 months old after tamox-
ifen injection.

(H) Ki67 staining supported that £zh2 iKO
mice had fewer proliferating cells in the DG
at 2 months old after tamoxifen injection
compared with control mice.

(G and I) £zh2 iKO mice had significantly
declined proliferating cell numbers in the DG
even at 6 months old after tamoxifen in-
jection by BrdU incorporation assay (G) and
Ki67 staining analysis (I). The brain tissues
at the specific time points came from four to
six mice.

Mean = SEM; *p < 0.05, **p < 0.01. See also
Figure S1.
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measuring both mRNA and protein levels of Ezh2 in NSPCs
isolated at different embryonic and postnatal stages. Ezh2
expression level was detected in NSPCs which were isolated
from embryonic day 12 (E12), newborn (postnatal day O
[PO]), or adult forebrain. We observed that Ezh2 protein
level was highly expressed in NSPCs at E12, PO, and adult-
hood (Figure 1A). Moreover, once differentiation of embry-
onic NSPCs was initiated in vitro, both Ezh2 mRNA and
protein levels gradually decreased during NSPC differentia-
tion at days 2, 4, 6, and 8 (Figures S1A and S1B). Downregu-
lation of EZH2 in cortical tissues during development from
E1S5 to adult was then verified by RT-PCR and western blot
(Figures S1C and S1D). Previous studies have also shown
that EZH2 is highly expressed in NSPCs, with little protein
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expression in neurons (Pereira et al., 2010; Sher et al., 2008;
Zhang et al., 2014). Therefore, EZH2 may play a pivotal role
in maintaining self-renewal and proliferation of NSPCs.

Ezh?2 Loss of Function Impairs Proliferation of Both
Embryonic and Adult NSPCs

As enriched expression of EZH2 was detected in early stages
of brain development, we next tested whether EZH2 affects
NSPCs proliferation. First, we performed neurosphere
assays for the forebrain NSPCs isolated from Ezh2" or
Ezh2lfNestin-Cre (72 conditional knockout [cKO]) mice
at E12, which were generated by breeding Nestin-Cre mice
with Ezh2"f mice (Figure S1E). As expected, immunoblot-
ting results showed that EZH2 was almost undetectable in
EZH2 cKO forebrain tissue at E12 compared with the con-
trol group (Figure 1B). Neurosphere assay results showed
that EZH2 cKO NSPCs formed fewer and smaller neuro-
spheres than those from wild-type (WT) littermates at
E12 (Figure 1C), E14 (Figure S1F), and E17 (Figure S1G).

To confirm the role of Ezh2 in the proliferation of embry-
onic NSPCs, we conducted immunohistochemistry stain-
ing of Ki67 on E14 embryo brain sections from EZH2 WT
and cKO littermates. As expected, the number of Ki67-pos-
itive cells was significantly reduced in the subventricular
zone (SVZ) and the ventricular zone (VZ) in EZH2 cKO
mice as compared with that of WT mice (Figure 1D). Similar
results were also found in the cerebral cortex of E14 em-
bryos by injecting 100 mg/kg S-bromodeoxyuridine
(BrdU) intraperitoneally to pregnant mother mice 2 hr
before embryo collection at E14. The EZH2 cKO embryos
demonstrated an obvious decrease in BrdU incorporation
into the cerebral cortex NSPCs (Figure 1E). These in vitro
and in vivo data indicated that EZH2 was an essential regu-
lator to maintain the proliferation status of embryonic
NSPCs.

We next examined whether Ezh2 loss of function also
affects the proliferation ability of NSPCs in the young
and older adult mice. As EZH2 cKO homozygous KO mice
cannot survive to adulthood and usually die at P15-
P20, we then took advantage of Ezh2//Nestin-CreERTZ (F71p
iKO) mice (Figure S1E) to further investigate whether
Ezh2 is also involved in adult NSPC proliferation. The
EZH2 inducible KO (iKO) mice were injected with tamox-
ifen at 4 weeks of age for a total five times, three times
in the first week followed by one injection each of the
following 2 weeks (Figure S1H). Real-time PCR and immu-
noblotting results showed that both mRNA and protein
levels of EZH2 were dramatically downregulated after a to-
tal of five tamoxifen injections (Figures S1I and S1J). Mice
then received a 100 mg/kg BrdU injection 2 hr before anal-
ysis at either 2 months or 6 months old (Figure S1TH). We
observed that BrdU-positive cells significantly decreased
in the dentate gyrus (DG) of EZH2 iKO mice compared
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with that of WT mice, regardless of whether the mouse
was 2 months old (Figures 1F and S1K) or 6 months old (Fig-
ures 1G and S1L). Meanwhile, reduced numbers of Ki67*
cells were exhibited in both 2-month-old (Figures 1H and
SIM) and 6-month-old (Figures 11 and SIN) EZH2 iKO
mice. These data suggested that deletion of Ezh2 also
impaired the proliferation of young and older adult NSPCs.
Therefore, our data suggested that EZH2 may maintain the
proliferation ability of NSPCs at all developmental stages
in mice.

EZH2-miR-203-Bmil Regulatory Axis Exists in NSPCs
As PRC2 provides a substrate for PRC1 recruitment (Mar-
gueron and Reinberg, 2011), we next examined the expres-
sion levels of PRC1 in EZH2 cKO mice. mRNA level of Bmil,
also known as polycomb group RING finger protein 4
(PCGF4), was significantly reduced in EZH2 cKO cortex
compared with WT NSPCs at E14 (Figure 2A). In addition,
western blot demonstrated that BMI1 protein was also
decreased in EZH2 cKO cortex at E14 (Figure 2B).
Increasing evidence has emerged that miRNAs play an
important role in regulation of stem cell proliferation,
and EZH2 is able to repress miRNA expression (Szulwach
et al.,, 2010). Mouse Bmil 3’ UTR is 2,148 bp long,
and TargetScan (Agarwal et al., 2015) predicted that there
are only six binding sites for miRNA families broadly
conserved among vertebrates (Table S1). Among these
broadly conserved miRNAs, miR-203 has been experimen-
tally validated as a direct regulator of Bmil in lung cancer
(Chen et al., 2015), we hypothesized that EZH2 may also
govern Bmil expression in NSPCs through miR-203. To
test this hypothesis, we first examined the expression of
miR-203 along with several other miRNAs in EZH2 cKO
NSPCs isolated from E12 forebrain and found that the
expression of miR-203 was increased in EZH2 cKO NSPCs
(Figure 2C). In situ hybridization staining for mature
miR-203 confirmed the higher expression of miR-203 in
the VZ, SVZ, and cortical plate, but lower expression in
the intermediate zone (IZ) in the developing cortex at
E14 (Figures 2D and S2A). To further determine whether
EZH2 also regulates the expression of miR-203 in adult
NSPCs, we acutely manipulated EZH2 expression in adult
NSPCs with lentivirus. As expected, we found that acute
knockdown of EZH2 in adult NSPCs with lenti-EZH2-
short hairpin RNA (shRNA) virus led to increased miR-
203 expression (Figure 2E), whereas overexpression of
EZH2 led to reduced miR-203 expression (Figure 2F).
EZH2, as one of the PRC2 components, is a histone meth-
yltransferase that plays an essential role in the epigenetic
maintenance of the H3K27me3 repressive chromatin
mark. We then proceeded to explore whether EZH2 directly
regulates miR-203 in NSPCs. We firstly used H3K27me3-
specific chromatin immunoprecipitation (ChIP) in isolated
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Figure 2. Bmil and miR-203 Are Upregulated in EZH2 cKO Mice, and EZH2-miR-203-BMI1 Regulatory Axis Exists in NSPCs

(A) RT-PCR showed that Bmil mRNA expression was significantly downregulated in the cortex of EZH2 cKO mice at E14. RNA samples were
extracted from seven different pairs of littermates.

(B) Western blot showed that the protein expression of Bmil was also significantly reduced in the EZH2 cKO cortex at E14.

(C) Quantification analyses of miRNAs indicated that miR-203 was upregulated in EZH2 cKO embryonic NSPCs at E12.

(D) In situ hybridization for mature miR-203 was present throughout the cortex at E14. Higher expression of miR-203 was observed in the
ventricular zone, subventricular zone, and cortical plate, but lower in the intermediate zone in the developing cortex. Scale bar, 100 pum.

(legend continued on next page)
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E12 NSPCs from EZH2 WT and cKO littermates, and
analyzed the interaction between H3K27me3 and five
genomic regions (R1-RS5) from 4 kb upstream to 1 kb down-
stream of the miR-203 gene (Figure 2G) through ChIP
followed by the real-time qPCR. Strong enrichment of
H3K27me3 in the R3 region of miR-203 was found in
EZH2 WT NSPCs relative to in cKO NSPCs (Figure 2H).
Again, EZH2-specific ChIP further proved that EZH2 does
have a binding site in the R3 region of miR-203 (Figure 2I).
Taken together, these results suggested that EZH2 repressed
the expression of miR-203 through directly binding to the
upstream genomic regions of miR-203 gene in NSPCs.

We found that miR-203 expression was gradually
increased during the process of differentiation of cultured
adult NSPCs (Figure S2B). Next, we examined whether
miR-203 is responsible for the expression levels of endoge-
nous Bmil in NSPCs. Our RT-PCR data demonstrated that
Bmil mRNA expression was robustly reduced after overex-
pressing miR-203 in adult NSPCs (Figure 2J). Other PRC1
components, Ring 1a and Ring1b, were also reduced under
miR-203 overexpression conditions in adult NSPCs (Fig-
ures S2C and S2D). To further determine whether Bmil is
a direct target of miR-203, we used luciferase reporter assay
by cloning the 3’ UTR sequence of Bmil containing the pre-
dicted miR-203 binding site (Figure 2K) into a dual lucif-
erase reporter construct, which allowed us to assess BMI1
protein translation based on luciferase activities. Reporter
constructs along with the miR-203 mimics or its inhibitor
were transiently transfected into a mouse CNS catechol-
aminergic cell line (CAD cells). We found that miR-203
overexpression could repress the expression of Renilla
luciferase (R-Luc) activity through the Bmil 3’ UTR,
whereas miR-203 inhibitor enhanced the expression of
R-Luc (Figure 2L). To further confirm that the binding site
within Bmil 3’ UTR was specific to miR-203, we mutated
the binding site of miR-203 on Bmil 3’ UTR in the R-Luc

reporter, and found that miR-203 mimics or its inhibitor
could not affect the mutated Bmil 3’ UTR R-Luc expression
(Figure 2M). Next, we electroporated miR-203 mimics or its
inhibitor into isolated adult NSPCs, followed by BMI1 pro-
tein analysis by western blot 4 days later. A reduction of
BMI1 protein level was found in the miR-203-overexpres-
sion group (Figure 2N), while blocking the expression of
miR-203 by its inhibitor elevated the protein level of
Bmil in adult NSPCs (Figure 20). Taken together, these re-
sults suggested that an EZH2-miR-203-BMI1 regulatory axis
exists in NSPCs.

MiR-203 Inhibits Proliferation Ability of NSPCs

In Vitro and In Vivo

miR-203 expression gradually increased during embryonic
cortical development and remained at a relatively high
level in the cortex until adulthood (Figure 3A), which indi-
cates that miR-203 may be an inhibitor of NSPC prolifera-
tion. We next examined its functions in NSPCs. We created
a recombinant lentiviral vector expressing miR-203 (Lenti-
miR-203), and a sponge lentiviral vector (lenti-miR-203-
sponge) knocking down miR-203, which has nearly 100%
infection efficiency, into cultured adult NSPCs as indicated
by co-expressing GFP expression (Figure 3B). Our RT-PCR
data demonstrated that our constructed lenti-miR-203
sponge virus had efficiency similar to that of anti-miR-
203 oligos for knocking down mature miR-203 (Figures
S3A and S3B), which could knock down endogenous
miR-203 expression. Quantification of BrdU-positive
cells after pulse labeling indicated that miR-203 overex-
pression resulted in a significant decrease, while its knock-
down caused a significant increase, in the proportion of
BrdU*GFP* cells compared with NC-control lentivirus-
infected adult NSPCs in vitro (Figure 3C). Moreover, over-
expression of miR-203 in cultured adult NSPCs resulted
in reduced number and size of primary, secondary, and

(E) Knocking down EZH2 with lenti-EZH2-shRNA virus in cultured adult NSPCs led to increased expression of miR-203 in vitro.
(F) Conversely, overexpression of EZH2 with lentivirus led to decreased expression of miR-203 in adult NSPCs.
(G) Schematic of the 4-kb genomic regions (R1-R5) proximal to the miR-203 gene on chromosome 12 that were analyzed in the ChIP

experiment.

(H) RT-PCR data showed that there was an enrichment of H3K27me3 in the R3 genomic region of the miR-203 locus in E12 NSPCs.
(I) RT-PCR data showed that there was an enrichment of the binding site of EZH2 in the R3 genomic region of the miR-203 locus in

E12 NSPCs.

(J) Quantification analyses of mRNAs indicated that Bmil was downregulated in miR-203 overexpression embryonic NSPCs at E12.

(K) An miR-203 target site was predicted in the Bmi1 3’ UTR by TargetScan. The seed sequence of miR-203 is shown in green. The mutant
Bmi1 3’ UTR used in luciferase assay has a 7-bp deletion of the miR-203 target site (in red).

(L) R-Luc activity assay of CAD cells that were co-transfected the luciferase reporter containing the full-length Bmiz WT 3’ UTR with miR-

203 mimics or its inhibitor.

(M) Mutation of the miR-203 targeting site in the Bmil 3’ UTR abolished the regulation of luciferase activity by miR-203 mimics or its

inhibitor.

(N) Western blot supported that Bmil protein expression was downregulated in E12 NSPCs under miR-203 overexpression.
(0) Overexpression of the miR-203 inhibitors led to increased endogenous Bmi1 protein level in cultured E12 NSPCs.
n = 3 or 4 independent experiments. Mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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tertiary neurospheres, while the number and size of neuro-
spheres were significantly increased in miR-203 inhibition
(sponge) treatment (Figure 3D). There were no detectable
signals of caspase-3 on cultured NSPCs which were infected
with lenti-miR-203 or lenti-miR-203-sponge, indicating
miR-203 had no effect on cell death of NSPCs (Figure S4).

To examine whether miR-203 impairs the proliferation of
adult NSPCs in vivo, we took advantage of the persistent
neurogenesis in the DG of the postnatal hippocampus,
which recapitulates the neurogenic process during devel-
opment. Recombinant lenti-miR-203 or lenti-miR-203-
sponge virus was injected stereotactically into the right
DG, and control lentivirus (lenti-NC) was grafted into
the left DG of the same mouse. To assess proliferation of
lentivirus-labeled NSPCs, we also injected mice with BrdU
immediately after the surgery. At 1 week after viral grafting,
we quantified the amount of BrdU*GFP" cells in the sub-
granular zone (SGZ), and found a 42.3% reduction of
BrdU*GFP* cells in lenti-mR-203 grafted SGZ and a notable
20.5% increase in the number of BrdU*GFP™ cells in lenti-
mR-203-sponge-GFP grafted SGZ relative to control lenti-
NC grafted SGZ (Figures 3E and 3F). We then performed
immunostaining for BrdU (red) and glial fibrillary acidic
protein (GFAP) (purple) to analyze the amount of adult
NSCs in SGZ at either 7 days in vitro (DIV 7) or DIV 14.
Quantification of GFAP*BrdU*GFP" cells indicated a big
reduction of GFAP*BrdU*GFP* cells in the lenti-miR-203
grafted SGZ and a significant increase of GFAP*BrdU*GFP*
cells in the lenti-miR-203-sponge grafted SGZ at both DIV 7
(Figure 3G) and DIV 14 (Figure 3H) relative to control
lentivirus grafted SGZ. Considering that some of GFAP"
NSPCs may differentiate into astrocytes (Bonaguidi et al.,
2011) and miR-203 promotes astrogliogenesis (Figures
S3D, S5C, and S5D), the reduced amount of cycling NSPCs

we observed might be overestimated in the lenti-miR-203
grafted SGZ, and the increased number of cycling NSPCs
might be underestimated in the lenti-miR-203-sponge
grafted SGZ. Therefore, these data suggested that miR-203
could also impair the proliferation of adult NSPCs in vivo.

BMI1 Rescues the Phenotype of miR-203
Overexpression in Adult NSPCs

To determine whether BMI1 could rescue the proliferation
deficits of miR-203 overexpression in adult NSPCs, we elec-
troporated lenti-NC-GFP, miR-203 mimics, lenti-BMI1-OE,
or both lenti-BMI1-OE and miR-203 mimics into adult
NSPCs that were isolated from the forebrain of adult
C57BL/6 mice. Adult NSPCs with elevated expression of
miR-203 formed 50% fewer and much smaller neuro-
spheres compared with the lenti-NC-GFP treatment (Fig-
ures 4A and 4B). As expected, overexpression of BMI1 led
to a significant increase in both size and number of neuro-
spheres relative to the control (Figures 4A and 4B). How-
ever, adult NSPCs that were co-electroporated with lenti-
BMI1-OE and miR-203 mimics had similar size and number
of neurospheres compared with the control (Figures 4A and
4B). These data suggested that restoration of BMI1 expres-
sion in miR-203-overexpressed adult NSPCs could rescue
their proliferation ability.

BMI1 Partially Rescues NSPC Proliferation Deficits
Associated with EZH2 Deficiency

As Bmil expression level was downregulated in EZH2 cKO
cortex, we next investigated whether Bmil gain of function
could rescue NSPC proliferation deficits in EZH2 cKO mice.
Bmil protein expression was significantly reduced in E12
NSPCs of EZH2 cKO mice (Figure 5A), and a notable reduc-
tion of Bmil protein was also found in Ezh2"" embryonic

Figure 3. miR-203 Regulates the Proliferation of Adult NSPCs

(A) MiR-203 was upregulated during embryonic cortical development and kept at a relatively high level to adult.

(B and C) Infection of adult NSPCs with lenti-miR-203 or lenti-miR-203 sponge virus, which was co-expressing GFP under the CMV pro-
moter, allowing us to track infected cells (B, green). The proliferation ability of adult NSPCs was assessed by BrdU labeling (B, red). Scale
bars, 10 um. Percentage of BrdU* cells was reduced from 46% to 25% in adult NSPCs that were infected with Lenti-miR-203 virus, compared
with control shRNA (Lenti-NC) virus-infected adult NSPCs (C).

(D) Morphological examination of adult NSPCs neurospheres that appeared 7 days after initial plating showed that overexpression of miR-
203 in cultured adult NSPCs resulted in reduced number and size of primary, secondary, and tertiary neurospheres, while increased number
and size of neurospheres was observed in miR-203 inhibition (sponge) treatment. Scale bar, 50 pum.

(Eand F) Lenti-miR-203, lenti-miR-203-sponge, or control lenti-NC viruses were grafted into the SGZ of adult hippocampus (E). Note that
GFP expression was largely confined to the dentate area. Immunostaining for BrdU (red) and GFAP (purple) was used to identify adult NSCs
in SGZ in the hippocampus. Scale bar, 30 um. Quantification of BrdU*GFP* cells (F) indicated a large reduction of BrdU*GFP" cells in the
lenti-miR-203 grafted SGZ, and a significant increase of BrdU*GFP* cells in the lenti-miR-203-sponge grafted SGZ at DIV 7 relative to
control lentivirus grafted SGZ, indicating that miR-203 inhibited, but loss of miR-203 elevated, the proliferation of adult NSPCs.

(G and H) Meanwhile, the percentages of adult NSCs (GFAP*BrdU*GFP*) among all BrdU*GFP* cells in SGZ at DIV 7 (G) and DIV 14 (H) were
significantly reduced in miR-203 overexpression group, but increased in miR-203 sponge group, indicating that miR-203 prevented
proliferation of adult NSPCs.

n = 4 independent experiments or different pairs of littermates. Mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S3
and S4.
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A B Figure 4. BMI1 Rescues the Phenotype of
miR-203 3 207 miR-203 Overexpression in Adult NSPCs
o .l (A) Representative images of adult NSPC
' ® 4.5 I I proliferation under the overexpression con-
S . dition of miR-203, BMI1, or both. Scale bar,
s 10 100 pm.
g l—| (B) MiR-203-electroporated adult NSPCs ex-
- hibited smaller neurospheres compared with
S 9% miR-C-electroporated cells. Overexpression
% oo of BMI1 in adult NSPCs resulted in bigger
4 5

cortex NSPCs at 4 days after infecting with lenti-Cre virus
(Figure 5B). We then isolated E12 NSPCs from EZH2 cKO
and WT littermates, and electroporated NSPCs with lenti-
BMI1-OE or lenti-NC plasmids. Our results indicated that
the recovery of BMI1 expression in EZH2 cKO NSPCs
promoted their proliferation ability by generating more
and larger neurospheres (Figures 5C and 5D), but fewer
and smaller neurospheres than those of WT, which sug-
gests that restoration of BMI1 in EZH2 cKO NSPCs partially
rescue the proliferation ability exhibited by EZH2 deficits.
Therefore, other downstream targets might also contribute
to the proliferation deficits in EZH2 cKO NSPCs.

DISCUSSION

NSPCs and their derivatives are thought to have tremen-
dous potential in the development of cell replacement
therapies for many neurodegenerative disorders, because
to date there are no neuroprotective therapies that can pre-
vent cell loss and because substantial cell loss most often
has already occurred before diagnosis (Hagg, 2005; Lindvall
et al., 2004, 2012). As endogenous NSPCs are thought to
be a potential source of stem cells for treating neurological
diseases (Dietrich and Kempermann, 2006; Stenudd et al.,
2015; Yu et al., 2016), a better understanding of the regula-
tion mechanisms underlying NSPC proliferation and dif-
ferentiation should lead to more selective and effective
stem cell therapy (Hagg, 2005; Stenudd et al., 2015).

The epigenetic modification of developmental genes,
including alterations in DNA methylation, histone modifi-
cations, PcG, and non-coding RNA expression, which are
passed on through successive cell divisions, has been sug-
gested as one of the major mechanisms determining the
fate of NSPCs (Mohamed Ariff et al., 2012). In our study,
we provide the evidence for coordinated functions of PcG

T neurospheres compared with miR-C-treated

PN adult NSPCs. Restoration of BMI1 expression
& & ,5,33‘} in  miR-203-overexpression adult NSPCs
‘Q_ﬂ? rescued their proliferation ability.
& n =4 independent experiments. Mean + SEM;
**p <0.01.

proteins, EZH2 and BMI1, in regulating NSPC proliferation,
and identified miR-203 as the inter-regulator between
EZH2 and BMI1 in NSPCs.

We demonstrate here that EZH2 is highly expressed
in NSPCs but decreased upon differentiation, whereas the
level of miR-203 is increased upon differentiation. EZH2
has been reported as an important epigenetic regulator
not only in promoting proliferation but also in controlling
fate choices of NSPCs in the cerebral cortex (Pereira et al.,
2010). EZH2 promotes the amplification of adult NSPCs
and progenitor cells through the Pten-Akt-mTOR signaling
pathway (Zhang et al.,, 2014). Consistent with these
studies, we show here that conditional knockout of Ezh2
has a significant effect on impairing proliferation of embry-
onic NSPCs and that EZH2 is also essential for NSPC main-
tenance in adult mice.

miR-203 has been previously reported as an important
tumor repressor in breast and prostate cancers (Cao et al.,
2011), and Bmil has been validated as a direct target
of miR-203 in controlling cell proliferation and prolifera-
tion of esophageal cancer stem-like cells (Yu et al.,
2014). Furthermore, several other studies provide evidence
showing that Bmil plays a critical role in the maintenance
of NSPC multipotency and proliferation in the forebrain
(Fasano et al., 2009), and miR-203 has been previously
suggested to play a unique role during the entire process
of epidermal development by extending its spectrum of
action from the early commitment of human embryonic
stem cells to ultimate differentiation of the organ (Nissan
et al.,, 2011). In this study, we provide evidence that
the FZH2-miR-203-BMI1 regulatory axis exists in NSPCs.
EZH2 epigenetically represses miR-203 expression, and
conditional KO of EZH2 results in miR-203 upregulation
in NSPCs. Overexpression of miR-203 downregulates
BMI1 expression in NSPCs, which inhibits the proliferation
ability of NSPCs. Even though Ringla and Ringlb are not

Stem Cell Reports | Vol. 9 | 190-202 | July 11,2017 197




A wrt cKo B WT -
C
'\ - -
——— BMI1

B B-actin

C » D o
§1'5' i £ 15
7]
g *kk ko o *kk
s 3 T
g 10 £ 10
e o
8 8
— [
3 0.5 E 05
c o
o T
> Q
£ 2
3 0.0 5 00l
N
e o0 NI
&R P R
Qflo o ,1\’2* 49
&S &4
Yol ol
F s

Figure 5. BMI1 Partially Rescues Embryonic NSPC Proliferation
Deficits Associated with EZH2 Deficiency

(A) Western blot showed that the protein expression of Bmil was
significantly reduced in the embryonic forebrain of EZH2 cKO mice
compared with that of WT mice. B-actin was used as an internal
control.

(B) Reduced Bmil protein level was also observed in embryonic
Ezh2"F NSPCs infected by lenti-Cre virus.

(C) Exogenous overexpression of Bmi1 in Ezh2//FVestinte £15 NSP(Cs
resulted in more neurospheres as measured by neurosphere
numbers.

(D) Exogenous overexpression of Bmi1 in Ezh2//FNestinte E12 NSP(Cs
resulted in larger neurospheres as measured by neurosphere di-
ameters.

n = 3 independent experiments. Mean + SEM; ***p < 0.001.

predicted targets of miR-203, their mRNA levels were also
significantly downregulated in miR-203 overexpression
NSPCs in the present study. However, their relationship
and roles in NSPCs are currently unknown. Future studies
on roles of Ringla, Ringlb, and other epigenetic regulators
will give us a better understanding of the complex network
regulating NSPCs.

The role of PRC2 in stem cell fate is still controversial.
Gene expression on EED™! and EZH2™"" ES cells suggested
that PRC2 might not be required for the maintenance of em-
bryonic stem cell pluripotency (Chamberlain et al., 2008;
Shen et al., 2008). In contrast, several other studies have
demonstrated that PRC2 plays an important role in stem
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cell fate. Overexpression of Ezh2 in embryonic stem cells in-
hibits astrocyte differentiation but promotes oligodendro-
cyte differentiation (Sher et al., 2008). Deletion of Ezh2 at
E12 disrupts cortical neurogenesis and alters the timing of
cortical development (Pereira et al., 2010), and deletion
of Ezh2 in adult NSPCs results in the long-term decrease of
neuron production in vivo (Zhang et al., 2014). We found
that the EZH2-miR-203-BMI1 regulatory axis might also
play important roles in regulating the differentiation
of NSPCs. The luciferase analysis demonstrated that
miR-203-transfected NSPCs exhibited increased activities
of transfected NeuroDI-promoter-driven firefly luciferase
(Figure S3C) and GFAP-promoter driven firefly luciferase
(Figure S3D), which suggested that miR-203 promoted
neuronal differentiation capacity. MiR-203 gain and loss of
function in NSPCs further proved that miR-203 enhanced
neuronal differentiation both in vitro (Figures SSA and
$5B) and in vivo (Figures SS5E and SSF). Bmil is expressed
in NSPCs, and Bmil~/~ mice present more astrocytes at
birth and a generalized gliosis at P30 (Zencak et al., 2005).
Consistent with this, we observed that Bmil was robustly
downregulated in miR-203-overexpressed NSPCs and miR-
203-overexpressed embryonic NSPCs differentiated into
more GFAP-positive astrocytes, while miR-203 downregu-
lated embryonic NSPCs differentiated into fewer GFAP-pos-
itive astrocytes (Figures S5C and SSD). A key question that
remains is whether the controversial findings on the role
of PRC2 in stem cell pluripotency are related to the stemness
status and different types of stem cells.

As PcG proteins and miRNAs are usually co-expressed
in many cell types or cancer tissues, such as keratinocytes
(Eckertetal., 2011; Yietal., 2008), hematopoietic stem cells
(Takamatsu-Ichihara and Kitabayashi, 2016), hepatocellu-
lar carcinoma (Yonemitsu et al., 2009), lung cancer (Chen
et al., 2015; Jin et al., 2013), breast cancer (Ru et al., 2011;
Yu et al., 2012), and prostate cancer (Viticchie et al.,
2011), it will be of interest to elucidate the complicated reg-
ulatory network involving multiple epigenetic factors that
are responsible for determining cell fate and balancing the
proliferation and differentiation of different cell types in
future studies. The detailed regulatory network involving
PcG proteins and other epigenetic factors that are respon-
sible for altered NSPC behaviors will provide critical in-
sights into the cellular control of NSPC proliferation and
fate choices, and might lead us to find new therapeutic stra-
tegies for the treatment of neurological diseases.

EXPERIMENTAL PROCEDURES

Animals

Mice we used were on a C57BL6 background. The Ezh2"" mouse
(MMRRC Strain ID 15499) was crossed with Nestin-Cre mouse
(Jax Stock No. 003771) to generate Ezh2/fNestin-Cre conditional



knockout mice (EZH2 cKO). The Ezh2" mouse was crossed
with Nestin-CreERT2 mouse (Jax Stock No. 016261) to generate
EZH2 /tNestin-CreERT2 31 qucible knockout mice (EZH2 iKO). All the
mice experiments were approved by the Animal Committee of
the Institute of Zoology, Chinese Academy of Sciences.

Self-Renewal, Proliferation, and Differentiation
Analyses of Cultured NSPCs

Isolation of embryonic NSPCs from E12, E14, E17, and PO fore-
brain was performed as previously described (Liu et al., 2013a; Na-
kashima et al., 2001). For isolating adult NSPCs, dentate gyrus from
8- to 12-week-old mouse brain was harvested and digested accord-
ing to the published methodologies (Guo et al., 2011, 2012; Liu
et al., 2013a). The total number and size of spheres that formed
in each uncoated 35-mm dish were analyzed in DIV 7 culture. Neu-
rosphere self-renewal assays were performed by dissociating neuro-
spheres in bulk and reculturing the cells at a constant density of
10,000 cells per well in uncoated 24-well culture plates. With a
minimum cutoff of 40 um in diameter, the number and size of sec-
ondary or tertiary spheres were measured after 7 DIV. For the Bmil
rescue experiments, we use electroporation with Bmil overexpres-
sion plasmid. After electroporation, the cells were plated onto un-
coated 35-mm dishes. Fresh medium was added to the culture
dishes every other day. We counted the neurospheres formed after
7 days of culture. Proliferation and differentiation of NSPCs were
analyzed using our previously published method (Guo et al,
2011; Liuetal., 2010). We used only early-passage cells and compa-
rable passage numbers of WT and KO cells. For each experiment,
at least triplicate wells of cells were analyzed. At least three inde-
pendent experiments (n = 3) were performed and used for each
statistical analysis (for details, see Supplemental Experimental
Procedures).

Lentiviral Constructs

The U6-shRNA lentiviral construct was used to insert mature miR-
203 sequence driven by U6 promoter and GFP reporter gene driven
by CMV promoter (Jessberger et al., 2009; Lie et al., 2005; Liu et al.,
2010). PCR-based generation of miR-203 driven by a U6 promoter
was done using a PCR Shagging approach as previously described
(Liu et al., 2013a). For knockdown of miR-203, an miR-203-sponge
was designed using a bulge design method based on a published
paper (Liuetal., 2013a). Binding sites for miRNA-203 were comple-
mentary in the seed region with a bulge at positions 9-12 to
prevent RNA interference-type cleavage and degradation of the
sponge RNA. EZH2 overexpression lentiviral construct (lenti-
EZH2-OE) was made by integrating the PCR product of human
EZH2 open reading frame sequence into the pCD511B-copGFP
vector (Youbio) at the Nhel/BamHI sites. All vectors were verified
by DNA sequencing before use. Lentivirus production and lentivi-
ral grating in vivo was performed as described previously (Guo
et al., 2011; Jessberger et al., 2009; Lie et al., 200S5; Liu et al.,
2010). For details, see Supplemental Experimental Procedures.

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) of mature miR-203 was
performed on 10-pm-thick frozen sections of 4% paraformalde-
hyde-fixed E14 brains using an LNA probe, based on previously

described methods (Liu et al., 2010; Silahtaroglu et al., 2007). Slides
were hybridized with 2.5 pmol of miR-203 or scrambled probe
(Exigqon) diluted in 100 pL of hybridization mixture for 1 hr at
65°C, and the FISH signals were detected using the tyramide signal
amplification system according to the manufacturer’s instructions
(PerkinElmer).

Immunocytochemistry and Immunostaining
Immunocytochemistry and immunostaining were conducted
according to published approaches (Guo et al., 2011; Liu et al,,
2010, 2013a). For immunostaining cultured cells, anti-neuron-
specific type B-III tubulin (Biolegend, #801202; 1:1,000), anti-
glial fibrillary acidic protein (Millipore, MAB377; 1:1,000), anti-
BrdU (Abcam, ab6326; 1:2000), and anti-cleaved caspase 3 (Cell
Signaling, #9664; 1:200) were used as the primary antibodies.
For immunohistochemistry staining, the primary antibodies
used were as follows: anti-Ki67 (Thermo Fisher, RM9106;
1:1,000), anti-BrdU (Abcam, ab6326; 1:1,000), and anti-DCX
(Cell Signaling, #4604; 1:500). The secondary antibodies conju-
gated to Alexa Fluor 488 or 594 with a concentration of 1:500
were used at room temperature. To analyze the amount of
BrdU*GFP*, or BrdU*DCX*GFP™ cells in the DG, we used one in
six series of 40-um brain sections starting at beginning of hippo-
campus (relative to bregma, —1.5 mm) to the end of hippocampus
(relative to bregma, —3.5 mm). For details, see Supplemental Exper-
imental Procedures.

Tamoxifen Induction and BrdU Labeling

Tamoxifen (Sigma-Aldrich) was administered at a dose of
180 mg/kg intraperitoneally for a total five times in 3 consecutive
weeks. Mice were intraperitoneally injected with 100 mg/kg BrdU
(Sigma-Aldrich), and killed 2 hr later to quantify BrdU-positive
cells for proliferation analysis.

Western Blotting

Cells, cortex, or hippocampus tissues were dissected from
mouse brains under ice-cold saline, pooled, and lysed in ice-cold
RIPA buffer (Beyotime, PO013B). Protein samples were separated
on 8%-12% SDS-PAGE gels (Bio-Rad) and transferred to polyviny-
lidene fluoride membranes (Millipore). The membranes were
blocked in 5% milk in TBS-T (Tris-buffered saline with 0.05%
Tween 20) and incubated with primary antibodies at 4°C over-
night. As the primary antibodies, we used monoclonal antibody
EZH2 (Cell Signaling, #5246s; 1:1,000), H3K27me3 (Millipore,
#7-449; 1:1,000), monoclonal antibody BMI1 (Millipore, 05-637;
1:1,000), monoclonal antibody RING1B (active motif, #39663;
1:1,000), anti-Cre (Millipore, MAB3120; 1:1,000), and mono-
clonal antibody B-actin (Sigma, A5441; 1:5,000). As the secondary
antibodies, we used horseradish peroxidase (HRP)-linked goat
anti-mouse or HRP-linked goat anti-rabbit. The immunoreactive
products were detected with enhanced chemiluminescence
reagent (ECL, Pierce).

Real-Time PCR

Real-Time PCR assay was conducted according to the manufac-
turer’s instructions (for details, see Supplemental Experimental
Procedures).
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Bmil 3’ UTR Dual Luciferase Assays

The 3’ UTR sequences of Bmil mRNA were PCR-amplified from
mouse cDNA. The sequences of primers for Bmil are: forward
sequence, 5'-GCA GAT ACC CAT AAC CTA-3’; reverse sequence,
5'-CAA CAC TTA CAA TGG GAC T-3'. The miR-203 target site in
the Bmil 3’ UTR was deleted using the PCR method (Rivetti di
Val Cervo et al., 2012). The mutation was then verified by DNA
sequencing. The constructs together with the miR-203 mimics or
inhibitor were co-transfected into CAD cells using Lipofectamine
2000 transfection reagent (Invitrogen). Luciferase activities were
measured using the dual luciferase reporter system (Promega)
following the manufacturer’s instructions, and the activity of
Renilla-Luc reporter was normalized to the activity of the internal
control Firefly-Luc to minimize experimental variability.

Chromatin Immunoprecipitation

ChIP was performed as described previously (Liu et al., 2013a,
2010, 2013b). Primer sequences spaced at 1-kb intervals spanning
from 4 kb upstream to 1 kb downstream of mmu-miR-203 were
designed, and DNA relative enrichment was determined by taking
the absolute quantity ratios of specific to nonspecific IPs (normal
rabbit immunoglobulin G [IgG] only), IP/IgG, and normalizing
to a control genomic region that was not enriched in specific IPs
relative to nonspecific IPs. For details, see Supplemental Experi-
mental Procedures.

Statistical Analysis

For statistical analyses, ANOVA and unpaired two-tailed Stu-
dent’s t tests were performed using SPSS statistical software
(SPSS V23; IBM), and the data presented as mean + SEM. Probabil-
ities of p < 0.05 were considered statistically significant.
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