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MicroRNA-204 may participate in the pathogenesis of
hypoxic-ischemic encephalopathy through targeting KLLN
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Abstract. Hypoxic-ischemic encephalopathy (HIE) is a
common neonatal disease that can lead to high neonatal
mortality rates. Previous studies have indicated that
microRNAs (miRs) may be involved in the pathogenesis of
HIE; however, the specific mechanisms underlying their
involvement require further investigation. The aim of the
present study was to investigate the roles of miR-204 and its
target gene killin p53 regulated DNA replication inhibitor
(KLLN) in HIE using rat HIE models. Brain injury was
induced by surgery and incubation of hypoxic incubator brain
using 10-day-old pup rats. On day 3, rats were sacrificed, and
the infarct size of the brain was determined using a tetrazo-
lium chloride assay. Terminal deoxynucleotidyl transferase
UTP nick-end labeling staining was performed to detect the
cell death rate in the brain tissue. Following this, the brain
tissues were collected, and reverse transcription-quantitative
polymerase chain reaction, western blot analysis and immu-
nohistochemistry assays were performed to examine the
expression levels of miR-204 and KLLN. Furthermore,
neurons were cultured and transfected with miR-204 inhibi-
tors or mimics, and the effect of miR-204 on the proliferation
and apoptosis of neurons was examined using MTT and flow
cytometric assays. Finally, a dual-luciferase reporter assay
was performed to confirm whether KLLN is a direct target
of miR-204. The expression of miR-204 was significantly
downregulated and the expression of KLLN was significantly
increased in the brain tissue of HIE rats (P<0.001). In addi-
tion, the transfection with miR-204 inhibitors significantly
decreased the proliferation rates and significantly increased the
apoptosis rate of neurons; however, transfection with miR-204
mimics prompted the opposite results. The dual-luciferase
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reporter assay also confirmed that KLLN is a direct target
of miR-204. Taken together, the results of the present study
demonstrated that miR-204 was downregulated in HIE and
that miR-204 may serve important roles in the pathogenesis of
HIE through targeting KLLN.

Introduction

Perinatal hypoxic-ischemic encephalopathy (HIE) is a
common neonatal malignancy (1). HIE can lead to high
neonatal mortality rates and causes long-term severe neuro-
logic morbidity (2). Unfortunately, the pathogenesis of
HIE remains unclear, leading to poor prognosis and severe
sequelae (3). Currently, therapeutic hypothermia is the most
common treatment for moderate to severe HIE; however,
the efficacy is unsatisfactory, and ~50% of infants succumb
or suffer from neurological disabilities following treatment
with hypothermia (4). Thus, there is an urgent requirement
to investigate the underlying mechanisms and identify novel
therapeutic targets for the treatment of HIE.

In recent years, increasing evidence has indicated that
microRNAs (miRs) may participate in the pathogenesis of
various neurological disorders, including ischemic stroke (5).
miRs are small non-coding RNAs, 21-22 nucleotides in length,
that bind to the 3'-untranslated region (3'-UTR) of their target
mRNAs, which can silence the target mRNAs and lead to
translational suppression (6). Previous studies have indicated
that miRs are involved in various important cellular events,
including the proliferation, differentiation, apoptosis and
migration of cells (7-10). Furthermore, the roles of miRs in the
pathogenesis of different diseases have also been explored (11).
In the field of neuroscience, it has been confirmed that miRs
are enriched in the nervous system and serve key roles in the
development of brain.

Previous studies have indicated that the expression of
miR-204 is aberrantly expressed in tissue samples and
the peripheral blood from patients and animal models of
HIE (12,13); however, the specific mechanism remains to be
elucidated. In the present study, the roles of miR-204 and its
target gene killin p53 regulated DNA replication inhibitor
(KLLN) were investigated in HIE using rat HIE models. This
study may provide a novel therapeutic target for the treatment
of HIE.
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Materials and methods

Establishing a neonatal rat HIE model. The Rice-Vannucci
model was established as described previously (13). Briefly, a
total of 20 neonatal Sprague-Dawley rat pups (age, 10 days;
weight, 12.5-15.0 g) were purchased from the animal center
of Nanjing Medical University (Nanjing, China). Rats were
maintained at the atmosphere of 55+5% with a temperature
of 25+2°C on a 12-h light/dark cycle and the food and water
were provided ad libitum. The unsexed neonatal rat pups were
randomly divided into either the sham (n=10) or HIE model
(n=10) group. In the HIE model group, rat pups were anesthe-
tized and the right common carotid artery (CCA) was exposed,
followed by double ligation with 5.0 silk surgical suture.
Following surgery, rats were allowed to recuperate for 1 h, and
then placed into a humidified hypoxic incubator containing
8% oxygen balanced with 92% nitrogen at 37°C for 1.5 h. For
the sham group, the CCA of the rats was exposed, without any
ligation or hypoxic treatment (14). Following surgery, rat pups
were maintained at 32°C with a 12-h light/dark cycle for 48 h.
All procedures were approved by the Ethics Committee of
Longgang District Central Hospital (Shenzhen, China).

Brain infarct size measurement. The infarct size of the brain
was determined using 2,3,5-triphenyltetrazolium chloride
monohydrate (TTC; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) staining, as described previously (15). Briefly, 48-h
after ligation and hypoxic treatment, rat pups were anesthe-
tized, and the head and neck of the rats were cut and the skull
of the rats were stripped to expose the cerebral tissue. Next, the
entire brain tissue was removed and serial 2-mm thick coronal
sections of the brain were cut and immersed into TTC solu-
tion (2%) for 5 min at 37°C. Subsequently, brain sections were
fixed with 10% formaldehyde at room temperature overnight.
The caudal and the rostral surfaces of each slice were imaged
using a light microscope (magnification, 200x; Olympus IX70;
Olympus Corporation, Tokyo, Japan).

Terminal deoxynucleotidyl transferase UTP nick-end labeling
(TUNEL) assay. TUNEL staining was performed to detect
the cell death rate in the brain tissue according to manufac-
turer's protocol. Briefly, the brain tissue sections were fixed
with paraformaldehyde (40 g/I) for 24 h at room temperature
and subsequently incubated with TUNEL reagent at 37°C
for 1 h in the dark. Following incubation, cells were washed
three times with PBS. Cell nuclei were counterstained with
1 pug/ml DAPI for 5 min at room temperature and mounted
in anti-fade mounting medium (cat. no. PO126; Beyotime
Institute of Biotechnology). TUNEL-positive cells were
observed in four randomly-selected fields under a Zeiss LSM
710 confocal microscope (magnification 20x; Carl Zeiss Ag,
Oberkochen, Germany). TUNEL-positive cells in the cortex
or the hippocampus in the penumbra were quantified using
ImagelJ software (version 1.8; National Institutes of Health,
Bethesda, MD, USA). The nucleus counter particle analysis
plug-in was used for cell counting.

Cell culture. Primary rat hippocampus neurons (cat.
no. A1084101) were purchased from Thermo Fisher Scientific,
Inc. (Waltham, MA, USA). Cells were cultured in RPMI-1640
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Figure 1. Establishing of the HIE models. (A) The 2,3,5-triphenyltetrazolium
chloride monohydrate staining results of the normal brain and HIE brain
(magnification, 200x). (B) Results of terminal deoxynucleotidyl transferase
UTP nick-end labeling staining of the normal brain and HIE brain (scale bar,
100 pm). (C) Relative expression of miR-204 in the brain tissue of HIE rats.
“"P<0.001 vs. normal rats. HIE, hypoxic-ischemic encephalopathy; miR,
microRNA.

(Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Inc.), 100 U peni-
cillin/ml and 100 mg streptomycin/ml and maintained 37°C in
a 5% CO,-humidifed incubator.

Cell transfection. miR-204 mimics, miR-204 mimics negative
control (NC), miR-204 inhibitor and miR-204 NC oligo-
nucleotides were purchased from GenePharma (Shanghai,
China). Neurons were seeded into 6-well plates at a density
of ~1x10° cells/well. Cells were subsequently transfected with
50 nM miR-204 mimics (5'-UUCCCUUUGUCAUCCUAU
GCCU-3'), miR-204 mimics NC (5-UUUGUACUACACAAA
AGUACUG-3"), miR-204 inhibitor (5'-"AGGATGACAAAG
GGA-3") or miR-204 inhibitor NC (5'-ACGTCTATACGC
CCA- 3") using Lipofectamine RNAiMax transfection reagent
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Figure 2. Effect of miR-204 mimics or inhibitor on the expression of miR-204 in neurons. Reverse transcription-quantitative polymerase chain reaction
analysis was performed to assess miR-204 expression. “P<0.01 and ““P<0.001 vs. control. Control, untransfected cells; miR-204, microRNA-204; NC, nega-
tive control; miR-204 inhibitor, cells transfected with miR-204 inhibitor; miR-204 inhibitors NC, cells transfected with miR-204 inhibitor NC; miR-204
mimics, cells transfected with miR-204 mimics; miR-204 mimics NC, cells transfected with miR-204 mimics NC.

(Thermo Fisher Scientific, Inc.). Cells were harvested for
subsequent analysis following 48-h incubation.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from brain tissue
samples using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). To examine KLLN mRNA levels, RT-qPCR
was performed using the One Step TB Green® PrimeScript™
RT-PCR kit (Perfect Real Time) (Takara Biotechnology
Co., Ltd., Dalian, China) on an ABI 7300 Real-Time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.),
according to manufacturer's protocol. To examine miR-204
levels, qPCR was performed using the Hairpin-it miRNAs
gPCR Quantitation kit (GenePharma, Shanghai, China),
according to the manufacturer's protocol. Primers were
synthesized by Genscript Nanjing Inc. (Nanjing, China) and
the following primer pairs were used for RT-qPCR: miR-204
forward, 5'-GCGGCGCAAAGAATTCTCCT-3' and reverse,
5'-GTGCAGGGTCCGAGGT-3"; U6 forward, 5'-CTCGCT
TCGGCAGCACA-3' and reverse, 5S'-AACGCTTCACGAATT
TGCGT-3'; KLLN forward, 5-ATGGATCGCCCGGGGCCA
G-3' and reverse, 5S-TCAGTCCTTTGGCTTGCTCTTA-3";
GAPDH forward, 5“TTGATGGCAACAATCTCCAC-3' and
reverse 5'-CGTCCCGTAGACAAAATGGT-3" The following
thermocycling conditions were used for RT-qPCR: Initial dena-
turation at 95°C for 30 sec; 40 cycles of 95°C for 5 sec and 60°C
for 30 sec. KLLN and miR-204 levels were quantified using
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Figure 3. Effect of miR-204 on the proliferation of neurons. MTT assays were
performed on neurons at 0, 24, 48 and 72 h. "P<0.05 and “P<0.01 vs. control.
Control, untransfected cells; OD, optical density; miR-204, microRNA-204;
NC, negative control; miR-204 inhibitor, cells transfected with miR-204
inhibitor; miR-204 inhibitors NC, cells transfected with miR-204 inhibitor
NC; miR-204 mimics, cells transfected with miR-204 mimics; miR-204
mimics NC, cells transfected with miR-204 mimics NC.

the 2-24% method (16) and normalized to the internal reference
gene GAPDH or U6 (RNU6B; GenePharma), respectively.
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Figure 4. Effect of miR-204 on the apoptosis of neurons at 48 h. Flow cytometry was used to assess apoptosis. “P<0.01 vs. control. Control, untransfected
cells; miR-204, microRNA-204; PI, propidium iodide; FITC, fluorescein isothiocyanate; miR-204 inhibitor, cells transfected with miR-204 inhibitor; miR-204
inhibitors NC, cells transfected with miR-204 inhibitor NC; miR-204 mimics, cells transfected with miR-204 mimics; miR-204 mimics NC, cells transfected

with miR-204 mimics NC.

Western blot analysis. Total protein was extracted from rat
hippocampal neurons using radioimmunoprecipitation assay
buffer (Beyotime Institute of Biotechnology, Shanghai,
China). Total protein was quantified using a bicinchoninic
acid assay (Beyotime Institute of Biotechnology) and 30 pug
protein/lane was separated via SDS-PAGE on a 8% gel. The
separated proteins were transferred onto polyvinylidene
fluoride membranes and blocked for 1 h at room temperature
with 5% non-fat milk. The membranes were incubated with
primary antibodies against KLLN (1:1,000; cat. no. ab197892)
and GAPDH (1:2,000; cat. no. ab9485; both Abcam,
Cambridge, MA, USA) overnight at 4°C. Following primary
incubation, membranes were incubated at room temperature
for 45 min with horseradish peroxidase-conjugated secondary
antibody (1:2,000; cat. no. ab6721; Abcam). Protein bands
were visualized using the enhanced chemiluminescent reagent
(Beyotime Institute of Biotechnology) on a ChemiDoc XRS*
imaging system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Protein bands were quantified using ImageJ software
(version 1.8, National Institutes of Health) with GAPDH as a
loading control.

Cell proliferation assay. The proliferation of the primary rat
hippocampus neurons were determined using the MTT Cell
Proliferation and Cytotoxicity Assay kit (Beyotime Institute
of Biotechnology), according to the manufacture's protocol.
Formazan was dissolved in DMSO, and the wavelength used
to measure formazan was 570 nm.

Cell apoptosis assay. Following 48-h transfection, cells were
subsequently stained with the annexin V-fluorescin isothio-
cyanate and propidium iodide using the Annexin V Apoptosis
Detection kit (BD Biosciences, Franklin Lakes, NJ, USA). Cell
apoptosis was analyzed using a BD FACSVerse flow cytom-
eter (BD Biosciences) and FlowJo software (version 7.5.5; Tree
Star, Inc., Ashland, OR, USA).

Bioinformatics analysis. The online bioinformatic tool
TargetScan (www.targetscan.org/vert_72) was used to predict
potential targets of miR-204, as previously described (17).
KLLN was identified as a target gene of miR-204. Furthermore,
the pairing site at the 3'-UTR of miR-204 and KLLN was
determined.
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Figure 5. KLLN is a direct target of miR-204 according to dual-luciferase
reporter analysis. (A) Sequence alignment of the pairing site at the 3'-UTR
of miR-204 and KLLN. (B) Results of the dual-luciferase reporter analysis.
“P<0.01 vs. miR-NC mimics. miR, microRNA; KLLN, killin p53 regu-
lated DNA replication inhibitor; UTR, untranslated region; NC, negative
control; KLLN WT, wild-type KLLN-3'-UTR cells; KLLN MT, mutant
KLLN-3"-UTR cells; miR-204-5p mimics, cells transfected with miR-204-5p
mimics; miR-NC mimics, cells transfected with miR-204-5p mimics NC.

Dual-luciferase reporter assay. The wild-type 3'-UTR of
KLLN (KLLN-3-UTR) and the mutant 3'-UTR of KLLN
(KLLN-MUT) region containing the miR-204 binding site
were synthesized and cloned into the p-MIR-reporter plasmid
(Thermo Fisher Scientific, Inc.). 293 cells were subsequently
seeded onto 12-well plates at a density of 1x10° cells/well
and transfected with KLLN-3'-UTR or KLLN-MUT and
miR-204 mimics or miR-204 mimics NC using Lipofectamine
RNAiMax transfection reagent. Following 48-h incubation,
cells were collected and luciferase activities were detected
using a Dual-Luciferase Reporter system (Beyotime Institute
of Biotechnology). Firefly luciferase activity was normalized
to Renilla luciferase activity.

Statistics. Statistical analysis was performed using SPSS 19.0
software (IBM Corp., Armonk, NY, USA). Data are presented
as the mean =+ standard deviation. The two-tailed Student's
t-test was used to compare two groups and one-way analysis
of variance with Turkey's post-hoc test was performed for the
comparison among multiple groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

Establishing the HIE rat model. To determine the roles of
miR-204 in HIE, rat HIE models were established. The infarct
size of the brain was measured using a TTC assay. As indi-
cated in Fig. 1A and B, compared with the controls group,
the HI-induced brain infarct size was approximately 35% of
the brain (the white part, 0.34+0.04 vs. 0.05+0.01, P<0.001);
furthermore, the results of the TUNEL staining assay indicated
that cell death rate in the HIE group was markedly increased
compared with the control group (Fig. 1B). Taken together,
these results suggested that the HIE model was successfully
established.

Decreased expression of miR-204 in the brain tissue of HIE
rats. Total RNA was isolated from the brain tissue of HIE
rats, and the expression of miR-204 was examined using
RT-gPCR. As indicated in Fig. 1C, the expression of miR-204
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Figure 6. Comparison of the expression of KLLN in HIE and control rats.
(A) mRNA expression of KLLN in HIE and control rats. (B) Protein expres-
sion of KLLN in HIE and control rats. ““P<0.001 and “P<0.01 vs. brain tissue
of normal rats. miR, microRNA; KLLN, killin p53 regulated DNA replica-
tion inhibitor; HIE, hypoxic-ischemic encephalopathy; miR, microRNA.

was significantly downregulated in the brain tissue of HIE rats
compared with the control group (P<0.001).

Effect of miR-204 on the proliferation and apoptosis of neurons.
To further explore the roles of miR-204 in the pathogenesis of
HIE, neurons were cultured in vitro and transfected with either
miR-204 inhibitor or mimics. As indicated in Fig. 2, transfec-
tion with miR-204 inhibitor (20, 50 or 100 nM) significantly
reduced the expression of miR-204 in neurons, while miR-204
mimics (20, 50 or 100 nM) significantly increased the expres-
sion of miR-204 (P<0.01 and P<0.001). However, miR-204
inhibitor NC (20, 50 or 100 nM) or miR-204 mimics NC
(20, 50 or 100 nM) had no significant effects on the expression
of miR-204 in neurons. Base on the results, 50 nM miR-204
inhibitor or mimics, and 20 nM miR-204 inhibitor NC or mimics
NC were used for the further analysis. Furthermore, the effect
of miR-204 on the proliferation and apoptosis of the neurons
was examined using MTT and flow cytometry methods. As
indicated in Figs. 3 and 4, transfection with miR-204 inhibitors
significantly decreased the proliferation rate and increased the
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apoptosis rate of neurons, whereas transfection with miR-204
mimics resulted in the opposite effects (P<0.05 and P<0.01).

KLLN is a direct target of miR-204 in neurons. KLLN was
predicted to be one of the targets of miR-204 using the online
tool TargetScan (Fig. 5A). Based on this, the association
between miR-204 and KLLN in the pathogenesis of HIE was
explored. Firstly, the results of the dual-luciferase reporter
assay indicated that transfection with miR-204 mimics
could significantly suppress the activity of the luciferases in
wild-type KLLN-3'-UTR cells, whereas miR-204 mimics had
no significant effect on KLLN-MUT cells (P<0.01; Fig. 5B).
This suggested that miR-204 could directly target KLLN.
Furthermore, the expression of KLLN in the brain tissue of
HIE and normal rats were compared, and it was observed that
KLLN expression was significantly increased in HIE models
at mRNA and protein levels (P<0.01 and P<0.001; Fig. 6).
Notably, the transient knockdown of miR-204 significantly
increased the expression of KLLN, whereas overexpression of
miR-204 significantly decreased the expression of KLLN in
neurons (P<0.01; Fig. 7).

Discussion

In the present study, the roles of miR-204 and its target gene
KLLN in HIE, as well as the underlying mechanism, were
investigated using in vivo and in vitro analysis. It was observed
that miR-204 was significantly downregulated and KLLN was
significantly upregulated in HIE rat models, suggesting that
miR-204 may serve important roles in the pathogenesis of HIE
through targeting KLLN.

The roles of miRs in the pathogenesis of brain diseases
in neonatal rats have been discussed in previous studies. For

example, Ma er al (18) reported that miR-210 can inhibit the
expression of junction proteins in neonatal rat hypoxic-isch-
emic brain injury. Furthermore, Wang et al (19) observed that
the downregulation of miR-210 can reverse nicotine-induced
brain injury in neonatal rats. Looney et al (20) reported that
miR-374a was downregulated in the umbilical cord blood of
infants with HIE. In addition, Ding et al (21) demonstrated that
miR-182 can regulate the expression of pineal clock in HIE
rat models. In the present study, it was observed that miR-204
expression was significantly downregulated in the brain tissue
of HIE rats, which was consistent with the observation of
Qiao et al (12), suggesting that miR-204 may participate in the
occurrence and progression of HIE.

It has been reported in previous studies that the HIE condi-
tion can lead to increased apoptosis of the neurons in the brain,
suggesting that aberrant apoptosis of neurons may have an
essential role in the pathogenesis of HIE (22,23). miR-induced
post-transcriptional regulation may have substantial effects
on apoptosis-associated pathological and physiological
events (24,25). It has been confirmed that miR-204 is involved
the proliferation and apoptosis of different type of cells. For
example, Shu et al (26) suggested that miR-204 may increase
mitochondrial apoptosis in doxorubicin-treated prostate cancer
cells via targeting Sirtuin 1 (SIRT1); Zhao et al (27) reported
that miR-204 may regulate the proliferation and apoptosis
of osteosarcoma cell via SATA3 signaling pathway; and
Lin et al (28) identified that miR-204-5p can affect the apoptosis
of prostate cancer cells through targeting B-cell lymphoma-2
(BCL-2). Therefore, in the present study, it was postulated that
downregulation of miR-204 may increase the apoptosis of
neurons and contribute to the pathogenesis of HIE. To confirm
the hypothesis of the present study, neuron cells were trans-
fected with miR-204, and it was observed that the transfection
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of miR-204 inhibitors significantly decreased the proliferation
rate and increased the apoptosis rate of neurons, whereas
transfection with miR-204 mimics produced the opposite
effects. Taken together, these results suggested that miR-204
may be involved in the pathogenesis of HIE by affecting the
proliferation and apoptosis of neurons in the brain.

Using online bioinformatic tools, KLLN was predicted as a
target gene of miR-204. KLLN is a gene that encodes the protein
killin, which is a p53-regulated DNA replication inhibitor (29).
KLLN is located at the 10g23 of the chromosome and shares
the same transcription start site with PTEN (which is known
as a tumor suppressor) (30). The primary function of KLLN
has been associated with the regulation of the proliferation and
apoptosis of the cells, and overexpression of KLLN can lead
to inhibited proliferation and increased apoptosis of the cells,
whereas knockdown of KLLN can increase the proliferation
and inhibit the apoptosis of different types of cells (31,32).
Notably, hypermethylation of KLLN has been demonstrated
to participate in the process of Cowden syndrome (33), and the
dysregulation of KLLN has been associated with the develop-
ment of breast cancer (34) and ovarian cancer (35). The roles of
KLLN in HIE remain to be investigated. In the present study,
as a pro-apoptotic gene, it was hypothesized that downregula-
tion of miR-204 may induce the upregulation of KLLN, which
may lead to the aberrant apoptosis of neurons and contribute
to the pathogenesis of HIE. The association between miR-204
and KLLN in the pathogenesis of HIE was explored using
in vivo and in vitro analysis. The results of the dual-luciferase
reporter assay confirmed that miR-204 directly targets KLLN;
furthermore, it was observed that the expression of KLLN
was significantly upregulated in HIE models in vivo, and
in vitro analysis indicated that the downregulation of miR-204
led to increased KLLN expression, whereas upregulation of
miR-204 suppressed the expression of KLLN in neurons.
Taken together, these results indicated that miR-204 may be
involved in the pathogenesis of HIE through targeting KLLN.

It is well known that one miR can have multiple targets. It
has been observed that miR-204 can protect H9C2 cells against
hypoxia/reoxygenation-induced injury via regulating SIRT1
induced apoptosis (36); furthermore, miR-204 can promote
the apoptosis of prostate cancer cells by targeting BCL-2 (28).
SIRT1 and BCL-2 are known anti-apoptotic genes, thus in
future studies, the association between miR-204 and SIRT1 or
BCL-2 in HIE should be explored.

In conclusion, it was observed that miR-204 was downreg-
ulated in HIE. To the best of our knowledge, the present study
reported for the first time that miR-204 may serve regulatory
roles in the pathogenesis of HIE through targeting KLLN. The
results have provided evidence for the application of miR-204
as a novel therapeutic target for the treatment of HIE.
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