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Methyl-CpG-Binding Protein MBD1 Regulates Neuronal
Lineage Commitment through Maintaining Adult Neural
Stem Cell Identity
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Methyl-CpG-binding domain 1 (MBD1) belongs to a family of methyl-CpG-binding proteins that are epigenetic “readers” linking DNA
methylation to transcriptional regulation. MBD1 is expressed in neural stem cells residing in the dentate gyrus of the adult hippocampus
(aNSCs) and MBD1 deficiency leads to reduced neuronal differentiation, impaired neurogenesis, learning deficits, and autism-like
behaviors in mice; however, the precise function of MBD1 in aNSCs remains unexplored. Here, we show that MBD1 is important for
maintaining the integrity and stemness of NSCs, which is critical for their ability to generate neurons. MBD1 deficiency leads to the
accumulation of undifferentiated NSCs and impaired transition into the neuronal lineage. Transcriptome analysis of neural stem and
progenitor cells isolated directly from the dentate gyrus of MBD1 mutant (KO) and WT mice showed that gene sets related to cell
differentiation, particularly astrocyte lineage genes, were upregulated in KO cells. We further demonstrated that, in NSCs, MBD1 binds
and represses directly specific genes associated with differentiation. Our results suggest that MBD1 maintains the multipotency of NSCs
by restraining the onset of differentiation genes and that untimely expression of these genes in MBD1-deficient stem cells may interfere
with normal cell lineage commitment and cause the accumulation of undifferentiated cells. Our data reveal a novel role for MBD1 in stem
cell maintenance and provide insight into how epigenetic regulation contributes to adult neurogenesis and the potential impact of its
dysregulation.

Key words: epigenetics; FACS-seq; lineage restriction; MBD1; neural stem cells; neurogenesis

Significance Statement

Adult neural stem cells (aNSCs) in the hippocampus self-renew and generate neurons throughout life. We show that methyl-CpG-
binding domain 1 (MBD1), a DNA methylation “reader,” is important for maintaining the integrity of NSCs, which is critical for
their neurogenic potency. Our data reveal a novel role for MBD1 in stem cell maintenance and provide insight into how epigenetic
regulation preserves the multipotency of stem cells for subsequent differentiation.

memory (Kempermann et al., 2015). Deficits in adult hippocam-
pal neurogenesis may contribute to shared facets of many neuro-
developmental, psychiatric, and neurodegenerative disorders
(Hsieh and Eisch, 2010; Christian et al., 2014). Neural stem cells
(NSCs) in the dentate gyrus (DG) of the adult hippocampus self-
renew, generating neurons and astrocytes throughout life, and

Introduction
Adult hippocampal neurogenesis contributes to information
processing that is critical for cognition, adaptation, learning, and
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are highly regulated by both intrinsic programs and extrinsic
niche signals to strike a balance between stem cell maintenance
and lineage differentiation (Jobe et al., 2012). A wealth of research
has shown that epigenetic regulation via DNA methylation, histone
modifications, and noncoding RNAs play important roles in adult
neurogenesis (Jobe and Zhao, 2016); however, the precise epigenetic
mechanisms required for maintaining adult NSC identity and mul-
tipotency are not fully clear.

Methyl-CpG-binding domain 1 (MBD1) and other members
of the methyl-CpG-binding protein (MBP) family, including
MeCP2 and MBD1- 6, are central players in epigenetic regulation
(Shin etal., 2014). MBD1 can bind methylated DNA and interact
with a number of chromatin-modifying proteins to mediate gene
repression, but the extent to which MBD1 contributes to the
maintenance of the epigenome in vivo remains unexplored
(Fournier et al., 2012). In humans, mutations or polymorphisms
in MBDI have been identified in sporadic cases of autism spec-
trum disorder (ASD; Li et al., 2005; Cukier et al., 2010). MBD1 is
also contained within the critical region of del(18)(q12.2q21.1)
syndrome characterized by developmental delay, hypotonia,
obesity, and epilepsy (Imataka et al., 2015). Some cases of atypical
Rett syndrome, a severe neurodevelopmental disorder, have
also been attributed to del(18)(q12.2q21.1) without the classic
MeCP2 mutations (Gustavsson et al., 1999). We have shown that
mice with Mbdl deletion (MBD1-KO) exhibit behavioral deficits
associated with ASD, including learning impairment, increased
anxiety, reduced social interest, and impaired sensorimotor gat-
ing (Zhao et al., 2003; Allan et al., 2008). Unlike deletion of
MeCP2 and MBD5, which produce severe defects (Chen et al.,
2001; Du et al., 2012), deletion of MBD1 results in compara-
tively mild phenotypes, yet mutations in these MBPs result in
overlapping ASD symptoms (Castro et al., 2013). Therefore,
studying the role of MBD1 in neurodevelopment will help us
to understand how epigenetic maintenance contributes to the
spectrum of subtle neurobehavioral phenotypes that occurs in
human populations.

In addition to its significant function, adult hippocampal neu-
rogenesis also provides an excellent model for studying develop-
mental regulation. MBD1-KO mice produce significantly fewer
new neurons in the DG of the adult hippocampus, which may
contribute to their behavioral deficits (Zhao et al., 2003; Allan et
al., 2008). Using neural progenitors derived from the entire adult
forebrain (fNPCs), we have shown that MBD1 deficiency leads to
increased proliferation and reduced differentiation and we iden-
tified several transcriptional targets of MBD1 in fNPCs, including
the protein-coding gene Fgf-2 and the noncoding miR-184 and
miR-195 (Li et al., 2008, 2010, 2013). However, the function of
MBD1 in NSCs residing in the adult DG remains unexplored and
the mechanism by which MBD1 deficiency impairs adult DG
neurogenesis is unclear. In addition, studies suggest that epige-
netic regulation is critical in maintaining the stemness and mul-
tipotency of adult stem cells (Avgustinova and Benitah, 2016;
Jobe and Zhao, 2016) cells. However, whether a loss of MBD1-
mediated maintenance of the epigenome affects gene expression
and multipotency of adult stem cells has not been investigated.

Here, we focused on the role of MBDI in maintaining the
multipotency of NSCs during adult hippocampal neurogenesis.
We found that NSCs in the MBD1-KO adult DG accumulated
and failed to transition into immature neurons. Transcriptome
analysis of NESTIN-expressing cells isolated directly from the
MBD1-KO adult DG revealed an upregulation of astrocyte genes.
We further demonstrated that, in neural stem/progenitor cells
derived from the adult DG (dgNPCs), MBD1 repressed lineage
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differentiation genes and its deficiency led to inappropriate ex-
pression of differentiation genes, not only in dgNPCs, but also in
differentiated cells. These results suggest an important role for
MBD1 in maintaining transcriptional integrity in NSCs and
supporting the epigenetic mechanisms that fine-tune the fate
specification.

Materials and Methods

Animals. Animals were handled according to protocols approved by the
Animal Care and Use Committee of the University of Wisconsin—Madi-
son. Mice were group housed with the same gender, up to five animals
per cage, and maintained on a 14 h light/10 h dark cycle with food and
water available ad libitum. All experiments were initiated in 8-week-old
mice. MBD1-KO mice (Zhao et al., 2003) were bred onto the C57BL6
genetic background for >10 generations (Liu et al, 2010). Nestin
promoter-GFP (Nes-GFP) transgenic mice were described previously
(Yamaguchi et al., 2000).

Tissue processing. Tissues were processed according to standard meth-
ods (Guo et al., 2012a; Wang et al., 2015). For in vivo cell proliferation
analyses using BrdU labeling, mice were given a single intraperitoneal
injection of BrdU (200 mg/kg) 24 h before perfusion. Mice were deeply
anesthetized with sodium pentobarbital (30 mg) by intraperitoneal in-
jection followed by transcardial perfusion with 4% paraformaldehyde
(PFA). Brains were dissected, postfixed overnight, and then equilibrated
in 30% sucrose. Half brains were frozen at —80°C until sectioning. Forty-
micrometer-thick sections were prepared using a sliding microtome.

Immunohistochemistry (IHC) of brain tissue. THC of brain tissue sec-
tions was performed using standard procedures (Guo et al., 2012a; Wang
etal,, 2015). The primary antibodies used include GFP (chicken, 1:1000,
Invitrogen, catalog #A10263), GFAP (rabbit, 1:2000, DAKO, catalog
#70334), BrdU (rat, 1:2000, Abcam, catalog #ab-6326), MCM2 (rabbit,
1:1000, Cell Signaling Technology, catalog #4007), Doublecortin (rabbit,
1:1000, Cell Signaling Technology, catalog #4604S), NESTIN (chicken,
1:500, Aves Labs, catalog #NES0407), TBR2 (chicken, 1:2000, Millipore,
catalog #AB15894), B-galactosidase (3-gal, mouse, 2 ug/ml, Develop-
mental Studies Hybridoma Bank, catalog #40-1a), B-gal (chicken,
1:500, Abcam, catalog #ab9361), S100f3 (rabbit, 1:1000, DAKO, catalog
#A5110), SOX2 (goat, 1:500, Santa Cruz Biotechnology, catalog #SC-
17320), TBR1 (chicken, 1:500, Millipore, catalog #Ab2216), NeuN
(mouse, 1:1000, Millipore, catalog #MAB377), and BIII-tubulin (Tujl;
mouse, 1:1000, Promega, catalog #G712A). Fluorescent secondary anti-
bodies (1:1000 dilution) were from Invitrogen; Alexa Fluor conjugates
were as follows: goat anti-chicken-488 (catalog #A11039), goat anti-
mouse-488 (catalog #A11029), goat anti-mouse-568 (catalog #A11031),
goat anti-rabbit-568 (catalog #A11011), goat anti-rat-568 (catalog
#A11077), goat anti-rabbit-647 (catalog #A21245), donkey anti-rabbit-
488 (catalog #A21206) donkey anti-goat-568 (catalog #A11057), and
donkey anti-rabbit-647 (catalog #A31573).

Stereology and cell counts. Total cell MCM2+ or GFP+ numbers
in the DG were determined by unbiased stereology methods using Ste-
reolnvestigator software (MBF Biosciences) as described previously
(Guoetal.,2012a; Wangetal., 2015). z-stack images (2 wm interval) were
acquired using an AxiolmagerZ2 ApoTome confocal microscope (Plan-
APOCHOROMAT, 20X, numerical aperture = 0.8; Zeiss). For GFP,
MCM2, and GFAP, total cell numbers in the DG were determined by
counting one in six coronal serial sections containing the hippocampus.
The experimenter was blinded to the identity of the samples. To deter-
mine the percentages of marker (GFP or DCX)-positive cells among
BrdU+ cells, 40—80 BrdU+ cells were analyzed in three to four sections
per animal as described previously (Wang et al., 2015). The percentages
of S1008 and SOX2 among GFP+ cells were determined by analyzing
~150 GFP+ cells in randomly selected sites of the DG of each animal.
Images were processed for publication using Sterolnvestigator and
Adobe Photoshop CS5 software.

FACS. FACS was performed as described previously (Gao et al., 2016)
based on Beckervordersandforth et al. (2010). All samples were sorted on
a FACSAria IT (BD Biosciences) at the University of Wisconsin Carbone
Cancer Center Flow Cytometry Laboratory. Nestin-GFP;WT and Nestin-
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GFP;MBD1-KO 8-week-old littermate pairs (1 = 3 pairs) were used for
all FACS isolations to reduce genetic variation and to control for varia-
tion in the isolation and sorting procedures. A negative control was used
to draw gates for GFP+ and GFP— cell populations. A total of 10,000—
20,000 GFP+ cells per mouse were sorted directly into TRIzol and stored
at —80°C.

RNA isolation and RNA sequencing. RNA was isolated from TRIzol
samples using the Direct-zol kit following the manufacturer’s instruc-
tions (Zymo, catalog #R2050). In-column DNase treatment was in-
cluded. RNA isolated from sorted cells was analyzed by Agilent 6000
RNA Pico (catalog #5067-1513) before sequencing and only samples
with an RIN >9.0 were selected for library preparation. RNA-sequencing
and library preparation was performed by the University of Wisconsin
Biotech Center. RNA input ranged from 2.5 to 4 ng of total RNA. Ova-
tion Single Cell RNA-Seq System (Nugen, catalog #0342) was used to
amplify and generate sequencing libraries. An Illumina HiSeq 2500 gen-
erated 100 base pair paired-end reads with an average sequencing depth
of 36,865,141 reads per sample (minimum: 20,806,226; maximum:
48,891,436 reads). Accuracy of base calling was assessed using Phred
scores. Mean scores for reads ranged from 36.62 to 38.05 and 93.6% of all
bases had Phred scores >30.

Bioinformatics analysis. RSEM was used to align read pairs to the mm9
transcriptome and estimate gene expression levels (Li and Dewey, 2011).
The following command was used to execute alignment and quantification:
rsem-calculate-expression--paired-end--bowtie2 -p 8 $sample_forward.fastq
$sample_reverse.fastq $rsem_index $sample_output. We used a table of
RSEM’s “expected counts” as expression values in downstream analyses. EBSeq
was used to test for differential expression in each set of paired WT and KO
samples and genes were considered to be significant if they were changed in at
least two pairs (FDR-adjusted p < 0.05). Overrepresentation of gene sets was
statistically assessed within identified gene clusters against the transcriptome
background in R using the modular single-set enrichment test (Eisinger et al.,
2013). For principal component (PC) analysis, DEseq was used to compare the
top 500 most variable genes by ANOVA. Gene ontology analysis was performed
with the PANTHER functional classification (Thomas et al., 2003). KEGG path-
way enrichment analysis was performed using the WebGESTALT (Web-Based
Gene Set Analysis Toolkit) with Benjamini and Hochberg multiple test adjust-
ment (Zhang et al., 2005). Proteins with known physical interactions with the
products of DE genes were extracted from the BioGRID database (Stark et al.,
2006), release 3.4.141, and characterized using DAVID 6.8 with the “high” strin-
gency setting for clustering of related terms, as described previously (Gao et al.,
2016).

Real-time PCR. Quantitative PCR (qPCR) was performed using stan-
dard methods as described previously (Guo etal., 2011, 2015). The first-
strand ¢cDNA was generated by reverse transcription with random
primers using Transcriptor First Strand cDNA Synthesis Kit (Roche,
catalog #04896866001). cDNA was subjected to qPCR using a StepOne
Real-Time PCR System (Applied Biosystems) and Universal SYBR Green
PCR Supermix (Bio-Rad, catalog #172-5124). PCRs contained 20—40 ng
of cDNA and 300 nwm of forward and reverse primers in a final reaction
volume of 20 pl. The ratio of different samples was calculated by the
AACt method using B-actin as a reference gene (Clouaire et al., 2010;
Voronova et al., 2011). The sequences of primers are available upon
request.

Adult dgNPCs and in vitro analyses. Adult dgNPCs were isolated from
8-week-old MBD1-KO mice and WT littermates as described previously
(Guo et al., 2012b). Immunocytochemistry was performed as described
previously (Liu et al., 2013; Guo et al., 2015). Three coverslips of cells
were analyzed per cell isolation and three independently isolated cell
cultures were used for analysis. The percentage of differentiated cells was
calculated as the number of BIII-tubulin or GFAP-labeled cells divided
by the total number of DAPI+ cells. For statistical analysis, cell counts
were normalized to the average of all WT replicates. The size and shape of
BII-tubulin cells were analyzed by FIJI (Image]; Schindelin et al., 2012).
Images were collected using the same exposure settings on a Zeiss Axio-
ImagerZ2. BIII-tubulin cells were chosen using the region of interest
(ROI) selection tool in FIJI using equivalent threshold settings for all
images. ROIs that overlapped with the boundary of the image and those
that contained multiple cells were discarded. Cell area and intensity per
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cell area/ROI was calculated in FIJI. At least 50 cells were counted per
genotype and data were analyzed using two-tailed unpaired ¢ tests.

Lentiviral and retroviral production. Lentivirus production was per-
formed as described previously (Barkho et al., 2008; Li et al., 2008).
Briefly, lentiviral vectors or retroviral vectors expressing sh-Mbd1l or
sh-NC (Li et al., 2008) were cotransfected with packaging plasmids
(pMDL, REV, and pCMV-Vsvg for lentiviral production; pCMV-gp and
pCMV-Vsvg for retroviral production) into HEK293Ta cells using cal-
cium phosphate method. The medium containing virus was filtered
through a 0.2 um filter and concentrated using an ultracentrifuge at
19,000 rpm for 2 h at 4°C using a SW32Ti rotor (Beckman). The pellet
was washed once and then resuspended in 80 ul of PBS. dgNPCs were
plated into coated 6-well plates at 0.5 X 10° cells/cm?, given 4 h to
recover, and then 1 X 10° viral particles were added to the medium. At
2 d after infection, cells were washed once and collected in TRIzol for
RNA isolation.

In vivo retroviral injection and differentiation analysis. In vivo virus
grating was performed as described previously (Guo etal., 2015; Wang et
al., 2015). Briefly, 7- to 8-week-old C57B/L6 male mice were anesthetized
with isofluorane and virus (1 ul with titer >5 X 10%/ml for retrovirus
and 4 X 10°/ml for rabies virus) was injected stereotaxically into the DG
using the following coordinates relative to bregma, caudal: —2.0 mm;
lateral: £1.6 mm; ventral: —1.9 mm. Seven days after viral grafting, mice
were perfused for neuronal differentiation analysis, deeply anesthetized
with pentobarbital, and perfused with saline followed by 4% PFA. To
analyze the phenotypes of GFP+ cells, we used 1 in 6 series of 40 um
brain sections starting at beginning of hippocampus (relative to bregma,
—1.5 mm) to the end of hippocampus (relative to bregma, —3.5 mm).
The immature neurons were detected by an antibody against DCX. The
Type 2a/b and Type 3 DCX+ was distinguished by the orientation of
their processes as described previously (Kempermann et al., 2015). The
data were calculated as percentage of total GFP+ cells that are either
GFP+DCX+ vertical (Type 3) cells or GFP+DCX+ parallel cells (Type
2ab).

Chromatin immune precipitation (ChIP). ChIP was performed accord-
ing to previously published (Wang et al., 2015). Adult dgNPCs grown to
80-90% confluency in 15 cm plates were fixed by adding 1% formalde-
hyde (Sigma-Aldrich, catalog #533102) to the culture medium for 20 min
at room temperature. The reaction was stopped by the addition of glycine
buffer (190 mg of glycine in 1 ml of H,O). After washing with cold PBS,
cells were collected with cold PBS, washed, suspended in 1 ml of cold cell
lysis buffer (5 mm PIPES, pH 8.0, 85 mm KCl, 0.5% NP40, and 1X
complete proteinase inhibitor), and incubated on ice for 5 min. Cell
lysates were pelleted by centrifugation at 3000 rpm for 5 min, resus-
pended in 1 ml of cold cell lysis buffer 5 min on ice, and then repelleted to
collect nuclei. Nuclei were lysed at room temperature with 500 ul of
nuclei lysis buffer (50 mm Tris, pH 8.1, 10 mm EDTA, 1% SDS, and 1X
complete protease inhibitor). Nuclear lysates were sonicated using a Bio-
ruptor UCD-200 (Life Technologies) with five cycles; each cycle included
five 30 s high-power pulses >10 min. Input samples were removed and
stored until DNA extraction. Dynabeads Protein G (Thermo Fisher Sci-
entific, catalog # 10003D) were washed and then incubated with 10 ug of
mouse anti-FLAG (Sigma-Aldrich, catalog #F1804). The antibody/bead
complex was then incubated with sonicated chromatin from MBD1-
FLAG and WT cells overnight at 4°C. A magnetic stand was used to
precipitate beads and was washed 4 X with RIPA buffer (50 mm HEPES,
1 mm EDTA, 0.7% DOC, 1% IPGEL, 0.5 m LiCl), followed by a single TE
wash. Protein-DNA complexes were eluted from the Protein G agarose
beads with 200 ul of freshly prepared immunoprecipitation elution buf-
fer (50 mm NaHCO;, 1% SDS) for 15 min at 65°C with periodic brief
vortexing. Formaldehyde induced protein-DNA crosslinking was heat
reversed by incubating the protein—-DNA complex and input fractions at
65°C for 4 h. DNA was purified by phenol:chloroform:isoamyl alcohol
(25:24:1; Life Technologies, catalog #15593—031) isolation and precipi-
tated with two volumes of 100% ethanol and 10 ug of linear acrylamide
at —20°C overnight. Immunoprecipitated and purified DNA fragments
were resuspended in 50 ul of nuclease-free water; 1 ul of DNA was used
in 20 pl of SYBR Green real-time PCRs. Primers sequences were spaced
at ~1 kb intervals spanning 5 kb upstream of the TTS. FLAG immuno-
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precipitations of WT and MBD1-FLAG cells were normalized to input
samples. DNA from four independent chromatin preparations was used
and all QPCRs were performed in duplicate for each sample on each
amplicon.

Results

MBD1 is expressed in neural stem cells and neurons in the
adult DG

To investigate the role of MBD1 in adult hippocampal neurogen-
esis, we examined MBD1 expression in the DG using cell-lineage-
specific markers. Because MBD1 lacks a specific antibody suitable
for histology, we used MBD1-KO mice in which LacZ replaces the
first nine coding exons in the targeted allele (Zhao et al., 2003) so
that B-gal expression can be used to visualize where MBD1 would
be expressed (Fig. 1A). B-gal staining is present in MBD1-KO
animals, but not in WT animals (Fig. 1B). To investigate the
expression patterns of MBD1 during DG neurogenesis, we used
heterozygous (het) MBD1-KO mice that also carried a Nes-GFP
transgene (Fig. 1A; Yamaguchi et al., 2000). GFP expression in
this Nes-GFP line is commonly used to identify stem/progenitor
cells (Type 1 and Type 2a+Db; Filippov et al., 2003; Gao et al.,
2009; Knobloch et al., 2013) and we confirmed that GFP fluores-
cence is consistent with NESTIN staining (Fig. 1C). The -gal
staining in Nes-GFP mice shows that MBD1 colocalized with the
52.2% of GFP+ stem/progenitor cells, including GFAP+ Type 1
cells (Fig. 1D,E, arrows), but not with GFAP+ (Fig. 1D) or
S100B+ (Fig. 1 F,G) astrocytes. We also assessed the expression
of SOX2, a marker that is expressed in both Type 1 and Type 2a
cells and in some astrocytes throughout the brain (Suh et al,,
2007). B-gal/MBD1 was colocalized with SOX2+/S1003— cells,
but not SOX2+/S1003+ cells (Fig. 1G), further confirming the
lack of expression of MBD1 in astrocytes. 3-gal did not colocalize
with the vast majority of TBR2+ cells (Fig. 1 H,J), a marker for
Type 2b cells (Hodge et al., 2008). It colocalized with only 17.9%
of DCX+ cells, a marker of Type 2b and Type 3 cells (Fig. 11).
Therefore MBD1 expression is downregulated during early phase
of differentiation. However, 3-gal is present in 59.7% TBR1 (T-
box brain 1; Fig. 1K,L)-positive cells, which marks maturing
neurons in late neurogenesis (Hsieh, 2012), as well as 61.1% of
NeuN-positive mature neurons (Fig. 1M, N), indicating that af-
ter initial differentiation, MBD1 levels increase as neurons be-
come more mature. These results are summarized in Figure 10,
which presents the progression of adult neurogenesis along with
MBDlexpression and markers used to identify each cell type.
GFP expression identifies Type 1 and Type 2a/b cells; Type 1 cells
can be distinguished by morphology and GFAP expression while
Type 2b cells can be distinguished by DCX expression. In sum-
mary, MBD1 is expressed in Type 1 and Type 2a but, but low
levels in Type 2b or Type 3 cells, but likely not in astrocytes. This
pattern of expression is similar to NRSF/REST, which, in addi-
tion to its role in transcriptional regulation in neurons, also re-
strains the neurogenic program in stem cells (Gao et al., 2011).
Our finding that MBD1 was expressed in stem/progenitor cells
but was undetectable in immature neurons or astrocytes sug-
gested that MBD1 may be involved in repressing differentiated
lineage-specific genes in stem cells.

MBDI1 deletion leads to increased Type 2a/b cells but reduced

differentiation into Type 3 cells

Since MBDI is expressed in most Type 1 and Type 2a cells, it
likely plays a regulatory role in early neurogenesis. Previous stud-
ies have shown that neural progenitor cells isolated from entire
forebrain of adult MBD1-KO mice exhibit increased prolifera-
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tion compared with control WT cells (Liu et al., 2010), but the
impact of MBD1 deletion on NSCs in the adult DG in vivo has not
been analyzed. To determine the proportion of GFP-expressing
stem cells that are in a proliferative state, we used the marker
MCM2 (Fig. 2A). MCM2 is used to indicate activated stem/pro-
genitor cells because it is expressed in all active stages of the cell
cycle as well as in cells in G, that are “licensed” to proliferate
(Blow and Hodgson, 2002; Maslov et al., 2004; Bonaguidi et al.,
2011). Surprisingly, the proportion of MCM2—positive cells in
the GFP+ population was not significantly different between WT
and MBD1-KO for either Type 1 or Type 2a/b cells (Fig. 2B).
However, there were more Type 2a/b cells, but not Type 1 cells, in
MBD1-KO animals compared with WT mice (Fig. 2C). There-
fore, MBD1 deficiency leads to increased number of Type 2a/b
cells without a change in proliferation.

Given that long-term neuronal differentiation is reduced in
MBD1-KO mice (Zhao etal., 2003), and that there was no change
in proliferation of GFP+ cells, we reasoned that the increase in
these cells in MBD1-KO animals may result from reduced neu-
ronal differentiation. To test this hypothesis, we quantified the
number of cells expressing only Nes-GFP (Type 1 and 2a), both
Nes-GFP and DCX (Type 2b), or only DCX (Type 3 and imma-
ture neurons; Fig. 3A, B; Kempermann et al., 2015). In agreement
with our previous findings, MBD1-KO brains had more Nes-
GFP-positive cells (Fig. 3C) and many more cells expressed both
GFP and DCX (Fig. 3D) compared with WT mice. However,
there were fewer DCX+ cells in MBD1-KO compared with WT
mice (Fig. 3E). Even though Mbdl KO mice exhibit no obvious
deficits during embryonic development (Zhao et al., 2003),
MBD1 deficiency may nonetheless have a developmental impact
on adult NPCs. We therefore used a retrovirus that only infected
dividing cells (Guo et al., 2015) to deliver a small inhibitory RNA
against MBD1 to NPCs in the adult DG (Fig. 3F). Viral infected
NPCs either continue to divide or differentiate. By 1 week after
viral targeting, ~55% GFP+ cells have differentiated into DCX+
neurons. The stage of the differentiation can be determined by
the shape and orientation of their processes (Fig. 3F,G). We
found that acute knock-down (KD) of MBD1 in adult NPCs led
to reduced DCX+ cells with vertical processes (Type 3 cells; Fig.
3F,K) without affecting DCX+ cells with parallel processes
(Type 2a/b cells; Fig. 3F,I), consistent with the phenotype of
Mbd1 KO mice. In summary, MBD1-KO mice have more GFP+
cells (GFP+ and GFP+DCX+) but fewer immature neurons
(GFP-DCX+), supporting our hypothesis that Nes-GFP+ cells
accumulate in Type 2a and Type 2b stages in MBD1-KO mice.

To further test the hypothesis that Type 1 and Type 2a/b cells
had deficits transitioning into Type 3 (DCX+) cells MBD1-KO
mice, we used a single injection of BrdU to label the dividing
stem/progenitors (Type 1, Type 2a, and Type 2b). At 24 h after
injection, when a portion of the BrdU + cells should have differ-
entiated into DCX+ immature neurons, we analyzed the com-
position of BrdU-labeled cells (Fig. 3J). We found that, in
MBD1-KO animals, significantly more BrdU+ cells were GFP+
compared with those in WT mice (2-way ANOVA, p < 0.05; Fig.
3K, green bar), which is consistent with the long-term NSC ac-
cumulation phenotype of MBD1-KO animals (Fig. 2). We then
analyzed DCX+ cells. Although BrdU injection can label DCX+
transit-amplifying progenitors (Type 2b) cells, <20% of DCX+
cells are mitotically active (Jessberger et al., 2005; Kempermann
etal., 2015); therefore, most BrdU+DCX+ cells that we analyzed
at 24 h after BrdU injection were differentiated from Type 2a/b
progenitors. In WT, 13% of BrdU+ cells colocalized solely with
DCX (BrdU+GFP—DCX+; Fig. 3K, gray bar), whereas none of
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Figure 1.  MBD1is expressed in NSCs, immediate progenitors, and neurons, but is undetectable in immature neurons in the adult DG. A, Mouse lines used in the experiments. For the MBD1-KO
allele, the lacZ gene was knocked in to replace the first nine coding exons; therefore, the expression of 3-gal represents the expression patterns of endogenous MBD1. Enhanced GFP is driven by the
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these cells was found in MBD1-KO ani-
mals, suggesting that almost no BrdU-
labeled cells had fully transitioned to Type 3
cells in MBD1-KO animals. These data sup-
port theidea that Type 2a/b cellsaccumulate
in MBD1-KO animals because they fail to
differentiate to immature neurons effi-
ciently (Fig. 3L). However, because MBD1
was undetectable in Type 2b or Type 3 cells
(Fig. 1), we reasoned that this outcome must
be a downstream effect of the loss of MBD1
in Type 1 and Type 2a cells.

RNA sequencing reveals upregulation
of astrocyte transcripts in B

MBD1-KO aNSCs 807 mmwT
I MBD1-KO

To investigate the molecular mechanism +
underlying MBD1-regulated fate com- g
mitment, we isolated Nes-GFP cells from O 404
the DG of 8-week-old WT and KO litter- =
mates using FACS (Fig. 4A,B). Using X
qPCR, we confirmed that sorted GFP+

cells were highly enriched with Nestin and o-j T l_-r_|
Type 1

eGFP, but not with NeuroDI1 or NeuN,
relative to total (input) cells (Fig. 4C).
MBD1-KO animals had a higher percent-
age of GFP+ cells relative to the total cell
gate compared with WT animals (Fig.
4D), which is consistent with the results
determined by stereological estimates
(Fig. 3C). RNA isolated from 10,000—
20,000 GFP+ cells per animal was sub-
jected to RNA sequencing. To confirm
the identity of our sorted cell population, we performed a PC
analysis on our data, along with Nes-GFP and Dcx-DsRed
single-cell RNA-sequencing datasets (Shin et al., 2015; Gao et
al., 2016; Fig. 4E). This analysis showed that our Nes-GFP
population is similar to Nes-GFP single cells and relatively
dissimilar to Dcx-DsRed single cells.

To minimize batch effects resulting from different litters and
gating procedures between the three FACS isolations, differential
expression was analyzed pairwise by comparing three sets of
WT-KO littermates. The intersection of these three datasets was
taken and any genes that were not differentially expressed (DE) in
the same direction (FDR-adjusted p < 0.05) in at least two pairs
were discarded. This yielded 124 genes that are upregulated and
146 that are downregulated in MBD1-KO cells. MeCP2 KO mod-

Figure 2.

test, ****p < 0.001.

<«

(Figure legend continued.) ~ -gal+. F, B-gal (red) colocalizes with SOX2+ (white) stem
cells (arrows) and with some SOX2+ S1003 astrocyte progenitors (arrowhead), but not with
$10013 (green) astrocytes in the (arrowhead outline). G, Proportion of SOX2+ cells that are
B-gal+ 51008 —, B-gal+ S100B8— or B-gal+ S100B8+. H, B-gal (red) does not colocal-
ize with TBR2+ neural progenitors (green, arrows) or with DCX-+ immature neurons (white,
arrowheads). /, Proportion of DCX+ cells that are 3-gal +. J, Proportion of TBR2+ cells that
are B-gal+. K, B-gal (red) colocalizes with some TBR1-+ maturing neurons (green, arrows),
but does not colocalize with the majority (18%) of DCX+ immature neurons (white, arrow-
heads). L, Proportion of TBR1+ cells that are 3-gal+. M, B-gal (red) colocalizes with many
NeuN+ maturing neurons (green, arrowheads). N, Proportion of NeuN+ + cells that are
-gal+. 0, Depiction of MBD1 expression (black bar) during the stages of adult neurogenesis.
MBD1 is expressed in NESTIN+S0X2+ Type 1/Type 2a stem and progenitor cells and maturing
TBR1+NEUN+ neurons, but undetectable in GFAP-+S1008+S0X2+astrocytes or
TBR2+DCX+ Type 2b/Type 3 neuronal progenitors and immature neurons.
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is not significantly different. Data are presented as mean == SEM (n = 7/genotype) 2-way ANOVA, post hoc Bonferroni ¢t

els have revealed that changes in gene expression levels related to
DNA-binding proteins are often subtle and spread across a large
number of genes (Lyst and Bird, 2015); therefore, it is expected
that a relatively small number of genes achieved statistical signif-
icance in these cells.

We used PANTHER [35] to classify DE genes by biological
processes (Fig. 5A) and WebGestalt (Zhang et al., 2005) to iden-
tify pathways affected by the loss of MBD1 (Table 1). Upregulated
genes were significantly enriched for metabolic pathways (ad-
justed p = 4.86E-09). Genes implicated in Alzheimer’s and Hun-
tington’s diseases, two neurodegenerative disorders with altered
metabolic function (Cai et al., 2012), were also enriched within
upregulated MBD1-KO genes (adjusted p = 1.07E-02, adjusted
p = 1.09E-02, respectively). Downregulated genes were enriched
for MAPK signaling (adjusted p = 1.8E-03), focal adhesion (ad-
justed p = 6.4E-03), and cancer pathways (adjusted p = 6.3E-03).
Because Type 2a/b cells accumulated in MBD1-KO mice and
displayed deficits in lineage commitment, we wondered whether
the DE genes corresponded to cell-lineage-specific gene expres-
sion data for cortical neurons, astrocytes, microglia, endothelial,
and oligodendrocytes (Zhang et al., 2014). We compared the DE
genes in MBD1-KO with the top 500 lineage-enriched genes for
each cell type in the Zhang et al. (2014) dataset using an overrep-
resentation analysis (Eisinger et al., 2013). We found that
astrocyte-associated genes were significantly overrepresented in
the set of upregulated genes (p = 0.0001; Fig. 5B, Table 2). Con-
versely, neuronal and myelinating oligodendrocytes genes were
enriched among the set of downregulated genes (p = 0.016, p =
0.0002, respectively; Fig. 5B). This suggests that MBD1 may
maintain the neurogenic potency of NSCs by suppressing astro-
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24 h, MBD1-KO mice had significantly more BrdU + cells that were Nes-GFP + and significantly fewer were DCX+ compared with WT mice. L, Hypothetical model based on these results
showing reduced transition of BrdU-labeled cells to Type 3 (DCX+) in MBD1-KO mice at 24 h after BrdU labeling. Data are presented as mean == SEM, WT (n = 7), KO (n = 6), 2-way
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cyte lineage commitment genes and permitting the expression of
genes related to neuronal fate. To explore potential downstream
effects of these gene changes, we curated sets of proteins known to
interact with the products of upregulated and downregulated
genes, reasoning that their activity would likely be influenced by
altered levels of their interacting partners. Proteins that interact
with both upregulated and downregulated gene products were
strongly associated with transcriptional regulation, whereas pro-
teins that interact with downregulated gene products were spe-

cifically related to the structural maintenance of chromosomes
and cell division, suggesting that the presence of MBD1 supp-
orts protein networks that preserve the proliferative capacity of
aNSCs through an epigenetic mechanism (Fig. 5C). To validate
our sequencing results, we acutely knocked down MBD1 in pri-
mary dgNPCs with lentiviral sShRNA and confirmed expression
changes of Mbd1 (Fig. 5D) and four upregulated genes (Fig. 5E).
We confirmed that two of the genes, Grin 2C and Cd38, were also
upregulated in KD cells compared with WT cells. Therefore,
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MBD1-deficient Type 1/2 cells exhibit altered
expression of genes related to diverse cellular
functions and protein pathways that are par-
ticularly associated with cell identity and lin-
eage specification.

MBD1-deficient NSCs exhibit increased
expression of astrocyte markers

Our sequencing results revealed the mis-
regulation of astrocytic genes in MBD1-KO
Nes-GFP+ cells. Therefore, we investigated
whether astroglial markers were increased
in Nes-GFP+ cells in vivo. In MBD1-KO
animals, we found that more Nes-GFP cells
were positive for S1003, a marker for astro-
cytes (Fig. 6A,B). To determine whether
MBD1 may be involved directly in the
regulation of these genes without the con-
founding variable of developmental ef-
fects of cells isolated from MBD1-KO
animals, we knocked down Mbd1 by in-
fecting proliferating dgNPCs with lentivi-
rus expressing sh-Mbd1 (Liu et al., 2010).
We found that the expression levels of
several astrocyte-lineage genes, Agp4 and
51008, were elevated, whereas the progen-
itor cell gene Nestin was unchanged (Fig.
6C). In addition, Tubb3, the gene that
codes for PBIII-tubulin, and NeuroDI
(NDI) genes expressed during neuronal
differentiation were also increased in
MBD1-KD cells. Our RNA-seq data showed
that Tubb3 was upregulated 1.4- to 1.8-
fold in all three pairs of sorted cells,
although it was not identified as a statisti-
cally significant. Using ChIP, we found
that MBD1 binds to the promoters of
s100B, Agp4, and NeuroD]I in proliferat-
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ing dgNPCs (Fig. 6D—F). In summary, we
found that MBD1-deficient NSCs ac-
quired increased expression of genes asso-
ciated with cellular differentiation.
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The DG of adult MBD1-KO mice yielded more Nes-GFP+ cells compared with WT mice. A, Experimental workflow of

FACS-seq showing dissection of adult DG, direct cell isolation using FACS, RNA-seq, and bioinformatics analysis. B, Example of

aNSC-intrinsic MBD1 deficiency causes
aberrant neuronal lineage commitment
in vitro

It has been shown that aberrant expres-
sion of differentiation genes in stem cells
interferes with proper cell differentiation
(Amador-Arjona et al., 2015; Knock et al.,
2015). Because both astrocyte and early
neuronal genes are misregulated in MBD1-
KO dgNPCs, we sought to determine whether the neuronal dif-
ferentiation deficit observed in MBD1-KO mice was caused by
compromised neurogenic potency of aNSCs. We therefore as-
sessed the differentiation potential of dgNPCs isolated from the
DG of adult MBD1-KO mice and WT control littermates. At 4 d
after growth factor withdrawal, WT cells differentiated into BIII-
tubulin-positive (Tujl, green) neurons with defined, narrow
processes and a small nucleus (asterisks) or into GFAP+ astro-
cytes with short, broad processes and a large nucleus (arrow) (Fig.
7A). However, in MBD1-KO cultures, many cells had astrocyte-
like broad processes, but were positive, albeit diffusely, for BIII-

sorting gates used to separate for GFP+ and GFP— single cells dissociated from DG tissue. For each sorting, gates were drawn
based on the profile of a WT mouse that did not express GFP (right). , Relative enrichment of each gene was determined by qPCR,
with equal numbers of sorted cells used to generate (DNA. Cells from the GFP+ gate (green) relative to the total cell gate (black)
shows a pronounced enrichment of stem cell markers (eGFP, Nestin, and Gfap), mild enrichment of early neuronal markers (Dcxand
NeuroD1), and depletion of mature neuronal marker (NeuN) in the GFP+ cell population (n = 1 with triplicates of qPCR). D,
Proportion of GFP+ cells among total (input) cells is significantly greater in MBD1-KO compared with WT samples as assessed by
cell counts. Cells were isolated from littermate pairs (n = 10 pairs); data are presented as mean == SEM, paired t test, p = 0.003.
E, Principal component analysis comparing Nes-GFP sorted cells (dark blue) with single Nes-GFP cell (green; Shin et al., 2015) or
single Dcx-DsRed cell (light blue; Gao et al., 2016).

tubulin (Fig. 7A, bottom, arrowhead). We used Image] to analyze
BlIII-tubulin+ cells (Fig. 7B). Supporting our previous observa-
tions, we found that MBD1-KO BIII-tubulin+ cells have a larger
cell area (Fig. 7C), but that the mean intensity of BIII-tubulin
labeling per cell is lower (Fig. 7D). In addition, there were more
total BIII-tubulin positive cells in MBD1-KO cultures (Fig. 7E),
which supports the observed increase in Tubb3 expression in
sh-Mbd1 (Fig. 6C). However, when we counted cells using
morphology (bright BIII-tubulin labeling, narrow processes) as
additional criteria, we found that MBD1-KO cultures had five
times as many BllI-tubulin+ cells with a non-neuronal
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Figure 5.  Nes-GFP+ cells isolated from MBD1-KO mice have elevated astrocyte lineage genes. A, Overrepresentation analysis of uprequlated and downregulated genes in MBD1-KO cells
compared with cell-type-specific genes (Zhang et al., 2014). B, Differential expression analysis of RNA-seq data using pairwise comparison identified 124 upregulated genes and 151 downregulated
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dgNPCs compared with lenti-shNC-infected WT dgNPCs, when analyzed at 48 h after initial viral infection. E, Expression levels of selected transcripts identified by RNA-seq were assessed in dgNPCs
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Table 1. KEGG pathway analysis of up and down-regulated genes in MBD1-KO cells

Adjusted
p-value Genes
Upregulated genes
Metabolic pathways 4.86E-09 Tk, Gmppa, Naglu, Mvd, Dct, Mri,
Hexb, Hsd11b1, PolrTe, Pi4k2b, Algé,
(br3, Ndufs4, Cd38, Khk, Scly, Polr2d
Pyrimidine metabolism 0.0051 Tk1, Polr2d, PolrTe, Ctss
Lysosome 0.0059 Hexb, Naglu
Alzheimer's disease 0.0107 Grin2¢, Ndufb11, Ndufs4
Huntington’s disease 0.0109 Ndufb11, Ndufs4, Polr2d
Downregulated genes
MAPK signaling pathway ~ 0.0018 Fos, Map3k8, Mapk11, Cacnb1, Rasrgp1, Nfkb2
Focal adhesion 0.0064 Col1a2, Col6a3, Pdgfc, Col4a5
Pathways in cancer 0.0063 (tnna3, Fos, Col4as, Nfkb2, Pias

Table 2. Enrichment of cell-specific genes (Zhang et al., 2014) among genes
differentially expressed in MBD1-KO cells

p-value  Genes
Upregulated genes
Astrocyte 1.00E-04  AA387883, Atp13a4, (d38, Chrdl1, Gjb6,
Gli2, Gm973, Gpr179, Grin2c, Hsd11b1,
Rheg, Slc39a12
Endothelial 0.005 Ankrd37, Arhgef5, Defé, Gbp4, Ifitm3, Ly6a,
Pepéll, Slc3512
Microglia 0.128 (tss, Gal3st4, Hexb, Hfe, Mpeg1
Myelinating oligodendrocytes ~ 0.495 Carns1, Fam83d, Ppp1rl4a
Neuron 0.730 Fam65b, Vsnl1
Downregulated genes
Astrocyte 0.391 (ol4a5, Fos, Pasgrp1, Tsku
Endothelial 0.000 Abcc9, Art3, Atp13a5, Cysltr2, Efnal, Gbp9,
Gjc1,Ly75, Nid1, Prkd2, Rhoj, Sox7
Microglia 0.959 Hk2
Myelinating oligodendrocytes ~ 2.00E-04  Apa, (tnna3, Fam57a, Galnt6, Hcn2,
Nkx6-2, Scd3, Smtnl2, Spock3, Synj2,
Tmem159,
Neuron 0.016 1500009L16Rik, Ccbe1, Col24a,

E130003GO2Rik, Pdela, Sdk2, Slc12a5

morphology (low level and diffused BIII-tubulin labeling,
broad processes) compared with WT cultures (Fig. 7F), but
one-third as many “true” neurons (Fig. 7G). Although there
was no difference in the number of GFAP+ cells (Fig. 7H),
there was a trend (variable) toward an increased proportion of
GFAP+ BIII-tubulin+ double-positive cells (Fig. 7I). There-
fore, these results support the idea that the conflicting tran-
scriptional programs in MBD1-deficient stem cells disrupt
their ability to differentiate into true neurons despite elevated
levels of certain neuron-specific genes in MBD1-deficient
dgNPCs (Fig. 7J). Our data demonstrate the importance of
MBD1 in setting the “transcriptional stage” for proper neuro-
nal differentiation in NSCs.

Discussion

In this study, we demonstrate that MBD1 is critical for fine-
tuning the multipotency of adult NSCs by maintaining appropri-
ate transcriptional state. Our results suggest that the altered gene
expression profile in stem cells interferes with normal cell lineage
commitment, preventing NSCs from differentiating into neu-
rons and causing the accumulation of undifferentiated cells. Our
data reveal a novel role for MBD1 in transcriptional control of
stem cell potency and provide new insight into how epigenetic
regulation contributes to adult neurogenesis.
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anti-FLAG antibody in proliferating WT and FLAG-tagged MBD1 dgNPCs followed by qPCR for
the genomic sequence of the 7003 promoter (D), the Aqp4 promoter (E), and the NeuroD1
promoter (F). Data are presented as mean == SEM, calculated relative to input sample. The
x-axis depicts location of primers relative to the transcriptional start site (TTS) in kilobases (Kb),
n = 4, two-way ANOVA, Bonferroni post hoc t test, **p << 0.01.

Epigenetic mechanisms are closely associated with maintain-
ing the multipotency of embryonic and adult neural stem cells
(Namihira et al., 2008). During embryogenesis, DNA methyl-
ation helps to define both the developmental potential of progen-
itor cells as well as the lineage restriction of committed cells
(Takizawa et al., 2001; Mohn et al., 2008; Cortese et al., 2011). In
embryonic neural stem cells, MeCP2 promotes neuronal fates
and restricts astrocytic fates (Tsujimura et al., 2009). MBD3, part
of the NuRD complex, is important for cortical NSC fate specifi-
cation and for maintaining the transcriptional program of stem
cells (Knock et al., 2015). Studies in neocortical development
have shown that DNA methylation contributes to maintaining
astrocyte genes in a poised state in NSCs by “suppressing their
expression while maintaining their capacity for activation later
during development” (Hirabayashi and Gotoh, 2010). It is likely
that similar mechanisms are responsible for maintaining tran-
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Figure 7.

Immature
neurons

MBD?1 deficiency leads to aberrant differentiation of dgNPCs. A, Sample images of in vitro differentiated WT and MBD1-KO dgNPCs. Scale bar, 50 pm. In WT, Blll-tubulin/Tuj1 (green)

marked neurons with small nuclei and narrow and well defined processes (asterisks) and GFAP (red) marks astrocytes with broad processes and a large nucleus (arrowhead). In MBD1-KO,
Blll-tubulin staining was abnormal, characterized by cells with wide BIlI-tubulin+ processes (arrows) and coexpression of GFAP (red; arrowhead). B, Analysis of SllI-tubulin+ cell shape using FLJI.
Cell contours were selected with the ROI tool using standardized thresholds (right). Note: same image shown as in A. C, Box plot of average cell area in WT (n = 53) and MBD1-KO (n = 55)
Blll-tubulin+ cells. D, Box plot of mean intensity per cell, t test, ****p << 0.0001. E-I, Cell quantification. Cell number was determined relative to DAPI+- cells/coverslip. For each cell type, results
were normalized to the average of the WT samples, n = 3 pairs, paired t test. E, Total SllI-tubulin+ cells, p = 0.035. F, Blll-tubulin+ cells with neuronal morphology, p = 0.032. G, BllI-tubulin+
cells with non-neuronal morphology, p = 0.013. H, GFAP+ cells, p = 0.58 (n.s.). 1, Blll-tubulin+ GFAP+ cells, p = 0.091 (n.s.). J, Proposed model depicting a function of MBD1 in adult neural
stem cells and neurogenesis. Loss of MBD1-mediated repression increases expression of astrocyte genes (purple), which impedes the progression of neurogenesis, restricting the “passage (funnel)
of differentiation” and causing cells to accumulate at earlier stages despite the upregulation of some early neuronal genes (blue).

scriptional programs in adult neural stem cells. Indeed, Sox2 was
recently found to be required for the induction of neuronal genes
marked by bivalent chromatin in adult stem/progenitor cells
(Amador-Arjona et al., 2015). Our results show that transcrip-
tional regulation in stem/progenitor cells by MBD1 is important
for setting the stage for subsequent differentiation.

Regulation of DNA methylation is important during multiple
stages of adult neurogenesis. In addition to its known role in
neuronal maturation, MeCP2 is also involved at earlier stages of
neurogenesis because the balance between neural stem/progeni-
tor cell proliferation and neuronal differentiation in the DG is
regulated by MeCP2 phosphorylation (Liet al., 2014). Deletion of
DNMTS3A, a de novo DNA methyltransferase, does not alter cell
proliferation, but does decrease the number of DCX+ immature
neuroblasts (Wu et al., 2010). DNMT3A promotes the transcrip-
tion of a number of neurogenic genes by antagonizing PRC2-
mediated repression as cells differentiate. The DNMT3A-KO
phenotype is intriguingly similar to that of MBD1-KO mice.
Given that MBD1 has been shown to interact with hPc2 and
RING1B, components of the polycomb repressive complex 1
(PRC1; Sakamoto et al., 2007), it is possible that MBD1 represses
transcription in stem cells via interactions with PRC complexes.
Multiple studies have found that MBD1 interacts with chromatin
modifiers or other repressive complexes to mediate gene repres-
sion (Sarraf and Stancheva, 2004; Ichimura et al., 2005). If this is

the case, then MBD1 could be involved in establishing a permis-
sive transcriptional state in stem cells for genes required later in
differentiation. Future studies might reveal whether MBD1 binds
to components of the PRC1 or PRC2 complexes in aNSCs and if
it is associated with bivalent chromatin.

In cancer cells, normal transcriptional control is often lost or
exploited through abnormal methylation and the misregulation
of methyl DNA-binding proteins (Parry and Clarke, 2011). Al-
terations in MBD1 have been identified in multiple cancers, sug-
gesting that MBD1 is important in maintaining transcriptional
regulation in many cell types (Lietal., 2015). DNA methylation is
strongly associated with gene repression in many different cells
(Miranda and Jones, 2007) and DNA methyl-binding proteins
such as MeCP2 and MBD1 have long been considered transcrip-
tional repressors (Boyes and Bird, 1991; Fujita et al., 1999; Ng et
al., 2000; Jorgensen et al., 2004). Given a role for MBD]1 in tran-
scriptional control in general and our findings of the role of
MBD1 in neuronal lineage commitment, we propose that MBD1
maintains stem cell neurogenic potency by maintaining tran-
scriptional control of lineage-specific genes. In this model (Fig.
7I),loss of MBD1-mediated repression increases expression of
astrocyte genes (purple) which impedes the progression of
neurogenesis, restricting the “funnel” and causing cells to ac-
cumulate at earlier stages despite the upregulation of some
early neuronal genes (blue).
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As described above, we found that astrocyte genes and Neu-
rodl and Tubb3 were upregulated in MBD1 KO stem cells. Our
expression studies determined that MBD1 is not expressed in
astrocytes or Type 2b/Type 3 neuronal progenitors and, if MBD1
acts as a repressor, it is logically consistent that genes expressed in
astrocytes or neural progenitor cells would be upregulated in its
absence. However, the majority of genes were downregulated
upon loss of MBD1, including an enriched set of neuronal lineage
genes (p = 0.016). These may represent secondary perturbations
in transcriptional networks caused by unrestrained elevation of
direct MBD1 targets or they may be direct targets of MBD1 acting
through a novel mechanism either alone or in concert with other
transcriptional regulators to promote the expression of genes in-
volved in neuronal maturation. Further exploration of genome-
wide MBD1-binding patterns would yield valuable insight into
this possibility. Some neuronal genes downregulated in MBD1-
KO stem cells have no known function in the nervous system,
whereas SDK2 and SLC12A5 are involved in neuronal matura-
tion (Puskarjov et al., 2014; Krishnaswamy et al., 2015). There-
fore, these genes may not be immediately involved in fate
specification of neural stem/progenitor cells, but rather in main-
taining neurogenic potential of these cells for subsequent differ-
entiation. It is also possible that misregulation of other pathways
such as MAPK (Collins et al., 2015), which was identified as
significantly enriched among the downregulated genes (p =
0.0018), contributes to reduced neuronal differentiation.

Our data suggest that, in the absence of MBD1, loss of tran-
scriptional regulation in stem cells leads to later deficits in neu-
ronal differentiation. Other mouse models also exhibit no change
in cell proliferation but decreased neuronal differentiation. These
models involve genes that encode well known neuronal regula-
tors such as NeuroD1 (Gao et al., 2009), BDNF (Waterhouse et
al., 2012), REST/NRSF (Gao et al., 2011), and retinoic acid (Ja-
cobs et al., 2006). This indicates that induction of neuronal dif-
ferentiation is separate from stem cell proliferation, although
both are critical to the ongoing supply of new neurons. Interest-
ingly, the upregulation of NeuroD]I in the present study corre-
sponds with BIII-tubulin expression in vitro, but in a context of
aberrant neuronal differentiation. In the sorted cells, changes in
the expression of early neuronal genes might have been too small
to detect because the proportion of Nes—GFP+DCX+ cells in
relation to the total number Nes—GFP+ cells is fairly small,
~30%. Our data suggests that, despite the upregulation of Neu-
rodl and Tubb3 in the absence of MBD1, aberrant regulation of
other genetic programs in stem/progenitor cells interferes with
neuronal lineage commitment. One future avenue of research
could be to investigate the influence of MBD1 on other master
neuronal regulators such as REST/NRSF, which has a similar in
vivo expression pattern to MBD1 (Gao et al., 2011).

When we analyzed the upregulated and downregulated DE
genes by KEGG pathway enrichment, metabolic pathways were
significantly enriched within upregulated genes (Table 1). Proper
regulation of metabolism is increasingly recognized as a critical
aspect of neural development (Ito and Suda, 2014). Perturbation
of pathways related to metabolism affect adult neurogenesis (Re-
nault et al., 2009; Buchovecky et al., 2013; Knobloch et al., 2013,
2014; Webb etal., 2013) and metabolism-related genes have been
shown to be expressed differentially in different stages of neuro-
genesis (Shin et al., 2015). In addition, many genes that are spe-
cific to astrocytes (33%) are involved in metabolism (Lovatt etal.,
2007). Growing evidence has shown that the maintenance of
stem cells requires different metabolic conditions than do differ-
entiated cells. Our findings support the idea that metabolism and
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fate specification are closely linked in neural stem cells and that
proper transcriptional regulation by MBD1 is required for both
aspects. Whether metabolic dysregulation facilitates MBD1-KO
phenotypes or is a reflection of the increased astrocytic character
of MBD1-KO stem cells remains to be determined.

In conclusion, our present data have established a new mech-
anism for MBD1 in regulating neurodevelopment, which is
maintaining stem cell identity by restricting the expression of
lineage-specific genes. The integrity of aNSCs is critical for the
early stages of neuronal fate commitment in adult neurogenesis.
In the absence of MBD1, upregulation of astrocyte genes is ac-
companied by an accumulation of undifferentiated neural pro-
genitors and a decreased transition to immature neurons. Our
data indicate that regulation of the stem cell transcriptional state
is vital for fate specification and subsequent proper neuronal
differentiation of neural stem cells.
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