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Background: As a subtype of breast cancer, triple-negative breast cancer 

(TNBC) exhibits unique pathological phenotypes and severe morbidity trends. New 

evidence suggests that aberrant alternative polyadenylation (APA) events can be 

regulated by single nucleotide polymorphisms (SNPs) and are associated with breast 

cancer. The study aimed to identify the APA-associated susceptibility SNP in 

TNBC, which may be useful in screening and treatment. 

Methods: The RNA sequencing data was obtained from 285 tumor tissues and 

65 normal tissues of TNBC patients, accessed from the NCBI dataset FUSCCTNBC 

(Accession: PRJNA486023). We analyzed gene expression levels, APA events, and 

APA-associated SNPs, and explored their relationships and influences on TNBC.  

Results: Our study revealed significant differences in both gene expression and 

APA events between tumor and normal tissues of TNBC patients. The differentially 

expressed genes are enriched in protein transcription, folding, localization, and 

targeting. apaQTL analysis indicated significant associations between APA events 

of genes and SNPs. We found that the APA event of the transmembrane p24 

trafficking protein 9 (TMED9) is highly related to the SNP rs3749822, where the G 

allele would decrease the Poly-A length of TMED9 and increase its expression level.  

Conclusion: The study elucidates the significant association between SNP 

rs3749822 and the APA event of the TMED9 gene, as well as their influences on 

TNBC, highlighting the susceptibility of SNP rs3749822 allele G for TNBC. Our 

findings provide new directions for further exploration of SNPs affecting APA 

events, aiding in identifying disease-susceptible populations. 
Copyright © 2025. This is an open-access article distributed under the terms of the Creative Commons Attribution-Non-Commercial 4.0 International License, which permits 

copy and redistribution of the material in any medium or format or adapt, remix, transform, and build upon the material for any purpose, except for commercial purposes. 

  
INTRODUCTION 

Breast cancer is the most prevalent cancer with the 

highest mortality worldwide.1 Triple-negative breast 

cancer (TNBC), characterized by the low expression 

of estrogen receptor (ER), progesterone receptor 

(PR), and human epidermal growth factor receptor 

(HER2)2, accounts for 24% of newly diagnosed 

cancer cases annually.3 Furthermore, TNBC has 

clinical features of strong aggression, high relapse 

rates, and easy distant metastasis, leading to its 

greater treatment difficulty.4,5 The current biomarkers 

for TNBC are insufficient for screening and 

prognostic assessment. Most research about TNBC 

has focused on gene expression profiles and 

mutations in coding regions but has neglected the 
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potential impacts of non-coding regions and 

posttranscriptional modification. Some studies have 

explored DNA modification6, chromosomal 

epigenetics7, and non-coding RNA8, but there is little 

exploration of alternative polyadenylation (APA) 

events in the TNBC.  

APA is a major mechanism of gene regulation 

with tissue specificity. It is involved in many 

biological processes related to tumor development, 

such as cell proliferation and differentiation.9 Many 

studies have demonstrated the importance of APA in 

the breast cancer risk. Guo et al.10 and Ping et al.11 

conducted alternative polyadenylation (APA)-wide 

association studies on European and African 

populations, respectively, identifying APA events 

significantly associated with breast cancer risk. A 

study by Zhang et al. indicated that APA events could 

effectively predict the prognosis of breast cancer 

patients.12 Miles et al. found aberrant polyadenylation 

mechanisms in triple-negative breast cancer (TNBC), 

highlighting the importance of further investigation 

into APA events in TNBC.13 Therefore, we focus on 

APA and explore abnormal APA events in TNBC. 

Evidence has shown that the regulation of APA is 

related to DNA methylation14, CPSF615, and single 

nucleotide polymorphism (SNP).16 Among these, 

SNP is the most common genetic factor with 

individual differences in the population17, suggesting 

that the susceptibility of specific populations to 

diseases may be connected with unique SNP 

phenotypes. 18 SNPs can influence the binding of 

microRNAs (miRNAs)19, and alterations in miRNA 

target sites can impact global APA events, promoting 

the development of breast cancer.20 SNPs can also 

impact APA events by influencing the recognition of 

polyadenylation sites (PASs).21-23 These studies 

suggest potential pathways through which SNPs 

affect breast cancer susceptibility via APA and 

highlight the potential of these APA-associated SNPs 

as screening biomarkers. We propose that the high 

morbidity of TNBC in some populations, such as 

women with African ancestry 24, may be related to 

specific SNPs, which would affect APA events and 

lead to the abnormal expression of some genes. 25 

Although the abnormal expression of these genes may 

not be sufficient to cause diseases directly, it can 

significantly increase susceptibility to diseases.25 

Overall, little is known about the SNPs in TNBC, 

and few studies have investigated the regulation of 

APA by SNPs in relation to TNBC susceptibility. 

Based on this, we focus on studying the genes that 

have abnormal APA events and expression levels in 

tumor tissues, and locate the SNPs that regulate these 

abnormal APA events. By analyzing SNPs, APA 

events, and mRNA expression levels, we aim to 

identify novel screening biomarkers for TNBC. This 

will aid in elucidating the pathogenic correlation 

between SNPs and TNBC, improving screening tests, 

and facilitating the development of targeted therapies 

for TNBC. 

 

METHODS 

Data Source 

mRNA data were obtained from the NCBI dataset 

of the Triple-Negative Breast Cancer Project by 

Fudan University Shanghai Cancer Center 

(Accession: PRJNA486023, ID: 486023).26 Our study 

included RNA sequencing data from 285 cases of 

triple-negative breast cancer (TNBC) tumors and 65 

paired non-tumor tissues. All participants were 

female, and the non-tumor tissues were collected 

from the same patients who provided the tumor 

samples. All tissues were processed with the same 

procedure for RNA extraction, followed by 150 bp 

paired-end sequencing on an Illumina HiSeq platform 

(Illumina Inc., San Diego, CA, USA). 

 

RNA-seq Data Analysis 

The reference genome sequence used was the 

human genome assembly version 19 (hg19) from the 

UCSC genome database. The bwa v0.7.12 software 

package27 was used to index the reference genome, 

samtools v1.1028 was used to sort the alignment 

results, BEDTools v2.25.029 was used for file format 

conversion, and sambamba30 was used to mark PCR 

duplicates in the BAM files. SNP information was 

extracted from non-intronic regions of the UCSC 

SNP151 annotation file as the SNP annotation 

information. Then we used bcftools v1.928 to identify 

the genotype at each annotated SNP locus for each 

sample and PLINK v2.0031 to filter the SNPs, 

retaining gene loci with a recognition rate >0.98 and 

a minimum allele frequency > 1%. Transcript 

abundance was obtained using featureCounts v2.0.132 

and was normalized with FPKM (Fragments Per 

Kilobase Million). Subsequently, DaPars v2.033 was 

used to identify PAS loci from RNA-seq data and 

calculate the distal poly-A site usage index (PDUI) 

for each gene in each sample, with values ranging 

from 0 to 1. Higher values correspond to more distal 

PAS loci, indicating longer Poly-A tails. Differential 

analysis was performed using the DESeq2 R 

package34 on the obtained transcript expression levels 

and PDUI values, and the Benjamini-Hochberg 

method was used to adjust the false discovery rate 

(FDR). In the differential expression analysis, genes 

with an adjusted P value < 0.01 and |log2FC| > 1 were 

considered differentially expressed between the 

tumor and normal tissues. In the PDUI differential 

analysis, genes with adjusted P value < 0.05 were 

considered to have significant APA events between 

the tumor and normal tissues. 
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apaQTL Identification 

fastQTL v2.035 was used to identify apaQTL. The 

SNP and APA identification results (PDUI values) 

were input separately. Standardized PDUI values 

were assessed through linear regression to evaluate 

the pairwise association between SNPs and APA 

events within a 1Mb range from the 3'UTR region. 

 

RNA Binding Protein (RBP) Sites Recognition 

Based on the study by Erson-Bensan36, we 

selected CSTF2, CSTF2T, CPSF1, CPSF2, CPSF3, 

CPSF4, CPSF6, CPSF7, MBNL2, CPEB4, FUS, and 

PABPN1 as APA-related RNA-binding proteins 

(RBPs). These RBPs were involved in regulating 

alternative polyadenylation (APA) events. After 

selecting the SNPs of interest based on the apaQTL 

results, we used RBPsuite37 to analyze the 10 base 

pairs upstream and 10 base pairs downstream of the 

SNP to determine whether this region contained 

binding sites for the APA-related RBPs. 

 

Gene Enrichment Analysis 

We selected transcripts that had both differential 

expressions and differential PDUI in TNBC. 

Enrichplot R Package38 was used for Gene Ontology 

(GO) analysis. GO analysis included biological 

processes (BP), cellular components (CC), and 

molecular functions (MF) involved in differentially 

expressed genes. Adjusted P-values < 0.05 were 

considered statistically significant. 

 

ROC Analysis 

To evaluate the accuracy of selected genes in 

predicting disease, we performed Receiver Operating 

Characteristic (ROC) analysis using the PlotROC R 

package. 39 The area under the curve (AUC) 

represents the size under the ROC curve, with AUC 

>0.7 considered significant. 

 

RESULTS 

Significant Differences in Gene Expression and 

APA Events Between Patient's Tumor and Control 

Tissues 

After differential expression analysis, genes with 

Padj <0.01 and |log2FC|>1 were considered as 

significantly differentially expressed genes (DEGs) 

(upregulated: 1517, downregulated: 2857) (Figure 1). 

The 13 genes (H2AC17, H2BC17, TPX2, H1-5, 

NEIL3, H2AC13, H2AC11, BUB1B, H3C2, KIF4A, 

KIF4B, KIF20A, H2AC16) with the most significant 

differences between tumor tissues and control tissues 

(Padj < 10e-150) are labeled in the figure. 

PDUI values represent APA status for each gene. 

Higher PDUI values correspond to more distal PAS 

loci used, indicating longer mRNA poly-A tails. After 

differential analysis of PDUI values between the 

tumor and normal tissues, we used Padj <0.05 as 

criteria for selecting genes with significant APA 

events. Compared to normal tissues, 66 genes in 

tumor tissues had lengthened poly-A tails (using 

distal PAS loci), while 257 genes had shortened poly-

A tails (using proximal PAS loci) (Supplementary 

Figure 1). Additionally, genes with shorter poly-A 

tails in normal tissues tended to undergo further 

shortening rather than elongation in tumor tissues 

(Figure 2).  

 

 
Figure 1. Volcano Plot of Transcript Expression Levels. 

(Genes with Padj < 0.01 and |log2FC| > 1 were considered 

significantly differentially expressed. Upregulated genes 

are shown in red, downregulated in black, and non-

significant in gray. The most significantly different genes 

with -log10(Padj) > 150 are labeled.) 

 

Based on transcript expression levels and PDUI 

values of all genes, the PCA plot (Figure 3) shows 

great differences between TNBC and the control 

tissues. It indicates significant gene expression 

differences and APA events between tumor and 

normal tissues. 

 

Abnormal APA and RNA Expression Genes 

Associated with Protein Synthesis and Transport 

Overall, 191 genes showed significant changes in 

TNBC tissues at both transcript expression level and 

APA level. Gene Ontology (GO) analysis was 

conducted on the 191 genes, using an adjusted P 
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value<0.05 as the threshold for significant 

enrichment. The results showed that genes were 

widely involved in biological processes related to 

protein localization, protein targeting, protein 

transcription, and protein folding (Figure 4). Further 

analysis of the cellular components revealed that 

genes enriched in ribosomes, mitochondria, and 

translation-related complexes predominantly 

exhibited downregulated transcript expression levels 

in tumors (Supplementary Figure 2). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Scatter Plot of PDUI. (Genes with Padj < 0.05 

were considered significant APA events. Black dots 

represent genes with significantly shortened poly-A tails in 

tumor tissue, and red dots represent genes with 

significantly lengthened poly-A tails in tumor tissue, 

compared to the normal tissue.) 

 

SNP as Potential Biomarkers 

APA quantitative trait locus analysis (apaQTL) 

can reveal the relationship between SNP and the APA 

events of genes. Overall, 6676 apaQTL were 

identified, where the highly significant (Padj < 0.001) 

apaQTLs was distributed across half of the 

chromosomes (Supplementary Figure 3). After 

filtering significant apaQTL with Padj<0.01, we 

analyzed the distance between genes and SNPs in 

each apaQTL event (Supplementary Figure 4). The 

results showed that SNPs closer to the genes are more 

likely to regulate the PAS locus selection of the gene. 

Information about the significant apaQTL event is 

detailed in Supplementary Table 1. 

Checking the apaQTL of genes with abnormal 

APA events and expression in TNBC, we noticed that 

the PAS locus selection of the transmembrane p24 

trafficking protein 9 (TMED9) gene was strongly 

related to the SNP rs3749822. TMED9 had 

significantly decreased PDUI value (Padj = 5.51e-6) 

and increased RNA expression levels (Padj = 1.79e-

20) in TNBC tissues (Supplementary Figure 5). 

Meanwhile, the Poly-A length of the TMED9 gene 

was negatively correlated with RNA expression 

levels (r = -0.327, P = 1.62e-08)(Supplementary 

Figure 6).  

We conducted a Receiver Operating 

Characteristic (ROC) analysis to predict disease 

status using the PDUI values and RNA transcript 

levels of the TMED9 gene. This analysis allowed us 

to evaluate the screening performance of these 

biomarkers in distinguishing between the TNBC and 

control samples. The area under the ROC curve 

(AUC) was calculated to quantify the overall 

performance of the two values in classifying the 

disease status. 

 
Figure 3. PCA Analysis of Transcript Expression AND PDUI. (The red dots represent the control group, while the blue dots 

represent the tumor group.) 
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The results showed that the PDUI values 

(AUC=0.714) and RNA expression levels 

(AUC=0.837) of the TMED9 gene could well predict 

and distinguish between tumor and normal tissues 

(Figure 5).  

 

 
Figure 4. Gene Ontology Analysis of Differential 

Expressed Transcripts with APA Events. (GO terms are 

categorized into Biological Process (BP), Cellular 

Component (CC), and Molecular Function (MF). Dot size 

indicates gene count, and color represents the adjusted P-

value (red = most significant, blue = least significant).) 

 

SNP rs3749822 is located at position 177058696 

on chromosome 7 with alleles G and A. It is located 

at 34453bp from the 3'UTR end of TMED9. Analysis 

of the TMED9 gene PDUI values under different SNP 

rs3749822 genotypes showed that the G/A genotype 

and A/A genotype exhibited significant increases in 

TMED9 PDUI values compared to the G/G genotype 

(Figure 6). 

RNA-binding proteins (RBPs) Sites Recognition 

analysis indicates that within 10 base pairs upstream 

and 10 base pairs downstream of SNP rs3749822, 

there are no binding sites for CSTF2T, CPSF1, 

CPSF3, CPSF6, CPEB4, FUS, and PABPN1. 

However, potential binding sites for CSTF2, CPSF2, 

CPSF4, CPSF7, and MBNL2 are present in this 

region. This suggests that SNP rs3749822 may 

regulate APA by affecting the binding of these RBPs. 

 

 
Figure 5. ROC Analysis of PDUI Values and RNA 

Expression Levels of TMED9. (The ROC curve shows the 

performance of PDUI and transcript expression levels in 

distinguishing tumors from normal tissues. The x-axis 

represents the false positive rate (1-specificity), and the y-

axis represents the true positive rate (sensitivity). AUC 

(Area Under the Curve) values indicate accuracy, with 

transcript expression AUC = 0.833 and PDUI AUC = 

0.714.) 
 

DISCUSSION 

Research is needed to analyze SNPs associated 

with TNBC to identify susceptible populations, 

enabling more precise screening, earlier intervention, 

and improved overall survival for TNBC patients. 

Previous studies have explored SNPs as biomarkers 

for TNBC prognosis by simulating the impact of 

SNPs on protein structure40 and analyzing the 

influences of SNPs in protein promoter regions.41 

However, these studies have predominantly focused 

on the impact of SNPs close to genes, and the effects 

of SNPs distant from genes on gene expression are yet 

to be fully explored. Our study uniquely analyzed the 

impact of 3'UTR SNPs on APA events in TNBC. Our 

results indicated that SNPs may be able to influence 

gene APA events and alter 3'UTR poly-A tail lengths, 

thereby impacting gene expression levels. 

Our study revealed significant differential 

expression of genes in TNBC, such as H2AC17, 

H2BC17, TPX2, H1-5, NEIL3, H2AC13, H2AC11, 

BUB1B, H3C2, KIF4A, KIF4B, and H2AC16, where 

most of these differential genes are related to 

epigenetics. H2AC17, H2BC17, H2AC13, H2AC11, 
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H2AC16, and H3C2 belong to histones42, and H1-5 

belongs to linker histones.43 They are jointly 

responsible for maintaining chromatin structure and 

gene regulation, potentially influencing 

tumorigenesis through epigenetic modifications.42,43 

TPX244 and BUB1B45 are responsible for mitotic 

spindle assembly, closely related to chromosomal 

instability, and their overexpression is highly 

associated with poor prognosis in TNBC.44,45 NEIL3, 

involved in DNA repair, is also related to maintaining 

genomic DNA stability.46 Kinesin family members 

KIF4A, KIF4B, and KIF20A are involved in 

intracellular transport and cell division, with KIF4A 

and KIF20A extensively reported as prognostic 

biomarkers for breast cancer.47-49 

 

 
Figure 6. PDUI Values of TMED9 Under Different 

Genotypes of SNP rs3749822. (G/G, G/A, and A/A 

represent the different genotypes of a sample, indicating 

the specific nucleotides present at both alleles of the SNP 

rs3749822. Statistical significance is indicated with 

asterisks (* for P < 0.05, ** for P < 0.01, *** for P < 0.001), 

and "NS" denotes no significance.) 

 

We further identified genes with significant 

abnormalities both in transcript expression levels and 

APA events in TNBC. These genes are primarily 

associated with protein synthesis and localization. 

This implies that disruptions in the expression of 

these genes may lead to widespread abnormal protein 

expression, resulting in severe disease phenotypes. 

Among these genes, we found the potential of 

TMED9 as a screening biomarker, with the 

significantly increased expression level and 

decreased poly-A tail length in TNBC. TMED9 is a 

transmembrane protein involved in vesicle 

transport.50 Overexpression of TMED9 is associated 

with poor prognosis in various cancers, including 

breast cancer51,52, hepatocellular carcinoma53, and 

epithelial ovarian cancer.54 Knockdown of TMED9 

can inhibit the proliferation and migration abilities of 

breast cancer cell lines, while its overexpression 

promotes breast cancer progression.51,52 Research by 

Mishra et al. indicates that elevated TMED9 can form 

a positive feedback loop with CNIH4, TGFα, and 

GLI1.55 Specifically, TMED9 and CNIH4 promote the 

synthesis and activity of TGFα and GLI1, while 

TGFα and GLI1 enhance the functions of TMED9 and 

CNIH4.55 Ultimately, the overexpression of TGFα 

and GLI1 promotes the invasion and metastasis of 

breast cancer.56-59 In addition, TMED9 can antagonize 

TMED3, thereby affecting the WNT-TCF signaling 

pathways, which is crucial for cancer development 

and metastasis.55 

Some single nucleotide polymorphisms (SNPs) 

would influence the selection of polyadenylation 

signal (PAS) sites during mRNA maturation, 

resulting in APA events. SNPs can alter PAS sites 

selection by changing the PAS sequence9,25,60, the 

upstream and downstream elements of the PAS9,25,60, 

or the binding sites of RNA-binding proteins 

(RBPs).9,36,61,62 When a different PAS site is selected, 

the interaction between mRNA and RNA polymerase 

II (pol II) can be prematurely terminated or 

extended63-65, subsequently producing mRNAs with 3

′ untranslated regions (3′ UTRs) of varying 

lengths.  

Our study reveals that the G allele of SNP 

rs3749822 can significantly decrease the Poly-A 

length of TMED9 and increase its expression levels. 

We examined the 10 base pairs upstream and 

downstream of the SNP and identified five RBPs that 

may interact with this SNP: CSTF2, CPSF2, CPSF4, 

CPSF7, and MBNL2. CSTF2 (cleavage stimulation 

factor subunit 2) is responsible for promoting the 

selection of proximal polyadenylation sites (PAS), 

thereby shortening the poly-A tail of mRNA.66,67 

CPSF2, CPSF4, and CPSF7 are members of the 

cleavage and polyadenylation specificity factor 

(CPSF) family and are responsible for recognizing 

and binding to PAS sequences.9 MBNL2 

(muscleblind-like splicing factor 2) inhibits PAS site 

selection when located within the PAS site but 

enhances PAS site selection when located upstream 

of it.68 Based on this, we hypothesize that the G allele 

of SNP rs3749822 strengthens the recognition and 

binding of the RBPs, promoting the selection of more 

proximal PAS sites and resulting in a shorter poly-A 

tail of TMED9. Shorter poly-A tails can enhance 

cooperative interactions among ribosomes, thereby 

increasing translation efficiency.69 Additionally, 

poly-A tails can regulate mRNA stability and 

translation by modulating the microRNA (miRNAs) 

binding sites.70 When miRNAs bind to the 3′ 
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untranslated region (3′ UTR) of mRNA, they can 

reduce mRNA translation efficiency and promote 

mRNA degradation.71 Consequently, mRNAs with 

shorter poly-A tails have fewer miRNA binding sites, 

allowing them to escape miRNA regulation and thus 

increase protein expression levels.72 Overall, the G 

allele of SNP rs3749822 can lead to a shorter mRNA 

poly-A tail and a higher expression level of TMED9. 

Given its role in WNT-TCF and GLI pathways55 and 

its presence in multiple cancer types51-54, TMED9, 

along with SNP rs3749822, holds promise as a 

potential biomarker for TNBC screening tests. 

Notably, data from Phase III of the 1000 

Genomes Project73 indicates significant differences 

in the SNP rs3749822 G allele frequency among 

different populations: 0.664 in East Asians, 0.826 in 

North Americans, 0.897 in South Asians, 0.912 in 

Europeans, and 0.986 in Africans. Our study indicates 

that the G allele can elevate the risk of TNBC; 

therefore, individuals of African descent theoretically 

have the highest risk of TNBC. This hypothesis is 

supported by epidemiological studies, which report a 

higher prevalence of TNBC among African women 

compared to other ethnic groups.74-76 Additionally, 

considering the prevalence of the G allele of SNP 

rs3749822, we suggest that this SNP may increase 

susceptibility to TNBC but is not directly pathogenic. 

Therefore, this SNP is more suitable for screening 

purposes rather than disease diagnosis. 

The primary limitation of this study is that the 

participant cohort was predominantly composed of 

individuals from East Asia. Considering the 

significant interethnic differences in the allele 

frequencies of SNP rs3749822, the results of our 

study require further validation in other populations. 

It is necessary to conduct more comprehensive 

analyses that include a broader range of ethnic 

groups, particularly Africans, who exhibit the highest 

allele frequency. 

Furthermore, this study relies on computational 

experiments. Although the findings were cross-

validated with other studies, our study lacks direct 

biological experimental validation. Further 

experiments are required to validate the presence of 

SNP rs3749822 allele G, shortened poly-A tail and 

increased expression level of TMED9 in TNBC 

patients.  

Considering the significant impact of TMED9 

and SNP rs3749822 on TNBC, further research is 

needed to explore their potential in TNBC screening 

and early intervention. Future studies should 

investigate the molecular mechanisms by which SNP 

rs3749822 influences TMED9 Poly-A site selection 

and the subsequent effects on mRNA stability. 

Additionally, clinical studies are necessary to validate 

the utility of TMED9 and SNP rs3749822 as 

biomarkers for TNBC screening tests. 
 

CONCLUSION 

From the analysis based on RNA-seq data of 

TNBC and control tissues, we identified a strong 

association between the SNP rs3749822 allele G, the 

decreased Poly-A length of TMED9, and the 

increased expression level of TMED9.  TMED9 

shows significant upregulation in TNBC, and we 

propose that SNP rs3749822 and TMED9 are 

potential biomarkers for TNBC screening. We also 

discovered that the transcripts differentially 

expressed through APA events in TNBC are 

primarily associated with protein synthesis and 

localization. Our study highlights the correlation 

between SNPs, APA events, and abnormal gene 

expression levels, suggesting further research into 

APA-associated SNPs to identify susceptible 

populations and improve screening methods. 
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