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Neural stem cells (NSCs) have the capacity to differentiate into neurons, astrocytes, and oligodendrocytes, and
therefore represent a promising donor tissue source for treating neurodegenerative diseases and repairing
injuries of the nervous system. However, it remains unclear how canonical microRNAs (miRNAs), the subset of
miRNAs requiring the Drosha-Dgecr8 microprocessor and the type III RNase Dicer for biogenesis, regulate
NSCs. In this study, we established and characterized Dgcr8”~ NSCs from conditionally Dgcr8-disrupted
mouse embryonic brain. RNA-seq analysis demonstrated that disruption of Dgcr8 in NSCs causes a complete
loss of canonical miRNAs and an accumulation of pri-miRNAs. Dgcr8~ NSCs can be stably propagated in
vitro, but progress through the cell cycle at reduced rates. When induced for differentiation, Dgcr§™"~ NSCs
failed to differentiate into neurons, astrocytes, or oligodendrocytes under permissive conditions. Compared to
Dgcr8™"™ NSCs, Dgcr8™~ NSCs exhibit significantly increased DNA damage. Comparative RNA-seq analysis
and gene set enrichment analysis (GSEA) revealed that Dgcr8'~ NSCs significantly downregulate genes
associated with neuronal differentiation, cell cycle progression, DNA replication, protein translation, and DNA
damage repair. Furthermore, we discovered that Dgcr8~~ NSCs significantly downregulate genes responsible
for cholesterol biosynthesis and demonstrated that Dgcr8~~ NSCs contain lower levels of cholesterol. Together,
our data demonstrate that canonical miRNAs play essential roles in enabling lineage specification, protecting
DNA against damage, and promoting cholesterol biosynthesis in NSCs.
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Introduction

NEURAL STEM CELLS (NSCs) have the capacity to differ-
entiate into neurons, astrocytes, and oligodendrocytes,
and therefore represent a promising donor tissue source for
treating neurodegenerative diseases and repairing injuries of
the nervous system [1,2]. During development, NSCs first
appear as the highly proliferative neuroepithelial cells lining
the lateral ventricular wall. They subsequently transform into
radial glial cells in the ventricular zone. Then they become
the proliferation-inert adult NSCs in the subventricular zone
of the lateral ventricles and the subgranular zone of the
dentate gyrus of the hippocampus [3]. Loss of NSCs could
lead to inadequate neural regeneration [2], while unrestrained

NSC proliferation may cause brain tumors [4]. Therefore, the
precise regulation on proliferation, differentiation, and ge-
nomic integrity of NSCs is essential for the formation, re-
generation, and function of the nervous system.

Cholesterol is an essential structural component of cel-
lular membranes and a precursor for biosynthesis of steroid
hormones, oxysterols, and bile acids [5]. In the nervous
system, cholesterol is also essential for the formation of
myelin, the oligodendrocyte-derived insulating layer that
enwraps axons and enables saltatory conduction [5]. Dys-
regulation of cholesterol leads to various nervous system
disorders such as Alzheimer’s disease, Smith—-Lemli—Optiz
syndrome, and Niemann—Pick Type C disease [6]. Because
of the blood-brain barrier, cholesterol in the nervous system
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is primarily de novo synthesized, which is markedly dif-
ferent from other periphery organs in which cholesterol
can be acquired from dietary intake [7]. Biosynthesis of
cholesterol requires activities of more than twenty en-
zymes, all of which are transcriptionally regulated by the
sterol regulatory element binding factors (SREBFs) en-
coded by Srebfl and Srebf2 [8]. Furthermore, cholesterol
also plays a pivotal role in the maturation of the Hedgehog
ligands [9], which initiate the Hedgehog pathways and
regulate normal brain development and brain tumor for-
mation [10].

MicroRNAs (miRNAs) are small noncoding RNAs that
play critical roles in embryogenesis, tissue homeostasis, and
human diseases [11-14]. miRNAs may be categorized as
canonical or noncanonical based on the biogenesis pathways.
In the biogenesis of canonical miRNAs, primary miRNA
transcripts (pri-miRNAs) are processed by the Drosha-
Dgcr8 microprocessor into ~ 70 nt stem-loop structured pre-
miRNAs, which are further processed into ~22nt mature
miRNAs by the type III RNase Dicer [15]. In contrast,
biogenesis of noncanonical miRNAs bypasses the require-
ment of the Drosha-Dgcr8 complex and only requires Dicer
to produce mature miRNAs by cleaving endogenous
shRNAs and mirtrons [16]. In addition to miRNA biogen-
esis, Dicer is also required for the biogenesis of endogenous
small interfering RNAs (endo-siRNAs) by cleaving double-
stranded RNAs (dsRNAs) [16].

miRNAs play critical roles in neural development and the
regulation of NSCs. Conditional disruption of Dicer in the
developing cortex or other developing brain tissues by
tissue-specific Cre results in a decreased number of neural
progenitor cells (NPCs), increased apoptosis, and abnormal
neuronal differentiation [17-21]. Although ablation of the
microprocessor activity by Dgcr8 inactivation in developing
brain leads to similar phenotypes, the phenotypic defects
are significantly milder than those caused by Dicer inacti-
vation [22]. This suggests that noncanonical miRNAs or
endo-siRNAs, which are Dicer dependent but Drosha-
Dgcr8-independent, are functionally important to neural
development.

Dicer”™ NSCs can be established from the cortex of
conditional Dicer™™ embryos, but are deficient in differ-
entiation [23,24]. Because disruption of Dicer leads to a
complete loss of several small RNA species, it remains
unclear how disruption of canonical miRNAs alone affects
NSCs. Furthermore, it has been implicated that Drosha™’~
NPCs would quickly undergo neuronal differentiation be-
cause of accumulation of Neurog?2 transcripts, which encode
a differentiation-promoting transcription factor and are
cleaved by the Drosha-Dgcr8 microprocessor [25]. There-
fore, it is not entirely clear whether NSCs lacking micro-
processor activities can self-renew and be stably maintained
in culture. In this study, we established and characterized
Dger8™™ NSCs from developing brains of conditional
Dgcr8™™ embryos. Our data demonstrated that Dgcr§™”~
NSCs can be stably propagated in vitro, but fail to undergo
lineage specification. We demonstrated that genes regulat-
ing neuronal differentiation, cell cycle progression, DNA
replication, protein translation, and DNA damage repair are
significantly downregulated in Dgcr8”~ NSCs. Further-
more, we discovered that disruption of Dgcr8 in NSCs leads
to an increase of DNA damage and a decrease of cholesterol
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biosynthesis. Together, our data demonstrated that canonical
miRNAs play essential roles in enabling differentiation,
protecting DNA against damage, and promoting cholesterol
biosynthesis in NSCs.

Materials and Methods
Mice breeding and genotyping

All animal experiments were performed in accordance
with guidelines from the University of Alabama at Bir-
mingham and National Institutes of Health. Mice embryos
with neural specific disruption of Dgcr8 were generated by
crossing Dger8™1°% mice [26] with Nestin-Cre mice [27].
NSCs were genotyped by PCR analysis as described [28].

Derivation and differentiation of NSCs

NSCs were isolated from the lateral ventricles of E13.5
mouse embryonic brain as described [29] and were main-
tained in Mouse NSC Expansion medium (EMD Millipore)
on tissue culture plate coated with polyornithine (Sigma-
Aldrich) and laminin (BD Biosciences). Dgcr8+/7 NSCs
isolated from littermates were used as controls. For neuronal
differentiation, NSCs were cultured for 7 days in Neurobasal
Medium with 2% B-27 Serum-Free Supplement and 2 mM
GlutaMAX-I (Thermo Scientific). For astrocyte differenti-
ation, NSCs were cultured for 7 days in DMEM with 1%
FBS (Gemini Bio), 1% N2 Supplement (Thermo Scientific),
and 2mM GlutaMAX-I. For oligodendrocyte differentia-
tion, NSCs were cultured for 7 days in Neurobasal me-
dium supplemented with 2% B-27, 2 mM GlutaMAX-1, and
30ng/mL T3 (Sigma-Aldrich).

Immunostaining and immunoblotting

Immunostaining and immunoblotting were performed as
described [30]. For immunostaining, NSCs, neurons, or as-
trocytes were fixed in 4% paraformaldehyde, blocked in
Protein Block (Dako), and incubated with the appropriate
primary antibodies overnight at 4°C and secondary anti-
bodies for 1 h at room temperature. Nuclei were stained by
0.5 pg/mL DAPI (Thermo Scientific) at room temperature
for 10 min. For oligodendrocyte staining, live cells were
incubated with O1 antibody (MAB344; Millipore) at 37°C
for 30 min, washed with PBS twice, and incubated with
secondary antibody (A21042; Thermo Scientific) at 37°C
for 30 min. Images were acquired by a Nikon Ti-S micro-
scope and processed by Photoshop CS6. For immunoblot-
ting, whole cell extracts were prepared in RIPA buffer
(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS), separated on a 4%—
20% SDS-polyacrylamide gel (Bio-Rad), and transferred to
PVDF membrane (Thermo Scientific). Primary antibodies
used were Dgcr8 (10996-1-AP; Proteintech), SOX2 (130-
095-636; Miltenyi Biotec), Nestin (MAB353; EMD Milli-
pore), Tujl (MMS-435P, BioLegend), YH2AX (9718S; Cell
Signaling), GAPDH, MAP2, and GFAP (sc-25778, sc-
20172, and sc-6170, Santa Cruz Biotech). Secondary anti-
bodies used for immunostaining were Alexa Fluor 488- or
568-conjugated anti-mouse or -rabbit IgG (Thermo Scien-
tific) and for immunoblotting were HRP-conjugated anti-
mouse or -rabbit IgG (BioLegend).
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Cell cycle and apoptosis analyses

Cell cycle and apoptosis analyses were performed as
described [31]. For cell cycle analysis, cells at 30%-50%
confluency were pulse-labeled with 10 uM BrdU (Sigma-
Aldrich) for 30 min before being trypsinized and fixed in
cold 70% ethanol at —20°C overnight. Cells were denatured
in 2N HCI/0.5% Triton X-100 solution for 30 min at room
temperature, neutralized by 0.1 M sodium borate (pH 8.5),
washed twice by PBS with 1% BSA and 0.5% Tween-20,
and incubated with APC-conjugated anti-BrdU antibody
(BioLegend) for 30 min at room temperature. Before being
analyzed on a BD Fortessa flow cytometer, cells were
stained with 1 pg/mL of propidium iodide (Sigma-Aldrich)
at room temperature for 5min. For Annexin V staining,
NSCs were trypsinized, stained with APC-conjugated An-
nexin V (BD Biosciences) on ice for 15min, and then
stained by 1 pg/mL of propidium iodide at room temperature
for Smin. The cells were analyzed on a BD Fortessa flow
cytometer. All data were analyzed by the FlowJo VX soft-
ware (FlowJo, LLC).

Comet assay

Comet Assay was performed using the OxiSelect Comet
Assay Kit according to the manufacturer (Cell Biolabs).
Cells at 30%-50% confluency were trypsinized and em-
bedded in low melting agarose gel at density of 1x10*
cells/mL on glass slides. The slides were incubated in
prechilled Lysis buffer (2.5M NaCl, 100mM EDTA,
10mM Trizma base, 1% Triton X-100, pH 10.0) for
60 min and alkaline buffer (300 mM sodium hydroxide and
1 mM EDTA) for 30 min at 4°C in the dark before elec-
trophoresis in alkaline buffer for 30 min at 1 volt/cm and
300 mA. The slides were then washed by prechilled dis-
tilled water, fixed by 70% ethanol, air-dried, and stained
with Vista Green DNA dye. Images were acquired by a
Nikon Ti-S microscope using a FITC filter, and the per-
centage of tail DNA of individual cells was determined by
the OpenComet plugin of ImagelJ [32]. The graph and two-
tailed Student’s #-test were performed using the GraphPad
Prism 7 software.

Lentiviral production and NSC transduction

Lentivirus expressing a human DGCR8 cDNA (pSIN-
EF2-DGCRS-Pur) was prepared as described [30]. Dgcr8™~
NSCs were transduced with DGCRS lentivirus (MOI=3)
in the presence of 5pg/mL protamine sulfate (Sigma-
Aldrich) 24h after seeding onto polyornithine (Sigma-
Aldrich) and laminin (EMD Millipore)-coated tissue culture
plates.

RNA extraction and qRT-PCR analysis

Total RNA was isolated using the Direct-zol RNA Kit
(Zymo Research), and cDNA was synthesized by the Verso
cDNA Synthesis Kit (Thermo Scientific). qRT-PCR was
performed using 2x Absolute Blue Q-PCR Master Mix
(Thermo Scientific) on a ViiA 7 Real-Time PCR system
(Thermo Scientific). Primers used are listed in Supplemen-
tary Table S1 (Supplementary Data are available online at
www liebertpub.com/scd).
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RNA-seq and bioinformatics

For mRNA-seq and small RNA-seq analyses, total
RNA samples prepared from Dgcr8™™ and Dger8™~ NSCs
were submitted to the Genomic Services Laboratory at
HudsonAlpha Institute (Huntsville, AL) for library con-
struction and sequencing. For mRNA-seq analysis, tran-
scripts with poly(A) tails were enriched by poly(A)
selection and at least 25 million, 50-bp paired-end (PE)
reads were acquired from each sample. For small RNA-
seq analysis, miRNAs were enriched and at least 15
million, 50-bp single-end (SE) reads were acquired from
each sample. For mRNA-seq, sequence alignment was
performed using TopHat v2.0.14 against the UCSC mm10
Assembly. Expression values were calculated with fea-
tureCounts v1.4.6-p2, and differential expression analysis
was determined by DESeq2. GSEA was performed ac-
cording to Subramanian et al. [33]. For small RNA-seq,
adapters were removed from the reads using cutadapt
(v1.8.1) [34]. All the reads were mapped to the mouse
reference genome (GRCm38.74/mm10) using STAR
aligner guided by a Gene Transfer File (Ensembl GTF
version GRCm38.74) [35]. Read count tables for miRNA
genes were made using HT-seq (v0.6.0). Deferential Ex-
pression (DE) analysis was performed using DESeq2, and
the downstream statistical analyses and plots were made
in R (v3.1.1; www.r-project.org/). RNA-seq data were
deposited at Gene Expression Omnibus (GSE88709).

Cholesterol measurement

Cholesterol measurement was performed using the Total
Cholesterol Assay Kit according to the manufacturer (Cell
Biolabs). 1 to 5x 10° cells were homogenized with 200 pL
of extraction mixture (chloroform: isopropanol: NP-40="7:
11: 0.1), and the extracts were centrifuged at 15,000 g for
10 min. The liquid phase was collected, dried at 50°C, and
dissolved in 200 uL. of 1x Diluent. For free cholesterol
measurement, 1540 pL of each sample was incubated with
the Cholesterol Reaction Reagent for 45 min at 37°C be-
fore measuring the absorbance at 540 nm on a Synergy H1
Multi-Mode Plate Reader (BioTek). For total cholesterol
measurement, cholesterol esterase was included in the
Cholesterol Reaction Reagent. Esterified cholesterol was
determined by subtraction of free cholesterol from total
cholesterol. Cholesterol level was normalized to protein
concentration, which was prepared by a previously reported
method [31] and determined by measuring absorbance at
562 nm using BCA assays (Thermo Scientific) on a Synergy
H1 Multi-Mode Plate Reader (BioTek).

Results
Dgcr8~7~ NSCs can be stably propagated in vitro

To investigate how canonical miRNAs regulate NSCs, we
attempted to isolate NSCs from the developing cortex of
E13.5 embryos crossed from Nes-Cre; Dgcr8+/7 mice, and
Dgcr8™°¥1°% mice. The established NSC lines, each from a
single embryo of a same litter, exhibited two distinct cell
morphologies (Fig. 1A, B). Genotyping demonstrated that
NSCs with smaller cell bodies, but thinner and longer pro-

trusions, retain functional Dgcr8 (Dgcr8™™), while NSCs
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FIG. 1. Isolation of Dgcr8” NSCs from conditionally
Dgcr8-disrupted mouse embryonic brain. (A, B) Bright field
images of NSCs isolated from mouse E13.5 embryonic
brain. (A) Dgcr8”~ and (B) Dgcer8”~ NSCs. Scale bars,
50 um. (C) PCR genotyping of NSCs. Shown are genotyp-
ing results of a wild-type control (mouse tail tip fibroblasts),
two independent clones of Dgcr8”~ NSCs, and two inde-
pendent clones of Dgcr8™~ NSCs. Arrow, wild-type Dgcr8
allele (Dgcr8%); arrowhead, Dgcr8 mutant allele (Dgcr8).
(D) qRT-PCR analyses of Dgcr8 (left) and Neurog?2 (right)
in Dgcr8”™ and Dger8”~ NSCs. Data were normalized to
the mRNA levels of B-actin gene Actb. n=3 independent
biological repeats. Error bar, SD. (E, F) Immunostaining of
NSC markers SOX2 (green) and NESTIN (red) in (E)
Dger8™~ and (F) Dgcr8”~ NSCs. Cell nuclei were
counterstained with DAPI (blue). Scale bars, 50 pm. NSC,
neural stem cell. Color images available online at www
Jdiebertpub.com/scd
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forming aggregates and with thicker and shorter protrusions
are knockout mutants (Dgcr8_’_) (Fig. 1C). qRT-PCR con-
firmed that Dgcr8 transcripts are absent in Dgcr8™™ NSCs
(Fig. 1D). Immunostaining demonstrated that Dgcr8’~
NSCs, like the control Dgcr8*'™ NSCs, express the NSC-
specific markers SOX2 and Nestin (Fig. 1E, F).

Because it has been implicated that Drosha™~ NPCs
would quickly differentiate into neurons in embryonic brain
due to accumulation of Neurog2 transcripts [25], we ex-
amined whether Dgcr8~ NSCs are similarly defective in
self-renewal by long term in vitro passaging. We found that
Dgcr8™ NSCs can be stably cultured for at least 20 pas-
sages without noticeable changes in cell morphology or
stem cell marker expression (Supplementary Fig. S1). qRT-
PCR analysis revealed that, instead of an increase of
Neurog?2 transcripts as reported in Drosha”~ NPCs [25],
Neurog2 expression is significantly downregulated in
Dgcr87/7 NSCs (Fig. 1D). Our data therefore demonstrated
that Dgcr8™~ NSCs can be established from the embryonic
cortex and stably propagated in vitro.

Dgcr8”~ NSCs do not express canonical miRNAs

To investigate how Dgcr8 inactivation affects miRNA
expression in NSCs, we })erformed small RNA-seq analysis
of Dgcr8™™ and Dgcr8™~ NSCs. We obtained 58.9 million
single-end reads from Dgcr8™~ NSCs and 26.8 million reads
from Dgcr8_/ ~ NSCs. Among these, 5.5 million reads from
Dgcr8™~ NSCs and 0.08 million reads of Dgcr8”~ NSCs
were mapped to miRNA genes, which account for 9.4% and
0.3% of total small RNA reads, respectively (Fig. 2A). As
expected, the great majority of miRNAs expressed in
Dgcr8"~ NSCs are significantly downregulated in Dgcr8™~
NSCs (Fig. 2B and Supplementary Table S2). Noncanonical
miRNAs, which are microprocessor-independent for bio-
genesis, have been previously defined as those miRNAs that
decrease less than twofold when Dgcr8 is disrupted [36]. By
this criteria, noncanonical miRNAs only account for 0.66%
of all miRNA reads obtained from Dgcr8+/ ~ NSCs, but ac-
count for 92.6% of all miRNA reads from Dgcr8”~ NSCs
(Fig. 2C and Supplementary Table S3).

Intriguingly, while mature miRNAs are significantly
downregulated in Dgcr8”~ NSCs, we detected that many
corresponding pri-miRNAs are significantly upregulated in
RNA-seq analysis of mRNA transcripts, demonstrating that
a lack of Dgcr8 leads to accumulation of pri-miRNAs
(Fig. 2D). The only exception is miR-3093, both mature
and pri-miRNAs of which are downregulated in Dgcr§™"
NSCs (Fig. 2D). These data suggest that additional
microprocessor-related mechanism regulates the transcrip-
tion of pri-miR-3093.

In Dgcr8™~ NSCs, the most abundantly expressed miRNAs
are miR-21 and let-7 family members (let-7i, g, d, and b),
which account for 31% and 19% of total miRNA reads,
respectively (Fig. 2E and Supplementary Table S2). Other
abundantly expressed miRNAs include members from miR-
30, miR-17/92, and miR-99 families, which together with
miR-21 and let-7s account for nearly 80% of all miRNA
reads in Dgcr8"~ NSCs (Fig. 2E and Supplementary
Table S2). In Dgcr8_/_ NSCs, the most abundantly ex-
pressed miRNAs are miR-344 family members (miR-344f,
¢, b, and g), miR-1981, miR-484, miR-320, and miR-5099,
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which account for 80% of all miRNA reads (Fig. 2F and
Supplementary Table S3). Among these miRNAs, miR-
344f, miR-1981, miR-484, miR-320, and miR-5099 have
previously been identified as noncanonical miRNAs
[22,36,37]. Our data demonstrate that other members of the
miR-344 family (miR-344c, b, and g) also belong to non-
canonical miRNAs that do not require Dgcr8 for biogenesis
(Fig. 2F and Supplementary Table S3). Together, our data
demonstrate that the great majority of NSC-expressed
miRNAs are canonical miRNAs that require Dgcr8 for
biogenesis.

Canonical miRNAs are required for lineage
specification of NSCs

To investigate how canonical miRNAs regulate differ-
entiation of NSCs, we attempted to differentiate Dgcr8 ™~
NSCs. We demonstrated that Dgcr8™~ NSCs can be readily
differentiated into neurons, astrocytes, or oligodendrocytes,
as indicated by the expression of neuronal specific markers
Tujl and MAP2, astrocyte marker GFAP, and oligoden-
drocyte marker Ol1, respectively (Fig. 3A-A”). However,
Dgcr8”~ NSCs fail to undergo lineage specification under
permissive conditions (Fig. 3B-B”). When differentiated

into neurons or oligodendrocytes, Dgcr8”~ NSCs rapidly
undergo cell death (Fig. 3B, B”). When induced to astro-
cytes, Dger8”~ NSCs differentiated into cells weakly
stained by the astrocyte-specific marker GFAP in nucleus
and cytoplasm (Fig. 3B’), which is markedly different from
the cytoplasmic staining of Dgcr8*~ NSC-derived astro-
cytes (Fig. 3A”).

The lack of differentiation potential of Dgcr§”~ NSCs
can be interpreted either as canonical miRNAs are required
to execute lineage specification, or as the isolated Dgcr§™”~
NSCs are not true multipotent stem cells. To distinguish
these two possibilities, we reintroduced a functional DGCRS
¢DNA into the Dger8™~ NSCs using lentivirus. The rescued
NSCs can efficiently differentiate into neurons, astrocytes,
or oligodendrocytes like control Dgcr8”~ NSCs (Fig. 3C—
C”), demonstrating that Dgcr8_/ ~ NSCs retain differentiation
potential and the failure in lineage specification is due to a
lack of canonical miRNAs.

Canonical miRNAs promote proliferation of NSCs

Next, we investigated whether proliferation and survival
of NSCs are affected by the lack of canonical miRNAs.
Dger8™™ NSCs progress through the cell cycle at reduced
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FIG. 3. Dgcr8” NSCs cannot differentiate into neurons, astrocytes, or oligodendrocytes. (A—A”) Induction of Dgcr8”~ NSCs
into neurons, astrocytes, and oligodendrocytes. Immunostaining of (A) neuronal markers Tujl (green) and MAP2 (red), (A”)
astrocyte-specific marker GFAP (red) and DAPI (blue), and (A”) oligodendrocyte-specific marker O1 (green). Scale bars, 50 pm.
(B-B”) Induction of Dger§™ NSCs into neurons, astrocytes, and oligodendrocytes. (B) Bright field image showing cell death
48 h after inducing Dgcr8™~ NSCs into neurons. (B’) Immunostaining of astrocyte-specific marker GFAP (red) and DAPI (blue).
Note that GFAP is weakly stained in both nuclei and cytoplasm, which is different from the cytoplasmic staining of Dgcr8™~
NSC-derived astrocytes. (B”) Bright field image showing cell death 48 h after inducing Dgcr8”~ NSCs into oligodendrocytes.
Scale bars, 50 um. (C—C”) Induction of Dgcr8~ NSCs rescued by a DGCRS cDNA into neurons, astrocytes, and oligo-
dendrocytes. Immunostaining of (C) neuronal markers Tujl (green) and MAP2 (red), (C’) astrocyte-specific marker GFAP
(red) and DAPI (blue), and (C”) oligodendrocyte-specific marker O1 (green). Scale bars, 50 um. Color images available

online at www.liebertpub.com/scd

rates compared to Dgcr81°* controls, as demonstrated by a
significant increase of cells in the G1 phase but a decrease in
the S phase in BrdU-pulse labeling experiments (Fig. 4A,
B). These data therefore demonstrate that canonical miRNAs
promote proliferation of NSCs. However, apoptosis rate, as
measured by Annexin V staining, does not significantly
differ between Dgcr8™* and Dger8™~ NSCs (Fig. 4C, D).
These data agree with the previous reports that disruption of
Dicer in NSCs leads to reduced proliferation, but not in-
creased apoptosis [23,24].

Loss of canonical miRNAs causes DNA
damage in NSCs

Conditional disruption of Dicer or Dgcr§ can lead to in-
creased DNA damage and apoptosis in cerebellum neural

progenitors [38]. Because an increase of apoptosis in
Dgcr8™™ (Fig. 4C, D) or Dicer™™ NSCs was not observed
[24], we examined whether NSCs lacking Dgcr8 exhibit
increased DNA damage. Immunostaining of YH2AX, the
phosphorylated H2A.X histones that label DNA strand
breakage [39], revealed that a higher percentage of Dgcr8™~
NSCs are positive for YH2AX (Fig. 5A, C). Consistently,
immunoblotting demonstrated that Dgcr8™~ NSCs express
higher levels of YH2AX than the control Dgcr8™™ NSCs
(Fig. 5D). We further evaluated the degree of DNA damage
using the comet assay, which allows quantitatively mea-
suring DNA strand breaks of individual cells [40]. In
agreement with the YH2AX staining result, Dgcr8™~ NSCs
contain significantly more damaged DNA than the control
Dgcr8+/7 NSCs (Fig. SE-G). These data demonstrated that,
just like the cerebellum neural progenitors [38], loss of
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FIG. 4. Dgcr8’~ NSCs exhibit
decreased proliferation. (A) Re-
presentative flow cytometry plots
of cell cycle analys1s of Dgcr8"
(left) and Dgcr8 (right) NSCs by
BrdU pulse-labeling and PI stain-
ing. (B) Quantlﬁcauon of cell cycle
analysis of Dgcr8”" and Dgcr8™””
NSCs. n=3 independent biological
repeats. N.S., not significant; **P <
0.01, two-tailed Student’s t-test. (C)
Representative flow cytometry plots
of apoptosis analysis of Dgcr8”"
(left) and DgcrS” ” (right) NSCs by
Annexin V and propidium iodide
(PI) stalnmg (D) Quantification of
apoptos1s analysis of Dgcr8”" and
Dgcr8” NSCs. n=3 independent
biological repeats. N.S., not signifi-
cant, two-tailed Student’s t-test. PI,
propidium iodide. Color images
available online at www.liebertpub
.com/scd
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FIG.5. Dgcr8” NSCs exhibit increased DNA damage. (A-A”) Representative images of YH2AX immunostaining in Dger8*™

NSCs. (A) Immunostaining of YH2AX (re
images of YH2AX immunostaining in Dgcr8™

2]

(A”) DAPI staining, and (A”) merged. Scale bars, 50 pm. (B-B”) Representative
NSCs. (B) Immunostaining of YH2AX (reaﬁ (B") DAPI staining, and (B”) merged.

Scale bars, 50 um. (C) Quantification of YH2AX positive cells of Dger8™™ and Dgcr8”~ NSCs. n=3 1ndependent biological
repeats. P <0.05, two-tailed Student’s #-test. (D) Immunoblotting of Dgcr8 and YH2AX in Dger8™™ and Dgcrér NSCs. Im-
munoblottmg of GAPDH and Ponceau S staining are used as loading controls. (E, F) Representatlve Comet assay images of (E)

Dgcr8+ and (F) Dgcr<Sr NSCs. (G) A Box-and-Whisker plot quantifies comet assays of Dgcr

~ (n=126) and Dgcr8

(n=121) NSCs. P <0.001, two-tailed Student’s z-test. Color images available online at www.liebertpub.com/scd
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canonical miRNAs also causes DNA damage in embryonic
cortex-derived NSCs. Because Dgcr8”~ NSCs do not ex-
hibit increased apoptosis (Fig. 4C, D), but undergo cell
death when differentiated into neurons or oligodendrocytes
(Fig. 3B, B”), our data suggest that NSCs are more tolerant
to DNA damage than differentiated cells, a feature that has
been reported in several other adult stem cells and cancer
stem cells [41-43].

Loss of canonical miRNAs substantially
alters expression profiles of NSCs

To gain understanding on how canonical miRNAs regu-
late NSCs on a molecular level, we performed mRNA
profiling between Dgcr8™~ and Dgcr8™~ NSCs by RNA-seq

A == B
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analysis. We identified that 1287 genes are downregulated
and 845 genes are upregulated in Dgcr8~”~ NSCs (>fourfold;
P<0.01; g<0.01) (Fig. 6A and Supplementary Tables S4
and S5). Among the upregulated genes, we observed an
enrichment of predicated targets of miR-21 and let-7
(Fig. 6B), which are the most abundantly expressed miR-
NAs in NSCs (Fig. 2E). Gene set enrichment analysis
(GSEA) further revealed that genes associated to neuronal
system, cell cycle regulation, DNA replication, and trans-
lation are among the most significantly downregulated bi-
ological processes in Dgcr8”~ NSCs (Fig. 6C). This is
consistent with the observation that Dgcr8”~ NSCs are
unable to undergo lineage specification (Fig. 3) and prolif-
erate slower than Dgcr8"~ NSCs (Fig. 4A, B). Furthermore,
genes associated with DNA repair are also significantly

A8 Predicted Predicted
mR2iterget | letTtarget
= 5
=/ =
=l =
I 1 I ] o ' °
Dgcr8*-  Dgcr8* “ =

FIG. 6. RNA-seq analysis of
Dger8™™ and Dger8”™ NSCs. (A)
Unsupervised clustering analysis of
Dgcr8™™ and Dger8”™ NSCs. (B)
GSEA demonstrated de-repression
of transcription targets of miR-21
(left) and let-7 (right) in Dgcr8™'™
NSCs. (C) GSEA demonstrated
downregulation of genes associated
with neuronal system, cell cycle,
DNA replication, translation, and
DNA repair in Dgcr8”’~ NSCs.
GSEA, gene set enrichment analy-
sis. Color images available online
at www.liebertpub.com/scd
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downregulated in Dgcr8”~ NSCs (Fig. 6C), suggesting that
the downregulation of DNA repair pathway is at least par-
tially responsible for the increased DNA damage in
Dgcr8™™ NSCs (Fig. 5).

Dgcr8~ NSCs significantly downregulate
cholesterol biosynthesis

Unexpectedly, GSEA revealed that genes associated with
cholesterol biosynthesis are significantly downregulated in
Dgcr8™~ NSCs (Fig. 7A, B), suggesting that canonical
miRNAs promote cholesterol biosynthesis in NSCs while a
complete miRNA loss leads to a reduction in cholesterol
levels. Intriguingly, while the genes responsible for choles-
terol biosynthesis are downregulated, Abcal and Cyp46al,
which encode important factors reducing intracellular cho-
lesterol by exporting and metabohzmg cholesterol [6], are
significantly upregulated i 1n Dgcr8™™ NSCs (Fig. 7B). These
data suggest that Dgcr8”’~ NSCs express a transcriptional
program that coordinately reduces intracellular cholesterol.

In addition to being a basic structural component of an-
imal cell membranes and myelin, cholesterol also plays a
pivotal role in the maturation of Hedgehog ligands [9].
Furthermore, dysregulation of cholesterol is closely associ-
ated with Alzheimer’s disease [44]. Consistent with these
functions of cholesterol, GSEA revealed that genes associ-
ated with the Hedgehog pathway and Alzheimer’s disease
are significantly downregulated in Dger8™~ NSCs (Fig. 7A).
Interestmgly, Apoe, which mediates cholesterol metabolism
and is one of the strongest genetic risk factors of Alzhei-
mer’s disease [45], is strongly downregulated in Dger§™”~
NSCs (Fig. 7B). These data suggest that the canonical
miRNA-mediated cholesterol biosynthesis plays a critical
role in the normal function of NSCs and likely in the mo-
lecular etiology of Alzheimer’s disease.

To further investigate how canonical miRNAs regulate
cholesterol biosynthesis, we measured cholesterol levels in
NSCs. Our data demonstrated that the great majority of
cholesterol in NSCs is present as free cholesterol (Fig. 7C),
which is consistent with the notion that free cholesterol is
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FIG. 7. Dgcr8”' NSCs decrease
cholesterol blosynthesm (A) GSEA
revealed that Dger8™~ NSCs down-
regulate genes associated with cho-
lesterol biosynthesis, target genes
of SREBFs, Hedgehog signal-
ing, and Alzheimer’s disease. (B)
Heatmap of selected genes in-
volved in cholesterol biosynthesis
and metabolism. (C) Total, free,
and esterified cholesterol levels in
Dgcr8*'™ and Dgcer8™~ NSCs. Le-
vels of cholesterol (ng) were nor-
malized to total amount of protein
(ng). n=4 independent biological
repeats. *P<0.05; N.S., not sig-
nificant; two-tailed Student’s ¢-test.
SREBF, sterol regulatory ele-
ment binding factor. Color images
available online at www.liebertpub
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the major form of cholesterol in brain tissue [46]. We found
that Dgcr8™~ NSCs contain significantly lower levels of
total and free cholesterol than Dgcr8+/7 NSCs (Fig. 7C),
which is consistent with the mRNA-seq data (Fig. 7A, B).

To gain insights into how Dgcr8™~ NSCs downregulate
cholesterol biosynthesis, we examined expression of Srebf]
and Srebf2, which encode the master transcriptional regu-
lators of enzymes involved in cholesterol biosynthesis [8].
We discovered that Dgcr8”’~ NSCs downregulate both
genes (Fig. 7B). Consistently, GSEA revealed that tran-
scriptional targets of SREBFs are significantly down-
regulated in Dger§’~ NSCs (Fig. 7A). These data
demonstrated that canonical miRNAs modulate cholesterol
biogenesis at least partially through regulation of SREBF
activities. Together, our data revealed a role of canonical
miRNAs in the regulation of cholesterol biogenesis and
suggested that modulation of canonical miRNA activities
could serve as potential strategies to regulate cholesterol
homeostasis and treat diseases related to cholesterol dysre-
gulation such as Alzheimer’s disease.

Discussion

Precise regulation of proliferation and differentiation of
NSCs is essential for the generation and regeneration of the
nervous system. The defects in proliferation and differenti-
ation of Dicer”™ NSCs have been reported previously
[23,24]. Because Dicer also participates in the biogenesis of
noncanonical miRNAs and endo-siRNAs, it is not entirel
clear whether the observed phenotypic defects of Dicer '~
NSCs are due to canonical miRNAs or other Dicer-
dependent small RNAs. In this study, we demonstrated that
canonical miRNAs, which require the activities of both
Drosha-Dgcr8 microprocessor and Dicer for biogenesis
[22,36], are mainly responsible for the reported proliferation
and differentiation defects (Figs. 3 and 4). Consistently,
Dgcer8™™ NSCs significantly downregulated genes associ-
ated with cell cycle progression, DNA replication, protein
translation, and neuronal differentiation (Fig. 6B).

Drosha™~ NPCs have been implicated to rapidly undergo
neuronal differentiation due to the accumulation of Neurog2
transcripts, which are degraded after cleavage by the
Drosha-Dgcr8 microprocessor [25]. However, our data
demonstrated that Dger8”~ NSCs downregulate Neurog?2
and can be stably propagated in vitro (Fig. 1 and Supple-
mentary Fig. S1). The discrepancy between our observation
and the previous finding may be explained by two mecha-
nisms. Although always forming the microprocessor com-
plex with Drosha, Drosha-independent Dgcr8 function has
been reported in the neuronal morphogenesis in Drosophila
[47]. Itis therefore possible that a similar Drosha-independent
Dgcr8 pathway maintains expression of Neurog2 and regu-
lates self-renewal of mouse NSCs. Alternatively, the differ-
ence between Drosha™’~ NPCs and Dgcr8”~ NSCs may lie
in the cell populations that were analyzed. We analyzed
Dgcr8~ NSCs that were expanded and passaged in vitro,
in which no residual canonical miRNAs were detected
(Fig. 2). However, the previous study analyzed in vivo
NPCs immediately after Drosha disruption, in which a
significant amount of miRNAs likely still persisted due to
the long half-lives of miRNAs [25]. Therefore, the regu-
lation of Neurog2 by the Drosha-Dgcr8 microprocessor and
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canonical miRNAs may contain two aspects. On the one
hand, transcription of Neurog2 is positively regulated by
canonical miRNAs while a complete canonical miRNA loss
leads to downregulation of Neurog2 (Fig. 1D). On the other
hand, the existing Neurog?2 transcripts may be subjected to
negative regulation by the Drosha-Dgcr8 microprocessor
[25].

DNA damage and apoptosis caused by depletion of Dicer
or Dgcr8 have been reported in cerebellum neuronal pre-
cursors, which makes the miRNA biogenesis pathway a
potential target to inhibit cerebellar tumors [38]. In this
study, we demonstrated that disruption of DgcrS§ in cortex-
derived NSCs also exhibit increased DNA damage (Fig. 5),
but not increased apoptosis (Fig. 4C, D), which agrees with
the previous report that Dicer’~ NSCs do not show in-
creased apoptosis [24]. However, differentiation of Dgcr8 ™~
NSCs into neurons or oligodendrocytes leads to cell death
(Fig. 3B, B”), suggesting that NSCs, like several other adult
stem cells and cancer stem cells [41-43], are more tolerant
to DNA damage than differentiated cells. Because brain
tumor stem cells share many features with normal NSCs [4],
it would be of great interest and importance to determine
whether brain tumor stem cells show similar tolerance to
miRNA depletion-induced DNA damage.

As a basic structural component of animal cell membrane
and myelin, cholesterol is highly enriched in the brain,
which contains approximately 25% of total cholesterol of
the body [6]. Because of the blood-brain barrier, brain
cholesterol is primarily synthesized de novo and is generally
considered as distinct from cholesterol of periphery organs
[5,7]. Biosynthesis of cholesterol is through the isoprenoid
pathway, which involves more than twenty enzymes [48]. 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase,
which is encoded by the Hmgcr gene, is the major rate-
limiting enzyme of cholesterol biosynthesis [6]. Defects in
several other genes dedicated to cholesterol biosynthesis,
such as MVK, DHCR7, DHCR24, EBP, and CYP51, are
associated with a number of human inherited diseases such
as Smith-Lemli—Opitz syndrome (MIM 270400), Desmos-
terolosis (MIM 602398), and Conradi—Hiinermann—Happle
syndrome (MIM 302960) [49]. Intriguingly, all these genes,
as well as most other genes involved in cholesterol bio-
synthesis, are significantly downregulated in Dgcr8 '~ NSCs
(Fig. 7A, B). Downregulation of Srebfl and Srebf2, which
encode the master regulators for cholesterol biosynthesis
[8], is likely at least partially responsible for the reduced
cholesterol levels in Dger8™~ NSCs. Furthermore, Cyp46al
and Abcal, which encode factors that metabolize and/or
export brain cholesterol out of cells or across the blood-
brain barrier [6], are significantly upregulated in Dgcr8™'~
NSCs (Fig. 7B). These data suggest that canonical miRNAs
maintain a transcriptional program that promotes expression
of enzymes producing cholesterol, but repress factors that
eliminate cellular cholesterol.

Several miRNAs, including miR-122, miR-33, miR-758,
miR-106b, and miR-218, have been demonstrated to nega-
tively regulate cholesterol metabolism [50]. Recently, the
miR-183/96/182 cluster has been demonstrated to positively
regulate cholesterol biosynthesis in liver cells by inhibiting
expression of ISIG2 and FBXW7 [51-53], which encode
factors that negatively regulate SREBF2. Because mature
miR-183, miR-96, and miR-182 are either not detected or
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at very low levels in Dgcr87~ NSCs (Supplementary
Table S2), it is unlikely that the absence of the miR-183/96/
182 cluster is responsible for the reduced cholesterol bio-
synthesis in Dgcr8™~ NSCs. Therefore, our data suggest that
NSCs likely use a different set of canonical miRNAs to
promote cholesterol biosynthesis (Fig. 7).

Loss of cholesterol homeostasis is closely correlated with
Alzheimer’s disease [44]. Apoe, which encodes an apopro-
tein, regulates metabolism of cholesterol and has been
identified as the strongest genetic risk factor for Alzheimer’s
disease [44], is significantly downregulated in Dgcr8'~
NSCs (Fig. 7B). Furthermore, genes associated with Alz-
heimer’s disease have been significantly downregulated in
Dgcr8™™ NSCs (Fig. 7A). These data suggest that the ca-
nonical biogenesis pathway could serve as potential targets
to modulate brain cholesterol levels and genes associated
with Alzheimer’s diseases.
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