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Abstract. Astrocyte elevated gene-1 (AEG-1) is a key regu-
latory factor of progression in multiple types of tumor and
neurodegenerative disease development. AEG-1 is associated
with glutamate excitotoxicity due to its reported function of
repressing excitatory amino acid transporter 2 expression in
astrocytes. Although the function of AEG-1 has been demon-
strated in neurological disorders, such as Alzheimer's disease
and amyotrophic lateral sclerosis, the underlying mechanism
of neuronal AEG-1 function remains unclear. The aim of
the present study was to clarify the function and related
mechanism of AEG-1 in neurons. A stable AEG-1-deficient
HT?22 neuronal cell line was constructed using CRISPR/Cas9
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gene-editing technology. Reverse transcription-quantitative
PCR and western blotting were carried out to analyze the
knockdown efficiency of AEG-1-deficient HT22 cell line. RNA
Sanger sequencing analysis was performed in AEG-1-deficient
HT?22 cells and wild-type HT22 cells without knockout (KO).
Results from RNA sequencing revealed that AEG-1 modu-
lated neuronal morphology and development by regulating
the expression of numerous genes, such as ubiquitin C, C-X-C
motif chemokine ligand 1, MMP9, Notchl, neuropilin 1 and
ephrin type-A receptor 4. In addition, AEG-1 deficiency
impacted several signaling pathways by mediating cell survival
differentiation, apoptosis, and migration; this included the
TNF-a pathway, the NF-kB pathway, the MAPK signaling
pathway, the Notch signaling pathway and Axon guidance.
Downregulation in cellular ion homeostasis, including ion
channel function and neurotransmitter release, were observed
after knocking out AEG-1 expression. Collectively, the present
study provides insights into AEG-1-dependent gene regulation
and signaling pathway transduction in neurons. The results
of the present study may be applied for improving the under-
standing of AEG-1-associated central nervous system diseases.

Introduction

Astrocyte elevated gene-1 (AEG-1), which is also known as
metadherin and lysine-rich carcinoembryonic antigen-related
cell adhesion molecule 1 co-isolated, was first observed to be
upregulated in brain astrocytes from patients with HI' V-induced
Alzheimer's disease (1). AEG-1 has been shown to localize to
the cell membrane, cytoplasm, endoplasmic reticulum, nucle-
olus and nucleus in cancer cells (2). At present, the majority
of previous studies have focused on the function of AEG-1 in
the development and progression of various malignancies such
as gastric cancer, breast cancer and malignant glioma (3,4).
As an oncogene, AEG-1 has been found to facilitate tumor
growth, metastasis, angiogenesis and drug resistance (5,6). In
addition, AEG-1 as a key modulator regulates aberrant cellular
processes within the central nervous system (CNS), where it is
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involved in neurological diseases such as Huntington's chorea,
migraine and HIV-induced neurological disorders (7-9).

AEG-1 has differential regulatory effects on astrocytes
(AST) and neurons. In AST, AEG-1 causes glutamatergic
excitotoxicity by downregulating the activity of the excit-
atory amino acid transporter 2 (EAAT2) promoter, leading
to neuronal cell death in glioma-induced neurodegenerative
disease (10). Furthermore, AEG-1 can promote AST activation
and hyperplasia induced by brain injury in a mouse model of
reactive astrogliosis (11). Silencing AEG-1 expression has also
been shown to suppress AST migration and proliferation to
wounded areas (11). By contrast, in neurons, downregulation
of AEG-1 expression has been shown to reduce the viability
of motor neurons in models of amyotrophic lateral sclerosis
(ALS), both in vivo and in vitro (12). In addition, upregula-
tion of AEG-1 expression can protect nigral dopaminergic
neurons from injury caused by aberrant apoptotic signaling
pathways (13). AEG-1 has also been reported to regulate
embryonic neural development (14). Although AEG-1 is
evolutionarily conserved in vertebrates, the expression of
AEG-1 in CNS cells, including neurons and astrocytes (9,15),
has not been previously studied in depth to the best of our
knowledge. Therefore, further investigation into the potential
role of AEG-1 in neurons and its physiological mechanisms is
warranted.

CRISPR/Cas9 technology is a state-of-the-art gene editing
method that was originally derived from the prokaryotic adap-
tive immune system (16). The CRISPR/Cas9 system contains a
single guide RNA (sgRNA) molecule and a nucleic acid endo-
nuclease, Cas9. These two components cooperatively cleave
the desired sequence in the target DNA at specific locations
by forming complementary base pairings. A double-stranded
break is subsequently formed (17). In the present study, an
AEG-1-deficient neuronal HT22 cell line was constructed
using such CRISPR/Cas9 technology. Cell morphology was
subsequently observed in AEG-1-deficient cells using light
microscope. A list of differentially expressed genes (DEGs)
were obtained using RNA-sequencing (RNA-seq) analysis.
Functional enrichment analysis on these DEGs was then
performed to investigate neuronal AEG-1 function.

Materials and methods

Cell culture. The mouse hippocampal neuronal cells (HT22)
were purchased from Jennio Biotech Co., Ltd. The cells were
cultured in DMEM (Biological Industries) supplemented with
10% FBS (Biological Industries) and 1% penicillin strepto-
mycin (Beijing Solarbio Science & Technology Co., Ltd.) at
37°C in an incubator with 5% CO, for 2 days.

GV392-AEG-1-sgRNA plasmid generation and lentivirus
packaging. HT22 cells are highly sensitive to glutamate,
have cholinergic neuronal properties and have therefore
been proposed to be viable models for studying neurodegen-
erative diseases (18,19). The present study was designed and
performed based on the mouse genome (GRCm39/m29). The
full-length cDNA sequence (ATGGCTGCACGAAGCTGG
CAGGACGAGCTGGCCCAGCAGGCCGAGGAGGGCTCT
GCCCGGCTGCGGGAGTTGCTCTCGGTCGGCCTAGGT
TTTCTGCGCACGGAGTTGGGCCTCGACCTGGGGCTA

GAGCCGAAGCGGTACCCGGGCTGGGTGATCCTGGTG
GGCACCGGCGCTCTCGGGCTGCTCCTGCTCTTCCTT
CTAGGTTACGGCTGGGCCGCGGCTTGCGCCGGCGCC
CGCAAGAAGCGAAGGAGCCCGCCCCGCAAACGGGAG
GAGGCGGCCCCGCCGACTCCGGCCCCCGACGACCTA
GCCCAGCTGAAGAATCTCAGAAGCGAGGAGCAAA
AGAAGAAGAACCGGAAGAAGCTTCCTGAAAAGCCCA
AACCAAATGGACGGACTGTTGAAGTACCCGAGGATG
AAGTTGTTAGAAATCCCCGAAGTATAACTGCAAAAC
AAGCACCAGAGACAGACAAGAAAAATGAAAAGTCAA
AGAAAAATAAGAAGAAATCAAAGTCAGATGCTAAAG
CAGTGCAAAACAGTTCACGCCATGATGGAAAGGAAG
TTGATGAAGGAGCCTGGGAAACTAAAATTAGTCACA
GAGAGAAACGACAACAGCGTAAACGTGATAAAGTGC
TGACTGATTCTGGTTCATTGGATTCAACTATCCCTG
GGATAGAAAATATCATCACAGTTACCACCGAGCAAC
TTACAACTGCATCATTTCCTGTTGGTTCCAAGAAGA
ATAAAGGTGATTCTCATCTAAATGTTCAAGTTAGCA
ACTTTAAGTCTGGAAAAGGAGATTCTACACTGCAGG
TTTCTTCAAGGCTGAATGAAAATCTTACTGTCAATG
GAGGAGGCTGGAGTGAAAAGTCTGTAAAACTCTCCT
CACAATTGAGTGAGGAGAAGTGGAACTCTGTCCCAC
CTGCTTCTGCAGGCAAGAGGAAAACAGAGCCATCGG
CTTGGACTCAAGACACTGGTGACACTAATGCAAATG
GGAAAGACTGGGGAAGGAATTGGAGTGATCGCTCAA
TATTTTCTGGCATTGGATCTACTGCTGAGCCAGTTTCT
CAGTCTACCACTTCTGATTATCAGTGGGATGTTAGC
CGTAATCAACCTTATATCGATGATGAATGGTCTGGG
TTAAATGGTTTGTCTTCTGCTGACCCTAGCTCAGAC
TGGAATGCACCAGCAGAGGAGTGGGGGAACTGGGTA
GATGAAGATAGAGCTTCACTTCTGAAGTCCCAGGAA
CCAATTTCTAATGATCAAAAGGTTTCAGATGATGAT
AAAGAAAAAGGGGAGGGAGCTCTTCCAACTGGAAAA
TCTAAAAAGAAAAAGAAGAAAAAGAAGAAGCAA
GGGGAAGATAACTCTCACACACAGGACACAGAAGAC
CTAGAAAAGGACACTAGAGAAGAGCTTCCAGTGAAT
ACCTCAAAAGCCCGACCAAAACAGGAGAAAGCTTGT
TCCCTGAAGACCATGAGCACTAGTGACCCAGCTGAA
GTACTCATCAAAAATAGCCAGCCTGTCAAGACTCTT
CCTCCTGCTATCTCTGCCGAGCCATCTATTACCTTA
TCAAAAGGTGACTCTGACAACAGCTCTTCCCAAGTG
CCACCGATGTTACAAGACACAGACAAGCCCAAG
TCAAATGCTAAGCAAAACAGTGTGCCTCCCTCACAG
ACCAAGTCTGAAACTAACTGGGAATCTCCAAAACAA
ATAAAAAAGAAGAAAAAGGCCAGACGGGAAACG
TGA) of mouse AEG-1 gene was 3,611 bp and contained 12
transcripts and 12 exons. Exon regions corresponding to the
conserved protein sequences were selected for target screening
from Feng Zhang Lab Library version 2 (http://www.addgene.
org/pooled-library/zhang-mouse-gecko-v2/). Sequences with
higher CFD specificity scores and lower number of off-target
sites according to the Feng Zhang Lab website (https://zlab.
bio/guide-design-resources), were used as main sequences.
The GV392 plasmid (Fig. 1) was purchased from Shanghai
GeneChem Co., Ltd. The BsmBI site in this GV392 plasmid
was selected to be the sgRNA insertion point. The three
sets of designed oligonucleotide sequences are listed in
Table I. For each of the sgRNA sequences used, ‘CACCG’
was added to the 5' ends whereas ‘AAAC’ was added to the
3" end. The GV392 plasmid was subsequently cleaved using



Bzl SPANDIDOS
7] .§, PUBLICATIONS

,-\\'pflwv

4o
L
( <
g 2
<
(o3
= GV392 SgRNA _'< Bsmbl
14.9 kb frame
f BsmBI
N
&
&
p

Figure 1. Schematic of the GV392 plasmid. The sgRNA structure is
designated to be after the U6 promoter region and contains two BsmBI endo-
nuclease sites. sgRNA, single guide RNA.

the restriction endonuclease BsmBI (Shanghai GeneChem
Co., Ltd.) to obtain the linearized vector. The synthesized
sgRNA oligonucleotides (Shanghai GeneChem Co., Ltd.)
were then phosphorylated, and annealed at 95°C for 15 min
(Shanghai Yuanye Biotech Co., Ltd.) to form double-stranded
DNA according to the manufacturer's instructions. T4 DNA
Ligase High Concentration Rapid Kit (Fermentas; Thermo
Fisher Scientific, Inc.) ligated the linearized GV392 plasmid
with the double-stranded sgRNA at 22°C for 3 h, which were
then amplified using DH5a-competent E. Coli (Beijing Mei5
Biotech Co., Ltd.).

The GV392-AEG-1 sgRNA lentiviral expression vector
was co-transfected with lentivirus packaging helper plas-
mids (2nd generation; 10 ug lentivirus plasmid used for
transfection: 5 pg lentivirus, 3.75 ug packaging and 1.25 ug
envelope plasmids) into 293T cells (high sugar DMEM
containing 10% FBS, 37°C, 5% CO,; Cell bank of Chinese
Academy of Sciences) for lentivirus packaging. Before the
virus titer was determined, lentivirus (M-AEG-1-sgRNA-1/
M-AEG-1-sgRNA-2/M-AEG-1-sgRNA-3) stock solutions
were collected and concentrated by ultracentrifugation at
4,000 x g (4°C) after 48 h at 37°C of transfection.

Generation of AEG-1-deficient HT22 cell lines. The prolifera-
tion of the HT22 cells was observed in the presence of 6 and
4 ug/ml puromycin (Fermentas; Thermo Fisher Scientific, Inc.)
before the cells were infected with the lentivirus. Cells at loga-
rithmic growth stage were digested with 0.25% trypsin-EDTA
solution and inoculated into six-well plates at a density of
1x10° cells per well. The cells were infected at 37°C with
50 ul virus M-AEG-1-sgRNA-1 (titer 2x10%/ml), 50 pl virus
M-AEG-1-sgRNA-2 (titer 2x10%/ml), 50 ul negative control
virus (titer 2x10%/ml) and 33 ul M-AEG-1-sgRNA-3 (titer
3x10%/ml) at a multiplicity of infection value 50 at the same
time, to achieve the optimum infection by each virus. After
3 days of culture in DMEM containing 6 yg/ml puromycin
(Beijing Solarbio Science & Technology Co., Ltd.), the puro-
mycin concentration was reduced to 4 ug/ml. Stably infected
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cells were then inoculated into 96-well plates by trypsin diges-
tion. After 6 h at 37°C, the cells were observed under a light
microscope to establish monoclonal cell lines.

Verification of sgRNA activity. To analyze the muta-
tions caused by CRISPR/Cas9, whole genomic DNA
was extracted from AEG-1-deficient HT22 cells using
PureLink™ Genomic DNA Mini kit (Omega Bio-Tek, Inc.).
The DNA fragment was amplified by TB Green® Premix
Ex Taq™ II (Tli RNaseH Plus) kit (Takara Bio, Inc.) using
AEG-1-sgRNA-specific primers. The forward and reverse
primers of AEG-1-sgRNAs are provided in Table II. The
PCR cycle was as follows: Initial denaturation at 94°C for
4 min, followed by 35 cycles of denaturation at 94°C for
30 sec, annealing at 48°C for 30 sec, elongation at 72°C for
30 sec and a final extension at 72°C for 12 min. The annealed
PCR products were digested with T7 Endonuclease I
(New England BioLabs, Inc.), which specifically cleaves
mismatched DNA, at 37°C for 1 h. The cleaved DNA
fragment was then analyzed using 1.5% agarose gel electro-
phoresis and visualized by ethidium bromide staining.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was collected from normal HT22 cells, negative control
virus cells and cells infected with the three M-AEG-1-sgRNA
viruses using the TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
normal HT22 cells were used as the blank control group,
whilst the HT22 cells infected with viruses encoding control
gRNA were used as the negative control group. RNA purity
and concentration were measured using a NanoPhotometer®
Spectrophotometer (Implen GmbH). Total RNA was used
for the reverse transcriptase reaction with FastKing gDNA
Dispelling RT SuperMix kit (Tiangen Biotech Co., Ltd.),
the reaction conditions are as follows: Genome removal and
reverse transcriptional reaction at 42°C for 15 min, enzyme
inactivation process at 95°C for 3 min. To evaluate the expres-
sion of blank control group, negative control group and groups
infected with the three M-AEG-1-sgRNA viruses at the
mRNA level, TB Green® Premix Ex Tag™ II (Tli RNaseH
Plus) kit (Takara Bio, Inc.) and CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.) were used
for PCR amplification. The thermocycling profiles incorpo-
rated an initial denaturation at 95°C for 30 sec, followed by
40 cycles of denaturation at 95°C for 5 sec and annealing at
60°C for 30 sec. The sequences of the primers used for gPCR
are provided in Table II. The Cq values of qPCR results in each
group were converted to 222 values for comparison (20). The
expression levels of each mRNA in the cells were normalized
to the level of GAPDH mRNA expression.

Western blotting. The normal HT22 cells, negative control
virus cells and cells infected with the three M-AEG-1-sgRNA
viruses were lysed using Radio-Immunoprecipitation Assay
buffer (100 ml; Jiangsu Keygen Biotech Co., Ltd.) containing
phosphatase and proteinase inhibitors at 4°C. The supernatant
was then collected from the lysate by centrifugation at 300 x g
for 15 min at 4°C. The harvested protein concentrations were
measured using the BCA protein quantitation reagent (Nanjing
KeyGen Biotech Co., Ltd.). After boiling for 5 min at 95°C, the
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Table I. AEG-1 sgRNA oligonucleotides.

Name Sequence Exon

M-AEG-1-sgRNA-1 5'-CACCGACTTCAACAGTCCGTCCATT-3' 2
3-CTGAAGTTGTCAGGCAGGTAACAAA-S'

M-AEG-1-sgRNA-2 5'-CACCGTCATTGGATTCAACTATCCC-3' 3
3'-CAGTAACCTAAGTTGATAGGGCAAA-S'

M-AEG-1-sgRNA-3 5'-CACCGCAAAACAGTTCACGCCATGA-3' 4

Negative control sgRNA

3-CGTTTTGTCAAGTGCGGTACTCAAA-S'
5'-CACCGCGCTTCCGCGGCCCGTTCAA-3'
3-CGCGAAGGCGCCGGGCAAGTTCAAA-5'

AEG-1, astrocyte elevated gene-1; sgRNA, single guide RNA.

Table II. Primer list.

Sequence

Name Direction
Primers of M-AEG-1-sgRNA-1 Forward
Reverse
Primers of M-AEG-1-sgRNA-2 Forward
Reverse
Primers of M-AEG-1-sgRNA-3 Forward
Reverse
AEG-1 qPCR primer Forward
Reverse
GAPDH ¢PCR primer Forward
Reverse

5-TTTCATTGTTGTATATGTTATTTCC-3'
5'-AGACTACACTCTTATTAACCATGAA-3'
5'-CTTTTATACCACACACCTCAGTTTA-3'
5-AGTTGTCAGTTTCATACATTTCATT-3'
5'-TCAGCACAAAGTTAGCAGTTCAAAA-3'
5-TCAGGAGCCTGGGAAACTAAAATTA-3'
5'-CCGCAAGAAGCGAAGGAGC-3'
5'-CCGTCCATTTGGTTTGGGCT-3'
5'-AGGCCGGTGCTGAGTATGTC-3'
5-TGCCTGCTTCACCACCTTCT-3'

AEG-1, astrocyte elevated gene-1; sgRNA, single guide RNA; qPCR, quantitative PCR.

total protein (50 pug) was resolved using 10% SDS-PAGE gels
and transferred onto polyvinylidene difluoride membranes
(MilliporeSigma). The membranes were blocked in 5%
skimmed milk for 1 h at room temperature and then probed
with the anti-AEG-1 antibody (cat. no. 13860-1-AP; 1:1,000;
ProteinTech Group, Inc.) or the anti-GAPDH antibody (cat.
no. GTX100118; 1:1,000; GeneTex, Inc.) overnight at 4°C,
before being incubated with the secondary antibody (Dylight
800; goat anti-rabbit IgG; 1:2,000; cat. no. A23920; Abbkine
Scientific Co., Ltd.) for 1 h at room temperature. Finally, the
membranes were developed using ECL reagents (Pierce;
Thermo Fisher Scientific, Inc.) and visualized using the
full-automatic chemiluminescence imaging analysis system
(Bio-Rad Laboratories, Inc.). The integrated band densi-
ties were measured using ImageJ v1.8.0. software (National
Institutes of Health).

The group of cells (those transfected with the
M-AEG-1-sgRNA-3) with the highest knockdown effect were
screened based on the western blotting and qPCR results.
Genomic DNA of the AEG-1-KO monoclonal cell line was
extracted and amplified by AEG-1 specific primers (methods
as aforementioned). The PCR products were then purified using
MiniBEST DNA Fragment Purification Kit Ver.4.0 (Takara

Bio, Inc.) and ligated to a pMDI19-T vector using pMD™ 19-T
Vector Cloning Kit (Takara Bio, Inc.). The product was trans-
formed into TOP10 competent cell (Shanghai GeneChem Co.,
Ltd.) and positive clones were obtained by colony PCR. The
positive bacterial colonies were selected to extract plasmids
for Sanger sequencing analysis.

RNA quantification and library construction. RNA purity
and concentration was checked using a NanoPhotometer spec-
trophotometer (Implen, Inc.) and Qubit® RNA Assay kit (cat.
no. Q10210) in combination with the Qubit 2.0 Fluorometer
(both Thermo Fisher Scientific, Inc.). RNA integrity was
assessed using an RNA 6000 Nano Kit with a Bioanalyzer
2100 system (both Agilent Technologies, Inc.).

For the RNA sample preparations, sequencing libraries
were generated with a total amount of 993 mole RNA per
sample using the NEBNext® Ultra™ RNA Library Prep Kit
for Tllumina® (cat. no. E7530L; New England BioLabs, Inc.).
Briefly, the mRNA was separated from total RNA samples
using magnetic beads coupled with oligo (dT) and fragmented
using divalent cations in 5X NEBNext First Strand Synthesis
Reaction Buffer (New England Biolabs, Inc.) according to
the manufacturer's protocol. Next, the mRNA was reverse
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transcribed to synthesize double-stranded complementary
DNA (cDNA) using Moloney Murine Leukemia Virus
Reverse Transcriptase (New England BioLabs, Inc.) with
random hexamer primers. The 3' ends of the cDNA were
added to the base A and an NEBNext Adaptor (New England
BioLabs, Inc.) with a hairpin loop structure to prepare for
hybridization. The cDNA target fragments were purified with
the AMPure XP system (cat. no. A63381; Beckman Coulter,
Inc.) to select fragments 200 bp in length with the direction
of 5'-3'. Subsequently, 3 ul USER Enzyme (New England
Biolabs, Inc.) was used with size-selected, adaptor-ligated
c¢DNA at 37°C for 15 min followed by 5 min at 95°C before
PCR. PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X) Primer.
Finally, the PCR products were purified also using the
AMPure XP system and used to obtain a sequencing library.
The library quality was assessed using the Bioanalyzer 2100
system (Agilent Technologies, Inc.) and the effective concen-
tration (>2 nM) of the library was accurately quantified using
RT-qPCR.

Clustering and sequencing. Indicator-coded samples were
clustered on the cBot Cluster Generation System using TruSeq
PE Cluster Kit v3-cBot-HS (cat. no. PE-401-3001; Illumina,
Inc.). Sequencing was then performed via the HiSeq X Ten
System (cat. no. SY-412-1001; Illumina, Inc.).

Data analysis. Clean data (clean reads) of fastq format were
first obtained by excluding adapters, ploy-N and low-quality
reads (reads for which >50% of the read length had a Phred
quality value <20) from the original data (raw reads) through
in-house Perl Script (fastq v1.0, the parameter was fastq-g-q
5-u 50-n 15-1 150; https://www.novogene.cn/) programming.
The Q20, Q30 and guanine-cytosine content of the clean
data were calculated simultaneously using fastp (v0.19.4)
software (Shenzhen Haplox Biotech Co., Ltd.). High-quality
clean reads which passed through the described above
filtering steps were used for downstream analysis and mapped
to the mouse reference genome (accession no. GRCm39)
using HISAT2 v2.0.5 (http://daehwankimlab.github.
io/hisat2/). The clean reads were compared with reference
genes (accession no. GRCm39) (https://www.ncbi.nlm.nih.
gov/assembly/GCF_000001635.27/) using TopHat2 v2.0.0
(http://ccb.jhu.edu/software/tophat/index.shtml).

Gene expression characterization and differential gene
expression analysis. Gene expression levels were estimated
using featureCounts v1.5.0-p3 (http://subread.sourceforge.
net/). The expected number of fragments per kilobase of
transcript per million fragments mapped (21) was calcu-
lated using the Cufflinks software v2.0.1 (http:/cufflinks.
cbeb.umd.edu/) based on the length of each gene. EdgeR
R package v3.18.1 (http://www.bioconductor.org/) (22) was
employed to evaluate differential gene expression analysis
between different groups (two biological replicates per
condition) (23). The DESeq2 package v1.16.1 (http:/www.
bioconductor.org/packages/release/bioc/html/DESeq2.html)
was used to identify differentially expressed genes. The
method of Benjamini and Hochberg (24) was used to adjust for
the resulting P-values to exclude false positive results. Genes
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were assigned to be differentially expressed by DESeq2 with
adjusted P-values <0.05 and log, fold change >0.

Gene ontology (GO) analysis and Kyoto encyclopedia of genes
and genomes (KEGG) pathway analysis. GO (25) analysis
used llog, fold changel>0 and padj <0.05 as threshold (padj
stands for corrected P-value), and performed on the DEGs
using the clusterProfiler R package (V3.4.4) (26). KEGG (27) is
a database resource for understanding the advanced functions
and utilities of biological systems at the molecular level. The
clusterProfiler R package was used to analyze the statistical
enrichment of DEGs in KEGG pathways (http://www.genome.
jp/kegg/), with a Benjamini-Hochberg-adjusted P-value cutoff
of <0.05.

Protein-protein interaction (PPI) network analysis. The PPI
network of DEGs was analyzed using the STRING database
(v11.5; ELIXIR; https://string-db.org) (28), a pre-computed
database of known and predicted protein interactions,
including direct (physical) and indirect (functional) asso-
ciations derived from co-expression, co-occurrence, genomic
context, gene fusion, high-throughput experiments and text
mining. The protein networks were then presented using
Cytoscape software v3.7.1 (http:/www.cytoscape.org/) with
a confidence level of 0.7 and calculation conditions were
P<0.05 and no non-coding RNAs allowed. The ‘Molecular
Complex Detection (MCODE)’ plugin for Cytoscape was used
to analyze network modules (29). The parameters of densely
connected regions or clusters in the co-expression network
were set as follows: ‘Degree cut-off’=2, ‘k-core’=2 and ‘max.
depth’=100. The ‘cytoHubba’ plugin for Cytoscape was used
to screen for hub genes (30) under the following conditions:
‘Topl0 node(s)’ ranked by ‘Degree’.

Statistical analysis. Values were presented as the mean + stan-
dard error of the mean (n=3). All statistical analysis and graph
illustrations were performed using Prism V8.0 (GraphPad
Software, Inc.). One-way ANOVA analysis was assessed the
differences between multiple groups. Dunnett's test was used
for all comparisons with a negative control group. P<0.05 was
considered to indicate a statistically significant difference.

Results

GV392-AEG-1-sgRNA plasmid construction and sgRNA
activity validation. The inserts of the GV392-AEG-1-sgRNA
plasmid with the three AEG-1-sgRNA sites were validated
by Sanger sequencing (Fig. 2A). To verify the efficiency of
AEG-1-sgRNAs, both insertion and deletion mutations were
evaluated in the genomic DNA sequence of AEG-deficient
neuronal HT22 cells. SgRNA directs Cas9 protein to bind to
the target sequence, Cas9 protein is a nuclease that creates
a cut at the target sequence site and DNA repair occurs by
mutation (31). All three AEG-1-sgRNAs effectively caused
mutations in the specific sites with 89, 94 and 99% effi-
ciency for M-AEG-1-sgRNA-1, M-AEG-1-sgRNA-2 and
M-AEG-1-sgRNA-3, respectively (Fig. 2B). The number of
protrusions was reduced in AEG-1-deficient neuronal HT22
cells compared with normal HT?22 cells, especially in the cell
group transfected with the M-AEG-1-sgRNA-3 virus (Fig. 2C).
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A  Sample: M-AEG-1-sgRNA-1
200 210 220 230 240
GACGAAACACCGACTTCAACAGTCCGTCCATTGTTTTAGAGCT

Samplo: M-AEG-1-sgRNA-2

200 210 220 230 240
GACGAAACACCGTCATTGGATTCAACTATCCCGTTTTAGAGCT

4
Sample: M-AEG-1-sgRNA-3
200 210 220 23 240
AGGACGAAACACCGCAAAACAGTTCACGCCATGAGTTTTAGAG

B M-AEG-1-sgRNA-1 Sequence ID: Query_48915 Ident : 89%

CCAGTTATAAATCTTTGGTTTTATCTGTCAGTCGGTTTGACATTACATTGTTTTCTTGTTACCTATACAGCCAAATGGACGGACTGTTGAAGTACCCGAGGATGAAGTTGTTAGAAATCCCCGAAGTA
FEELEEEEEEEr e b rerrrend RN | R RN RN o e N e N N R R R
Sbjct CCAGTTATAAATATTTGGTGTACTITGTCAGTAAAGGAGACATTACATTGT-CCCACTTTACCT-TCCAGCCAAAT - GACGGACTGTTGAAGTACCCGACGAGGAAGTAGTCAGAAATCCCCGAAGTA

Query TAACTGCAAAACAAGCACCAGAGACAGACAAGAAAAATGAAAAGGTAAGCTTGGGAACGCATATGTACAAAGTTTTTAATAAAGCTAATGACATAAAATTATGCTTTCATGGTTAATAAGAGTGTAGT

R U AR Ry I[HIIIIHIIH\IIIIHII\\\IIII\III\HII[I\IIIIHII[H LECEEETEE TR e e e e e
Sbjct TAAGTGCAAAACAAGCACCAGAGACAGCCAAGAAAAATGAAAAGGTAAGCTTGGGAACGCATATGTACAAAGTTTGTAATAAAGGTAATGACATAAAATTATGCTTTCATGGTTAATAAGAGTGTAGT

M-AEG-1-sgRNA-2 Sequence ID: Query_215837 Ident : 94%

TATTTCAGTCAAAGAAAAATAAGAAGAAATCAAAGTCAGATGCTAAAGCAGTGCAAAACAGTTCACGCCATGATGGAAAGGAAGTTGATGAAGGTATTTGAGCAAGGGAAAGGCCTA

U R N N R e N R R A R,y
Sbjct TATTTCAGTCAAAGAAAAATAAGAAGAAATCCAAGTCAGAAGCTTAAGCAGTGCAAATCATTTCACGCCATGATGGAAAGGAAGTTGATGAAGGTATT-GAGCAAGGGAAAGGCGTA

M-AEG-1-sgRNA-3 Sequence ID: Query_35311 Ident : 99%

Query ATGTCAGGAGCCTGGGAAACTAAAATTAGTCACAGAGAGAAACGACAACAGCGTAAACGTGATAAAGTGCTGACTGATTCTGGTTCATTGGATTCAACTATCCCTGGGATAGAAAATATCATCACAGTTACCACCGAGCAAC

I\ [II]\IIlHHII]|I]\IIIJIIII\\II\\[II!\IIJ\\[II\[III\\\HII]|IIHI|[II1II|\IIHIIIIIHI\\III\II[I\|II\I\IJI\IIIHIIHIHIHIIHIJHIIII\IHHI[I\I\I
Sbjet TGGGAAACTAAAATTAGTCACAGAGAGAAACH ‘GTAAAC! ' ATAAAGTGCTGACTGATTC \TTGGATTCAACTATCCCTGGGATAGAAAATATCATCACAGTTACCACCGAGCAAC

Query TTACAACTGCATCATTTCCTGTTGGTTCCAAGAAGAATAAAGGTATATTAGTGGAACATAAGAGTGGTACATCAAATCAAACTCCTTTAAGCCAGATGTACAAAATATGTCACAATCTTTTTGAACTGCTAACTTTGTGCTGA
. U N N N R N RN Ny
Sbjct  TTACAACTGCATCATTTCCTGTTGGTTCCAAGAAGAATAAAGGTATATTAGTGGAACATAAGAGTGGTACATCAAATCAAACTCCTTTAAGCCAGATGTACAAAATATGTCACAATCTTTTTGAACTGCTAACTTTGTGCTGA

Negative control

Blank control

Figure 2. Construction of GV392-AEG-1-sgRNA plasmids and stable AEG-1 knockdown in HT22 cell lines. (A) Sequencing demonstrated that the sgRNA
had been correctly inserted into the GV392 plasmid. (B) The sequencing results from the three groups of PCR products showing that there were mutations and
deletions at different levels, which was in line with the experimental design (the PCR product of the validation primer contained the target sequence site, and
the mutation of the PCR product indicated that the designed sgRNA couldmutate the target sequence). (C) Morphology of HT22 cells after infection with virus
M-AEG-1-sgRNA-1, M-AEG-1-sgRNA-2, M-AEG-1-sgRNA-3 or the negative control virus in 10x bright-field (scale bar, 50 ym). The blank control was HT22
cells without viruses. Rectangles indicate individual cells for comparison. Microscope observation revealed that AEG-1 knockdown in HT22 cells exhibited
changes in cell morphology. AEG-1, astrocyte elevated gene-1; sgRNA, single guide RNA.

Verification of AEG-1 knockdown. qPCR and western  mentioned above, SgRNA directs Cas9 protein to bind to the
blot analysis were performed to select for AEG-1-deficient target sequence, Cas9 protein is a nuclease that creates a cut at
HT22 cell lines with the highest knockdown efficiency. As  the target sequence site and DNA repair occurs by mutation.
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Table III. RNA-sequencing data statistics.
Groups Clean reads Clean bases, G GC content, % % = Q20 % = Q30
N_con_1 58731670 8.81 5391 9791 94.15
N_con_2 59762786 8.96 51.26 97.52 93.23
N_con_3 57048890 8.56 50.90 97.84 93.93
AEG-KO_1 70543436 10.58 50.94 97.86 94.01
AEG-KO_2 66312428 9.95 51.86 97.81 93.89
AEG-KO_3 56271306 8.44 51.61 97.85 93.97
N_con, negative control; AEG-1, astrocyte elevated gene-1; KO, knock-out; GC, guanine-cytosine.
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Figure 3. Expression of AEG-1 in virus-infected cells. (A) The mRNA levels of AEG-1 in the HT22 cell line infected with M-AEG-1-sgRNA-1/2/3 were
reduced. ""P<0.0001 and ""P<0.001 vs. negative control. (B) The protein expression level of AEG-1 was lower in the AEG-1-sgRNA virus-infected cell group
compared with that in the negative control group. ““P<0.001 vs. negative control. Data are presented as the mean + SEM (n=3). AEG-1, astrocyte elevated

gene-1; sgRNA, single guide RNA.

The results suggest that all three M-AEG-1-sgRNA cell lines
showed significant reductions in AEG-1 expression compared
with that in the negative control group, with the highest
knockdown efficiency in the M-AEG-1-sgRNA-1 cell line
(Figs. 3A and B and S1). Therefore, the M-AEG-1-sgRNA-1
group was selected for subsequent transcriptomic analysis. The
higher AEG-1 expression in the negative control compared
with the blank control may have been the effect of the viral
empty vector on the AEG-1 virus.

RNA-seq analysis and reference gene sequence comparison.
An average of 58,514,448 clean reads of differentially
expressed mRNAs were obtained in the control group, whilst
an average of 64,377,723 clean reads were obtained in the
AEG-1-KO group. Sequencing quality information is listed in

Table III. The clean reads were compared with reference genes
using TopHat2 v2.0.0. The comparison efficiency refers to the
percentage of mapped reads in clean reads, and the comparison
efficiency was 95.91% in the control group and 96.14% in the
AEG-1-KO group (Table SI).

Gene expressionidentification and DEG analysis. Variations in
gene expression were presented in volcano plots by comparing
the control and AEG-1-KO groups. Genes with similar expres-
sion patterns were categorized and clustered into hierarchical
clustering heat maps. A total of 1,747 DEGs were screened
based on the selection criteria of llog2 fold changel>0 and
P<0.05. Among the 1,747 DEGs, 758 genes were upregulated
and 989 genes were downregulated in the AEG1-KO group
compared with the control group (Fig. 4A and B).
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Figure 4. Schematic diagram of differential gene distribution. P<0.05 and llog2 fold changel>0 was used as the selection criteria for differential genes. A
total of 1,747 differentially expressed genes showed significant changes. (A) Volcano map. (B) Heat map. The color in each square was the value obtained by
normalizing the rows of gene expression data. In horizontal comparison, red indicated higher expression levels, whereas green represented lower expression
levels. AEG-1, astrocyte elevated gene-1; KO, knockout; N_CON, negative control.
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Figure 5. KEGG and GO functional enrichment analysis of DEGs after AEG-1 knockdown. (A) KEGG pathway enrichment analysis showed the top 20 path-
ways. The abscissa in the figure was the ratio in the number of DEGs annotated to the KEGG pathway to the total number of the genes. The ordinate was the
KEGG pathway. The size of the dots represents the number of genes annotated to the KEGG pathway. The color from red to purple represented the significance
of enrichment. (B) GO annotation of the enrichment scores of DEGs. The abscissa was the GO Term and the ordinate was the significance level of GO Term
enrichment. Different colors represented the three GO sub-categories: BP, CC and MF. KEGG, Kyoto Encyclopedia Gene and Genomic; GO, Gene Ontology;
DEGs, differentially expressed genes; BP, biological processes; CC, cell composition; MF, molecular function; Padj, adjusted P-value.

KEGG pathway analysis and GO analysis on DEGs. KEGG  AEG-1 knockdown. The selected DEGs were particularly
pathway analysis and GO analysis were performed to enriched in 20 signaling pathways (Fig. 5A). The top five
uncover the potential roles of the selected DEGs following enriched pathways were ‘Axon guidance’, ‘Pathways in
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Figure 6. Top five KEGG pathways and GO terms. (A) The KEGG pathways and associated gene networks. The orange nodes represent the KEGG pathway.
Nodes of other colors represent the differential genes enriched in each KEGG pathway and the shade of color represent the fold change of each differential
gene. The size of the orange node was proportional to the number of differential genes enriched in the pathway. The top five most significant GO terms and
associated gene networks in (B) biological processes, (C) cell composition and (D) molecular function. KEGG, Kyoto Encyclopedia Genes and Genomes;

GO, Gene Ontology.

cancer’, “TNF signaling pathway’, ‘IL-17 signaling pathway’
and ‘Cytosolic DNA-sensing signaling pathway’, which are
closely associated with inflammation, cell proliferation and
differentiation (Figs.5A and 6A) (32-34). GO analysis showed
that the DEGs were mainly enriched in terms of biological
processes (BP), cell composition (CC) and molecular func-
tion (MF) (Fig. 5B). Within BP, DEGs were particularly
enriched in ‘chemotaxis’, ‘taxis’, ‘cell chemotaxis’, ‘posi-
tive regulation of locomotion’ and ‘chemokine-mediated
signaling pathway’ (Figs. 5B and 6B). Within CC, DEGs
were refined in ‘axon part’, ‘extracellular matrix’, ‘interme-
diate filament’, ‘presynaptic active zone’ and lytic vacuole’

(Figs. 5B and 6C). Within MF, DEGs were primarily
enriched in ‘hydrolase activity’, ‘carbon-nitrogen (except
peptide) bonds, ‘chemokine activity’, ‘lipase activity’,
‘chemokine receptor binding’” and ‘growth factor activity’
(Figs. 5B and 6D).

Protein-protein interaction network analysis and hub
gene selection. Protein interactions networks of DEGs
were analyzed using the STRING database. DEGs formed
a complex network containing 221 nodes and 395 degrees
with a higher degree of connectivity (Fig. 7A). By using
the MCODE application within the Cytoscape software,
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Figure 7. Alignment of the differentially expressed genes to the STRING protein interaction network. (A) A total of 221 nodes and 395 interaction relationships
were selected. The network calculation conditions were P<0.05 and no non-coding RNAs allowed. The confidence score for all protein interaction calculations
was set to high (>0.7). The red circle highlights most important part of this network. (B) A sub-network containing 23 genes and 81 edges. (C) The hub genes
map associated with astrocyte elevated gene-1, generated by the protein-protein interaction network and according to the RNA-sequencing database results.

significant modules in the PPI network were detected. There
was a top module in this network, which contained 23 node
genes and 81 interaction pathways (Fig. 7B). Filtered by
degree calculation, 10 hub genes were obtained: Ubiquitin
C (UBC), C-X-C motif chemokine ligand 1 (CXCL1), matrix
metallopeptidase 9 (MMP9), orosomucoid 1, JUN, TGFf1,
SERPINAIE, heat shock protein family A (Hsp70) member
8, CC motif chemokine ligand 2 and prostaglandin-endoper-
oxide synthase 2 (Fig. 7C).

Characterization of genes associated with neurogenesis and
ion homeostasis. Certain DEGs such as neuropilin 1 (NRP-1)
and Notchl were involved in axon guidance, cell migration,
neuronal differentiation, regulation of exocytosis and forma-
tion of certain neuronal circuits (Fig. 8A), suggesting that
the reduced expression of these DEGs greatly affected the
development of the nervous system process. In addition, 30
DEGS associated with ion homeostasis were categorized,
especially the genes of ion channels such as calcium, sodium
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Figure 8. Protein-protein interaction networks of genes associated with neurogenesis and ion homeostasis identified by the Cytoscape software. (A) Changes
in neurogenesis-associated genes after AEG-1 knockdown. A network of genes downregulated are shown. (B) Changes in the expression of genes associated
with ion homeostasis, including eight genes that were upregulated and 22 genes that were downregulated.

and potassium channels and neurotransmitter release,
including calcium voltage-gated channel subunit al B, sodium
voltage-gated channel B subunit 1, potassium voltage-gated
channel subfamily h member 2, synaptosome associated
protein 25, syntaxin 3 and RAB3A (Fig. 8B). These results
suggest that AEG-1 deficiency contributes to the regulation
of neurotransmitter release. Therefore, AEG-1 may serve a
potential role in the synaptic function of neuronal systems.

Discussion

In recent years, the CRISPR/Cas9 system has greatly
promoted site-specific mutagenesis and has broad applica-
tions such as gene function identification, disease modeling,
gene therapy and immunotherapy (35-37). The CRISPR/Cas9
system only requires the function of sgRNAs, which is less
complex and more cost-effective to design compared with
alternative methods of knocking out or editing genes, such as
zinc finger nuclease and transcription activator-like effector
nuclease (38). In particular, CRISPR/Cas9 is a reliable method
for knocking down the expression of the desired gene (39).
HT?22 is a widely used hippocampal neuron cell line that has
been extensively studied in the context of a variety of nervous
system diseases, such as Alzheimer's disease and Parkinson's
disease (18,19). In the present study, although the viability of
the HT22 cells was not assessed prior to the experiments, the
cells could reach 80% confluence after 2 days of culture, which
indirectly suggest that the HT22 cell line had maintained their
viability. However, testing the viability of this cell line before
viral infection would render the present study more rigorous.
Therefore, this part of the experiment should be performed in
further studies. In the present study, AEG-1-deficient HT22
cell lines were generated using the CRISPR/Cas9 technology.
Validation using qPCR and western blotting showed that
M-AEG-1-sgRNA-3 achieved high efficiencies of knocking
down AEG-1 expression, which provided the opportunity to
study AEG-1 function in the neuronal cells in vitro.

AEG-1 is a potent oncogene that has been reported to
contribute to distinct processes during HIV-1 infection, gluta-
mate regulation and tumorigenesis at the time of its initial
cloning and identification (10). AEG-1 has also been proposed
to contribute significantly to neurodegenerative diseases and
is a potential therapeutic target (40,41). Huntington's disease
(HD) is a fatal progressive neurodegenerative disorder. In
an immortalized striatal cell model of HD and brain tissues
from individuals with HD, immunohistochemical analysis has
demonstrated that AEG-1 expression was upregulated (15),
suggesting that there may be an association between AEG-1
and the pathogenesis of HD. Furthermore, the role of AEG-1
in another neurodegenerative disease, ALS, has also been
investigated (12). Upregulation of neuronal AEG-1 can protect
nigral dopaminergic neurons from mSOD]1-induced cell injury
and has been associated with improvements in the viability of
motor neurons of the mutant SOD1 in an ALS model (12). In
addition, previous findings on the role of AEG-1 in oxidative
stress, a common link in multiple CNS pathologies, revealed
that AEG-1 likely regulates a number of neurodegenerative
processes such as atherosclerosis, stroke and aging (42,43).
Although AEG-1 remain poorly explored in the context of
neurodegenerative diseases, AEG-1 has been previously
implicated in endoplasmic reticulum/nucleus stress (7) and
glutamate-mediated neurotoxicity, highlighting its plausible
role in other neurodegenerative diseases. In the present study,
the gene expression profile after AEG-1 expression was
knocked down was studied to elucidate the possible regulatory
mechanism of neuronal AEG-1 in neurodegenerative diseases.

According to the GO analysis results, AEG-1 was mainly
involved in neuronal morphology and synaptic development.
Subcellular compartments of neurons include dendrites,
axons and synapses, all of which can impact the formation
of neuronal circuits and functional transmission of electrical
information (44). Defects in the formation or development of
dendrites, axons and synapses can lead to a number of diseases,
such as Alzheimer's disease and epilepsy (45). KEGG pathway


https://www.spandidos-publications.com/10.3892/etm.2022.11607

12 LIU et al: TRANSCRIPTOME ANALYSIS IN AN AEG-1-DEFICIENT NEURONAL HT22 CELL LINE

analysis indicated that several pathways were impacted after
AEG-1 knockdown. The IL-17 and the NF-kB signaling
pathways, which are involved in inflammation (32-34), were
altered. In addition, the MAPK, RAS and phosphatidylinositol
signaling pathways were changed, which are involved in cell
proliferation and differentiation (46-48). The other regulatory
pathways, such as ‘axon guidance and synaptic vesicle cycle’,
were validated further to analyze the relationship between
AEG-1 knockdown and neuronal morphology development.

Numerous DEGs were identified that associated with
neurogenesis and axonogenesis. Bioinformatics analysis
revealed that NRP-1 is a key gene that relies on AEG-1 function
(Fig. 8A). Chemorepulsant activity of semaphorins is mediated
by NRP-1 (49). It is also important for the pre-target sorting
of axon fasciculation in the peripheral nervous system (50).
Therefore, AEG-1 potentially mediates axonogenesis by regu-
lating NRP-1 function. Notably, Notchl was categorized in the
DEGs that was AEG-1-dependent (Fig. 8A).

As a member of the Notch signaling pathway, Notchl is
involved in the proliferation and apoptosis of different cell
types in a variety of organisms (51). In particular, neurogenesis
and development of the dentate gyrus have been associated
with Notchl expression (52). Loss of Notchl expression in the
dentate gyrus leads to cognitive and emotional impairments;
the present study revealed that deletion of AEG-1 downregu-
lated Notchl suggesting that AEG-1 can regulate neurogenesis
through regulating Notchl (53). Since ephrin-AS5/EphA4 inter-
action is considered to be associated with neuron generation
de novo, microvascular remodeling and spontaneous recur-
rent seizures (54,55), EphA4 and slit guidance ligand 2 are
also potential genes regulated by AEG-1 in nervous system
diseases. In addition, 30 DEGs were involved in ion channels,
including calcium, sodium and potassium channels (Fig. 8B).
Calcium efflux in neurons is essential for synaptic signaling
processes, neuronal energy metabolism and neurotransmis-
sion (56). It was revealed that that AEG-1 deletion disturbed
genes related to the calcium signaling pathway, which may
indirectly affect the development of the nervous system.

Furthermore, 10 hub genes were screened from the
DEGs that can potentially serve important roles in biological
process of the neuron. UBC, CXCL1 and MMP9 were among
the top 10 hub genes based on ‘Topl0’ node(s) ranked by
‘Degree’. UBC participates in ubiquitination through forming
a polyubiquitin chain and labeling proteins (57). A variety
of neurological, skeletal and muscular disorders have been
associated with the downregulation of UBC (58). By contrast,
CXCLI is a chemokine that has been reported to improve
both nociceptor and central sensitization through biding with
C-X-C motif chemokine receptor 2 (59). CXCLI is a potential
target for novel analgesic drugs (60). MMP9 is a member of
the endopeptidase family that promotes tissue remodeling by
degrading extracellular matrix components (61). Therefore,
AEG-1 deficiency may be able to regulate the development of
neurological disorders through multiple targets.

In summary, RNA-seq analysis was used to identify
potential genes and pathways that are regulated by AEG-1
expression upstream of neuronal function. AEG-1 is consid-
ered to be a key protein in nervous system development by
regulating signaling pathways and gene expression. The
present study found that AEG-1 knockdown disrupted the

function of proteins involved in intracellular signal transduc-
tion, ion channels and neurotransmitter release. There are two
major limitations in the present study that should be addressed
in future studies. The present study focused on the RNA-seq
analysis of DEGs and functional enrichment after AEG-1
knockdown. However, the DEGs were not validated using
gPCR. In addition, this neuronal cell line cannot be viewed
as a perfect representation of primary neurons. Despite these
limitations, the present study provided novel findings into
potential genes and pathways that were regulated by AEG-1
expression upstream of neuronal function through RNA-seq
analysis. Validation of the DEGs by qPCR and continued
exploration of the exact functional mechanism of AEG-1 in
HT?22 cells should be the aim of future studies.
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