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Abstract
Background  Esophageal carcinoma (ESCA) ranks among the most prevalent malignant tumors globally. Despite 
significant advancements in treatment options and improved patient outcomes, the 5-year survival rate remains 
unsatisfactory. The spindle and kinetochore associated complex subunit 1/2/3 (SKA1/2/3) attached to the kinetochore 
(KT) in the metaphase of mitosis are implicated in the occurrence and development of various tumors. However, 
the expression patterns, diagnostic significance and prognostic implications of SKA1/2/3 in ESCA have not been 
comprehensively determined.

Methods  TCGA, UALCAN, Kaplan-Meier Plotter, and TIMER databases were leveraged to dissect the expression 
patterns, prognostic implications and diagnostic value of SKA1/2/3 in ESCA patients, as well as to investigate the 
potential regulatory mechanism of SKA1/2/3 in the onset and progression of ESCA.

Results  In ESCA, SKA1/2/3 exhibited substantial expression, with higher levels relating significantly with 
clinicopathological features and patient prognosis. Enrichment analysis of genes co-expressed with SKA1/2/3 
highlighted their involvement in the cell cycle, DNA replication and p53 signaling pathway. Protein-protein interaction 
(PPI) analysis identified ten hub genes that were not only markedly upregulated but also portended a poor prognosis 
in ESCA. Additionally, immune infiltration assays uncovered a significant link between SKA1/2/3 expression and the 
immune cell infiltration within ESCA. Silencing of SKA1/2/3 significantly suppresses cell proliferation and migration, 
while concurrently promoting apoptosis in ESCA cells.

Conclusions  SKA1/2/3 may serve as promising biomarkers for the prognosis and diagnosis of ESCA, which holds 
promise as a novel therapeutic target for the disease.
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Introduction
Esophageal carcinoma (ESCA) is among the most com-
monly diagnosed malignant tumors of the digestive 
system globally. The latest statistics indicate that its inci-
dence rate is seventh, while the mortality rate stands sixth 
worldwide. ESCA is categorized into two main patho-
logical subtypes: esophageal adenocarcinoma (EAC) and 
esophageal squamous cell carcinoma (ESCC) [1]. Despite 
the availability of various treatment options for ESCA, 
the 5-year survival rate for patients remains below 20%, 
primarily due to drug resistance and metastatic spread [2, 
3]. Consequently, there is an urgent need to identify early 
diagnostic biomarkers, explore novel therapeutic targets, 
and enhance our understanding of the etiology and pro-
gression of ESCA.

SKA1, SKA2, and SKA3 constitute the spindle and 
kinetochore-associated complex subunit (SKA) fam-
ily, which plays a crucial role in maintaining the attach-
ment between intermediate spindle microtubules and 
centromeres, thereby ensuring the proper comple-
tion of mitosis [4, 5]. Recent research has identified the 
SKA family as a novel group of cancer-related proteins 
implicated in the progression of various malignancies. 
Specifically, SKA1 has been shown to foster the growth 
and invasion of bladder cancer by inhibiting CDK4 and 
Cyclin D1, thereby blocking the activation of ERK2 and 
AKT pathways [6]. In papillary thyroid carcinoma (PTC), 
high expression levels of SKA1 have been correlated 
with poor patient prognosis [7]. In hepatocellular carci-
noma (HCC), SKA2 is highly expressed and can stimulate 
tumor growth and invasion by triggering the b-catenin 
signaling pathway [8]. Furthermore, SKA3 enhances the 
AKT signaling pathway to boost glycolysis and counter-
act the development of laryngeal squamous cell carci-
noma (LSCC), especially in the context of chemotherapy 
resistance. This is achieved by binding to Polo-like kinase 
1 (PLK1), thereby preventing ubiquitin-mediated degra-
dation [9]. Thus, SKA1/2/3 may serve as a prognostic bio-
marker. However, to date, limited research has explored 
the potential significance of SKA1/2/3 in the etiology, 
progression, and prognosis of ESCA.

In this study, we conducted an analysis of SKA1/2/3 
expression in ESCA and investigated its relation with 
clinicopathological characteristics. Subsequently, we 
identified co-expressed genes and explored the poten-
tial underlying biological mechanisms. The aim of our 
research is to generate insights that may contribute to the 
discovery of new biomarkers for the diagnosis and prog-
nosis of ESCA, as well as to identify potential therapeutic 
targets for this disease.

Materials and methods
Expression of SKA1/2/3 in ESCA and its relation with 
clinicopathological features
The UALCAN database ​(​​​h​t​​t​p​:​​/​/​u​a​​l​c​​a​n​.​p​a​t​h​.​u​a​b​.​e​d​u​/​i​
n​d​e​x​.​h​t​m​l​​​​​) is a thorough, interactive and user-friendly 
web tool for studying cancer OMICS data [10]. Log into 
the website, choose “TCGA”, enter “SKA1/2/3”, choose 
“Esophageal carcinoma” from the list of TCGA datas-
ets, and click “Links for analysis” under “Expression” to 
learn more about the expression of SKA1/2/3 in ESCA, 
as well as the relationship between SKA1/2/3 expression 
and clinicopathological features including cancer stage, 
tumor grade and nodal metastasis.

The prognostic significance of SKA1/2/3 in ESCA
The Kaplan-Meier plotter (http://www.kmplot.com) 
combines chip data from GEO, TCGA and other data-
bases to offer predictive data for a variety of cancers [11]. 
To examine the relationship between the expression of 
SKA1/2/3 and the prognosis of ESCA, we performed a 
database search on the K-M plotter platform.

The diagnostic value of SKA1/2/3 in ESCA
To explore the potential diagnostic value of SKA1/2/3 
in ESCA, the R pROC package was utilized. We down-
loaded the RNAseq data of the ESCA project in the 
HTSeq-FPKM format from TCGA database, converted 
to TPM with log2 transformation, then used the ggplot2 
package to analyze and visualize the results to build the 
receiver operating characteristic (ROC) curves.

GO and KEGG enrichment analysis of SKA1/2/3 
co-expressed genes in ESCA
We obtained the data of the ESCA project in TCGA, fil-
tered the sample data, eliminated the samples from the 
control group and the normal group, then performed 
an analysis by the stat package for the R language. The 
ggplot2 was used to depict the 10 genes with the stron-
gest connections. To identify genes with strong associa-
tion with SKA1/2/3, the Pearson correlation coefficients 
(|r| > 0.4 and P < 0.001) were used as screening thresh-
olds. The overlapping of the SKA1/2/3 genes was found 
in the Wayne diagram. To investigate the potential bio-
logical activities and signal transduction pathways of 
SKA1/2/3, we utilized the R language cluster Profiler 
package for gene ontology (GO) and Kyoto encyclopedia 
of genes and genomes (KEGG) enrichment analysis of 
SKA1/2/3-related genes and the org.Hs.eg.db package for 
ID conversion. Visit the BioPlot website ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​c​h​i​
p​l​o​t​.​o​n​l​i​n​e​/​​​​​) to obtain the results.

http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
http://www.kmplot.com
https://www.chiplot.online/
https://www.chiplot.online/
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Construction of PPI network with SKA1/2/3 co-expressed 
genes in ESCA
The STRING database (https://cn.string-db.org) is used 
to anticipate and search the known protein-protein 
interactions (PPI) [12]. The PPI network of genes associ-
ated with SKA1/2/3 was created by STRING (v11.5) and 
Cytoscape (v3.9.1) [13].

Immune infiltration analysis of SKA1/2/3 in ESCA
Download the RNA-seq data and clinical information of 
the ESCA project from TCGA database. Subsequently, 
process the data, excluding normal samples. Extract the 
expression data of SKA1/2/3, and utilize MCP-counter 
and the ssGSEA algorithm from the GSVA package to 
analyze immune cell infiltration.

The TIMER database ​(​​​h​t​​t​p​s​​:​/​/​c​​i​s​​t​r​o​m​e​.​s​h​i​n​y​a​p​p​s​.​i​o​/​t​i​
m​e​r​/​​​​​) contains 10,897 tissue samples and 32 tumors from 
TCGA database [14]. It can comprehensively examine 
both the genes connected to the tumor and the relation-
ship between malignancies and immune cell infiltration. 
We used the TIMER website to search the connection 
between SKA1/2/3 expression and immune infiltration 
in ESCA as well as the distribution of immune subsets in 
ESCA for each copy number.

Clinical sample collection
Tumor and adjacent non-tumorous tissues of 40 patients 
with ESCA, who underwent surgical treatment in the 
Department of Thoracic Surgery, Affiliated Hospital of 
Jining Medical University from Oct 2020 to Sept 2022, 
were collected. This study was approved by the Ethics 
Committee of the Affiliated Hospital of Jining Medical 
University (Approval number 2021-11-C009) in accor-
dance with the Declaration of Helsinki. All 40 ESCA 
patients signed written informed consent and did not 
receive other special treatment before surgery.

Quantitative reverse transcription-polymerase chain 
reaction (qRT- PCR)
Total tissue RNA of patients was collected according to 
the instructions of Trizol kit (Invitrogen), and cDNA was 
synthesized with the reverse transcription kit (Vazyme). 
The expression of SKA1, SKA2 and SKA3 was detected 
by qRT-PCR. GAPDH was used as internal control. 
Primer sequences are as follows.

SKA1 forward: 5’-​C​C​T​G​A​A​C​C​C​G​T​A​A​A​G​A​A​G​C​C​T-3’
SKA1 reverse: 5’-​T​C​A​T​G​T​A​C​G​A​A​G​G​A​A​C​A​C​C​A​T​T​G-3’
SKA2 forward: 5’- ​G​C​C​G​C​A​T​T​T​G​T​G​C​T​A​C​T​G​T​G-3’
SKA2 reverse: 5’- ​C​T​C​T​G​C​C​G​C​A​G​T​T​T​T​C​T​C​T​T-3’
SKA3 forward: 5’- ​T​G​A​G​C​G​G​T​A​C​A​T​C​G​T​A​T​C​C​C​A-3’
SKA3 reverse: 5’- ​G​G​G​G​T​T​A​C​A​A​T​T​A​C​G​G​G​C​T​C​T-3’
GAPDH forward: 5’-​G​G​A​G​C​G​A​G​A​T​C​C​C​T​C​C​A​A​A​A​T-3’
GAPDH reverse: 5’-​G​G​C​T​G​T​T​G​T​C​A​T​A​C​T​T​C​T​C​A​T​G​G-3’

Tissue microarray (TMA)
The ESCA tissues and paracancerous tissues were 
embedded in paraffin. Continuous 4  mm slices were 
dewaxing, plugging, incubating with the primary anti-
body overnight at 4oC; then adding the secondary anti-
body, incubating at room temperature for 2  h, then 
analyzing the signals. The human ESCA tissue microar-
ray was provided by Shanghai Zhuoli Biotechnology Co., 
Ltd. (Shanghai, China), and SKA1/2/3 expression was 
assessed by an automated VisioMorph system (Visio-
pamm ®, Hoersholm, Denmark).

Cell culture and transfection

Si-1 SKA1–Homo-896 S: 5’-​G​G​G​A​G​G​A​C​U​
U​A​C​U​C​G​U​U​A​U​T​T-3’

SKA1 AS: 5’-​A​U​A​A​C​G​A​G​U​A​
A​G​U​C​C​U​C​C​C​T​T-3’

Si-2 SKA1–Homo-621 S: 5’-​C​G​C​U​U​A​A​C​C​U​A​
U​A​A​U​C​A​A​A​T​T-3’
AS: 5’-​U​U​U​G​A​U​U​A​
U​A​G​G​U​U​A​A​G​C​G​T​T-3’

Si-1 SKA2-Homo-65 S: 5’-​C​U​G​A​G​U​C​U​G​A​
U​C​U​G​G​A​U​U​A​T​T-3’

SKA2 AS: 5’-​U​A​A​U​C​C​A​G​A​U​
C​A​G​A​C​U​C​A​G​T​T-3’

Si-2 SKA2-Homo-355 S: 5’-​G​A​G​C​A​A​U​U​C​A​A​
A​U​U​U​C​A​C​A​T​T-3’
AS: 5’-​U​G​U​G​A​A​A​U​U​
U​G​A​A​U​U​G​C​U​C​T​T-3’

Si-1 SKA3-Homo-602 S: 5’-​C​A​G​G​C​A​G​U​G​A​
A​C​A​A​C​U​A​U​A​T​T-3’

SKA3 AS: 5’-​U​A​U​A​G​U​U​G​
U​U​C​A​C​U​G​C​C​U​G​T​T-3’

Si-2 SKA3-Homo-840 S: 5’-​C​C​A​G​G​C​U​C​A​A​U​
G​A​U​A​A​U​G​U​T​T-3’
AS: 5’-​A​C​A​U​U​A​U​C​A​U​
U​G​A​G​C​C​U​G​G​T​T-3’

Human ESCA cell line KYSE-150 and KYSE-450 were 
cultured in a 37oC CO2 incubator using RPMI 1640 
medium supplemented with 10% fetal bovine serum. 
KYSE-150 and KYSE-450 cells were plated in a six-well 
plate, and siRNA was mixed with Lipofectamine 3000 
before adding into the medium for transfection. The 
siRNA sequences for SKA1, SKA2, and SKA3 are as 
follows.

Cell proliferation assay by cell counting kit-8 (CCK-8)
2 × 103 cells were seeded into a 96-well plate after 48  h 
siRNA transfection, and incubated in a standard cell cul-
ture incubator. A 10 µL CCK-8 solution was added to 
each well at 0 h, 24 h, 48 h, and 72 h, followed by incuba-
tion at 37oC for 2 h. The absorbance at 450 nm was ana-
lyzed with standard microplate readers (BioTek, Winsky, 
Vermont, USA).

https://cn.string-db.org
https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
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Scratch wound healing assay
Six-well plates with a cell density of 5 × 105 cells per well 
after siRNA transfection were used. After covering the 
monolayer, the cells were scratched with the 10 µL tips 
of the pipette and washed in PBS. The culture medium 
without FBS was added to continue the culture. The pic-
tures were taken under a microscope at 0 h and 24 h, and 
analyzed by ImageJ software.

Detection of apoptosis by flow cytometry
3 × 105 cells were inoculated in a six-well plate for 
siRNA transfection. The Annexin V+ cells underwent 
apoptosis were detected by flow cytometry after 48  h 
post-transfection.

Statistical analysis
SPSS 20.0 software was used for statistical analysis 
with GraphPad Prism 9 software for graphing. Nor-
mally distributed measurement data are expressed as 
mean ± standard deviation (SD), t-test was performed 
for the intergroup comparison. Rank sum test was used 
to compare the measurement data groups that did not 
conform to normal distribution. P < 0.05 was statistically 
significant.

Results
Expression of SKA1/2/3 in ESCA and its relation with 
clinicopathological features
The mRNA expression of SKA1/2/3 in ESCA was firstly 
investigated by scanning UALCAN database. The findings 
demonstrated that ESCA had considerably high levels of 
SKA1/2/3 expression (P < 0.001) (Fig.  1A-C). Notably, 
SKA1 and SKA2 exhibited significantly elevated expres-
sion levels in ESCC compared to EAC. However, there 
was no significant difference observed in the expres-
sion of SKA3 (Fig.  1D-F). This indicates that SKA1/2/3 
might be connected to the emergence and progression 
of ESCA. The patient characteristics of ESCA provides a 
clear and concise overview of the demographic and clini-
cal features of all the ESCA patients (Table 1 and Supple-
mentary Table 1). The relationship between SKA1/2/3 
expression and clinicopathological characteristics, such 
as tumor stage and lymph node metastasis, was further 
explored. A substantial relation between the expression 
of SKA1/2/3 with clinicopathological stages was discov-
ered. Tumor stage 4 had the highest levels of SKA1/3 
expression, while stage 2 with the highest levels of SKA2 
(Fig.  1G-I). Similarly, there was a relation between the 
expression of SKA1/2/3 and the lymph node metastasis. 
The highest level of SKA1/3 expression was seen in N3, 
and the highest SKA2 in N2 (Fig. 1J-L). Thus, the elevated 
expression of SKA1/2/3 was significantly associated with 
clinicopathological features in ESCA.

The prognostic values of SKA1/2/3 in ESCA
The Kaplan-Meier website was searched to explore the 
prognostic values of SKA1/2/3 in ESCA. Firstly, we ana-
lyzed the relationship between SKA1/2/3 expression and 
EAC overall survival (OS) and recurrence-free survival 
(RFS). The high expression of SKA1 (HR = 2.34, Logrank 
P = 0.05) and SKA3 (HR = 3.21, Logrank P = 0.0015) was 
closely related to adverse OS in EAC patients, while 
SKA2 (HR = 2.01, Logrank P = 0.09) was not signifi-
cantly correlated (Fig.  2A-C). There was no significant 
correlation between the expression of SKA1 (HR = 0.4, 
Logrank P = 0.42), SKA2 (HR = 2.47, Logrank P = 0.42), 
or SKA3 (HR = 3.37, Logrank P = 0.21) with RFS in EAC 
patients (Fig. 2D-F). In ESCC patients, the high expres-
sion of SKA1 (HR = 0.16, Logrank P = 0.0011) and SKA3 
(HR = 0.37, Logrank P = 0.017) were related to favor-
able OS, with no significant relation between SKA2 
(HR = 0.53, Logrank P = 0.13) and ESCC OS (Fig.  2G-I). 
The elevated expression of SKA3 (HR = 2.66, Logrank 
P = 0.037) was linked to poor RFS with no significant rela-
tion between SKA1 (HR = 0.44, Logrank P = 0.081), and 
SKA2 (HR = 2.42, Logrank P = 0.072) (Fig. 2J-L) in ESCC. 
Upon combining ESCC and EAC, we observed no sig-
nificant differences between the high and low expression 
groups of SKA1/2/3, with the exception of the progres-
sion free interval for SKA3 (Supplementary Fig.  1A-I). 
Thus, elevated expression of SKA1/3 is associated with 
poor OS in EAC, yet it surprisingly correlates with favor-
able OS in ESCC. Conversely, high levels of SKA3 expres-
sion are linked to an unfavorable RFS in ESCC.

The diagnostic significance of SKA1/2/3 in ESCA
ROC curves were created to assess the diagnostic util-
ity of SKA1/2/3 in ESCA patients. The area under the 
curve (AUC) is 0.939 (95%CI: 0.861-1.000), 0.936 (95%CI: 
0.864-1.000), and 0.961 (95%CI: 0.918-1.000), respec-
tively (Fig.  3A-C). We also explored the diagnostic val-
ues of SKA1/2/3 in EAC and ESCC. In EAC patients, the 
AUC is 0.917 (95%CI: 0.804-1.000), 0.902 (95%CI: 0.780-
1.000), and 0.960 (95%CI: 0.911-1.000), respectively 
(Fig.  3D-F). In ESCC patients, the AUC is 0.963, 0.988, 
and 0.976, respectively (Fig.  3G-I). Since AUC has low 
accuracy at 0.5 to 0.7, moderate accuracy at 0.7 to 0.9, 
and high accuracy above 0.9, SKA1/2/3 has considerable 
predictive ability for ESCA, no matter whether it’s EAC 
or ESCC.

Construction of PPI network with SKA1/2/3 co-expressed 
genes with exploration of the expression and prognosis of 
the hub genes
We screened out 710 SKA1 co-expressed genes, 410 
SKA2 co-expressed genes, and 712 SKA3 co-expressed 
genes with data from TCGA (Supplementary Table 2). 
The intersection of 204 SKA1/2/3 co-expressed genes 
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Fig. 1  Expression of SKA1/2/3 in ESCA and the relation with clinicopathological features in UALCAN (A-C) Expression of SKA1/2/3 in ESCA. (D-F) SKA1/2/3 
expression based on ESCA histology. (G-I) SKA1/2/3 expression in relation to individual cancer stages. (J-L) SKA1/2/3 expression related to lymph node 
metastasis. *P < 0.05, **P < 0.01; ***P < 0. 001
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was visualized by a Wayne diagram (Fig.  4A). PPI net-
work of the SKA1/2/3 co-expressed genes was built in 
Cytoscape by STRING, with ten hub genes obtained: 
CDK1, CCNB1, CDC45, NDC80, CCNA2, AURKB, 
DLGAP5, RAD51, RFC4, and BUB1B (Fig.  4B). Subse-
quent search on UALCAN revealed that the expression of 
all hub genes was noticeably elevated in ESCA (P < 0.001) 
(Supplementary Fig. 2A-J). To investigate the relationship 
between these hub gene expression and ESCA prognosis, 
we found a substantial correlation between high expres-
sion of CDK1, CCNB1, NDC80, AURKB, DLGAP5, 
RAD51, RFC4, and BUB1B with the unfavorable prog-
nosis of EAC patients, while a significant correlation 
between elevated expression of CDK1, CCNB1, CDC45, 
NDC80, CCNA2, DLGAP5, RAD51, and BUB1B with the 
favorable prognosis of ESCC patients (Supplementary 
Fig. 3).

GO and KEGG enrichment analysis of SKA1/2/3 
co-expressed genes in ESCA
In order to further understand the potential roles of 
SKA1/2/3 in ESCA, we carried out GO and KEGG 
enrichment analysis of SKA1/2/3 co-expressed genes. 
The main biological process of these genes was focused 
on nuclear division, organelle fission, chromosome seg-
regation, and DNA replication. They primarily have 
function in catalytic activity, DNA helicase activity, 
and ATPase activity, with cellular location in the chro-
mosomal region, centromeric region, and kinetochore 
(Fig.  4C-E). KEGG enrichment analysis showed that 
SKA1/2/3 expression is linked to several important path-
ways, such as cell cycle, DNA replication, and p53 signal-
ing pathway (Fig. 4F).

Immuno-infiltration analysis SKA1/2/3 in ESCA
MCP-counter was used to explore the immune cell 
infiltration of SKA1/2/3 in ESCA. Based on SKA1/2/3 
mRNA expression, TCGA samples were split into high 
and low expression groups by median. The MCP-counter 
revealed significant difference in CD8+ T cell, T cell, and 
myeloid dendritic cell infiltration between SKA1 high 
and low expression groups (Fig. 5A). Additionally, differ-
ence in neutrophil and T cell infiltration was observed in 
SKA2 high and low expression groups (Fig. 5B). Further-
more, distinctions in monocyte, NK cell, T cell, myeloid 
dendritic cell, and endothelial cell infiltration was found 
between SKA3 high and low expression groups (Fig. 5C). 
Subsequently, we employed the ssGSEA algorithm and 
Spearman analysis to investigate the correlation between 
SKA1/2/3 expression and the infiltration of 24 distinct 
immune cell types. SKA1 showed strong positive rela-
tion to Th2 and Tgd cells, while negative to mast cells, 
eosinophils, pDC, CD8+ T cells, neutrophils, Th17 cells, 
iDC, cytotoxic cells, T cells, DC, Tem, TFH, B cells, NK ch
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Fig. 2  The prognostic values of SKA1/2/3 in ESCA from Kaplan-Meier plotter. (A-C) The relationship between SKA1/2/3 expression and EAC OS. (D-F) The 
relationship between SKA1/2/3 expression and EAC RFS. (G-I) The relationship between SKA1/2/3 expression and ESCC OS. (J-L) The relationship between 
SKA1/2/3 expression and ESCC RFS
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CD56bright cells, and macrophages. SKA2 revealed 
positive correlation to Th2, Tcm, Tgd, and NK cells, with 
negative to Th17 cells, eosinophils, NK CD56bright cells, 
neutrophils, pDC, mast cells, B cells, CD8+ T cells, Tem, 
TFH, and T cells. SKA3 demonstrated positive asso-
ciation with Th2 cells, while negative with mast cells, 
cytotoxic cells, iDC, CD8+ T cells, DC, pDC, TFH, NK 
CD56dim cells, neutrophils, T cells, macrophages, Tcm, 
Th1 cells, aDC, Treg, NK cells, B cells, and eosinophils 
(Fig. 5D-F, and Supplementary Fig. 4).

In addition, the TIMER database showed that the 
expression of SKA1 was negatively correlated with CD8+ 
T cells, neutrophils, and dendritic cells but not with B 
cells, CD4+ T cells, or macrophages. SKA2 expression 
was positively correlated with macrophages but not with 
B cells, CD8+ T cells, CD4+ T cells, neutrophils, or den-
dritic cells. The expression of SKA3 was positively corre-
lated with B cells while negatively with neutrophils and 
dendritic cells, but not with CD8+ T cells, CD4+ T cells, 
or macrophages (Supplementary Fig.  5A). Moreover, 

Fig. 3  The diagnostic value of SKA1/2/3 in ESCA patients. The ROC curve of SKA1/2/3 in ESCA (A-C), EAC (D-F), and ESCC (G-I)
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Fig. 4  GO and KEGG enrichment analysis of SKA1/2/3 co-expressed genes(A) Intersection of co-expressed genes of SKA1/2/3 in ESCA. (B) PPI network 
of SKA1/2/3 co-expressed genes. Biological process (C), Cellular component (D), Molecular function (E), and KEGG pathway (F) of SKA1/2/3 co-expressed 
genes
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different copy states of SKA1/2/3 have certain effects on 
immune infiltration (Supplementary Fig. 5B-D).

Verification of SKA1/2/3 mRNA and protein expression in 
ESCA specimens
To validate the mRNA and protein expression of 
SKA1/2/3 in ESCA, qRT-PCR and tissue microarray 
analysis (TMA) was performed. The 40 paired ESCA 
and non-cancerous tissues were used to detect SKA1/2/3 

Fig. 5  Immuno-infiltration analysis SKA1/2/3 in ESCA (A-C) Correlation between SKA1/2/3 expression and the infiltration of immune cells by MCP-
counter, and ssGSEA (D-F)
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mRNA levels by qRT-PCR, and the correlation between 
their expressions with clinical pathological features was 
analyzed (Supplementary Table 3). SKA1 was substan-
tially elevated in 24 of the 40 ESCA tissues (P = 0.001). 
The mRNA levels of SKA2 and SKA3 were increased 
in 25 and 27 ESCA tissues with statistical significance 
(SKA2: P = 0.023; SKA3: P = 0.041) (Fig.  6A-C). SKA2 
mRNA expression was significantly correlated with the 
age (P = 0.040), and that of SKA2/3 was significantly 

associated with the tumor size in ESCA patients (SKA2: 
P < 0.001; SKA3: P = 0.004) (Supplementary Table 3).

In addition, the TMA showed that SKA1/2/3 protein 
levels were significantly elevated in ESCA tissues com-
pared to non-cancerous tissues by H-score (Fig.  6D-I). 
Additionally, we have further substantiated our findings 
by conducting an analysis of GSE75241 dataset, com-
prising samples from ESCA and adjacent non-cancerous 
tissues. It revealed that the mRNA expression levels of 
SKA1/2/3 were notably higher in ESCA tissues compared 

Fig. 6  Verification of SKA1/2/3 mRNA and protein expression in ESCA specimens (A-C) Elevated SKA1/2/3 expression in ESCA tissue samples compared 
to non-cancerous tissues. (D-I) Increased SKA1/2/3 protein expression in ESCA tissue samples compared to non-cancerous tissues by TMA
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to the non-cancerous counterparts (Supplementary 
Fig. 6). Thus, SKA1/12/3 represented elevated expression 
in ESCA tissues.

Knockdown of SKA1/2/3 inhibits cell proliferation with 
increased apoptosis in ESCA cells
The expression of SKA1/2/3 was significantly reduced in 
KYSE-150 and KYSE-450 cells upon silencing by siRNA 
transfection (Fig.  7A-C, Supplementary Fig.  7, Supple-
mentary Fig.  8A-C). Cell proliferation assay by CCK-8 
showed that SKA1/2/3 knockdown inhibited cell pro-
liferation in KYSE-150 and KYSE-450 cells (Fig.  7D-F, 
Supplementary Fig.  8D-F). The flow cytometry analy-
sis revealed obviously increased Annexin V+ cells after 
SKA1/2/3 silencing in KYSE-150 and KYSE-450 cells 
(Fig. 7G-H, Supplementary Fig. 8G).

Knockdown of SKA1/2/3 impaired cell migration in ESCA 
cells
The scratch wound healing assays demonstrated that cell 
migration ability was decreased upon SKA1/2/3 silencing 
in KYSE-150 and KYSE-450 cells (Fig. 8A-C, Supplemen-
tary Fig. 9A-C).

Discussion
SKA family genes have been discovered to play a role in 
preserving the integrity of mitosis [15]. Previous reports 
have documented the different expression of SKA1/2/3 
in a variety of malignant tumors, including glioma and 
HCC [16, 17]. SKA1 was discovered significantly highly 
expressed in non-small cell lung cancer (NSCLC) with 
increased cisplatin resistance and lung cancer cell pro-
liferation, invasion and metastasis [18]. Kidney renal 
clear cell carcinoma (KIRC) cells can proliferate, invade, 
and migrate when miR-10a-5p selectively regulates the 
expression of SKA1 [19]. SKA1 can increase the expres-
sion of CDC426 and prevent G2/M transition, promot-
ing pancreatic ductal adenocarcinoma (PAAD) growth 
and migration both in vivo and in vitro [20]. Higher 
SKA2 expression in breast cancer (BC) is substantially 
connected with advanced clinical stage and lymph node 
metastasis, which prevents BC cells from proliferating, 
invading, and undergoing epithelial-mesenchymal tran-
sition (EMT) [21]. SKA2 is strongly expressed in gastric 
cancer (GC) cells and can be suppressed by miR-520a-3p, 
preventing GC cells from proliferation and migration 
[22]. BC patients have elevated SKA3 expression, strongly 
correlated with poor OS, and BC cell growth is inhibited 
by SKA3 knockdown via siRNA transfection [23]. Con-
sequently, SKA1/2/3 exhibits distinct expression patterns 
across various tumor types, potentially influencing the 
initiation and progression of cancer.

Previous research has reported that SKA3 has been 
shown to inhibit EMT, which is a key process in tumor 

progression [24]. Furthermore, the downregulation of 
SKA3 has been associated with decreased cyclin D1 
expression and retinoblastoma phosphorylation, and 
increased p21 level, suggesting a role in cell cycle regu-
lation and potentially tumor suppression [17]. These 
findings highlight the multifaceted nature of SKA1/2/3, 
which can contribute to both cancer progression and 
tumor suppression depending on the cellular context. 
SKA1/2/3, as components of the spindle and kineto-
chore-associated complex, are crucial for stabilizing the 
centromere-attached spindle microtubules during mid-
mitosis, which promotes the completion of mitosis. This 
function is not only critical in cancer progression but 
also has implications for tumor suppression, as improper 
mitotic progression can lead to genomic instability, a 
hallmark of cancer [25]. Moreover, SKA3 has been shown 
to be significantly involved in the processes of chromo-
some cohesion maintenance and silencing of the spindle 
checkpoint during mitosis, which are essential for pre-
venting abnormal cell division and thus have tumor sup-
pressive properties [4, 26, 27].

Our findings corroborate previous research, indicating 
that SKA1/2/3 is significantly overexpressed in malignant 
tumors. The highest expression of SKA1/2 in stage 2 and 
N1 could be attributed to a variety of factors, includ-
ing but not limited to, the heterogeneity of the tumor 
microenvironment, differences in tumor biology at vari-
ous stages, and potential compensatory mechanisms that 
come into play as the disease progresses. Thus, greater 
emphasis will be placed on underscoring the imperative 
for additional research to gain a comprehensive under-
standing of these dynamics. Elevated SKA1 expression 
was linked to poor OS in EAC patients, but with good 
OS in ESCC patients. Higher expression of SKA2 was 
associated with unfavorable OS in EAC patients without 
obvious significance. Increased SKA3 expression was sig-
nificantly linked to poor OS in patients with EAC as well 
as OS and RFS in ESCC patients. Additionally, SKA1/2/3 
can serve as a potential diagnostic factor with remarkably 
high accuracy. Therefore, SKA1/2/3 is expected to be 
a novel biomarker for ESCA, with profound prognostic 
and diagnostic significance.

The relationship between SKA1/2/3 expression levels 
and patient prognosis is intricate and subject to a mul-
titude of influences. These include the tumor microenvi-
ronment, the genetic diversity within the tumor, and the 
non-linear impact of these proteins on tumor develop-
ment. Notably, SKA1/2/3 expression might be influenced 
by both sex and age, which is an important consideration 
for understanding the prognosis and treatment out-
comes in ESCA patients (Supplementary Fig. 10). ESCC’s 
complexity, stemming from its biological heterogene-
ity, can result in diverse responses to treatment and the 
course of the disease. The expression levels of SKA2/3 
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might modulate particular biological pathways that have 
a more significant bearing on RFS than on OS. RFS can 
be affected by treatments administered following the ini-
tial recurrence of the disease. It is plausible that patients 
exhibiting higher levels of SKA2/3 expression could 
derive greater benefits from these subsequent treatments, 
potentially enhancing RFS. However, such improvements 

may not necessarily extend to OS, possibly due to the 
interference of other underlying factors. Furthermore, 
the lead-time bias might account for some of the dispari-
ties observed. Individuals with elevated SKA2/3 expres-
sion might receive an earlier diagnosis, possibly due to 
more rigorous monitoring or biomarker-guided detection 
strategies. This could contribute to better RFS outcomes 

Fig. 7  Knockdown of SKA1/2/3 inhibits cell proliferation with increased apoptosis in ESCA cells (A-C) SKA1/2/3 mRNA expression was significantly re-
duced in KYSE-150 cells upon silencing by siRNA transfection. Cell proliferation was inhibited in KYSE-150 cells detected by CCK-8 assay (D-F). (G-H) Flow 
cytometry analysis showed increased cell apoptosis after Knockdown of SKA1/2/3 by siRNA transfection. **P < 0.01; ***P < 0. 001
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but may not impact OS. The interaction between SKA2/3 
and a range of other biomarkers or genetic elements 
could also differentially affect RFS and OS. This com-
plex interplay might be responsible for the inconsisten-
cies observed between these two endpoints. Our findings 
underscore the need for further research to unravel the 
intricate dynamics at play and to clarify the multifaceted 
role of SKA2/3 in ESCC prognosis.

The ten hub genes identified and selected in our analy-
sis have been previously reported to be associated with 
tumorigenesis. HCC has high expression of CDK1, 
which is strongly associated with patients’ OS. In xeno-
graft tumor models of liver cancer, the CDK1 inhibitor 
RO3306 in combination with sorafenib can considerably 
slow down tumor progression [28]. Cervical cancer can 
be inhibited from occurring and developing by targeting 

Fig. 8  Knockdown of SKA1/2/3 impaired cell migration in ESCA cells (A)-(C) The impaired cell migration of KYSE-150 cells after SKA1/2/3 silencing in 
scratch wound healing assays. *P < 0.05, **P < 0.01; ***P < 0. 001
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miR-495-3p and miR-143-3p through the concise regula-
tion of CDK1 [29]. The reduction in CCNB2 mRNA lev-
els prevents BC cells from proliferation and migration as 
well as from entering the G2/M phase of the cell cycle. 
NSCLC patients have adverse prognoses with CCNB2 
overexpression. The miR-335-5p can regulate CCNB2, 
which in turn affects NSCLC growth, invasion and 
metastasis [30–32]. CCNA2 is a member of the highly 
conserved Cyclin family mostly found in the nucleus, 
with an important cell cycle regulation function linked 
to DNA replication and cell mitosis [33, 34]. CCNA2 is 
crucial in cancer development [35]. The elevated expres-
sion of CCNA2 in triple-negative breast cancer (TNBC) 
enhances cell proliferation, invasion and metastasis. 
Nucleolar and spindle-associated protein1 (NUSAP1) is 
an important mitotic regulator. And the low expression of 
CCNA2 may reduce osteosarcoma cell proliferation and 
cell cycle induction by NUSAP1 [36]. In addition, the cell 
cycle related 7 genes (CDCA7) can increase the CCNA2 
expression, which accelerates the development of ESCC 
[37]. BUB1B is a specific type of spindle-assembly check-
point gene crucial for the occurrence and development 
of BC [38]. Moreover, BUB1B can accelerate the develop-
ment of extra hepatic cholangio carcinoma (EHCC) by 
activating the JNK/c-Jun pathway, and mTORC1 signal-
ing pathway in HCC [39]. Previous report has found that 
BUB1B functions with the zinc finger protein ZNF143 
to control glycolysis, which facilitates lung adenocarci-
noma (LUAD) cells to grow, spread and invade [40]. In 
ESCA, the ten selected hub genes exhibited high levels 
of expression and demonstrated a robust relation with 
patient prognosis.

Additionally, we have procured tissue samples from 
40 ESCA patients and quantified the SKA1/2/3 mRNA 
levels. Our findings indicate that the expression of 
SKA1/2/3 is consistently elevated in ESCA tissues com-
pared to the adjacent non-cancerous tissues. We have 
also conducted an analysis to explore the potential clini-
cal significance of SKA1/2/3 in the etiology and progres-
sion of ESCA, as well as its association with carcinogenic 
signaling pathways. This work aims to offer insights for 
multi-targeted therapies and interventions that target 
SKA1/2/3-mediated pathways. However, there remained 
certain limitations in the present study: (I) The clinical 
sample size is relatively small, which may affect the gen-
eralizability of our findings; (II) A comprehensive under-
standing of the interactions among SKA family members 
and their mechanisms in regulating ESCA development 
and progression is still required; (III) There is an urgent 
need for further molecular-level validation of the func-
tions of SKA1/2/3. Addressing these limitations will be 
crucial for future research endeavors, and we are com-
mitted to expanding upon these preliminary findings to 

advance our understanding of ESCA and to develop more 
effective therapeutic strategies.

In our current study, we have delineated the expression 
patterns of SKA1/2/3 and their association with the clini-
copathological characteristics and prognostic indicators 
of ESCA. Nevertheless, further in-depth research is war-
ranted to elucidate the exact mechanisms through which 
SKA1/2/3 contributes to the initiation and progression of 
ESCA.

Conclusion
Collectively, our findings highlight a significant overex-
pression of SKA1/2/3 in ESCA, with higher expression 
levels strongly correlating with key clinicopathological 
features and patient outcomes. The enhanced expression 
of SKA1/2/3 not only suggests its potential as a prognos-
tic biomarker and diagnostic indicator for ESCA but also 
indicates its promise as a novel therapeutic target. Our 
study may indeed lay the groundwork for future advance-
ments in early detection and the development of more 
effective treatment strategies for ESCA.
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