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MicroRNA-210 downregulates TET2 and
contributes to inflammatory response in
neonatal hypoxic-ischemic brain injury
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Abstract

Background: Neonatal hypoxic-ischemic (HI) brain injury is a leading cause of acute mortality and chronic disability
in newborns. Our previous studies demonstrated that HI insult significantly increased microRNA-210 (miR-210) in
the brain of rat pups and inhibition of brain endogenous miR-210 by its inhibitor (LNA) provided neuroprotective
effect in HI-induced brain injury. However, the molecular mechanisms underpinning this neuroprotection remain
unclear.

Methods: We made a neonatal HI brain injury model in mouse pups of postnatal day 7 to uncover the mechanism of
miR-210 in targeting the ten eleven translocation (TET) methylcytosine dioxygenase 2 that is a transcriptional
suppressor of pro-inflammatory cytokine genes in the neonatal brain. TET2 silencing RNA was used to evaluate the role
of TET2 in the neonatal HI-induced pro-inflammatory response and brain injury. MiR-210 mimic and inhibitor (LNA)
were delivered into the brain of mouse pups to study the regulation of miR-210 on the expression of TET2. Luciferase
reporter gene assay was performed to validate the direct binding of miR-210 to the 3′ untranslated region of the TET2
transcript. Furthermore, BV2 mouse microglia cell line was employed to confirm the role of miR-210-TET2 axis in
regulating pro-inflammatory response in microglia. Post-assays included chromatin immunoprecipitation (ChIP) assay,
co-immunoprecipitation, RT-PCR, brain infarct assay, and neurobehavioral test. Student’s t test or one-way ANOVA was
used for statistical analysis.

Results: HI insult significantly upregulated miR-210, downregulated TET2 protein abundance, and increased NF-κB subunit
p65 acetylation level and its DNA binding capacity to the interleukin 1 beta (IL-1β) promoter in the brain of mouse pups.
Inhibition of miR-210 rescued TET2 protein level from HI insult and miR-210 mimic decreased TET2 protein level in the brain
of mouse pups, suggesting that TET2 is a functional target of miR-210. The co-immunoprecipitation was performed to reveal
the role of TET2 in HI-induced inflammatory response in the neonatal brain. The result showed that TET2 interacted with NF-
κB subunit p65 and histone deacetylase 3 (HDAC3), a co-repressor of gene transcription. Furthermore, TET2 knockdown
increased transcriptional activity of acetyl-p65 on IL-1β gene in the neonatal brain and enhanced HI-induced upregulation of
acetyl-p65 level and pro-inflammatory cytokine expression. Of importance, TET2 knockdown exacerbated brain infarct size
and neurological deficits and counteracted the neuroprotective effect of miR-210 inhibition. Finally, the in vitro results
demonstrated that the miR-210-TET2 axis regulated pro-inflammatory response in BV2 mouse microglia cell line.
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Conclusions: The miR-210-TET2 axis regulates pro-inflammatory cytokine expression in microglia, contributing to neonatal HI
brain injury.

Keywords: Neonatal hypoxia-ischemia, MicroRNA-210, The ten eleven translocation (TET) methylcytosine dioxygenase 2,
Acetyl-p65, Pro-inflammatory cytokines, BV2 mouse microglia cell line, Liposaccharide (LPS)

Background
Neonatal hypoxic-ischemic encephalopathy (HIE) is the most
common cause of neonatal brain damage triggered by sys-
temic asphyxia, which mainly occurs during the perinatal
period. HIE is a leading cause of acute mortality and chronic
disability in newborns [1–5] and is associated with short-
term medical complications and long-term mental and other
neurological disorders with delayed clinical onset [6, 7]. Cur-
rently, hypothermia therapy is the standard of care for peri-
natal HIE, which provides some degree of success in clinical
treatment [8–11]. However, the incidence of death and dis-
ability remains as high as about 40% of treated infants [12,
13]. Thus, there is an urgent need to advance our knowledge
of the molecular mechanisms of neonatal HIE and develop
operative therapeutic interventions to improve the outcome
of clinical care.
An increasing body of evidence shows that inflammatory

response is a critical contributor to the pathophysiology of
neonatal hypoxic-ischemic (HI) brain injury [14–17]. The in-
nate immune system is initiated within minutes after cerebral
ischemic insult in neonates [18]. HI insult induces the activa-
tion of brain resident immune cells and transmigration and
infiltration of peripheral immune cells crossing the blood-
brain barrier into the brain parenchyma. Subsequently, the
release of pro-inflammatory mediators amplifies inflamma-
tory cascades and ultimately results in brain injury [15, 16].
Mounting preclinical evidence supports the significant role
of inflammation in the neonatal brain with HI insult [17, 19],
and inhibition of the early inflammatory phase in the setting
of HI brain injury confers neuroprotection [20, 21]. More-
over, elevated levels of pro-inflammatory cytokines and che-
mokines have been found in the cerebrospinal fluid and/or
blood of infants with HIE, which are associated with adverse
neurological outcome and correlate strongly with the likeli-
hood of cerebral palsy [22–24].
It has been increasingly recognized that microRNAs

(miRs) contribute to the regulation of both innate and
adaptive immune cell function in neurological disorders
such as ischemic stroke [25–28]. MiRs are a group of
non-coding RNAs with about 21–22 nucleotide long and
function in silencing gene expression by binding to the
3′ untranslated region (3′UTR) of the transcripts of tar-
get genes [29, 30]. We have demonstrated that inhibition
of brain miR-210 with its complementary locked nucleic
acid oligonucleotides (miR-210-LNA) suppresses ische-
mic stroke-induced inflammatory response in the brain

of adult mice [31] and also provides neuroprotection in
the brain of rat pups after HI insult [32, 33]. However,
as the Master Hypoxamir [34], the role of miR-210 in
the regulation of inflammatory response in neonatal HI
brain injury remains largely unknown.
Herein, we uncover a novel mechanism by which miR-210

targets the 3′UTR of TET2 transcript and represses TET2
expression in the neonatal brain in response to HI insult.
TET2 orchestrates the expression of pro-inflammatory cyto-
kines through regulating the acetylation levels of NF-κB sub-
unit p65 in the neonatal brain. Furthermore, we demonstrate
that TET2 downregulation exaggerates HI-induced brain in-
farct size and neurological deficits and counteracts the neu-
roprotection of miR-210 inhibition in neonatal HI brain
injury. Additionally, using BV2 microglia, we provide evi-
dence that the miR-210-TET2 axis regulates proinflamma-
tory response in microglia.

Methods
Neonatal mouse model of hypoxia-ischemia (HI)
A modified Rice-Vannucci model was produced in 7-
day-old (P7) CD1 mouse pups as we previously
described [35]. Briefly, mouse pups (Charles River La-
boratories) were fully anesthetized with inhalation of 2–
3% isoflurane. The right common carotid artery (CCA)
in the neck was exposed, double ligated with an 8.0 silk
surgical suture, and then cut between two ligation sites.
After surgery, pups were recuperated on a heating pad
at 37 °C for 1 h and then placed in a hypoxic incubator
containing humidified 8% oxygen balanced with 92% ni-
trogen at 37 °C for 20 min. At the end of hypoxia, pups
were returned to their dams for recovery. For the sham
group, the right common carotid artery of mouse pup
was exposed but without ligation and hypoxia. Mouse
pups of mixed males and females were randomly
assigned into each experimental group. All procedures
and protocols were approved by the Institutional Animal
Care and Use Committee of Loma Linda University and
followed the guidelines by the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals.

Intracerebroventricular (i.c.v.) injection
Compounds with the total volume of 2 μl were stereo-
taxically injected into the ipsilateral hemisphere of
mouse pups intracerebroventricularly (0.8 mm lateral,
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1.5 mm below the skull surface) with a flow rate of 0.5
μl/min as described previously [35, 36].
MiR-210-LNA (4103837-102, Exiqon) and LNA scram-

ble control (199006-102, Exiqon) were prepared according
to the manufacturer’s instructions. Either miR-210-LNA
(100 pmol in 2 μl) or its negative control was delivered
into the ipsilateral hemisphere of the brain via i.c.v. injec-
tion 24 h before HI insult for TET2 protein level assay or
4 h after HI insult for functional assay. The treatment regi-
men of miR-210-LNA was determined in our previous
studies [32, 33], in which miR-210-LNA with this dose
showed neuroprotective effect.
MiR-210 mimic (MSY0000881, Qiagen) and ALLStars

negative control (SI03650318, Qiagen) were prepared ac-
cording to the manufacturer’s instructions. Either miR-
210 mimic (100 pmol in 2 μl) or its negative control was
injected into the brains of mouse pups, and brain samples
were collected 48 h after injection. The treatment regimen
of miR-210 mimic was determined in our previous studies
[32, 33], in which miR-210 mimic with this dose signifi-
cantly downregulated the expression of target genes.
Accell mouse TET2 siRNA SMARTPOOL (E-058965,

Dharmacon) and negative control siRNA were prepared
according to the manufacturer’s instructions. Either
TET2 siRNAs (100 pmol in 2 μl) or negative control was
administered into the brains of mouse pups via i.c.v. in-
jection. Some animals were sacrificed for TET2 protein
abundance assay, and some animals were subjected to
HI 48 h after injection.

Measurement of brain infarct size
Brain infarct size was determined 48 h after HI using 2,
3, 5-triphenyltetrazolium chloride monohydrate (TTC;
T8877, Sigma-Aldrich) staining as described previously
[35]. Briefly, the brain was isolated from each pup, dis-
sected into coronal sections (2 mm thickness, 4 slices
per brain), and immersed into pre-warmed 2% TTC in
0.1M phosphate-buffered saline (PBS, pH 7.4) at 37 °C
for 5 min against light. Sections were washed with PBS
and then fixed by 10% formaldehyde overnight. The cau-
dal and the rostral surfaces of each slice were photo-
graphed using a digital camera, and the percentage of
infarct area (average of both sides) in the ipsilateral
hemisphere for each slice was traced and analyzed by
NIH Image J software.

Neurobehavioral assay
The foot-fault test measures the forelimb misplacement
on a grid during locomotion. The performance of mouse
was videotaped for 5 min or until 50 steps were taken
with one forelimb. The total number of steps and times
each forelimb fell below the grid was counted by an ob-
server blinded to experimental groups. The percentage
of foot-faults for contralateral forelimb and hindlimb to

total steps was calculated and presented as previously re-
ported [31]. Wire hanging test tests the forelimb
strength of pups, including arm and paw strength. Pups
were allowed to grasp a wire string across a stable object
and hanged onto the wire with both forepaws. The test-
ing area is over a padded drop zone. The latency to
when the animal falls was recorded. The test was per-
formed for three trials [37, 38].

Cell culture and treatment
BV2 mouse microglia cell line was provided by Dr. Grace
Y. Sun (University of Missouri). BV2 cells retain many
morphological and functional properties of primary
microglia [17]. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone Co.) with 10 % fetal bo-
vine serum (FBS; Hyclone Co.), 2 mM L-glutamine, 100
U/ml penicillin, and 100 μg/ml streptomycin (Sigma) in a
humidified incubator at 37 °C with 5% CO2. To determine
the effect of liposaccharide (LPS, Sigma) concentration on
microglia stimulation, BV2 cells with 80–90% confluency
were incubated with multiple doses (0, 10, 100, or 500 ng/
ml) of LPS for 6 h. A total of 100 nM of miR-210 mimic,
negative mimic (Qiagen), miR-210-LNA, LNA scramble
control (Exiqon), TET2 siRNAs (si. Tet2), or control
siRNA (si. Ctrl, Dharmacon) were used for in vitro trans-
fection. Transfection was performed with HiPerfect trans-
fection reagent (Qiagen) according to the manufacturer’s
instructions. BV2 cells were starved in serum-free medium
for 2 h before transfection. At 24 h after transfection, cells
were stimulated with or without LPS (1 or 500 ng/ml) for
6 h and then collected for assays.

Measurement of miR-210
The levels of miR-210 were detected as we previously
described [32, 33]. Total RNA was extracted using the
TRIzol reagent (15596026; Invitrogen). MiR-210 levels
were analyzed by miScript II RT kit (218161, Qiagen)
and miScript SYBR Green PCR kit (218073, Qiagen)
with miScript Primer Assay kit (MS00000644, Qiagen)
according to the manufacturer’s instructions. Briefly, 1
μg of template RNA was mixed with reverse-
transcription master mix in a final volume of 20 μl and
incubated at 37 °C for 60 min, and then the reaction was
stopped at 95 °C. Two nanograms of template cDNA
was used for miR-210 quantification in a final volume of
25 μl system containing specific primers and QuantiTect
SYBR Green PCR master mix according to the manufac-
turer’s instructions. Primers included miScript Universal
Primer, miR-210 miScript Primer Assay, and SNORD61
miScript Primer Assay (MS00033705, Qiagen). PCR was
done in triplicate and threshold cycle numbers were av-
eraged for each sample. The relative expression levels of
mature miR-210 were calculated using the formula
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2(-ΔΔCt) and normalized to SNORD61. The change of
miR-210 was expressed as fold of normal control.

qRT-PCR of pro-inflammatory cytokine quantification
Total RNA was subjected to reverse transcription
with Superscript III First-Strand Synthesis System
(18080051, Invitrogen), following the manufacturer’s
instructions. The target gene mRNA abundance was
determined with real-time PCR using iQ SYBR Green
Supermix (1708880, Bio-Rad) as we previously de-
scribed [16]. Primers used were listed in Table 1.
Real-time PCR was performed in a final volume of
25 μl and each PCR reaction mixture consisted of
specific primers and iQ SYBR Green Supermix. PCR
was done in triplicate and threshold cycle numbers
were averaged for each sample. The relative expres-
sion levels were calculated using the formula 2(-ΔΔCt)
and normalized to actin. The change of mRNA abun-
dance was expressed as fold of normal control.

Western blotting
Protein extraction of ipsilateral hemisphere of mouse pups
was obtained using RIPA lysis buffer (Santa Cruz Biotech-
nology) with further centrifugation for 30min at 14,000g
at 4 °C. The supernatant was collected, and the protein
concentration was determined using a detergent compat-
ible assay (Bio-Rad). Equal amounts of protein were
loaded on an SDS-PAGE gel. After being electrophoresed
and transferred to a nitrocellulose membrane, the mem-
brane was blocked and incubated with the primary anti-
body at 4 °C overnight. The primary antibodies included:
rabbit anti-TET2 (ABE 364, EMD), rabbit anti-NF-κB p65
(8242, CST), rabbit anti-acetyl-p65 (ab19870, abcam),
mouse anti-HDAC3 (3949 s, CST), mouse monoclonal
anti-β-actin (A1978, Sigma-Aldrich), or rabbit polyclonal
anti-GAPDH antibody (ab9485, Abcam). Nitrocellulose
membranes were incubated with secondary antibodies
(Santa Cruz Biotechnology) at room temperature for 1 h.
Immunoblots were then probed with an ECL Plus chemi-
luminescence reagent kit (32132, Fisher Scientific) and
visualized with the imaging system (Bio-Rad, Versa Doc,

model 4000). The images were analyzed using the NIH
Image J software.

Co-Immunoprecipitation
Co-immunoprecipitation (co-IP) was done using the
Pierce co-IP kit (26149, Fisher Scientific) following the
manufacturer’s protocol. Briefly, the rabbit anti-TET2
antibody (ab124297, Abcam) was first immobilized for 2 h
using AminoLink Plus coupling resin. The resin was then
washed and incubated with tissue lysate overnight. After
incubation, the resin was again washed, and protein was
eluted using elution buffer. The rabbit immunoglobin G
(IgG) was used as a negative control. The pull-down sam-
ples were probed by Western blotting using specific pri-
mary antibodies against TET2, NF-κB p65, acetyl-p65,
HDAC3 or GAPDH as described above, and horseradish
peroxidase-conjugated secondary antibodies.

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed using the SimpleChIP
(#57976, CST) according to the manufacturer’s instruc-
tions. Briefly, tissues were minced and fixed with 1.5%
formaldehyde to crosslink and maintain the DNA/pro-
tein interactions. After the reactions were stopped with
glycine, tissues were washed with PBS. Chromatin ex-
tracts were sonicated to produce DNA fragments be-
tween 200 and 1000 base pairs. Rabbit anti-acetyl-p65
antibody (ab19870, Abcam) or negative control normal
Rabbit IgG was incubated with the chromatin extracts to
precipitate the transcription factor/DNA complexes.
Crosslinking was then reversed using a salt solution, and
proteins were digested with proteinase K. The antibody-
pulled chromatin extracts were then subjected to real-
time quantitative PCR analysis using IL-1β primers [39]
targeting p65 binding region (Table 1).

Luciferase reporter gene assay
A segment of 3′ UTR of mouse TET2 mRNA harboring
the potential target region of mature miR-210 was PCR
amplified from mouse brain cDNA using the forward (5′-
gagacccGCTAGCgtgcttctgcttggtgtcaa) and the reverse

Table 1 Primer sets used for qPCR

Forward primer (5′-3′) Backward primer (5′-3′)

TNF-α CAGCCGATGGGTTGTACCTT GGCAGCCTTGTCCCTTGA

IL-6 CCACGGCCTTCCCTACTTC TGGGAGTGGTATCCTCTGTGAA

IL-1β GAGTGTGGATCCCAAGCAAT TACCAGTTGGGGAACTCTGC

IFN-γ TGCTGATGGGAGGAGATGTCT TGCTGTCTGGCCTGCTGTTA

CCL2 AGGTGTCCCAAAGAAGCTGTAG AATGTATGTCTGGACCCATTCC

CCL3 TGGAACTGAATGCCTGAGAGT TAGGAGATGGAGCTATGCAGGT

GAPDH CGACAGTCAGCCGCATCTT CCAATACGACCAAATCCGTTG

IL-1β ChIP TCCCTGGAAATCAAGGGGTGG TCTGGGTGTGCATCTACGTGCC
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(5′-gagacccGTCGACaagcatagaaaaatgcacacaga) primers,
designed based on mouse TET2 mRNA sequence (GEN-
BANK accession #: 214133). The primers contained artifi-
cial NheI (GCTAGC) and SalI (GTCGAC) sites in
forward and reverse primers respectively to facilitate clon-
ing. Subsequently, NheI-217 bp-SalI TET2-derived frag-
ment was cloned between NheI (5′) and SalI (3′) sites in
the pmirGLO luciferase vector (Promega) to generate
pmirGLOXTET2X reporter construct. The sequence of
the TET2 derived segment was confirmed by Sequencing
(Retrogen). For validation of the miR-210 target in mouse
TET2 3′UTR, PC12 cells were co-transfected with either
pmirGLO control vector or pmirGLO-TET2 construct
with multiple doses of miR210 mimics (miR-210) (Qiagen)
or scrambled miRNA. The Firefly and Renilla reniformis
luciferase activities in cell extracts were measured using
luminometer 48 h after co-transfection. The Firefly lucifer-
ase activity was normalized to Renilla reniformis luciferase
activity and expressed as relative to control pmirGLO ac-
tivity (% control), as we previously described [32, 40].

Statistical analysis
Data were expressed as mean ± standard error of the
mean (SEM). All graphs in this study were generated
with GraphPad Prism 5. In experiments related to ani-
mals, experimental number (n) represents pups from at
least two different dams. Comparisons between two
groups were analyzed using Student’s t test (unpaired,
two-tailed), and multiple comparisons were analyzed
using one-way ANOVA followed by Newman-Keuls post
hoc test. A p value less than 0.05 was considered
significant.

Results
HI upregulated miR-210, suppressed TET2 expression, and
increased p65 acetylation level and binding activity at IL-
1β promoter in the brain of mouse pups
Neonatal HI insult was introduced in P7 mouse pups
with the ligation of the right common carotid artery
followed by hypoxic (8% O2) treatment. HI insult signifi-
cantly increased miR-210 levels in the brain in a time-
dependent manner at 3, 12, and 24 h after the treatment
in both male (Fig. 1a) and female pups (Fig. 1b). In
addition, the HI treatment significantly decreased TET2
protein abundance (Fig. 1c) and increased the acetylation
level of NF-κB subunit p65 (Fig. 1d) in the ipsilateral
hemisphere of mouse brain at 12 h, compared with
Sham. ChIP-PCR assay of acetyl-p65 showed that neo-
natal HI also significantly enhanced the binding of
acetyl-p65 at the promoter of IL-1β (Fig. 1e).

MiR-210 repressed TET2 expression in the neonatal brain
To determine the role of miR-210 on TET2 expres-
sion after neonatal HI brain injury, either miR-210-

LNA or its negative control was delivered via i.c.v. in-
jection into the ipsilateral hemisphere 24 h before HI
insult. At 12 h after HI, TET2 protein abundance was
measured by Western blot. As shown in Fig. 2a, miR-
210-LNA significantly rescued TET2 protein abun-
dance, compared with the negative control (Neg.
Ctrl). We then delivered the miR-210 mimic or nega-
tive control into the neonatal brain via i.c.v. injection.
The results demonstrated that miR-210 mimic signifi-
cantly decreased TET2 protein abundance (Fig. 2b) in
the brain 48 h after the treatment. By searching the
database of the predication of miR targets (TargetS-
can 7.1), we found that miR-210 has putative binding
target sequences at the 3′ UTR of mouse TET2 tran-
script (Fig. 2c, upper panel). We thus performed a lu-
ciferase reporter gene assay to examine whether
TET2 transcript was a direct target of miR-210. Using
PC12 cells co-transfected with pmiRTE.T2 and mul-
tiple doses of miR-210 mimic or its negative control,
we found that miR-210 mimic, but not its negative
control, dose-dependently decreased luciferase activity
(Fig. 2c, lower panel).

TET2-HDAC3 interaction regulated DNA binding activity
of NF-κB p65 at IL-1β gene promoter in the brain of naïve
mouse pups
Co-immunoprecipitation (co-IP) using a specific anti-
body against TET2 revealed that TET2 interacted with
p65 and HDAC3 (Fig. 3a). Furthermore, either TET2
siRNA (si. Tet2) or scramble siRNA (si. Ctrl) was deliv-
ered into the brain of mouse pups via i.c.v. injection.
TET2 protein abundance (Fig. 3b) was significantly re-
duced 48 h after si. Tet2 injection, compared with si.
Ctrl. Of importance, ChIP-PCR assay using a specific
antibody against acetyl-p65 demonstrated that TET2
knockdown significantly enhanced the binding of acetyl-
p65 at the promoter of IL-1β gene in the brain of mouse
pups (Fig. 3c).

TET2 knockdown increased the acetylation level of NF-κB
p65 and the expression of proinflammatory cytokines and
chemokines after HI
To further confirm that TET2 regulates p65 acetylation,
HI insult was introduced to mouse pups after either si.
Tet2 or si. Ctrl injection. The result of Western blot
showed that si. Tet2, compared with si. Ctrl, significantly
increased the acetylation level of p65 after HI (Fig. 4).
To reveal the effect of TET2 on the expression of pro-
inflammatory cytokines, mRNA levels of tumor necrosis
factor alpha (TNF-α), IL-1β, interleukin-6 (IL-6), inter-
feron gamma (IFN-γ), and C-C motif chemokine ligand 2
(CCL2) and 3 (CCL3) in the ipsilateral hemisphere were
determined at 3, 12, and 24 h after neonatal HI (Fig. 5).
The levels of IL-1β (Fig. 5a) and CCL3 (Fig. 5f) were
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significantly increased at all time-points after HI, com-
pared with Sham. The levels of IL-6 (Fig. 5b) were signifi-
cantly upregulated at 12 and 24 h, while IFN-γ and TNF-α
were upregulated only at 12 h after HI. CCL2 (Fig. 5e) was
significantly increased at 3 and 12 h, but not 24 h after HI.
Of importance, TET2 knockdown significantly enhanced
the expression of IL-1β, IL-6, and IFN-γ, and CCL3 at all

time-points, while TNF-α, CCL2, and CCL3 only at 12
and 24 h after HI, compared with si. Ctrl (Fig. 5).

TET2 knockdown exacerbated neonatal HI brain injury
Mouse pups were subjected to HI with prior treatments
of either si. Tet2 or si. Ctrl, and brain infarct size was ex-
amined by TTC staining. Of note, a significant increase
of 72% in brain infarct size in males and 74% in females

Fig. 1 Effect of neonatal HI on miR-210 level, TET2 protein abundance, and p65 acetylation level and its DNA binding at IL-1β promoter in the
mouse brain. HI brain injury was induced in postnatal day 7 (P7) mouse pups, the ipsilateral cerebral hemisphere of the brain was collected at 3,
12, and 24 h after HI. MiR-210 levels were detected in the ipsilateral hemisphere in Sham and HI in both male (a) and female pups (b) using qRT-
PCR. n = 4 pups/group. *p < 0.05 vs Sham. At 12 h after HI, c TET2, d acetyl-p65, and total p65 protein levels were detected by Western blot. Data
are expressed as mean ± SEM. n = 6 pups/group. *p < 0.05 vs Sham. e Chromatin immunoprecipitation (ChIP)-PCR assay of acetyl-p65 at the
promoter of IL-1β. The enrichment of IL-1β was detected by qPCR. Data are expressed as mean ± SEM. n = 4 pups/group. *p < 0.05 vs Sham
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were observed in the si. Tet2-treated animals 48 h after
HI, compared with si. Ctrl (Fig. 6a), revealing a detri-
mental effect of TET2 downregulation on the neonatal
brain. In addition, the neurological function was evalu-
ated 2 weeks after HI insult. In the foot-fault test (Fig.
6b), animals with TET2 knockdown showed a significant
increase in both hindlimb and forelimb fault rate in-
duced by HI. Moreover, TET2 knockdown also signifi-
cantly increased the latency to fall in the wire hanging
test after HI, compared with si. Ctrl (Fig. 6c).

TET2 knockdown counteracted the effect of miR-210
inhibition on inflammatory response in neonatal HI brain
injury and in BV2 microglia cell line in vitro
To examine whether and to what extent TET2 mediates
the effect of miR-210 in neonatal HI brain, mouse pups
were treated with either si. Tet2 or si. Ctrl 48 h prior to HI
insult. Four hours after HI, either miR-210-LNA or scram-
ble LNA (Neg. Ctrl) was delivered into the ipsilateral
hemisphere of the brain via i.c.v. injection, and brain in-
farction was examined by TTC staining 48 h later. In

Fig. 2 MiR-210 downregulated TET2 in the neonatal brain. a HI brain injury was induced in P7 mouse pups. Either miR-210-LNA (100 pmol) or scramble LNA
(Neg. Ctrl) was administered into the ipsilateral hemisphere via i.c.v. injection 24 h prior to HI. a TET2 protein abundance was detected in the ipsilateral cerebral
hemisphere of the brain 12 h after HI. Data are expressed as mean ± SEM. n = 6 pups/group. *p <0.05 vs HI + Neg. Ctrl. b Either miR-210 mimic (100 pmol) or
scramble (Neg. Ctrl) was administered into the right hemisphere of mouse brain via i.c.v. injection. TET2 protein level was detected by Western blot in the
ipsilateral cerebral hemisphere of the brain 48 h after injection. Data are expressed as mean ± SEM. n = 5 pups/group. *p <0.05 vs Neg. Ctrl. c Luciferase
reporter gene assay of miR-210 targeting TET2 3′UTR. The diagram shows TET2 mRNA 3′UTR with the binding sites of miR-210 in mouse species. The pmirGLO
plasmid inserted with TET2 3′UTR sequence containing putative miR-210 binding sites (pmiRTET2) was transfected into PC12 cells and was treated with either
miR-210 mimics or scramble (Ve-control). Firefly and Renilla reniformis luciferase activities were measured in a luminometer using a dual-luciferase reporter assay
system. *p <0.05, treatment vs Ve control
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animals pretreated with si. Ctrl, miR-210-LNA signifi-
cantly reduced brain infarct size, compared with Neg. Ctrl.
In contrast, in animals pretreated with si. Tet2, there was
a lack of significant neuroprotective effect of miR-210-
LNA in the neonatal HI brain injury (Fig. 7a). The foot-
fault test was conducted 2 weeks after HI insult. The re-
sult showed that miR-210-LNA significantly reduced
hindlimb fault rate in animals pretreated with si. Ctrl,
compared with Neg. Ctrl, which was counteracted in ani-
mals pretreated with si. Tet2 after HI insult (Fig. 7b). In
addition, miR-210-LNA also significantly reduced the ex-
pression of key cytokine IL-1β in si. Ctrl pretreated ani-
mals, compared with Neg. Ctrl. Conversely, si. Tet2
pretreatment significantly eliminates the effect of miR-
210-LNA on IL-1β expression after HI insult, compared
with si. Ctrl (Fig. 7c).
Our previous study has demonstrated that miR-210-

LNA reduced LPS-stimulated upregulation of pro-
inflammatory cytokines in rat microglia [41]. TET2 has
been reported to regulate the expression of pro-
inflammatory cytokines in macrophage/microglia [42–
45]. We then test the role of miR210-TET2 axis in the
regulation of inflammatory response in BV2 microglia.
The result showed that transfection of either miR-210

mimic or TET2 siRNAs significantly upregulated the ex-
pression of IL-1β mRNA in BV2 microglia by about 3-
and 1.3-folds, respectively (Fig. 7d). To optimize the
doses of LPS treatment, BV2 microglia were stimulated
with multiple doses of LPS (0, 10, 100, or 500 ng/ml) for
6 h. The result showed that LPS dose-dependently in-
creased the expression of IL-1β in BV2 cells (Fig. 7e).
Then, BV2 microglia were transfected with either miR-
210-LNA or Neg. Ctrl in combination with si. Tet2 or si.
Ctrl for 24 h followed by LPS stimulation. The result
showed that in BV2 microglia with low dose (1 ng/ml),
but not high dose (500 ng/ml) LPS treatment, miR-210-
LNA significantly reduced the expression of IL-1β in si.
Ctrl transfected BV2 microglia, compared with Neg.
Ctrl, which was reversed by si. Tet2 transfection (Fig. 7f).

Discussion
The inflammatory response occurs rapidly after HI onset
and can last for several weeks, which is a major contribu-
tor to the brain injury in the immature brain following HI
insult [16, 17]. Mounting evidence suggests that alleviation
of early phase of inflammation confers neuroprotective ef-
fects after neonatal HI brain injury [46–49]. Our previous
studies demonstrated that HI upregulated brain miR-210

Fig. 3 TET2 interacting with HDAC3 regulated p65 acetylation at IL-1β promoter. a HI brain injury was induced in mouse pups, and the ipsilateral
cerebral hemisphere of the brain was collected 12 h after HI. Co-immunoprecipitation was applied using a specific antibody against TET2. The
specific binding of TET2, p65, and HDAC3 was detected by Western blot using specific primary antibodies. Either TET2 siRNA (100 pmol; si. Tet2)
or scramble (si. Ctrl) was administered into the right hemisphere of mouse brain via i.c.v. injection, and 48 h later, b TET2 protein level was
detected by Western blot. Data are expressed as mean ± SEM. n = 4 pups/group. *p < 0.05 vs si. Ctrl. c Chromatin immunoprecipitation (ChIP)-
PCR assay of acetyl-p65 at the promoter of IL-1β. The enrichment of IL-1β was detected by qPCR. Data are expressed as mean ± SEM. n = 5–6
pups/group. *p < 0.05 vs Sham
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in rat pups, and inhibition of brain miR-210 provided neu-
roprotection against neonatal HI brain injury [32, 33].
Thus, in the present study, we sought to investigate the
underlying mechanism by which TET2 is negatively regu-
lated by miR-210 and contributes to brain pro-
inflammatory response after neonatal HI in mouse pups.
We identified that HI upregulated brain miR-210 level in
mouse pups the same as in rat pups [32]. Neonatal HI in-
sult led to downregulation of TET2 levels and increase of
acetyl-p65 binding at the promoter of IL-1β gene, a key
marker of pro-inflammatory response after brain injury.
This consequence following HI was potentially ascribed to
the upregulation of miR-210, in that our in vivo and
in vitro data showed that TET2 was a direct target of
miR-210. We then determined the role of TET2 in neo-
natal HI-induced pro-inflammation and found that TET2
suppressed the DNA binding capacity of NF-κB p65 at IL-
1β promoter in conjunction with HDAC3, a co-repressor
of gene transcription. Moreover, TET2 knockdown aug-
mented pro-inflammatory cytokine expression after neo-
natal HI. Regarding the functionality of TET2 in the
neonatal brain, we demonstrated that knockdown of

TET2 increased brain infarct size and exacerbated neuro-
logical deficits after neonatal HI, which reversed the neu-
roprotection of miR-210 inhibition in HI-induced brain
injury. In addition, TET2 knockdown also counteracted
the effect of miR-210 inhibition on HI-induced brain pro-
inflammation. Finally, using BV2 mouse microglia cell
line, we provided evidence that the miR-210-TET2 axis
regulated pro-inflammatory response in microglia.
Previously, we determined that inhibition of brain

miR-210 suppressed post-stroke inflammatory reaction
in an ischemic brain injury model in adult mice [31].
This finding implicates that the detrimental effect of
miR-210 on the neonatal brain [32] may attribute to its
engagement in regulating pro-inflammatory response
after HI. However, the downstream effector molecule of
miR-210 in regulating neuroinflammation remains elu-
sive. The present study identified TET2, a regulator of
pro-inflammatory cytokine expression [42, 45], as a
novel target of miR-210. Basically, miRs silence gene ex-
pression by binding to the 3′UTR of the transcript via
their seed sequences at 5′ ends (nucleotides 2–8), result-
ing in transcript degradation or translational inhibition

Fig. 4 TET2 knockdown augmented acetyl-p65 level after neonatal HI. Either TET2 siRNA (100 pmol; si. Tet2) or scramble (si. Ctrl) was administered
into the right hemisphere of both male and female mouse brain via i.c.v. injection, neonatal HI was induced 48 h after siRNA injection, and the
ipsilateral cerebral hemisphere of the brain was collected 12 h after HI. Acetyl-p65 and total p65 protein levels were detected by Western blot.
Data are expressed as mean ± SEM. n = 6 pups/group. *p < 0.05 vs Sham
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Fig. 5 TET2 knockdown augmented pro-inflammatory cytokine levels after neonatal HI. The ipsilateral cerebral hemisphere of the brain was
collected 3, 12, and 24 h after HI. qRT-PCR was performed for a IL-1 β, b IL-6, c IFN δ, d TNF α, e CCL2, and f CCL3. Data are expressed as mean ±
SEM. n = 4 pups/group. *p < 0.05 vs Sham; #p < 0.05 vs si. Ctrl + HI

Fig. 6 TET2 knockdown exacerbated neonatal HI brain injury. Either TET2 siRNA (100 pmol; si. Tet2) or scramble (si. Ctrl) was administered into the
right hemisphere of both male and female mouse brain via i.c.v. injection, neonatal HI was induced 48 h after si.Tet2 injection, and a brain infarct
size was measured by TTC staining 48 h after HI. Data are expressed as mean ± SEM. n = 10 pups/group in si. Ctrl; n = 7–10 pups/group in si.
Tet2. Two-tailed Student’s t test. b foot-fault test and c wire hanging test were performed 2 weeks after neonatal HI. Data are expressed as mean
± SEM. n = 6–9 pups/group in normal; n = 7–11 pups/group in si. Ctrl; n = 9–11 pups/group in si. Tet2. *p < 0.05 vs si. Ctrl. #p < 0.05 vs normal
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of the target genes. By bioinformatics analysis (TargetS-
can 7.1), we found that the 3′UTR of TET2 mRNA con-
tains the highly-conserved binding sequences for miR-
210 across species including human, rat, and mouse. We

validated the result of bioinformatics analysis in in vivo
experiment and found that injection of miR-210 mimic
into the brain of mouse pups significantly reduced TET2
protein abundance, whereas inhibition of miR-210

Fig. 7 TET2 knockdown counteracted the effect of miR-210 inhibition on inflammatory response in neonatal HI brain injury and in BV2 microglia
cell line in vitro. Either TET2 siRNA (100 pmol; si. Tet2) or scramble (si. Ctrl) was administered into the right hemisphere of both male and female
mouse brain via i.c.v. injection, neonatal HI was induced 48 h after si. Tet2 injection. Four hours after HI, either miR-210-LNA (100 pmol) or
scramble LNA (Neg. Ctrl) was administered into the ipsilateral hemisphere of mouse brain via i.c.v. a Brain infarct size was measured by TTC
staining 48 h after HI. Data are expressed as mean ± SEM. n = 8–9 pups/group. *p < 0.05 vs Neg. Ctrl-treated si. Ctrl. #p < 0.05 vs miR-210-LNA-
treated si. Ctrl. b The foot-fault test was performed 2 weeks after neonatal HI. Data are expressed as mean ± SEM. n = 9–12 pups/group in Neg.
Ctrl-treated groups; n = 14–15 pups/group in LNA-treated groups. *p < 0.05 vs Neg. Ctrl-treated si. Ctrl. #p < 0.05 vs miR-210-LNA-treated si. Ctrl. c
The ipsilateral cerebral hemisphere of the brain was collected 24 h after HI. The qRT-PCR was performed for IL-1β transcript. Data are expressed as
mean ± SEM. n = 4–5 pups/group. d BV2 cells were transfected with miR-210 mimic, si. Tet2 or controls for 24 h. The qRT-PCR was performed for
IL-1β transcript. Data are presented as the mean ± SEM. n = 3. e BV2 cells were stimulated with multiple doses of LPS for 6 h. The qRT-PCR was
performed for IL-1β transcript. Data are presented as the mean ± SEM. n = 3. e BV2 cells were transfected with either miR-210-LNA or Neg. Ctrl in
combination with si. Tet2 or si. Ctrl for 24 h followed by LPS stimulation (1 ng/ml or 500 ng/ml) for 6 h. The qRT-PCR was performed for IL-1β
transcript. Data are presented as the mean ± SEM. n = 6 in groups with 1 ng/ml LPS; n = 3 in groups with 500 ng/ml LPS. *p < 0.05 vs Neg. Ctrl-
treated si. Ctrl. #p < 0.05 vs miR-210-LNA-treated si. Ctrl. ns, not significant
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rescued TET2 protein level after neonatal HI brain in-
jury. Furthermore, the result of luciferase reporter gene
assay revealed that miR-210 dose-dependently decreased
luciferase activity in PC12 cells co-transfected with plas-
mid pmiRTET2, confirming that TET2 transcript is in-
deed a direct target of miR-210.
TET2 is a member of the ten eleven translocation

(TET) methylcytosine dioxygenase family, which cata-
lyzes the conversion of 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) in the mammalian gen-
ome and promotes DNA demethylation [50–52]. Recent
studies documented that TET2 is engaged in the repres-
sion of the immune system [53, 54] and inflammation of
macrophage [43, 45, 55–57]. TET2 insufficiency in-
creased mRNA expression of IL-1β, IL-6, and Arginase1,
indicating that TET2 can restrain macrophage-mediated
inflammation [56]. It has been demonstrated that TET2
protein regulates transcription of pro-inflammatory cy-
tokines by recruiting histone modifiers, such as HDACs,
which is independent of TET2 catalytic activity [42, 45].
For example, TET2 recruits HDAC2 and mediates the
repression of transcription of IL-6 and IL-1β via histone
deacetylation [42]. In addition to the histone, HDACs
can also regulate acetylation levels of non-histone tran-
scription factors, thus modulating the transcription
switch of target genes [58–60]. NF-κB subunit p65, the
key transcription factor of early processes of immune
and inflammatory responses, is a non-histone substrate
of HDAC3, but not other HDACs [61]. The HDAC3-
mediated deacetylation of p65 increases the binding with
IκBα and enhances IκBα-dependent nuclear export, thus
leading to turn-off of NF-κB transcriptional response
[60, 62, 63]. Inspired by these findings, we hypothesize
that TET2 recruits HDAC3 leading to p65 deacetylation
and thus downregulates the transcription of pro-
inflammatory cytokine genes. To test this hypothesis, we
conducted co-immunoprecipitation and found the con-
junction of TET2, HDAC3, and NF-κB p65 in the brain
of mouse pups in both sham and HI groups. Further-
more, we injected TET2 siRNA into the neonatal brain
in order to examine the TET2-HDAC3 co-repressor
complex in regulating p65 acetylation. As we expected,
silencing TET2 reduced the binding of acetyl-p65 at IL-
1β promoter in the brain of naïve pups. In addition, it
enhanced the upregulation of acetylation level of p65
after HI insult, compared with si. Ctrl-treated pups.
These data demonstrate that TET2 regulates NF-κB p65
transcriptional activity in the expression of cytokine
genes. Of importance, our result revealed that TET2
knockdown time-dependently upregulated the tran-
scripts of a group of pro-inflammatory cytokines.
Next, we investigated the function of TET2 in the

neonatal brain after HI insult and determined its in-
nate protective role in the immature brain. We found

that TET2 knockdown significantly increased brain in-
farct size and worsen the sensorimotor functions after
neonatal HI, which is in agreement with the previous
report that TET2 deficiency exacerbated infarct vol-
ume after ischemic brain injury in adult mice [64].
The finding that TET2 knockdown counteracted the
neuroprotective effect of miR-210 inhibition is of
great interest and provides functional evidence that
TET2 is a downstream mechanism of miR-210 in the
regulation of neuroinflammation and brain injury in
neonatal HIE. Our previous study reported that the
miR-210 mimic treatment upregulated the expression
of pro-inflammatory cytokines in rat microglia [41],
thus raising an interesting question, as an inflamma-
tion suppresso r[42, 56], whether TET2 mediates the
effect of miR-210 on pro-inflammatory response in
microglia. Using BV2 microglia, our results showed
that TET2 knockdown significantly increased the ex-
pression of IL-1β mRNA similar to miR-210 mimic.
Moreover, TET2 siRNAs also exacerbated low dose
LPS stimulated IL-1β expression and reversed the ef-
fect of miR-210 inhibitor (LNA) in BV2 microglia.
These findings suggested an orchestrator role of the
miR-210-TET2 axis in pro-inflammatory response in
microglia. Given that TET2 siRNA results in down-
regulation of TET2 protein abundance in the brain,
we cannot rule out the potential effect of TET2 on
the expression of pro-inflammatory cytokine through
epigenetic modification. It is possible that the detri-
mental effect of TET2 knockdown on the neonatal
brain is a potential consequence of multiple mecha-
nisms regulated by TET2.

Conclusion
In conclusion, the present study demonstrates that TET2
is negatively regulated by miR-210 and mediates inflam-
matory response after neonatal HI brain injury in mice.
We determine that miR-210 directly binds to the 3′UTR
of TET2 transcript. TET2 in conjunction with HDAC3
regulates the acetylation of NF-κB subunit p65, thus af-
fecting the transcriptional activity of NF-κB on the expres-
sion of pro-inflammatory cytokines. Regarding the
function of TET2 in the neonatal brain, we find that
knocking down TET2 worsens neonatal HI-induced brain
infarct and neurological deficits and reverses the neuro-
protective effect of miR-210 inhibition. In addition,
in vitro results suggest that the miR-210-TET2 axis regu-
lates pro-inflammatory response in microglia. These find-
ings identify the miR-210-TET2 axis in a molecular level
and uncover a causative role of this axis in HI-induced in-
flammatory response in the neonatal brain, and substanti-
ate the mechanism underpinning the neuroprotective
effect of miR-210-LNA in neonatal HI brain injury.
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