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Abstract. Double‑stranded RNA‑binding protein Staufen 
homolog 1 (STAU1) is a highly conserved multifunctional 
double‑stranded RNA‑binding protein, and is a key factor in 
neuronal differentiation. RNA sequencing was used to analyze 
the overall transcriptional levels of the upregulated cells by 
STAU1 and control cells, and select alternative splicing (AS). 
It was determined that the high expression of STAU1 led to 
changes in the expression levels of a variety of inflammatory 
and immune response genes, including IFIT2, IFIT3, OASL, 
and CCL2. Furthermore, STAU1 was revealed to exert a 
significant regulatory effect on the AS of genes related to the 
‘nerve growth factor receptor signaling pathway’. This is of 
significant importance for neuronal survival, differentiation, 
growth, post‑damage repair, and regeneration. In conclu-
sion, overexpression of STAU1 was associated with immune 
response and regulated AS of pathways related to neuronal 
growth and repair. In the present study, the whole transcrip-
tome of STAU1 expression was first analyzed, which laid a 
foundation for further understanding the key functions of 
STAU1.

Introduction

RNA binding proteins (RBPs) are an important family 
of proteins related to RNA metabolism. They dynami-
cally bind RNA to form a variety of complexes, including 

ribonucleoprotein particles (RNPs) (1). RBPs play a significant 
role in various cellular processes, including RNA splicing, 
polyadenylation, RNA editing, RNA transport, maintenance of 
RNA stability and degradation, intracellular localization, and 
translation control (2). Recent studies have revealed that RBPs 
are closely associated with muscular dystrophy, neurological 
disease, cancer, and Mendelian disease (3,4).

Staufen is a member of the double‑stranded RNA‑binding 
protein family, which is involved in mRNA transport and 
localization to different subcellular compartments (5). Staufen 
proteins contain several double‑stranded RNA‑binding 
domains (6). Double‑stranded RNA‑binding protein Staufen 
homolog 1 (STAU1) plays a crucial role in mRNA output, 
re‑localization, translation, and STAU1‑mediated mRNA 
decay (SMD) (7,8). SMD is also involved in the developmental 
process, such as myogenesis and adipogenesis, and possibly in 
angiogenesis (9). STAU1, by binding to the inverted repeat Alu 
elements (IRAlus) on the 3'UTR of mRNA, inhibits retention 
of IRAlus‑containing mRNA in the nuclei, thereby enhancing 
its nuclear export. Moreover, STAU1 binding to the IRAlus on 
the 3'UTR of mRNA can promote translation of these mRNAs 
by inhibiting the binding of protein kinase R (PKR) (10). In 
addition, STAU1 is also an important mRNA transport factor 
in neurons. After binding to the 3'UTR of mRNA, STAU1 
can induce translation‑dependent mRNA degradation through 
direct interaction with UPF1. An upregulation of transcripts 
due to depletion of STAU1 and UPF1 may play a pivotal role in 
the differentiation process (11). STAU1 expression can be used 
to regulate neuronal differentiation (12). Studies have revealed 
that STAU1 plays a substantial role in the immunity against 
the influenza virus and human immunodeficiency virus type I 
(HIV‑1) (13‑15).

In order to study the possible biological functions of 
STAU1, a STAU1‑regulated transcriptome in HeLa cells 
was obtained. To determine the gene expression profile and 
the alternative splicing (AS) events in the genome, which 
are regulated by STAU1, high‑throughput RNA sequencing 
(RNA‑seq) was employed. In addition, the related results were 
validated in HeLa cells. A previous research demonstrated that 
PTB knockdown converted highly transformed HeLa cells to 
neuronal‑like cells. They extended this analysis to multiple 
cell types of diverse origin, including human embryonic 
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carcinoma stem cells (NT2), mouse neural progenitor cells 
(N2A), human retinal epithelial cells (ARPE19), and primary 
mouse embryonic fibroblasts (MEFs). Upon PTB knockdown, 
all of these cells exhibited a neuronal‑like morphology (16). 
Comparative transcriptome analysis revealed that STAU1 can 
selectively regulate the expression of inflammatory genes, 
including interferon‑induced protein with tetratricopeptide 
repeats 2 (IFIT2), 2'‑5'‑oligoadenylate synthetase‑like protein 
(OASL), and interferon‑induced protein with tetratricopep-
tide repeats 3 (IFIT3). Furthermore, it was revealed that AS 
of genes widespread in the ‘nerve growth factor receptor 
signaling pathway’, including PLEKHG2, ARHGEF11, 
NR4A1, PDGFB, FGFR4, and RALGDS, was regulated by 
STAU1. Overexpression of STAU1 was closely associated 
with inflammation. Collectively, the present research defined a 
potential regulatory pattern in which AS of inflammatory and 
immune response genes was regulated by STAU1. It indicated 
that STAU1 may be involved in the proliferation and survival 
of neurons (17), differentiation, cell growth and apoptosis (18), 
post‑damage repair and regeneration, neurite outgrowth and 
retraction (19), and myelination (20).

Materials and methods

Cloning and construction of plasmids. CE Design 1.04 soft-
ware (Vazyme Biotech Co., Ltd.). was employed to design 
primers for Hot Fusion  (21). There was a gene‑specific 
sequence and a pIRES‑hrGFP‑1a vector (part no. 240031; 
Agilent Technologies, Inc.) sequence (17‑30 bp) in each primer. 
The designed primers contained two parts of a sequence, the 
sequence before ‘ATG’ in the forward (F)‑primer or ‘AGC’ 
in the reverse (R)‑primer matches of the pIRES‑hrGFP‑1a 
vector and the other part of the sequence belonged to STAU1 
gene sequence, presented as follows: F‑primer: Agc​ccg​ggc​
gga​tcc​gaa​ttcATG​AAA​CTT​GGA​AAA​AAA​CCA​ATG​T and 
R‑primer: Gtc​atc​ctt​gta​gtc​ctc​gag​AGC​ACC​TCC​CAC​ACA​
CAG​ACA.

EcoRI and XhoI (NEB) were used to digest pIRES‑hrGFP‑1a 
vectors for ~2‑3  h at  37˚C, which were then subjected to 
agarose (1.0%) gel electrophoresis and purification using 
Qiagen spin‑column‑based kit (Qiagen GmbH) according to 
the manufacturer’s instructions. TRIzol reagent (Ambion) was 
used to extract total RNA from HeLa cells, which was used 
to synthesize cDNA by oligo dT primer. The cDNA is the 
template to amplify insert fragments of the STAU1 gene using 
the primers by polymerase chain reaction (PCR). The vectors 
and insert fragments were added to a microtube and ligated by 
ClonExpress II One Step Cloning kit (Vazyme Biotech Co., 
Ltd.). The ligand product was transformed into E. coli DH5α, 
which was then added to a Luria‑Bertani (LB) agar plate, 
containing 1 µl/ml ampicillin (Sigma‑Aldrich; Merck KGaA), 
followed by overnight incubation at 37˚C. The template used 
for PCR was DNA extracted from DH5α cells, using DNA 
polymerase 2X Green Taq Mix (Vazyme Biotech Co., Ltd.). 
The sequences of the Universal primers were as follows: 
Forward (F)‑primer: AAT​TAA​CCC​TCA​CTA​AAG​GG and 
Reverse (R)‑primer: GTC​CTT​ATC​ATC​GTC​GTC​TT.

PCR procedures were carried out as follows: The samples 
were first denatured at 95˚C for 5 min, denaturation at 95˚C for 
3 min, followed by 28 cycles of annealing at 55˚C for 30 sec 

and extension at  72˚C for 1  min. Universal primers were 
employed to screen colonies. Sanger sequencing (22) was used 
to verify the insert sequence.

Cell culture and transfections. Human cervical carcinoma cell 
line, HeLa (CCTCC no. GDC0009) was obtained from the China 
Center for Type Culture Collection. HeLa cells were cultured 
at 37˚C with 5% CO2 in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal 
bovine serum (FBS; GE Healthcare), 100 µg/ml streptomycin 
(Hyclone), and 100 U/ml penicillin (Hyclone). Plasmid (400 ng) 
(part no. 240031; Agilent Technologies, Inc.) was transfected into 
HeLa cells using Lipofectamine™ 2000 Transfection Reagent 
(cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. Transfected cells were 
harvested after 48 h for reverse transcription‑quantitative PCR 
(RT‑qPCR) and western blot analysis.

Gene overexpression. STAU1 overexpression was determined 
using glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) 
as the control. cDNA was synthesized according to the standard 
instructions followed by real‑time quantitative PCR. RT‑qPCR 
was conducted on the Bestar SYBR Green RT‑PCR Master 
Mix (DBI Bioscience). The primers are presented in Table SI. 
The concentrations of the transcripts were then normalized 
to GAPDH mRNA levels using the 2‑ΔΔCq method (23). The 
data were analyzed by Student's t‑test using GraphPad Prism 
software (version 8.0; GraphPad Software, Inc.).

Cell proliferation assay. Cell proliferation was measured by the 
3‑(4, 5‑dimethylthiazol‑2‑yl)‑2, 5‑diphenyltetrazolium bromide 
(MTT) assay. Briefly, 1x103 cells were seeded in 96‑well plates 
in triplicate. After 48 h of transfection, 5 mg/ml MTT solution 
was added into the cells. After 4 h of incubation at 37˚C, the 
MTT solution was removed. The insoluble MTT was dissolved 
in DMSO. Absorbance at  490  nm was measured using a 
Benchmark Plus microplate reader (Bio‑Rad Laboratories, Inc.).

RNA isolation and high‑throughput sequencing. Four groups 
of samples were prepared, namely, control cells and overex-
pression (OE)‑STAU1 cells (two biological replicates). Prior to 
RNA isolation, HeLa cells were first harvested. TRIzol reagent 
(Ambion; Thermo Fisher Scientific, Inc.) was used to isolate 
total RNA, which was then purified by phenol‑chloroform and 
treated with RQ1 DNase (Promega Corporation) to eliminate 
DNA. The quantity and quality of the RNA were verified by 
using SmartSpec Plus (Bio‑Rad Laboratories, Inc.) to detect 
the absorbance at a wavelength of 260‑280 nm. Agarose (1.5%) 
gel electrophoresis was employed to detect RNA integrity.

RNA‑seq library was prepared using VAHTS Stranded 
mRNA‑seq Library Prep kit (cat. no. NR602; Vazyme Biotech 
Co., Ltd.), and 1 µg total RNA was used for one sample. After 
polyadenylated mRNAs were purified, they were fragmented 
and double‑strand cDNAs were produced. The double‑strand 
cDNAs were subjected to end repair, and poly(A) tails were 
added. They were then ligated to VAHTS RNA Adapters 
(Vazyme Biotech Co., Ltd.) and digested by heat‑labile 
uracil‑DNA glycosylase (UDG). Before sequencing, ampli-
fication, purification, and quantification of the single‑strand 
cDNA were performed, the quantity of the cDNA was rede-
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termined by qPCR using Agilent 2100 (Agilent Technologies, 
Inc.), and was finally stored at ‑80˚C.

The library was prepared according to the manufacturer's 
protocol, which was applied to 150‑nt paired‑end sequencing 
using Illumina HiSeq X Ten system (Illumina, Inc.). ABLife 
performed the sequencing using the sequencing kit provided 
from Illumina, Inc.

Data processing and alignment. Raw reads containing more 
than 2‑N bases were first discarded. FASTX‑Toolkit (Ver. 
0.0.13) was used to trim the adaptors and bases of low quality 
from raw sequencing reads, and short reads less than 16‑nt 
were removed, filtered for quality (fastq_quality_filter ‑q 25 
‑p 80) and against artifact sequences (fastx_artifacts_filter) 
and collapsed (fastx_collapse). Base quality Q30 was used 
to indicate the proportion of bases with a sequencing error 
rate <0.1%. RNA‑seq data presented in this study have been 
deposited in the Gene Expression Omnibus of NCBI and are 
accessible through GEO Series accession number GSE136890. 
Using TopHat v.2.0.10 (24), clean reads were mapped to the 
GRch38 genome and four mismatches were allowed. For 
calculation of fragments per kilobase of transcript per million 
fragments mapped (FPKM) (25) and gene read counting, we 
applied specifically mapped reads, and by calculating the 
Pearson correlation coefficient (PCC) for cluster analysis.

Analysis of differentially expressed genes (DEGs). The R 
Bioconductor package edgeR (26) was utilized to screen the 
DEGs. A false‑discovery rate (FDR)<0.05 and fold‑change 
(FC)>2 or <0.5 were set as the cut‑off points for identifying 
DEGs. Next, a volcano map was drawn to reveal the number 
of DEGs.

AS analysis. By applying the ABLas algorithm  (27,28), 
regulated differential splicing events (RDSEs) and differential 
splicing events (DSEs) were identified. Briefly, 10 types of 
DSEs were detected by ABLas on the basis of splice junctions 
directly extracted from mapping reads, including exon skip-
ping (ES), alternative 5'splice site (A5SS), alternative 3' splice 
site (A3SS), intron retention (IR), mutually exclusive exons 
(MXE), mutually exclusive 5'UTRs (5pMXE), mutually exclu-
sive 3'UTRs (3pMXE), cassette exon, A3SS and ES, and A5SS 
and ES. Sashimi plot by IGV Tools was used for AS analysis.

To assess RBP‑regulated DSEs, Student's t‑test was 
performed to evaluate the significance of AS events. The 
events, which were significant at a P‑value equal to 5%, were 
considered RBP‑regulated DSEs.

We also analyzed the overlapping genes from the DEGs 
and regulated alternative splicing events (RASEs) between 
the samples were defined and quantified by using the ABLas 
pipeline; and a Venn diagram was drawn.

AS events and DEGs are validated by RT‑qPCR. In order 
to validate RNA‑seq data, RT‑qPCR was performed. The 
primers used for RT‑qPCR are presented in Table SI. RNA 
was reversely‑transcribed into cDNA using an M‑MLV 
Reverse Transcriptase (Vazyme Biotech Co., Ltd.). RT‑qPCR 
was performed by StepOne Real‑Time PCR System using 
the SYBR‑Green PCR Reagent Kit (Yeasen Biotechnology 
Co., Ltd.). PCR procedures were carried out as follows: The 
samples were first denatured at 95˚C for 10 min, followed by 
40 cycles of denaturation at 95˚C for 15 sec, and then annealed 
and extended at 60˚C for 1 min. The procedures were repeated 
three times for all samples. The RNA expression levels of all 
the DEGs were normalized against those of GAPDH.

Figure 1. STAU1 overexpression promotes cell proliferation. (A) STAU1 expression was quantified by western blotting and RT‑qPCR. (B) An MTT assay 
revealed that STAU1 overexpression promoted cell proliferation of HeLa cells. Data are presented as the mean ± standard deviation of three independent 
experiments. **P<0.01. (C) STAU1 expression quantified by RNA sequencing data. FPKM values were calculated as described in the Materials and methods. 
***P<0.001. (D) Heatmap revealing the hierarchically clustered Pearson correlation matrix that resulted from comparing the transcript expression values of 
the control and STAU1‑overexpression samples. (E) Identification of STAU1‑regulated genes. Upregulated genes are labeled in red, whereas downregulated 
are labeled in blue in the volcano plot. STAU1, double‑stranded RNA‑binding protein Staufen homolog 1; RT‑qPCR, reverse transcription‑quantitative PCR; 
FPKM, fragments per kilobase of transcript per million fragments mapped; Ctrl, control; OE, overexpression.  
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In addition, an RT‑qPCR assay was undertaken for DSE 
validation. The primers used for detecting DSEs are presented 
Table SI. To detect alternative isoforms, a boundary‑spanning 
primer of constitutive and alternative exons was used, as 
well as an opposing primer in one constitutive exon. The 
boundary‑spanning primer of the alternative exon was 
designed according to a ‘model exon’ to detect model splicing, 
or an ‘altered exon’ to detect altered splicing.

Functional enrichment analysis. To sort out functional 
categories of DEGs, KOBAS 2.0 server (29) was employed to 
identify Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways and Gene Ontology (GO) terms. Enrichment 
was assessed using the hypergeometric test followed by 
Benjamini‑Hochberg FDR adjustment for P‑values. The 
heatmap was constructed by calculating the Pearson correla-
tion coefficient (PCC) of the DEGs.

Results

Overexpression of FLAG‑tagged STAU1 promotes cell prolif‑
eration. In order to analyze the expression of STAU1‑expressing 
vectors and its influence on the proliferation of human HeLa 
cells, the STAU1‑transfected cells with GFP label and flag label 
(fused with the target gene) were successfully constructed. In 
addition, cells transfected with blank controls were consid-
ered as the negative control. After 48 h of transfection, the 
expression level of GFP was detected to indicate whether the 
transfection was successful. The cells were harvested and 
detected by RT‑qPCR and western blot assays. The results 
indicated a significant overexpression after cell transfection 
with STAU1‑expressing vectors (Fig. 1A). Thereafter, prolifer-
ation of STAU1‑transfected cells was detected by MTT assay. 
Compared with the control group, overexpression of STAU1 
promoted cell proliferation (Fig. 1B).

RNA‑seq profiling of the transcriptional response to STAU1 
overexpression. In order to assess STAU1‑mediated tran-
scriptional regulation in human HeLa cells, four groups of 
samples were prepared, namely, control cells and overexpres-
sion (OE)‑STAU1 cells (two biological replicates). Total RNA 
extraction was carried out for the 4 groups of samples, and the 
cDNA library was prepared. Then, the library was subjected 
to paired‑end sequencing on Illumina HiSeq X Ten to extract 

high‑quality transcriptome data. Quality analysis of clean reads 
indicated that the mean Q30 quality score was 93.93% (30). Next, 
high‑quality clean reads were aligned against GRCH38 human 
reference genome using TopHat2 software (Table I). RNA‑Seq 
data were analyzed and the expression levels of STAU1 were 
quantified, which further demonstrated overexpression of 
STAU1 (Fig. 1C). Correlation analysis was undertaken to deter-
mine the variability in the gene expression level between each 
pair of the samples. Moreover, cluster analysis was performed 
between the samples (Fig. 1D). As revealed in Fig. 1D, there 
was a correlation between STAU1 OE cells and control cells; 
there was also a significant correlation between the biological 
replicates. With analysis of DEGs among samples, criteria for 
significant difference were set to FC≥2 or ≤0.5 and FDR<0.05. 
A volcano plot was drawn and the results revealed that 801 
significant DEGs were related to STAU1 overexpression. 
Among them, 423 upregulated genes and 378 downregulated 
genes were identified (Fig. 1E). This indicated that STAU1 plays 
an extensive transcriptional regulatory role in HeLa cells.

STAU1 regulates the expression of genes enriched in inflam‑
matory and immune response. A heatmap of the expression 
levels of DEGs was plotted. The upregulated genes were 
represented in the red region of the experimental group, and 
downregulated ones in the red region of the control group. The 
results revealed a high level of consistency in STAU1‑mediated 
transcription between the two groups of data (Fig. 2A). The 
functions and potential biological roles of these DEGs were 
further analyzed. GO enrichment and KEGG pathway anal-
yses were conducted for the upregulated and downregulated 
genes, respectively, and the top 10 GO terms were presented. 
It is generally believed that a P<0.05 indicates significant 
difference, i.e., significant enrichment. Thus, this threshold 
was defined as the cut‑off. GO functions were divided into 
three categories, namely, molecular function, biological 
process, and cellular component. As revealed in Fig. 2B, genes 
regulating STAU1 overexpression were primarily enriched in 
pathways related to inflammation and immune response. The 
upregulated genes in the OE‑STAU1 were enriched in ‘defense 
response to virus’, ‘cytokine‑mediated signaling pathways’, 
‘transport’, ‘signal transduction’ and ‘synaptic transmission’; 
the downregulated genes were enriched in ‘signal transduc-
tion’, ‘transmembrane transport’, ‘inflammatory response’, 
and ‘innate immune response’. Studies have confirmed that 

Table I. Mapping of the high‑quality clean reads on the reference genome.

Sample	 STAU1_1st	 STAU1_2nd	 Ctrl_1st	 Ctrl_2nd	 Mean

Raw reads	 83246680	 92553878	 83563062	 80069538	 84858289.5
Clean reads	 79647695	 89540818	 79864334	 76548941	 81400447
Q30 (%)	 94.08	 93.93	 93.62	 94.09	 93.93
Paired‑end reads	 78141536	 87841376	 78169980	 75050020	 79800728
Total mapped (%)	   71511926 (91.52)	 81141734 (92.37)	 70870280 (90.66)	 69467494 (92.56)	 73247858.5 (91.78)
Uniquely mapped (%)	 69078606 (96.6)	 78068680 (96.21)	 67729842 (95.57)	 67403229 (97.03)	 70570089.3 (96.35)
Splice reads (%)	   30027459 (43.47)	 33845649 (43.35)	 29491479 (43.54)	 28788551 (42.71)	 30538284.5 (43.27)

STAU1, double‑stranded RNA‑binding protein Staufen homolog 1.
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STAU1 is positively correlated with the function and number 
of neuronal synapses, and can induce morphological changes 
of the dendritic spine (31‑33). After overexpression of STAU1, 

upregulated genes associated with inflammatory and immune 
responses (IFIT2, OASL, IFIT3, CCL5, and CD74) were 
detected (GEO accession number GSE136890).

Figure 2. RNA‑seq analysis of STAU1‑regulated transcriptome. (A) Hierarchical clustering of DEGs in the control and STAU1‑overexpression samples. FPKM 
values were log2‑transformed and then median‑centered by each gene. (B) The top 10 representative GO biological processes of upregulated and downregulated 
genes. (C) The top 10 representative KEGG pathways of upregulated and downregulated genes. (D) Hierarchical clustering of DEGs enriched in cytokine‑mediated 
signaling, inflammatory response, and immune response. (E) Reads coverage and distribution across representative DEGs involved in cytokine‑mediated signaling 
and immune response. RNA‑seq, RNA sequencing; STAU1, double‑stranded RNA‑binding protein Staufen homolog 1; DEGs, differentially expressed genes; 
FPKM, fragments per kilobase of transcript per million fragments mapped; Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

https://www.spandidos-publications.com/10.3892/or.2020.7769


ZHONG et al:  TRANSCRIPTOME-WIDE STUDY OF THE TARGETS OF STAU1 REGULATION1868

For KEGG pathway analysis, the cut‑off was also set to 
P<0.05. The results revealed that the genes were enriched in a 
variety of pathways related to the immune system, inflamma-
tory response, and nervous system (Fig. 2C); the upregulated 
genes were primarily enriched in ‘ABC transporters’ and ‘TNF 
signaling pathway’. The downregulated genes were mainly 
enriched in ‘Systemic lupus erythematosus’, ‘Rheumatoid 
arthritis’, ‘NOD‑like receptor signaling pathway’, ‘TNF 
signaling pathway’, ‘Serotonergic synapse’, and ‘NF‑κB 
signaling pathway’.

Then, among all the DEGs, 28 genes related to cyto-
kine‑mediated signaling, inflammatory response, and immune 
response were selected and presented in the DEGs‑based 
hierarchical clustering plot (Fig. 2D). Among them, there 
were 15 upregulated genes and 13 downregulated genes. 
Herein, 3 upregulated genes (IFIT2, OASL, and IFIT3) and 
1  downregulated gene [chemokine (C‑C motif) ligand 2 
(CCL2)] were analyzed in details in terms of coverage and 
distribution of reads (Fig. 2E). Distribution of reads reflected 
the relative location of genes and the relative read abundance, 
which further demonstrated differential expression in control 
cells and STAU1 OE cells. Therefore, it could be concluded 
that STAU1 selectively regulated genes related to inflamma-
tion and immune responses.

STAU1 positively regulates the expression of IFIT2, OASL, 
IFIT3, and negatively regulates the expression of CCL2 in 
HeLa cells. The expression levels of the aforementioned 4 genes 

are presented in Fig. 3A. These genes were enriched in the 
cytokine‑mediated signaling pathway, inflammatory response or 
other biological processes in the GO database. To verify the reli-
ability of RNA sequencing, qPCR was conducted for HeLa cells. 
It was revealed that IFIT2, OASL, and IFIT3 were significantly 
upregulated, while CCL2 was significantly downregulated 
(Fig. 3B), which was consistent with results of RNA‑seq analysis. 
The results of qPCR of the 3 genes (IFI27, S1PR4, CCL5) in 
Fig. S1 were also consistent with RNA‑seq analysis (data not 
shown), and the non‑DEG CD44 was the control gene.

STAU1 regulates the AS of genes enriched in the ‘nerve 
growth factor receptor signaling pathway’. Regulated AS 
events (RASEs) of STAU1 in human HeLa cells were further 
analyzed. Every sample in the RNA‑seq data was aligned to 
unique mapped reads on the reference genome for RASE anal-
ysis. The results of exon detection in 4 samples are presented 
in Table Ⅱ. A total of 237,791 detected exons were achieved, 
accounting for 64.74% of all annotated exons in the reference 
genome. Splice junctions of each sample were then analyzed 
by using TopHat2 software, and 160,308 known splice junc-
tions (Known_Junction) and 163,225 novel splice junctions 
(Novel_Junction) were obtained (Table III).

Various RASEs were statistically analyzed using ABLas, 
and the detection results in each sample are presented in 
Table Ⅳ. There were 76,259 detected RASEs, including 19,746 
annotated RASEs in the genome (known AS) and 56,513 
non‑annotated novel RASEs (novel AS).

Figure 3. Validation of the expression level of DEGs enriched in cytokine‑mediated signaling and immune response. Gene expression quantified by (A) RNA 
seq data and (B) RT‑qPCR. Error bars represent mean ± SEM. ***P<0.001. FPKM values were calculated as described in the Materials and methods. DEGs, 
differentially expressed genes; RNA seq, RNA sequencing; RT‑qPCR, reverse transcription‑quantitative PCR; FPKM, fragments per kilobase of transcript 
per million fragments mapped; CCL2, chemokine (C‑C motif) ligand 2; IFIT2, interferon‑induced protein with tetratricopeptide repeats 2; IFIT3, inter-
feron‑induced protein with tetratricopeptide repeats 3; OASL, 2'‑5'‑oligoadenylate synthetase‑like protein; Ctrl, control; OE, overexpression.
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Due to the set‑up of biological replicates, a Student's 
t‑test was used to compare the variation of AS levels of each 
gene between two samples, and the criterion for significantly 
different AS was set to P≤0.05. As revealed in Fig. 4A, a total 
of 549 RASEs were detected, which are presented in Table Ⅴ. 
Among them, the major types of RASEs included 102 A3SS, 91 
A5SS, 78 ES, and 63 cassette exons. This indicated that STAU1 
had a retaining and promoting effect on exons in the entire 
genome. Number and types of other differential RASEs were 
as follows: 24 5pMXE, 10 3pMXE, 10 A3SS and ES, 16 MXE, 
and 15 A5SS and ES. The aforementioned results indicated that 
STAU1 could regulate AS in the genome of HeLa cells.

An integrated analysis was performed for differentially 
regulated alternatively spliced genes (RASGs) and DEGs 
in different samples. There were 2 genes with significant 
difference in terms of both the expression level and AS level 
(Fig. 4B).

Similarly, GO enrichment and KEGG pathway analyses 
were undertaken on the differential RASGs, and the top 10 
terms are presented in Fig. 4C and D. GO terms and KEGG 
pathways, in which RASGs were enriched are presented in 
Table SII and SIII, respectively.

It was revealed that the genes whose AS level was regu-
lated by STAU1 were mainly enriched in ‘retrograde transport, 
endosome to Golgi’, ‘muscle cell differentiation’, and other 
reported STAU1‑related pathways. The GO term ranking the 
16th was enriched in ‘nerve growth factor receptor signaling 
pathway’ (~P=0.01).

STAU1‑regulated AS of PLEKHG2, ARHGEF11, NR4A1, 
PDGFB, FGFR4, RALGDS in HeLa cells. As revealed 
in Table SII, 6 key genes were selected for the detection of 
RASE, namely, ES, A5SS, 5pMXE, and IR. According to the 
results of RNA‑seq (Fig. 5 and Fig. S2), the number of reads 
sequenced for each gene was over 10. Then, for each gene, the 
number of reads for AS between STAU1 OE cells and control 
cells was compared, and a significant difference in the AS 
levels was noted. To verify the reliability of the results, qPCR 
was performed in the HeLa cells. Primers for the qPCR veri-
fication are presented in Table SI. RASEs detected by qPCR 
were consistent with those by RNA‑seq, which demonstrated 
that STAU1 may play a significant regulatory role in the AS of 
‘nerve growth factor receptor signaling pathway’.

Discussion

RNA‑seq based on high‑throughput sequencing is currently 
the most widely used transcriptome sequencing technology, 
which can promptly extract all the genetic information of the 

Table Ⅱ. Exon detection results in RNA‑seq data.

Sample	 Detected exon	 Annotated exon	 Ratio (%)

Ctrl_1st	 207169	 367321	 56.40
Ctrl_2nd	 204690	 367321	 55.73
STAU1_1st	 213908	 367321	 58.23
STAU1_2nd	 219650	 367321	 59.80
Total	 237791	 367321	 64.74

RNA‑seq, RNA sequencing; STAU1, double‑stranded RNA‑binding 
protein Staufen homolog 1.

Table Ⅲ. Splicing junction analysis of samples from RNA‑seq 
data.

		  Novel_	 Known_
Sample	 All_Junction	 Junction	 Junction

Ctrl_1st	 195462	 55232	 140230
Ctrl_2nd	 186313	 48162	 138151
STAU1_1st	 216284	 71098	 145186
STAU1_2nd	 234013	 85203	 148810
Total	 323533	 163225	 160308

RNA‑seq, RNA sequencing; STAU1, double‑stranded RNA‑binding 
protein Staufen homolog 1.
�

Table IV. All AS events detected from all samples.

Sample	  KAS (%)	 NAS (%)	 All AS

Ctrl_1st	 12728 (36.58)	 22063 (63.42)	 34791
Ctrl_2nd	 11916 (36.40)	 20818 (63.60)	 32734
STAU1_1st	 14251 (37.53)	 23717 (62.47)	 37968
STAU1_2nd	 15375 (37.63)	 25480 (62.37)	 40855
Total	 19746 (25.89)	 56513 (74.11)	 76259

AS, alternative splicing; KAS, known AS; NAS, novel AS; STAU1, 
double‑stranded RNA‑binding protein Staufen homolog 1.

Table  V. Classification of all RASE events between sample 
groups.

	 STAU1_vs_Ctrl	 STAU1_vs_Ctrl
Type	 Up	 Down

3pMXE	 5	 5
5pMXE	 14	 10
A3SS	 45	 57
A3SS and ES	 7	 3
A5SS	 39	 52
A5SS and ES	 9	 6
ES	 46	 32
IR	 62	 79
MXE	 9	 6
Cassette Exon	 39	 24
Total	 275	 274

RASE, regulated alternative splicing events; STAU1, double‑stranded 
RNA‑binding protein Staufen homolog 1; 3pMXE, mutually exclu-
sive 3'UTRs; 5pMXE, mutually exclusive 5'UTRs; A3SS, alternative 
3'splice site; ES, exon skipping; A5SS, alternative 5'splice site. 
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Figure 4. Identification and functional analysis of STAU1‑regulated AS events. (A) Classification of STAU1 overexpression‑regulated AS events. (B) Venn 
diagram revealing the overlap of STAU1‑regulated DEGs and RASGs. (C) The top 10 enriched GO biological processes of the STAU1‑regulated alternatively 
spliced genes. (D) The top 10 enriched KEGG pathways of the STAU1‑regulated alternatively spliced genes. STAU1, double‑stranded RNA‑binding protein 
Staufen homolog 1; AS, alternative splicing; DEGs, differentially expressed genes; RASGs, regulated alternatively spliced genes; GO, Gene Ontology; KEGG, 
Kyoto Encyclopedia of Genes and Genomes.

Figure 5. Validation of STAU1‑regulated AS events. IGV‑Sashimi plot revealed two (A and B) two ES and (C) one IR AS events in three different genes. 
Reads distribution of each AS event was plotted in the left panel with the transcripts of each gene shown below. The schematic diagrams depict the structures 
of AS events, AS1 (purple line) and AS2 (green line). The exon sequences are denoted by black boxes, intron sequences by a horizontal line (right panel, 
top), while the retained intron by a purple box. RNA‑seq quantification and RT‑qPCR validation of ASEs are presented in the panels on the right. STAU1, 
double‑stranded RNA‑binding protein Staufen homolog 1; AS, alternative splicing; ES, exon skipping; IR, intron retention; RNA‑seq, RNA sequencing; 
RT‑qPCR, reverse‑transcription quantitative PCR. Error bars represent mean ± SEM. *P<0.05.
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samples. RNA‑seq, has become one of the most representa-
tive high‑throughput sequence‑based techniques due to its 
high‑throughput, high accuracy, and cost‑effectiveness. It can 
be used to study the structure and function of genes, identify 
changes in gene expression, and explore AS patterns that are 
regulated (34). In the field of life sciences, this method has 
been used to explore the pathogenesis of diseases, clinical 
diagnosis, and pharmacological research (35,36).

In the present study it was revealed that overexpression of 
STAU1 promoted the proliferation of HeLa cells, which are 
useful for the study of gene regulation in the central nervous 
system, while the proliferation of neurons and glial cells in the 
central nervous system plays an important role in neuropathic 
pain  (37). Upregulation of STAU1 caused upregulation or 
downregulation of numerous genes, including IFIT2, IFIT3, 
OASL and CCL2. Through functional analysis, changes in 
the expression levels of these genes may affect signaling path-
ways, such as ‘defense response to virus’, ‘cytokine‑mediated 
signaling pathway’, and ‘inflammatory response’, which are 
closely associated with inflammatory immune response. 
In addition, the AS of multiple genes was also regulated by 
STAU1, and the main enriched pathways not only include 
‘retrograde transport’ and ‘muscle cell differentiation’, but 
also the ‘nerve growth factor receptor signaling pathway’.

Significant upregulation of IFIT2, IFIT3, and OASL genes 
was consistently indicated by RNA‑seq and qPCR of HeLa 
cells. The IFIT family performs multiple functions, including 
antitumor effects and regulation of cell apoptosis and innate 
immune pathways (38,39). It can also inhibit replication of 
flavivirus and coronavirus  (40). Siegfried et al stimulated 
wild‑type bone marrow‑derived macrophages (BMDMs), 
IFIT2‑/‑, and IFNAR‑/‑ BMDMs with LPS, respectively. 
Results of enzyme‑linked immunosorbent assay (ELISA) 
test indicated that the mutant BMDMs exhibited a significant 
reduction in the expression levels of TNF‑α and interleukin‑6 
(IL‑6) than the wild‑type BMDMs. Furthermore, shRNA 
interference targeting IFIT2 was performed in RAW264.7 
macrophages. It was revealed that TNF‑α and IL‑6 were 
also downregulated, suggesting a pro‑inflammatory role of 
IFIT2 (41). Berchtold et al demonstrated that overexpression 
of IFIT2 decreased the secretion of TNF‑α in the RAW264.7 
cells  (42). Niess  et  al compared highly metastatic L3.6pl 
pancreatic tumor cells and lowly metastatic COL0357FG 
pancreatic tumor cells. It was determined that upregulation of 
IFIT3 promoted synthesis and secretion of IL‑6 (43). Liu et al 
revealed that the expression of exogenous IFIT3 enhanced 
the inducing effect of NF‑κB on TNF‑α, without influencing 
TNF‑α‑mediated activation of NF‑κB  (44). Furthermore, 
OASL is an interferon‑stimulated gene (ISG), playing a signif-
icant role in the immune response to viruses (45). Activation 
of OASL can be induced by interferon (IFN). The expression 
of OASL can further stimulate the production of IFN, thereby 
forming a positive feedback (46). IFN‑γ has a neuroprotec-
tive effect, and significantly promotes secretion of IL‑6 in 
astrocytes (47). Inflammatory cytokines (TNF‑α and IL‑6) 
are important molecules, mediating enhancement of hyperal-
gesia via increasing glutamic acid‑induced excitatory current, 
thereby promoting the development of pain (48). Excitatory 
synaptic transmission is mainly regulated by AMPA and 
NMDA receptors. Inflammatory factors enhance their degree 

of excitation, promote the release of excitatory mediators, such 
as glutamic acid and substance P, and participate in the regu-
lation of various pain signaling pathways (49,50). Therefore, 
TNF‑α and IL‑6 play a vital role in NP.

In the present study it was also revealed that CCL2 was 
markedly downregulated. CCL2, also known as monocyte 
chemotactic protein‑1 (MCP‑1), can activate monocytes in 
the inflammatory state, induce leukocyte migration reaction, 
regulate T‑cell function, and participate in inflammation and 
immune response  (51). Recently, it has been revealed that 
CCL2 is highly expressed in DRG neurons and spinal dorsal 
horn surface neurons during peripheral nerve injury  (52). 
CCL2 is released in an activity‑dependent manner from the 
synaptic vesicles in the central nervous system into the spinal 
cord (52,53). The CCL2 expression in the spinal cord is not 
limited to neurons. After spinal nerve ligation, astrocytes 
can also upregulate CCL2. Additionally, the in vitro cultured 
astrocytes exhibited an upregulation of CCL2 by over 100‑fold, 
which was rapidly released in a JNK‑dependent manner (54). 
CCL2 secreted by astrocytes acts on CCR2 in the dorsal horn 
neurons. CCL2 can strengthen the release of glutamic acid 
from the injured neuronal presynaptic membrane and promote 
the function of glutamic acid receptors in the postsynaptic 
membrane. This inhibits GABA‑induced inhibitory synaptic 
transmission, while causing rapid phosphorylation of eukary-
otic protein kinase (EPK) and activation of NMDA receptors. 
As a result, central sensitization is induced in a direct, rapid 
and non‑transcriptional manner (55). Another study shows that 
MCP‑1 and its receptor CCR2 in primary sensory neurons are 
involved in maintaining paclitaxel induced peripheral neurop-
athy (56). Therefore, overexpression or depletion of CCL2 and 
CCR2 has a direct influence on NP.

The regulatory role of STAU1 overexpression on RASE of 
HeLa cells was further studied. A total of 549 significantly 
differential RASEs were identified, which verified our specu-
lation that STAU1 can globally regulate the AS events in the 
genome in HeLa cells. Pathways in which the differential 
RASGs were enriched have been previously aforementioned. 
PLEKHG2 and ARHGEF11 are both Rho guanine nucleotide 
exchange factors and activators of Rho GTPases. A variety 
of biological effects can be regulated by Rho GTPases, such 
as transmembrane transport, cell migration, adhesion, and 
proliferation (57). Moreover, Rho GTPases can participate in 
the immune response by regulating the Rho/ROCK signaling 
pathway (58,59). Another study demonstrated that PLEKHG2/
FLJ 00018 can regulate the morphology of Neuro‑2a cells, 
thereby playing a significant role in nerve growth and cell 
proliferation (60). ARHGEF11 is involved in the regulation 
of axonal growth by regulating the activity of RhoA (61). 
RALGDS is one of the Ras effectors and functions as a 
guanine nucleotide exchange factor for the small G‑protein, 
Ral, which regulates membrane trafficking and cytoskeletal 
remodeling  (62). Notably, RALGDS has been revealed to 
promote neuronal differentiation (63) and exert a key regula-
tory effect on neuronal plasticity and memory formation (64). 
RALGDS has also been revealed to mediate cytoskeletal 
remodeling (65), promote cell proliferation (66), and facili-
tate oncogenic transformation  (67). Rondaij et al revealed 
that RalGDS overexpression was conducive to promote the 
exocytosis of endothelial Weibel‑Palade bodies (WPBs) (68). 
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The proteins encoded by the FGFR1 and FGFR4 genes are 
all members of the fibroblast growth factor receptor (FGFR) 
family (69). They trigger the downstream cascade by binding 
to FGFRs, thereby playing a substantial role in promoting 
embryonic growth and development  (69), development of 
the nervous system (70), and regulating the metabolism (71). 
Other biological functions of the proteins are manifested in 
promoting injury repair (72), bone formation (73), and vascular 
and neural regeneration (74,75). FGFR overexpression has also 
been revealed to be associated with tumor and bone diseases, 
as well as arthritis (76‑78). All of the aforementioned genes 
were subjected to AS analysis, and the results were validated 
by qPCR, which indicated consistency with RNA‑seq except 
for the qPCR result for the PDGFB gene that was inconsistent 
with that of RNA‑seq.

It is already known that PDGFB plays a significant role in 
the growth and proliferation of vessels and nerves (79). Herein, 
we further discussed the AS events induced by PDGFB and 
the resultant alterations in gene functions as an example. 
Platelet‑derived growth factor (PDGF) is an important factor 
promoting cell growth. It consists of five homotypic or hetero-
typic dimerized ligands (PDGF‑AA, ‑AB, ‑BB, ‑CC, ‑CD), 
which are formed by polypeptide chains (PDGF‑A, PDGF‑B, 
PDGF‑C, PDGF‑D), encoded by four different genes, via 
the disulfide bonds  (80). Both of its receptors PDGFR‑α 
and PDGFR‑β belong to the receptor tyrosine kinase (RTK) 
family (81). It has been demonstrated that PDGF can stimulate 
the division growth of fibroblasts (82), neuroglial cells (83) 
and smooth muscle cells (84). In particular, PDGF‑BB has 
been revealed to promote neuronal development and differen-
tiation (85), and to play a neurotrophic role as well (86,87). 
A number of scholars have demonstrated that PDGF‑BB 
can regulate neuronal proliferation and differentiation by 
activating the PI3K/Akt and ERK pathways (88), restore the 
proliferation and differentiation of damaged neural precursor 
cells, and reverse neuronal excitotoxicity. PDGFB has 
been demonstrated to play an important role in neuropathic 
pain (89,90), and in the present study it was confirmed that 
STAUI regulated the alternative splicing of genes enriched in 
the ‘nerve growth factor receptor signaling pathway’ including 
PDGFB, and thus is also associated with neuropathic pain.

The present study confirmed that the PDGFB gene under-
goes A5SS events. The normal secretion of PDGF‑B protein 
into the extracellular domain to bind to the PDGFR receptor‑α 
and ‑β subunits and fulfill the biological effect is consequently 
affected. The qPCR results were consistent with our theory that 
STAU1 promotes the retention of the PDGFB signal peptide, 
which mediates the neuroprotective mechanism and relieves 
neuropathic pain. STAU1 promotes the retention of PDGFB 
signal peptide, which mediates the neuroprotective mechanism 
and relieves the neuropathic pain. We surmised that an even 
more complex regulatory mechanism is herein involved, while 
further studies should be conducted to confirm our findings.

The present study revealed that overexpression of STAU1 
had a regulatory effect on gene splicing and transcription in 
HeLa cells. STAU1 could positively regulate the transcrip-
tion of genes related to inflammation and immune response. 
This regulatory effect also influenced the expression levels of 
pro‑inflammatory factors and chemotactic factors. Moreover, 
AS of genes enriched in the ‘nerve growth factor receptor 

signaling pathway’ as well as ‘retrograde transport, endosome 
to Golgi’, and ‘muscle cell differentiation’ was regulated by 
STAU1. A recent study demonstrated that several RNA binding 
factors involved in local translation may play a crucial role 
in pain, including STAU1, a double‑stranded dsRNA binding 
protein, which is expressed in peripheral sensory neurons and 
may play a role in axonal mRNA transport (91). Therefore, it 
can be concluded that STAU1 may be a novel potential thera-
peutic target for NP.
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