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Spinal cord injury (SCI) is caused by mechanical disruption of the spinal cord. This primary injury is followed by 
a devastating secondary SCI. It has been shown that various microRNAs (miRNAs) are involved in secondary 
SCI. The present study explored the role of miR-489-3p on secondary SCI, and its underlying mechanisms. 
First, we determined the expression of miR-489-3p in blood samples of SCI patients and healthy controls. 
Further experiments were performed on human neural cell lines, treated with bupivacaine to induce neuron 
damage. The cultured neural cells were transfected with miR-489-3p mimic, ASO-miR-489-3p or negative 
control. We then measured cell proliferation and apoptosis in cultured neurons, followed by measurement of 
neurite outgrowth. After confirming NAA10 as a target gene for miR-489-3p, we measured expression of NAA10 
in neurons transfected with miR-489-3p. Finally, we evaluated the effects of miR-489-3p on the PI3K/AKT signal 
pathway. miR-489-3p was highly expressed in SCI patients and in bupivacaine-treated injured neurons. In cell 
model, miR-489-3p inhibited proliferation of neurons and promoted apoptosis. miR-489-3p and bupivacaine 
synergistically inhibited neurite growth. NAA10 gene was negatively regulated by miR-489-3p. Overexpres-
sion of NAA10 reversed the effects of miR-489-3p on neurons. Lastly, we found that the inhibitory effects of 
miR-489-3p on neurons are mediated via activation of the PI3K/AKT pathway. Inhibition of PI3K/AKT pathway 
using miR-489-3p inhibitor reversed the effects of miR-489-3p on neurons.

1. Introduction
Spinal cord injury (SCI) is a devastating and debilitating injury 
which is primarily caused by a mechanical disruption of the spinal 
cord, resulting into quick death of neurons and glia. The primary 
traumatic injury to spinal cord is followed by a multifactorial 
secondary injury which is long in duration and more devas-
tating. This secondary injury is induced by multiple processes, 
including neuronal and glial apoptosis, inflammation, glial scar 
formation, local edema/ischemia, and oxidative stress (Bareyre 
2008; Donnelly and Popovich 2008). Due to the irreversibility of 
primary SCI, treatment strategy should target the secondary SCI, 
which plays a critical role in the recovery of function (Calvo et al. 
2011). Therefore, development of innovative therapeutic strate-
gies to reduce secondary SCI depends on a proper understanding 
of secondary injury mechanisms at molecular and biochemical 
levels.
MicroRNAs (miRNAs) are small, non-coding RNAs composed of 
approximately 20 to 24 nucleotides that regulate the expression 
of protein-encoding genes at post-transcriptional level. miRNAs 
are involved in various cellular processes such as cell prolifera-
tion, apoptosis, and differentiation (Bartel 2004; Bhalala et al. 
2013; Slezak-Prochazka et al. 2010). It has been reported that 
miRNAs play key roles in the process of nerve development and 
injury repair (Bhalala et al. 2013; Hutchison et al. 2009; Wu and 
Murashov 2013). In a microarray study in rats, more than 35% 
of the miRNAs expressed in the spinal cord were significantly 
affected within the first seven days following injury, with some 
miRNAs showing a sustained increase in expression and others 
showing a sustained decrease (Nai-Kui Liu 2009). 
Roles of several miRNAs in SCI have been evaluated in animal 
studies. In a murine transection model of SCI, infusion of miR-20a 
into the normal spinal cord induced inflammation and neuronal 
cell death, similar to that observed after SCI. Inhibition of miR-20a 

decreased the effects of SCI, by improving hindlimb motor 
recovery and decreasing neuronal death (Jee et al. 2012). Similar 
effects were observed for miR-486 in a murine contusion model of 
SCI. Infusion of miR-486 into the uninjured spinal cord induced 
SCI-like effects, with increased neuronal death and decreased 
motor function (Min et al. 2012). In another murine contusion 
model of SCI, miR-21 levels increased slightly around the lesion 
site within the first two weeks after injury. However, as the injury 
response progressed, miR-21 levels were greatly upregulated 
(Bhalala et al. 2012).
It has been reported that miR-489-3p (also known as miR-489) 
plays an important role in several cancers (Liu et al. 2016; Patel 
et al. 2016; Xie et al. 2015; Zhang et al. 2016). miR-489-3p is 
also reported to regulate cardiac hypertrophy (Wang et al. 2014). 
To our best knowledge, role of miR-489-3p in nervous system or 
SCI is not yet studied. Thus, we explored the functional role of 
miR-489-3p in SCI, as well as underlying mechanisms.

2. Investigations and results 

2.1. miR-489-3p is highly expressed in SCI
Serum from 20 patients with SCI and 20 healthy controls were 
collected. qRT-PCR was used to measure expression level of 
miR-489-3p among patients and healthy controls. As shown in 
Fig. 1A, levels of miR-489-3p expression in patients with SCI was 
significantly higher than that in control (p<0.05).
Bupivacaine at different concentrations (0, 0.5, 1, 2, 5, and 10 mM) 
was used to induce neuronal injury in human neural cells, AGE1.
HN and SY-SH-5Y. Expression level of miR-489-3p was then 
measured in these injured neurons using qRT-PCR. As shown in 
Fig. 1B, expression of miR-489-3p in the injured cultured neurons 
was significantly increased with increasing doses of bupivacaine, 
with highest level at 10 mM concentration.



ORIGINAL ARTICLES

Pharmazie 72 (2017) 273

Thus, Fig. 1A and 1B together confirm that expression level of 
miR-489-3p is increased in neurons after SCI.

2.2. miR-489-3p inhibits proliferation and promotes 
apoptosis of neural cells
To test whether miR-489-3p can affect neural cells, we determined 
the impact of miR-489-3p on cell proliferation and apoptosis. Cell 
proliferation was measured using MTT assay and apoptosis was 
measured using flow cytometry.
As shown in Fig. 2A, both bupivacaine (2 mM) and miR-489-3p 
mimic significantly decreased cell viability as compared to control 
(both p<0.05); the mixture of bupivacaine and miR-489-3p mimic 
further decreased viability (p<0.05). However, knockdown of 
miR-489-3p expression using ASO-miR-489-3p reversed this 
effect and increased cell viability significantly (p<0.05; Fig. 2B).

Both bupivacaine and miR-489-3p mimic significantly increased 
apoptosis as compared to control (both p<0.05; Fig. 2C); the 
mixture of bupivacaine and miR-489-3p mimic further increased 
apoptosis (p<0.05; Fig. 2C). However, knockdown of miR-489-3p 
expression reversed this effect and decreased apoptosis signifi-
cantly (p<0.05; Fig. 2D). Additionally, we also explored the 
mechanism underlying this apoptotic effects. Western blot analysis 
was used to determine expression levels of pro-apoptotic protein 
(Bax) and anti-apoptotic protein (Bcl-2) in AGE1.HN cells. As 
shown in Figs. 2E, overexpression of miR-489-3p combined with 
bupivacaine increased Bax expression but decreased Bcl-2 expres-
sion, while knockdown of miR-489-3p reversed these effects. 
This finding shows that overexpression of miR-489-3p promotes 
apoptosis of nerve cells via modulation of expressions of apopto-
sis-related proteins, Bax and Bcl-2. 

Fig. 2:  miR-489-3p inhibits proliferation and promotes apoptosis of neural cells. Viability and apoptosis of neural cells were measured using MTT assay (A and B) and flow cy-
tometry (C and D), respectively. In panels A and C, the cells were transfected with control, bupivacaine, miR-489-3p mimic, or bupivacaine plus miR-489-3p. In panels C 
and D, the cells were transfected with control, bupivacaine, ASO-miR-489-3p mimic, or bupivacaine plus ASO-miR-489-3p. (E) Western blot analysis was used to measure 
expressions of Bax and Bcl-2 in AGE1.HN cells. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MTT: 3-(4,5-dimethylthiazol-2-yl)-2 5-diphenyl-2Htetrazolium 
bromide. * P<0.05, ** P<0.01, *** P<0.001.

Fig. 1:  miR-489-3p is highly expressed in SCI. Quantitative RT-PCR was performed to examine differential expression of miR-489-3p in SCI patients versus healthy controls (A) 
and bupivacaine-treated human neural cells (B). RT-PCR: Reverse transcription polymerase chain reaction; SCI: spinal cord injury. * P<0.05, ** P<0.01, *** P<0.001.
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2.3. miR-489-3p inhibits neurite outgrowth
We then investigated whether the growth of neurite would also be 
inhibited by bupivacaine and miR-489-3p due to neurotoxicity. 
As shown in Fig. 3A, both bupivacaine and miR-489-3p mimic 
significantly decreased neurite outgrowth as compared to control 
(both p<0.05); the mixture of bupivacaine and miR-489-3p mimic 

further decreased neurite outgrowth (p<0.05). However, knock-
down of miR-489-3p expression reversed this effect and increased 
neurite outgrowth significantly (p<0.05; Fig. 3A). 
Furthermore, we also explored the mechanism underlying this 
inhibitory effect on neurite growth. Western blot analysis was used 
to determine expression levels of glial fibrillary acidic protein 

Fig. 4:  NAA10 is down-regulated by miR-489-3p in neural cells. (A) Seed sequences of miR-489-3p in 3’UTR of NAA10 are indicated. (B) Neural cells were co-transfected with 
3’ UTR of NAA10 and miR-489-3p, 3’ UTR of NAA10 and ASO-miR-489-3p, control, or mock and then relative luciferase activity was measured. (C) qRT-PCR was used 
to measure relative NAA10 mRNA level in cells transfected with control, miR-489-3p, ASO-control, or ASO-miR-489-3p. (D) Western blot analysis was used to measure 
relative NAA10 protein level in cells transfected with control, miR-489-3p, ASO-control, or ASO-miR-489-3p. qRT-PCR: quantitative reverse transcription polymerase 
chain reaction; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NAA10: N(alpha)-acetyltransferase 10. * P<0.05, ** P<0.01.

Fig. 3:  miR-489-3p inhibits neurite outgrowth. The cells were transfected with control, bupivacaine, miR-489-3p mimic, bupivacaine plus miR-489-3p, ASO-miR-489-3p mimic, 
or bupivacaine plus ASO-miR-489-3p. (A) Neurite outgrowth assay was used to measure the rate of neurite outgrowth in cells. (B) Western blot analysis was used to mea-
sure expressions of GFAP and GPRIN1 in AGE1.HN cells. GFAP: glial fibrillary acidic protein; GPRIN1: G protein regulated inducer of neurite outgrowth 1; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase. * P<0.05, ** P<0.01, *** P<0.001.
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(GFAP) and G protein regulated inducer of neurite outgrowth 1 
(GPRIN1) in AGE1.HN cells. As shown in Figs. 3B, overexpres-
sion of miR-489-3p combined with bupivacaine decreased levels 
of GFAP and GPRIN1, while knockdown of miR-489-3p reversed 
this effect. This finding shows that overexpression of miR-489-3p 
inhibits neurite outgrowth via decreasing the expressions of GFAP 
and GPRIN1.

2.4. NAA10 is downregulated by miR-489-3p in neural 
cells
The putative seed sequences for miR-489-3p at the 3’UTR of 
NAA10 gene were indicated based on a bioinformatics analysis 
(Fig. 4A). Based on this finding, NAA10 was predicted as a target 
gene of miR-489-3p. To further confirm that NAA10 is a target 
gene of miR-489-3p, dual luciferase reporter assay was performed 
using AGE1.HN and SY-SH-5Y cells. As shown in Figure 4B, the 
luciferase activity was significantly decreased in cells co-trans-
fected with miR-489-3p and 3’UTR of NAA10 as compared to 
the control sample (p<0.05). In contrast, the luciferase activity 
was significantly increased in cells co-transfected with ASO-miR-
489-3p and 3’UTR of NAA10 as compared to the control (p<0.05; 
Fig. 4B). This finding suggests that miR-489-3p negatively regu-
lates NAA10 gene expression. 
Additionally, we performed qRT-PCR and Western blot analysis to 
reaffirm the effect of miR-489-3p on NAA10. The qRT-PCR results 
showed that miR-489-3p significantly decreased relative NAA10 
mRNA level as compared to the control, while ASO-miR-489-3p 
increased NAA10 mRNA expression (p<0.05; Fig. 4C). Similar 
findings were observed in the Western blot analysis: miR-489-3p 
significantly decreased NAA10 protein expression as compared 
to the control, while ASO-miR-489-3p increased NAA10 protein 
expression (p<0.05; Fig. 4D).

2.5. NAA10 promotes neural cell proliferation, inhibits 
apoptosis and promotes neurite outgrowth 
After confirming NAA10 as a target gene for miR-489-3p, we 
examined whether NAA10 could affect neurons proliferation 
and neurite outgrowth in presence of miR-489-3p. Figure 5A 
shows that NAA10 significantly improved viability of neurons as 
compared to the control (p<0.05), and also reversed the decreased 
cell viability induced by miR-489-3p (p<0.05). We then measured 

apoptosis using flow cytometry. As shown in Fig. 5B, NAA10 
significantly inhibited apoptosis of neurons as compared to the 
control (p<0.05), and also reversed the miR-489-3p-induced apop-
totic effect (p<0.05).
We then performed neurite outgrowth assay to evaluate effect 
of NAA10 on neurite outgrowth. As evident from Fig. 5C, 
NAA10 significantly promoted neurite outgrowth as compared 
to the control (p<0.05), and also reversed the inhibitory effect of 
miR-489-3p on neurite outgrowth (p<0.05). Earlier, we demon-
strated that miR-489-3p inhibits neurite outgrowth via downreg-
ulating the expressions of GFAP and GPRIN1. Considering this 
finding, we measured the effect of NAA10 on these proteins using 
Western blot analysis. The results showed that NAA10 promoted 
the expression of these synaptic growth marker proteins, and could 
also reverse the inhibiting effect of miR-489-3p on these proteins 
(Fig. 5D).

2.6. miR-489-3p activates PI3K/AKT pathway
Lastly, we examined whether the phosphoinositide 3-kinase/
serine-threonine kinase (PI3K/AKT) pathway could be involved 
in the inhibitory effects of miR-489-3p on neurons. Western blot 
analysis was used to determine the expression levels of PI3K, 
p-AKT, AKT, phosphorylated extracellular signal-regulated 
kinase-1 (p-ERK2), and ERK2 in neurons. As shown in Fig. 6A, 
miR-489-3p and bupivacaine increased the expressions of PI3K, 
p-AKT, and p-ERK2. However, knockdown of miR-489-3p partly 
inhibited the activation effects induced by bupivacaine (Fig. 6B). 
Figures 6C and 6D show the quantitative analysis of p-AKT and 
p-ERK, respectively. As shown in Fig. 6C, both miR-489-3p and 
bupivacaine alone or together significantly increased the expres-
sion of p-AKT as compared to the control (p<0.05); however, 
ASO-miR-489-3p significantly decreased the expression of p-AKT 
and also reversed the effect of bupivacaine (p<0.05). Similar results 
were observed for p-ERK, as evident from Fig. 6D. Thus, these 
findings together indicate that miR-489-3p exhibits its inhibitory 
effect on neurons by activation of the PI3K/AKT pathway.

3. Discussion
In our study, we found that miR-489-3p levels were significantly 
higher in SCI patients and in bupivacaine-treated injured neurons, 
indicating high expression of miR-489-3p after SCI. In the cell 
model, we found that miR-489-3p could inhibit proliferation of 

Fig. 5:  NAA10 promotes neural cell proliferation, inhibits apoptosis and promotes neurite outgrowth. The neural cells were transfected with control, NAA10, miR-489-3p mimic, 
or NAA10 plus miR-489-3p. (A) MTT assay was used to measure viability of neural cells. (B) Flow cytometry was used to measure apoptosis in cells. (C) Neurite out-
growth assay was used to measure the rate of neurite outgrowth in neural cells. (D) Western blot analysis was used to measure expressions of GFAP and GPRIN1 in neural 
cells. GFAP: glial fibrillary acidic protein; GPRIN1: G protein regulated inducer of neurite outgrowth 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MTT: 
3-(4,5-dimethylthiazol-2-yl)-2 5-diphenyl-2Htetrazolium bromide. * P<0.05, ** P<0.01, *** P<0.001.
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neurons and promote apoptosis; addition of bupivacaine amplified 
these effects. In addition, we found that miR-489-3p and bupiva-
caine synergistically inhibited neurite growth. These results indi-
cate that miR-489-3p plays an inhibitory role during the recovery 
process of SCI. Moreover, we confirmed that NAA10 is a target 
gene of miR-489-3p and is negatively regulated by miR-489-3p. 
Overexpression of NAA10 reversed the effects of miR-489-3p on 
neurons. Furthermore, we observed that the inhibitory effects of 
miR-489-3p on neurons are mediated via activation of the PI3K/
AKT pathway. In all experiments, ASO-miR-489-3p (miR-489-3p 
inhibitor) could significantly reverse the effects of miR-489-3p and 
bupivacaine.
Overexpression of several miRNAs after SCI has been reported 
in previous studies also. In a murine transection model of SCI, 
miR-20a was notably increased in mouse SCI lesions as compared 
with normal spinal cord (Jee et al. 2012). Similar observation was 
noted for miR-486 in a murine contusion model of SCI: miR-486 
was significantly overexpressed in injured spinal cord compared 
with normal spinal cord 7 days after SCI induction (Min et al. 
2012). In another murine contusion model of SCI, miR-21 levels 
were highly increased around the lesion site after SCI (Bhalala et 
al. 2012). In the present study, we found that miR-489-3p is over-
expressed in SCI patients as well as in bupivacaine-treated injured 
neurons.

Fig. 6:  miR-489-3p activates PI3K/AKT pathway. Western blot analysis was used to measure expressions of PI3K, phosphorylated AKT (p-AKT), AKT, p-ERK2, and ERK2 in 
neural cells. (A) The cells were transfected with control, bupivacaine, miR-489-3p mimic, or bupivacaine plus miR-489-3p. (B) The cells were transfected with control, 
bupivacaine, ASO-miR-489-3p mimic, or bupivacaine plus ASO-miR-489-3p. (C) and (D) show quantitative analysis of p-AKT and p-ERK expressions, respectively. 
PI3K: phosphoinositide 3-kinase; AKT: serine-threonine kinase; ERK: extracellular signal-regulated kinase-1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. * 
P<0.05, ** P<0.01.

The role of miR-489-3p in cell proliferation and apoptosis is 
known from previous literature. Patel et al. (2016), reported that 
miR-489 overexpression inhibited cell proliferation in breast 
cancer cell lines. Similar findings were reported by Zhang et al. 
(2016), who demonstrated that overexpression of miR-489 signifi-
cantly suppressed cell proliferation and invasion in gastric cancer 
cells. In another study, miR-489 overexpression inhibited human 
ovarian cancer cell growth and induced apoptosis (Wu et al. 2014). 
In consistence with these results, we showed that miR-489-3p 
inhibits proliferation and promotes apoptosis of neural cells. 
In addition, we also found that miR-489-3p promotes apoptosis 
by increasing the expression of pro-apoptotic protein (Bax) and 
decreasing the expression of anti-apoptotic protein (Bcl-2). 
MicroRNAs have an important role in regulation of neurite 
outgrowth during neuronal differentiation. Few miRNAs inhibit 
neurite outgrowth while others promote outgrowth. miR-127 has 
been reported to inhibit neurite outgrowth and induce apoptosis by 
regulating the expression of the mitochondrial membrane protein, 
mitoNEET (He et al. 2016). In contrast, Yu et al. (2008) reported 
that overexpression of miR-124 in differentiating mouse P19 
cells promotes neurite outgrowth. In the present study, we found 
that overexpression of miR-489-3p inhibits neurite outgrowth by 
decreasing the expressions of GFAP and GPRIN1. GFAP is a major 
intermediate filament protein of mature astrocytes. Astrocytes are 
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a main type of glial cells in the CNS, and play a critical role in 
acute CNS trauma and neurodegenerative diseases (Hol and Pekny 
2015). GRIN1 is expressed in the brain and interacts selectively 
with Gαo (activated α subunits of the Gi subfamily). It has been 
suggested that the Gαo-GRIN1 pathway could be involved in the 
regulation of neurite growth (Nakata and Kozasa 2005).
NAA10 is a gene important for normal cell function. MicroRNAs 
have been reported to target NAA10. Yang et al. (2015) showed 
that miRNA-342-5p and miR-608 inhibit colon cancer tumori-
genesis by targeting NAA10. However, miR-489-3p has not been 
evaluated for this gene. The present study is the first to explore 
effects of miR-489-3p on NAA10. Using bioinformatic analysis, 
we predicted NAA10 as a target gene of miR-489-3p. Then, we 
examined the effect of miR-489-3p on NAA10 and found that 
NAA10 is downregulated by miR-489-3p in neurons. We also 
assessed whether NAA10 could affect neural cell proliferation, 
apoptosis and neurite outgrowth. The result suggested that NAA10 
promotes cell proliferation and inhibits apoptosis in neural cells as 
well as promotes neurite outgrowth. Then, we assessed effect of 
NAA10 on GFAP and GPRIN1 expression and found that NAA10 
promotes the expression of these synaptic growth marker proteins. 
These findings together indicate that miR-489-3p negatively regu-
late NAA10, which is responsible for neural cell proliferation and 
neurite outgrowth. 
The PI3K/AKT signal pathway is an important pathway for 
various cellular processes, such as cell survival, proliferation, and 
migration (Chen et al. 2016). Recent studies have shown that the 
PI3K/AKT pathway is the main survival-promoting signal, and 
its activation is crucial in protecting nerve cells against ischemia 
and anoxia neuron damage (Guo et al. 2007; Oishi 2007; Qin et 
al. 2006; Renfu et al. 2014; Vicario-Abejón et al. 2000). There-
fore, the expression of the PI3K/AKT pathway is increased after 
SCI. In a study in rats, the expression of PI3K, AKT and p-AKT 
showed a sharp increase one day after SCI, and then it decreased 
gradually, but the absolute expression was notably higher than that 
in the normal group (Zhang et al. 2014). In consistence with this 
finding, we demonstrated that the expressions of PI3K, p-AKT, 
and p-ERK2 are increased after neuron injury, induced by bupiva-
caine. We also showed that overexpression of miR-489-3p leads to 
increased expression of these proteins. 
Furthermore, activation of the PI3K/AKT pathway in astrocytes is 
involved in the glial scar formation process. Glial scar may act as 
a physical and chemical barrier to axonal growth and limit neurite 
outgrowth. Thus, inhibition of the PI3K/AKT pathway may atten-
uate glial scar formation after SCI. In our study, we demonstrated 
that the miR-489-3p inhibitor could inhibit the expressions of 
PI3K, p-AKT, and p-ERK2 in neurons. This finding suggests that 
knockdown of miR-489-3p can be used as a therapeutic strategy 
for the treatment of SCI.
In conclusion, this study reveals that miR-489-3p is highly 
expressed after SCI, and is involved in inhibition of neural 
cell proliferation, induction of apoptosis, and inhibition of 
neurite outgrowth. We also identified NAA10 as target gene for 
miR-489-3p and demonstrated that NAA10 is negatively regulated 
by miR-489-3p. Finally, we showed that miR-489-3p activates 
the PI3K/AKT pathway which is involved in glial scar formation 
process and limit neurite outgrowth. The effects of miR-489-3p and 
bupivacaine were reversed by miR-489-3p inhibitor, suggesting a 
possible therapeutic strategy for SCI. Our research might provide a 
new insight into the prevention and treatment of SCI.

4. Experimental

4.1. Study subject and sample collection
A total of 20 patients with clinical and radiologic signs of cervical spondylotic 
myelopathy were selected between June 2011 and October 2012 from China-Japan 
Unior Hospital of Jilin University, and 20 healthy subjects were recruited as control. 
Disease duration ranged from 6 to 24 months. Exclusion criteria were: age >75 years; 
having heart, hepatic, renal or pulmonary diseases; and having peripheral vascular 
diseases affecting the upper limbs. 
Blood samples for measurement of differential miR-489-3p expression between 
patients and controls were taken three days after surgery. Samples were inverted 
gently several times and were allowed to clot for 30 min at room temperature. Serum 

was obtained from blood samples centrifuged at 1500 rpm for 15 min and then stored 
at -80 °C before analysis. Then, expression level of miR-489-3p was measured in 
patient and control samples. 

4.2. Cell culture and bupivacaine-induced neuronal injury
Human neural cell lines, AGE1.HN and SY-SH-5Y, were obtained from American 
Type Culture Collection (ATCC) and maintained at 37 °C in a humidified atmosphere 
of 5% CO

2
 with MEM medium (Life Technologies), containing 10% fetal calf serum 

(Sigma-Aldrich, St Louis, MO, USA), 2 mM l-glutamine (Gibco BRL Co. Ltd., 
USA), and 100 U/mL penicillin/streptomycin (Gibco BRL Co. Ltd., USA).
To cause local anesthetic-induced neuronal injury in cultured neurons, various 
concentrations of bupivacaine (0, 0.5, 1, 2, 5, and 10 mM) were added into culture for 
2 h, followed by 3×10 min washing with fresh culture medium. The neurons were then 
cultured for additional 24 h before further evaluation

4.3. Transfections of miR-489-3p mimic, ASO-miR-489-3p or 

NAA10-plasmid
The neural cells were grown to 80%-90% confluency and subsequent cultured in 
6-well plate with 1×105 cells/well. After incubation for 3 h, cells were transfected with 
miR-489-3p mimic (10 mM), ASO-miR-489-3p (100 mM) or negative control, using 
Lipofectamine® 2000 (Invitrogen). For overexpression of N(alpha)-acetyltransferase 
10 (NAA10) in the neural cells, cells were transfected with plasmid vector containing 
NAA10 gene (NAA10-plasmid) using Lipofectamine 2000 (Invitrogen) with blank 
plasmid as control.

4.4. Proliferation assay
Cell proliferation was determined using a 3-(4,5-dimethylthiazol-2-yl)-2 5-diphe-
nyl-2H-tetrazolium bromide (MTT) assay. Briefly, cells were seeded in 96-well plates 
at a density of 2500 cells/well. At 24 h post transfection, 20 μL MTT reagent (5 mg/
mL, Sigma-Aldrich, St Louis, MO, USA) was added to the test well and incubated at 
37 °C for 4 h. Then the culture medium was removed and 150 μL dimethyl sulfoxide 
(DMSO, Sigma-Aldrich) was added to test well. The absorbance at 490 nm was 
measured using Thermo Scientific Multiskan (Thermo Fisher Scientific, USA).

4.5. Apoptosis assay
Cultured neurons were lifted and trypsinized into single cell suspension. After washing 
with ice-cold phosphatase buffer solution (PBS, Invitrogen, USA), the neurons were 
pooled and labeled with 10 mg/mL FITC-Annexin V (Becton Dickinson, USA) and 
1 mg/mL propidium iodide. The mixture was incubated for 20 min and analyzed on a 
FACSCalibur cytometer (Becton Dickinson, USA).

4.6. Quantitative reverse transcription polymerase chain reaction (qRT-

PCR)
Cultured neurons were lifted and trypsinized into single cell suspension. RNA was 
purified by a Trizol RNA purification Kit as per the manufacturer’s protocol (Qiagen, 
USA). Total RNA concentrations were confirmed by a NanoDrop ND-3000 spectro-
photometer (Fisher Scientific, USA) at 260 and 280 nm (A260/280) and analyzed 
by an Agilent 3100 Bioanalyzer (Agilent Technologies, USA). qRT-PCR was then 
conduced using a TaqMan miRNA assay as per the manufacturer’s protocol (Applied 
Biosystems, USA), with primer sets to identify mature miR-489-3p. The amplifica-
tion conditions were 30 cycles of 25 s at 91 °C and 3 min at 53 °C. The controls used 
in qRT-PCR were U6 for miRNA, and beta-actin for mRNA.

4.7. Western blot analysis
Cultured neurons were lifted and trypsinized into single cell suspension, then homog-
enized in a lysis buffer containing 50 mM Tris (pH 7.6), 150 mM NaCl, 1 mM EDTA, 
10% glycerol, 0.5% NP-40 and protease inhibitor cocktail (Invitrogen, USA). The 
total protein were separated on a 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) gradient gel (Bio-Rad, USA) and transferred to poly-
vinylidene difluoride (PVDF) filters (Invitrogen, USA). The blots were blocked with 
5% dry-milk for 1 h, followed by incubation of primary antibodies overnight at 4 °C. 
Horseradish peroxidase-conjugated secondary antibody (Bio-Rad, USA) was applied 
for another 1 h at room temperature, and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was used as loading control. The blot was then developed by an enhanced 
chemiluminesence system (Amersham Biosciences, USA) as per the manufacturer’s 
protocol.

4.8. Neurite outgrowth assay
To measure neurite outgrowth, three days after bupivacaine treatment, neurons were 
fixed with 4% paraformaldehyde in PBS for 1 h, followed by 3×10 min wash with 
PBS. Neurons were blocked with 4% donkey serum and 0.1% Triton in PBS for 
another hour, and then incubated with anti-neurofilament antibody (1:500, Santa Cruz 
Technology, USA) at 4°C overnight. On the second day, neurons were incubated with 
Alexa Fluor 488-conjugated secondary antibody (1:500, Invitrogen, USA) at room 
temperature for 1 h. The average length of the twenty longest neurites under each 
experimental condition was measured using ImageJ (NIH) software and normalized 
to the averaged length under control condition (0 mM bupivacaine).
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4.9. Dual luciferase reporter assay
The neural cells were plated at (0.5-1)×104 per well in 24-well plates. On the next 
day, 100 ng pGL3-NAA10 plasmids were co-transfected with miR-489-3p mimic 
or ASO-miR-489-3p into cells using Lipofectamine 2000 (Invitrogen) for 3’-UTR 
reporter activity assay. After 48 h, cells were harvested and luciferase assays were 
performed using Dual Luciferase Reporter Assay system (Promega Corp., WI, USA).

4.10. Statistical analysis
All data are expressed as mean±standard deviation (means±SD) from triplicate exper-
iments and were analyzed with SPSS software (version 16.0; SPSS Inc., Chicago, 
Illinois, United States). All variables were compared with Student’s t-test or one-way 
analysis of variance (ANOVA), followed by Newman-Keuls post-hoc analysis. A p 
value less than 0.05 was considered to be statistically significant.
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