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Abstract

The 5-hydroxymethylcytosine (5hmC) epigenetic modification is highly enriched in the CNS and a critical modulator of
neuronal function and development. We found that cortical 5hmC was enhanced from 5 min to three days of reperfusion
following focal ischemia in adult mice. Blockade of the 5hmC-producing enzyme ten-eleven translocase 3 (TET3)
increased edema, infarct volume, and motor function impairments. To determine the mechanism by which TET3
provides ischemic neuroprotection, we assessed the genomic regions where TET3 modulates 5hmC. Genome-wide
sequencing analysis of differentially hydroxymethylated regions (DhMRs) revealed that focal ischemia robustly increased
5hmC at the promoters of thousands of genes in a TET3-dependent manner. TET3 inhibition reduced 5hmC at the
promoters of neuroprotective genes involved in cell survival, angiogenesis, neurogenesis, antioxidant defense, DNA
repair, and metabolism demonstrating a role for TET3 in endogenous protection against stroke. The mRNA expression
of several genes with known involvement in ischemic neuroprotection were also reduced with TET3 knockdown in both
male and female mice, establishing a correlation between decreased promoter 5hmC levels and decreased gene expres-
sion. Collectively, our results indicate that TET3 globally increases 5hmC at regulatory regions and overwhelmingly
modulates 5hmC in several neuroprotective pathways that may improve outcome after ischemic injury.
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Introduction - : :
neurotoxicity.'®!" Loss of TET2 and 5hmC is associat-

Epigenetic modifications, such as DNA methylation
and histone acetylation, significantly impact functional
outcome after stroke.! Recently, it has been shown that
the mammalian ten-eleven translocases (TET1-3) con-
vert 5-methylcytosine (5SmC) to 5-hydroxymethylcyto-
sine (ShmC), producing a stable epigenetic mark
associated with increased gene expression.”> The
ShmC modification is highly expressed in the brain
where it has been shown to play critical roles in neuro-
development and neuronal function.*®’ Alterations in
5hmC have been associated with a number of neuro-
logical disorders, although the specific role of ShmC in
these diseases needs to be elucidated.®’

Emerging evidence points to a role for TETs and
ShmC in neuroprotection. Neurons from TET1 knock-
out mice were more susceptible to oxidative stress and
TET1 activity protected neurons against reactive
oxygen species and caspase-3-dependent

ed with decreased neuronal survival in vitro and
impaired hippocampal neurogenesis and cognition in
adult mice.'*"* Restoration of TET2 was also shown
to rescue aged brains from cognitive decline.'> TET3
plays a critical role in DNA damage repair pathways
and has been shown to promote axon regeneration
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after injury.”'*!'> TET3 also promotes synaptic plastic-
ity and behavioral adaptations in learning and memory
paradigms.”'® TET3 has further been implicated as a
major protective mechanism against neuronal death in
the brain through its regulation of lysosomal and
autophagy pathway genes linked to neurodegenerative
diseases.'’

Several studies have demonstrated that TET activity
and global ShmC levels are rapidly induced following
hypoxic conditions.'®?® Our laboratory and others
have shown that ShmC is robustly increased in the
cortex following focal ischemia from early to late time
points of reperfusion.’’** In vitro, ShmC has been
shown to promote tolerance to hypoxic conditions
through modulation of canonical hypoxia response
genes such as, hypoxia-inducible factor.'®*® We have
previously shown that TET3 modulates the expression
of dozens of antioxidant and DNA repair genes and
promotes functional recovery after focal ischemia.?!
Since TET3 is a global regulator of ShmC within the
cortex, we presently evaluated specific genomic regions
modulated by TET3 after focal ischemia and analyzed if
these genes are involved in neuroprotection. We current-
ly focused on the role of TET3-mediated changes in
5hmC and gene expression in the therapeutically rele-
vant peri-infarct region of the mouse cortex.

Materials and methods

Mice

The Research Animal Resources and Care Committee
of the University of Wisconsin-Madison approved all
experimental mouse protocols. The mice were cared for
in accordance with the Guide for the Care and Use of
Laboratory Animals (U.S. Department of Health and
Human Services Publication 86-23, revised). Three-
month-old male (25-28g) and female (19-21g)
C57Bl/6J mice (Jackson Laboratory) were used for
experiments. Mice were housed with free access to
water in a standard pathogen-free environment. This
study is in compliance with the ARRIVE guidelines.

Focal ischemia

One hour of transient middle cerebral artery occlusion
(MCAO) was induced under isoflurane anesthesia by
intraluminal suture method using a 6-0 silicon-coated
nylon monofilament (Doccol; catalog# 602345 for male
mice and catalog# 602145 for female mice) as described
previously.”* Regional cerebral blood flow and physio-
logical parameters were monitored (pH, PaO,, PaCO,,
hemoglobin, and blood glucose) and rectal temperature
was maintained at 37°C. Mice with unsuccessful occlu-
sion, no evidence of neurological deficits, or that showed

hemorrhage after euthanasia were the criteria used for
exclusion from the study. Two mice were excluded
from this study; one due to hemorrhage and the other
due to absence of neurological deficits. Cohorts of mice
were euthanized at Smin, 6h, 12h, 24 h, three days or
seven days of reperfusion as indicated. Tissue for analyses
were obtained from the cortex for sham and 5Smin of
reperfusion groups or from the peri-infarct regions for
6h, 12h, 24h, three days and seven days of reperfusion
groups. The peri-infarct samples were obtained from the
region directly adjacent to the necrotic ischemic core as
shown in Supplementary Figure 1.

Knockdown of TET3

A cocktail of three in vivo grade siRNAs
(ThermoFisher Scientific) targeting non-overlapping
regions of TET3 was used to knockdown TET3. The
siRNA cocktail (8§ nmol) was injected intracerebrally
into the cortex (from bregma —0.2mm posterior,
1.5mm dorsoventral, and 3.0mm lateral) with a
Hamilton syringe at 0.5 ul/min 48h prior to MCAO
as described previously.”***> A non-targeting negative
control siRNA was used as a control using the same
parameters. Mice were randomly assigned to the nega-
tive control siRNA or TET3 siRNA group. A small
cohort of mice were injected with cyanin 3 (Cy3)-
tagged siRNA (8nmol; ThermoFisher Scientific) to
determine the anatomical distribution of siRNA fol-
lowing injection.

DNA dot blotting

An AllPrep DNA/RNA mini kit (Qiagen) was used to
isolate DNA from the peri-infarct cortex. The DNA
was blotted onto nitrocellulose membrane and then
subsequently exposed to 10min ultraviolet light and
baked at 80°C for 2h. The membranes were blocked
with 5% bovine serum albumin (BSA) in Tris-buffered
saline with 0.1% Tween-20 and probed with an anti-
body against ShmC (1: 2000; Active Motif USA), fol-
lowed by horseradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG antibodies (1:5000; Cell
Signaling USA). Chemiluminescence (Life
Technologies USA) was used to develop blots on the
LI-COR Odyssey Fc platform and quantified with
Image Studio software (LI-COR Biotechnology).

Immunohistochemistry

Mice were euthanized at one day and seven days of
reperfusion by transcardiac 4% paraformaldehyde
(PFA) perfusion fixation. Brains were post-fixed in
4% PFA, cryoprotected in 30% sucrose, and sectioned
(coronal: 30 um). Brain sections were immunostained
with antibodies against ShmC (1:500; Active Motif)
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as described previously.?® Brain sections were scanned
and images were produced by Keyence BZX fluores-
cence microscope (Keyence, USA).

Western blotting

Radioimmunoprecipitation assay buffer (Sigma
Aldrich) was used to obtain protein lysates from the
hippocampus, striatum, and cortex at 48 h following
siRNA treatment. The protein samples (30 pg) were
electrophoresed and transferred to nitrocellulose mem-
branes. Membranes were blocked with 5% BSA in Tris
buffered saline with Tween 20 and probed with anti-
bodies against TET3 (1:500; Millipore) followed by sec-
ondary horseradish peroxidase (HRP)-conjugated anti-
rabbit antibody (1:3000; Cell Signaling Technology).
Blots were reprobed with glyceraldehyde-3-phosphate
dehydrogenase antibody (1:1000; Cell Signaling
Technology) followed by secondary HRP-conjugated
anti-mouse  secondary antibody  (1:3000; Cell
Signaling Technology). Chemiluminescence (Life
Technologies) was used to visualize blots on the LI-
COR Odyssey Fc platform and quantified with Image
Studio software (LI-COR Biotechnology).

Neurobehavioral function and infarct volume

Motor deficits were examined at one day of reperfusion
by the following criteria: no neurological deficit
observed (0), failure to fully extend right forepaw (1),
turning to right (2), circling to right (3), unable to spon-
taneously walk (4), and death from stroke (5). Motor
function was evaluated by the rotarod test (4 min on a
cylinder rotating at 8 r/min) and beam-walk test
(number of foot faults while crossing a 120-cm-long
beam) at days 1 and 3 of reperfusion. On day 3 of
reperfusion, mice were euthanized and serial brain sec-
tions (coronal: 1 mm) from each mouse were stained
with 1.5% triphenyltetrazolium chloride (TTC). NIH
Image J software was used to measure the infarct
volume as described previously.? Infarct volume was
corrected to account for edema and differential shrink-
age during tissue processing using the Swanson formu-
la. Edema volume was calculated by subtracting the
contralateral hemisphere volume from the ipsilateral
hemisphere volume.

5hmC sequencing

Hydroxymethylation = DNA  immunoprecipitation
sequencing (hMeDIP-seq) was performed using DNA
samples from peri-infarct region of the ischemic cortex
(Arraystar Inc). Samples were fragmented to ~200-
800bp with a Diagenode Bioruptor. Approximately
1 nug of fragmented DNA was prepared for Illumina
HiSeq 4000 sequencing. The completed libraries were

quantified by Agilent 2100 Bioanlyzer, denatured with
0.1 M NaOH to generate single-stranded DNA mole-
cules, captured on Illumina flow cell, amplified in situ,
and sequenced on the Illumina HiSeq 4000 following
the HiSeq 3000/4000 SBS Kit (300 cycles) protocol.
Image analysis and base calling were performed using
Off-Line Basecaller software (OLB V1.8). Clean reads
that passed Solexa CHASTITY quality filter were
aligned to Mouse genome (UCSC MMI10) using
HISAT2 software (V2.1.0) and used for peak calling
of associated hMeDIP-enriched regions (peaks) with
statistically significant peaks identified in each sample
using a g-value threshold of 107 by MACS v2.
hMeDIP-enriched regions (peaks) were annotated by
the nearest gene using the newest UCSC RefSeq data-
base. A Bioconductor package for differential binding
analysis of Chip-seq data using sliding windows>® was
used to identify differential peaks with cutoff of log,
FC=1, p<.05. Input DNA backgrounds were used to
filter out regions before the differential analysis. Each
experimental group had the minimum sample size
(n=13) to establish significance.

Real-time PCR

RNA was extracted from the peri-infarct cortex using
an AllPrep DNA/RNA mini kit (Qiagen, USA) and
then reverse transcribed into cDNA with the Reverse
Transcription System (Promega, USA). mRNA levels
were determined by real-time PCR by SYBR Green
method using gene-specific primer pairs as listed in
Supplementary Table 1 wusing QuantStudio 3
(ThermoFisher Scientific, USA).

Statistics

Mann—Whitney U test and Kruskal-Wallis with Dunn’s
post hoc test were used to compare differences between
two groups or multiple groups, respectively. Log-rank
(Mantel-Cox) test was used to compare survival
between groups. Repeated measures ANOVA (Sidak’s
post hoc) was used to compare differences over time
between groups. Values shown are mean+SD and
p<0.05 was used for significance cut-off. Mice were
randomly assigned to experimental groups. Male and
female mice were studied in separate experiments.
Researchers performing sequencing analysis were
blind to group allocation.

Data availability

All sequencing data are deposited in the Gene Omnibus
Expression (GEO) repository and will be made publicly
available under an accession number after our use of
the data.
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Results

TET3-modulated 5hmC levels after focal ischemia

We have previously shown that focal ischemia signifi-
cantly induces TET activity and preferentially increases
the TET3 isoform in the ischemic cortex.?' Following
transient MCAO in adult mice, dot blot analysis
revealed that cortical ShmC levels were increased
from Smin to three days of reperfusion (Figure 1(a)).
Immunohistochemical staining showed that ShmC
levels were enhanced at one day of reperfusion, but
remained unaltered at seven days of reperfusion in
the peri-infarct cortex (Supplementary Figure 2). To
determine the role of TET3 on ShmC levels, we injected
either TET3 siRNA, negative control siRNA, or Cy3-
tagged negative control siRNA into the brains of adult
mice. Cy3 fluorescence was observed in the striatum,
hippocampus, and cortex at 24h following injection
(Figure 1(b)). Forty-eight hours following injection,
western Dblotting analysis revealed knockdown of
TET3 protein levels within the cortex (Figure 1(c)),
striatum, and hippocampus in TET3 siRNA-treated
cohort compared to control siRNA-treated cohort
(Supplementary Figure 3). We subjected mice to tran-
sient MCAO 48h following treatment with either
TET3 siRNA or negative control siRNA. TET3
mRNA levels were increased by 3.3-fold in the negative
siRNA/MCAO group compared to sham (p <0.05)
which was abrogated with TET3 siRNA treatment at
6h of reperfusion (Figure 1(d)). Focal ischemia
increased ShmC levels by 2.6-fold (p <0.05) which
was abolished with TET3 knockdown at 6h of reper-
fusion (Figure 1(e)). TET3 knockdown reduced ShmC
levels by 45% (p < 0.05) in sham mice (Supplementary
Figure 4).

TET3 knockdown aggravated secondary brain
damage and impaired motor function

We previously showed that TET3 knockdown exacer-
bates infarct volume at one day of reperfusion follow-
ing focal ischemia.?’ To assess whether TET3
inhibition also impacts neurobehavioral function, we
evaluated neurological decline at one day of reperfu-
sion, and motor function and survival up to three days
of reperfusion. TET3 knockdown led to increased neu-
roscores (Figure 2(a)) and post-ischemic survival at
three days of reperfusion was significantly lower
(» <0.05) in the TET3 siRNA-treated cohort (50% sur-
vival) compared to control siRNA-treated cohort (92%
survival) (Figure 2(b)). TET3 inhibition also led to
impairments on rotarod and beam-walk tests
(Figure 2(c) and (d)) compared to the negative
control group (p<0.05). Infarct volume was
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Figure |. TET3 knockdown reduced 5hmC after transient
MCAO. Transient MCAO in adult mice significantly increased
5hmC between 5 min and three days of reperfusion compared to
sham (n=3/group) *p < 0.05 by Kruskal-Wallis (Dunn’s post
hoc) test (a). Visualization of Cy3-tagged siRNA in rostral to
caudal brain sections (1.54 to —2.18 from bregma) 24 h following
intracerebral injection in adult mice (b). Intracerebral injection of
TET3 siRNA significantly reduced TET3 protein levels in the
cortex two days following treatment compared with negative
control siRNA (Neg siRNA)-treated cohort (n = 6/group).

*p < 0.05 by Mann—Whitney U test (c). Levels of TET3 mRNA
from the peri-infarct cortex were increased significantly in mice
subjected to transient MCAO at 6 h of reperfusion compared to
sham. TET3 siRNA treatment significantly reduced TET3 mRNA
levels compared with Neg siRNA-treated cohort (n= 3/group;
(d)). Transient MCAO significantly increased 5hmC in the peri-
infarct cortex at 6 h of reperfusion which was abrogated with
TET3 siRNA treatment (n = 5-6/group; (e)). *p < 0.05 compared
with sham and #p < 0.05 compared with Neg siRNA by Kruskal—
Wallis (Dunn’s post hoc) test ((d) and (e)). Values in the histo-
grams are mean =+ SD.

TET: ten-eleven translocase.

increased by 2.4-fold (p<0.05) and edema volume
was enhanced by >70% (p <0.05) with TET3 siRNA
treatment compared to control siRNA treatment
(Figure 2(e) and (f)).
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Figure 2. TET3 knockdown exacerbated motor function impairments and secondary brain damage after transient MCAOQ.
Neurological scores at one day of reperfusion were increased with TET3 knockdown. *p < 0.05 compared to Neg siRNA group by
Mann—Whitney U test (a). TET3 knockdown significantly reduced survival compared to the Neg siRNA-treated cohort. At day 3 of
reperfusion, || of 12 mice survived in the Neg siRNA group, while 5 of 10 mice survived in the TET3 siRNA group. Kaplan—Meier
curves show significant difference by Log-rank (Mantel-Cox) test (b). Motor function assessed by time on rotarod and foot faults
while walking across a beam at one day and three days of reperfusion was significantly impaired with TET3 knockdown compared to
control (negative) siRNA treated cohort. *p < 0.05 compared to Neg siRNA group by repeated measures 2-way ANOVA (Sidak’s post
hoc) test ((c) and (d)). TET3 siRNA treatment increased infarct volume (e) and edema volume (f) at three days of reperfusion. TTC-
stained serial brain sections are from representative mice of each group. *p < 0.05 compared to Neg siRNA group by Mann—Whitney
U test ((e) and (f)). Values in the histograms and scatterplots are mean =+ SD (n=5-11/group).

Neg siRNA: negative control siRNA; TET: ten-eleven translocase.

TET3 inhibition led to loss of 5hmC at gene
promoters

We have previously shown that TET3 inhibition
decreases ShmC levels and the expression of dozens
of genes involved in ischemic neuroprotection.’’ To
analyze the specific genomic regions modulated by
TET3 after stroke, we knocked down TET3 and then

performed hMeDIP-seq at 6 h of reperfusion following
transient MCAO using cortical tissue. The 6 h of reper-
fusion time-point was chosen since a significant portion
of the TET3 siRNA-treated mice do not survive past
24 h of reperfusion, indicating TET3-mediated endog-
enous protective pathways may be activated at early
timepoints following focal ischemia. Mapped reads
were used for peak detection of hMeDIP-enriched
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regions across the genome. Sham, negative siRNA/
MCAO control, and TET3 siRNA/MCAO groups all
contained similar overall distribution of ShmC peaks in
promoter, gene body, and intergenic regions of the
genome (Figure 3(a) to (c)). However, the negative
siRNA/MCAO group showed significantly higher pro-
moter ShmC peaks at 2.9% (p < 0.05) than the sham or
TET3 siRNA/MCAO group, at 1.8% and 1.9%,
respectively (Figure 3(a) to (c)). Focal ischemia signif-
icantly enhanced the number of ShmC peaks in all
genomic regions in the negative control siRNA/
MCAO group compared to sham (Figure 3(d)). The
TET3 siRNA/MCAO group showed significantly
reduced number of ShmC peaks in the gene body and

promoter regions compared to the negative control
siRNA/MCAO group (Figure 3(d)). Reduced post-
ischemic ShmC peaks in the TET3 siRNA/MCAO
group compared to the negative control siRNA/
MCAO group were observed in all chromosomes
(except mitochondrial chromosome) (Figure 3(e)).

We further analyzed the post-ischemic differentially
hydroxymethylated regions (DhMRs) within pro-
moters between TET3 siRNA /transient MCAO group
compared to negative control siRNA /transient MCAO
groups. There were 12,797 DhMRs significantly down-
regulated and 863 DhMRs significantly upregulated
with TET3 knockdown within promoter regions
(Figure 4(a)). Of these, there were 8601 DhMRs
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Figure 3. TET3 modulates increased genomic levels of 5hmC after transient MCAQO. Composition of 5hmC peaks in sham (a),

negative siRNA/transient MCAO (b), and TET3 siRNA/transient MCAO (c) groups at 6 h of reperfusion in the peri-infarct cortex.
TET3 knockdown significantly decreased total 5hmC peaks in promoters and gene bodies and regions (d). Significantly altered 5hmC
peaks between sham, negative siRNA, and TET3 siRNA by chromosome following transient MCAO (e). Values in the histograms are
mean £ SD (n = 3/group). *p < 0.05 compared with sham and #p < 0.05 compared with the negative siRNA group by Kruskal-Wallis
(Dunn’s post hoc) test. Significant 5hmC peaks identified using q value threshold of 107

Neg siRNA: negative control siRNA; TET: ten-eleven translocase.
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Figure 4. TET3 knockdown reduced post-ischemic 5hmC at
the promoters of neuroprotective genes. DhMRs significantly
altered in the promoters between the TET3 siRNA and Neg
siRNA groups at 6 h of reperfusion following transient MCAO
(n=3/group) for total promoter regions (a) and mRNA pro-
moters (b) in the peri-infarct cortex. Gene ontological analysis of
biological pathways of reduced DhMRs at gene promoters fol-
lowing TET3 knockdown compared to negative siRNA treatment
at 6 h of reperfusion following transient MCAO ((c) and (d)). Top
10 biological pathways ranked by enrichment score (c) and by
gene ratio (genes/pathway) (d). Statistically significant DhMRs
were identified by differential analysis with a cut-off of log,
FC=1.0 and p < 0.05.

DhMR: differentially hydroxymethylated region.

significantly downregulated and 374 DhMRs signifi-
cantly upregulated with TET3 knockdown in the pro-
moter regions of genes encoding mRNAs (Figure 4(b)).
Significantly downregulated DhMRs were identified in
all chromosomes, except the Y and mitochondrial
chromosomes (Supplementary Figure 5).

Gene ontology (GO) analysis of TET3-mediated
downregulated DhMRs identified hundreds of genes
involved in various cellular components
(Supplementary Figure 6), molecular functions
(Supplementary Figure 7), and biological processes
(Supplementary Figure 8). Further analysis of the bio-
logical processes revealed that the most significantly
downregulated DhMRs were in genes related to cell
signaling and development (Figure 4(c)), while the
most abundant downregulated DhMRs were involved
in cellular and metabolic processes (Figure 4(d)).

TET3 inhibition reduced genomic 5hmC levels in the promoters
of neuroprotective genes. We further screened the down-
regulated GO biological processes for pathways related
to protection against secondary brain damage after
stroke. Several neuroprotective pathways involved in
recovery after ischemic injury, such as hypoxia response,
DNA repair, brain-derived neurotrophic factor
(BDNF), and Wnt signaling,””*® were downregulated
with TET3 knockdown (Figure 5(a)). The large majority
of these neuroprotective genes were related to negative
regulation of cell death (52 genes) and negative regula-
tion of apoptosis (44 genes) (Figure 5(a)). Since down-
regulated developmental processes were among the top
pathways with the highest enrichment scores and gene
ratios (Figure 4), we assessed the involvement of path-
ways related to neovascularization and neurogenesis,
both of which have been shown to promote survival
and recovery after stroke.”” We identified several path-
ways involved in angiogenesis and vasculogenesis
(Figure 5(b)) as well as neurogenesis (Figure 5(c)) that
were significantly downregulated with TET3 knock-
down. Metabolic processes important for maintaining
energy homeostasis and responding to altered oxygen
levels were also reduced (Figure 5(d)). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of downregulated DhMRs revealed dozens of
genes involved in various disease-associated pathways,
several of which are associated with neuroprotection
against ischemic injury (Supplementary Figure 9). For
example, vascular endothelial growth factor (VEGF)
signaling is an important mediator of angiogenesis and
forkhead box class O transpition factor (FOXO) signal-
ing plays a central role in hypoxia response.”’ While the
vast majority of pathways inhibited are involved in neu-
roprotection, a few pathways involved in cellular injury
after stroke were also downregulated. For example, the
mTOR signaling pathway that has been shown to
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Figure 5. TET3 knockdown downregulated genes involved in neuroprotective pathways following transient MCAQ. The specific
gene ontological biological pathways related to neuroprotection (a), neovascularization (b), neurogenesis (c), and metabolism (d)
downregulated in the TET3 siRNA group compared to negative control siRNA group at 6 h of reperfusion following transient MCAO

in the peri-infarct cortex.
BDNF: brain-derived neurotrophic factor.

exacerbate ischemic injury®® and the mitogen-activated
protein kinase and AMP-activated protein kinase path-
ways that have controversial roles in stroke out-
come,>"*? were also decreased with TET3 knockdown
(Supplementary Figure 9(a), (b), and (¢)). However,
overall TET3 modulated ShmC in the promoters of neu-
roprotective genes.

TET3-mediated reduction in 5hmC decreased the expression of
neuroprotective genes. In order to determine whether
decreased promoter S5hmC levels correlate with
decreased gene expression, we selected 18 genes with
a range of DhMR Log, fold changes that have
known involvement in ischemic neuroprotection
(Table 1) and tested their mRNA expression by real-
time PCR. TET3 knockdown significantly decreased
the post-ischemic expression of almost a third of
these genes at 6 h reperfusion (Supplementary Figure
10) and three-fourths of these genes by 24 h reperfusion
(Figure 6(a) and (c)) compared to the negative control
siRNA group at 6h or 24 h reperfusion, respectively.
We also selected the top three DhMR-associated genes

that showed increased Log, fold change following
TET3 knockdown and confirmed that increased pro-
moter ShmC also correlates with increased gene expres-
sion at 6 h of reperfusion following transient MCAO
(Supplementary Figure 11).

The data presented thus far was from adult male
mice. We have previously shown that TET3 inhibition
exacerbates ischemic injury, while TET3 activation
decreases the infarct volume and improves functional
recovery in both male and female mice subjected to
transient MCAQ.?! Since there are sex-specific differ-
ences in the pathogenic mechanisms governing
stroke,*® we assessed whether TET3 knockdown in
female mice modulates the expression of similar neuro-
protective genes. TET3 siRNA treatment reduced
TET3 expression by 53% at 24 h of reperfusion com-
pared to the negative control siRNA group, while
TET1 and TET2 remained unchanged
(Supplementary Figure 12). TET3 knockdown signifi-
cantly decreased the expression of 39% of the selected
genes at 24h reperfusion following transient MCAO
compared with control siRNA group (Figure 6(b)
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Table 1. DhMRs in the promoters of genes downregulated after stroke that are putatively involved in ischemic outcome.

Log, FC (down) Gene Putative function after focal ischemia

17 NEDDA4I Promotes survival, modulates PTEN/Akt pathway
13 HSPal2b Promotes angiogenesis

12 SOD2 Antioxidant

I ALDH4al Antioxidant

10 ANGPTL2 Accelerates angiogenesis

10 SMAD3 & SMAD5 Suppress apoptosis, reduce inflammation, stabilize vasculature
10 PRKCE Protects mitochondria, modulates CBF

9 ALDH a3 Antioxidant

8,3 FGFI, FGF2 Promote neurogenesis and angiogenesis

7 NPR2 Suppress edema

7,3, 6 FGFRI, 2, 3 Angiogenesis

6 NRXN2 Synaptic protein associated with enhanced recovery
5 HSPal2a Pro-survival chaperone

2 AOX3 Antioxidant

NEDDA4I: neural precursor cell expressed, developmentally downregulated 4-like, E3 ubiquitin protein ligase; HSP: heat shock protein; SOD2:
superoxide dismutase 2; ALDH4al: aldehyde dehydrogenase 4al; ANGPTL2: angiopoietin-related protein 2 precursor; SMAD: mothers against DPP
homolog; PRKCE: protein kinase C, epsilon; ALDH |a3: aldehyde dehydrogenase 1A3; FGF: fibroblast growth factor; NPR2: atrial natriuretic peptide
receptor 2 precursor; FGFR: FGF receptor; NRNX2: neurexin 2; AOX3: aldehyde oxidase 3.

and (d)), indicating that a large portion of the genes are
modulated by TET3 in female mice as well.

Discussion

Epigenetic factors involved in gene repression, such as
DNA methylation and histone deacetylation, have pre-
viously been shown to worsen outcome after focal
ischemia.** 37 We recently provided evidence that
DNA hydroxymethylation, which stimulates gene
expression, is beneficial for promoting recovery
after stroke.?! In the current study, we show that
TETS3 controls global levels of ShmC, but in particular
modulates ShmC at the promoters of hundreds of
neuroprotective genes involved in cell survival and
recovery after stroke. These results demonstrate
that TET3 may provide ischemic protection through
a multifaceted approach of several neuroprotective
pathways.

The ShmC modification is present in all tissue and
cell types, but its abundance is highest in neuronal
cells.® Immunohistochemical analysis revealed that
focal ischemia overwhelmingly increases ShmC within
neurons of the peri-infarct cortex, the ischemic region
which can survive after a stroke.?! 5ShmC is associated
with euchromatin and enhances gene expression by
increasing accessibility of transcriptional machinery
to chromatin.** The TET enzymes produce 5hmC
through oxidation of methylated DNA (5SmC) and fur-
ther TET-mediated oxidation of ShmC leads to remov-
al of the oxidized methylated cytosine through a
mechanism of active dernethylatior1."’40’41 However,
since the TET enzymes show preference for 5mC

versus other oxidized products, ShmC promotes tran-
scription both as a stable epigenetic modification and
via demethylation of DNA.*

The TET enzymes are known to play critical roles in
neuronal maintenance and response to stress. The
TET3 isoform has previously been associated with
pathways involved in synaptic plasticity, DNA repair,
and autophagy.”'*1%1743 Following focal ischemia,
TET3 was shown to modulate several oxidative stress
and DNA repair genes, but the specific genomic regions
regulated by TET3 were not identified.?! The current
study widens the scope of TET3-associated protective
pathways to include neurotrophin signaling (such as
BDNF), neurogenesis, angiogenesis, antioxidant
defense, and longevity/cell survival mechanisms follow-
ing experimental stroke. Interestingly, although global
levels of ShmC are increased after focal ischemia, TET3
overwhelmingly modulated pathways involved in neu-
roprotection. This parallels the role of TET3 during
neuronal differentiation where increased TET3 and
ShmC affect specific gene targets rather than the
genome in an indiscriminate manner.* The mecha-
nisms underlying TET-mediated specificity are still
emerging, but there is evidence that TET-targeting kin-
ases, transcriptional regulators such as REST, and
noncoding RNAs are involved in mediating context-
specific changes in the hydroxymethylome.*% >

In the cerebral cortex, expression levels of the TET3
isoform is higher than TET1 and TET2 isoforms, and
overexpression of TET3 has been shown to increase
5hmC levels and positively modulate transcription.****
Recent evidence indicates that in addition to producing
ShmC, TET3 can modulate the epigenome through
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Figure 6. TET3 knockdown decreased gene expression of neuroprotective genes in adult male and female mice. Expression of
selected neuroprotective genes displaying downregulated DhMRs with TET3 inhibition at 24 h of reperfusion was assessed by real-
time PCR analysis in the peri-infarct cortex. Expression of genes with Log, fold change value of 10 or above (a) and (b)). Expression of
genes with Log, fold change values of less than 10 (c) and (d)). Values in the histograms are mean & SD (n = 3/group). *p < 0.05

compared to negative siRNA by Mann—Whitney U test.

Nedd4l: neural precursor cell expressed developmentally downregulated gene 4-like; Hspal2: heat shock 70 kDa protein 12; Sod2:
superoxide dismutase 2; Prkce: protein kinase C epsilon; Aox3: aldehyde oxidase 3; Aldh: aldehyde dehydrogenase; Angptl2: angio-
poietin like 2; Npr2: natriuretic peptide receptor 2; Smad: mothers against decapentaplegic; Fgf: fibroblast growth factor; Nrxn:
neurexin; Neg siRNA: negative control siRNA; TET: ten-eleven translocase.

non-enzymatic activity. For example, in neuronal stem
cells, TET3 was shown to bind to the small nuclear
ribonucleoprotein-associated protein N promoter and
thereby repress the gene in a manner independent of
TET catalytic activity.*> In HEK 293 T cells, TET3 was
shown to bind to O-linked f-N-acetylglucosamine
transferase, an enzyme which catalyzes serine and thre-
onine glycosylation that interacts with other epigenetic
regulators.*® In neural progenitor cell lines, TET3 facil-
itates the recruitment and stabilization of thyroid hor-
mone receptor on chromatin.*’  Furthermore,
catalytically-inactive TET3 was shown to partially

rescue developmental defects caused by TET3 knock-
out in Xenopus eye development.*® However, whether
TET3 displays non-catalytic epigenetic activity in the
adult mammalian brain has not been investigated. In
our study, we specifically focus on the TET3-
modulated changes to the hydroxymethylome.
TET-mediated ShmC has been established as a
major regulator of neurogenesis in both the embryonic
and adult brain.”>* The TET3 isoform is important for
the conversion of stem cells to the neuronal phenotype
and has been shown to be a critical regulator of neu-
rogenic pathways.’>>* Furthermore, TET3 was shown
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to be critical for axonal regeneration after peripheral
nerve injury.'>>> Following focal ischemia, markers for
neuronal precursors have been detected in the ischemic
penumbra as early as 24 h of reperfusion,>® and migrat-
ing neuroblasts have been observed in the cortex as
early as one week of reperfusion.”’ Cortical neurogen-
esis has been shown to persist up to two months within
the ischemic boundary zone following focal ischemic
injury.”® However, whether TET3 or 5hmC play a
role in post-ischemic neurogenesis in the cortex is not
known at this time. Although, our study indicates that
ShmC levels were decreased by seven days following
stroke, introduction of TET3 activators could poten-
tially enhance neurogenesis as a therapeutic modulator
of long-term recovery. For example, ascorbate, a
known activator of TET and thus a modulator of
ShmC, has been shown to enhance neurogenesis in
the subventricular zone and cerebellum.>* We previ-
ously showed that ascorbate leads to activation of
TET3 in the post-stroke cortex. However, whether
ascorbate modulates neurogenesis via TET3 after
stroke needs to be explored in future studies.

Previous studies indicated that ShmC modulates the
development and maintenance of the vascular system.®'
Following vascular injury, ShmC levels are reduced,
but restoration of ShmC diminished several pathogenic
mechanisms including autophagy and inflamma-
tion.®!% In the present study, GO analysis identified
dozens of genes modulated by TET3 involved in the
development of blood vessels and vasculature.
Neovascularization is considered a key restorative
mechanism that promotes brain plasticity and func-
tional recovery after ischemic stroke.”’ Angiogenesis
following focal ischemia peaks at 2-3 days of reperfu-
sion, although the expression of dozens of pro-
angiogenic factors have been shown to increase as
early as one hour of reperfusion.®® Since ShmC was
induced from 5Smin to three days of reperfusion, our
data suggest that increased ShmC following focal ische-
mia could promote angiogenesis through modulation
of pro-angiogenic genes. A previous study showed
that decreased ShmC levels were associated with
decreased VEGF expression in the mouse brain.®
Our current study and previous work by other labora-
tories have shown an association between TET3/5hmC
and NOTCH genes in the brain, which regulate both
angiogenesis and neurogenesis.”*® Thus, TET3 activa-
tion may be important for long-term cell survival and
recovery in addition to its role in acute
neuroprotection.

Sexual dimorphism plays a major role in the patho-
genic mechanisms that govern ischemic injury.® We
have previously shown that TET3 decreases lesion
size and improves motor function recovery following
focal ischemia in both young and aged male and female

mice.>' In the current study, we observed that TET3
modulates a significant portion of genes involved in
neuroprotection in adult mice of both sexes.
However, while TET3 inhibition reduced the expres-
sion of about 75% of the selected ShmC-associated
neuroprotective genes in the male peri-infarct cortex
at 24h reperfusion, only about 40% of the same
ShmC-associated neuroprotective genes were reduced
in the female peri-infarct cortex. These differences
may be due to the fact that the ShmC sequencing anal-
ysis was performed with male tissue, and thus gene
expression changes were better correlated in the male
mice. Additionally, there may be temporal differences
between sexes that govern the timing of ShmC-associ-
ated gene expression in the post-stroke cortex. Notably,
in female mice, the expression of the pro-angiogenic/
pro-neurogenic fibroblast growth factor 2 and the anti-
oxidant aldehyde oxidase 3 were significantly reduced
with TET3 inhibition, while there was no change in
male mice. Estradiol treatment has previously been
shown to promote both angiogenesis and neurogenesis
in ovariectomized female mice.®™®” Additionally,
female neurons display more resistance to oxidative
stress than male neurons.®® Therefore, although TET3
modulates ischemic protection in both male and female
mice, there may be divergent pathways governing this
protection between sexes.

The 5ShmC modification has previously been impli-
cated in pathways involved in several neurodegenera-
tive disorders, but the specific role of ShmC in these
diseases is not yet clear.®** Preliminary evidence indi-
cated that Huntington’s disease is associated with loss
of the ShmC with concomitant increase in SmC.®
Whereas in Alzheimer’s disease (AD) patients, conflict-
ing studies showed both increased and decreased global
5hmC levels in the hippocampus.® In the prefrontal
cortex of AD patients, differentially hydroxymethy-
lated loci in genes that maintain neuronal morphology,
synaptic function, and tau neurotoxicity have been
observed, indicating that ShmC may specifically mod-
ulate pathogenic genes.”® Significant loss of ShmC is a
hallmark of various cancers, including gliomas that
cause neurodegeneration,”’ and pharmacologic doses
of the TET-activator ascorbate has been shown to pre-
vent proliferation of glioma cells.”* Selectively inducing
TET3 expression was also shown to inhibit both glio-
blastoma tumor growth and stem cell renewal.”?
Interestingly, three of the most statistically significant
pathways modulated by ShmC induction identified by
KEGG analysis in the present study are involved in
cancer. Furthermore, several additional TET3-
regulated pathways related to neurotrophin signaling,
antioxidant defense, and cell survival are important
targets of neuroprotection in neurodegenerative dis-
eases.”* ¢ Therefore, in addition to stroke, TET3 and
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S5ShmC may be neuroprotective over a spectrum of
disorders.

Together with our previous studies, the present anal-
ysis indicates that TET3 and ShmC are robust media-
tors of protection in the ischemic brain. Furthermore,
the current study revealed the genomic regions targeted
by TET3 and the cellular pathways by which TET3/
ShmC may provide endogenous protection against
cerebral ischemia. This indicates that post-stroke
TET3 activation may be therapeutically beneficial by
preventing secondary brain damage after ischemic
insults. Ascorbate has also recently been identified as
an epigenetic modulator through its ability to function
as a cofactor and inducer of TET activity.””’®
Ascorbate has previously been shown to modulate a
number of pathways involved in neuroprotection such
as angiogenesis’® and neurogenesis®® and is associated
with decreased impairments and lesion size following
acute brain injuries.®' However, the role of ShmC or
TET activity was not explored in these studies. We pre-
viously showed that TET3 activation by ascorbate
leads to robust protection against focal ischemia by
modulating lesion size and motor function recovery.?!
Thus, additional molecular approaches that modulate
TET3 and 5ShmC may be useful as potential stroke
therapies and should be explored in future studies.
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