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Abstract
Epigenetic modifications such as cytosine methylation and histone modification are linked to the pathology of ischemic brain
injury. Recent research has implicated 5-hydroxymethylcytosine (5hmC), a DNA base derived from 5-methylcytosine (5mC) via
oxidation by ten-eleven translocation (Tet) enzymes, in DNA methylation-related plasticity. Here we show that 5hmC
abundance was increased after ischemic injury, and Tet2 was responsible for this increase; furthermore, inhibiting Tet2
expression abolished the increase of 5hmC caused by ischemic injury. The decrease in 5hmCmodifications from inhibiting Tet2
activity was accompanied by increased infarct volume after ischemic injury. Genome-wide profiling of 5hmC revealed
differentially hydroxymethylated regions (DhMRs) associatedwith ischemic injury, andDhMRswere enriched among the genes
involved in cell junction, neuronal morphogenesis and neurodevelopment. In particular, we found that 5hmCmodifications at
the promoter region of brain-derived neurotrophic factor (BDNF) increased, whichwas accompanied by increased BDNFmRNA,
whereas the inhibition of Tet2 reduced BDNF mRNA and protein expression. Finally, we show that the abundance of 5hmC in
blood samples from patients with acute ischemic stroke was also significantly increased. Together, these data suggest that
5hmC modification could serve as both a potential biomarker and a therapeutic target for the treatment of ischemic stroke.

Introduction
DNA methylation in mammals occurs at cytosine in the CpG di-
nucleotide sequence and is considered one of themajor forms of
epigenetic regulation (1). Methylation of CpG islands in gene pro-
moter regions alters chromatin structure and gene transcription,
resulting in the transcriptional repression of associated genes (2).
Previous studies have shown that DNA methylation plays a very

important role in cerebral ischemic injury (3–5). DNA methyl-
transferases (DNMTs) are responsible for the conversion of
unmodified cytosine to 5-methylcytosine (5mC), levels of which
are dramatically increased after ischemic insults, contributing to
ischemic brain injury (3), and the pharmacological inhibition of
DNMTs or DNMT1 knockout causes the brain to resist ischemic
insults and promotes brain functional recovery (3,4). Therefore,
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DNA methylation is an important factor that can affect the
outcome after brain injury.

Recently, 5-hydroxymethylcytosine (5hmC) has emerged as
a new epigenetic modification; it results from the oxidation of
5mC by ten-eleven translocation (Tet) enzymes (6,7). Unlike
5mC, 5hmC is relatively enriched in the gene bodies of actively
transcribed genes, especially at the 3′ end, and is nearly ex-
clusively in CpGs with low-to-medium GC content (8). As a
mechanism of demethylation, 5hmC located in gene bodies is
associated with higher levels of gene transcription (8–11) . Be-
cause 5hmC is highly abundant in neurons in the central ner-
vous system and changes with age (12), 5hmC is believed to
play an important role in neurodevelopment and aging (10,11).
Furthermore,mounting evidence demonstrates that 5hmC is in-
volved in the pathology of various neurological diseases, among
them Alzheimer’s disease, fragile X-associated tremor/ataxia
syndrome and Huntington’s disease (13–15). A recent study
also revealed alterations of 5hmC after kidney ischemia (16);
however, it remained unclear whether targeting 5hmC would
serve as a good therapeutic strategy for the treatment of ische-
mic brain injury.

In this study, we characterized the alterations of 5hmC after
ischemic brain injury and found that 5hmC abundance could
be increased by ischemic injury, which is mediated mainly by
Tet2 protein. Genome-wide profiling of 5hmC identified differen-
tially hydroxymethylated regions (DhMRs) associatedwith ische-
mic injury, which included genes involved in cell junction,
neuronal morphogenesis and neurodevelopment. Interestingly,
we also observed a significant increase in 5hmC in blood samples
from patients with acute ischemic stroke. Our work suggests that
5hmC modification could serve as a potential therapeutic target
to treat ischemic stroke.

Results
Ischemic injury increases 5hmC in mouse brain

Previous studies have shown that DNA methylation contributes
to neuronal cell death and brain damage after ischemic brain in-
jury (3–5); however, the role of 5hmC modification, a novel epi-
genetic marker, as a mechanism of demethylation in ischemic
brain injury is still unknown. To explore this, we first examined
5hmC levels in ischemic tissues in amiddle cerebral artery occlu-
sion (MCAO) mouse model by dot blotting. Proximal occlusion of
the middle cerebral artery (MCA) via the intraluminal suture
technique (the so-called filament or suture model) is the model
most frequently used in experimental stroke research, offering
the advantage of inducing reproducible transient or permanent
ischemia of theMCA territory. In this MCAOmousemodel, at dif-
ferent time points (24, 36 and 48 h and 7 days) after ischemia–
reperfusion (I/R) injury, 5hmC levels were increased at 24 h and
reached their peak at 48 h (Fig. 1A), but 5mC levelswere increased
at 24 h and reached peaks at 36 h after I/R injury (Fig. 1B). This
was confirmed by quantitative analyses (P < 0.05). At the same
time, fluorescent staining demonstrated an increase in 5hmC
and a decrease in 5mC at 48 h after I/R injury in ischemic brain
areas compared with sham brain areas (Fig. 1C and D). These re-
sults suggest that ischemic injury alters the dynamics of cytosine
methylation.

Tet2 expression is upregulated in I/R-insulted mouse
brain

Because 5hmC is produced via oxidation of 5mC by Tet proteins,
including Tet1, Tet2 and Tet3, we further examined the mRNA

levels of Tet1, Tet2 and Tet3 by quantitative polymerase chain re-
action (qPCR) at 24 h after I/R injury and determined which Tet
gene is involved in the increase of 5hmC modification induced
by cerebral I/R injury. We found that Tet2 mRNA levels were
significantly increased after I/R injury, but Tet1 mRNA levels
were not changed, and Tet3 mRNA levels decreased (Fig. 2A).
Western blot further confirmed the upregulation of Tet2 expres-
sion (Fig. 2B). Therefore, increased expression of Tet2 correlates
with the increase in 5hmC after ischemic injury.

Inhibition of Tet2 activity enhances infarct volume after
ischemic injury

To reveal whether the alteration of 5hmC contributes to brain
injury after cerebral I/R injury, we used a previously reported
Tet2 inhibitor, SC1 (Pluripotin), and administered it intracerebro-
ventricularly in mice (16). Consistent with an earlier report, SC1
reduced both Tet2 mRNA levels and 5hmC abundance in ische-
mic brain tissues (Fig. 3A and Supplementary Material, Fig. S1)
(16). The administration of SC1 worsened brain injury and
increased infarct volume, as shown in Figure 3B (P < 0.05). To fur-
ther examine the role of Tet2 in ischemic brain injury, we looked
at the infarct volume of Tet2 knockout mice. Similar to our SC1
results, Tet2 knockout mice also displayed an enlarged infarct
volume after I/R injury (Fig. 3C). These findings indicated that
Tet2-mediated 5hmC modification plays an important role in
cerebral ischemic injury.

I/R injury causes genome-wide 5hmC alteration

To determine the genome-wide 5hmC distribution in both I/R
and sham groups, we employed a previously established chem-
ical labeling and affinity purification method (14), coupled with
high-throughput sequencing. We used ischemic tissues or
matched control tissues from three pairs of I/R and sham mice
for the analyses. Genome-wide patterns of 5hmC levels were
evaluated by counting 5hmC-mapped reads in each 10 kb bin
from the sham and I/R samples and then normalized to the
total sequencing coverage. Consistent with our dot blot data,
most of the I/R bins contained more 5hmC reads than the sham
samples (Fig. 4A). Figure 4B shows the overlapping features of
normalized densities of 5hmC reads in sham and I/R groups
with known genomic features on annotated gene bodies and
defined CGI (CpG islands) obtained from the UCSC Tables for
NCBI37v1/mm9. Irrespective of treatment conditions, 5hmC-
mapped reads were enriched mostly on intragenic regions.
Interestingly, the enrichment of 5hmC at intragenic CGI was sig-
nificantly less after I/R injury (stroke), whereas there were more
5hmC reads mapped to the exons after I/R injury.

As the overall 5hmC level in I/R injury was increased signifi-
cantly, we sought to visualize the distribution of 5hmCon the de-
fined genomic features. Figure 4C shows the 5hmC reads from
sham and I/R mice and non-enriched DNA input mapped to
5 kb up- and downstream of gene bodies, transcription start
sites (TSSs) and transcription end sites (TESs) by ngsplot, respect-
ively. We obtained the mean and standard errors of 5hmC reads
in each bin for group t-test analysis, and the average P-value was
0.0001, indicating that the intragenic 5hmC is significantly differ-
ent in sham and I/R samples. The 5hmC levels in both sham and
I/R mice were largely depleted on TSSs, consistent with previous
results (9,10). The distributions of 5hmCon TES showed the same
depletion pattern as on TSS, albeit to a lesser extent. The intra-
genic 5hmC levels in I/R mice were significantly higher than
those in sham mice, in contrast to the mild differences on TSS
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or TES. We found this particularly interesting as our previous
data suggested that the intragenic 5hmC peaks are correlated
with brain-specific gene expression (10).

Identification and characterization of DhMRs after
I/R injury

We next proceeded to identify and characterize I/R (stroke)- and
sham (control)-specific DhMRs across the genome, aiming to pin-
point specific loci that displayed altered 5hmC profiles as a result
of I/R injury. We found a total of 2658 sham-specific DhMRs and
4311 stroke-specific DhMRs, which were distributed across the
genome (Fig. 5A). To investigate the defined genomic features
associated with the identified DhMRs, we annotated both

sham- and stroke-specific DhMRs of the mouse genome using
HOMER (Hypergeometric Optimization of Motif EnRichment)
software. HOMER annotations revealed that more stroke-specific
DhMRs were located on promoters, 5′ UTR and 3′ UTR (Fig. 5B–D).
To further explore the biological significance of these particular
DhMRs, we used GREAT (Genomic Regions Enrichment of Anno-
tations Tool) to perform gene ontology (GO) analyses for the
sham- and stroke-specific DhMRs. Several GO biological pro-
cesses associated with cell junction and neuronal development
were found to be highly enriched among stroke-specific DhMRs,
whereas other pathways were associated with sham-specific
DhMRs, albeit with less significant P-values (Fig. 5E). We then
searched for the motifs among both sham- and stroke-specific
DhMRs. Among stroke-specific DhMRs, we saw a significant

Figure 1. Dynamics of 5hmC and 5mC induced by cerebral I/R injury. The top panel shows the representative dot blot staining of 5hmC (A) and 5mC (B) for the DNA

extracted from sham and IR brains, respectively. Methylene blue staining to validate an equal loading amount of DNA. The bottom panel shows statistical analysis of

the relative intensity of 5hmC (A) and 5mC (B) in dot blot analysis. The changes of anti-5hmC (C) and anti-5mC (D) from sham (control, Con) and I/R brains are shown.

*P < 0.05 and **P < 0.01.
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enrichment of Iroquois homeobox protein 4 (IRX4)-bindingmotifs
(Fig. 5E). Intriguingly, a single nucleotide polymorphism (SNP)
associated with IRX4 was linked to ischemic stroke in a previous

genome-wide association study (17). These data together indicate
that specific pathways could bemodulated by5hmC in response to
I/R injury, which may contribute to ischemic injury.

Figure 2. Expression of Tet2 specifically upregulated after cerebral I/R injury. (A) qPCR analysis of themRNA levels of Tet1/2/3 in shamand I/Rmouse brains at 24 h after I/R

injury. GAPDH was used as a control. (B) Anti-Tet2 western blot for the proteins extracted from sham and I/R brains, respectively. Versus sham group, *P < 0.05.

Figure 3. Tet2 inhibition reduces 5hmC levels and increased infarct volume after MCAO. (A) The mice were administered (i.c.v.) with the Tet2 inhibitor SC1 30 min before

MCAO. Dot blot analysis was performed with anti-5hmC in ischemic tissues. (B) SC1 pre-treatment increased infarct volume after MCAO. (C) Tet2 KO increased infarct

volume after MCAO. Representative TTC-stained coronal sections are shown. *P < 0.05.
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SC1pre-treatment decreases the expression of BDNFafter
I/R injury

Although unchanged or decreased 5hmC modification in genes
was not consistent with changes in their mRNA levels in earlier

literature, our previous data revealed that the increased 5hmC
modification in genes was accompanied by an increase in the
mRNA levels of genes (18). To explore this further, we examined
the relationship between the 5hmC modification of brain-derived
neurotrophic factor (BDNF), a critical neuroprotective neuro-
trophic factor after cerebral ischemia, and BDNF expression. We
found that the 5hmC modification increased in BDNF promoter
and transcriptional end regions after cerebral I/R injury
(Fig. 6A); at the same time, the mRNA level of BDNF was signifi-
cantly increased (Fig. 6B). On the contrary, SC1 treatment reduced
BDNF mRNA (Fig. 6C) and protein levels (Fig. 6D).

To further determine the 5hmc alteration of genes between
I/R and sham mice, a total of 33 protein-coding genes already
linked to stroke were analyzed; the correlation rate was 75.8%.
Sixteen stroke-related genes encoding long-non-coding RNAs
(lncRNAs) were also analyzed, and the correlation rate was
43.8% [Supplementary Material, Tables S1 (19–32) and S2 (33)
and Fig. S2].

5hmC level is higher in blood samples from patients with
acute ischemic stroke

To examine whether 5hmC modification is a marker of ischemic
stroke, we checked 5hmC levels in blood samples from patients
with acute ischemic stroke and age-matched controls by dot
blotting. Compared with healthy controls, 5hmC levels were
significantly increased in blood samples from patients with
ischemic stroke (Fig. 7A and B).

Discussion
Epigenetic modification is emerging as a critical mechanism in
the molecular pathogenesis of various human diseases. DNA
methylation has been studied widely in ischemic brain injury
in past years, but the role played by 5hmC, a new epigenetic
modification, after cerebral ischemia has been unclear. In this
study,we showed that overall 5hmC abundancewas significantly
increased in ischemic brain tissues; the enzymeTet2was respon-
sible for this increase. The reduction of Tet2 by either a chemical
(SC1) or knockout worsened ischemic brain injury in an MCAO
mousemodel. Genome-wide 5hmC profiling led to the identifica-
tion of DhMRs (both gain and loss) that are enriched on genes
involved in cell junction and neuronal development after stroke.
Finally, we showed that alterations of 5hmC on the BDNF gene
influenced the mRNA and protein levels of BDNF. These findings
indicate that 5hmC modifications could potentially serve as a
new therapeutic target in the treatment of stroke.

5hmC abundance increases after ischemic brain injury in
mice

Until recently, 5hmC was known to be abundant in certain cell
types, such as Purkinje neurons and embryonic stem (ES) cells
(6,12). As the brain has high levels of 5hmC, it is believed to
play a significant role in neural differentiation and development
(11,12,34–36).Mounting evidencedemonstrates thatmodification
of 5hmC can contribute to many neurological disorders, among
them Huntington’s disease, Alzheimer’s disease and fragile X-
associated tremor/ataxia syndrome (13–15). Despite the recent
growing interest in 5hmC modifications, whether 5hmC is in-
volved in cerebral ischemia had gone unexplored. Our results
here indicate that overall 5hmC abundance is significantly in-
creased in ischemic brain regions, and reducing 5hmC increases
the infarct volume after MCAO, suggesting a regulatory role for

Figure 4. Dynamic changes of 5hmC induced by stroke. (A) Genome-wide 5hmC

read density is increased in the stroke mouse model. Genome-wide 5hmC reads

were counted within each 10 kb bin in control and stroke mouse genome. 5hmC

levels were higher in more stroke bins than control. (B) Normalized 5hmC

densities overlapping with various genomic features. (C) Normalized 5hmC read

densities across TSS, TES and RefSeq gene bodies. Gene bodies were normalized

to 0–100% as relative positions.
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5hmC modification on stroke-related genes. We thus speculated
that 5hmCmay play an important role in regulating gene expres-
sion after ischemic brain injury. In contrast to ischemic brain in-
jury, overall 5hmC abundance was reduced in the mouse kidney
after I/R (16). This discrepancy may be due to tissue differences
when exposed to ischemic stimuli. More importantly, in this
study, the increase of 5hmC modifications in blood cells was
also found in patients with acute ischemic stroke, consistent
with results in mouse brains after ischemic injury. This suggests
that the alteration of 5hmC could be a response of thewhole body
after ischemic brain injury.

Tet2 is responsible for the increase of 5hmC after
cerebral ischemic stimuli

5hmC is generated by Tet proteins, which transfer molecular
oxygen to a hydroxyl group to 5mC (6). So far, there are three
known Tet protein family members: Tet1, Tet2 and Tet3 (37).
Tet1–3 proteins have specific distributions in different tissues
and are most abundant in zygotes, ES cells and the brain. Tet2
proteins are highly expressed in ES cells, especially hematopoi-
etic cells, and are believed to play key roles in hematopoiesis
because Tet2 knockout mice have severe hematopoietic defects

Figure 5. Identification and characterization of DhMRs in stroke. (A) Chromosome circular map shows a genome-wide dynamic change of normalized 5hmC read count

ratio between control and stroke in genome-wide DhMRs. The orange bar represents the normalized 5hmC read count ratio in control-specific DhMRs. The green bar

represents the normalized 5hmC read count ratio in stroke-specific DhMRs. (B) Control- and stroke-specific DhMRs overlapping with various genomic features. (C and

D) DhMR-associated genes showed differential 5hmC signals. (E) Gene oncology analyses for stroke-specific DhMRs. GO analysis was performed using GREAT with

stroke-specific DhMRs. Most significant GO biological processes are indicated in the bar graph. Enriched IRX4-binding motif among stroke-specific DhMRs is shown.
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Figure 6. Ischemic injury increased both 5hmC level at the BDNF promoter region and BDNF expression. (A) Differential 5hmC distributions on the BDNF genewere shown

in the IGV browser. (B) BDNFmRNA increased after cerebral I/R injury. (C)When themicewere treatedwith theTet2 inhibitor SC1, SC1 decreased BDNFmRNAafter cerebral

I/R injury. GAPDH was used as a loading control. (D) Representative graph of BDNF proteins is shown. SC1 treatment reduced BDNF expression after cerebral I/R injury.

Beta-tubulin was used as a loading control. Versus sham group, *P < 0.05 and versus I/R group, ##P < 0.05.

Figure 7. 5hmC level is increased in blood cell DNA from patients with acute ischemic stroke. (A) Dot blotting analysis with anti-5hmC in blood samples from controls and

patients with acute ischemic stroke. (B) Statistical analysis of the relative intensity of 5hmC in controls and patients with acute ischemic stroke. N = 12. Versus control

group, *P < 0.05.
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(38–40). In this study, we showed that Tet2, but not Tet1 or Tet3,
was responsible for the increase in 5hmC modifications and
played an important role in ischemic brain injury. Because Tet2
knockout increased the infarct volume after MCAO (Fig. 3), this
points to a specific role of Tet2 for ischemic insults. Our results
also demonstrated that the inhibition of Tet2 expression by SC1
decreased both 5hmC (Fig. 3) and BDNF expression (Fig. 6) in
mouse brains upon I/R injury. Because previous studies revealed
that loss of 5mC causes the brain to resist ischemic insults and
promotes brain functional recovery (3,4), the increase in Tet2
after I/R injury in this study (Fig. 2) may lead to a reduction of
5mC and an increase in gene demethylation, which could be an
important mechanism for protecting the brain from ischemic
brain injury. Therefore, increasing Tet2 expression could be a
therapeutic strategy for the treatment of ischemic brain injury.

Dynamics in response to ischemic injury

Previous research has shown that 5hmC can be very dynamic
during neurodevelopment, as well as in response to disease
states and environmental stimuli. The data presented here are
consistent with those findings. Our genome-wide 5hmC profiling
studies suggest that most 5hmC changes occurred around the 5′-
UTR, 3′-UTR and TSSs. The identification of wild-type and stroke-
specific DhMRs allowed us to focus on unique genomic loci with
altered 5hmC levels. GO analyses of these loci suggest that
DhMRs are highly enriched among genes that are involved in
cell junction organization, neuronal morphogenesis and neuro-
development. The discovery of this enrichment among genes
involved in cell junction organization is intriguing. Indeed,
synaptic plasticity is well known to require synchronization
and coordination of neurons and glial cells via various mechan-
isms of intercellular communication. Genes involved in cell junc-
tion play important roles in that process. Moreover, a growing
body of evidence has revealed that intercellular communication
could be critical in the spread of protective and/or deleterious
signals during stroke. Our findings suggest that the epigenetic
modulation of these cell junction organization genes may play
significant roles in stroke.

Further sequence analyses of the DhMRs associated with
stroke also revealed an enrichment of the IRX4-binding motif.
In an earlier study, the SNP rs4975709 in IRX4 (odds ratio = 5.06;
95% confidence interval 2.66–9.62; P = 7.7 × 10−7) appeared to be
associated with ischemic stroke (17). IRX4 is among themamma-
lian orthologs of the Iroquois complex in Drosophila melanogaster,
which includes the highly homologous homeobox genes caupo-
lican, araucan and mirror that act as pre-pattern molecules in
neurogenesis. The IRX4 gene appears to be an important medi-
ator of ventricular differentiation during cardiac development.
IRX4 might play a causal role in the development of congenital
heart disease, particularly ventricular septal defect (41). It
would be interesting to explore how changes in 5hmC could
alter IRX4 binding activity in the context of ischemic stroke.

Modification and BDNF expression

Earlier work uncovered no clear correlation between 5hmCmodi-
fication and gene expression, at least in ES cells. BDNF, amember
of the neurotrophin family, is known to play a key role in the de-
velopment and survival of neurons in the central nervous system
(42). A previous study indicated that the neuronal activity-
dependent activation of the BDNF gene is mediated by decreased
CpG methylation of the BDNF promoter IV and the release of a
chromatin repressor complex containing MeCP2 methyl-binding
protein (43). Therefore, we examined the demethylation role of

5hmC on the BDNF promoter. We found a change of 5hmCmodi-
fication in the BDNF promoter region after MCAO by high-
throughput sequencing (Fig. 6A). At the same time, the increased
expression of BDNF was confirmed by western blot and reverse
transcription PCR (RT-PCR). When mice were treated with SC1,
the expression of BDNF decreased significantly, suggesting that
the expression of BDNF is regulated by 5hmC modification at
BDNF promoters. Thus it is possible that 5hmC modification
could regulate the expression of other stroke-related genes.
This is why we chose to examine 49 stroke-related genes, includ-
ing 16 genes encoding lncRNA. By comparing 5hmC alterations
with gene expression changes reported in earlier literature, we
found that, among 49 stroke-related genes, 75.8% of the pro-
tein-coding genes and 43.8% of the genes encoding stroke-related
lncRNA displayed 5hmC alterations that were consistent with
their expression changes. This suggests that 5hmC modification
may play a more important role in regulating the expression of
the protein-coding genes.

In summary, we show that ischemic injury increases the
abundance of 5hmC, which is mediated by Tet2 enzyme, and
our manipulation of Tet2 activity could modulate the severity
of ischemic injury. Genome-wide analyses suggest an enrich-
ment of 5hmC alterations among the genes involved in cell junc-
tion and neurodevelopment, highlighting that the key role cell
junction organization could play in response to ischemic injury.
Our data suggest that 5hmC may serve as a biomarker or thera-
peutic target for the treatment of ischemic stroke.

Materials and Methods
Animals

Male ICR mice weighing ∼23–25 g were purchased from the SLAC
Company (China). Tet2 KOmicewere reported previously and ob-
tained from the Jackson Laboratory (38). All animal procedures
were approved by the University Committee on Animal Care of
Soochow University and conducted in accordance with the
guidelines of the Animal Use and Care of the National Institutes
of Health (NIH) and the ARRIVE (Animal Research: Reporting In
Vivo Experiments).

MCAO model

The MCAO method was described previously (44). Mice were an-
esthetized by 4% chloral hydrate, and then the right common ca-
rotid artery (CCA), the external carotid artery (ECA) and the
internal carotid artery were isolated through a ventral midline
neck incision. The ECA was ligated and cut at 2–3 mm distal
from the ECA–CCA branch. At about 1.5 mm distal from the
ECA–CCA branch, a small incision was made on the ECA. A 6-0
nylon filament (Ethicon Inc., USA) with silicone resin-coated tip
(0.23 mm in diameter and 4 mm in length) was inserted through
the incision into the internal carotid artery about 9–11 mm. The
reperfusion of the ischemic area was carried out by removing
the filament after 45 or 75 min of occlusion of the artery. Sham
mice underwent the same experimental procedures, but the
nylon filament was only advanced about 5 mm. Body tempera-
ture was kept at 36.5–37.5°C from the start of the surgery until
the animals recovered from anesthesia. Cerebral blood flow was
monitored as described previously (45).

Intracerebroventricular administration of SC1

The Tet2 inhibitor SC1 (Pluripotin, Cayman Chemical, USA) was
administered into the right lateral ventricle about 2.5 mm deep
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by a 28-G needle through a small hole on the right parietal region
(0.5 mm posterior and 1.0 mm lateral to the Bregma). Twomicro-
liters of SC1 (10 m) or saline was injected.

2,3,5-Triphenyltetrazolium chloride staining

After themicewere deeply anesthetized at 24 h after reperfusion,
brains were removed quickly from the skull and then cut into
1 mm slices. Slices were incubated with 0.2% 2,3,5-triphenylte-
trazolium chloride (TTC, Sigma-Aldrich Company, USA) at 37°C
for 30 min, thenfixed in 4%paraformaldehyde andphotographed
at 24 h after fixation. The stained slices were photographed by a
camera. The infarct area in each brain slice was analyzed by
AlphaEase Image Analysis Software V3.1.2 (Alpha Innotech
Corp., USA). The percentage of hemispheric infarction volume
was calculated as described in our previous study (46).

Dot blot analysis

After 45 min of ischemia followed by 24, 36 and 48 h and 7 days of
reperfusion, the right hemisphere tissue was collected and
grounded in liquid nitrogen and stored at −80°C. The genomic
DNA was extracted for dot blot analysis by a DNA extraction kit
(Version 4.0) from Takara Company (China). The dot blot assay
was performed as described previously (47). Briefly, DNA samples
were pre-treated with 2 N NaOH/10 m Tris–HCl (pH 8.5) and
spotted on a nitrocellulose membrane at room temperature for
15 min. After incubation at 80°C in an oven for 30 min, the mem-
brane was blocked with 5% milk in phosphate-buffered saline
with 0.1% Tween 20 (PBST) for 1 h. After washing, the membrane
was incubated with the primary antibody (anti-5mCmouse anti-
body, Millipore, USA or anti-5hmC rabbit antibody, Active Motif,
USA) at 4°C overnight. On the second day, the membrane was
incubated with horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories, USA) for 1 h
at room temperature. Themembranewaswashed and developed
with the ECL chemiluminescence system (Thermo Company,
USA). The immunoreactive dots were captured on autoradio-
graphic films. The densitometry of the dots was analyzed with
Alpha Ease Image Analysis Software.

Methylene blue staining

The dot blot membrane was hybridized with 0.02% methylene
blue (Sigma-Aldrich Company) in 0.3  sodium acetate (pH 5.2)
to stain DNA for 10 min (48). After washing and photography,
the densitometry of methylene blue staining was analyzed
with Alpha Ease Image Analysis Software, and we used a loading
control to evaluate the densitometries of 5mC and 5hmC.

Immunohistochemistry analysis

At 24 or 48 h after cerebral reperfusion, mice were deeply
anesthetized and brains were perfused through the heart with
4% paraformaldehyde. Brains were post-fixed for 24 h and then
were dehydrated by 15% and 30% sucrose. After being embedded
with tissue freezing medium (O.C.T., SAKURA Tissue-Tek, USA),
brain tissues were cut into 15 μm thickness frozen sections.
After sections were incubated with blocking buffer for 1 h at
room temperature, sections were incubated with primary
antibodies (anti-5mC or anti-5hmC) overnight at 4°C. Immuno-
fluorescence secondary antibodies (Jackson ImmunoResearch
Laboratories) were then applied and incubated at 37°C for 1 h.
Microphotographs were taken under a fluorescent microscope.

Western blot

After 45 min of MCAO and 48 h of reperfusion, the right hemi-
sphere tissue was collected and grounded in liquid nitrogen
and stored at −80°C. Brain tissues were solubilized in lysis buffer
by sonication on ice. The tissue samples were then centrifuged
and the supernatants collected for protein concentration deter-
mination. The same amount of total proteins (about 30–50 μg)
was separated by sodium dodecyl sulfate (SDS)–polyacrylamide
gel electrophoresis and then transferred to nitrocellulose
membranes. After blocking with 5% dry milk in PBST for 2 h,
the blots were incubated with primary antibody in PBST over-
night at 4°C and then washed and incubated with horseradish
peroxidase-conjugated secondary antibody for 1 h at room tem-
perature. The blots were developed with the ECL chemilumines-
cence system, and the densitometry of immunoreactive bands
captured on autoradiographic films was analyzed with Alpha
Ease Image Analysis Software. Anti-BDNF rabbit antibody
(Epitomics, USA), anti-Tet2 rabbit antibody (Abcam, USA)
and anti-β-tubulin mouse antibody (Sigma-Aldrich Company)
were used.

Quantitative RT-PCR

Total RNA was extracted from tissues. Reverse transcription of
cDNA was performed using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Germany), and RT-PCR was conducted
with SYBR Green (Roche, Germany) on the 7500 Real-Time PCR
system (Applied Biosystems, USA). GAPDH was used as an en-
dogenous control. Primer sequences are listed in Supplementary
Material, Table S3.

Genomic DNA isolation for 5hmC profiling

Ischemic brain area samples and sham sampleswere collected at
48 h after I/R and homogenized on ice by tissue grinder in 600 μl
lysis buffer [100 m Tris–HCl (pH 8.5), 5 m EDTA, 0.2% SDS,
200 m NaCl]. The samples were incubated with 5 μl Proteinase
K (20 mg/ml) at 55°C overnight. After a quick spin, 2 μl RNase A
(10 mg/ml) was added to each sample and kept at room tempera-
ture for 30 min. An equal volume of phenol:chloroform:isoamy-
lalcohol (25:24:1) was mixed with each sample and vortexed for
20 s. After centrifuging at 12 000 rpm for 10 min, the upper
phase of the samples was transferred to new tubes. The same
volume of isopropanolwasmixedwith the samples to precipitate
DNA. DNA pellets were washed with 70% ethanol and dissolved
in sterile water. DNA samples were used for 5hmC profiling
analysis.

5hmC-specificchemical labeling, affinity purification and
sequencing

5hmC enrichment was performed using a previously described
procedure with an improved selective chemical labeling method
(10). DNA libraries were generated following the Illumina
protocol for ‘Preparing Samples for ChIP Sequencing of DNA’

(Part no. 111257047 Rev. A) using 25–50 ng of input genomic
DNA or 5hmC-captured DNA to initiate the protocol.

Bioinformatic data analyses

Processing of sequencing datawas performed as described previ-
ously (10). Briefly, FASTQ sequence files frombiological replicates
were concatenated and aligned to the Mus musculus reference
genome (NCBI37v1/mm9) using Bowtie 0.12.6, keeping only
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unique non-duplicate genomic matches with no more than two
mismatches within the first 25 bp. Unique, non-duplicate reads
from non-enriched input genomic DNA of ischemic brain regions
and each 5hmC-enriched sequence set were counted in 100, 1000
and 10 000 bp bins genome-wide and subsequently normalized
to the total number of non-duplicate reads in millions. Input-
normalized values were then subtracted from 5hmC-enriched
values per bin to generate normalized 5hmC signals. To deter-
mine genomic regions with altered 5hmC profiles, we identified
true 5hmC-enriched regions or ‘peaks’ using the Model-based
Analysis of ChIP-Seq (MACS) algorithm.

Correlation analyses between 5hmCabundance and gene
expression after stroke

To demonstrate the relationship between 5hmC abundance and
gene expression after stroke, we searched the literature and ex-
amined 49 stroke-related genes, including 16 genes encoding
lncRNA that were reported in other studies. All of these gene
views of 5hmC relative enrichment intensity were generated
using the software Integrative Genomics Viewer (IGV 2.0.10).
We further analyzed the changes of the areas of DhMRs in
these stroke-related genes and then compared the changes in
5hmC abundance with the changes in gene expression from
earlier reports.

Patients with acute ischemic stroke and controls

This study was approved by the Ethics Committee of Soochow
University. Twelve patients with first-ever acute ischemic
stroke (age 61.8 ± 3.10) and 12 age-matched control subjects
(age 60.8 ± 3.45) were recruited for this study and provided
informed consent to participate. These selected patients were
admitted within 3 days after onset of stroke symptoms and
were confirmed with diffusion-weighed image sequence of mag-
netic resonance imaging. Control subjects were collected from
outpatients without cerebral infarction during the same period.
Patients and controlswith tumors, leukemia andneurodegenera-
tive diseases, including Alzheimer’s disease and Parkinson’s
disease, were excluded.

Statistical analysis

All data are expressed asmeans ± SEM. GraphPad Prism 4 (Graph-
Pad Software Inc., USA) was used for statistical analysis. Stu-
dent’s t-test was used to determine the differences between
two groups for infarct volume; one-way analysis of variance
followed by Tukey’s multiple-comparison test was used to com-
pare the differences among groups if there were significant
differences. P < 0.05 was considered statistically significant.

Accession number

Sequencing data have been deposited to GEO with accession
number GSE67188.
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Supplementary Material is available at HMG online.
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