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Staufen double-stranded RNA-binding protein 1 (STAU1) plays a significant role in cancer development 
and is associated with survival outcomes in patients with lung cancer. However, its specific functions 
and molecular mechanisms in lung adenocarcinoma (LUAD) remain underexplored. We conducted a 
comprehensive analysis of the role and mechanism of STAU1 in A549 cells via RNA sequencing (RNA-
seq) and in vitro experiments. STAU1 is highly expressed in A549 cells, and the proliferation, invasion, 
and migration capabilities of siSTAU1 cells are markedly inhibited, while the level of apoptosis is 
increased. Through RNA-seq analysis, we identified 197 differentially expressed genes (DEGs) and 
1,362 STAU1-regulated alternative splicing events (ASEs). The DEGs were specifically enriched in cell 
adhesion pathways, whereas the ASE genes were predominantly associated with cell division and 
the cell cycle. Furthermore, we validated the expression of several genes related to proliferation, 
invasion, and migration, as well as the AS patterns. Specifically, the expression levels of CFHR1, 
KLF2, and RHOB were upregulated in the siSTAU1 samples, whereas the expression of MASTL and 
STC2 was downregulated. Additionally, the AS patterns of BIN1 and SNHG17 were abnormal, which 
was corroborated by PCR experiments. Our study suggests that STAU1 has oncogenic characteristics 
and may modulate these genes to influence the proliferation, invasion, and migration of lung 
adenocarcinoma cells. This research offers new insights that may contribute to the diagnosis and 
treatment of LUAD.
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Lung cancer (LC) represents one of the leading causes of cancer-related mortality globally1, with five-year survival 
rates ranging from 4 to 17%, contingent upon the stage of the disease at the time of diagnosis. Approximately 
3 million individuals are projected to succumb to lung cancer by 20352. Lung cancer is categorized into two 
principal histological types: small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC)3. NSCLC 
accounts for approximately 80–85% of all primary lung cancers and can be further subdivided into four 
subtypes: lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), large cell carcinoma, and 
bronchial carcinoid. Among these subtypes, LUAD is the most prevalent subtype of NSCLC and represents 
the most common primary lung tumor. Currently, the five-year survival rate for patients diagnosed with lung 
adenocarcinoma (LUAD) is less than 50%, whereas the survival rate for patients with distant metastasis is 
approximately 7%4. In the past decade, substantial advancements have been made in the diagnosis and treatment 
of NSCLC. The utilization of autoantibodies, microRNAs (miRNAs), circulating tumor DNA, exosomes, and 
other potential biomarkers has enhanced the determination of the diagnosis and prognosis of lung cancer5. 
Additionally, various novel therapeutic strategies, including molecular profiling and immunogenicity testing, 
are progressively improving the long-term survival rates of patients by increasing both their efficacy and safety5. 
Nevertheless, clinical outcomes frequently diverge from anticipated results. Therefore, it is imperative to develop 
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and identify innovative therapeutic strategies or biomarkers aimed at increasing the survival rates of lung cancer 
patients.

Staufen double-stranded RNA binding protein 1 (STAU1) is a crucial double-stranded RNA binding protein 
that has been demonstrated to play a significant role in multiple stages of RNA metabolism, including alternative 
splicing6 (AS), transport7, stability8, translation and degradation9. Through these molecular mechanisms, 
STAU1 influences several physiological pathways associated with cellular decision-making processes, such as 
differentiation, proliferation, migration, apoptosis, and autophagy10–12. Furthermore, research has indicated that 
STAU1 is involved in the progression of various malignancies13. Large-scale comparative analyses of tumor and 
normal tissues have shown that the expression levels of STAU1 are increased in the majority of cancers, including 
prostate cancer14, high-grade glioma15, and stage IA and IB lung squamous cell carcinoma16. Consequently, 
researchers propose that STAU1 may function as an oncogene that enhances cancer cell proliferation and 
contributes to malignant phenotypes16,17. The mechanism of action of STAU1 varies across different cancer 
types. For example, LncCCLM inhibits lymph angiogenesis related to cervical cancer in vitro and lymph node 
metastasis in vivo by promoting the STAU1-mediated degradation of IGF-1 mRNA18. In LNCap prostate cancer 
cells, STAU1 activates the mTOR pathway to regulate cell proliferation; conversely, in PC3 prostate cancer cells, 
STAU1 influences cell migration and invasion through the activation of focal adhesion kinase14. These findings 
indicate that STAU1 has specific regulatory effects on the proliferation, migration, and invasion of different types 
of cancer cells.

Researchers have reported that STAU1 expression is significantly elevated in both lung adenocarcinoma and 
squamous cell carcinoma patients compared with normal controls. Specifically, 85.7% of adenocarcinomas and 
86.7% of squamous cell carcinomas displayed strong to very strong staining for STAU119. Furthermore, patients 
with high STAU1 expression in lung cancer patients have a longer recurrence-free survival period19. However, 
a study conducted by K Wang16, which analyzed 602 lung squamous cell carcinoma samples, identified STAU1 
as a potential risk factor for poor patient prognosis. The reasons underlying these contradictory findings remain 
unclear at present. In conclusion, the role of STAU1 in lung cancer—whether it exerts a positive or negative 
influence—suggests its potential as a novel biomarker and molecular target for targeted therapy. Unfortunately, 
the precise function and molecular mechanisms of STAU1 in lung cancer have not been sufficiently investigated.

In this study, we hypothesized that STAU1 may contribute to the development of lung cancer by affecting 
the proliferation, invasion, and migration of A549 cells, particularly in light of its elevated expression in lung 
adenocarcinoma tissues and its strong association with the progression of lung cancer. To test this hypothesis, 
we knocked down STAU1 in human lung adenocarcinoma cells (A549) and performed a series of experiments 
to assess cell proliferation, apoptosis, invasion, and migration while also acquiring transcriptomic data (RNA-
seq) regulated by STAU1 through high-throughput transcriptomic sequencing. Next, we analyzed the impact of 
STAU1 knockdown on transcriptional regulation and alternative splicing events in A549 cells to preliminarily 
explore the molecular mechanisms that underlie the involvement of STAU1 in lung adenocarcinoma. The 
molecular targets identified in this study may represent potential therapeutic targets for future treatment 
strategies aimed at treating lung adenocarcinoma.

Methods
SiRNA information
All siRNA duplexes were purchased from Gemma (Suzhou, China). We designed three siRNAs targeting 
STAU1, designated as si-1843, si-1419, and si-1488. The sequence information for these siRNAs is provided 
in Supplementary Table S2. Following an initial screening, we selected si-1488, which exhibited the highest 
knockdown efficiency, for use in subsequent RNA-seq analysis. The knockdown efficiency results of the siRNAs 
are presented in Supplementary Fig.5.

Cell culture and transfections
A549 cells (CL-0481, Procell Life Science & Technology Co., Ltd., China) and PC-9 cells (CL-0668, Procell Life 
Science & Technology Co., Ltd., China) were cultured at 37 °C with 5% CO2 in basal medium supplemented 
with 10% fetal bovine serum (FBS) (10091148, Gibco, USA), 100 µg/mL streptomycin, and 100 U/mL penicillin 
(SV30010, HyClone, USA). For siRNAtransfection, Lipofectamine was utilized following the manufacturer’s 
instructions. The transfected cells were harvested after 48 h for RT‒qPCR and Western blotting analysis.

Assessment of gene expression
cDNA synthesis was performed via a reverse transcription kit (R323-01, Vazyme, China) at 42 °C for 5 min, 
37 °C for 15 min, and 85 °C for 5 s on a mastercycler (T100, Bio-Rad, USA). qPCR was carried out on an ABI 
QuantStudio 5, followed by denaturation at 95 °C for 10 min, 40 cycles of denaturation at 95 °C for 15 s and 
annealing and extension at 60 °C for 1 min. Each sample was analyzed in triplicate with technical replicates. 
The concentration of each transcript was then normalized to that of GAPDH (glyceraldehyde-3-phosphate 
dehydrogenase), and the mRNA level was analyzed via the 2−ΔΔCT method. Comparisons were performed with 
two-way ANOVA by using GraphPad Prism software (Version number 8.0, San Diego, CA). The primers used 
for quantitative (q)PCR analysis are presented in Table SI.

Western blot
A549 cells were lysed in ice-cold RIPA buffer (PR20001, Proteintech, China) containing a protease inhibitor 
cocktail (4693116001, Sigma, USA) and incubated on ice for 30 min. The samples were then heated for 10 
min in boiling water with protein loading buffer (P1040, Solarbio, China), loaded onto a 10% SDS‒PAGE gel 
and transferred to 0.45 mm PVDF membranes (ISEQ00010, Millipore, USA). The PVDF membranes were 
then blocked for 1 h at room temperature and incubated overnight at 4  °C with primary antibodies against 
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STAU1 (anti-STAU1, 1:1,000; antibody produced in rabbits; 14225-1-AP; Proteintech, China) and GAPDH 
(1:10,000; antibody produced in mice; 60004-1-Ig; Proteintech, China), followed by incubation with horseradish 
peroxidase-conjugated secondary antibodies (anti-rabbit, 1:10,000; SA00001-2; Proteintech, China; or anti-
mouse, 1:10,000; AS003; ABclonal, China) for 45 min at room temperature. Finally, the membranes were 
visualized via chemiluminescence detection via enhanced ECL reagent (P0018 FM, Beyotime, China).

RNA extraction and sequencing
Total RNA was extracted via TRIzol (15596-018; Ambion, USA). The RNA was further purified through two 
rounds of phenol‒chloroform extraction and subsequently treated with RQ1 DNase (M6101; Promega, Madison, 
WI, USA) to eliminate any DNA contamination. The quality and concentration of the purified RNA were 
assessed by measuring the absorbance at 260 nm and 280 nm (A260/A280) via an ultrafine spectrophotometer 
(N50 touch, IMPLEN, Germany). Additionally, the integrity of the RNA was confirmed via 1.0% agarose gel 
electrophoresis.

RNA-seq assays were conducted by Wuhan Ruixing Biotechnology Co., Ltd. (http://www.rxbio.cc). For each 
sample, 1 µg of total RNA was treated with RQ1 DNase (M6101, Promega, USA) to eliminate DNA prior to the 
preparation of a directional RNA-seq library via the VAHTS® Universal V8 RNA-seq Library Prep Kit for Illumina 
(NR605, Vazyme, China). mRNAs were isolated via VAHTS mRNA capture beads (N401, Vazyme, China). The 
fragmented RNA was then converted into double-stranded cDNA. After the end repair and A-tailing steps, 
the DNAs were ligated to VAHTS RNA Multiplex Oligos Set 1 for Illumina (N323, Vazyme, China), followed 
by amplification of the ligated products. These products were purified and quantified before being stored at 
−80  °C until sequencing. The strand marked with dUTP (the 2nd cDNA strand) is not amplified, allowing 
strand-specific sequencing. For high-throughput sequencing applications, libraries were prepared according to 
the manufacturer’s guidelines and sequenced on an Illumina NovaSeq Xplus system utilizing 150 nt paired-end 
reads.

Cell proliferation assay
Cell proliferation was assessed via the BeyoClick™ EdU-488 cell proliferation assay kit. The cells from both the 
control and experimental groups were treated as required and incubated at 37 °C with 5% CO2 for 48 h prior to 
conducting the EdU experiments.

Flow cytometric analysis of cell apoptosis
An Annexin V-APC/7-ADD apoptosis assay kit (40304 ES 60; Yeasen, Shanghai, China) was used for the 
apoptosis assay. The treated and control cells were incubated with 5 µL of Annexin V-APC for 15 min and then 
with 10 µL of PI reagent for another 15 min in the dark. Apoptosis levels were subsequently assessed via flow 
cytometry (FACSCanto, BD, USA).

Cell invasion and migration assays
In vitro migration and invasion assays were performed using transwell chambers (3422, Corning, USA). A549 
cells in 0.2 mL of serum-free medium were added to the transwell chambers with an 8 μm filter, and then, 600 
µL of 10% FBS (10091148, Gibco, China) was added to the chambers, which served as a chemoattractant in the 
lower chamber. For the cell invasion assays, the cells were incubated for 48 h at 37 °C and 5% CO2, and for the 
cell migration assays, the cells were incubated for 24 h under the same conditions. The cells remaining on the 
upper membrane surface of the inserts were then removed with a cotton swab, and the total number of cells that 
migrated into the lower chamber was fixed with 4% paraformaldehyde (P0099, Beyotime, China) for 20 min and 
then stained with 0.1% crystal violet (C0121, Beyotime, China). The migrating cells were observed and counted 
under an inverted microscope (MF52-N, Mshot, China) at 200× magnification.

RNA-Seq Raw data clean and alignment
Initially, raw reads with more than 2 N bases were removed. Next, adaptors and low-quality bases were trimmed 
from the raw sequencing data via the FASTX-Toolkit (version 0.0.13). Reads shorter than 16 nt were also 
excluded. The cleaned reads were subsequently aligned to the GRCh38 genome via HISAT2, allowing for up 
to 4 mismatches20. Only uniquely mapped reads were utilized for counting gene read numbers and calculating 
fragments per kilobase of transcript per million fragments mapped (FPKM)21.

Differentially expressed gene (DEG) analysis
The R Bioconductor package DESeq2 was used to screen out the differentially expressed genes (DEGs). An 
adjusted P value < 0.01 and a fold change ≥ 2 or ≤ 0.5 were set as the cutoff criteria for identifying DEGs.

Alternative splicing analysis
The alternative splicing events (ASEs) and regulated alternative splicing events (RASEs) among the samples 
were identified and quantified via the ABLas pipeline. In summary, ABLs detect ten types of ASEs on the basis 
of splice junction reads, which include exon skipping (ES), alternative 5’ splice site (A5SS), alternative 3’ splice 
site (A3SS), mutually exclusive exons (MXE), intron retention (IR), mutually exclusive 5’ UTRs (5pMXE), 
mutually exclusive 3’ UTRs (3pMXE), cassette exons, A3SS & ES, and A5SS & ES. To evaluate RBP-regulated 
ASEs, Student’s t test was performed to evaluate the significance of the ratio alteration of AS events. Events that 
reached significance at a P value cutoff corresponding to a false discovery rate cutoff of 5% were classified as 
RBP-regulated ASEs.
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Functional enrichment analysis
To determine the functional categories of the DEGs, Gene Ontology (GO) terms and KEGG pathways were 
identified via the KOBAS 2.0 server. Hypergeometric tests and Benjamini‒Hochberg false discovery rate (FDR) 
control procedures were used to define the enrichment of each term.

Analysis of gene expression in LUAD
The expression of STAU1 in LUAD patients was analyzed via the TCGA & UALCAN databases. The prognostic 
significance of gene expression levels was determined via Kaplan–Meier survival curve analysis.

Analysis of important gene-related expression information via a TNM plot
TNMplot (http://www.tnmplot.com/) was used to display important gene expression information in tumors 
and normal tissues. The dataset includes 56,938 unique samples from the GEO, GTEx, TCGA, and TARGET 
databases.

Immunohistochemical analysis of LUAD via the HPA
The Human Protein Atlas (HPA) program (https://www.proteinatlas.org/) offers detailed information regarding 
the tissue and cellular distributions of 26,000 human proteins. In this database, the researchers used highly 
specific antibodies and immunoassays (western blotting, immunofluorescence, and immunohistochemistry) to 
measure in detail the expression of each protein in 64 cell lines, 48 normal human tissues, and 20 tumor tissues. 
The HPA was utilized to visualize the immunohistochemical findings of STAU1 in both normal tissue and lung 
adenocarcinoma samples.

GSEA
GSEA is an analytical method for analyzing genome-wide expression profile microarray data. It can identify 
functional enrichment by comparing genes with predefined gene sets. We utilized GSEA-based enriched Gene 
Ontology (GO) biological process analyses.

Statistical analyses
The data from at least three independent experiments are presented as the mean ± standard deviation (SD). The 
data were analyzed via either Student’s t test (two-group comparisons) or two-way ANOVA (more than two 
groups). A p value of < 0.05 was considered to indicate statistical significance (*p 0.05; **p < 0.01; ***p < 0.001). 
All the graphs were generated via GraphPad Prism software (version 8.0, San Diego, CA).

Results
STAU1 is significantly upregulated in lung adenocarcinoma (LUAD)
To further investigate the role of STAU1 in LUAD, we employed online tools such as TNMplot and UALCAN 
to analyze the expression of STAU1 in tumor tissues obtained from LUAD patients. The results demonstrated 
that STAU1 was significantly overexpressed in LUAD (Fig. 1A), with protein levels increasing in correlation 
with the progression of individual patient grades (Fig. 1B). Among the samples from the four stages of LUAD, 
the STAU1 levels were markedly higher in stages 1–3 samples than in normal samples; however, stage 4 samples 
had a smaller sample size (Fig.  1C). Additionally, with the exception of lepidic adenocarcinoma, squamous 
cell carcinoma, and colloid adenocarcinoma—which had smaller sample sizes—STAU1 protein levels were 
significantly elevated across other pathological types of lung cancer (Fig. 1D). This finding was further supported 
by immunohistochemical analysis of LUAD data sourced from the Human Protein Atlas (HPA) database 
(Fig. 1E).

The silencing of STAU1 results in the inhibition of cell proliferation, invasion, and migration 
while simultaneously promoting apoptosis
To investigate the biological role of STAU1 in LUAD, we chose two human lung adenocarcinoma cell lines, A549 
and PC-9, and carried out a series of experiments. We transiently knocked down STAU1 in these two cell lines 
via transient transfection and then assessed cell proliferation, apoptosis, invasion, and migration capabilities. In 
the experiment, we employed three siRNAs targeting STAU1, namely si-1419, si-1843, and si-1488, to reduce 
STAU1 expression in the two cell lines. Compared with the NC group, the mRNA and protein levels of STAU1 
in the si-STAU1 group were significantly lower, indicating that all three siRNAs could effectively knock down 
STAU1 (Fig. 2A-B, Supplementary Fig. 1 A-B, Supplementary Fig. 2 A-B). In A549 cells, knocking down STAU1 
with si-1488 and si-1843 led to notable changes. Specifically, A549 cell proliferation was significantly suppressed, 
and apoptosis increased (Fig. 2C-D; Supplementary Fig. 1 C-D). Moreover, cell invasion and migration abilities 
were also markedly reduced (Fig. 2E-F, Supplementary Fig. 1E-F). To further confirm the function of STAU1 
in LUAD, we repeated the same procedure in the PC-9 cell line and obtained similar results (Supplementary 
Fig. 2). Collectively, these results show that knocking down STAU1 can inhibit the proliferation, invasion, and 
migration of lung adenocarcinoma cells and promote apoptosis. This suggests that normally expressed STAU1 
may enhance the pro-tumor properties of lung adenocarcinoma cells.

STAU1 modulates the transcriptomic profile of A549 cells
To further elucidate the role of STAU1 in regulating the oncogenic characteristics of A549 cells, we conducted 
RNA sequencing (RNA-seq) on samples treated with si-STAU1 and a negative control (NC). Principal 
component analysis (PCA) revealed a clear distinction between the si-STAU1 and NC samples (Fig.  3A), 
indicating that the knockdown of STAU1 significantly altered the transcriptomic profile of A549 cells. A total 
of 197 differentially expressed genes (DEGs), including 143 upregulated genes and 54 downregulated genes, 
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were identified following the silencing of STAU1 in A549 cells (Fig.  3B). The number of upregulated DEGs 
in the si-STAU1 samples was significantly greater than that of downregulated DEGs, suggesting that STAU1 
may exert transcriptional inhibitory effects in A549 cells. The expression patterns of all DEGs were visualized 
via a hierarchical clustering heatmap, which revealed largely inconsistent distribution patterns between the si-
STAU1 and NC groups (Fig. 3C). Gene Ontology (GO) pathway enrichment analysis revealed that the DEGs 
resulting from STAU1 knockdown were enriched predominantly in pathways associated with cell adhesion, 
homophilic cell adhesion via plasma membrane adhesion molecules, and cell proliferation (Fig. 3D). To further 
investigate the specific biological significance of the gene sets closely associated with those regulated by STAU1, 
we performed gene set enrichment analysis (GSEA) on all the genes and found that the knockdown of STAU1 
may influence the epithelial‒mesenchymal transition (EMT) pathway (Fig. 3E). Additionally, we identified 13 
genes that are closely linked to cancer proliferation, invasion, and migration. As illustrated in Fig. 3F, the genes 
HAS2, RHOB, MESD, SNAP25, BTG2, HABP4, SFRP4, BBC3, CFHR1, KLF2, and MYL9 were upregulated, 
whereas MASTL and STC2 were downregulated (Fig. 3F and Supplementary Fig. 3). We validated the expression 
of CFHR1, KLF2, RHOB, and MASTL via RT‒qPCR, and the results were corroborated by sequencing data 
(Fig. 3F).

The expression of STAU1 targets in clinical patients
On the basis of these findings, we further investigated the role of target genes regulated by STAU1 in the context 
of lung cancer. The results demonstrated that these target genes presented significant differences in expression 
levels between lung cancer samples and normal controls. Specifically, data obtained from the TNM plot database 
indicated that MASTL and STC2 were upregulated, whereas KLF2, RHOB, HAS2, MYL9, and BTG2 were 
downregulated in LUAD (Fig. 4A and Supplementary Fig. 3). Additionally, analysis of the UALCAN database 
revealed that the expression of CFHR1, RHOB, and MYL9 was lower in LUAD tissues than in normal lung 
tissues (Fig. 4B and Supplementary Fig. 3). Furthermore, tumor classification data from the UALCAN database 
supported these findings, indicating that CFHR1, RHOB, and MYL9 were consistently downregulated across 
various subtypes of adenocarcinoma, including papillary adenocarcinoma, acinar adenocarcinoma and solid 
adenocarcinoma (Fig. 4C and Supplementary Fig. 3). Taken together, these findings indicate that STAU1 may 
play a substantial role in the progression of lung cancer because of its regulatory influence on these genes.

Fig. 1.  Expression of STAU1 in clinical patients. (A) Boxplot generated to show the expression of STAU1 in 
LUAD samples on the basis of sample type via the TNMplot database. (B) Boxplot of the protein expression of 
STAU1 in LUAD according to tumor grade generated via the UALCAN database. (C) Boxplot of the protein 
expression of STAU1 in LUAD according to tumor stage generated via the UALCAN database. (D) Boxplot 
showing the protein expression of STAU1 in LUAD patients on the basis of tumor classification via the 
UALCAN database. (E) HPA was used to analyze the results of immunohistochemical analysis of STAU1 in 
LUAD.
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Fig. 2.  Knockdown of STAU1 inhibits the proliferation, metastasis and invasion and promotes the apoptosis 
of A549 cells. (A) The histogram shows the RT‒qPCR results for the NC and si_STAU1-1488 samples. The 
error bars represent the means ± SEMs. **** P value < 0.0001. (B) The results of the western blot experiments 
revealed that the STAU1 knockdown was successful. (C) The results of the cell proliferation experiments 
revealed that the knockdown of STAU1 inhibited the proliferation of A549 cells. The error bars represent the 
means ± SEMs. * P value < 0.05. (D) The results of the cell apoptosis experiments revealed that the knockdown 
of STAU1 promoted the apoptosis of A549 cells. The error bars represent the means ± SEMs. ** P value < 0.01. 
(E) The results of the cell invasion experiments revealed that the knockdown of STAU1 inhibited the invasion 
of A549 cells. The error bars represent the means ± SEMs. *** P value < 0.001. (F) The results of the cell 
migration experiments revealed that the knockdown of STAU1 inhibited the migration of A549 cells. The error 
bars represent the means ± SEMs. * P value < 0.05.

 

Scientific Reports |        (2025) 15:17031 6| https://doi.org/10.1038/s41598-025-01883-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 3.  Stau1 regulates gene expression in human A549 cells. (A) PCA based on the FPKM values of all 
the detected Stau1 knockdown genes. The ellipse for each group is the confidence ellipse. (B) Volcano plot 
showing all differentially expressed genes (DEGs) between Stau1 knockdown (siStau1) and NC samples. 
(C) Hierarchical clustering heatmap displaying the expression of DEGs. (D) Scatter plot showing the most 
enriched GO pathway results of the upregulated DEGs. (E) The GSEA enrichment analysis results revealed 
the hallmark epithelial mesenchymal transition pathways. (F) Bar plot showing the expression patterns and 
significant differences in DEGs among several important genes. The error bars represent the means ± SEMs. 
***P value < 0.001. The histogram shows the RT‒qPCR results for the Stau1-knockdown (siStau1) and NC 
samples. The error bars represent the means ± SEMs. **** P value < 0.0001.
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Correlation of STAU1 target genes with STAU1 expression and prognostic analysis of target 
genes
To further elucidate the role of target genes regulated by STAU1 in lung cancer, we performed survival analysis 
on these genes, which revealed that MASTL, HABP4, and BTG2 are significantly associated with lung cancer 
prognosis. Specifically, low expression levels of HABP4 and BTG2 were correlated with poor prognostic outcomes, 
whereas elevated MASTL levels were associated with reduced survival time among lung cancer patients (Fig. 5A 
and Supplementary Fig. 3). Furthermore, to assess the regulatory impact of STAU1 on DEGs, we utilized the Lung 
Adenocarcinoma dataset from The Cancer Genome Atlas (TCGA) to examine the correlation between STAU1 
and the identified target genes. This analysis revealed a positive correlation between STAU1 and both MASTL 
and STC2, as well as a negative correlation with KLF2 and BTG2 (Fig. 5B and Supplementary Fig. 3), which is 
consistent with the results obtained from RNA-seq. These findings indicate that the genes whose expression is 
modulated by STAU1 in A549 cells are significantly associated with increased oncogenic characteristics.

STAU1 modulates alternative splicing events in A549 cells
STAU1 is an RNA-binding protein (RBP) that plays a crucial role in regulating alternative splicing (AS) patterns 
of its target genes. In this study, we examined the effects of STAU1 on AS in A549 cells. Analysis of RNA-seq 
data revealed a significant number of alternative splicing events (ASEs), identifying a total of 1,362 differential 
ASEs in A549 cells, with a selection criterion of a p value ≤ 0.05. This analysis identified a total of 619 upregulated 
and 743 downregulated ASEs, with the number of downregulated events exceeding that of the upregulated 
events (Fig. 6A). The predominant types of variable splicing included intron retention (IntronR), alternate 3’ 

Fig. 4.  Expression of STAU1 targets in clinical patients. (A) Boxplot generated to show the expression of 
STAU1 target genes in LUAD on the basis of sample type via the TNMplot database. (B) Boxplot generated 
by the UALCAN database showing the protein expression of STAU1 targets in LUAD on the basis of tumor 
grade. (C) Boxplot showing the protein expression of STAU1 targets in LUAD patients on the basis of tumor 
classification via the UALCAN database.
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splice site usage (A3SS), and alternate 5’ splice site usage (A5SS), followed by cassette exon and exon skipping 
(ES) events (Fig.  6A). Notably, there was minimal overlap among the genes regulated by STAU1 across the 
various types of splicing events, with the majority of individual genes experiencing only one specific type of 
splicing event. IntronR events were the most prevalent, followed by A3SS and A5SS events (Fig. 6B and C). 
Figure 6D shows the standard deviation ratio between upregulated and downregulated differential ASEs across 
all samples, revealing that the ratio for upregulated A3SS&ES events was significantly greater than that for their 
downregulated counterparts, whereas the ratios for other event types remained comparable. Furthermore, 
when known versus novel predicted splicing events across ten categories were compared, the proportion of 
novel predicted variants was significantly greater than that of known variants (Fig. 6E). The pie chart shows 
that protein-coding genes constitute the majority of AS genes, followed by long noncoding RNAs (lncRNAs) 
(Fig. 6F). GO pathway enrichment analysis revealed that genes whose expression significantly changed in ASEs 
after STAU1 knockdown were enriched predominantly in pathways related to the regulation of cell division and 
control of the cell cycle (Fig. 6G). Furthermore, by ranking the alternative splicing events based on P-values and 
considering factors such as supporting read counts, ratio values, and the magnitude of change, we identified 
that STAU1 regulates the alternative splicing of several cancer-related genes, including SNHG17, UPP1, RNH1, 
UCHL5, BIN1, LINC01234, and AHSA2P (Fig. 6H and Supplementary Fig. 4). Notably, BIN1 and SNHG17 
are particularly associated with lung cancer and exhibit distinct alternative splicing variants. To validate these 
findings, we performed PCR analysis of exon skipping (ES) events for BIN1 and SNHG17, and the results were 
consistent with those obtained from RNA-Seq (Fig. 6H).

Discussion
The dysregulation of STAU1 expression typically disrupts the delicate balance among oncogenes, tumor 
suppressor genes, proapoptotic genes, and antiapoptotic genes by modulating mRNA translation, splicing, and 
decay, thereby influencing the progression of cancer14,17,18,22. Previous studies have demonstrated that STAU1 
is highly expressed in lung cancer tissues16,19; however, the underlying molecular mechanisms remain poorly 
understood. In this study, we found that the knockdown of STAU1 inhibited the proliferation, invasion, and 
migration of A549 cells, potentially through the regulation of downstream target RNA expression and alternative 
splicing.

In this study, the DEGs regulated by the downregulation of STAU1 were associated primarily with cell 
adhesion and cell cycle regulation. Previous reports indicate that CFHR123, KLF224,25, RHOB26–28, and 
BTG229,30  are expressed at reduced levels in lung cancer tissues, potentially inhibiting the proliferation and 
migration of lung cancer cells. MESD has been shown to inhibit the Wnt/β-catenin signaling pathway and 
suppress cancer cell proliferation in human breast cancer HS5-78 T cells as well as in prostate cancer PC-3 
cells30,31. The downregulation of HABP4 promotes the proliferation, migration, and invasion of renal cancer 
cells and is considered a candidate tumor suppressor gene in colorectal cancer32,33. SFRP4 inhibits proliferation 
and migration while activating apoptotic pathways in mesothelioma34. BBC3 is recognized as a novel tumor 
suppressor gene across various human cancers35. SNAP25 is significantly downregulated in prostate cancer 
and may influence the activation, differentiation, and migration of immune cells36. In our study, we observed 
that following STAU1 knockdown in A549 cells, genes with inhibitory effects on cell proliferation or invasion 
were upregulated. Conversely, overexpression of MASTL has been shown to promote chromosomal instability 
and metastasis in breast cancer cells37, whereas STC2 facilitates metastasis and progression in both lung and 
pancreatic cancers38,39. Notably, genes associated with promoting invasion and migration were downregulated 
in A549 cells. Consistent with these findings, the database results indicated that STAU1 was positively correlated 
with MASTL and STC2 but negatively correlated with KLF2 and BTG2. These findings support the positive 
role of STAU1 in promoting the proliferation and invasion of A549 cells through its regulated target genes, 
suggesting that STAU1 may possess oncogenic properties. In addition to this study, a previous literature analysis 
of 602 cases of lung squamous cell carcinoma (LUSC, a subtype of non-small cell lung cancer) identified STAU1, 
ADGRF1, ATF7IP2, MALL, and KRT23 as poor prognostic factors [16]. However, another study on large cell 
lung cancer found that STAU1 was a protective factor for lung cancer [19]. Currently, there are no real-world 
studies reporting the relationship between STAU1 expression and the prognosis of lung cancer. We believe that 

Fig. 5.  Correlation of STAU1 target genes with STAU1 expression and prognostic analysis of target genes. 
(A) Prognostic analysis of the STAU1 target genes. Comparison of overall survival according to the risk score 
calculated from the STAU1 target genes. (B) Scatter plots showing the correlation between the expression of 
STAU1 target genes and the expression of STAU1 in lung adenocarcinoma.
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the reason for such contradictory results may be attributed to different pathological types of lung cancer on the 
one hand; on the other hand, the clinical samples in the real world are highly complex and heterogeneous, which 
may lead to deviations between the predicted results and the actual clinical situation. Therefore, further rigorous 
clinical validation is still needed to clarify the exact relationship between STAU1 expression and the overall 
survival rate of lung cancer patients.

Furthermore, GSEA revealed that STAU1 knockdown significantly affected the epithelial‒mesenchymal 
transition (EMT) pathway. EMT is characterized by a process in which epithelial cells detach from neighboring 
cells and acquire mesenchymal traits, which are associated with enhanced migratory capacity. The activation of 
EMT is a critical mechanism in cancer cell metastasis, during which epithelial cells adopt mesenchymal features, 
thereby increasing their mobility and migratory ability40. Similarly, researchers have reported that STAU1 is 
involved in lncTCL6-miR-155-Src/Akt-mediated EMT, as well as in the network-regulated progression and 
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metastasis of renal cancer41. These findings suggest that STAU1 may also exert a pro-oncogenic effect by 
regulating EMT in lung cancer.

In addition to its role in regulating gene expression levels, alternative splicing (AS) is crucial for ensuring 
the diversity of gene products. Increasing evidence suggests that AS significantly influences various oncogenic 
processes, including cancer initiation, progression, angiogenesis, and immune evasion42. However, current 
research on AS in lung adenocarcinoma (LUAD) remains limited. In this study, we discovered that STAU1 
knockdown regulated a substantial number of differentially spliced events. Genes identified through Gene 
Ontology pathway enrichment analysis were associated primarily with pathways related to cell division regulation 
and the cell cycle. We organized other types of variable splicing events (NIR variable splicing events) by P value 
in descending order and selected six genes exhibiting altered splicing following STAU1 knockdown on the basis 
of supporting read counts, ratio values, change amplitudes, and relevant literature.

It has been reported that the selective splicing of BIN1, SNHG17, and RNH1 in human cancers is induced 
specifically and closely correlates with patient prognosis43–45. BIN1 expression is reduced in non-small cell lung 
cancer (NSCLC)46, where its absence increases susceptibility to cancer during aging—particularly lung cancer47. 
SNHG17 regulates proliferation and migration in human NSCLC cells48. RNH1 is expressed at lower levels in 
LUAD tissues and inhibits LUAD cell proliferation while promoting apoptosis49. The upregulation of LINC01234 
can enhance metastasis in non-small cell lung cancer cells30. UCHL5 is upregulated in LUAD and is correlated 
with poor clinical prognosis; silencing UCHL5 significantly inhibits LUAD cell proliferation while reducing 
the expression of key cell cycle proteins50. UPP1 promotes the progression of lung adenocarcinoma through 
epigenetic regulation of glycolysis or by inducing an immunosuppressive microenvironment that facilitates 
tumor advancement51,52. The findings of the aforementioned study indicate that STAU1 regulates alternative 
splicing events in A549 cells and that the genes affected by STAU1 regulation that undergo these splicing events 
are associated with lung cancer progression, particularly those that play crucial roles in the proliferation and 
migration of cancer cells. In summary, we hypothesize that STAU1 modulates alternative splicing of these genes 
to produce different protein isoforms, thereby influencing the onset and development of lung cancer. However, 
the effects of these alternative splicing variants on lung cancer remain unknown; thus, further investigation is 
needed to elucidate the mechanisms by which STAU1 regulates alternative splicing and its impact on lung cancer.

Our findings suggest that STAU1 may regulate both the expression and alternative splicing of genes associated 
with cell adhesion and cell cycle processes, thereby contributing to the proliferation, invasion, and migration of 
lung adenocarcinoma cells. This study enhances our understanding of the role of STAU1 in carcinogenesis and 
offers new insights into potential diagnostic and therapeutic strategies for lung adenocarcinoma.

Data availability
Sequence data that support the findings of this study have been deposited in the GEO database under the pri-
mary accession code GSE279930 (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​n​c​b​​i​.​n​​l​m​.​n​​​i​h​.​​g​o​​v​/​​g​e​o​​/​q​​u​e​r​y​​​/​a​c​​c​​.​c​g​​i​?​a​c​c​=​G​S​E​2​7​9​9​3​0), which is 
currently maintained in private status: azwzuqguzjcldal.
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