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Abstract Adult neurogenesis originates from neural stem

cells (NSCs) in specific regions of the adult brain. The

molecular mechanisms that control the self-renewal and

multipotency of NSCs have not been fully elucidated. In

recent years, emerging evidence has revealed that ten-ele-

ven translocation (TET) family DNA dioxygenases TET1

and TET2 play important roles in the central nervous

system. Here, I present evidence that Tet1 and Tet2 are

expressed in cultured NSCs derived from adult mouse brain

and play an important role in the proliferative self-renewal

of NSCs in an undifferentiated state. The investigation of

intracellular molecular networks involving both Tet1 and

Tet2 by gene knockdown and comprehensive genetic

analyses showed that overlapping molecular mechanisms

involving TET1 and TET2 regulate the expression of at

least 16 genes required for DNA replication and cell cycle

control. Interestingly, transcriptional regulation of the

selected gene through TET1 and TET2 did not correlate

with direct CpG demethylation of the gene promoter. These

findings suggest that TET1 and TET2 play an important

role in the proliferation of NSCs in the adult mouse brain

by specifically regulating common genes for DNA repli-

cation and the cell cycle.
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Introduction

Neural cells are generated from neural stem cells (NSCs).

NSCs undergo self-renewal and differentiation during

embryogenesis, and some NSCs remain in distinct regions

of the adult brain to continue neurogenesis throughout life

(Gage 2000; Alvarez-Buylla and Lim 2004). Newborn

neurons are observed in the subventricular zone (SVZ) of

lateral ventricles and the subgranular zone (SGZ) of the

hippocampal dentate gyrus in the adult brain, which is

referred to as adult neurogenesis driven by self-renewing

adult NSCs. Sox2?/glial fibrillary acidic protein (GFAP)?/

Nestin? astrocyte-like cells in the SVZ produce neuronal

progenitor cells that mature into interneurons of the

olfactory bulb (Doetsch et al. 1999; Doetsch et al. 1997).

Radial/horizontal shaped Sox2?/GFAP?/Nestin?/brain

lipid-binding protein (BLBP)? astrocyte-like cells in the

SGZ produce neuronal progenitor cells that generate

mature dentate granule neurons (Kempermann et al. 2004;

Steiner et al. 2006; Lugert et al. 2010). Neurogenesis,

especially in the SGZ, plays critical roles in antidepressant

actions, learning, and pattern separation of memory (Zhao

et al. 2008; Johnston et al. 2016). However, our under-

standing of the molecular mechanisms of how NSCs are a

source of newborn neurons, self-renew at a constant rate,

and produce newborn neurons in specific regions of the

adult brain is incomplete.

DNA dioxygenase ten-eleven translocation (TET) fam-

ily proteins, TET1–3, demethylate cytosine in genomic

DNA and act as transcriptional activators with high

enrichment at the transcriptional start site of target genes

(Tahiliani et al. 2009; Cimmino et al. 2011). Conversely,

TET1 plays a role as a transcriptional repressor by directly

interacting with a co-repressor complex (Wu et al. 2011;

Williams et al. 2011). Thus, it has been proposed that TET
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family genes have dual transcriptional regulatory functions

(Cimmino et al. 2011). TET1 might play an important role

in the self-renewal mechanism of embryonic stem (ES)

cells (Ito et al. 2010; Freudenberg et al. 2012; Neri et al.

2015b) and the cellular transformation of tumors (Neri

et al. 2015a; Wu and Brenner 2014). However, recent

studies of TET1 functions indicate an important role in

neuronal differentiation of the fetal mouse brain (Kim et al.

2016) and cognitive functions in hippocampal neurogenesis

of the adult mouse brain (Zhang et al. 2013). Furthermore,

several reports show that TET1 is important for the regu-

lation of activity-dependent genes in neurons, memory

formation, and extinction in mice (Kaas et al. 2013;

Rudenko et al. 2013; Kumar et al. 2015). TET2 is sug-

gested to be a causative gene of myeloma (Langemeijer

et al. 2009; Delhommeau et al. 2009) and participate in the

self-renewal mechanisms of hematopoietic stem cells

(Moran-Crusio et al. 2011; Kunimoto et al. 2012). Fur-

thermore, a recent study has indicated the requirement of

TET2 for the cell survival mechanism of mouse neuronal

cells (Mi et al. 2015).

The aim of this study was to explain a part of the stem

cell-controlling mechanism of NSCs by clarifying the

common transcriptional signaling networks of TET1 and

TET2. I showed that TET1 and TET2 are expressed in

cultured adult mouse NSCs and participate in the prolif-

eration mechanisms of these cells. This study also provides

evidence that at least 16 common genes associate with

DNA replication and cell cycle-controlling mechanisms

that function downstream of TET1 and TET2 as overlap-

ping transcriptional regulation programs potentially not

involving CpG demethylation in adult mouse NSCs.

Materials and Methods

Adult Neural Stem Cell Cultures,

5-Bromodeoxyuridine (BrdU) Treatment, and Cell

Cycle Analysis

Cultured adult NSCs, which had been prepared from the

whole forebrain of an adult mouse as described previously

(Ray and Gage 2006; Zhang et al. 2008), were kindly

provided by Dr. C.L. Zhang (University of Texas South-

western Medical Center). The adult NSCs were cultured in

Dulbecco’s modified Eagle’s medium (DMEM)/F12 con-

taining N2 supplement (Invitrogen), epidermal growth

factor (EGF; 20 ng/ml), basic fibroblast growth factor

(bFGF; 20 ng/ml), and heparin (5 lg/ml). To phenotypi-

cally analyze gene-depleted cells, pSUPER vectors (Oli-

goengine) expressing a scrambled sequence of short hairpin

RNA (shRNA) or shRNAs against mouse Tet1 (5’-GCA-

GATGGCCGTGACACAAAT-3’) or mouse Tet2 (5’-

GGATGTAAGTTTGCCAGAAGC-3’) genes driven by

the H1 promoter and the puromycin resistance gene

(PuroR) or the enhanced green fluorescent protein (EGFP)

gene driven by the PGK promoter were transfected into the

cultured adult NSCs by the Nucleofector system (Lonza).

Transfected cells were selected with puromycin (Sigma-

Aldrich). For the BrdU staining assay, the adult NSCs were

treated with 10 lM BrdU for 1 or 24 h after transfection

for 48 h with control, Tet1, or Tet2 shRNA-expressing

vectors that co-expressed EGFP. The BrdU-treated cells

were fixed with 4 % paraformaldehyde (PFA) and treated

with HCl, followed by immunofluorescence staining with

rat anti-BrdU (AhD Serotec) and rabbit anti-EGFP (MBL)

antibodies. Nuclei were counterstained with 40,6-di-
amidino-2-phenylindole (DAPI). The cells were analyzed

using a PowerBX PLUS microscope (Olympus). For cell

cycle analysis, DNA content in transfected GFP-positive

cells stained with 7-AAD (SYTOX AADvanced, Invitro-

gen) was determined by flow cytometry (FACSCalibur; BD

Biosciences) with CellQuest software.

Immunohistochemistry

Adult NSCs were fixed with 4 % PFA, treated with

blocking solution (1 % donkey serum and 0.1 % Triton-X-

100 in PBS) and then processed for immunostaining as

described previously (Shimozaki et al. 2013). Primary

antibodies included goat anti-TET1 (C-13; Santa Cruz

Biotechnology), rabbit anti-TET2 (S-13; Santa Cruz

Biotechnology), rabbit anti-Sox2 (Millipore Bioscience

Research Reagents), goat anti-Sox2 (Y-17; Santa Cruz

Biotechnology), chicken anti-Nestin (Aves Labs), and

rabbit anti-active caspase 3 (BD Pharmingen) antibodies.

Secondary antibodies were obtained from the Jackson

Laboratory. Nuclei were counterstained with DAPI.

Stained sections were visually analyzed using an LSM710

confocal microscope (Zeiss) or the PowerBX PLUS

microscope (Olympus).

Gene Expression Analyses by Microarray and RT-

PCR

Total RNAs were extracted from adult NSCs transfected

with control, Tet1, or Tet2 shRNA-expressing vectors and

selected with puromycin (Sigma-Aldrich) using an RNeasy

kit (Qiagen). For global gene expression analysis, the one-

color microarray analysis method was carried out using

SurePrint G3 and GeneSpring GX (Agilent Technologies,

Santa Clara, CA) by Hokkaido System Science Co., Ltd.,

Japan, according to the manufacturer’s protocol. Proce-

dures for quantitative real-time RT-PCR (qRT-PCR) were

essentially performed according to a previous report (Shi-

mozaki et al. 2013). In brief, total RNAs were reverse
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transcribed using a ReverTra kit (TOYOBO). qRT-PCR

was performed with a SYBR green Q-PCR analysis kit

(TaKaRa). All samples were analyzed in quadruplicate for

each experiment by a 7900HT (Applied Biosystems). The

relative amounts of mRNAs were normalized to the glyc-

eraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA

level. For conventional RT-PCR analysis, total RNAs from

cultured adult NSCs reverse transcribed with or without

reverse transcriptase were amplified with TaKaRa EX Taq

HS (TaKaRa) using a GeneAmpR PCR System 9700

(Applied Biosystems) and separated by 1.5 % agarose/TBE

gel electrophoresis. The primers used for RT-PCR analyses

are listed in the Supplementary material 2.

Gene-Specific CpG Methylation Analysis

by Bisulfite Genomic Sequencing

Bisulfite conversion of genomic DNA purified from the

cultured adult NSCs was performed using an EZ DNA

MethylationTM Kit (ZYMO RESEARCH) according to the

manufacturer’s instructions. The target regions were

amplified by the hot start-based PCR method with

AmpliTaq GoldR (Thermo Fisher) and sub-cloned into a

pCRR2.1-TOPOR vector (Invitrogen). The primers used for

PCR in bisulfite sequencing were as follows: Ng2: 50-
TTTGGGGGTTTAAAGATTTAAG-30, 50-CCAAAATAA
AAACCAAAACCA-30 and Rad51: 50-TAGAAGYGGAG
TAGGTATGAGG-30, 50-RAACAACCRACTCTACACA
CACCACACTCC-30. Randomly selected 10 clones were

sequenced with M13-M3 and M13-RV primers.

Neurosphere Assay

The procedure for the neurosphere assay (NSA) has been

reported previously (Louis et al. 2008). In brief, pSU-

PER.puro vectors (Oligoengine) expressing a scrambled

sequence of shRNA or shRNAs against Tet1 or Tet2 with

the PuroR gene were transfected into the cultured adult

NSCs by the Nucleofector system. The transfected cells

were selected with puromycin for 48 h in DMEM/F12 with

N2 supplement, EGF (20 ng/ml), bFGF (20 ng/ml), and

heparin (5 lg/ml). The selected cells were harvested using

TrypLETM Express (Gibco) at 3 days after transfection and

plated at a density of 500 cells per 35-mm poly(2-hy-

droxyethyl methacrylate) (Sigma-Aldrich)-coated dish.

The cells were clonally cultured for 7 days. Primary neu-

rosphere colonies were harvested as described above, and

500 cells were cultured as secondary neurospheres in the

NSA culture condition for 7 days. The number and diam-

eter of primary and secondary neurospheres were scored

and measured using AxioCam HRc/AxioVision 3.1 (Zeiss)

with an ECLIPSE TS100 microscope (Nikon).

Statistical Analysis

Statistical analysis of the data was performed with one- or

two-way analysis of variance (ANOVA) followed by

Dunnett’s or Sidak’s multiple comparison test using

GraphPad Prism 7. Data are shown as the mean ± standard

deviation (SD) or standard error of mean (SEM).

****P B 0.0001, ***P\ 0.001, **P\ 0.01, and

*P\ 0.05 denote statistical significance.

Results

TET1 and TET2 Participate in the Proliferation

Mechanism of Cultured NSCs Derived

from an adult Mouse Brain

A previous study that analyzed the role of TET1 in ES cells

showed the expression of all TET family genes (Tet1–3) in

the mouse brain and NSCs (Ito et al. 2010). To investigate

how TET1 and TET2 may be related to the stemness of

adult NSCs, monolayer-cultured NSCs were used in this

study. The cells were isolated from the whole forebrain of

an adult Tlxf/Z mouse by density gradient centrifugation and

b-gal-based fluorescence-activated cell sorting, and then

selected by G418 treatment. These cells contained the lacZ

and neomycin resistance genes under the control of the

endogenous promoter of the Tlx/Nr2e1 gene, an essential

nuclear factor for the stemness of NSCs (Zhang et al.

2008). The expression of all TET family genes was con-

firmed in the cultured adult NSCs by conventional RT-PCR

analysis, which had been selected according to the activity

of the Tlx/Nr2e1 gene promoter (Supplementary mate-

rial 1). Immunostaining and confocal microscopy of TET1

and TET2 proteins were performed in the NSCs to deter-

mine their cellular localization. As shown in Fig. 1a (left),

TET1 proteins were expressed in the nuclei and cytosol of

all Sox2?/Nestin? adult NSCs. In addition, TET2 proteins

were co-localized with Sox2 and Nestin proteins in the

adult NSCs (Fig. 1a, right). These data indicate the

expression of Tet1 and Tet2 genes in cultured NSCs

derived from an adult mouse brain and their relatively

broad localization.

To investigate the functions of TET1 and TET2 in

cultured adult NSCs, expression vectors were constructed

to coexpress EGFP or PuroR genes and a scrambled control

shRNA (CTRL) or shRNA sequences against Tet1

(Tet1KD) or Tet2 (Tet2KD), according to a previous report

(Ito et al. 2010). The vectors were transfected into the

cultured adult NSCs, followed by selection with puromycin

under the NSC culture condition for 48 h. Total RNA in

each transfectant was extracted, and quantitative mea-

surement of the expression of endogenous Tet1/2 mRNAs
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was carried out by qRT-PCR to determine the knockdown

efficiency in the cultured adult NSCs. As shown in Fig. 1b,

both Tet1 and Tet2 mRNAs were reduced by the specific

shRNAs. As a result, the knockdown efficiencies of Tet1

and Tet2 mRNAs were 68.9 ± 2.8 and 90.7 ± 0.6 %,

respectively (both P\ 0.0001; Fig. 1b).

Next, the growth activity of NSCs was examined after

Tet1 or Tet2 knockdowns using the NSA. Untransfected

adult NSCs were eliminated by puromycin. The pur-

omycin-selected, knocked down NSCs were then cultured

clonally under the floating condition for 7 days. Primary

neurospheres were enzymatically dissociated into single

cells and cultured again at a clonal cell density. As shown

in Fig. 1c, both Tet1 and Tet2 knockdown NSCs showed

obvious reductions in the numbers of primary neurospheres

(left graph: Tet1KD, P = 0.0056; Tet2KD, P = 0.0004)

and secondary neurospheres (right graph: Tet1KD,

P = 0.0008; Tet2KD, P = 0.0001) compared with control

shRNA transfectants. Neurospheres with knocked down

Tet1 or Tet2 also exhibited a significant reduction in their

diameters compared with control neurospheres and both

types of primary neurospheres (left graph: Tet1KD,

P = 0.0235; Tet2KD, P = 0.0091) and secondary neuro-

spheres (right graph: Tet1KD, P= 0.0166; Tet2KD,

P = 0.0040) (Fig. 1d). To further investigate the effect of

Tet1 or Tet2 knockdown on NSC proliferation, adult NSCs

transfected with knockdown vectors were immunostained

with the anti-active caspase 3 antibody to measure the

apoptosis rate that affects the outcome of cell proliferation

analysis. In fact, TET2 has been reported to be a cell sur-

vival factor of mouse neuronal cells (Mi et al. 2015).

Although approximately\8 % of Tet2KD-transfected cells

showed an apoptotic response from 72 h (P = 0.0419) to

96 h (P = 0.0001) after transfection, there were not obvi-

ous active caspase 3-positive cells among Tet2KD knock-

down vector transfectants within 48 h after transfection

(P = 0.8236) (Fig. 1e). Moreover, there was no significant

difference between CTRL and Tet1KD (48 h: P = 0.5341;

72 h: P = 0.7951; 96 h: P = 0.1883) transfectants. To

further define the roles of TET1 and TET2 in NSC pro-

liferation, the rate of BrdU uptake was measured in NSCs

transfected with the knockdown vectors to investigate

whether TET1 and TET2 participate in the proliferative

self-renewal mechanism of adult NSCs at the point not

influenced by cell death. Adult NSCs were transfected with

shRNA vectors for 48 h, and then BrdU was added to the

culture medium (1 or 24 h). These time points were chosen

because the NSCs were unaffected by cell death. The cells

were immunostained with anti-BrdU and anti-GFP anti-

bodies after BrdU incorporation (representative images:

Fig. 1f, top panel). As shown in the graph in Fig. 1f, the

BrdU uptake rate at 1 h in adult NSCs transfected with the

scrambled control vector was 16.1 ± 3.0 %. However,

there were no BrdU? cells among GFP-positive, Tet1KD,

and Tet2KD cells at 48 h after transfection (P = 0.0001).

In addition, adult NSCs transfected with the scramble

control vector showed a high rate of BrdU uptake

(88.4 ± 8.3 %), whereas Tet1KD (0 %) and Tet2KD

(6.5 ± 8.3 %) cells had low rates of BrdU labeling at 24 h

(P = 0.0001). These data indicate less possibility of bias in

the BrdU labeling, such as limited detection of rapidly

dividing cells in this system, and that the reduction of Tet1

and Tet2 mRNAs reduced cell proliferation independent of

an apoptotic cellular response. Based on these results,

bFig. 1 TET1 and TET2 control the self-renewal of mouse NSCs.

a Expression of TET1 and TET2 proteins in cultured adult NSCs

derived from an adult mouse brain. In the merged image, TET1 and

TET2 (white, red, or green) proteins were expressed in both the

cytoplasm and nuclei of adult NSCs, together with the intermediate

filament protein Nestin (red) and nuclear protein Sox2 (green). Nuclei

were visualized by DAPI (blue) staining. Scale bars, 20 lm.

b Expression of Tet1 and Tet2 mRNAs in cultured adult NSCs and

gene knockdown by sequence-specific shRNAs. Expression vectors

for scrambled control (CTRL), Tet1 (Tet1KD), or Tet2 (Tet2KD)

shRNAs were transfected into cultured adult NSCs, and then the cells

were selected for 48 h with puromycin. Total RNA from these

selected cells was analyzed by qRT-PCR. Data are represented as

mean ± SD. ****P\ 0.0001; two-way ANOVA with Sidak’s mul-

tiple comparison test. Quantitative analysis of the number (c) and

diameter (d) of primary and secondary neurospheres in an NSA.

Knockdown vectors for control (CTRL), Tet1 (Tet1KD), or Tet2

(Tet2KD) shRNAs with the PuroR gene were transfected into the

cultured adult NSCs, followed by selection with puromycin for 48 h.

The selected cells were harvested and clonally cultured under floating

conditions. Assays were performed in triplicate, and the numbers of

primary and secondary neurospheres were scored. The diameter of

each neurosphere was measured (n = 10). Data are represented as

mean ± SD. ***P\ 0.001, **P\ 0.01, *P\ 0.05; one-way

ANOVA with Dunnett’s multiple comparison test. e Quantitative

analysis of early cell death after gene knockdown. Expression vectors

for CTRL, Tet1KD, or Tet2KD shRNAs were transfected into

cultured adult NSCs. The cells were fixed with 4 % PFA at 48, 72,

and 96 h after transfection and then stained with anti-EGFP and anti-

active caspase 3 antibodies, and DAPI. Each positive cell was then

counted in six independent microscopic fields. The percentage of GFP

and active caspase 3 double-positive cells to GFP-positive cells is

shown. White, gray, and light gray bars indicate CTRL, Tet1KD, and

Tet2KD, respectively. Data are represented as mean (n = 6) ± SEM.

****P B 0.0001, *P\ 0.05; two-way ANOVA with Dunnett’s

multiple comparison test. f Quantification of BrdU labeling in NSCs.

Expression vectors for CTRL, Tet1KD, or Tet2KD shRNAs were

transfected into cultured adult NSCs for 48 h, and then the cells were

labeled with 10 lM BrdU for 1 or 24 h. The cells were fixed with 4 %

PFA and then stained with anti-EGFP (green) and anti-BrdU (red)

antibodies, and DAPI (blue). Each positive cell was then counted in

three independent microscopic fields. Arrows indicate GFP and BrdU

double-positive cells in the representative views. Insets are enlarge-

ments of stained cells. The percentage of GFP and BrdU double-

positive cells to GFP-positive cells is shown. Data are represented as

mean ± SD. ****P B 0.0001; one-way ANOVA with Dunnett’s

multiple comparison test
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TET1 and TET2 may be involved in the mechanism of

cultured adult NSC proliferation.

TET1 and TET2 are Involved in Cell Cycle Control

of Cultured Adult NSCs

Next, to further elucidate the involvement of TET1 and

TET2 in the proliferation mechanism of cultured adult

NSCs, the cell cycle was analyzed after knockdown. The

knockdown vectors for coexpression of shRNAs against

Tet1 or Tet2 and EGFP were introduced into the cultured

NSCs, and then the quantity of DNA was measured in

EGFP-positive cells by flow cytometric analysis. As shown

in Fig. 2, cells in G0/G1, S, and G2/M phases of the control

were 61.8 ± 4.4, 16.0 ± 1.6, and 19.6 ± 1.9 %, respec-

tively. Cells in G0/G1 phase among Tet1 (Tet1KD:

90.3 ± 3.5 %, P = 0.0001) and Tet2 (Tet2KD:

83.4 ± 0.7 %, P = 0.0001) knockdown NSCs were

increased in comparison with the control. Conversely, cells

in S phase (Tet1KD: 4.3 ± 0.6 %, P = 0.0001; Tet2KD:

7.5 ± 2.3 %, P = 0.0009) and G2/M phase (Tet1KD:

3.7 ± 2.5 %, P = 0.0001; Tet2KD: 8.4 ± 1.9 %,

P = 0.0001) were decreased among each type of knock-

down cell. These data suggest that TET1 and TET2 par-

ticipate in execution of S and G2/M phases in cultured

NSCs.

Tet1 or Tet2 Gene Knockdowns Influence

the Expression of Undifferentiated NSC Marker

Genes in Adult NSCs

To assess the undifferentiated state of the NSCs after gene

knockdowns, the expression of marker genes expressed in

undifferentiated NSCs was measured by qRT-PCR. Cells

in specific regions of the adult brain, which express Gfap,

Blbp, Nestin, and Sox2, are assumed to be NSCs. Expres-

sion of Gfap, Blbp, and Nestin genes represents a state of

stemness in NSCs. A lack of Sox2 is known to have a

significant effect on the self-renewal mechanisms of adult

NSCs and decreases the efficiency of neurogenesis. When

Tet1 or Tet2 knockdowns were compared with the control

shRNA, the expression of Sox2 was not influenced by the

knockdowns (ANOVA between columns, P = 0.0892), but

the relative mRNA levels of Gfap (Tet1KD: 21.9 ± 1.9 %;

Tet2KD: 21.3 ± 1.6 %), Blbp (Tet1KD: 52.5 ± 1.3 %;

Tet2KD: 60.5 ± 1.8 %), and Nestin (Tet1KD: 30.9 ±

0.9 %; Tet2KD2: 60.1 ± 1.8 %) were decreased by the

gene knockdowns (Fig. 3, P = 0.0001). These results

suggest that reducing the gene dosage of Tet1 and Tet2

changes the undifferentiated state of NSCs, even in the

culture condition that maintains the undifferentiated state.

TET1 and TET2 Control a Part of Overlapping

Gene Expression in Cultured Adult NSCs

To search for genes commonly affected by TET1 and

TET2 in the regulation of NSC proliferation, cultured adult

NSCs with Tet1 or Tet2 knockdown were analyzed by

DNA microarray. Although the heat map showed that the

patterns of gene expression were considerably different in

Tet1KD and Tet2KD cells (Fig. 4a), genes with common

changes were observed in both Tet1KD and Tet2KD cells

as shown in the Venn diagram by analyzing the genes with

Agilent software (1856 upregulated genes and 982 down-

regulated genes; Fig. 4b). Next, these overlapping genes

were subjected to pathway analysis through Gene Ontol-

ogy. As shown in Fig. 4c, the upper-level genes with

common increased expression by Tet1 or Tet2 gene

knockdown were classified into the categories of ‘‘Endo-

chondral Ossification,’’ ‘‘Focal Adhesion,’’ ‘‘Prostaglandin

Synthesis and Regulation,’’ ‘‘Senescence and Autophagy,’’

and ‘‘Osteoclast.’’ Furthermore, higher genes of the com-

mon downregulated genes were in the categories of ‘‘DNA

replication,’’ ‘‘G1 to S cell cycle control,’’ ‘‘Cell cycle,’’

‘‘Monoamine GPCRs,’’ and ‘‘Apoptosis’’ (DNA microarray

data can be supplied on request). TET family proteins have

been reported to have dual functions in the transcriptional

regulatory mechanism (Cimmino et al. 2011). This study

focused on the top three categories of common downreg-

ulated gene because genes belonging to these categories are

factors involved in DNA replication machinery and cell

cycle control that could be concerned with the proliferative

self-renewal of NSCs. Furthermore, the relative expression

of genes listed in the top three categories of the pathway

analysis (Fig. 4c) was measured in the cultured adult NSCs

after knockdown of Tet1 or Tet2 mRNAs by qRT-PCR.

Fig. 2 TET1 and TET2 are involved in the regulation of cell cycle in

cultured adult NSCs. After the introduction of the vectors for control

(CTRL), Tet1KD, or Tet2KD shRNAs, which were co-expressed with

EGFP, into cultured adult NSCs for 48 h, the DNA contents of the

EGFP-positive cells were analyzed by flow cytometry. White, gray,

and light gray bars indicate CTRL, Tet1KD, and Tet2KD, respec-

tively. Assays were performed in triplicate. Data are represented as

mean ± SD. ****P B 0.0001, ***P\ 0.001; two-way ANOVA

with Dunnett’s multiple comparison test
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Finally, 16 genes were defined as common genes regulated

by TET1 and TET2 (Fig. 5, P = 0.0001). The DNA

replication factors, Mcm2 (Tet1KD: 42.8 ± 3.4 %;

Tet2KD: 33.6 ± 2.0 %), Mcm3 (Tet1KD: 34.7 ± 2.8 %;

Tet2KD: 28.0 ± 1.5 %), Mcm4 (Tet1KD: 36.1 ± 1.3 %;

Tet2KD: 36.6 ± 2.5 %), Mcm5 (Tet1KD: 30.9 ± 0.9 %;

Tet2KD: 29.0 ± 0.9 %), and Mcm6 (Tet1KD:

49.4 ± 1.6 %; Tet2KD: 35.2 ± 3.0 %), which form a

double-hexamer complex with Mcm7, induce the replica-

tion of DNA dependent on a cell cycle-controlling system.

Mcm10 (Tet1KD: 25.0 ± 0.7 %; Tet2KD: 25.5 ± 2.9 %)

is involved in the DNA replication-starting mechanism in

which the protein binds to Mcm2 and Mcm6. Ccne1

(Tet1KD: 18.9 ± 0.5 %; Tet2KD: 29.4 ± 3.2 %) is a

cyclin-dependent kinase, and Cdt1 (Tet1KD:

19.6 ± 1.2 %; Tet2KD: 24.5 ± 3.5 %) is a DNA replica-

tion-licensing factor. Pole (Tet1KD: 30.5 ± 1.0 %;

Tet2KD: 29.8 ± 1.7 %) and Pole2 (Tet1KD:

42.7 ± 1.8 %; Tet2KD: 48.5 ± 2.9 %) are DNA poly-

merase e, and DNA replication activator Rfc4 (Tet1KD:

50.0 ± 1.2 %; Tet2KD: 33.8 ± 2.0 %) is required for

POLE activity with the DNA replication origin recognition

Fig. 3 Gene knockdowns of Tet1 or Tet2 reduce the expression of

some undifferentiated NSC marker genes. qRT-PCR analysis of

marker genes for the undifferentiated state of NSCs was performed in

adult NSCs with gene knockdowns of Tet1 or Tet2. shRNA

expression vectors for control (CTRL), Tet1 (Tet1KD), or Tet2

(Tet2KD) were transfected into cultured adult NSCs, followed by

culture for 48 h with puromycin. Total RNA from the selected cells

was analyzed by qRT-PCR. Data are represented as mean ± SD.

****P B 0.0001; one-way ANOVA with Dunnett’s multiple com-

parison test

Fig. 4 Comparative analysis by DNA microarray between Tet1 and

Tet2 gene knockdowns in cultured adult NSCs. a Hierarchical

clustering showing the relationship of control (C), Tet1 (T1)- or Tet2

(T2)-depleted adult NSCs. Red and blue bars indicate up- and

downregulation of gene expression, respectively. b Venn diagram

after DNA microarray comparative analysis of upregulated genes

(Tet1KD: 2584; Tet2KD: 2758) and downregulated genes (Tet1KD:

1710, Tet2KD: 1884 genes) after Tet1 or Tet2 gene knockdowns in

cultured adult NSCs. Red and blue circles indicate Tet1KD and

Tet2KD, respectively. The number of overlapping genes (indicated in

the purple area) is shown in the diagram. c Pathway categories of

overlapping genes between Tet1KD and Tet2KD in comparative

analysis by DNA microarray
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complex Orc1 (Tet1KD: 42.2 ± 3.4 %; Tet2KD:

35.5 ± 2.0 %). The results of qRT-PCR also showed the

expression of DNA double-strand brake repair factor

Rad51 (Tet1KD: 31.8 ± 1.4 %; Tet2KD: 30.0 ± 2.3 %),

cell cycle regulator and tumor suppressor E2f2 (Tet1KD:

33.4 ± 4.6 %; Tet2KD: 38.4 ± 4.3 %), M phase regulator

Mad2l1 (Tet1KD: 26.0 ± 0.8 %; Tet2KD: 36.0 ± 1.2 %),

and proto-oncogene c-Myc (Tet1KD: 38.6 ± 5.8 %;

Tet2KD: 45.7 ± 3.6 %).

The Decline of Transcriptional Activity by Tet1

or Tet2 Knockdown is not Correlated with CpG

Methylation Status on the 50 Proximal Promoter

Region in Cultured Adult NSCs

A relationship between transcriptional activity and CpG

methylation status in the 50 proximal promoter region of

galanin, neural/glial antigen 2 (Ng2), and neuroglobin

(Ngb) genes has previously been reported in nestin-GFP-

positive progenitor cells from Tet1 knockout mice (Zhang

et al. 2013). Ng2 and the galanin gene are involved in the

regulation of neurogenesis (Abbosh et al. 2011; Kucharova

and Stallcup 2010), and Ngb is thought to be a neuropro-

tective hypoxia-inducible factor during ischemic injury

(Sun et al. 2001). To assess the effect of Tet1 or Tet2

knockdown in this study, relative mRNA amounts of

galanin, Ng2, and Ngb were quantified by qRT-PCR in

cultured adult NSCs after Tet1 or Tet2 knockdown. As

shown in Fig. 6a, the relative amount of Ng2 mRNA

decreased after Tet1 or Tet2 knockdown (Tet1KD:

42.7 ± 5.7 %; Tet2KD: 32.2 ± 2.8 %, P\ 0.0001).

However, galanin mRNA expression was only reduced

after Tet1KD (55.4 ± 5.2 %, P = 0.0008) but not Tet2KD

(124 ± 12 %, P = 0.0273), while Ngb mRNA showed no

reduction in either Tet1KD (P = 0.5800) or Tet2KD

(236 ± 16 %, P = 0.0001) cells. Therefore, the CpG

methylation status was examined by bisulfite sequencing in

the 50 proximal promoter region of Ng2 (spanning from

-276 to ?149), which was the region referred to in the

Tet1KO study (Zhang et al. 2013). Additionally, the CpG

methylation status was examined in the 50 proximal pro-

moter region (spanning from -61 to ?177) of Rad51,

which was selected as one of the 16 genes commonly

regulated by TET and TET2 in this study and significantly

reduced in both Tet1KD and Tet2KD NSCs (Fig. 5). The

CpG sites in the 50 proximal promoter are represented as

circles, and each line represents the bisulfite sequencing

subclones. The positions of methylated (closed circle) and

unmethylated (open circle) CpGs are indicated in Fig. 6b,

and the sum of methylated CpGs in the analyzed subclones

was as follows: Ng2 (CTRL: 0.8 %; Tet1KD: 12.8 %;

Tet2KD: 3.6 %) and Rad51 (CTRL: 0.4 %; Tet1KD:

0.4 %; Tet2KD: 0.4 %). Based on these data, a statistical

assessment of the ratio of CpG methylation in the 10

bisulfite sequencing subclones was performed. Although

the expression rates for Ng2 and Rad51 showed a marked

decrease after Tet1 or Tet2 knockdown (ANOVA between

columns, P\ 0.0001), no significant difference was

detected between control and knockdown samples for both

Ng2 (ANOVA between columns, P = 0.2743) and Rad51

(ANOVA between columns, P = 0.3811) in these speci-

mens (Fig. 6c).

Discussion

Adult neurogenesis is involved in multiple critical physi-

ological processes such as learning, pattern separation of

memory, and antidepressant actions (Clelland et al. 2009;

Sahay et al. 2011; Nakashiba et al. 2012; Santarelli et al.

2003; Snyder et al. 2011). Neurogenesis is strictly con-

trolled by NSCs. NSCs possess multipotency to differen-

tiate into neuronal, astrocyte, and oligodendrocyte lineages

while maintaining the ability for self-renewal (Gage 2000;

Yao et al. 2012). A promising approach to elucidate the

mechanisms underlying adult neurogenesis is to determine

the molecular mechanisms by which NSCs maintain steady

self-renewal or differentiate into neurons when appropriate.

The aim of this study was to reveal the mechanism

underlying proliferative NSC self-renewal. An important

issue in achieving this aim is whether various stem cell

types, such as NSCs, ES cells, and hematopoietic stem

cells, share a common mechanism for self-renewal while

maintaining their differentiation potency. The characteris-

tics of NSCs also change depending on the developmental

stage. For example, NSCs primarily generate neurons

during early embryogenesis, astrocytes during mid to late

embryogenesis, and oligodendrocytes after birth (Hitoshi

et al. 2011; Takizawa et al. 2001; Namihira et al. 2009;

Kondo and Raff 2004). A key mechanism involved in this

developmental program-dependent plasticity of NSCs has

been proposed to be DNA methylation, especially

5-methylcytosine (5-mC) of CpG islands, which leads to

qualitative changes in the control of gene expression

(Coskun et al. 2012; Olynik and Rastegar 2012;

bFig. 5 Gene expression of Tet1- and Tet2-dependent common

molecular signaling pathways in cultured adult NSCs. Expression

vectors for control (CTRL), Tet1 (Tet1KD), or Tet2 (Tet2KD)

shRNAs were transfected into cultured adult NSCs, followed by

selection with puromycin for 48 h. The common downregulated

genes between Tet1KD and Tet2KD cells identified by comparative

DNA microarray analysis in the categories ‘‘DNA Replication,’’ ‘‘G1

to S cell cycle control,’’ and ‘‘Cell cycle’’ were analyzed by qRT-

PCR. Data are represented as mean ± SD. ****P B 0.0001; one-way

ANOVA with Dunnett’s multiple comparison test

Cell Mol Neurobiol (2017) 37:995–1008 1003

123



Fig. 6 Analysis of transcriptional activity and CpG methylation

status of the selected genes in cultured adult NSCs. Adult NSCs

transfected with expression vectors for control (CTRL), Tet1KD, or

Tet2KD shRNAs were selected by the administration of puromycin

for 48 h. Purified total RNA or genomic DNA from selected cells was

analyzed by qRT-PCR or gene-specific bisulfite sequencing. a Eval-

uation of assumed TET1 regulatory factors by qRT-PCR in Tet1 or

Tet2 knockdown NSCs. Data are represented as mean ± SD.

****P B 0.0001, ***P\ 0.001, *P\ 0.05; one-way ANOVA with

Dunnett’s multiple comparison test. b Schematic of CpG sites in each

promoter. Open and closed circles represent unmethylated and

methylated CpG sites after Tet1 or Tet2 knockdown, respectively.

c Heat map comparison between gene expression and CpG methy-

lation. The data for Rad51 and Ng2 expression in Figs. 5 and 6a

together with CpG methylation rates calculated from the data in

Fig. 6b were used to construct the heat maps. The left and right blocks

show Ng2 and Rad51, respectively (top panels: gene expression;

bottom panels: CpG methylation). Relative expression rates of Ng2

and Rad51, and CpG methylation rates of each bisulfite sequencing

subclone in the 50 proximal promoter region of Ng2 and Rad51 after

Tet1 of Tet2 knockdown were tested with one-way ANOVA
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Montalban-Loro et al. 2015). A recent report indicated the

existence of 5-hydroxymethylcytosine (5-hmC) and the

importance of conversion of 5-mC to 5-hmC in the brain,

and TET family proteins catalyze this reaction (Kriaucionis

and Heintz 2009; Tahiliani et al. 2009). Analyses of 5-hmC

in the mouse hippocampus and cerebellum, and human

cerebellum revealed that 5-mC has crucial roles in the

regulation of postnatal neural development, aging, and

neurological disorders (Szulwach et al. 2011).

TET1 and TET2 are oxidases with DNA demethylase

and transcriptional control activities. This study provides

evidence that they are expressed in NSCs and involved in

stem cell proliferation (Figs. 1 and 2). As shown in Fig. 1a,

both TET1 and TET2 were expressed in the nucleus and

cytoplasm. Although TET2 protein has been shown to

shuttle between the nucleus and cytoplasm of cancer cells

(Huang et al. 2016), this shuttling of TET proteins may

reflect a common mechanism for the proliferative self-re-

newal of cultured NSCs and the proliferation of cancer

cells. Tet1 or Tet2 knockdown resulted in reduced neuro-

sphere formation (Fig. 1c, d) and BrdU incorporation

(Fig. 1f). Tet2 knockdown slightly affected cell viability,

but the suppression of cell proliferation was rapid because

it occurred within 48 h after knockdown, which was before

the apoptotic response. Although reports indicate that

morphogenesis is not significantly affected in Tet1 or Tet2

single- or double-knockout mice, some effect has been

observed on cell proliferation (Wiehle et al. 2015; Zhao

et al. 2015; Dawlaty et al. 2013). Others have reported

impairment of proliferative self-renewal in ES cells by Tet1

knockdown (Freudenberg et al. 2012; Ito et al. 2010). The

difference in phenotypes between gene knockdown and

knockout is an interesting phenomenon. The cellular con-

text must differ between abrupt blockade of gene expres-

sion and the absence of the gene from the beginning. Stem

cells may have great flexibility to respond to the loss of a

gene.

Comprehensive examination of gene expression was

conducted by DNA microarray analysis of NSCs after

single Tet1 or Tet2 knockdowns. Among the altered genes

in both types of knockdown cells, many that had reduced

expression relative to control cells belonged to pathways

involved in DNA replication and cell cycle control

(Fig. 4c). In this study, expression of the selected repre-

sentative 16 genes showed comparable reductions in Tet1

or Tet2 knockdown cells relative to control cells (Fig. 5).

DNA replication and recombination repair require DNA

helicase and polymerase. These enzymes form the repli-

cation fork at the initiation of replication and cooperatively

function with cell cycle control machinery. Minichromo-

some maintenance (Mcm) proteins 2-7 form a hetero-

hexamer that functions as a DNA helicase in eukaryotic

DNA replication (Lei and Tye 2001; Lygerou and Nurse

2000; Forsburg 2004; Tye and Sawyer 2000; Labib et al.

2000). The complex of Mcm2, Mcm6, and Mcm10 plays a

critical role in the formation of the replication fork and is

controlled by cell cycle-dependent protein degradation

(Watase et al. 2012; Kanke et al. 2012; Izumi et al. 2000;

Chattopadhyay and Bielinsky 2007). The origin recogni-

tion complex (ORC) forms a DNA replication complex

with Cdc6 and Mcm proteins during G1 phase (Kneissl

et al. 2003; Eki et al. 1996). A DNA polymerase that plays

an important role in DNA replication is Pol e (a member of

the B polymerase family) encoded by POLE1–3 genes

(Johnson et al. 2015; Edwards et al. 2003). Rfc4 is the

37 kDa subunit of Rfc, which, along with proliferating cell

nuclear antigen, is required for DNA synthesis by Pol d and
e (Okumura et al. 1995). DNA damage can be caused by

extrinsic factors in the environment, including radiation,

and by cell-intrinsic factors such as DNA replication errors.

Upon DNA damage, Rad51 contributes to genome stability

as a part of the DNA damage repair pathway (Shinohara

et al. 1992; Shinohara et al. 1993). Mad2 and 1 are com-

ponents of the M phase checkpoint control machinery in

the cell cycle (Li and Benezra 1996). Vascular endothelial

growth factor (VEGF) also plays an important role in the

self-renewal of adult NSCs (Fabel et al. 2003; Kirby et al.

2015). Studies indicate that VEGF facilitates G1/S transi-

tion by upregulation of E2f1, E2f2, and E2f3 (Zhu et al.

2003). Cdt1 and its binding partner, geminin, are essential

regulators of the Mcm2-7 complex binding to the repli-

cation origin during G1 phase (Lygerou and Nurse 2000).

Cdt1 is expressed in Sox2-positive neural precursor cells in

the mouse central nervous system from embryogenesis to

adulthood (Spella et al. 2007). The increase of G0/G1

transition in NSCs by Tet1 or Tet2 knockdown shown in

Fig. 2 presumably resulted from reduced levels of mole-

cules that drive G1 phase. For the proliferative self-renewal

of NSCs, efficient DNA replication requires adequate

expression levels of genes involved in stemness. If intra-

cellular concentrations of necessary factors are too low, the

replication efficiency would be impaired. In addition, DNA

repair enzymes are necessary to minimize errors associated

with replication. The intracellular concentrations of these

enzymes need to be maintained at adequate levels. It is

possible that TET1 and TET2 maintain high expression

levels of these genes in NSCs by broadly regulating DNA

replication and repair enzymes, thereby contributing to the

fidelity of proliferative NSC self-renewal.

TET1 and TET2 oxidize 5-mC to form 5-hmC. The

oxidation product 5-hmC can be further converted to

cytosine. To determine how TET1 and TET2 control DNA

replication and cell cycle regulatory factors in NSCs, the

CpG methylation status was analyzed on the promoter

regions of Ng2 and Rad51 as shown in Fig. 6. Interestingly,

while Ng2 and Rad51 mRNA reduced efficiently within
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72 h after gene knockdown, the change in the CpG

methylation pattern of the promoter regions seemed to be

insufficient to correlate with gene reduction during this

period (Fig. 6b, c). Therefore, these results implicate the

involvement of TET1 and TET2 in the transcriptional

control of DNA repair and cell cycle regulatory factors

through mechanisms not involving direct CpG demethy-

lation on these promoters in cultured adult NSCs. Con-

sidering the molecular mechanism, one hypothesis is that

TET1 and TET2 directly function as a transcriptional

activator without a DNA demethylation activity in an

undefined fashion. Another possibility is that they function

as a modifying enzyme with other proteins such as a sup-

pressor complex. In fact, TET1 interacts with co-repressor

Sin3a and recruits polycomb repressive complex 2 (PRC2)

to function as a transcriptional suppressor (Williams et al.

2011; Wu et al. 2011; Xu et al. 2011). Thus, it could be

speculated that the TET1/Sin3a/PRC2 complex controls

factors that inhibit the transcription of cell cycle regulatory

genes. The precise mechanisms by which TET1 and TET2

regulate the promoters of DNA replication factors remain

unknown. However, it would be worth studying how TET1

and TET2 control the proliferation of NSCs by direct or

indirect transcriptional control. Investigation of demethy-

lation-independent transcriptional control by TET1 and

TET2 with a focus on the regulatory factors will contribute

to a greater understanding of the mechanisms of TET1- and

TET2-mediated regulation of neurogenesis.

The expression of marker genes for NSCs, such as

Nestin, Gfap, and Blbp, was decreased after knockdowns of

Tet1 or Tet2 even in the culture condition to maintain the

undifferentiated state (Fig. 3). These data suggest a tran-

sition of the character of NSCs from undifferentiated to a

prematurely differentiated state after knockdown. As

shown in the DNA microarray analysis (Fig. 4a, b), large

numbers of genes were regulated independently between

TET1 and TET2. I showed that at least 16 genes were

commonly controlled by TET1 and TET2 in the regulation

of NSC proliferation in this research, but the molecular

mechanisms for inhibition of differentiation processes in

NSCs by TET1 and TET2 remain to be elucidated.

Moreover, common molecular pathways between TET1

and TET2 for asymmetric cell division during differentia-

tion of NSCs should be analyzed in detail in the future.

Although further studies are needed to fully understand the

mechanisms by which TET1 and TET2 control DNA

replication and the cell cycle in NSCs, drug discovery

based on the molecular targets found in this study could

lead to treatments for depression and impaired memory by

pharmacologically controlling adult neurogenesis.
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