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Abstract

Background

Exposure to anesthetics during brain development may impair neurological function, how-

ever, the mechanisms underlying anesthetic neurotoxicity are unclear. Recent studies indi-

cate that long non-coding RNAs (lncRNAs) are crucial for regulating the functional brain

development during neurogenesis. This study aimed to determine the regulatory effects and

potential mechanisms of lncRNA Peg13 (Peg13) on sevoflurane exposure-related neurotox-

icity against neural stem cells (NSCs).

Methods

Mouse embryotic NSCs were isolated and their self-renewal and differentiation were char-

acterized by immunofluorescence. NSCs were exposed to 4.1% sevoflurane 2 h daily for

three consecutive days. The potential toxicities of sevoflurane against NSCs were evaluated

by neurosphere formation, 5-ethynyl-2’-deoxyuridine (EdU) incorporation and flow cytome-

try assays. The Peg13, miR-128-3p and Sox13 expression in NSCs were quantified. The

potential interactions among Peg13, miR-128-3p and Sox13 were analyzed by luciferase

reporter assay. The effects of Peg13 and/or miR-128-3p over-expression on the sevoflur-

ane-related neurotoxicity and Sox13 expression were determined in NSCs.

Results

The isolated mouse embryotic NSCs displayed potent self-renewal ability and differentiated

into neurons, astrocytes and oligodendrocytes in vitro, which were significantly inhibited by

sevoflurane exposure. Sevoflurane exposure significantly down-regulated Peg13 and

Sox13, but enhanced miR-128-3p expression in NSCs. Transfection with miR-128-3p mim-

ics, but not the control, significantly mitigated the Peg13 or Sox13-regulated luciferase

expression in 293T cells. Peg13 over-expression significantly reduced the sevoflurane-
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related neurotoxicity and increased Sox13 expression in NSCs, which were mitigated by

miR-128-3p transfection.

Conclusion

Such data indicated that Peg13 mitigated the sevoflurane-related neurotoxicity by sponging

miR-128-3p to preserve Sox13 expression in NSCs.

Introduction

The focus on neurotoxicity of anesthesia in early life remains unabated [1–3]. Several clinical

studies have reported that anesthesia and surgery in early life are associated with neuropsycho-

logical and behavioral defects in children. A recent study has shown that repeated exposure to

anesthesia can impair the processing speed and fine motor abilities, but does not significantly

affect intelligence in children [4]. Similarly, multiple exposures to anesthesia in young animals

can result in neuroinflammation [5, 6], synaptic dysfunction [7, 8], impair motor [4] and

behavioral development and stress responses [9]. Our previous studies have found that sevo-

flurane exposure can damage the myelin sheath in the developing brain of mice and their cog-

nitive capacity [10] and impair the differentiation of embryonic stem cells (ESCs) [11].

However, whether sevoflurane can modulate the self-renewal and differentiation of neural

stem cells (NSCs) has not been explored.

The precise control of the self-renewal and differentiation of NSCs is crucial for the brain

development and function [12–14]. Their disruption may cause microcephaly or megalence-

phaly, leading to severe birth defects and life disability [15]. NSCs have potent self-renewal

ability to form neurospheres and can differentiate into β-tubulin-III (Tuj1) + neurons, O4+ oli-

godendrocytes, and GFAP+ astrocytes [16, 17]. Previous studies have shown that anesthesia,

such as propofol, ketamine and isoflurane, can inhibit the self-renewal and differentiation of

mouse NSCs [18, 19]. Sevoflurane is commonly used in pediatric and obstetric anesthesia, and

it is important to understand its potential neurotoxicity and mechanisms in NSCs. Previous

studies have reported that sevoflurane can inhibit the proliferation and differentiation of hip-

pocampal NSCs, which is association with up-regulating miR-183 to down-regulate NR4A2

expression or inhibiting the Let-7a-Lin28 signaling [20, 21]. However, the mechanisms by

which sevoflurane affects the proliferation and differentiation of NSCs have not been fully

elucidated.

Long non-coding RNAs (LncRNAs) can regulate many biological processes during the

development, such as neuronal development, plasticity, disease, and evolution [22, 23].

LncRNA Pnky can regulate the neuronal differentiation of NSCs [24] and lncRNA Gadd45a,

Rik-203 and WNT5A-AS participate in the neurotoxicity of sevoflurane anesthesia [11, 25,

26]. LncRNA Peg13, a new lncRNA, may be involved in the regulation of mate selection spe-

cific to the mouse population [27] and its expression is significantly down-regulated in pri-

mary brain microvascular endothelial cells after oxygen-glucose deprivation in vitro [28].

However, there is no information on whether and how lncRNA Peg13 regulates the sevoflur-

ane-related neurotoxicity against NSCs.

This study aimed (1) to determine the impact of multiple sevoflurane exposure on the

self-renewal and differentiation of mouse NSCs; and (2) to reveal the potential mechanisms

underlying the regulatory role of Peg13 in sevoflurane-related neurotoxicity against NSCs

in vitro.
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Materials and methods

Establishment of neural stem cell differentiation in vitro

The experimental protocols were approved by the Animal Care and Use Committee of the

Ninth People’s Hospital in Medical School of Shanghai Jiao Tong University. The NSCs were

isolated from C57BL/6 mice at E14.5 and grown in DMEM-F12 (1:1) maintenance medium

containing 20 ng/mL of human epidermal growth factor (hEGF), basic fibroblast growth factor

(bFGF), 1% N2, 2% B27 (Gibco, New York, USA), as described previously [29]. The cloned

NSCs (6 x 105 cells/well) were cultured onto coverslips that had been coated with poly-l-lysine/

laminin (Invitrogen, Carlsbad, USA) in DMEM-F12 (1:1) differentiation medium containing

half concentration of growth factors to induce their differentiation for subsequent

experiments.

Sevoflurane exposure

NSCs were exposed to sevoflurane, as described previously [10]. Briefly, the cells were cultured

in 60% O2 or 4.1% sevoflurane and 60% O2 (1 L/min) for 2 h daily for three consecutive days.

The RNAs and proteins were extracted immediately after sevoflurane exposure for subsequent

experiments.

Neurosphere assay

NSCs (5x104 cells/well) were cultured in 24-well plates for 4 days in DMEM-F12 (1:1) mainte-

nance medium and exposed to sevoflurane daily for three consecutive days (Fig 1A). The

images of neurospheres were captured under a light microscope (Leica, Germany). The diame-

ter of neurospheres was measured using ImageJ software (NIH, Bethesda, USA).

EdU assay

The effect of sevoflurane on the proliferation of NSCs was determined by EdU assay using a

BeyoClick™EdU-595 kit (Beyotime, Beijing, China), according to the manufacturer’s instruc-

tion. Briefly, NSCs were cultured in differentiation medium for 4 days and exposed to 60% O2

alone (control) or 60% O2 and sevoflurane as described in the Fig 1B. The cells were cultured

in differentiation medium containing 10 μM EdU (EdU medium) for 12 h. Subsequently, the

cells were fixed in 4% paraformaldehyde and incubated with 3% bovine serum albumin (BSA)

and 0.3% Triton X-100 (Sigma, St. Louis, USA) in phosphate buffered saline (PBS). The cells

were stained with a Click Additive Solution provided in the kit and nuclearly stained with

DAPI (1:1000, Sigma). The images were taken under a fluorescent microscope (Leica, Ger-

many), and the fluorescent signals were analyzed by ImageJ software. Finally, the percentages

of EdU+ cells were analyzed.

Immunofluorescence

NSCs and their differentiated cells were cultured onto coverslips for 3 days, fixed with 4.1%

paraformaldehyde, permeabilized with 0.3% Triton X-100 and blocked with 5% BSA. The cells

were incubated with primary antibodies against GFAP, Tuj1 (1:200, abcam, Cambridge, UK),

Oligodendrocyte Marker O4 (1:200, R&D, Minneapolis, USA) and Nestin (1:200, Sigma) at

4˚C overnight. The same concentrations of mouse and rabbit IgG from unimmunized animals

(1:1000, Cell Signaling Technology, Beverly, USA) were used as negative controls. After being

washed for 3 times, the cells were incubated with secondary antibodies including Alexa Fluor

488-conjugated donkey anti-mouse and Alexa Fluor 574-labeled donkey anti-rabbit IgG

(1:1000, Cell Signaling Technology). The nuclei were stained with DAPI (1mg/ml, 1:1000).
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The fluorescent signals were observed under a fluorescent microscope and analyzed by ImageJ

software.

Total RNA extraction for RNA sequencing

NSCs were cultured in the differentiation medium and exposed, or not (control), to sevoflur-

ane for three days. Their RNAs were extracted using Trizol reagent (Invitrogen) and RNeasy

mini kit (Qiagen, Valencia, USA), according to the manufacturer’s protocol. The quality and

quantity of RNA samples were measured by NanoDrop ND-8000 (ThermoFisher Scientific,

Waltham, USA). The RNA fragmentation, purification, terminus modification, cDNA library

generation, sequencing, and data analyses were performed as described previously [30].

Fig 1. Diagrams for the experimental design. A. NSCs were cultured in DMEM-F12 (1:1) maintenance medium containing 20 ng/mL of hEGF, bFGF, 1% N2 and 2%

B27 for four days. The NSCs were exposed to sevoflurane (4.1% sevoflurane in 60% O2) or control 60% O2 alone 2 h daily for three consecutive days. The self-renewal of

NSCs was analyzed by neurosphere formation. B. The NSCs (6 x 105 cells/well) were cultured onto coverslips that had been coated with poly-l-lysine/laminin in

DMEM-F12 (1:1) differentiation medium containing half concentration of growth factors to induce their differentiation for four days. The NSCs were exposed to

sevoflurane (4.1% sevoflurane in 60% O2) or control 60% O2 alone 2 h daily for three consecutive days. The differential neurons and oligodendrocytes and astrocytes

were characterized at day 7 and 10 post induction, respectively.

https://doi.org/10.1371/journal.pone.0243644.g001
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Briefly, after removal of ribosomal RNA, the RNA samples were fragmented and reversely

transcribed into cDNA. The cDNA was purified and individual DNA fragments were added

with adenylate at the 3’end, followed by ligating adapters. The cDNA fragments were further

purified and enriched with PCR to create the final cDNA libraries. The cDNA libraries were

sequenced in HiSeq 4000 (Illumina, San Diego, USA). The differentially expressed genes

(DEGs) were determined using the Cuffdiff, based on a |log2-fold change (FC)| >1.5 [31]. The

potential multiple testing-related false positives were adjusted by false discovery rate (FDR)

test and FDR < 0.05 was considered statistically significant.

Transfection

To induce Peg13 overexpression, the DNA fragment for Peg13 expression was cloned into

plasmid pGMLV-CMV-MCS-EF1-ZsGreen1-T2A-Puro to get pGMLV-CMV-Peg13-EF1-Zs-

Green1-T2A-Puro plasmid, which was sequenced by Genomeditech (Shanghai, China). Next,

293T cells were transfected with 3 μg pGMLV-CMV-Peg13-EF1-ZsGreen1-T2A-Puro or vehi-

cle plasmid, 3 μg pMD2.D and 6.0 μg pSPAX2 using lipofectamine 3000 reagent (Invitrogen)

to generate control lentivirus (OE-NC) or lentivirus for Peg13 expression (OE-Peg13), as

described previously [32].

NSCs (6×10 5 cells/well) were cultured overnight in six-well plates and transduced with

control lentivirus (OE-NC) or lentivirus (OE-Peg13) at a MOI of 10 for inducing Peg13 over-

expression. The cells were treated with 4 μg/ml puromycin for 7 days to establish stable Peg13

overexpressing cells. In addition, NSCs were transfected with 50 nM miR-128-3p mimic or

scrambled control (RIBOBIO, Guangzhou, China) using the riboFECT™ CP (RIBOBIO). Their

transfection efficiency was determined by qRT-PCR.

Western blotting

The impact of repeated sevoflurane exposure on the expression of Sox13 in NSCs was deter-

mined by Western blot assay. Briefly, NSCs were cultured in the differentiation medium and

exposed to 4.1% sevoflurane and 60% O2 (1 L/min), or 60% O2 alone, for 2 h daily for three

consecutive days. The cells were harvested and lyzed in RIPA (Radio Immunoprecipitation

Assay) buffer (Beyotime). After determination of protein concentrations, the cell lysates

(50 μg/lane) were separated by SDS-PAGE on 8% gels and transferred onto polyvinylidene

difluoride (PVDF) membranes (Millipore, Billerica, USA). The membranes were blocked with

5% skim milk in TBST, and incubated with primary antibodies against Sox13 (1:1000, Santa

Cruz Biotechnology, CA, USA) and β-actin (1:1000, Cell Signaling Technology) at 4˚C over-

night. The bound antibodies were detected with HRP-conjugated anti-mouse IgG (1:10000,

Cell Signaling Technology) and visualized using the enhanced chemiluminescence (ECL,

ThermoFisher Scientific). The relative levels of the Sox13 to control β-actin expression were

quantified by ImageJ Software.

Flow cytometry

The NSCs (6 x 105 cells/well) were cultured in DMEM-F12 (1:1) differentiation medium to

induce their differentiation for four days. The NSCs were exposed to sevoflurane (4.1% sevo-

flurane in 60% O2) or control 60% O2 alone 2 h daily for three consecutive days. The neuronal

and oligodendrocyte differentiation was detected at day 7 and 10 post induction by indirect

immunofluorescent assays, respectively. The cells were stained with anti-Tuj1 (1:200, abcam),

and anti-O4 (1:200, R&D, Minneapolis, USA) or control rabbit or mouse IgG. After being

washed, the cells were reacted with Alexa Fluor 488-conjugated donkey anti-mouse IgG or

donkey anti-rabbit IgG. The unstained cells served the controls. The cells were analyzed by
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flow cytometry in a BD FACSCanto (BD Biosciences, New Jersey, USA). The data were ana-

lyzed by Flowjo 10 software.

Quantitative real-time PCR (qRT-PCR)

After repeated exposure of NSCs to sevoflurane, the relative levels of Peg13, Sox13 mRNA and

relevant miRNA transcripts to U6 or GAPDH in different groups of cells were quantified by

qRT-PCR using specific primers, the SYBR Green I Real-Time PCR kit (Takara), or miDE-

TECT A TrackTM miRNA qRT-PCR Starter Kit (RIBOBIO), respectively. The data were ana-

lyzed by the 2−ΔΔCt method. The sequences of primers were Peg13 forward 5'-CTCACTTTGG
TTTGAATGGGAT-3', and reverse 5'-AAGACGATTAGATTGGGTTGC-3'; Sox13 forward

5'-AGCAAGATCCTTGGTTCTCG-3', and reverse 5'-GGAGACTGCAGGTATTGATG-3';

GAPDH forward 5'-AATGGATTTGGACGCATTGGT-3' and reverse 5'-TTTGCACTGGTA
CGTGTTGAT-3'. The primers for miRNA and U6 were purchased from RIBOBIO.

Agarose gel electrophoresis

Total RNA was extracted from the brain, liver, lung, heart, limb and kidney of E17.5 embry-

onic mice using Trizol reagent (Takara) and reversely transcribed into cDNA using a cDNA

Synthesis Kit (Takara). The levels of Peg13 transcripts were semi-quantified by PCR using spe-

cific primers Peg13 (PF: 5'-CTCACTTTGGTTTGAATGGGAT-3', and RF:5'-AAGACGATT
AGATTGGGTTGC-3'). The PCR products and DNA markers were analyzed by agarose gel

electrophoresis using 2% agarose gels (BioRad, CA, USA) and visualized in the gel imager

(ABI, CA, USA).

Fluorescence in situ hybridization (FISH)

The differentiated neuronal cells were cultured on a PDL-coated glass slide for 3 days. The dis-

tribution of Peg13 in the cultured cells was characterized by FISH using the Peg13-specific

digoxin-labeled oligonucleotide probe, as described previously [33]. Briefly, the cells were pro-

cessed and probed with the Peg13-specific digoxin-labeled oligonucleotide probe or control

unrelated probe (1μg/ml), followed by hybridization overnight in a humidified incubator at

37˚C. After being washed, the hybrids were reacted with mouse anti-digoxin antibody (1:100,

Cell Signaling Technology) and detected with SABC-CY3, followed by nuclearly stained with

DAPI. The fluorescent signals were examined under a confocal laser scanning microscope

(Leica, Germany).

Bioinformatic analysis

The position and conservatism of Peg13 in the genome were analyzed using UCSC genome

online browsing tool (http://genome.ucsc.edu/). The potential downstream targets of Peg13

and the targets of miR-128-3p were predicted using a StarBase database (http://starbase.sysu.

edu.cn), including miRanda, TargetScan, microT, miRmap, PITA, RNA22, and at least four

kinds of algorithms and predicted genes were included in subsequent studies. The predicted

target genes were uploaded into the online tool Reactome (https://www.reactome.org/) for

functional enriched analysis and can be visualized by using GOplot package in R.

Luciferase assays

The potential roles of miR-128-3p in regulating Peg13 or Sox13-regulated luciferase expression

in 293T cells were determined by luciferase assays using the pGL3-luciferase reporter system

(Promega, Madison, USA) and Quick Change Site-Directed Mutagenesis kit (Stratagene, La
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Jolla, USA). The possible binding sequences between Peg13 and miR-128-3p were predicted

using online tools, including Starbase and TargetScan. To test the regulatory role of Peg13, the

DNA fragment for expression of Peg13 and its mutant for miR-128-3p binding were cloned

into pGL3 to generate pGL-Peg13WT and pGL-Peg13 MT, respectively. Similarly, the Sox13 3’

UTR and its mutant for miR-128-3p binding were cloned into pGL3 to generate

pGL-Sox13WT and pGL-Sox13MT, respectively. These plasmids were sequenced.

Subsequently, 293T cells were transfected in triplicate with 100 ng pGL-Peg13WT,

pGL-Sox13WT, pGL-Peg13 MT or pGL-Sox13MT, together with 10 ng pRL-TK and 50 nm

miR-128-3p mimics or control scramble miRNA (miR-128-3p-NC) using Lipofectamine 2000

(ThermoFisher Scientific). Two days later, their luciferase activity was quantified by a Dual-

Luciferase Reporter Assay in a Spectra Max M5 microplate reader (Molecular Devices, San

Jose, USA). All experiments above were repeated three times.

Statistics

Data are expressed as mean ± standard error of mean (SEM) from three independent experi-

ments. The difference between groups was statistically analyzed by Student’s t test and the

comparison among groups was statistically analyzed by one-way ANOVA. All statistical analy-

ses were performed using SPSS19.0 window (IBM, USA) and the graphs were made using the

Prism 6 (GraphPad, CA, USA). P< 0.05 was considered statistically significant. �P< 0.05,
��P< 0.01 and ���P< 0.001.

Results

Identification of mouse embryotic NSCs

To characterize the potential toxicity of sevoflurane against NSCs, we isolated mouse embryo-

tic NSCs and found that they formed neurospheres (Fig 2A), expressed NSC-specific marker

Nestin (Fig 2C–2F), and displayed strong proliferative ability (Fig 2G–2I). After induction of

differentiation (Fig 2B), NSCs differentiated into Tuj1+ neurons (Fig 2J), GFAP+ astrocytes

(Fig 2K) and O4+ oligodendrocytes (Fig 2L) These results demonstrated the isolated mouse

embryotic NSCs had potent ability of self-renewal and multiple differentiation potentials.

Sevoflurane exposure reduces self-renewal and differentiation of NSCs in

vitro

To explore the neurotoxicity of repeated sevoflurane exposure, NSCs were exposed to 2 h sevo-

flurane (4.1% sevoflurane in 60% O2) or control O2 alone for three consecutive days, and their

self-renewal was analyzed by neurosphere formation and EdU assays. In comparison with the

control NSCs, sevoflurane exposure significantly decreased the sizes of formed neurospheres

(Fig 3A and 3B) and EdU incorporation in NSCs (Fig 3C and 3D). Following induction of dif-

ferentiation, flow cytometry analysis indicated that sevoflurane exposure significantly reduced

the frequency of β-tubulin-III+ neurons (Fig 3E and 3F) and O4+ oligodendrocytes (Fig 3G

and 3H). Together, such data indicated that sevoflurane exposure significantly inhibited the

self-renewal and differentiation of mouse NSCs in vitro.

Sevoflurane inhibits the self-renewal and differentiation of NSCs by

downregulating Peg13 expression

After sevoflurane exposure, we analyzed lncRNA expression in NSCs by RNAseq. We found

that sevoflurane exposure significantly reduced the lncRNA Peg13 transcripts in NSCs (Fig

4A). Further qRT-PCR demonstrated that sevoflurane exposure decreased Peg13 transcripts
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by more than 50% (Fig 4B) and agarose electrophoresis revealed that the Peg13 was highly

expressed in the brain of mice (Fig 4C). Next, we established Peg13 stable NSCs by lentivirus-

related technology and we found that transduction with OE-Peg13 lentivirus increased Peg13

Fig 2. NSCs have the potential of self-renewal and multidirectional differentiation. NSCs were culture for neurosphere

formation and differentiation, as described in the method section. The formed neurospheres were imaged and the

differentiated neurons, astrocytes and oligodendrocytes were characterized by indirect immunofluorescence. Data are

representative images of different types of cells from three separate experiments. A. A microscopic image (magnification 10 x)

of typical neurospheres. Scale bar = 100 um. B. The morphology of differentiated cells from NSCs. C. Light microscopy viewed

NSCs. Magnification 20 x, Scale bar = 50 um. D-F. Indirect immunofluorescent analysis of neurosphere using anti-Nestin and

Alexa Fluor 488-conjugated donkey anti-mouse IgG as well as DAPI. Magnification 20 x, Scale bar = 50 um. G-I. EdU+ cells

indicate cell proliferation. Magnification 20 x, Scale bar = 50 um. J-L. Indirect immunofuorescent analysis of differentiated

Tuj1+ neurons, GFAP+ astrocytes and O4+ oligodendrocytes using anti- Tuj1, anti-GFAP, anti-O4 and Alexa Fluor

574-labeled donkey anti-rabbit and Alexa Fluor 488-conjugated donkey anti-mouse as well as DAPI, respectively.

Magnification 20 x, Scale bar = 50 um.

https://doi.org/10.1371/journal.pone.0243644.g002
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over-expression in a dose-dependent manner, determined by fluorescent inverted phase con-

trast microscope and qRT-PCR (Fig 4D and 4E). To understand the regulatory role of Peg13,

we packaged lentivirus for Peg13 over expression.The multiplicities of infection (MOI) of

transfection were determined by fluorescent inverted phase contrast microscope and transduc-

tion with OE-Peg13 at a MOI of 10 increased Peg13 transcripts by 1.8 times, which was used

for subsequent studies (Fig 4F). Neurosphere formation assays indicated that Peg13 over-

expression mitigated the sevoflurane-decreased neurosphere formation (Fig 4G and 4H) and

EdU incorporation of NSCs (Fig 4I and 4J). Flow cytometry displayed that Peg13 over-expres-

sion also minimized the sevoflurane-inhibited neuronal (Fig 4K and 4L) and oligodendrocyte

(Fig 4M and 4N) differentiation of NSCs in vitro (Fig 4M and 4N). Such data indicated that

sevoflurane exposure inhibited the self-renewal and differentiation of NSCs by down-regulat-

ing Peg13 expression.

Peg13 attenuates the sevoflurane-inhibited NSC self-renewal and

differentiation by sponging miR-128-3p

To understand the regulatory role of Peg13, we identified Peg13 expression by FISH and

found that the Peg13 was expressed predominantly in the cytoplasm of NSCs (Fig 5A). Given

that lncRNA can sponge miRNAs we determined the effect of sevoflurane exposure on the

expression levels of miRNAs by qRT-PCR. As shown in Fig 5B, sevoflurane exposure signifi-

cantly up-regulated miR-128-3p expression in NSCs. Bioinformatic analysis predicted that

miR-128-3p bound to the Peg13 (Fig 5C). Luciferase assays revealed that transfection with

Fig 3. Multiple sevoflurane exposures inhibit the neurosphere formation, proliferation, and differentiation of NSCs. A, B. The neurosphere formation assay

indicated that sevoflurane exposure decreased the self-renewal of NSCs. C, D. The EdU assay displayed that sevoflurane exposure reduced the proliferation of NSCs. E,

F. Flow cytometry analysis revealed that multiple sevoflurane exposures decreased neuronal differentiation of NSCs. G, H. Multiple sevoflurane exposures inhibited the

oligodendrocyte differentiation of NSCs. Data are representative images, charts or expressed as the mean ± SEM of each group of cells from three separate experiments.
�P<0.05, ��P<0.01, ���P<0.001, determined by Student T test.

https://doi.org/10.1371/journal.pone.0243644.g003
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Fig 4. Peg13 attenuates the sevoflurane-induced NSC damage. A. RNAseq assay indicated that sevoflurane significantly reduced Peg13 transcripts in NSCs. B.

Quantitative RT-PCR revealed that sevoflurane significantly reduced Peg13 transcripts in NSCs. C. Agarose gel electrophoresis assay displayed high levels of Peg13

transcripts in the brain of mice. D, E. Transduction with different doses of OE-Peg13 lentivirus for Peg13 expression increased Peg13 transcripts in NSCs a dose-

dependent manner, determined by fluorescent microscopy and qRT-PCR. F. Transduction with OE-Peg13 at MOI of 10 increased Peg13 transcripts by 1.8 folds,

determined by qRT-PCR. G, H. Peg13 over-expression recovered the sevoflurane-decreased neurosphere formation in NSCs. I, J. Peg13 over-expression restored the

sevoflurane-decreased EdU incorporation in NSCs. K-N. Flow cytometry analyses revealed that Peg13 over-expression promoted the neuronal and oligodendrocyte

differentiation in the sevoflurane-exposed NSCs. Data are representative images, charts or expressed as the mean ± SEM of each group of cells from three separate

experiments. �P<0.05, ��P<0.01, ���P<0.001, determined by Student T test.

https://doi.org/10.1371/journal.pone.0243644.g004
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miR-128-3p mimics, but not the control, significantly mitigated the Peg13-regulated luciferase

expression in 293T cells (Fig 5D). However, miR-128-3p did not significantly alter the mutated

Peg13-regulated luciferase expression in 293T cells. Interestingly, induction of Peg13 over-

expression significantly decreased miR-128-3p transcripts in NSCs (Fig 5E). Transfection with

different doses of miR-128-3p mimics induced miR-128-3p expression in a dose-dependent

manner (Fig 5F). We chose 50 nm miR-128-3p for subsequent experiments. In comparison

with that in the scramble miRNA-transfected sevoflurane-exposed Peg13 over-expressed cells,

transfection with miR-128-3p mimics significantly decreased neurosphere formation (Fig 5G

and 5H), EdU incorporation (Fig 5I and 5J), neuronal (Fig 5K and 5L) and oligodendrocyte

differentiation of NSCs (Fig 5M and 5N). Collectively, such data pointed that Peg13 attenuated

the sevoflurane exposure-inhibited NSC self-renewal and differentiation by sponging miR-

128-3p in vitro.

Peg13 sponges miR-128-3p to preserve Sox13 expression in sevoflurane-

exposed NSCs

The Sox genes are crucial for the early embryonic development and neurogenesis and the

Sox13 related signal pathways were involved in the sevoflurane-related neurotoxicity (Fig 6A).

To further understand the neurotoxicity of sevoflurane, we measured the Sox13 expression in

NSCs and discovered that sevoflurane exposure significantly decreased the Sox13 protein

expression in NSCs (Fig 6B and 6C). Bioinformatic analysis predicted that miR-128-3p bound

to the 3’ UTR of Sox13 (Fig 6D). Luciferase report assay revealed that transfection with miR-

128-3p mimics, but not the control scramble miRNA, inhibited the Sox13-regulated luciferase

expression in 293T cells, but did not affect the Sox13 mutant-regulated luciferase expression in

293T cells (Fig 6E), suggesting that miR-128-3p targeted the Sox13 expression. Finally, while

sevoflurane exposure significantly decreased Sox13 expression, which was abrogated by Peg13

over-expression, induction of miR-128-3p expression abrogated the effect of Peg13 to reduce

Sox13 expression in NSCs (Fig 6F and 6G). Collectively, such data indicated that Peg13 attenu-

ated the sevoflurane exposure-inhibited Sox13 expression by sponging miR-128-3p, reducing

sevoflurane exposure-related neurotoxicity against NSCs (Fig 6H).

Discussion

Sevoflurane has been widely used for anesthesia in the clinic. Previous studies have shown that

exposure to sevoflurane in early life can cause neuronal defects in human and animals [1, 4, 9].

In this study, we found that sevoflurane exposure inhibited the self-renewal and differentiation

of mouse embryotic NSCs. These findings were consistent with previous observations with

other anesthetic drugs [18, 25] and support the notion that exposure to anesthesia in early life

can inhibit neurogenesis and cause neurological impairments [1, 3]. Although the central ner-

vous system, particularly for the brain in humans and rodents, usually undergoes continual

Fig 5. Peg13 mitigates the effect of sevoflurane by targeting miR-128-3p in NSCs. A. FISH identified the cytoplasmic and nuclear distribution of

Peg13 transcripts in NSCs. Magnification 100 x, Scale bar = 10 um. B. Quantitative RT-PCR revealed that sevoflurane exposure increased miR-128-3p

transcripts in NSCs. C. Bioinformatics predicted the potential interaction between miR-128-3p with Peg13. D. Luciferase reporter assay indicated that

miR-128-3p inhibited the Peg-13-regualted, but not its mutant-regulated, luciferase expression in 293T cells. E. Peg13 over-expression decreased miR-

128-3p transcripts in NSCs. F. Transfection with different doses of miR-128-3p mimics induced miR-128-3p transcripts in NSCs in a dose-dependent

manner, determined by qRT-PCR. G, H. Induction of miR-128-3p expression reduced neurosphere formation in the sevoflurane-exposed Peg13-over-

expressed NSCs. J, K. Induction of miR-128-3p expression decreased EdU incorporation in the sevoflurane-exposed Peg13-over-expressed NSCs. L, O.

Induction of miR-128-3p expression inhibited neuronal and oligodendrocyte differentiation of the sevoflurane-exposed Peg13-over-expressed NSCs.

Data are representative images, charts or expressed as the mean ± SEM of each group of cells from three separate experiments. �P<0.05, ��P<0.01, ���P
<0.001, determined by Student T test.

https://doi.org/10.1371/journal.pone.0243644.g005
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Fig 6. Peg13 over-expression rescues the sevoflurane neurotoxicity by sponging miR-128-3p to preserve Sox13 expression in NSCs. A. Pathway analysis

indicated that the Sox13-related signal pathways were involved in the sevoflurane-related neurotoxicity in NSCs. B, C. Western blotting displayed that sevoflurane

exposure decreased Sox13 expression in NSCs. D. Bioinformatics predicted that miR-128-3p bound to the 30UTR of Sox mRNA. E. Luciferase reporter assay

indicated that miR-128-3p over-expression reduced the wild-type Sox13-regulated, but not its mutant-regulated, luciferase expression in 293T cells. F, G. Peg13 over-

expression restored Sox13 expression in the sevoflurane-exposed NSCs, which was mitigated by miR-128-3p over-expression. H. A diagram illustrates the
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remodeling in a period after birth it may be safer to avoid unnecessary anesthesia and surgery

during the neurogenesis and early life of a person and may have profound regulation effect to

the nervous system through different pathophysiological processes. The main objective of our

research was to determine the influence of sevoflurane on neurogenesis of NSCs, and to

explore its comprehensive downstream mechanisms. Our results clearly reveal that sevoflurane

can inhibit the neurosphere formation, proliferation and differentiation of NSCs. Our study is

the first to demonstrate that the multiple sevoflurane exposures decrease the expression of

Peg13 in the NSCs, leading to the inhibition of neural differentiation through the chain reac-

tion of miR-128-3p and Sox13. Our findings clearly show the significant role of Peg13 in the

differentiation of NSCs, and elaborate the mechanisms underlying sevoflurane toxicity.

LncRNAs can sponge its target miRNAs to preserve the expression of miRNA-targeted

genes to regulate neurogenesis besides modulating its targeted transcription factors [34]. In

this study, we uncovered that sevoflurane exposure significantly decreased lncRNA Peg13 and

Sox13 expression, but increased miR-128-3p expression in NSCs. More importantly, lncRNA

Peg13 significantly mitigated the sevoflurane exposure-related neurotoxicity against mouse

embryotic NSCs by sponging miR128-3p to preserve Sox13 expression. Such novel findings

extended previous observations that lncRNA Gm15621 over-expression alleviates sevoflurane-

related neurotoxicity by inhibiting the miR-133a/Sox4 axis [35]. Hence, our findings may pro-

vide new insights into the pathogenesis of sevoflurane-related neurotoxicity. Our findings,

together with facts that sevoflurane exposure significantly up-regulated lncRNA Gadd45a

expression and lncRNA HOTAIR in rat hippocampus [25, 36], but down-regulated LncRNA

Malat1 expression in infant rats [37], suggest that different lncRNAs may have varying func-

tions and form a network in regulating the sevoflurane-related neurotoxicity against NSCs.

This regulatory network will determine the self-renewal and differentiation of NSCs. We are

interested in further investigating whether and how these lncRNAs can synergistically and

antagonistically regulate the sevoflurane-related neurotoxicity.

Many studies have indicated that miRNAs are crucial for regulating diverse physiological

and pathological processes, such as differentiation, apoptosis, proliferation and cancer [38].

MiRNA usually exerts its biological function through binding the 3’UTR of its targeted genes

to suppress their expression [39, 40]. MiR-128 is an important molecule in the CNS and has

been shown to regulate multiple processes, such as neurogenesis, neural differentiation and

neuronal migration, outgrowth and intrinsic excitability [41, 42]. MiRNA-128-3p is a mature

miRNA in the 3’ sequence of mir-128 stem loop structure. Previous studies have shown that

miR-128-3p can promote the differentiation of intramuscular adipocyte differentiation [43]

and Sox13 is a transcription factor of the SRY-related HMG-box family, regulating embryotic

development [44]. Sox13 can form a regulatory complex with other members in the family to

determine the cell fate and is crucial for oligodendrocyte development [45]. We found that

Sox13 expression was down-regulated after sevoflurane exposure and was targeted by miR-

128-3p in NSCs. Such data extended previous observation that miR-138-5p targeted Sox13 to

regulate angiogenesis in Glioma [46]. Thus, multiple miRNAs may target the same gene

mRNA to regulate its expression during the process of neurogenesis.

However, our study still has limitations, including the lack of in vivo study and precise

mechanisms by which sevoflurane exposure down-regulated lncRNA Peg13 expression in

NSCs. Our findings may provide new insights into the sevoflurane-related neurotoxicity and

highlight the importance of the Peg13/miR-128-3p/Sox13 axis in regulating neurogenesis.

mechanisms underlying the regulatory role of the Peg13/miR-128-3p/Sox13 axis in sevoflurane-related neurotoxicity in NSCs. Data are representative images, or

expressed as the mean ± SEM of each group of cells from three separate experiments. �P<0.05, ��P<0.01, ���P<0.001, determined by Student T test or ANOVA.

https://doi.org/10.1371/journal.pone.0243644.g006
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In conclusion, we demonstrated the vital role of Peg13 in regulating neural differentiation

and further elaborated the miR-128-3p-Sox13-associated molecular mechanisms, which could

open new revenues to further investigate the role of lncRNAs on neurogenesis.

Supporting information

S1 Raw images.

(PDF)

Acknowledgments

We thank Medjaden for its linguistic assistance during the preparation of this manuscript.

Author Contributions

Data curation: Yue Wang.

Formal analysis: Yue Wang.

Funding acquisition: Yu Sun.

Methodology: Yu Sun.

Project administration: Yunfeng Jiang.

Resources: Hong Jiang.

Supervision: Yu Sun, Hong Jiang.

Writing – original draft: Yunfeng Jiang, Yue Wang.

Writing – review & editing: Yunfeng Jiang, Yu Sun, Hong Jiang.

References
1. Graham MR. Clinical update regarding general anesthesia-associated neurotoxicity in infants and chil-

dren. Curr Opin Anaesthesiol. 2017, 30(6):682–687. https://doi.org/10.1097/ACO.0000000000000520

PMID: 28915132

2. Zimering JH, Dong Y, Fang F, Huang L, Zhang Y, Xie Z. Anesthetic Sevoflurane Causes Rho-Depen-

dent Filopodial Shortening in Mouse Neurons. PloS one. 2016, 11(7):e0159637. https://doi.org/10.

1371/journal.pone.0159637 PMID: 27441369

3. Wang X, Dong Y, Zhang Y, Li T, Xie Z. Sevoflurane induces cognitive impairment in young mice via

autophagy. PloS one. 2019, 14(5): e0216372. https://doi.org/10.1371/journal.pone.0216372 PMID:

31107909

4. Warner DO, Zaccariello MJ, Katusic SK, Schroeder DR, Hanson AC, Schulte PJ, et al. Neuropsycho-

logical and Behavioral Outcomes after Exposure of Young Children to Procedures Requiring General

Anesthesia: The Mayo Anesthesia Safety in Kids (MASK) Study. Anesthesiology. 2018, 129(1):89–

105. https://doi.org/10.1097/ALN.0000000000002232 PMID: 29672337

5. Shen X, Dong Y, Xu Z, Wang H, Miao C, Soriano SG, et al. Selective anesthesia-induced neuroinflam-

mation in developing mouse brain and cognitive impairment. Anesthesiology. 2013, 118(3):502–515.

https://doi.org/10.1097/ALN.0b013e3182834d77 PMID: 23314110

6. Bi C, Cai Q, Shan Y, Yang F, Sun S, Wu X, et al. Sevoflurane induces neurotoxicity in the developing rat

hippocampus by upregulating connexin 43 via the JNK/c-Jun/AP-1 pathway. Biomed Pharmacother.

2018, 108:1469–1476. https://doi.org/10.1016/j.biopha.2018.09.111 PMID: 30372849

7. Amrock LG, Starner ML, Murphy KL, Baxter MG. Long-term effects of single or multiple neonatal sevo-

flurane exposures on rat hippocampal ultrastructure. Anesthesiology. 2015, 122(1):87–95. https://doi.

org/10.1097/ALN.0000000000000477 PMID: 25289484

8. Xiao H, Liu B, Chen Y, Zhang J. Learning, memory and synaptic plasticity in hippocampus in rats

exposed to sevoflurane. Int J Dev Neurosci. 2016, 48:38–49. https://doi.org/10.1016/j.ijdevneu.2015.

11.001 PMID: 26612208

PLOS ONE LncRNA Peg13 attenuates the sevoflurane toxicity against NSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243644 December 9, 2020 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243644.s001
https://doi.org/10.1097/ACO.0000000000000520
http://www.ncbi.nlm.nih.gov/pubmed/28915132
https://doi.org/10.1371/journal.pone.0159637
https://doi.org/10.1371/journal.pone.0159637
http://www.ncbi.nlm.nih.gov/pubmed/27441369
https://doi.org/10.1371/journal.pone.0216372
http://www.ncbi.nlm.nih.gov/pubmed/31107909
https://doi.org/10.1097/ALN.0000000000002232
http://www.ncbi.nlm.nih.gov/pubmed/29672337
https://doi.org/10.1097/ALN.0b013e3182834d77
http://www.ncbi.nlm.nih.gov/pubmed/23314110
https://doi.org/10.1016/j.biopha.2018.09.111
http://www.ncbi.nlm.nih.gov/pubmed/30372849
https://doi.org/10.1097/ALN.0000000000000477
https://doi.org/10.1097/ALN.0000000000000477
http://www.ncbi.nlm.nih.gov/pubmed/25289484
https://doi.org/10.1016/j.ijdevneu.2015.11.001
https://doi.org/10.1016/j.ijdevneu.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26612208
https://doi.org/10.1371/journal.pone.0243644


9. Raper J, Alvarado MC, Murphy KL, Baxter MG. Multiple Anesthetic Exposure in Infant Monkeys Alters

Emotional Reactivity to an Acute Stressor. Anesthesiology. 2015, 123(5):1084–1092. https://doi.org/

10.1097/ALN.0000000000000851 PMID: 26313293

10. Zhang L, Xue Z, Liu Q, Liu Y, Xi S, Cheng Y, et al. Disrupted folate metabolism with anesthesia leads to

myelination deficits mediated by epigenetic regulation of ERMN. EBioMedicine. 2019, 43:473–486.

https://doi.org/10.1016/j.ebiom.2019.04.048 PMID: 31060905

11. Zhang L, Yan J, Liu Q, Xie Z, Jiang H. LncRNA Rik-203 contributes to anesthesia neurotoxicity via

microRNA-101a-3p and GSK-3beta-mediated neural differentiation. Scientific reports. 2019, 9

(1):6822. https://doi.org/10.1038/s41598-019-42991-4 PMID: 31048708

12. Navarro Quiroz E, Navarro Quiroz R, Ahmad M, Gomez Escorcia L, Villarreal JL, Fernandez Ponce C,

et al. Cell Signaling in Neuronal Stem Cells. Cells. 2018, 7(7). https://doi.org/10.3390/cells7070075

PMID: 30011912

13. MuhChyi C, Juliandi B, Matsuda T, Nakashima K. Epigenetic regulation of neural stem cell fate during

corticogenesis. Int J Dev Neurosci. 2013, 31(6):424–433. https://doi.org/10.1016/j.ijdevneu.2013.02.

006 PMID: 23466416

14. Rockne RC, Adhikarla V, Tsaturyan L, Li Z, Masihi MB, Aboody KS, et al. Long-term stability and

computational analysis of migration patterns of L-MYC immortalized neural stem cells in the brain. PloS

one. 2018, 13(8):e0199967. https://doi.org/10.1371/journal.pone.0199967 PMID: 30071048

15. Homem CC, Repic M, Knoblich JA. Proliferation control in neural stem and progenitor cells. Nat Rev

Neurosci. 2015, 16(11):647–659. https://doi.org/10.1038/nrn4021 PMID: 26420377

16. Gage FH. Mammalian neural stem cells. Science. 2000, 287(5457):1433–1438. https://doi.org/10.

1126/science.287.5457.1433 PMID: 10688783

17. Grade S, Bernardino L, Malva JO. Oligodendrogenesis from neural stem cells: perspectives for remyeli-

nating strategies. Int J Dev Neurosci.2013, 31(7):692–700. https://doi.org/10.1016/j.ijdevneu.2013.01.

004 PMID: 23340483

18. Liang C, Du F, Wang J, Cang J, Xue Z. Propofol Regulates Neural Stem Cell Proliferation and Differenti-

ation via Calmodulin-Dependent Protein Kinase II/AMPK/ATF5 Signaling Axis. Anesth Analg. 2019,

129(2):608–617. https://doi.org/10.1213/ANE.0000000000003844 PMID: 30303867

19. Lu Y, Lei S, Wang N, Lu P, Li W, Zheng J, et al. Protective Effect of Minocycline Against Ketamine-

Induced Injury in Neural Stem Cell: Involvement of PI3K/Akt and Gsk-3 Beta Pathway. Front Mol Neu-

rosci. 2016, 9:135. https://doi.org/10.3389/fnmol.2016.00135 PMID: 28066173

20. Shao CZ, Xia KP. Sevoflurane anesthesia represses neurogenesis of hippocampus neural stem cells

via regulating microRNA-183-mediated NR4A2 in newborn rats. J Cell Physiol. 2019, 234(4):3864–

3873. https://doi.org/10.1002/jcp.27158 PMID: 30191980

21. Yi X, Cai Y, Zhang N, Wang Q, Li W. Sevoflurane inhibits embryonic stem cell self-renewal and subse-

quent neural differentiation by modulating the let-7a-Lin28 signaling pathway. Cell Tissue Res. 2016,

365(2):319–330. https://doi.org/10.1007/s00441-016-2394-x PMID: 27022747

22. Briggs JA, Wolvetang EJ, Mattick JS, Rinn JL, Barry G. Mechanisms of Long Non-coding RNAs in

Mammalian Nervous System Development, Plasticity, Disease, and Evolution. Neuron. 2015, 88

(5):861–877. https://doi.org/10.1016/j.neuron.2015.09.045 PMID: 26637795

23. Wang L, Deng Y, Duan D, Sun S, Ge L, Zhuo Y, et al. Hyperthermia influences fate determination of

neural stem cells with lncRNAs alterations in the early differentiation. PloS one. 2017, 12(2):e0171359.

https://doi.org/10.1371/journal.pone.0171359 PMID: 28234910

24. Ramos AD, Andersen RE, Liu SJ, Nowakowski TJ, Hong SJ, Gertz C, et al. The long noncoding RNA

Pnky regulates neuronal differentiation of embryonic and postnatal neural stem cells. Cell stem cell.

2015, 16(4):439–447. https://doi.org/10.1016/j.stem.2015.02.007 PMID: 25800779

25. Lu G, Xu H, Zhao W, Zhang J, Rao D, Xu S. Upregulation of long noncoding RNA Gadd45a is associ-

ated with sevoflurane-induced neurotoxicity in rat neural stem cells. Neuroreport. 2018, 29(8):605–614.

https://doi.org/10.1097/WNR.0000000000000980 PMID: 29521679

26. Lu G, Zhao W, Rao D, Zhang S, Zhou M, Xu S. Knockdown of long noncoding RNA WNT5A-AS

restores the fate of neural stem cells exposed to sevoflurane via inhibiting WNT5A/Ryk-ROS signaling.

Biomed Pharmacother. 2019, 118:109334. https://doi.org/10.1016/j.biopha.2019.109334 PMID:

31545269

27. Lorenc A, Linnenbrink M, Montero I, Schilhabel MB, Tautz D. Genetic differentiation of hypothalamus

parentally biased transcripts in populations of the house mouse implicate the Prader-Willi syndrome

imprinted region as a possible source of behavioral divergence. Mol Biol Evol. 2014, 31(12):3240–

3249. https://doi.org/10.1093/molbev/msu257 PMID: 25172960

PLOS ONE LncRNA Peg13 attenuates the sevoflurane toxicity against NSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243644 December 9, 2020 16 / 17

https://doi.org/10.1097/ALN.0000000000000851
https://doi.org/10.1097/ALN.0000000000000851
http://www.ncbi.nlm.nih.gov/pubmed/26313293
https://doi.org/10.1016/j.ebiom.2019.04.048
http://www.ncbi.nlm.nih.gov/pubmed/31060905
https://doi.org/10.1038/s41598-019-42991-4
http://www.ncbi.nlm.nih.gov/pubmed/31048708
https://doi.org/10.3390/cells7070075
http://www.ncbi.nlm.nih.gov/pubmed/30011912
https://doi.org/10.1016/j.ijdevneu.2013.02.006
https://doi.org/10.1016/j.ijdevneu.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23466416
https://doi.org/10.1371/journal.pone.0199967
http://www.ncbi.nlm.nih.gov/pubmed/30071048
https://doi.org/10.1038/nrn4021
http://www.ncbi.nlm.nih.gov/pubmed/26420377
https://doi.org/10.1126/science.287.5457.1433
https://doi.org/10.1126/science.287.5457.1433
http://www.ncbi.nlm.nih.gov/pubmed/10688783
https://doi.org/10.1016/j.ijdevneu.2013.01.004
https://doi.org/10.1016/j.ijdevneu.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23340483
https://doi.org/10.1213/ANE.0000000000003844
http://www.ncbi.nlm.nih.gov/pubmed/30303867
https://doi.org/10.3389/fnmol.2016.00135
http://www.ncbi.nlm.nih.gov/pubmed/28066173
https://doi.org/10.1002/jcp.27158
http://www.ncbi.nlm.nih.gov/pubmed/30191980
https://doi.org/10.1007/s00441-016-2394-x
http://www.ncbi.nlm.nih.gov/pubmed/27022747
https://doi.org/10.1016/j.neuron.2015.09.045
http://www.ncbi.nlm.nih.gov/pubmed/26637795
https://doi.org/10.1371/journal.pone.0171359
http://www.ncbi.nlm.nih.gov/pubmed/28234910
https://doi.org/10.1016/j.stem.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25800779
https://doi.org/10.1097/WNR.0000000000000980
http://www.ncbi.nlm.nih.gov/pubmed/29521679
https://doi.org/10.1016/j.biopha.2019.109334
http://www.ncbi.nlm.nih.gov/pubmed/31545269
https://doi.org/10.1093/molbev/msu257
http://www.ncbi.nlm.nih.gov/pubmed/25172960
https://doi.org/10.1371/journal.pone.0243644


28. Zhang J, Yuan L, Zhang X, Hamblin MH, Zhu T, Meng F, et al. Altered long non-coding RNA transcrip-

tomic profiles in brain microvascular endothelium after cerebral ischemia. Exp Neurol. 2016, 277:162–

170. https://doi.org/10.1016/j.expneurol.2015.12.014 PMID: 26746985

29. Ahmed S. The culture of neural stem cells. J Cell Biochem. 2009, 106(1):1–6. https://doi.org/10.1002/

jcb.21972 PMID: 19021147

30. Kukurba KR, Montgomery SB: RNA Sequencing and Analysis. Cold Spring Harb Protoc.2015, 2015

(11):951–969. https://doi.org/10.1101/pdb.top084970 PMID: 25870306

31. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-

sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012, 7(3):562–578.

https://doi.org/10.1038/nprot.2012.016 PMID: 22383036

32. Tiscornia G, Singer O, Verma IM. Production and purification of lentiviral vectors. Nat Protoc. 2006, 1

(1):241–245. https://doi.org/10.1038/nprot.2006.37 PMID: 17406239

33. Mancini M, Lena AM, Candi E. Identification of Long Noncoding RNA by In Situ Hybridization

Approaches. Methods Mol Biol. 2020, 2154:175–185. https://doi.org/10.1007/978-1-0716-0648-3_15

PMID: 32314217

34. Jalali S, Singh A, Maiti S, Scaria V. Genome-wide computational analysis of potential long noncoding

RNA mediated DNA:DNA:RNA triplexes in the human genome. J Transl Med. 2017, 15(1):186. https://

doi.org/10.1186/s12967-017-1282-9 PMID: 28865451

35. Zhao Y, Ai Y. Overexpression of lncRNA Gm15621 alleviates apoptosis and inflammation response

resulting from sevoflurane treatment through inhibiting miR-133a/Sox4. J Cell Physiol.2020, 235

(2):957–965. https://doi.org/10.1002/jcp.29011 PMID: 31264218

36. Wang JY, Feng Y, Fu YH, Liu GL. Effect of Sevoflurane Anesthesia on Brain Is Mediated by lncRNA

HOTAIR. J Mol Neurosci. 2018, 64(3):346–351. https://doi.org/10.1007/s12031-018-1029-y PMID:

29352445

37. Hu X, Hu X, Huang G. LncRNA MALAT1 is involved in sevoflurane-induced neurotoxicity in developing

rats. J Cell Biochem. 2019, 120(10):18209–18218. https://doi.org/10.1002/jcb.29127 PMID: 31190336

38. Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and stability by microRNAs.

Annu Rev Biochem. 2010, 79:351–379. https://doi.org/10.1146/annurev-biochem-060308-103103

PMID: 20533884

39. Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol Pract. 2018, 141(4):1202–1207.

40. Yan R, Xu H, Fu X. Salidroside protects hypoxia-induced injury by up-regulation of miR-210 in rat neural

stem cells. Biomed Pharmacother. 2018, 103:1490–1497. https://doi.org/10.1016/j.biopha.2018.04.

184 PMID: 29864934

41. Zhang W, Kim PJ, Chen Z, Lokman H, Qiu L, Zhang K, et al. MiRNA-128 regulates the proliferation and

neurogenesis of neural precursors by targeting PCM1 in the developing cortex. eLife. 2016, 17,5:

e11324. https://doi.org/10.7554/eLife.11324 PMID: 26883496

42. Farrell BC, Power EM, Mc Dermott KW. Developmentally regulated expression of Sox9 and microRNAs

124, 128 and 23 in neuroepithelial stem cells in the developing spinal cord. Int J Dev Neurosci. 2011,

29(1):31–36. https://doi.org/10.1016/j.ijdevneu.2010.10.001 PMID: 20937378

43. Zhang M, Li F, Sun JW, Li DH, Li WT, Jiang RR, et al. LncRNA IMFNCR Promotes Intramuscular Adipo-

cyte Differentiation by Sponging miR-128-3p and miR-27b-3p. Front Genet. 2019, 10:42. https://doi.

org/10.3389/fgene.2019.00042 PMID: 30804984

44. Wang Y, Ristevski S, Harley VR. SOX13 exhibits a distinct spatial and temporal expression pattern dur-

ing chondrogenesis, neurogenesis, and limb development. Int J Dev Neurosci.2006, 54(12):1327–

1333.

45. Baroti T, Schillinger A, Wegner M, Stolt CC. Sox13 functionally complements the related Sox5 and

Sox6 as important developmental modulators in mouse spinal cord oligodendrocytes. J Neurochem.

2016, 136(2):316–328. https://doi.org/10.1111/jnc.13414 PMID: 26525805

46. He Z, Ruan X, Liu X, Zheng J, Liu Y, Liu L, et al. FUS/circ_002136/miR-138-5p/SOX13 feedback loop

regulates angiogenesis in Glioma. Clin Cancer Res. 2019, 38(1):65. https://doi.org/10.1186/s13046-

019-1065-7 PMID: 30736838

PLOS ONE LncRNA Peg13 attenuates the sevoflurane toxicity against NSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243644 December 9, 2020 17 / 17

https://doi.org/10.1016/j.expneurol.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/26746985
https://doi.org/10.1002/jcb.21972
https://doi.org/10.1002/jcb.21972
http://www.ncbi.nlm.nih.gov/pubmed/19021147
https://doi.org/10.1101/pdb.top084970
http://www.ncbi.nlm.nih.gov/pubmed/25870306
https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.1038/nprot.2006.37
http://www.ncbi.nlm.nih.gov/pubmed/17406239
https://doi.org/10.1007/978-1-0716-0648-3%5F15
http://www.ncbi.nlm.nih.gov/pubmed/32314217
https://doi.org/10.1186/s12967-017-1282-9
https://doi.org/10.1186/s12967-017-1282-9
http://www.ncbi.nlm.nih.gov/pubmed/28865451
https://doi.org/10.1002/jcp.29011
http://www.ncbi.nlm.nih.gov/pubmed/31264218
https://doi.org/10.1007/s12031-018-1029-y
http://www.ncbi.nlm.nih.gov/pubmed/29352445
https://doi.org/10.1002/jcb.29127
http://www.ncbi.nlm.nih.gov/pubmed/31190336
https://doi.org/10.1146/annurev-biochem-060308-103103
http://www.ncbi.nlm.nih.gov/pubmed/20533884
https://doi.org/10.1016/j.biopha.2018.04.184
https://doi.org/10.1016/j.biopha.2018.04.184
http://www.ncbi.nlm.nih.gov/pubmed/29864934
https://doi.org/10.7554/eLife.11324
http://www.ncbi.nlm.nih.gov/pubmed/26883496
https://doi.org/10.1016/j.ijdevneu.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20937378
https://doi.org/10.3389/fgene.2019.00042
https://doi.org/10.3389/fgene.2019.00042
http://www.ncbi.nlm.nih.gov/pubmed/30804984
https://doi.org/10.1111/jnc.13414
http://www.ncbi.nlm.nih.gov/pubmed/26525805
https://doi.org/10.1186/s13046-019-1065-7
https://doi.org/10.1186/s13046-019-1065-7
http://www.ncbi.nlm.nih.gov/pubmed/30736838
https://doi.org/10.1371/journal.pone.0243644

