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A B S T R A C T   

Background: Esophageal cancers are primarily categorized as esophageal squamous cell carcinoma (ESCC) and 
esophageal adenocarcinoma (EAC). While various (epi) genomic alterations associated with tumor development 
in ESCC and EAC have been documented, a comprehensive comparison of the transcriptomes in these two cancer 
subtypes remains lacking. 
Methods: We collected 551 gene expression profiles from publicly available sources, including normal, ESCC, and 
EAC tissues or cell lines. Subsequently, we conducted a systematic analysis to compare the transcriptomes of 
these samples at various levels, including gene expression, promoter activity, alternative splicing (AS), alter-
native polyadenylation (APA), and gene fusion. 
Results: Seven distinct cluster gene expression patterns were identified among the differentially expressed genes 
in normal, ESCC, and EAC tissues. These patterns were enriched in the PI3K-Akt signaling pathway and the 
activation of extracellular matrix organization and exhibited repression of epidermal development. Notably, we 
observed additional genes or unique expression levels enriched in these shared pathways and biological pro-
cesses related to tumor development and immune activation. In addition to the differentially expressed genes, 
there was an enrichment of lncRNA co-expression networks and downregulation of promoter activity associated 
with the repression of epidermal development in both ESCC and EAC. This indicates a common feature between 
these two cancer subtypes. Furthermore, differential AS and APA patterns in ESCC and EAC appear to partially 
affect the expression of host genes associated with bacterial or viral infections in these subtypes. No gene fusions 
were observed between ESCC and EAC, thus highlighting the distinct molecular mechanisms underlying these 
two cancer subtypes. 
Conclusions: We conducted a comprehensive comparison of ESCC and EAC transcriptomes and uncovered shared 
and distinct transcriptomic signatures at multiple levels. These findings suggest that ESCC and EAC may exhibit 
common and unique mechanisms involved in tumorigenesis.   

Abbreviations: ESCC, Esophageal squamous cell carcinoma; EAC, Esophageal adenocarcinoma; LncRNA, Long non-coding RNA; APA, Alternative poly-
adenylation; AS, Alternative splicing; TCGA, The Cancer Genome Atlas; GTEx, The Genotype-Tissue Expression project; CCLE, Broad Institute Cancer Cell Line 
Encyclopedia; NCBI SRA, The Sequence Read Archive of National Center for Biotechnology Information; GENCODE, The reference human genome annotation for 
The ENCODE Project; FDR, False discovery rate; TPM, Transcripts per million; FFPM, Fusion fragments per million; RBP, RNA-binding protein; ECM, Extracellular 
matrix; TME, tumorigenic microenvironment; UTR,, untranslated region. 
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1. Introduction 

Esophageal cancers ranked seventh cancer incidence (604,000 new 
cases) and sixth in cancer mortality (544,000 deaths) in 2020 with a less 
than 20% 5-year survival rate for all patients globally [1,2]. Approxi-
mately 70% of esophageal cancer cases occur in men at 2–3-fold higher 
incidence and mortality rates than in women. Esophageal cancers are 
typically classified as either esophageal squamous cell carcinoma 
(ESCC) or esophageal adenocarcinoma (EAC) based on their histology 
[1,3–5]. ESCC is the most common type and accounts for almost 90% of 
esophageal cancer cases, and typically occurs in the upper- and 
mid-esophagus. It is primarily observed in high-risk areas in middle- and 
low-income regions, such as Asia, Southern Africa, Eastern Africa, 
Northern Europe, and South Central Asia. Suspected risk factors in these 
areas include heavy drinking, smoking, thermal injury, and dietary 
components, such as nutritional deficiencies and nitrosamines [6–9]. 
While EACs tend to be located in the lower esophagus near the gastric 
junction (GEJ) and possess a glandular structure [10], incidences of 
these cancers are rising rapidly in high-income countries (such as the 
United States, Australia, France, and the United Kingdom), in part due to 
increasing risk factors, such as obesity and gastric reflux, that result in 
the precursor state known as Barrett’s esophagus (BE) [2]. Repeated 
insults to the esophageal mucosa by these risk factors result in precan-
cerous lesions with low- and high-grade squamous dysplasia or meta-
plastic epithelial dysplasia that lead to invasive ESCC or EAC [1]. 
Additionally, fungal infections in the oral cavity, including the peri-
odontal pathogens, Tannerella forsythia and Porphyromonas gingivalis, are 
associated with a higher risk of ESCC and EAC, respectively [11,12]. 

Esophageal cancer is often diagnosed at an advanced stage, thus 
leading to limited treatment options, high rates of recurrence and 
metastasis, and poor survival outcomes. However, recent clinical trials 
have demonstrated that neoadjuvant chemoradiotherapy (CRT) or 
perioperative chemotherapy, can help reduce tumor size, improve local 
control, and increase the likelihood of achieving R0 resection, ultimately 
resulting in significant improvements in overall and disease-free sur-
vival rates [13,14]. Furthermore, the use of immune checkpoint in-
hibitors (ICIs) as adjuvant therapy after neoadjuvant CRT and surgery 
has yielded promising results in regard to improving disease-free sur-
vival in patients who have undergone resection for esophageal or 
gastroesophageal junction cancer [15]. However, these clinical studies 
revealed that EAC and ESCC exhibit different responses to various 
neoadjuvant therapies based on their histologic type [13–16]. Further 
investigation is necessary to elucidate the tumor microenvironment 
(TME) and underlying molecular mechanisms of the two subtypes of 
esophageal cancer to improve clinical outcomes. As ESCC and EAC 
exhibit different histology and epidemiology, numerous studies have 
been conducted to identify their distinct molecular signatures, including 
DNA aberrations, epigenetic alterations, and gene expression patterns 
[9,17–24]. Recently, integrated genomic characterizations, including 
somatic copy number alteration (SCNA), DNA methylation, mRNA, and 
microRNA expression, revealed that ESCC was more closely related to 
head and neck squamous carcinoma (HNSCC) and lung squamous cell 
carcinoma (SQCC) and harbored more frequent genomic amplifications 
of CCND1, SOX2/TP63, and KDM6A deletions than did EAC [4,8,10]. 
EAC is highly similar to the chromosomally unstable variant of gastric 
adenocarcinoma with increased amplification of ERBB2, VEGFA, 
GATA4, and GATA6 [10]. 

Currently, RNA-Seq techniques are used to generate gene expression 
profiles to identify abnormal expression patterns in ESCC and EAC [8, 
10,25,26]. For example, lncRNA625 was identified as a novel regulator 
of ESCC cell proliferation, invasion, and migration [25]. The mRNA 
levels of CTSL, COL17A1, KLF4, and E2F3 in EAC cells differed from 
those in BE [26]. Nevertheless, a thorough comparison of the tran-
scriptomic signatures of these two cancer subtypes remains ambiguous. 

In this study, we collected and analyzed 551 transcriptomes from 
both normal and cancerous esophageal tissues, including 316 normal 

tissues，104 EAC and 131 ESCC from the Genotype-Tissue Expression 
(GTEx) [27], the Sequence Read Archive of National Center for 
Biotechnology Information (NCBI SRA) [28], the Broad Institute Cancer 
Cell Line Encyclopedia (CCLE) [29], and the ESCA cohort of The Cancer 
Genome Atlas (TCGA) projects [30]. Subsequently, we conducted a 
comprehensive comparison between the two epidemiologically and 
biologically distinct cancers at coding/noncoding RNA expression, 
promoter activity, AS, APA, and gene fusion levels. Our findings 
revealed shared and unique transcriptomic signatures in regard to the 
tumorigenesis of these two cancer subtypes. 

2. Materials and methods 

2.1. Data collection and pre-processing 

We collected and analyzed 551 gene expression profiles of esopha-
geal tissue using RNA-Seq from the GTEx, NCBI SRA, CCLE, and ESCA 
cohorts of the TCGA project. Among the 551 transcriptomes, per-gene 
read counts for 465 of them were obtained from the UCSC Xena plat-
form, including 271 normal esophageal tissues from GTEx 194 tissues 
from TCGA (13 normal esophageal tissue, 89 EAC, and 92 ESCC) [31]. 
The other accessible raw sequencing datasets consisting of 24 ESCC and 
3 EAC cell lines in CCLE, 15 paired ESCC with matched adjacent normal 
samples, and 12 EAC and 17 normal tissues with accession IDs 
SRP064894 [25] and ERP013206 [26], respectively, were downloaded. 
Low quality reads and adaptors were removed from the raw sequencing 
datasets using fastp (v0.23.3) [32]. Clean reads were aligned to the hg38 
genome using HISAT2 (v2.2.1) [33]. FeatureCounts (v2.0.3) [34] was 
used to calculate the read counts of mRNA and lncRNAs in GENCODE 
(v23) [35]. Furthermore, all 551 read count matrix were merged, and 
ComBat-seq [36] was utilized to eliminate batch effects arising from 
data sourced from different studies. 

2.2. Gene expression profiles 

Genes with counts per million of < 1 in more than 1/3 of samples 
were excluded. Differential expression between cancer and normal 
samples was determined using edgeR (v3.40.2) [37] with a cutoff of 
false discovery rate (FDR) of < 0.05 and an absolute fold change of > 2. 
An in-house script was used to convert the read counts to transcripts per 
million (TPM). Furthermore, ImmuCellAI (http://bioinfo.life.hust.edu. 
cn/ImmuCellAI) [38] was used to predict the abundance of 24 different 
types of immune cells based on a gene set of single samples. To cluster 
the differentially expressed genes, ClusterGVis (v0.1.0) (https://github. 
com/junjunlab/ClusterGVis) was employed. Co-expressed 
lncRNA-mRNA pairs were identified based on Pearson correlation, 
with a threshold of r > 0.75 and FDR < 0.05. The co-expression network 
was visualized using Cytoscape (v3.9.1) [39]. To determine the prog-
nostic effects of gene expression, the R packages survminer (v0.4.9) [40] 
and survival (v3.5.5) [41] were adopted to calculate the log-rank 
p-value using the Kaplan–Meier method and hazard ratios using the 
Cox proportional hazards model based on gene expression levels and the 
clinical information of EAC or ESCC from the ESCA cohort of the TCGA 
project. 

2.3. Promoter activity analysis and alternative promoter detection 

To estimate the promoter activity, proActiv (v1.1.18) [42] was used 
to calculate the read count of each promoter from the raw ESCC 
(SRP064894) and EAC (ERP013206) sequencing datasets. Subsequently, 
the read count matrix of the promoters was imported into edgeR, and the 
differential activity of promoters between normal and tumor groups was 
defined with a cutoff of FDR < 0.05 and an absolute fold change > 2. A 
gene featuring two or more promoters with differential activity and 
differential isoform expression is considered a candidate for alternative 
promoters. 
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2.4. Alternative splicing analysis 

To identify alternative splicing, rMATS (v4.0.2) [43] was adopted for 
ESCC- and EAC-aligned bam files. Alternative splicing was determined 
based on splicing patterns between normal and tumor groups with a 
cutoff of FDR < 0.05 and IncLevelDifference > 0.1. Subsequently, 
alternative splicing events from multiple samples were assessed using 
ggsashimi (v1.1.5) [44]. 

2.5. Alternative polyadenylation detection 

The abundance of typical polyadenylation signal at the 3′UTR was 
calculated using QAPA (v1.3.3) [45]. The differential usage of 

polyadenylation was detected using edgeR with a cutoff of FDR < 0.05, 
and an absolute fold change > 2. Genes with differential poly-
adenylation usage and two or more polyadenylation sites (PAS) were 
selected for APA detection. Shortened or lengthened 3′UTRs were 
defined as greater than 2-fold tumor/normal ratio of proximal PAS 
(pPAS) and distal PAS (dPAS). 

2.6. Gene fusion analysis 

Gene fusions were identified from the RNA-Seq datasets using STAR- 
Fusion (v1.12.0) [46]. "FusionFilter" was used to filter several steps, 
including paralog fusion, promiscuous fusion, "Red herring," and fusion 
expression FFPM < 0.1. Further, gene fusions were annotated using 

Fig. 1. : Differential mRNA expression patterns among normal tissue, EAC and ESCC. A). PCA of the transcriptome of normal tissue, EAC, and ESCC. B) Differentially 
expressed genes between different subgroups. C). Seven clusters based on expression patterns among the three groups. D). KEGG pathway enrichment of different 
group genes based on seven clusters in C. E). GSEA enriched analysis of ECM, PI3K-Akt, and epidermis development. PIK3AP1 expression levels among normal tissue, 
EAC and ESCC are indicated in the right corner. 
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“FusionAnnotator” with 26 public gene fusion databases integrated into 
this package. Both “FusionFilter” and “FusionAnnotator” were packaged 
in the STAR-Fusion pipeline. Finally, gene fusions were visualized using 
chimeraviz (v1.26.0) [47] and Integrative Genomics Viewer (IGV 
v2.12.3) [48]. 

2.7. Motifs and function enrichment analysis 

The script“findMotifs.pl” from homer [49] was implemented to 
perform motif enrichment analysis for transcription factors. 
RNA-binding protein (RBP) motif enrichment around alternative 
splicing sites was performed using the web server rMAPS (http://rmaps. 
cecsresearch.org) [50]. For RNA motif enrichment, DREME [51] (a 
MEME suite, v5.5.3, https://meme-suite.org) was used to identify RNA 
motifs, and TOMTOM [52] was used to quantify the similarity between 
the identified RNA motif and known RBP or miRNA target motifs. 
CentriMo [53] was used to visualize the signals of the predicted motifs 
around PAS site. Gene function enrichment analysis was performed 
using clusterProfiler (v4.6.2) [54]. 

3. Results 

3.1. Abnormally expressed genes displayed both similar and specific 
functions in EAC and ESCC 

We analyzed 551 gene expression profiles of normal and cancerous 
esophageal tissues obtained using RNA-Seq from public databases, 
including 316 normal esophageal, 104 EAC, and 131 ESCC samples. 
After batch-effect removal, principal component analysis (PCA) indi-
cated that the three groups could be separated from each other (Fig. 1A). 
Subsequently, we identified 4309, 4092, 3599, 3559, 3211, and 3313 
differentially expressed mRNAs in the normal tissue (Nor) vs. EAC, Nor 
vs. ESCC, EAC vs. ESCC, Nor vs. EAC&ESCC, Nor and EAC vs. ESCC, and 
Nor and ESCC vs. EAC groups, respectively (Fig. 1B). Among the total 
6854 differentially expressed genes, seven clusters exhibiting distinct 
patterns among the three groups were identified (Fig. 1C). The differ-
entially expressed genes in ESCC and EAC possessed both shared and 
distinct functions, as revealed by biological processes and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrichment analyses 
(Fig. 1D; Figure S1A). Genes in cluster C1 were enriched in several 
tumor-related pathways, including focal adhesion, cell cycle, extracel-
lular matrix (ECM), and the PI3K-Akt signaling pathway. Consistent 
with genomic alterations [10], cell growth and proliferation stimulated 
by the PI3K-Akt signaling pathway in ESCC and EAC may be signifi-
cantly activated at high expression levels (Fig. 1 E). The expression of 
PIK3AP1 was significantly higher in EAC than in normal esophageal 
samples and ESCC (Fig. 1E). ECM-receptor interactions (Fig. 1D, E) and 
ECM-related biological processes were enriched in both ESCC and EAC, 
thus suggesting the TME may be affected by the high ECM gene 
expression [55]. Furthermore, DNA repair-related pathways, such as the 
p53 signaling pathway and mismatch repair, were enriched in cluster 
C7, with high expression levels in both EAC and ESCC. Notably, genes in 
C7 and C6 were enriched in cytokine–cytokine receptor interactions, 
whereas the C6 genes were enriched in immune-related pathways, such 
as chemokine signaling pathway or T cell activation biology processes 
(Fig. 1D; Figure S1A). This suggests that the differential tumor micro-
environments of the two cancer subtypes may result in varying re-
sponses to immunotherapy. 

Compared with that in normal esophageal tissue, the predicted im-
mune cell abundance in EAC and ESCC was significantly higher and 
lower respectively (Figure S1B, C). For example, the abundance of type 1 
regulatory T cells (Tr1), dendritic cells (DC), and macrophages was 
higher in both EAC and ESCC, and the abundance of the three cell types 
in ESCC was the highest among the three groups (Figure S1C). This 
indicated that EAC and ESCC may possess differential TMEs, even 
though both ECM-related genes were upregulated. Additionally, 

activation of both the PI3K-Akt signaling pathway and ECM-related 
pathways was enriched in ESCC and EAC (Fig. 1 D, E). Epidermal 
development was repressed in these two cancer subtypes (Fig. 1D, E; 
Figure S1A). ESCC and EAC exhibit distinct biological processes and 
pathways. For example, the Hippo and WNT signaling pathways were 
specifically enriched in cluster C4, with higher gene expression observed 
in ESCC (Fig. 1D, a; Figure S1A). Cluster C2 genes with higher expression 
levels in the EAC were enriched in digestion-related pathways and 
biological processes (Fig. 1D; Fig S1A). 

We also identified 1159 differentially expressed lncRNAs in normal, 
EAC, and ESCC tissues (Fig. 2A). Among these lncRNAs, 35 genes that 
were involved in esophageal cancer were reported in the lncRNADisease 
database (http://www.rnanut.net/lncrnadisease) [56] (Fig. 2B). 
Furthermore, the co-expression networks of differentially expressed 
lncRNAs and mRNAs included 2923 (323 lncRNAs, 909 mRNAs) and 
4980 (383 lncRNAs and 1218 mRNAs, Pearson’s r > 0.75, FDR<0.05) in 
EAC and ESCC, respectively (Fig. 2C, D). Notably, TINCR and HOTTIP 
were ranked as the most connected in the EAC co-expressed network 
(Fig. 2C). The reduced expression of TINCR in the EAC may result in the 
loss of stability regulation of genes involved in the differentiation of the 
epidermal tissue [57]. HOTTIP, termed as ‘HOXA transcript at the distal 
tip’, was associated with various malignancies, including hepatocellular 
carcinoma, pancreatic cancer, gastric cancer and colorectal cancer [58]. 
Increased expression of HOTTIP may promotes cell proliferation in EAC. 
Meanwhile, several other lncRNAs, such as the antisense gene 
TMPO-AS1, ranked at the top (Fig. 2D), and they promote esophageal 
squamous cell carcinoma progression by forming biomolecular con-
densates with FUS and p300 to regulate TMPO transcription [59]. 
Moreover, genes (lncRNA and mRNA) in the co-expression network 
significantly overlapped with each other (Fig. 2E) and were also 
enriched in epidermal development and cell cycle-related biological 
processes, thus indicating the vital role of lncRNA in the tumorigenesis 
of both cancer subtypes (Fig. 2F). 

Additionally, we identified a number of genes from TCGA that were 
independently correlated with survival in EAC, and ESCC (Table S1). For 
example, higher expression of KRAS and CDX2 was associated with poor 
prognosis in EAC and ESCC (Fig. 3A, B). CD180 is highly expressed in 
ESCC and has been reported to be a prognostic marker for radio-
resistance in ESCC [60]. Additionally, EFNA1 widely affects tumor 
growth by enhancing tumor angiogenesis, malignant cell events, and 
invasiveness in gastrointestinal tumors [61,62], and leads to poor 
prognosis in ESCC. 

3.2. Aberrant promoter activity and alternative promoters in ESCC and 
EAC 

The use of alternative promoters has been associated with patient 
survival [42]. We identified 1913 upregulated and 1977 downregulated 
promoter activities in ESCC and 3008 upregulated and 2798 down-
regulated promoter activities in EAC (Fig. 4A). Considering that alter-
native promoters impact isoform diversity, differentially expressed 
isoforms were detected (2432 upregulated and 2386 downregulated in 
ESCC; 4790 upregulated and 3377 downregulated in EAC) (Fig. 4B). 
Next, promoters exhibiting differentially expressed isoforms in ESCC 
and EAC were compared (Fig. 4C). Notably, downregulated promoter 
activity related genes in ESCC and EAC were also enriched in epidermal 
development, cornification, and keratinization, and this was consistent 
with the downregulated gene expression in these two cancer subtypes 
(Fig. 4D.e). Meanwhile, the promoter activity of more ECM-related 
genes was upregulated in ESCC (Fig. 4D.a; Figure S2.a). Additionally, 
alternative promoters of amoebiasis, human papillomavirus infection, 
measles, influenza A, and pathogenic Escherichia coli (E. coli) 
infection-related genes were observed in ESCC and EAC, thus suggesting 
that the human body respond to foreign parasites or pathogens during 
the developments of esophageal cancer (Figure S2). 

Given the role of promoters in transcriptional regulation, several 
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transcription factor motifs (KLF3, KLF5, EHF, SP2, KLF9, EGR2, and 
KLF4) were observed to be enriched in alternative promoters. (Fig. 4E). 
Consistent with the decreased promoter activity in ESCC, the mRNA 
expression of the transcription factors KLF3, KLF5, and EHF were 
downregulated. In contrast, SP2 and KLF9 were upregulated, whereas 
KLF4 was downregulated in EAC (Fig. 4E). Abnormal expression of the 
SP and KLF transcription factors is involved in the tumorigenesis of 
digestive cancers, including ESCC, EAC, and gastric cancer [63]. The 
epithelium-specific ETS (ESE) transcription factor EHF has been 
demonstrated to be a candidate tumor-suppressor in ESCC [64]. 

In agreement with the transcriptional regulatory role of promoters, 

most genes with one (86% in ESCC, 90% in EAC) or more (84% in ESCC, 
85% in EAC) promoters with differential activity exhibited the same 
change direction (Fig. 4F). For example, the keratinization related gene, 
small proline-rich protein 3 (SPRR3) down-regulated promoter activity 
of prmtr.45969 (promoter ID produced by proActiv package), and its 
gene expression was downregulated in ESCC and EAC (Fig. 4G). E74-like 
factor 2 (ELF2), has been reported to exhibit different functional iso-
forms during hemopoietic cell development [65]. The aberrant pro-
moter activity of ELF2 (altered: prmtr.17013 and prmtr.17014; 
unaltered: prmtr.17010) was selectively present in ESCC with only one 
differential isoform (ENST00000511006.1) exhibiting this change 

Fig. 2. : Differential lncRNA expression patterns between normal tissue, EAC and ESCC. A). Heatmap of differentially expressed lncRNAs in seven clusters. B). Gene 
expression of esophageal cancer-related genes reported in database of lncRNADisease. C, D). Co-expression network of differentially expressed lncRNA and mRNA in 
EAC or ESCC. The “V” shape represents lncRNAs; the Ellipse represents mRNA. The top connected degree lncRNAs or mRNAs were placed in the center. E). 
Overlapped lncRNAs or mRNAs in the co-expression network of EAC and ESCC. F). Biological process enrichment of co-expressed mRNAs in the network of EAC 
and ESCC. 
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Fig. 3. : Gene expression level, survival curve and Hazard ratio of potential biomarkers for prognosis of EAC (KRAS andCDX2) and ESCC (CD180 and EFNA1).  
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Fig. 4. : Comparison of promoter activity in ESCC and EAC. A–B). Distribution of differential promoter activity (A) and isoforms (B) in ESCC and EAC. C). Venn 
diagram of a promoter with differential activity and yielding differentially expressed transcripts in ESCC and EAC. D). Biological process enrichment of genes selected 
from C. E). Motifs of transcriptional factors (TFs) enriched in differential promoter activity regions and the expression level of TFs between ESCC and EAC. F). 
Differential promoter activity (one or more promoters) and expression alterations of their host genes in ESCC and EAC. G). Promoter activity and gene expression of 
SPRR3 in ESCC and EAC. Alternative promoter activity in ELF2 with multiple promoters in ESCC. 
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rather than the total gene expression. This suggests that alternative 
promoters may play a role in the development of esophageal cancers 
(Fig. 4G). 

3.3. Aberrant alternative splicing in ESCC and EAC 

Aberrant RNA alternative splicing (AS) in cancer can act as a driver 
of tumorigenesis [66,67]. We identified 459 differential AS events be-
tween normal and ESCC tissues, including 233 skipped exons (SE), 73 
retained intron (RI), 92 mutually exclusive exons (MXE), 27 alternative 
5′ splice sites (A5SS), and 34 alternative 3′ splice sites (A3SS) events 
(Fig. 5A). In contrast, 506 differential AS events were identified between 
the normal and EAC tissues, including 333 SE, 3 RI, 124 MXE, 22 A5SS, 
and 24 A3SS events (Fig. 5A). However, only 45 genes with differential 
AS events were shared between ESCC and EAC samples (Fig. 5B). These 
genes were enriched in bacterial invasion of epithelial cells and Sal-
monella infection pathways in ESCC and EAC (Fig. 5C; Figure S3). 
Additionally, genes related to base excision repair or the Hippo signaling 
pathway may be affected by AS, particularly in ESCC and EAC. For 

example, an exon skipping event (chr22:29099493–29099554 located 
in the S_TK_c and PKc_like domains involved in protein phosphorylation) 
occurred in the DNA repair gene CHEK2 in ESCC, and exon retention 
(chr11:12864249–12865000 located in the TEA domain involved in 
DNA binding) occurred in the transcription factor TEAD1 in EAC 
(Fig. 5D). Furthermore, the majority of the top 10 rMAPS-predicted 
RBPs involved in AS event formation were present in ESCC and EAC 
with upregulated and downregulated RBP motif scores, respectively 
(Fig. 5E). For example, the PCBP2 motif score was enriched upstream of 
the exon with upregulated AS in ESCC (Fig. 5F). The SFPQ motif score 
was enriched upstream of the exon with downregulated AS in EAC 
(Fig. 5F). PCBP2 and SFPQ are reported involved in virus-mediated 
innate immune responses [68,69]. 

3.4. Abnormal alternative polyadenylation in ESCC and EAC 

APA regulates gene expression by either lengthening or shortening 
the 3′UTR region. Dysregulation of APA has been linked to various 
human diseases, such as cancer [70–72]. We identified 608 differential 

Fig. 5. : Alternative splicing of ESCC and EAC. A). Distribution of alternative splicing types in ESCC and EAC. B). Overlap of AS events in ESCC and EAC. C). 
Biological process enrichment of AS-related genes in ESCC and EAC. D). Visualization of AS in the genes VCL and AFDN. E). Overlap of AS events and differentially 
expressed genes. F). Biological process enrichment of differentially expressed genes with AS events. G). Venn diagram of the top 10 enriched RBPs around AS sites. 
H). Distribution of two RBP motif scores in ESCC and EAC. 
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APAs between normal tissue and ESCC, including 359 lengthened and 
249 shortened 3′UTRs (Fig. 6A left). The typical PAS motifs AAUAA and 
CGKCM were significantly enriched in the dPAS and pPAS regions, 
respectively (Fig. 6A; Figure S3B). Meanwhile, 1160 differential APAs 
were identified between normal tissue and EAC, including 826 length-
ened and 344 shortened 3′UTRs (Fig. 6A right). Similarly, another PAS 
site motif, AWUAAA, was enriched around lengthened dPAS regions. 
Further, a comparison of the APA profiles revealed that most genes 
related to differential APA were specifically occupied in ESCC and EAC 
with a shortened or lengthened 3′UTR (Fig. 6B). These genes were 
enriched in distinct pathways, including the WNT signaling pathway, 
pathogenic E. coli infection, pancreatic cancer, viral carcinogenesis, 
autophagy, the Hippo signaling pathway, and the cell cycle (Fig. 6C; 
Figure S4 A). Around the flanking 200 bp of PAS sites (Figure S4C), the 
top 2 RNA motifs were identified, including AAUAA (− 50− 0) and 
UAMA (–75 to –25) in ESCC lengthened 3′UTR, CSC (–100 to –50) and 
GAGR (–125 to –75) in ESCC shortened 3′UTR, AWUAAA (− 50− 0) and 
RUAUW (–175 to –125) in EAC lengthened 3′UTR, and GGAS (–200 to 
–150), and SRCC (–100 to –50) in EAC shortened 3′UTR (Fig. 6D). 

Moreover, genes with shortened or lengthened APA may affect gene 
expression via RBPs or miRNA binding. We identified 62, 72, 24, and 
134 genes with lengthened or shortened APA with upregulated or 
downregulated gene expression in ESCC (Fig. 6E, left). Additionally, 
189, 153, 62, and 209 events were identified in the EAC (Fig. 6E, right). 
UpSet plot [73] analysis indicated that only a small number of these 
genes were shared between ESCC and EAC (Fig. 6F). The genes from the 
eight groups were observed to be enriched in several group-specific 
KEGG pathways, including human papillomavirus infection, p53 
signaling pathway, bacterial invasion of epithelial cells, hepatitis C, 
pathogenic E. coli infection, ECM-receptor interaction, viral myocarditis, 
Kaposi sarcoma-associated herpes virus infection, the mTOR signaling 
pathway, and the Hippo signaling pathway (Fig. 6G). Several 
group-specific biological processes were identified (Figure S4D). Genes 
that were upregulated with shortened or lengthened 3′UTR were 
enriched in ECM-related biological processes in ESCC and EAC (Fig. 6E; 
Figure S4D). Furthermore, potential RBPs or miRNAs may be involved in 
group-specific lengthened or shortened APA function, including 
AAUAAH, AAUAAA, AAKAAA matched KHDRBS3 or has-miR-126–5p, 
CCAGSCUGG matched has-miR-4673, and AGGCWGGAG matched 
SMAD4A in ESCC or EAC (Figure S4E). Among the 22 core APA RBPs 
[74,75], polyadenylate-binding protein 1 (PABPC1) was downregulated 
in ESCC and EAC. Upregulated cleavage and polyadenylation-specific 
factor 6 (CPSF6) and downregulated protein phosphatase 1 catalytic 
subunit beta (PPP1CB) were occurred in the EAC (Figure S4F). This 
suggests that ESCC and EAC possess different APA profiles. 

3.5. Gene fusions in ESCC and EAC 

Numerous gene fusions have been confirmed to be involved in 
tumorigenesis and represent potential treatment targets [76,77]. Here, 
we identified 23 and 25 fusion gene pairs in ESCC and EAC, respectively 
(Fig. 7 A, B; Table S2). Eight gene fusion pairs from ESCC and six from 
EAC have been reported in public databases. For example, a fusion pair 
(CASC8 -CASC19), ranked first with 49 junction reads and 36 spanning 
fragments, was identified in ESCC(Fig. 7 C; Table S2). Both CASC8 and 
CASC19 are susceptible lncRNAs involved in breast, bladder, and colo-
rectal cancers. The fusion pair (CASC8-CASC19) can be annotated in 
both "TCGA_StarF2019" and "CCLE_StarF2019". CCT2-DYRK2 and 
ERBB3–EGFR were identified in EAC (Fig. 7D). The CCT2-DYRK2 fusion 
ranked first with 351 junction reads and 38 spanning fragments and may 
form a new protein with the Cpn60_TCP1 domain of CCT2 and the ki-
nase domain of DYRK2 (Fig. 7D; Table S2). Dual-specificity tyrosine 
phosphorylation regulated-kinase 2 (DYRK2) belongs to a family of 
protein kinases involved in the regulation of the cell cycle, cell prolif-
eration, apoptosis, cellular growth, or development through the phos-
phorylating of its target genes, such as TP53, TERT, MYC, and JUN. 

Amplification and overexpression of DYRK2 has been reported in the 
lung and esophagus adenocarcinomas [78]. ERBB3 (HER3) and EGFR 
(HER1) can form a heterodimeric complex [79]. Both ERBB3 and EGFR, 
which belong to the epidermal growth factor receptor family, are 
involved in the tumorigenesis of EAC [79,80]. Furthermore, no fusion 
genes were observed to be common between ESCC and EAC, thus indi-
cating a specific role for gene fusion formation and their potential 
function in the development of these two cancer subtypes. 

4. Discussion 

We comprehensively compared the transcriptome characterization 
of ESCC and EAC at multiple levels, including aberrant mRNA and 
lncRNA expression, promoter activity, AS, APA, and gene fusion. First, 
ESCC and EAC share numerous differentially expressed genes that are 
enriched in the PI3K-Akt signaling pathway, ECM-related processes 
activation, and epidermal development repression. Additional ESCC- 
specific genes were enriched in the activation of the PI3K-Akt 
pathway and ECM-related processes. Additionally, the promoter activ-
ities of a greater number of ECM-related genes were upregulated in 
ESCC. In the activated ECM-related pathways and biological processes, 
the immune environment may be altered in ESCC and EAC. Genes 
belonging to the C6 cluster with higher expression levels in the EAC 
were enriched in the chemokine signaling pathway and biological pro-
cesses related to T-cell activation. Furthermore, the prediction of im-
mune cell abundance revealed that several immune cell types were 
significantly higher or lower in cancer tissues than in normal esophageal 
tissues. Significant differences in the abundance of a number of immune 
cell types were also observed between ESCC and EAC. This indicated 
that both the two cancer subtypes possessed their distinct TMEs. In 
recent years, there has been a surge in the development of neoadjuvant 
immunotherapy and chemoradiotherapy along with numerous clinical 
trials. To improve clinical outcomes with appropriate treatment of the 
two esophageal cancer subtypes, further investigation is necessary to 
elucidate the TME and the underlying response or non-response mo-
lecular mechanisms [13–15]. Single-cell RNA-Seq (scRNA-Seq) has 
successfully revealed the components of TME in breast cancer [81]. To 
decode cell types in ESCC or EAC, scRNA-Seq may provide detailed cell 
populations of both two subtype cancers in the future. We also observed 
that the esophageal cancer cell lines from CCLE exhibited lower abun-
dance of immune cells compared to cancer tissues. This suggests that the 
cultured ESCC and EAC cancer cell lines lose the real immune envi-
ronment acquired from esophageal cancer tissues of the patient. 

Meanwhile, the repression of epidermal development and its related 
biological processes occurred under several conditions, including gene 
expression, lncRNA co-expression network, and downregulated pro-
moter activity, thus suggesting that a common feature of epidermal 
development repression occurs in esophageal cancer development. 
Although most gene expression profiles were generated by poly A tail- 
enriched RNA-Seq with detection limitations of lncRNAs, several 
lncRNAs possessing poly A tails have also been identified in ESCC or 
EAC. These co-expressed lncRNAs may participate in the cell cycle and 
epidermal development in EAC and ESCC. To comprehensively reveal 
the role of lncRNAs in ESCC and EAC, additional total RNA-Seq should 
be performed, and a higher abundance of lncRNAs should be acquired in 
the future. 

Moreover, the identification of differentially enriched transcription 
factors from regions exhibiting aberrant promoter activity indicated 
similar and distinct potential regulation of gene expression at the tran-
scriptional level in ESCC and EAC. Additionally, alternative splicing and 
APA events in ESCC and EAC exhibited more distinct patterns than those 
of their shared counterparts, including functional enrichment. These 
events also involve RBPs. Furthermore, no gene fusion was found to be 
observed between the two cancer subtypes during gene fusion analysis. 
Additionally, we observed that aberrant differentially expressed genes, 
promoter activity, alternative splicing, and APA event-related genes 
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Fig. 6. : Comparison of the alternative polyadenylation (APA) profiles of ESCC and EAC. A). The APA profiles of ESCC and EAC. Top enriched motifs of distal and 
proximal PAS regions. B). Venn diagram of genes with shortened and lengthened 3′UTRs in ESCC and EAC. C). KEGG pathway enrichment of genes with shortened or 
lengthened 3′UTRs in ESCC and EAC. D). Top two enriched RNA motifs around the shortened or lengthened 3′UTRs in ESCC and EAC. E). APA and expression 
alterations of their host gene in ESCC and EAC. F). Upset plot of genes related to E. G). KEGG pathway enrichment of genes from E. 
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were enriched in several viral or bacterial infections in ESCC and EAC. A 
previous study reported that oral microbiome composition could reflect 
the prospective risk of esophageal cancers [11,82]. Microbial metabo-
lites inhibit splicing [67]. For example, the Herpes simplex virus (HSV) 
ICP27 can regulate both the alternative splicing and polyadenylation of 
pre-mRNA in a sequence-dependent manner [83]. This suggests that 
certain foreign parasites or pathogens may cause aberrant gene 
expression and AS and APA events in the context of ESCC and EAC. 

5. Conclusions 

Therefore, our analysis results offer a comprehensive characteriza-
tion of multiple shared and distinct signatures in the transcriptomes of 
ESCC and EAC, including gene expression, promoter activity, alternative 
splicing, polyadenylation, and gene fusion. This study revealed the po-
tential mechanisms underlying aberrant events and their effects on 
tumorigenesis in ESCC and EAC. These findings pave the way for the 
development of effective diagnostic and therapeutic approaches for 
ESCC and EAC. 
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Fig. 7. Gene fusion of ESCC and EAC. A–B). Circos plot of gene fusions in ESCC (left) and EAC (right). Gene fusions within the same or different chromosomes were 
highlighted in red or blue, respectively. A thicker line indicates more reads supporting the connection. C–D). Visualization of the gene fusions CASC19-CASC8 in 
ESCC and CCT2-DYRK2 and ERBB3-EGFR in EAC. Junction reads and spanning reads from + strand and – strand were visualized by IGV with red and blue, 
respectively. 
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