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SUMMARY

DNA hydroxylation catalyzed by Tet dioxygenases occurs abundantly in embryonic stem cells and
neurons in mammals. However, its biological function in vivo is largely unknown. Here we
demonstrate that Tet1 plays an important role in regulating neural progenitor cell proliferation in
adult mouse brain. Mice lacking Tetl exhibit impaired hippocampal neurogenesis accompanied by
poor learning and memory. In adult neural progenitor cells deficient in Tetl, a cohort of genes
involved in progenitor proliferation were hypermethylated and down-regulated. Our results
indicate that Tetl is positively involved in the epigenetic regulation of neural progenitor cell
proliferation in the adult brain.
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INTRODUCTION

Neurogenesis from neural progenitor cells (NPCs) in adult brains gives rise to functional
neurons, which integrate into neuronal circuits and modulate neural plasticity (Deng et al.,
2010). The potential significance of this remodeling process has been illustrated in memory,
depression, and neurodegenerative disorders (Zhao et al., 2008). Sustained neurogenesis
throughout life occurs mainly in two specific brain regions: the subventricular zone of the
lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus. The maintenance and differentiation of neural progenitors in these two
regions are regulated by many molecular players and signaling pathways, including niche
signals, neurotransmitters, growth factors, transcriptional factors, and epigenetic regulators
(Mu et al., 2010; Zhao et al., 2008).

DNA methylation at cytosines (5-methylcytosine, 5mC) plays an important role in adult
neurogenesis by regulating the proliferation and survival of neural progenitors, as well as
dendritic growth of newborn neurons in both embryonic and adult brains (Fan et al., 2005;
Hutnick et al., 2009; Ma et al., 2009; Wu et al., 2010). A new form of DNA modification, 5-
hydroxymethylcytosine (5hmC) was discovered recently in mammalian pluripotent stem
cells and brains (Kriaucionis and Heintz, 2009). This modification is derived from the
hydroxylation of 5mC and the conversion is catalyzed by the Tet family of dioxygenases in
an Fe (I1) and a-ketoglutarate-(a-KG)-dependent manner (Tahiliani et al., 2009; Tan and
Shi, 2012). Despite reports about the implications of Tet1 and 5hmC in mouse ES cells and
meiosis (Ito et al., 2010; Koh et al., 2011; Xu et al., 2011; Yamaguchi et al., 2012), little is
known about their biological role in mammalian development and in the neural system. Tetl
knockout and even Tet1/2 double knockout appear to be compatible with embryonic and
postnatal development (Dawlaty et al., 20133, b; Dawlaty et al., 2011). Considering high
levels of 5hmC and Tetl expression in adult brain (Wu and Zhang, 2011), we speculate a
potential role of Tetl in the regulation of neural function. Although a recent Tetl
knockdown study implicates DNA hydroxylation in neural activity-induced demethylation
in mature neurons of adult brain (Guo et al., 2011b), the physiological significance of Tet1-
mediated DNA demethylation in other neural processes remains to be examined by using
knockout mouse models.

RESULTS

Tetl Deficiency is Compatible with Brain Development but Causes Impaired Spatial
Learning and Memory

To study the biological function of Tet1, we generated mutant mice in which the Tet1 gene
was disrupted by deletion of the exons 10 to 12 encoding the critical catalytic domain in
dioxygenases (Figures 1A-1D). Consistent with the previous report (Dawlaty et al., 2011),
homozygous mice deficient in Tetl catalytic activity were viable and fertile, with no
discernible morphological and growth abnormality.

Although Tetl mutant mice have no detectable defect during early development, the
potential role for Tetl in adult function remains to be investigated. Given the high level of
5hmC in WT adult brain (Munzel et al., 2010; Ruzov et al., 2011; Szwagierczak et al.,

Cell Stem Cell. Author manuscript; available in PMC 2015 June 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 3

2010), Tetl-mediated DNA hydroxylation might have a role in the regulation of neural
plasticity in which dynamic DNA methylation has been implicated (Ma et al., 2010). To
determine whether Tet1 deficiency affects neural plasticity, we compared the performance
of 4-month-old WT and Tetl whole-body knockout mice in the Morris water maze. Both
WT and Tetl KO mutants exhibited similar escape latency and swim path to the visible
platform, suggesting comparable vision and motivation between the two groups (Figures
1E-1G). 5-day acquisition trials were then conducted in a hidden platform version. Delay in
learning was detected among the KO mice from day 3 by comparisons of escape latency and
swim path (Figures 1H and 11). Short-term memory retention was tested 24 hours after the
5-day training. In this probe, the mutant group showed significant deficiency in reaching the
virtual platform, measured by both the platform crossing and the time spent in the target
quadrant (Figures 1J and 1K). However, long-term memory retention examined 3 weeks
after the last training session did not show statistically significant differences between WT
and Tetl mutants (Figures 1L and 1M). These data indicate that Tetl deficiency can lead to
impairment in spatial learning and short-term memory.

To identify potential neural defects associated with the poor learning and memory observed
in Tetl mutants, we examined the brain structure by Nissl staining. No obvious
morphological abnormality was observed in brains of adult Tetl KO mice (Figure 1N).
Because brain development of Tetl null mice is normal and adult neurogenesis has been
associated with spatial learning and memory (Deng et al., 2009; Zhang et al., 2008; Zhao et
al., 2003), we speculate that the memory impairment is likely to reflect a function of Tetl in
adult neurogenesis.

Tetl Deficiency Diminishes the Adult SGZ Neural Progenitor Pool

To determine the role of Tetl in adult neurogenesis, we first looked into adult neural
progenitor cell properties in Tetl mutant brains since Tetl is highly expressed in neural
progenitor cells (NPCs) (Figure S1A and S1B). In order to facilitate the identification of
NPCs in the brain, Tetl whole-body knockout mice were crossed into the Nestin-GFP
transgenic background (Mignone et al., 2004). Notably, the number of GFP-positive cells
decreased by 45% in the SGZ in 4-month-old mutant mice compared to that in the wild-type
controls (Figures 2A and 2B), suggesting that Tetl is essential for the maintenance of the
neural progenitor cell pool in the hippocampal dentate gyrus of adult mouse brains.

To further investigate the proliferation capacity of neural progenitors, we derived
neurospheres from adult DG in vitro. NPCs isolated from Tetl KO DG yielded fewer and
smaller primary neurospheres compared to those from WT controls (Figures 2C-2E). To
determine the self-renewal capability of these neurospheres, primary neurospheres were
individually dissociated into single cells and plated at clonal density. Tet1l-null secondary
neurospheres also exhibited significant reduction in both number and size compared to the
WT spheres (Figures 2C-2E). Consistently, acute deletion of Tetl from adult NPCs isolated
from 2-month-old Tet1"f mice by the lentiviral Cre expression also led to reduction in
neurosphere growth (Figure S1C and S1D). Therefore, Tetl deficiency compromised the
self-renewal capability of NPCs.
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In contrast, the differentiation potential of NPCs did not appear to be affected by Tetl
deletion. Upon differentiation in vitro, the neurospheres from mutant mice were generally
tripotent with comparable potential in generation of neurons, astrocytes, and
oligodendrocytes to that of wild-type neurospheres, as evidenced by immunostaining of
Tujl, GFAP and O4 markers (Figure 2F).

Deficit in Adult Neurogenesis due to Reduced Progenitor Proliferation in Tetl Deficient

Brain

To further study the role of Tetl in hippocampal neurogenesis, we next examined progenitor
cell proliferation and differentiation in Nestin-Cre neural tissue-specific KO mice.
Examination of the gross morphology of PO and P60 KO hippocampi showed no obvious
defect in DG development (Figure S2A). The progenitor reduction could not be ascribed to
decreased cell survival as evidenced by the lack of apoptosis signal in TUNEL assay (Figure
S2B). We then traced cell proliferation in DG at different developmental stages by 5-
bromodeoxyuridine (BrdU) incorporation. The numbers of BrdU-positive cells in the KO
and WT DG were comparable during early postnatal stages of P14 and P30 (Figures S2C-
S2F). However, a significant reduction of BrdU/Ki67 positive proliferating cells and
BrdU/DCX positive newborn neurons was observed in the SGZ of hippocampal dentate
gyrus in 4-month-old Tetl KO mice (Figures S3A-S3D). To determine whether Tetl has a
direct role in regulating the proliferation of adult neural progenitors in the hippocampus, we
next performed localized knockdown of Tetl in the dentate gyrus of adult wild type mice. A
Tetl shRNA-expressing lentiviral vector was introduced into the dentate gyrus of adult wild
type mouse brains by stereotaxic lentiviral transduction. Viral expression of Tetl ShRNA
was monitored by co-expressed GFP and cell proliferation was monitored by BrdU labeling.
Intracranial injection of Tetl shRNA-expressing lentiviruses led to considerable decrease of
cell proliferation in the DG, as revealed by a marked decrease in the percentage of BrdU-
positive and GFP-positive cells in all GFP-labeled cells, compared to that in scrambled
control RNA-transduced DG (Figures S3E and S3F). These results together indicate that
Tetl deficiency in the nervous system negatively regulates adult NPC proliferation in the
hippocampal dentate gyrus.

To further delineate the regulatory function of Tet1 in adult hippocampal NPCs, we
generated Tetl floxed mice carrying an inducible Nestin-Cre ERT2 gene (Lagace et al.,
2007), in which the Tetl gene can be deleted selectively in neural progenitors at adult stage
by administration of tamoxifen. We treated 2-month-old mice with tamoxifen for 7 days and
then with 7-day BrdU labeling for dividing cells after 6 weeks of interval. We found that the
proliferating cell population represented by BrdU and Ki67 double positive cells was
decreased by 35% in tamoxifen-treated Tet17~ mice compared with tamoxifen-treated
Tet1* littermates (Figures 3A and 3B), which was consistent with our previous
observations in whole-body and neural tissue-specific Tetl KO adults. Next we used
specific cell lineage markers to test the effect of Tetl deletion on the population of radial
glia-like stem cells and nonradial progenitors. Immunostaining assay showed a significant
reduction of Thr2-positive non-radial progenitors (Figures 3C and 3D), while there was no
obvious change in the radial glia-like stem cells double positive for GFAP and Nestin
(Figures 3E and 3F). These results provided in vivo evidence that NPC proliferation in the
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DG of adult brain is regulated by Tet1 in a cell-autonomous manner. To determine whether
the proliferative defect of progenitors is accompanied by reduced cell population undergoing
differentiation and maturation, adult tamoxifen-treated Tet17* and Tet17~ mice were
injected daily with BrdU for 7 days and sacrificed for examination one or three weeks later.
Consistently, both newborn neurons represented by BrdU* Dex* cells (Figures 3G and 3H)
and mature neurons represented by BrdU* NeuN™ cells (Figures 31 and 3J) were markedly
decreased in the Tet1~ SGZ. Taken together, our results reveal impaired neurogenesis in
Tetl deficient adult brain.

Altered Methylation and Expression of Genes Associated with Adult Neurogenesis in Tetl
Deficient NPCs

DNA methylation is involved in the regulation of many events of neural development,
including neurogenesis (Guo et al., 2011a; Guo et al., 2011b; Ma et al., 2009). If Tet
enzymes mediate DNA demethylation by oxidizing 5mC (Branco et al., 2012), Tetl
deficiency would lead to DNA hypermethylation in its target genomic regions. Therefore,
we investigated epigenetic changes in Tetl candidate target genes and their involvement in
the regulation of neurogenesis. To identify the loci with altered DNA methylation, we
conducted single-base resolution analysis of adult NPCs purified from WT and Tetl KO
Nestin-GFP mice using Reduced Representation Bisulfite Sequencing (RRBS) approach.
Remarkably, 478 genes showed elevated promoter methylation levels in Tet1-null NPCs
compared to the WT control, while only 32 genes had lower methylation (Figure 4A). To
establish a link between altered DNA methylation pattern and transcriptional activity, we
then compared gene expression profiles of the WT and KO NPCs. We identified 498 up-
regulated and 1267 down-regulated genes in KO samples (Figure 4B). By combining the
DNA methylation pattern with gene expression analysis, 39 genes were found to be both
hypermethylated and down-regulated in NPCs isolated from the DG of adult Tetl KO
Nestin-GFP mice and FACS-sorted for the Nestin-GFP* cells (Figure 4C and Table S1).
Gene-specific qPCR and bisulfite sequencing confirmed the altered expression and
methylation of several genes involved in neural progenitor proliferation, neuroprotection and
mitochondria function, including Galanin, Ng2, Ngb, Kctd14 and Atp5h (Abbosh et al.,
2011; Burmester et al., 2000; Calingasan et al., 2008; Kucharova and Stallcup, 2010)
(Figures 4D and 4E). Considering that traditional bisulfite sequencing cannot distinguish
5mC from 5hmC (Huang et al., 2010), we examined hydroxymethylation at the promoter of
these genes by Tet-assisted bisulfite sequencing (TAB- Seq) (Yu et al., 2012). 5hmCs were
detected at 1-7.2% of CpGs in the examined promoter regions in both WT and Tetl KO
samples (Figure 4F), indicating that most cytosine modifications in the promoters in the KO
PGCs are 5mC. The gain of 5hmC in Tetl KO NPCs might be generated by the
hydroxylation of aberrantly increased 5mC by the other enzymes, Tet2 and Tet3, which are
known to be also expressed in NPCs (Ito et al., 2010). Taken together, the hypomethylation
and transcriptional states are maintained predominantly by Tet1 at these genes under normal
conditions while hypermethylation and transcriptional down-regulation occur upon its
deletion.
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DISCUSSION

Since Tet family proteins can catalyze hydroxylation of 5mC, their role in promoting active
DNA demethylation has prompted intensive research (Branco et al., 2012; Cortellino et al.,
2011; Guo et al., 2011b; He et al., 2011; Williams et al., 2011). Our study is focused on the
physiological role of Tetl in mouse models. Although the deficiency of Tetl in mouse has
no effect on development as previously reported (Dawlaty et al., 2013a; Dawlaty et al.,
2011), our work presented here reveals a specific function in the positive regulation of NPC
proliferation in adult brain. Loss of Tetl compromises the maintenance of the neural
progenitor pool, leading to reduced neurogenesis without affecting the tripotent
differentiation capacity of NPCs. Although Tet1 has a role in mature neurons of the adult
mouse brain in the process of neuronal activity-induced DNA demethylation (Guo et al.,
2011b), the function of Tetl in DG NPCs is likely cell-autonomous, based on the reduction
of neurosphere growth in DG progenitors isolated and sorted from Tetl KO Nestin-GFP
mice and impaired proliferation of progenitor cells upon selective deletion of Tetl in adult
NPCs using the Nestin-Cre ERT2 system.

Previous research revealed that deficiency of hippocampal neurogenesis impairs learning
and memory (Deng et al., 2010; Zhang et al., 2008; Zhao et al., 2003). Consistently, adult
Tetl KO mice displayed deficiency in adult neurogenesis and spatial learning and memory.
While this observation reinforces the correlation between neurogenesis and behavior, a
causal relationship suggested by previous studies (Clelland et al., 2009; Deng et al., 2010;
Deng et al., 2009) remains to be further demonstrated. The Tet1KO mouse provides a useful
model to further investigate the epigenetic regulation of adult neurogenesis and neural
plasticity.

The previous evidence for the involvement of Tetl in DNA demethylation is mainly based
on gene hypermethylation in Tet1 knockdown ES cells (Branco et al., 2012; Ito et al., 2010;
Koh et al., 2011; Williams et al., 2011) and Tet1-null germ cells (Yamaguchi et al., 2012).
The role of Tetl in adult tissues is still unclear. Our work highlights a positive role of Tetl
in promoting DNA demethylation and gene expression in adult neurogenesis, especially in
the regulation of NPC proliferation. We showed a great enrichment of genes with aberrant
promoter hypermethylation and decreased expression in Tetl deficient NPCs. Among these
genes, Galanin and Ng2 are best known for the regulation of neurogenesis (Abbosh et al.,
2011; Deng et al., 2010; Kucharova and Stallcup, 2010); Ngb acts as hypoxia-inducible
neuroprotective factor in hypoxic ischemic injury (Burmester et al., 2000; Moens and
Dewilde, 2000; Sun et al., 2001); Kctd14 and Atp5h are associated with mitochondria
function, which can affect adult neurogenesis indirectly (Calingasan et al., 2008). Thus, Tetl
deficiency leads to transcriptional repression of neurogenesis-related genes through
promoter hypermethylation possibly due to impaired demethylation. Tet1 is important for
maintaining the expression of neurogenesis-related genes in the adult NPCs by reducing
DNA methylation. Since Tetl deficiency causes epigenetic changes of multiple genes
involved in neurogenesis, the phenotypic abnormality of mutant adult hippocampus is
unlikely due to the expression change of a single gene. Indeed, addition of Galanin in the
culture only led to a partial rescue of neurosphere growth of Tetl-null NPCs. Tetl-null
NPCs with Galanin treatment could form large neurospheres, but the number did not
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increase significantly (Figure S12). Although the relative contribution of these genes in
defective neurogenesis remains to be delineated, our findings have clearly linked Tet1-
mediated DNA demethylation with the epigenetic regulation of adult neurogenesis.

Recent epigenomic studies have revealed in mature neurons an enrichment of 5hmC in gene
bodies which may act as a stable active mark recognizable by MeCP2 (Hahn et al., 2013;
Mellen et al., 2012; Song et al., 2011; Szulwach et al., 2011; Vorhees and Williams, 2006);
In neural progenitors, our findings suggest that hydroxylation in gene promoters may act as
an intermediate towards demethylation. Both of these functions of 5hmC can serve to
antagonize the silencing effect of 5mC, playing a role in fine-tuning gene expression in
neural progenitors and mature neurons, albeit through distinctive mechanisms. Excessive
and inadequate hydroxylation may contribute to the progression of neurodegenerative
disorders. The definitive role of Tet-mediated hydroxylation in the adult nervous system
warrants further investigation using conditional knockout mice in which deletion of Tet
genes is performed in combination and in specific developmental stages and cell types.

EXPERIMENTAL PROCEDURES

Generation of Tetl Knockout Mice

A Tetl targeting vector was prepared as described (Liu et al., 2003). The floxed region
contains exons 10-13, which codes for the conserved FeZ*-binding motif of the catalytic
domain. Male mice on a mixed 129Sv&C57BL/6J background were used in all experiments.

Morris Water Maze

The Morris water maze was conducted as described (Vorhees and Williams, 2006). The
detail procedures can be found in supplemental information.

Neurosphere Assay

Nestin-GFP positive cells sorted from adult dentate gyrus were plated 20,000 cells per
milliliter in neurosphere culture as described (Brewer and Torricelli, 2007). The number and
diameter of neurosphere were measured using the Microcomputer Imaging Device Program.
For differentiation, NeuroCult Differentiation Medium (Stem Cell) was used.

Tamoxifen Treatment and BrdU Labeling

Eight-week-old mice were injected intraperitoneally once daily with 2 mg tamoxifen per 20
g body weight for 7 consecutive days. 6 weeks after the treatment, BrdU was pulsed once
daily at 50 mg per kg body weight over a 7-day period. For NPC proliferation studies, brains
were fixed next day; for differentiation studies, brains were fixed 1 week (newborn neurons)
or 3 weeks (mature neurons) later.

Immunohistochemistry and Cell Quantification

Perfused wild-type and mutant brains were sectioned for immunostaining and observation
on a Olympus fluorescent microscope or a Leica confocal system. Z series stacks of
confocal images were obtained. Numbers of single or double stained cells were counted
using the Image Pro Plus software. Two-tailed t-test was used in statistics.
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DNA Methylation, Hydroxymethylation and Gene Expression Analyses

RRBS was carried out as described (Meissner et al., 2005) and gene expression was
determined by RNA-Seq. Hydroxymethylation was determined by TAB-seq.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tetl Deficient Mice Show Normal Brain Development but Impaired Spatial Learning
and Memory

(A) Gene targeting strategy. Coding exons are shown as filled boxes and the 3’ non-coding
part of exon 13 is shown as a blank box.

(B) Southern blot confirmation of targeted ES clones. Fragments corresponding to the wild-
type allele (wt) and the floxed allele are indicated.

(C) PCR genotyping of mutant mice. Primer locations are indicated in panel A and their
sequences are listed in the method.
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(D) Loss of Tetl mRNA confirmed by RT-PCR assay. Gapdh was used for sample
normalization.

(E) - (G) Visible platform screening showed no significant differences of visual acuity and
mobility between WT and the whole-body knockout (KO) mice. (E) Average swim speed.
(F) Latency to the visible platform. (G) The length of swim path to the visible platform.

(H) and (1) Spatial acquisition performances were recorded every day during 5-day training.
(H) Escape latency. (1) Swim path to the hidden platform.

(J) and (K) Probe trial for short-term memory retention was carried out 24 hours after the
last training. (J) Platform crossing. (K) Time in the target quadrant (T) and other quadrants
(L, R &0).

(L) and (M) Probe for long-term memory retention was carried out 3 weeks after the last
training. (L) Platform crossing. (M) Time in the target quadrant (T) and other quadrants (L,
R &0).

(N) Tetl deficiency is compatible with brain development. Shown are Nissl-stained coronal
sections from Tet1 whole-body knockout mice at postnatal day 60. Scale bar, 500 pm.

For behavioral tests, 9 pairs of 4-month-old male mice were examined; For (E) — (G) and (J)
— (M), two-tailed t-test was used in statistics; For (H) and (I), two-way ANOVA was used in
statistics; * P < 0.05, **P < 0.01; All data are presented as mean £s.e.m.
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Figure 2. Reduction of Nestin-GFP Positive Neural Progenitor Cells in the Tetl Deficient Dentate
Gyrus and Their Impaired Proliferation in Vitro

(A) Observation of neural progenitor cells in the adult SGZ using Nestin-GFP transgenic

mice. Shown are coronal

images of the SGZ in 4-month-old WT (Tet1*/*: Nestin-GFP) anqg

KO (Tet1~/~ Nestin-GFPy mijce captured at the same exposure. Scale bar, 100 pm.
(B) Quantification analysis of Nestin-GFP positive cells in the subgranular cell layer of
dentate gyrus (n = 3 pairs of mice).
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(C) Isolation and culture of Nestin-GFP positive progenitors from 2-month-old WT and KO
dentate gyrus by FACS. Scale bar, 100 um.

(D) Quantification of primary and secondary neurospheres (The initial seeding is 20,000
cells/ml, n = 3 cases).

(E) Average diameters of primary and secondary neurospheres (n = 3 cases).

(F) The tripotent differentiation capacity of Tet1-deficient NPCs. Neurons, astrocytes and
oligodendrocytes were induced by in vitro differentiation of neurospheres isolated from WT
and Tetl KO DG. Cell lineage markers used: Tuj1 for neurons, GFAP for astrocytes and O4
for oligodendrocytes. Scale bar, 100 um.

All quantifications are presented as mean + s.e.m. and analyzed by two-tailed t-test. ** P <
0.01,* P <0.05.

See also Figure S1.
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Figure 3. Decrease of Intermediate Progenitor Proliferation and Impaired Adult Neurogenesis in
the Tetl Deficient Dentate Gyrus

(A and B) Reduction of proliferating SGZ progenitors represented by BrdU & Ki67 double
positive cells in adult KO (Tet1f/—: Nestin-CreERT2) mijce compared to Ctrl

(Tet1/+: Nestin-CreERT2) after tamoxifen treatment (Lagace et al.) (n = 4 pairs of mice).

(C and D) Reduction of BrdU* Thr2* intermediate progenitors in KO compared to Ctrl after
TM (n = 4 pairs of mice).

(E and F) Insignificant change in the number of GFAP* Nestin* radial glia-like stem cells in
KO compared to Ctrl after TM (n = 3 pairs of mice).
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(G and H) Reduction of newborn neurons represented by BrdU & Dcx double positive cells
in KO compared to Ctrl after TM (n = 4 pairs of mice).

(I and J) Reduction of mature neurons chased by BrdU labeling in KO compared to Ctrl
after TM (n = 4 pairs of mice).

All scale bars at lower right are 100 pm and the upper-left insets are enlarged images of the
arrow-pointed cells with a scale bar of 10 um. Quantifications are presented as mean +
s.e.m. and analyzed by two-tailed t-test. ** P < 0.01, * P < 0.05, NS, not significant.

See also Figures S2 and S3.
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Figure 4. Promoter Hypermethylation and Down-regulation of Adult Neurogenesis-related
Genes in Nestin-GFP Positive Progenitor Cells in Tetl Deficient mice

Nestin-GFP positive progenitor cells were isolated from the DG of male adult WT
(Tet1+/+; Nestin-GFP) and KO (Tetl‘/‘? Nestin-GFP) mice.

(A) Pie representation of promoters with altered DNA methylation in Tetl KO progenitors.
A promoter was defined as —1000 to 500-bp relative to a transcription start site. The
promoter methylation level was determined by calculating the average methylation level of
all individual CpGs with = 10 sequencing depth. A promoter was considered as
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differentially methylated if the absolute methylation level difference was = 20% between
KO and WT.

(B) Pie representation of genes with expression changes in Tetl KO progenitors. A
significant expression change was defined as 1) expression ratio between KO and WT was
either > 2 or <0.5; and 2) P < 0.01 (Fisher exact test adjusted by the Benjamini-Hochberg
method).

(C) Scatter plot of genes with both promoter hypermethylation and significant expression
changes in the KO progenitors. X-axis is the absolute difference of the methylation level
(KO minus WT). Y -axis represents expression difference between KO and WT by log2
transformation of the expression ratios (KO / WT).

(D) Confirmation of reduced expression of adult neurogenesis-related genes in Tetl KO
progenitors. The MRNA levels were determined by RT-gPCR. Data are normalized to
Gapdbh. Error bars are presented as mean * s.e.m. (n = 6 pairs of mice).

(E) Confirmation of increased promoter methylation at the Galanin, Ng2 and Ngb genes in
Tetl KO progenitors by gene specific bisulfite sequencing (n = 6 pairs of mice). Open and
filled circles represent unmethylated and methylated (hydroxymethylated) CpG sites
respectively.

(F) 5hmC (filled circles) profiles of the Galanin, Ng2 and Ngb promoters in Tetl KO
progenitors determined by Tet-assisted bisulfite sequencing analysis (n = 6 pairs of mice).
See also Table S1 and Figure S4.
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