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"Zhengliang Gao and Peiguo Ding

Multipotent neural stem cells (NSCs) possess the ability to self-renew and differentiate
into both neurons and glia. However, the detailed mechanisms underlying NSC fate deci-
sions are not well understood. Recent work suggests that the interaction between cell
type specific transcription factors and microRNAs (miRNAs) is important as resident neural
stem/progenitor cells give rise to functionally mature neurons. Recently, we demonstrated
that the transcriptional repressor REST (RE1-silencing transcription factor) is essential to
prevent precocious neuronal differentiation and maintain NSC self-renewal in the adult
hippocampus. Here we show that REST is required for orchestrating the expression of
distinct subsets of miRNAs in primary mouse NSC cultures, a physiologically relevant cell
type. Using miRNA array profiling, we identified known REST-regulated miRNA genes, as
well as previously uncharacterized REST-dependent miRNAs. Interestingly, in response to
proliferation and differentiation stimuli, REST-regulated miRNAs formed distinct clusters
and displayed variable expression dynamics. These results suggest that REST functions in
a context-dependent manner through its target miRNAs for mediating neuronal production.
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INTRODUCTION
The process of neuronal production from multipotent neural stem
cells (NSCs) continues in the postnatal and adult mammalian
brain in two discrete locations: the subventricular zone (SVZ)
of the lateral ventricles and the subgranular zone (SGZ) of the
dentate gyrus (DG) in the hippocampus (Ming and Song, 2005;
Kempermann et al., 2008). Here, NSCs self-renew and give rise to
fate-restricted precursors that ultimately differentiate into mature
neurons and astrocytes (Ming and Song, 2005; Kempermann et al.,
2008). SGZ and SVZ neurogenesis is regulated by both extrinsic
factors, such as receptor-mediated signaling pathways (Ming and
Song, 2005), and intrinsic factors, such as epigenetic mechanisms
(Hsieh and Gage, 2004). Understanding how the epigenome inte-
grates extrinsic and intrinsic signals in multipotent NSCs is critical
to harness their therapeutic potential in regenerative medicine.
Epigenetic mechanisms, including histone modifications and
chromatin remodeling, have emerged to play critical roles in NSC
self-renewal and differentiation (Hsieh and Gage, 2004). Disrup-
tions in epigenetic regulation within the brain have been associated
with neurodevelopmental and neuropsychiatric disorders (e.g.,
Angelman, Prader—Willi, and Rett syndrome; Amir et al., 1999;
Sahoo et al., 2008; Mabb et al., 2011). For example, the transcrip-
tional repressor REST has been the focus of research for many
years, and is linked to neurological disorders such as Huntington’s
disease and epilepsy (Zuccato et al., 2003; Jessberger et al., 2007).
REST is a zinc finger protein with a DNA-binding domain in the
middle region and two repressor domains in its N- and C-terminal
regions (Ballas and Mandel, 2005). REST exerts its repressor func-
tion through a 21-23 bp DNA element known as RE1. Moreover,
recent bioinformatics analyses reveal more than 1300 RE1 sites

throughout the mammalian genome (Bruce et al., 2004; Johnson
et al., 2007), consistent with the widespread role of REST.

We recently demonstrated that REST is required for the coordi-
nation of the neuronal gene program to ensure a balance between
neuronal production and maintaining the NSC pool (Gao et al,,
2011). How REST controls stage-specific neuronal gene expres-
sion is still unclear. In addition to regulating coding genes, REST
has also been shown to regulate neurogenesis through the actions
of microRNAs (miRNAs or miRs), such as miR-124a (Conaco
et al., 2006). These authors found that REST and miR-124a are
expressed in a reciprocal manner and that miR-124a is a direct tar-
get of REST. MiRNAs belong to a class of non-coding RNAs ~22
nucleotides in length and conserved in metazoans (Bartel, 2004).
By binding 3'UTRs of target messenger RNAs, miRNAs degrade
their transcript and/or inhibit translation (Bartel, 2004). Since this
first study, the list of miRNAs that are predicted or regulated by
REST has increased (Wu and Xie, 2006; Otto et al., 2007), however
none of these studies address whether these targets are dependent
on the physiological role of REST per se.

Here using primary mouse NSCs derived from a floxed REST
allele, we show that REST is required for the proper expression of
miRNA genes, many of which are potential novel REST targets.
The loss of REST results in different subsets of miRNA expression
changes in NSCs grown under proliferation versus differentiation
conditions. In addition, we found that the expression of REST-
regulated miRNAs dynamically changes over time. These results
reveal the context-dependent nature of REST regulation and sug-
gest that loss of REST and altered expression of miRNAs may
potentially contribute to the premature neuronal differentiation
and exhaustion of the NSC pool observed in REST-deficient mice.
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MATERIALS AND METHODS

PRIMARY NSC CULTURE

The derivation, differentiation, viral infection, and immunos-
taining of primary mouse NSCs were detailed in our previous
study (Gao et al., 2011). Briefly, mouse NSCs were dissociated
from dissected hippocampi and lateral ventricles from 3-week
old REST loxP/loxP or WT littermate mice. Pooled hippocam-
pal and SVZ NSCs (“neurospheres”) were cultured in DMEM:F12
supplemented with N2 and B27 (Invitrogen) in the presence of
FGF2 (20 ng/ml), EGF (20 ng/ml), and heparin (5 pg/ml; prolif-
eration conditions) on uncoated tissue culture plates. To delete
REST, neurospheres were trypsinized and infected in suspen-
sion with GFP (control) or Cre-GFP adenovirus (1/10,000 of
1 x 10'% pfu/ml stock; University of Towa) in N2/B27 medium
containing FGF2/EGF/heparin. Three days after Ad-Cre infection,
where over 95% of the NSCs were GFP+, the recombination rate
was determined to be greater than 80-90% (Gao et al., 2011).
NSCs were induced to differentiate with retinoic acid (RA; 1 nM)
and forskolin (5 nM) for indicated time points. Semi-quantitative
RT-PCR was carried out to confirm induction of select neuronal
and/or REST target genes (Gao et al., 2011).

MiRNA ARRAY PROFILING

For miRNA array profiling, QRT-PCR and validation, total RNA
samples were prepared using the miRNeasy kit (QIAGEN). Five
micrograms of total RNA (from control and cKO cells) were sent
to LC Sciences (Houston, TX, USA) for miRNA array analysis
using Sanger miRBase Release 16.0. Multiple redundant regions
were included on the chip and each region further comprised a
miRNA probe region plus multiple control probes. Statistics were
done with ANOVA analysis. Hierarchical clustering analyses of
miRNA array profiling data were done using the software CLUS-
TER (Eisen et al., 1998). Bioinformatics prediction of RE1 sites
was accomplished using TFbind (Tsunoda and Takagi, 1999).

To confirm the miRNA array profiling results, one microgram
of total RNA was used for reverse transcription using NCode
miRNA first-strand synthesis and QPCR kits (Invitrogen). QPCRs
were performed using an ABI 7900HT instrument. The PCR pro-
gram consisted of 2 min at 50°C and 2 min at 95°C, followed by
40 cycles of 15 at 95°C and 60 s at 58°C. Primer quality was ana-
lyzed by dissociation curves. MiRNA expression was normalized
to the RNA input (Lossos et al., 2003). Statistics were performed
using unpaired Student’s #-test. Values of p < 0.05 were considered
significant.

For the array profiling experiment, we conducted the follow-
ing quality control steps before performing in-depth analyses. As
expected, we did not detect any significant global differences in
the total expression of miRNAs between the control and cKO
cells (Figure Al in Appendix). For both groups, out of the total
1040 miRNAs examined, only a quarter have significant expression
(defined as having an intensity above 32 as the service provider rec-
ommends) in each experimental condition (Figure A2 in Appen-
dix). About 8% have an expression value above 500 but account
for more than 90% of the total miRNA expression (Figure A3
in Appendix). About 2% had an intensity score above 5000 but
account for more than 60% of the total expression. The top
expressed miRNAs are either ubiquitous (e.g., let-7 family) across

lineages or neural enriched (e.g., miR-9, -21, -132, -16, -26a, -99b,
and -125; Cao et al.,, 2006; Table A1 in Appendix). When we exam-
ined the expression of miRNA gene clusters including miR-17-92,
-106b-25, -106a-363, and -297-669 loci, we observed a strong cor-
relation among miRNAs from the same loci (Figure 2; Figure A4
and Table A2 in Appendix). In particular, from the miR-297-669
gene locus that comprised more than 70 miRNAs, all miRNAs with
an intensity of 32 or above displayed similar expression dynamics
throughout the experimental series (Figure A4 in Appendix).

CHROMATIN IMMUNOPRECIPITATION AND QPCR ANALYSIS

As previously detailed (Gao et al., 2011), control and cKO cells
were cultured with the desired treatments at indicated time points,
crosslinked, and harvested. The chromatin immunoprecipita-
tion (ChIP) assay was then performed following manufacturer’s
instructions (Invitrogen). Antibodies used for ChIP were as fol-
lows: REST/NRSF (Upstate), mSin3A (Santa Cruz), and CoREST
(Upstate). ChIP experiments were from independent chromatin
preparations. QPCR and quantification of the results were per-
formed as previously described (Gao et al., 2011). All primer sets
were subjected to a dissociation curve analysis. The relative enrich-
ment was determined by taking the absolute quantity ratios of
specific IPs normalized to the input groups.

RESULTS

IDENTIFICATION OF REST-DEPENDENT MiRNA GENES IN NSCs UNDER
PROLIFERATING CONDITIONS

We recently demonstrated conditional deletion of REST led to
reduced proliferation and precocious neuronal differentiation in
hippocampal and SVZ mixed NSC cultures (Gao etal.,2011). Con-
sistent with these findings, we observed dramatic upregulation of
neuronal and/or REST target genes (Gao et al., 2011). To begin
evaluating REST’s possible function in miRNA regulation, we per-
formed miRNA microarray profiling using the same culture system
(Gao et al., 2011). Floxed REST NSCs under proliferation condi-
tions expressed the progenitor markers Nestin and Sox2 and gen-
erated Tujl-positive neuronal cells and GFAP-positive astroglial
cells under differentiation conditions consistent with their mul-
tipotentiality (Figure 1A). As indicated in Section “Materials and
Methods,” we deleted REST by Ad-Cre-GFP infection of floxed
REST NSCs to generate REST conditional knockout (cKO) NSCs.
Consistent with REST deletion at a recombination efficiency of 80—
90%, we confirmed robust upregulation of REST target neuronal
genes NeuroD1 and Tujl in cKO NSCs, as well as precocious neu-
ronal differentiation under proliferation conditions (Figure 1B;
Gaoetal.,,2011). Upregulation of the immature neuroblast marker
doublecortin (DCX) also confirmed that REST deletion preco-
ciously induced neuronal differentiation (Figure 1B; Gao et al,,
2011).

First, we validated the microarray profiling analysis by perform-
ing quality control steps (see Materials and Methods; Figures A1-
A4 in Appendix and Tables A1-A3 in Appendix). We then per-
formed qRT-PCR analysis to confirm a subset of miRNAs (either
with the highest expression and/or largest fold change) from the
array data and confirmed ~70% of the array results (Table A3
in Appendix). We identified a subset of miRNAs that are sig-
nificantly changed (p < 0.01) in cKO NSCs compared to control
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FIGURE 1 | Context-dependent regulation of REST miRNA targets in
mouse NSCs. (A) Successful derivation of multipotent REST cKO NSCs was
confirmed using NSC markers (Nestin and Sox2), neuronal (Tuj1) and
astrocytic markers (GFAP). Scale bar: 40 um. (B) REST deletion by
Ad-Cre-GFP viral infection in vitro resulted in upregulation of its target genes
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and neuronal genes, as well as precocious neuronal differentiation (not
shown). (C-l) Hierarchical clustering analysis showed that known REST
miRNA targets could be categorized in six different clusters (labeled 1-6)
according to their expression dynamics during differentiation and
responsiveness to REST ablation.

www.frontiersin.org

May 2012 | Volume 6 | Article 67 | 3



http://www.frontiersin.org
http://www.frontiersin.org/Neurogenesis/archive

REST-dependent miRNAs in NSCs

Gao et al.
A 14
——miR-709
12 —#—miR-9
c miR-149*
2 —-miR-9*
g 10 —#—miR-2861
3 let-7¢c
<8 —+—miR-762
% —&—let-7a
S 6 miR-21
<] ——let-7b
2 miR-1937a
c 4 .
2 miR-1937b
]
o
2
0
258358 $HaF®
¢ — N (0 v - N
[T w
i3 [id
GFP Cre-GFP
B Chromosome
17 18a 19a 20a 19b-1 92a-1 mouse
miR-17-92 <= — 4
106a 18b 20b 19b-2 92a-2 363
miR-106a-363JFLI _FLGP_ I_ I- X
106b 93 25
miR-106b-25 ={J} 1B | 5
92b
miR-92b I 3
10,000 .
= —-miR-17
g AN A=K miR-18a
£ 1,000 1Ay miR-20a
.E miR-92a
@ 100 miR-92b
S
i
10
555858 35858
v T N [0 v T N T
w w
[is [is
GFP Cre-GFP
2> 10,000 -m-miR-92a
g miR-20b
£ 1000 miR-106a
c
S
2 100
3
S
i
10+ T T T
=3 £ £ ©c < S £ £ © <
FE838 358RE
X T X T
w [TH
[is [is
GFP Cre-GFP
20,000 .
2 —m—miR-106b
§ \' —m—miR-25
£ i miR-93
5 2,000 v
2 /_‘.\I\.
3
S
i
200
E £ £ C©c C E £ £ C© C©
55888 G28%8¢%
X T X T
w w
[is [is
GFP Cre-GFP

FIGURE 2 | REST ablation modulates the expression of numerous
miRNAs during differentiation. (A) The top expressed miRNAs included
the let-7 family, miR-709, -9, -21, and -1937a/b. Most of the top expressed
miRNAs are either ubiquitously expressed or neural specific/enriched
(Continued)

FIGURE 2 | Continued

species and many undergo dynamic changes over the course of neural
differentiation or response to REST ablation. (B) miRNAs from the oncomiR
miR-17-92 and its two paralogous clusters are dynamically regulated during
RA and FSK induced NSC differentiation. Loss of REST prevents the initial
downregulation mediated by RA and FSK.

cells (Table A4 in Appendix). Among them, there were 29 miR-
NAs with over twofold expression increase and 35 miRNAs with
over twofold expression decrease in ¢cKO NSCs (Table A4 in
Appendix). The only two known REST targets that were signif-
icantly changed in cKO NSCs compared to control cells were
miR-30a (Cre-GFP/GFP = 0.43; p-value 2.95E—03) and miR-9*
(Cre-GFP/GFP =0.6; p-value 1.67E—03). However, instead of
being upregulated, they were downregulated by 2.3 and 1.6 fold,
respectively, in cKO NSCs compared to control cells. Since there
are currently over 40 known REST miRNA targets (Wu and Xie,
20065 Otto et al., 2007), it is surprising that we did not observe
expression changes of additional REST miRNA targets, at least
under proliferation conditions.

IDENTIFICATION OF REST-DEPENDENT MiRNA GENES IN NSCs UNDER
DIFFERENTIATION CONDITIONS

We hypothesized that the failure to observe significant upregu-
lation of a large number of REST target miRNAs may be due
to the lack of differentiation stimuli, which would be consis-
tent with our previous findings that REST deletion results in
enhanced neuronal differentiation when primed with RA and
forskolin (FSK; Gao et al., 2011). Thus, we treated cKO and con-
trol NSCs with RA and FSK and performed miRNA profiling.
We performed hierarchical cluster analysis and identified expres-
sion changes of known REST miRNA target genes, which were
grouped into 6 clusters (Figures 1C-I). Cluster 1 contained miR-
NAs that were upregulated during differentiation and further
enhanced upon REST deletion (Figure 1D). Clusters 2 and 3 con-
tained miRNAs whose expression was initially downregulated and
eventually restored during differentiation (Figures 1E-F). Loss of
REST blocked this transient downregulation by augmenting their
expression throughout the differentiation process (Figures 1E-F).
The difference between cluster 2 and 3 was that cluster 2 con-
tained highly expressed miRNAs. Cluster 4 contained miRNAs
that were upregulated upon differentiation induction, which was
blocked by REST ablation (Figure 1G). Cluster 5 contained miR-
NAs whose expression either persisted or slightly decreased upon
RA and FSK treatment, which was further reduced with REST dele-
tion (Figure 1H). Finally, cluster 6 contained miRNAs which did
not display altered expression, regardless of REST ablation, either
in proliferation or differentiation conditions, suggesting that REST
may not be required for their expression in this context (Figure 1I).
These results confirm that a subset of known REST target miRNAs
were indeed subjected to REST regulation in mouse NSCs under
differentiation, but not proliferation conditions. These results are
also consistent with previous findings where downregulation of
REST failed to globally activate or de-repress REST target gene
expression (Chen et al., 1998; Ballas et al., 2005; Conaco et al.,
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2006), highlighting the context-dependent and dynamic nature of
REST-dependent miRNA changes.

DYNAMIC REGULATION OF REST-DEPENDENT MiRNA GENES DURING
DIFFERENTIATION

Among the miRNAs whose expression were dynamically altered
during differentiation induction, several groups are worth men-
tioning. The first class represented “high-expressers” (Figure 2A
and Table A5 in Appendix). MiR-709, previously implicated in
tumorigenesis and the DNA damage response (Li et al., 2011;
Tamminga et al., 2008), was the overall highest expressed single
miRNA accounting for 5-14% of the total miRNAs expressed.
The let-7 family of miRNAs was the highest expressed class and
together comprised 9-32% of the total miRNA expression. Other
high-expressers included miR-9, -9*, and -21 which are previously
described REST targets that function in neural differentiation
(Gao, 2010). We also observed robust upregulation of miR-1937a
and -1937b, small miRNA-like RNAs of tRNA origin, immedi-
ately after RA and FSK treatment. They were the two highest
expressed miRNA species, together accounting for 21% of the
total miRNA expression in control cells 3h after RA and FSK
treatment, a time point when NSCs transiently increased their pro-
liferation as they differentiate. Interestingly, this dramatic upreg-
ulation was abolished by REST ablation, which simultaneously
prevented the transient increase in proliferation (Gao etal., 2011).
This observation is in line with the finding that increased tRNA
synthesis promotes proliferation and oncogenesis (Berns, 2008;
Marshall et al., 2008), perhaps through an antagonistic mecha-
nism to miRNA and siRNA silencing (Haussecker et al., 2010).
Besides high-expressing miRNAs, another noteworthy class of
miRNA changes is the miR-17-92 class and its two paralogous
clusters, highly conserved between species and recently identi-
fied as oncomiRs (He et al., 2005; Mendell, 2008; Figure 2B and
Table A6 in Appendix). The expression of the miR-17-92 fam-
ily was downregulated immediately after RA and FSK treatment
but subsequently restored with extended time points (Figure 2B).
Interestingly, REST ablation prevented their initial downregula-
tion, but instead led to their upregulation in the presence of
differentiation stimuli.

IDENTIFICATION OF POTENTIAL NOVEL REST MiRNA TARGETS
Since concordantly regulated genes will cluster together with
genome-wide profiling (Eisen et al., 1998), we reasoned there
may be potential novel REST target miRNAs residing in the same
cluster with known REST miRNA targets. To examine this, we
used the CLUSTER software (Eisen et al., 1998) and performed
unsupervised clustering analysis with all the miRNAs that have an
expression value above 32 in the majority of the ten samples. We
first validated the clustering strategy using the miR-297-669 cluster
that contained dozens of miRNA genes under the same transcrip-
tional regulation (Calabrese et al., 2007). As expected, regardless
of the clustering algorithm used, miRNAs from this cluster readily
grouped together (Figure A5 in Appendix), confirming the validity
of our approach.

Next, we focused our analysis on clusters containing multiple
known REST miRNA target genes. As shown in Figures 3A,B and
Figure A6 in Appendix, two neighboring clusters contained at

least nine known REST miRNA target genes together with dozens
of other miRNAs. We used the TFBind software (Tsunoda and
Takagi, 1999) to search for putative consensus RE1 site(s) flank-
ing these miRNA genes. Together with a REST ChIP-sequencing
(seq) study in our laboratory (unpublished results), we identified
many potential REST target miRNAs within these two clusters
(Figure 3C). In total, we have identified over 80 potential novel
REST miRNA target genes through bioinformatics analysis and
genome-wide profiling. The expanded list is shown in Table A7 in
Appendix.

Finally, we randomly selected nine putative novel REST miRNA
targets and performed ChIP-QPCR of ¢KO and control NSCs
under proliferation conditions. Notably, for all of them except
two, we were able to detect 2 fold or more enrichment in con-
trol cells compared to cKO NSCs (Figure 3C). For comparison,
miR-129 and -149 were included as known miRNA target con-
trols. In addition to REST, its corepressors COREST and Sin3a are
recruited to target promoter regions in a REST-dependent manner
(Gao et al., 2011). We performed CoREST and Sin3a ChIP-QPCR
analysis and found decreased recruitment of both CoREST and
Sin3a (data not shown) in cKO NSCs (Figure 3D). Taken together,
miRNA profiling expression data and ChIP-QPCR demonstrated
we can identify known as well as novel REST-dependent miRNA
targets in NSCs.

DISCUSSION

Central to the understanding of brain development and patho-
genesis is how genetic information in the genome is differentially
and dynamically retrieved to achieve distinct neural cell fates. As
guardian of the neuronal genome, REST is a master transcriptional
repressor critical for brain development and homeostasis (Ballas
and Mandel, 2005; Gao et al., 2011). MiRNAs are abundant and
diverse in the brain, thought to be particularly important for the
robustness and fine-tuning of gene regulation (Flynt and Lai, 2008;
Gao,2010). Hence, the identification of REST-dependent miRNAs
in a physiologically relevant NSC system is beneficial for probing
cell fate decisions in the brain.

In the present study, we performed genome-wide profiling and
identified a collection of miRNAs that are dynamically regulated
in NSCs during differentiation. At least some of these miRNAs
are expected to possess stage-specific roles and underlie the abil-
ity of multipotent NSCs to self-renew and differentiate. In light
of REST’s role in neural development, it is interesting that a sub-
set of REST-dependent miRNAs also exhibit dynamic modes of
expression during differentiation. While some miRNAs (e.g., miR-
9,-21,and -132) have been shown to have roles in specific stages of
either neuronal or glial differentiation (Gao, 2010), the functional
significance of many others remain to be elucidated.

One surprising observation is that miR-124 is expressed at very
low levels throughout our study, even when REST is deleted. This
result seems inconsistent with an earlier study (Cheng et al., 2009)
but not others (Cao et al., 2007; Sanuki et al., 2011). Since miR-124
is predominantly expressed in mature neurons in vivo (Cao et al.,
2007; Cheng et al., 2009; Gao, 2010; Sanuki et al., 2011), perhaps
our results are not that surprising. Although we cannot exclude the
possibility that the failure to observe an upregulation of miR-124

www.frontiersin.org

May 2012 | Volume 6 | Article 67 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Neurogenesis/archive

Gao et al.

REST-dependent miRNAs in NSCs

A Cluster 1
GFP Cre-GFP

RFK
GM 3h 12h 24h 48h

RFK
GM 3h 12h 24h 48h
==

B Cluster 2
GFP Cre-GFP

RFK RFK
GM 3h 12h 24h 48h GM 3h 12h 24h 48h

miR-3474
miR-28
miR-3074-1-3p
miR-99a
miR-23b
miR-23a
miR-1195
miR-342-3p
miR-125a-5p
miR-222
miR-1983
miR-128
miR-92b
miR-92a
miR-25
miR-92b*
miR-24
let-7i
miR-709
miR-99b
miR-181a
miR-762

miR-132.
miR-181b
miR-125b-5p
miR-690
miR-365-2*
miR-30d
miR-26a
let-7g
miR-20a
miR-16
miR-9*

miR-24-2  miR-145 miR-328 miR-690 Let7i
miR-26a miR-181a  miR-342 miR-709
miR-30d miR-181b  miR-351 miR-762
miR-128-1 miR-185 miR-425 miR-1195
miR-128-2 miR-322 miR-484 miR-1198

40
35-| M REST GFP/Cre-GFP
30- M CoREST GFP/Cre-GFP

g5

& 20

3215 -

G 10

&9

© 8

g7

E 6

25

5 4

;3

S 2

0o o A @ N 2 P S S
»Q\;@ _Q\,@ & .Q\,\b‘ Qﬁ’h Q?/b ~Q~’{b° . Q<‘bb‘ ) Q})q .Q\Aq .Qﬁ?
NS S & & & & & &

FIGURE 3 | Identification of novel REST miRNA targets. (A,B) In

unsupervised clustering analyses, known REST miRNA targets formed

clusters that also contained other miRNAs. Examples of clusters containing
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FIGURE 3 | Continued

known REST miRNA targets (underlined in red) (C) Combination of
bioinformatic analysis and REST ChIP-seq identified novel REST miRNA
target genes in Cluster 1 and 2. (D) REST ChIP-QPCR analysis confirmed
the binding of REST and CoREST to novel miRNA target genes (seven out
of nine randomly chosen), except miR-24-1 and -26a that fell below the
twofold cut-off. MiR-129 and -149 were included as known miRNA target
controls.

(and many other known REST miRNA targets) in NSCs under pro-
liferation conditions was due to incomplete recombination, our
recombination efficiency was always greater than 80-90%, thus
we do not anticipate this to be the major reason. Importantly, we
observed dramatic alterations in both protein coding and miRNA
genes under the same conditions. A more plausible scenario would
be that there may be contextual differences between in vitro and
in vivo neuronal differentiation, and REST-dependent miRNA
changes could depend on the state of maturation. Interestingly,
recent studies suggest miR-9 and -124 might have complemen-
tary expression patterns, raising the possibility that they adopt
overlapping and distinct roles in neurogenesis and in mature neu-
rons (Gao, 2010). One remaining question is how different REST
miRNA targets (e.g., miR-9 and -124) are regulated in distinct cell
types where there are high levels of REST (Gao et al., 2011).
Despite the presence of neural developmental defects in REST
knockout mice, genome-wide changes in coding or non-coding
genes are not typically observed (Chen et al., 1998; Ballas et al.,
2005; Conaco et al., 2006). Our results are consistent with the
lack of widespread miRNA de-repression in REST ¢cKO NSCs.
Specifically, known REST miRNA target genes failed to upregulate
in NSCs under proliferation conditions. However, in differenti-
ation conditions, the expression of known REST miRNA target
genes was altered and formed six clusters; each manifested dis-
tinct expression dynamics over the course of differentiation and in
response to REST deletion. Furthermore, it is worth noting that the
expression of some of the newly identified REST target miRNAs
was also altered under proliferation conditions. Taken together,
these results reveal that REST-dependent miRNA changes can be
widespread, but is strictly dependent on the local gene context
influenced by the proliferation or differentiation status of NSCs.
What mechanism(s) may underlie the context-dependent
nature of REST miRNA target regulation? One possibility is that
nuclear REST levels dictate recruitment to select RE1 sites with dif-
ferent binding affinities. The repression of target genes in theory
could be released in a stage-wise manner based on the affinity of
REST to its binding sites, as REST levels gradually decrease during
differentiation. Indeed, there is evidence to suggest that RE1 sites
with weaker affinity might be less repressive due to the limited
recruitment of cofactors (Zheng et al., 2009; Yu et al., 2011). A
non-exclusive possibility is that REST binding and de-repression
of target genes involves the recruitment of additional transcrip-
tional activators and removal of REST alone is not sufficient to
upregulate target gene expression. In support of this, we previously
observed that overexpression of a REST activator fusion construct
(REST-VP16), but not REST knockdown/deletion alone, was able
to induce robust neuronal differentiation and upregulate REST
target genes, even under proliferating conditions (Gao etal.,2011).
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Moreover, the local chromatin environment or epigenetic histone
modifications surrounding specific REST targets may affect REST-
mediated gene expression changes (Yu etal., 2011). Together, any of
these possibilities, or a combination of mechanisms, may explain
the lack of genome-wide depression of REST miRNA targets.

In this study, we also demonstrate that combined use of cluster-
ing and bioinformatics analysis is a powerful approach to identify a
number of novel REST-dependent miRNA target genes. Recently,
several miRNAs were suggested as potential REST targets (Singh
et al., 2008; Smith et al., 2010), further confirming the validity
of our microarray profiling and bioinformatics analysis. It would
be interesting in future experiments to investigate whether REST
miRNA target genes within the same cluster share the same com-
binatorial regulation and the roles of these individual miRNAs in
NSC self-renewal and differentiation.

In summary, our study identifies a collection of known and
novel REST target miRNAs that are dynamically regulated during
neuronal differentiation. These studies could provide valuable
insights into the context-dependent nature of REST regulation

as well as how stage-specific progression of neuronal differen-
tiation is achieved. Moreover, we demonstrate it is feasible to
combine cluster analysis with miRNA array profiling data to
uncover novel REST miRNA targets when a well-defined con-
sensus DNA-binding sequence is known. Future studies of REST
and its miRNA targets will be important for understanding how
the balance between neuronal production and maintaining the
NSC pool is controlled for proper brain development and tissue
homeostasis.
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FIGURE A1 | Array profiling of miRNAs in REST cKO NSCs. Whisker box
plot analysis demonstrated there was no significant global expression
differences among the GFP and Cre-GFP groups regardless of proliferation
versus differentiation conditions.
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FIGURE A2 | Distribution of the number of miRNAs examined in the
array analysis. In NSCs cultured under proliferation and differentiation
conditions, only a quarter of the 1040 miRNAs examined are expressed at a
significant level (with an intensity above 32). Out of these significantly
expressed groups, about 60 miRNAs were expressed at levels between
500 and 5000 and about 20 miRNAs were above 5000.
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FIGURE A3 | Expression distribution of miRNAs examined in the array
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FIGURE A4 | Validation of the array profiling by examining specific miRNA clusters. All miRNAs from the miR-297-669 loci displayed similar expression
dynamics demonstrating the validity of the array analysis. Similar expression dynamics were also observed for other miRNA clusters (Figure 2 and Table A2 in

Appendix).
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FIGURE A5 | Validation of the clustering approach to identify potential novel REST miRNA targets. Regardless of the clustering algorithm, miRNAs from
miR-297-669 locus readily form clusters, confirming the validity of our clustering approaches.
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miRNA targets. In unsupervised clustering analyses, known REST
miRNA targets formed clusters that also contained other miRNAs.
Cluster 1 and 2 were chosen as representative examples and
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FIGURE A6 | Clustering approach to identify potential novel REST
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presented in Figure 3. Through bioinformatic and ChlIP-seq analysis, we
identified numerous potential novel REST miRNA targets residing
within the same clusters as known REST miRNA targets (refer to
Table A7 in Appendix).
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Table A1 | Highly expressed miRNAs under proliferation condition in

GFP (control) and Cre-GFP (experimental) groups.

Reporter name GFP Cre-GFP  Reporter name GFP Cre-GFP
mmu-miR-709 35,833 42,541 mmu-miR-466i-5p 1,267 6,079
mmu-miR-9 25,277 16,713 mmu-miR-1892 1,145 1,671
mmu-miR-9* 18,317 10,992 mmu-miR-574-5p 1,143 3,826
mmu-miR-21 18,223 19,156 mmu-miR-466h-3p 1,120 5,201
mmu-let-7¢ 16,137 29,872 mmu-miR-674* 1,118 364
mmu-let-7a 14,994 28,327 mmu-miR-151-3p 1,061 441
mmu-let-7b 13,359 25,842 mmu-miR-132 1,025 850
mmu-let-7d 13,085 19,422 mmu-miR-676 1,006 243
mmu-miR-149* 11,376 14,572 mmu-miR-1187 996 3,110
mmu-let-7f 11,259 20,270 mmu-miR-30d 939 601
mmu-miR-1937b 8,638 1,709 mmu-let-7d* 896 160
mmu-miR-690 7915 939 mmu-miR-18a 895 354
mmu-miR-1937a 7639 1,390 mmu-miR-677* 883 66
mmu-miR-2861 7528 7,156 mmu-miR-103 880 383
mmu-miR-25 6,755 2,843 mmu-miR-290-5p 872 3,047
mmu-miR-92a 6,608 2,641 mmu-miR-669p* 807 3,017
mmu-miR-16 6,397 3,453 mmu-miR-3084 764 83
mmu-let-7i 6,376 4,676 mmu-miR-3072* 764 2,320
mmu-miR-720 6,362 1,113 mmu-miR-1894-3p 720 1,099
mmu-miR-762 5,896 3,775 mmu-miR-351 658 228
mmu-miR-125b-5p 5,889 1,988 mmu-miR-23a 634 276
mmu-miR-26a 5,455 4,201 mmu-miR-107 631 239
mmu-miR-2145 4,788 264 mmu-miR-680 616 2,037
mmu-miR-92b 4,705 2,071 mmu-miR-1196 576 479
mmu-miR-15b 4,670 3,687 mmu-miR-130b 561 243
mmu-let-7g 4,654 3,603 mmu-miR-1949 560 65
mmu-miR-151-5p 3,973 3,138 mmu-miR-34a 557 927
mmu-miR-93 3,897 1,515 mmu-miR-20b 538 112
mmu-miR-674 3,756 3,129 mmu-miR-23b 533 458
mmu-miR-320 3,429 3,812 mmu-miR-106a 533 102
mmu-miR-335-5p 3,323 1,473 mmu-miR-30a 508 217
mmu-miR-2137 3,270 1,622 mmu-miR-652* 502 469
mmu-miR-705 3,107 5,440 mmu-miR-99a 502 243
mmu-miR-20a 3,049 1,550 mmu-miR-467f 493 2,135
mmu-miR-341* 2,902 10,106 mmu-miR-1895 4389 2,093
mmu-miR-1944 2,880 175 mmu-miR-1934* 475 665
mmu-miR-191 2,862 1,718 mmu-miR-466f-3p 466 4,429
mmu-miR-1224 2,770 6,271 mmu-miR-669c* 417 1,160
mmu-miR-181b 2,680 637 mmu-miR-155 415 943
mmu-let-7e 2,653 5,496 mmu-miR-483 398 2,208
mmu-miR-17 2,567 988 mmu-miR-26b 318 556
mmu-miR-3077* 2,375 4,342 mmu-miR-574-3p 219 514
mmu-miR-24 2,004 1,841 mmu-miR-672 212 973
mmu-miR-99b 1,969 782 mmu-miR-466i-3p 203 1,358
mmu-miR-19b 1,776 167 mmu-miR-669f-3p 180 1,265
mmu-miR-181a 1,725 839 mmu-miR-669a-3p 165 1,636
mmu-miR-106b 1,722 557 mmu-miR-466g 135 2,461
mmu-miR-423-5p 1,467 820 mmu-miR-188-bp 118 954
mmu-miR-125a-bp 1,417 41 mmu-miR-1897-5p 106 681
mmu-miR-361 1,363 1,196 mmu-miR-467b* 104 2,981
mmu-miR-30c 1,288 1,080 mmu-miR-467d* 65 972
mmu-miR-3097-bp 48 864
(Continued)
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Table A2 | MiRNAs from the same genomic loci have similar Table A3 | Validation of the miRNA array with qRT-PCR analysis.

expression dynamics.
Reporter name Cre-GFP/GFP array Significance Cre-GFP/GFP

Reporter name Proliferation conditions qRT-PCR
GFP Cre-GFP Cre-GFP/GFP mmu-let-7b 1.93 Yes 1.73
mmu-let-7¢ 1.85 Yes 1.98
miR-17-92, miR-106b-25 Clusters mmu-let-7f 1.80 Yes 243
mmu-miR-106b 1,722 557 0.32 Down mmu-let-7d 1.48 Yes 1.55
mmu-miR-25 6,755 2,843 0.42 Down mmu-miR-149*  1.28 No 1.08
mmu-miR-93 3,897 1,515 0.39 Down mmu-miR-709 119 No 1.28
mmu-miR-17 2,567 988 0.38 Down mmu-miR-21 1.05 No 0.98
mmu-miR-18a 895 354 0.40 Down mmu-miR-2861 0.95 No 1.59
mmu-miR-19b 1,776 167 0.09 Down mmu-miR-132 0.83 No 1.36
mmu-miR-20a 3,049 1,550 0.51 Down mmu-miR-9 0.66 No 0.96
mmu-miR-92a 6,608 2,641 0.40 Down mmu-miR-9* 0.60 Yes 1.02
miR-297-669 Cluster mmu-miR-16 0.54 Yes 0.90
mmu-miR-466h-3p 1,120 5,201 4.64 Up mmu-miR-25 0.42 No 1.06
mmu-miR-669p* 807 3,017 3.74 Up mmu-miR-92a  0.40 Yes 0.96
mmu-miR-467f 493 2,135 4.33 Up
mmu-miR-466f-3p 466 4,429 9.50 Up
mmu-miR-669c¢* 417 1,160 2.78 Up
mmu-miR-466i-3p 203 1,358 6.69 Up
mmu-miR-669f-3p 180 1,265 7.03 Up
mmu-miR-669a-3p 165 1,636 9.92 Up
mmu-miR-466g 135 2,461 18.23 Up
mmu-miR-467b* 104 2,981 28.66 Up
mmu-miR-467d* 65 972 14.95 Up
mmu-miR-669n 41 158 3.85 Up
mmu-miR-466f 39 127 3.26 Up
mmu-miR-669e* 37 481 13.00 Up
mmu-miR-466j 34 178 5.24 Up
mmu-miR-669¢ 29 189 6.52 Up
mmu-miR-466h-5p 26 97 3.73 Up
mmu-miR-669h-3p 22 48 2.18 Up
mmu-miR-467a* 15 246 16.40 Up
mmu-miR-466m-3p 14 225 16.07 Up
mmu-miR-467g 12 54 4.50 Up
mmu-miR-467c* 12 48 4.00 Up
mmu-miR-466m-5p 12 56 4.67 Up
mmu-miR-297a 12 39 3.25 Up
mmu-miR-466d-3p 6 35 5.83 Up
mmu-miR-669a-3-3p 0 36 ~ Up
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Table A4 | List of miRNAs that are significantly altered (p <0.01) in

REST cKO versus WT NSCs.
Reporter name Proliferation conditions Direction Reporter name Proliferation conditions Direction

Cre-GFP/GFP P-value Cre-GFP/GFP P-value
mmu-miR-467b* 28.563 1.87E-05 Up mmu-miR-20b 0.21 2.93E-03 Down
mmu-miR-466g 18.22 3.72E-06 Up mmu-miR-1937b 0.2 2.12E-05 Down
mmu-miR-3097-5p 17.756 1.38E—03 Up mmu-miR-484 0.2 9.24E-04 Down
mmu-miR-669e* 15.7 8.17E-03 Up mmu-miR-106a 0.19 3.03E-03 Down
mmu-miR-467d* 14.96 3.05E-03 Up mmu-miR-1937a 0.18 4.41E-04 Down
mmu-miR-669a-3p 9.94 8.73E-05 Up mmu-let-7d* 0.18 4.98E-05 Down
mmu-miR-466f-3p 9.5 3.41E-04 Up mmu-miR-720 0.17 1.17E-05 Down
mmu-miR-188-bp 8.06 1.08E-03 Up mmu-miR-1949 0.12 2.35E-04 Down
mmu-miR-669f-3p 7.04 4.40E-05 Up mmu-miR-690 0.12 779E-05 Down
mmu-miR-466i-3p 6.71 3.67E—-05 Up mmu-miR-3084 0.1 6.66E—03 Down
mmu-miR-1897-5p 6.4 5.38E—-04 Up mmu-miR-19b 0.09 4.54E-05 Down
mmu-miR-483 5.564 6.47E—04 Up mmu-miR-677* 0.07 1.49E-03 Down
mmu-miR-466i-5p 4.8 1.64E—05 Up mmu-miR-1944 0.06 7.62E-06 Down
mmu-miR-466h-3p 4.65 6.22E—-05 Up mmu-miR-2145 0.06 6.66E—04 Down
mmu-miR-672 4.59 1.90E-03 Up mmu-miR-9* 0.60 1.67E-03 Down
mmu-miR-467f 4.33 1.95E-03 Up
mmu-miR-1895 4.28 5.14E-05 Up
mmu-miR-669p* 3.74 1.27E-04 Up
mmu-miR-290-5p 3.49 7.18E-04 Up
mmu-miR-341% 3.48 4.58E-03 Up
mmu-miR-574-5p 3.35 1.82E—-04 Up
mmu-miR-680 3.31 2.35E-03 Up
mmu-miR-1187 3.12 7.59E-05 Up
mmu-miR-3072* 3.04 4.84E-03 Up
mmu-miR-669c¢* 2.78 6.77E—03 Up
mmu-miR-5674-3p 2.35 6.47E—-03 Up
mmu-miR-155 2.27 9.54E-04 Up
mmu-miR-1224 2.26 7.13E-03 Up
mmu-let-7e 2.07 4.44E-04 Up
mmu-miR-2137 0.5 2.95E-04 Down
mmu-miR-181a 0.49 1.13E—-03 Down
mmu-miR-335-5p 0.44 1.15E—03 Down
mmu-miR-92b 0.44 4.39E-03 Down
mmu-miR-103 0.44 7.64E—-03 Down
mmu-miR-30a 0.43 2.95E-03 Down
mmu-miR-25 0.42 2.84E-03 Down
mmu-miR-151-3p 0.42 7.98E-03 Down
mmu-miR-92a 0.4 2.27E-04 Down
mmu-miR-99b 0.4 6.87E—03 Down
mmu-miR-18a 0.4 3.34E-04 Down
mmu-miR-93 0.39 2.75E-03 Down
mmu-miR-17 0.38 1.97E-03 Down
mmu-miR-107 0.38 5.19E-03 Down
mmu-miR-351 0.35 2.55E—-03 Down
mmu-miR-125b-bp 0.34 2.29E-03 Down
mmu-miR-674* 0.33 1.68E—04 Down
mmu-miR-106b 0.32 3.92E-04 Down
mmu-miR-125a-5p 0.29 793E-03 Down
mmu-miR-676 0.24 5.78E-03 Down
mmu-miR-181b 0.24 5.58E—-03 Down
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Table A5 | Highly expressed miRNA species.

Reporter name GFP Cre-GFP

GM RFK 3h 12h 24h 48h GM RFK 3h 12h 24h 48h
mmu-miR-709 35,833 23,235 23,173 33,961 40,472 42,541 38,655 60,567 44,383 44,536
mmu-miR-9 25,277 849 7909 19,280 23,894 16,713 21,585 30,446 32,761 34,487
mmu-miR-149* 11,376 22,593 32,781 23,468 18,429 14,5672 7,020 16,294 26,824 21,239
mmu-miR-9* 18,317 1,760 11,430 14,243 16,417 10,992 15,628 21,174 18,871 19,210
mmu-miR-2861 7528 16,845 27589 17,488 14,020 7,156 2,116 11,057 17,303 13,981
mmu-let-7¢c 16,137 12,372 6,801 9,473 12,732 29,872 13,037 10,695 6,768 9,154
mmu-miR-762 5,896 10,004 22,634 17,863 17,903 3,775 5,670 9,321 18,787 14,603
mmu-let-7a 14,994 10,174 5,876 7,705 12,444 28,327 15,274 11,821 8,644 10,855
mmu-miR-21 18,223 614 3,674 6,475 8,046 19,156 17,855 17741 16,556 16,132
mmu-let-7b 13,359 11,160 5,350 7823 11,525 25,842 11,387 8,391 5,381 7,952
mmu-miR-1937a 7,639 48,154 14,225 6,614 3,165 1,390 6,395 5,881 4,679 5,634
mmu-miR-1937b 8,638 44,098 15,164 6,715 4,186 1,709 5,387 6,038 5,510 6,301
mmu-miR-709 8.97% 5.16% 5.72% 8.46% 9.65% 9.88% 9.54% 13.97% 10.41% 10.39%
mmu-miR-9 6.33% 0.19% 1.95% 4.80% 5.70% 3.88% 5.33% 7.02% 7.68% 8.04%
mmu-miR-149* 2.85% 5.02% 8.10% 5.85% 4.39% 3.39% 1.73% 3.76% 6.29% 4.95%
mmu-miR-9* 4.58% 0.39% 2.82% 3.55% 3.91% 2.55% 3.86% 4.89% 4.43% 4.48%
mmu-miR-2861 1.88% 3.74% 6.81% 4.36% 3.34% 1.66% 0.52% 2.55% 4.06% 3.26%
mmu-let-7¢c 4.04% 2.75% 1.68% 2.36% 3.03% 6.94% 3.22% 2.47% 1.569% 2.14%
mmu-miR-762 1.48% 2.22% 5.56% 4.45% 4.27% 0.88% 1.40% 2.15% 4.41% 3.41%
mmu-let-7a 3.75% 2.26% 1.45% 1.92% 2.97% 6.58% 3.77% 2.73% 2.00% 2.53%
mmu-miR-21 4.56% 0.14% 0.88% 1.61% 1.92% 4.45% 4.41% 4.09% 3.88% 3.76%
mmu-let-7b 3.34% 2.48% 1.32% 1.95% 2.75% 6.00% 2.81% 1.94% 1.26% 1.85%
mmu-miR-1937a 1.91% 10.70% 3.561% 1.65% 0.75% 0.32% 1.568% 1.36% 1.10% 1.31%
mmu-miR-1937b 2.16% 9.80% 3.74% 1.67% 1.00% 0.40% 1.33% 1.39% 1.29% 1.47%

Table A6 | miR-17-92 cluster and its paralogs.

Reporter name GFP Cre

GM RFK 3h 12h 24h 48h GM RFK 3h 12h 24h 48h
mmu-miR-17 2,567 1,406 2,842 1,820 1,069 988 2,517 2,176 1,233 1,025
mmu-miR-18a 895 234 441 440 183 354 579 306 210 173
mmu-miR-20a 3,049 629 2,847 1,909 1,291 1,550 2,566 2,981 1,557 1,341
mmu-miR-92a 6,608 1,636 2,321 2,359 3,144 2,641 8,133 5,185 3,399 3,165
mmu-miR-92b 4,705 2,366 3,010 3,138 4,533 2,071 6,439 4,569 3,302 4,103
mmu-miR-92a 6,608 1,636 2,321 2,359 3,144 2,641 8,133 5,185 3,399 3,165
mmu-miR-20b 538 37 575 299 245 12 943 907 473 431
mmu-miR-106a 533 126 737 414 291 102 786 526 492 320
mmu-miR-106b 1,722 943 1,572 1,039 646 557 1,298 1,349 876 777
mmu-miR-25 6,755 3,153 3,682 3,977 2,214 2,843 8,376 6,001 4,449 3,825
mmu-miR-93 3,897 2,626 4,257 3,168 1,488 1,515 2,276 2,938 1,892 1,784
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Table A7 | List of potential novel REST miRNA targets.

miR-17
miR17-2
miR-18a
miR-19a
miR-19b-2
miR-20a
miR-20b
miR-24-1/2
miR-25
miR-26a-1/2
miR-30c/d
miR-92a-1
miR-92b
miR-95
miR-99b

miR-105
miR-125a
miR-128
miR-128-2
miR-133a
miR-137
miR-139
miR-145
miR-148b
miR-181a/b
miR-185
miR191
mir194-1/2
miR-201
miR-203

miR-218-1
miR-218-2
miR-221
miR-224
mR-324
miR-328
miR-338
miR-363
miR-373
miR-425
miR-484
miR-505
miR-547
miR-582
miR-598

miR-672
miR-690
miR-702
miR-709
miR-762
miR-871
miR-874
miR-1195
miR-1198
miR-1949
miR-2861
miR-2985
miR-3065
miR-3077
miR-3093

miR-3550
miR-3545
miR-3555
miR-3580
miR-3582
miR-3597-1
miR-3565
miR-3585
miR-3589
let7i
let7f-2
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