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Abstract

Background: The expression level of miR-376c-3p is significantly lower in infants
with neonatal hypoxic-ischemic encephalopathy (HIE) than in healthy infants.
However, the biological function of this microRNA remains largely elusive.

Methods: We used PC-12 and SH-SY5Y cells to establish an oxygen–glucose
deprivation (OGD) cell injury model to mimic HIE in vitro. The miR-376c-3p
expression levels were measured using quantitative reverse transcription PCR. The
CCK-8 assay and flow cytometry were utilized to evaluate OGD-induced cell injury.
The association between miR-376c-3p and inhibitor of growth 5 (ING5) was validated
using the luciferase reporter assay. Western blotting was conducted to determine
the protein expression of CDK4, cyclin D1, Bcl-2 and Bax.

Results: MiR-376c-3p was significantly downregulated in the OGD-induced cell injury
model. Its overexpression elevated cell viability and impaired cell cycle G0/G1 phase
arrest and apoptosis in PC-12 and SH-SY5Y cells after OGD. Downregulation of miR-
376c-3p gave the opposite results. We further demonstrated that ING5 was a
negatively regulated target gene of miR-376c-3p. Importantly, ING5 knockdown had
a similar effect to miR-376c-3p-mediated protective effects against cell injury induced
by OGD. Its overexpression abolished these protective effects.

Conclusion: Our data suggest that miR-376c-3p downregulated ING5 to exert
protective effects against OGD-induced cell injury in PC-12 and SH-SY5Y cells. This
might represent a novel therapeutic approach for neonatal HIE treatment.
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Background
Neonatal hypoxic-ischemic encephalopathy (HIE), which is also known as neonatal

stroke, is caused by a disruption of cerebral blood vessels and leads to hypoxic or is-

chemic injury [1]. It is considered a major cause of disability in children after the neo-

natal period, with 0.1–0.2% incidence in term or near-term infants [2, 3]. Up to 40% of

HIE patients usually suffer from devastating disability, including cerebral palsy, mental

retardation, epilepsy and learning impairment [4–6]. Therapeutic hypothermia is the

only recognized treatment for HIE, but it needs to be applied within 6 h of birth in a

tertiary care center, which limits its application [7, 8]. Thus, it is important to better

understand the molecular mechanisms of HIE.
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MicroRNAs (miRNAs or miRs) are small endogenous non-coding RNAs that regulate

a wide variety of biological processes, including differentiation, proliferation and apop-

tosis, by targeting mRNAs [9–11]. In recent years, researchers have found that miRs

are closely associated with the pathogenesis of hypoxic-ischemic diseases. For example,

miR-29b promotes neurocyte apoptosis by targeting MCL-1 during cerebral ischemia/

reperfusion (I/R) [12]. MiR-451 has been reported to target CELF2, protecting against

apoptosis and oxidative stress induced by oxygen and glucose deprivation/reoxygena-

tion (OGD/R) [13]. Most recently, O′ Sullivan et al. found that the expression levels of

three miRs (miR-374a-5p, miR-376c-3p and miR-181b-5p) are significantly lower in in-

fants diagnosed with HIE than in healthy control infants [14]. This was determined by

performing miRNA profile pattern analysis in umbilical cord whole blood.

Notably, miR-376c-3p has been shown to regulate cell growth, proliferation and mi-

gration in different cancer types [15, 16]. We thus speculated that miR-376c-3p might

play an important role in neuronal cell survival under ischemic conditions.

The inhibitor of growth family member 5 (ING5) is composed of four molecular do-

mains: a nuclear localization signal (NLS), a novel conserved region (NCR), a leucine

zipper-like (LZL) domain, and a plant homeodomain (PHD) [17]. A related study indi-

cated that ING5 is a key factor in DNA replication, cell cycle regulation and apoptosis

[18]. ING5 overexpression could decrease cell proliferation and induce apoptosis in

lung cancer [19] and esophageal squamous cell carcinoma [20]. Interestingly, Zhu et al.

reported that ING5 suppresses cell viability and promotes cell apoptosis in human pul-

monary artery smooth muscle cells under hypoxic conditions [21]. This highlights its

potential for the treatment of hypoxic pulmonary hypertension. These results suggest

that targeting ING5 might be beneficial for developing novel therapeutic strategies for

HIE injury.

In this study, we constructed an OGD cellular model as the most commonly applied

in vitro model of HIE [22, 23] to investigate the functional significance of miR-376c-3p

in regulating neuron survival. Here, PC-12 [24–27] and SH-SY5Y [28] cells were used

to construct an OGD cell injury model to mimic HIE. We confirmed whether miR-

376c-3p exerted protective effects on OGD-injured cells. Furthermore, we explored the

molecular mechanisms underlying miR-376c-3p in OGD cell injury.

Materials and methods

Cell culture

PC-12 cells and SH-SY5Y cells were purchased from the American Type Culture Col-

lection (ATCC) and cultured in Dulbecco’s modified Eagle medium (DMEM; HyClone)

supplemented with 10% fetal bovine serum (FBS; Gibco). The culture was maintained

at 37 °C in a humidified incubator containing 5% CO2.

OGD cell injury model

Cells were cultured in glucose-free culture medium and placed into a hypoxia incuba-

tor with 94% N2, 5% CO2, 1% O2 for 2 h at 37 °C. Growth medium containing glucose

was used to replace the culture medium and cells were cultured at 37 °C under normal

conditions in an atmosphere with 5% CO2.
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Cell transfection

MiR-376c-3p mimic (mimic), miR-NC, anti-miR-376c-3p, anti-miR-NC, small interfer-

ing RNA targeting ING5 (si-ING5) and si-NC were all synthesized by GenePharma.

The open reading frame of ING5 without its 3′-UTR was inserted into pcDNA3.1 vec-

tor (Sangon Biotech) to produce pcDNA3.1/ING5 vector. Lipofectamine 2000 (Invitro-

gen) was used to perform cell transfection prior to OGD.

Quantitative reverse transcription PCR

Total RNA was isolated using Trizol Reagent and RNA was reverse transcribed using the

TaqMan MicroRNA Reverse Transcription Kit or AMV reverse transcriptase random

primers (Sigma-Aldrich) according to the manufacturer’s instructions. PCR was per-

formed using TaqMan Universal Master Mix II (Sigma-Aldrich) for miR-376c-3p or SYBR

Premix Ex Taq II kit (Takara) for ING5 with the following primer sequences: miR-376c-

3p forward: 5′-AACATAGAGGAAATTCCACG-3′ and reverse: 5′-CAGTGCGTGT

CGTGGAGT3′; U6 forward: 5′-CTCGCTTCGGCAGCACA-3′ and reverse: 5′-

AACGCTTCACGAATTTGCGT-3′; ING5 forward: 5′-GGGAGATGATTGGCTGTG-

3′ and reverse: 5′-CCTTTGGGTTTCGTGGTA-3′; GAPDH forward: 5′-AGAAGG

CTGGGGCTCATTTG-3′ and reverse: 5′-CGATCCACACGGAGTACTTGC-3′.

The PCR amplification parameters were: 95 °C for 5 min, followed by 40 cycles of

95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. The relative expression levels of miR-

376c-3p and ING5 were calculated using the 2−ΔΔCt method [29] with the respective in-

ternal controls U6 and GAPDH.

Cell viability assay

Cells from different groups were seeded into 96-well plates (4 × 103 cells per well) and

incubated with 10 μl CCK-8 solution (Dojindo Laboratories) for 1 h. Using a Bio-Rad

Microplate Reader, we measured the optical density values at 450 nm and used them to

calculate relative cell viability in experimental groups compared with the control group.

Flow cytometry analysis

Cells were collected and fixed at 4 °C with cold ethanol overnight. After two washes in

phosphate-buffered saline (PBS), the cells were re-suspended in 200 μl binding buffer,

followed by staining with 400 μl PI (BestBio) for 30 min in the dark. Next, the cell cycle

distribution was analyzed via flow cytometry with FlowJo software (BD Bioscience).

To assess cell apoptosis, cells were collected, re-suspended and stained with Annexin

V-FITC and PI (BestBio) for 20 min in the dark at room temperature. The numbers of

early (Annexin V+/PI-), late (Annexin V+/PI+) and total apoptotic cells were deter-

mined using a flow cytometer equipped with CellQuest Pro software (BD Bioscience).

Luciferase reporter assay

TargetScan Bioinformatics software (www.targetscan.org/vert_72) was searched to seek

the putative target genes associated with the effects of miR-376c-3p on cell growth. For

the luciferase reporter assay, the wild-type (WT) or mutant (MUT) 3′-untranslated re-

gion (3′-UTR) of ING5 was cloned into the pmirGLO dual luciferase reporter vectors

(Promega) by RIBOBIO. These were transfected into HEK293T cells with mimic or
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miR-NC using Lipofectamine 2000 (Invitrogen). Cells were harvested after 48 h trans-

fection and relative luciferase activities were determined using the Dual-Luciferase Re-

porter Assay System (Promega).

Western blot analysis

RIPA lysis buffer and enhanced BCA Protein Assay kit (Beyotime) were respectively

used to extract total protein and determine protein concentration. Approximately 30 μg

of protein samples were separated using sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) with 12% sodium dodecyl gel. The separated protein was transferred onto

PVDF membranes where it underwent blocking with 5% nonfat milk for 2 h. Subse-

quently, the membranes were incubated with anti-ING5 and anti-GAPDH (Abcam)

overnight at 4 °C, followed by incubation with horse radish peroxidase-labeled second-

ary antibody for 2 h at room temperature. The protein bands were visualized with

GAPDH as an internal control using enhanced chemiluminescence (Pierce).

Statistical analysis

Quantitative data were expressed as means ± SD from at least three experiments.

GraphPad Prism 6.0 Software was used to perform statistical analysis. Differences were

evaluated using Student’s t-test (2 groups) and one-way ANOVA followed by a Bonfer-

roni post-hoc test (multiple groups). Values of p less than 0.05 were considered to be

statistically significant.

Results

The levels of miR-376c-3p decrease in the OGD-induced cell injury model

PC-12 and SH-SY5Y cells in an OGD model were used to investigate the potential role

of miR-376c-3p in HIE brain injury. MiR-376c-3p decreased significantly in PC-12 cells

and SH-SY5Y cells after OGD (Fig. 1a, p < 0.01).

Then, we evaluated the OGD cell injury model. The CCK-8 assay showed that the

cell viability of PC-12 and SH-SY5Y cells decreased significantly after OGD (Fig. 1b, p

< 0.01). Moreover, the percentages of PC-12 cells and SH-SY5Y cells in G0/G1 phase

increased significantly (p < 0.01), while the percentages of those in G2/M phase and S

phase decreased after OGD (p < 0.01), indicating that OGD induced cell cycle G0/G1

phase arrest (Fig. 1c).

Furthermore, the percentage of apoptotic cells was remarkably elevated in the OGD

group compared with the control group in both PC-12 and SH-SY5Y cells (Fig. 1d).

These results reveal that downregulation of miR-376c-3p might play an important role

in the OGD-induced cell injury model.

MiR-376c-3p significantly attenuates OGD-induced injury

We next performed gain-of-function assays in PC-12 and SH-SY5Y cells by transfection

with mimic or miR-NC followed by OGD. Quantitative reverse transcription PCR

showed that transfection with the mimic significantly upregulated the expression of

miR-376c-3p in PC-12 and SH-SY5Y cells subjected to OGD (Fig. 2a, p < 0.001). The

CCK-8 assay showed that miR-376c-3p overexpression significantly improved the via-

bility of PC-12 and SH-SY5Y cells subjected to OGD (Fig. 2b, p < 0.01). Furthermore,
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Fig. 1 (See legend on next page.)
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OGD-induced cell cycle G0/G1 arrest (Fig. 2c) and apoptosis (Fig. 2d) was also signifi-

cantly reversed upon miR-376c-3p overexpression.

We further confirmed the protective role of miR-376c-3p against OGD-induced in-

jury with loss-of-function assays. Anti-miR-376c-3p transfection significantly sup-

pressed the expression of miR-376c-3p in PC-12 cells (Fig. 2e). As expected,

downregulation of miR-376c-3p promoted OGD-induced impaired cell viability (Fig.

2f), cell cycle G0/G1 phase arrest (Fig. 2g) and apoptosis (Fig. 2h) in PC-12 cells. These

results suggest that miR-376c-3p exerts protective effects against OGD-induced injury.

ING5 is directly targeted by miR-376c-3p

Using bioinformatics analysis, we predicted the downstream target genes of miR-376c-

3p and selected ING5, an important gene associated with cell growth, as a potential

(See figure on previous page.)
Fig. 1 Expression of miR-376c-3p in the OGD-induced cell injury model. PC-12 and SH-SY5Y cells were
subjected to OGD. Cells cultured under normal condition were used as the controls. (a) Quantitative reverse
transcription PCR analysis of miR-376c-3p expression in PC-12 and SH-SY5Y cells. (b) Cell viability was
measured using the CCK-8 assay. (c) Cell cycle distribution was analyzed via flow cytometry with PI staining.
(d) Cell apoptosis was examined using flow cytometry with Annexin V/PI double staining. Data are
expressed as means ± SD. **p < 0.01, ***p < 0.001 vs. control

Fig. 2 MiR-376c-3p attenuated OGD-induced cell injury. PC-12 and SH-SY5Y cells were transfected with
miR-376c-3p mimic or miR-NC and then subjected to OGD. (a) Quantitative reverse transcription PCR
analysis of miR-376c-3p expression in PC-12 and SH-SY5Y cells. (b) Cell viability was measured using the
CCK-8 assay. (c) Cell cycle distribution was analyzed via flow cytometry with PI staining. (d) Cell apoptosis
was examined using flow cytometry with Annexin V/PI double staining. (e) The expression of miR-376c-3p
was analyzed in PC-12 cells after transfection with anti-miR-376c-3p or anti-miR-NC. (f) Cell viability was
measured in PC-12 cells. (g) Cell cycle distribution was analyzed using flow cytometry with PI staining in
PC-12 cells. (h) Cell apoptosis was examined using flow cytometry with Annexin V/PI double staining in PC-
12 cells. Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. miR-NC; ##p < 0.01, ###p <
0.001 vs. anti-miR
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target gene of miR-376c-3p. The alignment of the seed regions of miR-376c-3p with

the 3′-UTR of ING5 is shown in Fig. 3a.

The luciferase reporter assay was conducted to confirm direct target binding. Overex-

pression of miR-376c-3p significantly decreased the luciferase activity of a reporter vec-

tor containing the WT ING5 3′-UTR, but did not affect the luciferase activity of a

reporter vector containing MUT ING5 3′-UTR in HEK293T cells (Fig. 3b, p < 0.01).

Subsequently, we analyzed the expression of ING5 in the OGD cell injury model

using western blot analysis. The protein expression of ING5 was obviously elevated

after OGD treatment in both PC-12 and SH-SY5Y cells (Fig. 3c). Furthermore, we dem-

onstrated that overexpression of miR-376c-3p significantly decreased the mRNA (Fig.

3d) and protein (Fig. 3e) expression of ING5 in the OGD-induced PC-12 and SH-SY5Y

cell injury model. By contrast, downregulation of miR-376c-3p elevated the mRNA

(Fig. 3f) and protein (Fig. 3g) expression of ING5 in PC-12 cells. These results show

that ING5 might be a direct target gene of miR-376c-3p.

Knockdown of ING5 and miR-376c-3p overexpression have similar protective effects against

OGD-induced injury

Since ING5 is negatively regulated by miR-376c-3p, we speculated that ING5 might

promote OGD-induced injury. To validate our hypothesis, PC-12 cells were selected

for transfection with si-ING5 for loss-of-function assays. The expression of ING5 pro-

tein was obviously downregulated in PC-12 cells after si-ING5 transfection (Fig. 4a).

With an impact similar to miR-376c-3p overexpression, ING5 knockdown significantly

reversed the impaired cell viability (Fig. 4b), cell cycle G0/G1 arrest (Fig. 4c) and apop-

tosis (Fig. 4d) induced by OGD treatment.

Restoration of ING5 expression reverses the protective effect of miR-376c-3p against OGD-

induced injury

Next, we performed rescue experiments to confirm whether miR-376c-3p protects

against OGD-induced cell injury by targeting ING5. ING5 expression was restored by

Fig. 3 MiR-376c-3p targets the 3′-UTR of ING5. (a) Diagram of the predicted miR-376c-3p binding site in the
3′-UTR of ING5. (b) The luciferase reporter assay was performed to examine whether miR-376c-3p directly
binds to the ING5 3′-UTR in HEK293T cells. (c) The protein expression of ING5 was analyzed in PC-12 and
SH-SSY5Y cells subjected to OGD. d and e—The mRNA (d) and (e) protein expression levels of ING5 were
measured in PC-12 and SH-SY5Y cells transfected with mimic or miR-NC and subjected to OGD. f and
g—The mRNA (f) and (g) protein expression levels of ING5 were determined in PC-12 cells transfected with
anti-miR-376c-3p or anti-miR-NC and subjected to OGD. Data are expressed as means ± SD. **p < 0.01 vs.
miR-NC; ##p < 0.01 vs. anti-miR
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transfection of ING5 plasmid into PC-12 cells that had undergone transfection with

mimic. We first confirmed that the protein expression of ING5 was significantly re-

stored by transfection with pcDNA3.1/ING5 vector (Fig. 5a, p < 0.01). The effect of

miR-376c-3p overexpression on cell viability (Fig. 5b) was significantly blocked by res-

toration of ING5. In addition, the decrease in cell cycle G0/G1 phase arrest (Fig. 5c)

and apoptosis (Fig. 5d) after miR-376c-3p overexpression were significantly abrogated

by ING5 overexpression. These results suggest that ING5 might be a downstream func-

tional regulator for miR-376c-3p-mediated protective effects in the OGD-induced cell

injury model.

MiR-376c-3p regulates cell cycle arrest and apoptosis-associated factors by targeting ING5

in the OGD-induced cell injury model

Next, we analyzed the effects of miR-376c-3p and ING5 on the protein levels of cell

cycle- and apoptosis-associated factors using western blot analysis. Compared with

miR-NC + vector group, we found that miR-376c-3p overexpression significantly in-

creased the protein levels of CDK4, cyclin D1 and Bcl-2, but decreased Bax expression

Fig. 4 Knockdown of ING5 imitated the protective effect of miR-376c-3p against OGD-induced injury. PC-12
cells were transfected with si-ING5 or si-NC and then subjected to OGD. (a) The protein expression of ING5
was measured in PC-12 cells. (b) Cell viability was measured using the CCK-8 assay. (c) Cell cycle distribution
was analyzed using flow cytometry with PI staining. (d) Cell apoptosis was examined using flow cytometry
with Annexin V/PI double staining. *p < 0.05, **p < 0.01, ***p < 0.001 vs. si-NC
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in PC-12 cells subjected to OGD. Notably, the effects of miR-376c-3p overexpression

on these protein levels were obviously alleviated by ING5 overexpression (Fig. 6). These

findings further suggest that miR-376c-3p alleviates OGD-induced cell injury through

downregulation of ING5.

Discussion
MiR-376c-3p levels are significantly lower in infants diagnosed with HIE than in

healthy control infants [14]. Consistently, we found that miR-376c-3p is significantly

downregulated in response to OGD treatment. By performing gain-of-function and

loss-of-function assays, we further found that miR-376c-3p significantly attenuates

OGD-induced injury. The underlying mechanism for this might be reversal of cell cycle

G0/G1 phase arrest and apoptosis, as confirmed by the upregulation of CDK4, cyclin

D1 and Bcl-2 and downregulation of Bax after miR-376c-3p overexpression. Various

studies have shown that miR-376c-3p is involved in regulating cell proliferation, cell

cycle and apoptosis in neuroblastoma cells [16], gastric cancer [30] and hepatocellular

carcinoma [15]. From this evidence, we hypothesized that miR-376c-3p might play a

neuroprotective role in OGD-induced cell injury.

ING5 is the last member of the ING candidate tumor suppressor family that has been

implicated in multiple cellular functions, including cell cycle regulation, apoptosis and

chromatin remodeling [18]. Wu et al. [31] found that ING5 overexpression inhibits

tumor growth in SH-SY5Y cells by suppressing proliferation and inducing apoptosis. In

Fig. 5 Restoration of ING5 expression reversed the effect of miR-376c-3p overexpression on OGD-induced
cell injury. PC-12 cells were co-transfected with pcDNA3.1/ING5 vector and miR-376c-3p mimic and then
subjected to OGD. (a) The protein expression of ING5 was detected using western blotting. (b) Cell viability
was measured using the CCK-8 assay. (c) Cell cycle distribution was analyzed using flow cytometry with PI
staining. (d) Cell apoptosis was examined using flow cytometry with Annexin V/PI double staining. Data are
expressed as means ± SD. *p < 0.05, **p < 0.01 vs. miR-NC + vector; #p < 0.05, ##p < 0.01 vs. mimic + vector
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addition, ING5 has been reported as a potential target for breast cancer [32] and gastric

cancer [33] treatment.

Our data show that the protein expression of ING5 is obviously elevated in OGD-

induced cell injury. ING5 consistently and significantly aggravated hypoxic human pul-

monary artery smooth muscle cells [21]. In fact, miRNA directly binds to the 3′-UTR

of target mRNAs via complementary pairing sequences to induce their degradation

[15].

We then explored whether ING5 is the downstream target gene of miR-376c-3p in

OGD-induced cell injury. As expected, we found miR-376c-3p directly binds to the 3′-

UTR of ING5. Moreover, ING5 knockdown imitated and ING5 overexpression re-

versed the protective effect of miR-376c-3p against OGD-induced injury. Furthermore,

the regulatory effects of miR-376c-3p on CDK4, cyclin D1, Bcl-2 and Bax were abol-

ished by ING5 overexpression. Similarly, ING5 is a target gene of miR-196a and sup-

presses head and neck cancer cell survival and proliferation [34]. Based on these data,

we speculate that miR-376c-3p may downregulate ING5 expression in OGD-induced

injury by regulating cell cycle and apoptosis-associated factors.

Conclusions
Our experiments have confirmed our initial hypothesis that miR-376c-3p affects OGD-

induced cell injury by targeting ING5. This study provides a theoretical basis for further

investigation into the protection of neurons against OGD-induced injury. Of course,

the impacts of other miRNAs on more target genes for HIE will be explored in future

studies.

Fig. 6 Restoration of ING5 expression alleviated the effect of miR-376c-3p overexpression on cell cycle
arrest- and apoptosis-associated factors. PC-12 cells were co-transfected with pcDNA3.1/ING5 vector and
miR-376c-3p mimic and then subjected to OGD. Western blot analysis was performed to measure the
protein expressions of CDK4, cyclin D1, Bcl-2 and Bax. GAPDH was used as an internal control
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