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UHRF2 regulates local 5-methylcytosine and suppresses spontaneous seizures
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ABSTRACT
The 5-methylcytosine (5mC) modification regulates multiple cellular processes and is faithfully maintained
following DNA replication. In addition to DNA methyltransferase (DNMT) family proteins, ubiquitin-like
PHD and ring finger domain-containing protein 1 (UHRF1) plays an important role in the maintenance of
5mC levels. Loss of UHRF1 abolishes 5mC in cells and leads to embryonic lethality in mice. Interestingly,
UHRF1 has a paralog, UHRF2, that has similar sequence and domain architecture, but its biologic function
is not clear. Here, we have generated Uhrf2 knockout mice and characterized the role of UHRF2 in vivo.
Uhrf2 knockout mice are viable, but the adult mice develop frequent spontaneous seizures and display
abnormal electrical activities in brain. Despite no global DNA methylation changes, 5mC levels are
decreased at certain genomic loci in the brains of Uhrf2 knockout mice. Therefore, our study has revealed
a unique role of UHRF2 in the maintenance of local 5mC levels in brain that is distinct from that of its
paralog UHRF1.
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Introduction

The 5-methylcytosine (5mC) mark is the most studied
modification on DNA. Recent studies have discovered
5mC derivatives, including 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC).1-3 The 5mC modification regulates multiple cellular
processes, including gene transcription; 5hmC, the most
abundant 5mC derivative, has a unique genomic distribu-
tion and is implied in transcription regulation.4-9 Loss of
5mC causes defective brain functions.10 Levels of 5hmC
are high in brain4,11-13; deregulation of 5hmC also impairs
brain functions.14-16

The 5 mC modification is established and faithfully main-
tained after replication by DNMT family proteins.17,18 In
addition, studies in the past decade have revealed that
UHRF1 is important for the maintenance of 5mC. UHRF1
recognizes hemimethylated DNA and targets DNMT1 to
methylate the nascent DNA during replication.19,20 The 5mC
modification is converted into 5hmC by TET enzymes1; how-
ever, it is not clear how 5hmC is stably maintained after DNA
replication. In addition to binding 5mC, UHRF1 binds 5hmC
with similar affinity.21,22 It is still not clear if UHRF1 directly
maintains 5hmC levels.

UHRF1 has a paralog, UHRF2, which has similar pri-
mary sequence and domain architecture with UHRF1.
Although both of them bind 5mC and interact with
DNMTs,23 UHRF2 is functionally distinct from UHRF1.

Uhrf1 knockout ES cells have shown abolished 5mC levels,
suggesting that UHRF2 could not maintain 5mC levels by
itself. In addition, overexpression of UHRF2 could not res-
cue the 5mC defect in Uhrf1 knockout ES cells.23 This sug-
gests that UHRF2 alone is not sufficient for maintaining
5mC levels, but UHRF2 might still contribute to some
extent to this process. Recent studies have revealed that
UHRF2 is a specific 5hmC reader that has higher affinity to
5hmC than to 5mC.22,24 In addition, UHRF2 has a specific
binding partner, ZNF618, that regulates its function as a
5hmC reader in vivo.25 Despite its binding to 5hmC, it is
still not clear if UHRF2 is important for maintaining 5hmC
levels. Therefore, the function of UHRF2 in regulating 5mC
and 5hmC levels remains to be established.

UHRF1 is highly expressed in stem cells,26 and absence of
UHRF1 is incompatible with embryonic development.27 On
the contrary, UHRF2 is low in stem cells and increases when
cells differentiate,26 which suggests that UHRF2 is important
for different cell types. In this study, we have disrupted the
function of UHRF2 in mice and found that these mice are via-
ble. However, the adult mice develop frequent spontaneous
seizures and display abnormal neural activities. UHRF2 is dis-
pensable for global 5mC and 5hmC levels but maintains 5mC
levels at certain genomic loci. Therefore, our studies have
revealed the physiologic function of UHRF2 that is distinct
from UHRF1.
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Results

Uhrf2 knockout mice are viable and develop spontaneous
seizures

To study the physiologic function of UHRF2, we disrupted
UHRF2 in mice using a gene trap approach. The gene-trap
allele (Gt) contained a splice acceptor and a b-geo cassette
inserted into intron 2 of the Uhrf2 locus, which lead to the pro-
duction of a fusion protein comprising the N-terminus of
UHRF2 and the b-geo protein (Fig. 1a). The fusion protein
lacks most functional domains of UHRF2 such as Tudor, PHD,
SRA, or RING domains. Therefore, it is likely that this fusion

protein is not a functional UHRF2. Unlike Uhrf1 knockout
mice, which were embryonic lethal,27 Uhrf2 gene trap homozy-
gous mice (Gt/Gt) were viable (Fig. 1b). Except for the fusion
protein, no full length UHRF2 was produced in these mice;
UHRF1 expression was not altered (Fig. 1c). Therefore, the Gt
allele is a null allele for UHRF2. Therefore, we refer to Uhrf2
Gt/Gt mice as Uhrf2 knockout mice.

Uhrf2 knockout mice developed into adulthood without having
obvious growth defects. However, frequent spontaneous seizures
were observed in these mice as early as 6 months (Fig. 1d, Supple-
mentary Video S1). In sharp contrast to wild type mice, »70% of
Uhrf2 knockout mice developed spontaneous seizures within 1 y

Figure 1. Uhrf2 knockout mice develop spontaneous seizures. (A) Uhrf2 gene structure, domain structure, and the insertion position of the gene trap vector are shown.
The gene trap vector contains a splicing acceptor (SA) and b-geo cassette, and the insertion leads to the production of a fusion protein comprising the N-terminus of
UHRF2 and the b-geo protein. The antibody recognition regions of 3 UHRF2 antibodies (N-terminal, middle, and C-terminal) are shown. (B) A typical example of genotyp-
ing result for a litter of mice from intercross of Uhrf2 heterozygous mice is shown. PCR products were separated by agarose gel electrophoresis. (C) Cell lysates of mouse
embryonic fibroblasts (MEF) from wild type (WT) and Uhrf2 knockout (KO) mice were immunoblotted (IB) with antibodies as indicated. The C-terminal antibody is not
good for IB and is used for immunoprecipitation (IP) only. Intact UHRF2 is absent in Uhrf2 knockout MEF. The higher band detected by N-terminal antibody represents
the fusion protein product between the N-terminus of UHRF2 and b-geo encoded by the gene trap vector. (D) A cohort of Uhrf2 WT and KO was monitored for seizure
onsets every 3 d for 1 y. The date of the first seizure onset observed for each mouse was recorded and is summarized in the Kaplan-Meier curve. (E) The frequency of sei-
zure in Uhrf2 knockout mice in each month of age was calculated according to Material and Methods and is summarized. (F) Seizure onset in male and females are shown.
Fisher’s exact test was performed to test the difference of seizure onset rate between males and females in both WT or Uhrf2 knockout mice and P-values are shown.
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(Fig. 1d). The seizures were mild in younger mice (6–7 months)
and became more severe in older mice (>8 months). The fre-
quency of seizures also increased with age and reached a plateau at
8 months (Fig. 1e). No sex bias was observed in seizure onsets
(Fig. 1f).

Uhrf2 knockout mice have abnormal electrical activities in
brain

To examine the cause for the frequent seizures in Uhrf2 knock-
out mice, we analyzed the electrical activities in the brains of
these mice using electroencephalography (EEG). A typical
spontaneous seizure in Uhrf2 knockout mice was recorded
(Fig. 2a). It had a clear evolution beginning, including paroxys-
mal rhythmic high-amplitude spike or spike-wave activity,
associated with behavioral arrest and subtle facial automatisms.
This was followed by high frequency, low amplitude clonic
jerking. Generalized high amplitude waves, slow in frequency,
then developed, associated with rearing and violent tonic-clonic
movements. The seizure concluded with a period of continuous
rhythmic theta activity coinciding with a cessation of

behavioral activity. Interestingly, EEG monitoring also revealed
that Uhrf2 knockout mice displayed frequent interictal high-
amplitude spike discharges even when no seizure was observed
(Fig. 2b), which were not observed in wild type mice. These
observations suggested that there were abnormal electrical
activities in the brains of Uhrf2 knockout mice. To search for
the cause for these abnormalities, we analyzed the brains of
these mice, but no obvious weight or morphological differences
between wild type and Uhrf2 knockout mice were observed
(Fig. 2c). Careful examinations of brain sections did not reveal
significant defects in neurogenesis in Uhrf2 knockout mice
either (Fig. 2d). Therefore, the seizure onsets in Uhrf2 knockout
mice were not caused by major structural abnormalities in
brain.

UHRF2 maintains 5mC levels at certain genomic loci
in brain

Previous studies have shown that abnormal 5mC levels in
brain induce spontaneous seizure onsets, without having
noticeable impact on brain morphology.28,29 Studies have

Figure 2. Uhrf2 knockout mice have abnormal neural activities. (A) EEG recording of a typical seizure in Uhrf2 knockout mice is shown. EEG recording of WT mice is shown
as a control. LF and RF refer to left and right frontal cortex; LP and RP refer to left and right posterior cortex. (B) EEG recording of a typical interictal high-amplitude spike
discharge (arrow head) in Uhrf2 knockout mice is shown. EEG recording of WT mice is shown as a control. (C) A typical picture of brains from 6-month Uhrf2 wild type
and knockout mice is shown. The weights of brains are summarized. (D) Sagittal sections of brains from 6-month-old Uhrf2 wild type and knockout mice after Nissl stain-
ing are shown.
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also shown that alteration of 5hmC levels impairs brain
functions.14-16 Since UHRF2 binds both 5mC and 5hmC,
we examined if 5mC and 5hmC levels were altered in the
brains of Uhrf2 knockout mice. Dot blotting with genomic
DNA isolated from brains did not show obvious difference
in global 5mC or 5hmC levels between wild type and Uhrf2
knockout mice (Fig. 3a). To reveal potential local 5mC and
5hmC changes at certain genomic loci, methylated/hydroxy-
methylated DNA immunoprecipitation (MeDIP/hMeDIP)
was performed using brain DNA from 4 pairs of littermates
(to minimize variations between individuals, immunopreci-
pitated products were pooled for high-throughput sequenc-
ing). In agreement with the dot blotting data, similar
amount of 5mC and 5hmC could be immunoprecipitated
using DNA from wild type and Uhrf2 knockout mice
(Fig. 3b). Quantitative comparison of 5mC and 5hmC levels
at individual genomic loci revealed no change in 5mC and
5hmC levels at most genomic loci between wild type and
Uhrf2 knockout mice (Fig. 3c-d). However, differences were
observed in around 10% of total genomic loci analyzed. The
numbers of loci with increased (11.5%) and decreased
(10.4%) 5hmC levels were similar in Uhrf2 knockout mice
(decrease/increase D 0.9) (Fig. 3c), which suggested that
loss of UHRF2 did not have a specific impact on 5hmC lev-
els. On the contrary, most loci with changed 5mC levels
had decreased 5mC in Uhrf2 knockout mice (10.4%
decrease and 3.7% increase, decrease/increase D 2.8)
(Fig. 3d). This observation suggested that UHRF2 main-
tained 5mC levels in certain genomic loci in brain. Further
analysis revealed that UHRF2 maintained 5mC levels at
regions near transcription start sites (TSS) and distal
regions similarly (Fig. 3e-f). Interestingly, gene ontology
analyses of loci with decreased 5mC levels, but not those
with increased 5mC levels, revealed many ion transport
genes (Fig. 3g, Fig. S1). Since 5mC at promoters regulates
gene transcription, we examined several ion transport genes
(Cacna1e, Grin1, Kcnk2, and Kctd7) with significant
decrease in 5mC levels at their promoters (Fig. 3h-i).
MeDIP verified that 5mC was decreased at loci within pro-
moters of these genes in Uhrf2 knockout mice (Fig. 3j).
Consistently, chromatin immunoprecipitation (ChIP) analy-
ses showed that occupancy of MeCP2, a key 5mC binding
protein, was reduced along with decreased 5mC at these
promoters (Fig. 3k). These results suggested that UHRF2
was indeed important for 5mC levels at these loci. This
observation was also consistent with previous studies that
depletion of MeCP2 in brain induced seizure onset.30,31

UHRF2 regulates multiple gene expression in brain

Reduction of 5mC at promoters of ion transport genes
might directly affect the expression of these genes.
Surprisingly, qRT-PCR analyses did not reveal significant
expression changes of the 4 ion transport genes tested
(Fig. 4a). We noticed that for genomic loci where 5mC lev-
els were decreased, 5mC levels were often unaltered at adja-
cent genomic loci, as shown in the promoters of Kckn2 and
Kctd7 (Fig. 2f-g). Therefore, 5mC decrease at most individ-
ual genomic loci, even at promoters, was not sufficient to

cause significant transcriptional changes. To search for gene
expression changes that were responsible for the seizure
onsets in Uhrf2 knockout mice, we performed RNA-
Sequencing (RNA-Seq) using brains from wild type and
Uhrf2 knockout mice. The same 4 pairs of littermates
were used for MeDIP/hMeDIP-Seq. Consistent with the
absence of major structural abnormalities, gene expression
profiles were largely similar between wild type and Uhrf2
knockout mice. Among differentially expressed genes, 186
genes were significantly increased and 62 genes were signifi-
cantly decreased in Uhrf2 knockout mice (Fig. 4b,
Table S1). We failed to identify correlations between genes
with expression changes and those with 5mC/5hmC
changes that could account for the seizure onsets in Uhrf2
knockout mice (Table S2–3). Interestingly, gene ontology
analyses revealed that the genes with increased expression
were highly enriched in neural functions (Fig. 4c). In partic-
ular, many genes were involved in ion transport and synap-
tic transmission, which were tightly related with electrical
activities in brain and seizure onsets. On the contrary, no
neural pathways were identified from genes with decreased
expression (Fig. S2). This intriguing observation suggested
that the seizure phenotype was likely caused by genes with
increased expression in Uhrf2 knockout mice, which was
consistent with the predominant decrease in 5mC levels at
certain genomic loci. Of all genes with increased expression,
64 genes were directly related to neural functions (Fig. 4d)
within which genes with direct link to seizure onsets can be
identified and divided into several groups (Fig. 4e). We
noticed that expression of most of these genes was only
modestly increased in Uhrf2 knockout mice, indicating that
seizure onsets might not be due to the disturbance of a sin-
gle gene but a synergistic effect of the altered expression of
many genes. To verify the RNA-Seq analyses, we performed
qRT-PCR to examine the expression of individual genes
within each group and found that these genes were indeed
significantly increased in Uhrf2 knockout mice (Fig. 4f).
Therefore, the elevated expression of a group of neural
genes was likely the cause for the seizure onset in Uhrf2
knockout mice.

Discussion

In this study, we have revealed that UHRF2 maintains 5mC
levels in certain genomic loci in brain. Loss of UHRF2
causes spontaneous seizure onsets. For the first time, our
study demonstrates the functional difference between
UHRF1 and UHRF2. While UHRF1 is required for mainte-
nance of global 5mC levels,27,32 UHRF2 only maintains
5mC levels at specific genomic loci. This is consistent with
the phenotypes observed in mice: global decrease of 5mC
levels in Uhrf1 knockout mice causing early embryonic
lethality, and mild 5mC defect in Uhrf2 knockout mice
being compatible with embryonic development and causing
subtle defects in brain. This also agrees with previous gene
expression studies that indicate that UHRF2 is highly
expressed in somatic cells,26 suggesting that the function of
UHRF2 is unlikely required for global 5mC levels that are
important in all cells, including stem cells. Instead, the
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most striking phenotype in Uhrf2 knockout mice occurs in
brain, which mainly consists differentiated cells. It is not
yet clear why Uhrf2 knockout in mice specifically affect the

function of the brain. One possibility is that UHRF2 is
highly expressed in brain, as reported by others,26 and plays
a more important role in regulating 5mC levels in brain.

Figure 3. Uhrf2 knockout mice have decreased 5mC at certain genomic loci in brain. (A) Dot blotting of serial dilutions of brain DNA from Uhrf2 wild type and knockout
mice was performed using anti-5mC and anti-5hmC antibody. (B) After MeDIP/hMeDIP, immunoprecipitated products and input DNA were end processed and ligated to
Illumina-compatible adaptors. qPCR was performed using the same primers for generating sequencing libraries. (C) MA plot of relative hMeDIP peak intensities (KO/WT)
at all peak positions is shown. Red dots represent increased 5hmC peaks in KO and green dots represent decreased 5hmC peaks in KO. The ratio between the number of
peaks decreased and increased in KO is summarized. (D) MA plot of relative MeDIP peak intensities (KO/WT) at all peak positions is shown. Red dots represent increased
5mC peaks in KO and green dots represent decreased 5mC peaks in KO. The ratio between the number of peaks decreased and increased in KO is summarized. (E) The dis-
tributions of increased, unchanged, and decreased 5mC peaks near TSS region and in other regions are shown. T-test was performed and no significant difference was
identified between peak distribution in 2 regions. (F) For all peaks with 5mC changes, absolute values of the fold-change were calculated. The averages of the log-trans-
formed fold change for peaks near TSS and in other regions are shown. (G) Gene ontology examination was performed for all genes with decreased 5mC in KO. Top 12
GO categories are shown. (H) and (I) Typical UCSC genome browser views of 5mC peaks are shown. Two typical examples of decreased 5mC at the promoters of Kcnk2
and Kctd7 are shown. (J) 5mC levels at the promoters of 4 ion transport genes were quantified by MeDIP. Results between WT and KO are compared. (K) Localization at
the promoters of 4 ion transport genes were quantified by ChIP. Results between WT and KO were compared.
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It is noteworthy that the 5mC decrease at gene promoters in
Uhrf2 knockout mice does not lead to significant gene expres-
sion changes. Since UHRF2 does not regulate global 5mC lev-
els, it is possible that not the entire promoter regions have
decreased 5mC. For example, for genomic loci where 5mC lev-
els were decreased, 5mC levels were often unaltered at adjacent
genomic loci. In addition, 5mC beyond gene promoters also
contributes to the gene expression.33 Although we did not iden-
tify the direct correlation between changes in 5mC levels and
gene expression in Uhrf2 knockout mice, the predominant
5mC decrease and increased transcription still suggest that
these 2 events are linked. The decrease in 5mC level at UHRF2
direct target genes might cause subtle expression changes;

however, these genes, coding, for example, for transcription
factors, could regulate the transcription of other genes and
cause more dramatic expression change in genes that are not
direct targets of UHRF2.

It remains unresolved why UHRF2 only affects 5mC levels
at certain genomic loci. It is possible that UHRF1 and UHRF2
have overlapping and different distributions over the genome.
UHRF1 and UHRF2 are similarly enriched at H3K9me3-rich
pericentric heterochromatin,26,34 which suggests that they have
common binding sites. Since UHRF1 and UHRF2 are different
in their SRA domains22 and perhaps in other domains as well,
it is possible that UHRF2 has unique binding positions that are
not occupied by UHRF1. In addition, we have recently

Figure 4. Uhrf2 knockout mice have multiple gene expression increase in brain. (A) Expressions of 4 ion transport genes are compared between WT and KO. (B) MA plot of
relative gene expression changes (KO/WT) is shown. Red dots represent increased expression in KO; green dots represent decreased expression in KO. (C) Gene ontology
examination was performed for all genes with increased expression in KO. Top 12 GO categories are shown. (D) Among all 186 genes with increased expression in KO, 64
genes are directly related to neural functions and are highlighted in the MA plot. (E) Genes with increased expression and direct link to seizure onsets are listed and
divided into several groups. (F) Expressions of several genes with direct link to seizure onsets are compared between WT and KO.
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identified a zinc finger protein, ZNF618, that regulates chroma-
tin binding of UHRF2 but not UHRF1.25 It is possible that
ZNF618 restricts UHRF2-dependent 5mC to specific genomic
loci, which is distinct from UHRF1-dependent global 5mC. In
this respect, the UHRF2-ZNF618 complex mimics the G9a-
GLP-PRD1-BF1 complex, in which the zinc finger protein
PRD1-BF1 facilitates the recruitment of G9a and GLP to cer-
tain genomic loci and regulates G9a/GLP-dependent histone
H3 methylation and gene transcription at these loci.35 There-
fore, it would be interesting to develop ChIP-grade antibodies
and compare the genome-wide distributions of UHRF1 and
UHRF2.

UHRF2 has recently been shown to be a specific 5hmC
reader,24 which raises the possibility that UHRF2 regulates
5hmC levels. In this study, we did not observe a specific
impact of UHRF2 deficiency on 5hmC levels. This is not
surprising since readers of an epigenetic mark are not
always required for the maintenance of that epigenetic
mark. Another 5hmC reader, MeCP2, binds 5hmC but is
not required for maintaining 5hmC levels.36 Therefore, the
biologic significance of the binding between UHRF2 and
5hmC remains to be established.

In summary, we have revealed a unique role of UHRF2
in the maintenance of 5mC levels that is distinct from its
paralog UHRF1. This finding extends our understanding of
the maintenance of 5mC in the brain. It has been shown
that 5mC levels in the brain increase gradually with age,37

but its biologic function is unclear. Our study demonstrates
that UHRF2-depedent 5mC is important for preventing sei-
zure onsets in adult mice, which could underlie the impor-
tance of 5mC in the adult brain.

Materials and methods

Animals

Uhrf2 gene trap ES cells AD0406 were purchased from Bay-
Genomics. Blastocyst injection was performed by University
of Michigan transgenic core. Chimeras were mated with
C57BL/6J mice to produce Uhrf2 heterozygous mice, which
were subsequently backcrossed to C57BL/6J background
4 times. Uhrf2 knockout mice were then generated by inter-
crossing Uhrf2 heterozygous mice. All animal procedures
were performed in accordance with protocols approved by
the University Committee on Use and Care of Animals of
the University of Michigan. Animals were kept under a
constant 12 h light/dark cycle with access to food and water
ad libitum.

Seizure onsets monitoring

A cohort of 30 mice (15 males and 15 females) of each genotype
(wild type or Uhrf2 knockout) was monitored for seizure onsets
every 3 d (10 times per month in average) for 1 y. The date for
every seizure onset was recorded. For each mouse, the date of
the first seizure onset observed was used generate the Kaplan-
Meier curve. The frequency of seizures in each month of age
was calculated by dividing the number of seizure onsets
observed in that month by 10 (times of monitoring).

Electrode placement and video/EEG monitoring

Procedures for affixing subdural electrodes were performed as
described previously.38,39 Mice were anesthetized with a keta-
mine/xylazine mix and placed in a stereotaxic mouse adaptor
(Stoelting). Six holes were made into the skull using a #56 gauge
steel bit. Electrodes were positioned and fastened (left and right
frontal, left and right parietal, one cerebellar, and one reference
over the sinus cavity) using mounting screws (E363/20; Plastic-
sOne, Roanoke, VA). The sockets were fitted into a 6-pin elec-
trode pedestal and the entire apparatus was secured with dental
cement (Stoelting). Animals received buprenorphine subcuta-
neously for 3 d. After 3 d for recovery, animals were monitored
for 7 d by video/EEG recording (Ceegraph Vision; Bio-logic
System Corporation). Recordings were sampled at 256 Hz and
concurrent video was analyzed offline and synced with EEG
data by an observer blinded to the genotypes. Interictal epilepti-
form discharges (IEDs) were defined as waveforms lasting 20–
200 ms and measuring at least 700 mV in amplitude. Seizures
were identified as paroxysmal rhythmic activity (slow wave
bursts, spikes/sharp waves or fast activity) that persisted for a
minimum of 10 s and displayed an unequivocal evolution in
frequency and morphology, and was typically followed by pos-
tictal suppression before return to baseline activity.

Paraffin section and Nissl staining

The brains were harvested after being perfusion fixed with 4%
PFA for 5 min and post-fixed overnight in 4% PFA. The brains
were dehydrated and infiltrated with paraffin. Sections (5 mm)
were cut, re-hydrated, and stained with 1% cresyl violet dis-
solved in 1% acetic acid. The sections were then dehydrated
and mounted.

Antibodies

Anti-mouse UHRF2 N-terminal (amino acids 1–141) and C-
terminal (amino acids 616–803) polyclonal antibodies were
raised in rabbit. The following antibodies were purchased: anti-
UHRF1 (Santa Cruz, sc-373750), anti-UHRF2 (Middle, Santa
Cruz, sc- 398953), anti-5mC (Millipore, MABE146), anti-
5hmC (Active Motif, 39769), anti-MeCP2 (Active Motif,
61285), and anti-a-tubulin (Genscript, A01410).

Methylated and hydroxymethylated DNA
immunoprecipitation (MeDIP and hMeDIP)

DNA was extracted from brain using PureLink Genomic DNA
Mini Kit (Life Technologies) and sonicated to 200–500 bp long
fragments. DNA was denatured at 95�C for 5 min and quickly
chilled on ice water for 10 min. MeDIP and hMeDIP were
performed using standard protocols. Each MeDIP reaction
contains 1 mg DNA, 3 mg anti-5mC antibody, 3 mg rabbit anti-
mouse IgG (Jackson ImmunoResearch), and 50 mL protein A
beads. Each hMeDIP reaction contains 1 mg DNA, 3 ml anti-
5hmC antibody, and 50 mL protein A beads. Methylated/
hydroxymethylated DNA and input DNA were end
processed using Quick Blunting Kit and dA-Tailing Module,
and ligated to Illumina-compatible adaptors. The DNA was
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then amplified by PCR using barcode-containing primers. The
products were pooled for sequencing.

RNA extraction, reverse transcription, and quantitative
real-time PCR

RNA was extracted using Trizol (Life Technologies). Reverse
transcription was performed using Superscript III reverse tran-
scriptase (Life Technologies) to generate cDNA. Quantitative
real-time PCR was performed using StepOne systems (Applied
Biosystems). Power SYBR green PCR master mix was used to
prepare for the reaction, and the relative expression was ana-
lyzed using 2¡DDCt method with GAPDH as control. Primer
sequences are shown in Table S4.

High-throughput sequencing and data analysis

MeDIP and hMeDIP sequencing was performed using HiSeq
2500 (Illumina) by Harvard biopolymers facility. The resulted
50 bp single-ended short reads were mapped to mouse genome
(mm10) using Bowtie2 (version 2.1.0) with default parame-
ters.40 5mC/5 hmC peaks were called using MACS241 with false
discovery rate < 0.001. A consensus peak set was generated
from the union of wild type (WT) and knockout (KO) sample
peaks. For each consensus peak region, read counts were
extracted from both MeDIP/hMeDIP and input samples. Nor-
malization factors were calculated for each sample using
PePr.42 The normalized WT and KO signals for each window
were defined as normalized MeDIP/hMeDIP read counts sub-
tracted by normalized input read counts. Window of significant
difference between normalized WT and KO signals was identi-
fied based on a Poisson test of P-value < 1.0E¡5. Peaks were
annotated by the mouse genome mm10 using Hypergeometric
Optimization of Motif EnRichment (HOMER) version 4.6.43

Promoter region was defined as ¡5 kb to TSS. RNA sequencing
was performed using HiSeq 2500 (Illumina) by University
sequencing core. The resulted 50 bp single-ended short reads
were mapped to mouse genome (mm10) using Tophat (v
2.0.9).44 Normalization and differentially expressed gene calling
were performed using the Bioconductor package edgeR.45,46

Gene Ontology (GO) terms analysis was performed by the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) version 6.7,47,48 and Pathway Analysis using
Logistic Regression (LRpath).49 The sequencing data are depos-
ited in the GEO database under accession number GSE98362.

Chromatin immunoprecipitation

Brains were cut into small pieces (around 2–3 mm) and fixed
with 1% formaldehyde solution. The fixation was terminated
15 min later by adding glycine solution to 125 mM final con-
centration. After washing with 1 £ PBS, cells were dissociated
from brain pieces using a glass douncer and collected by centri-
fugation at 1000 £ g. Cells were lysed in lysis buffer (1% SDS,
10mM EDTA and 50mM Tris, pH 8.1) and sonicated to shear
the DNA in chromatin to 200–500 bp. The lysates were diluted
10 times using dilution buffer (0.01% SDS, 1.1% Triton X- 100,
1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl) and
subjected to immunoprecipitation according to standard

protocols. For MeCP2 ChIP, each reaction contained chroma-
tin from 80 mg brain sample, 3 mL anti-MeCP2 antibody, and
50 mL protein A beads.

Western blotting

Cells were lysed with NTN300. The lysate was subjected to
polyacrylamide gel electrophoresis. Western blotting was per-
formed according to standard procedures. Full scans of all
cropped Western blotting pictures are presented in Fig. S3.

Statistical analysis

For each experiment, at least 3 biologic replicates were used.
For each plot, means and standard variations were shown.
Two-tailed student t-test was used all statistical analysis.
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