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Abstract: Gastric cancer (GC) is the third leading cause of cancer-related death worldwide. Due to
the lack of early symptoms, GC is often diagnosed at an advanced stage when treatment options are
limited. There is an urgent need to identify biomarkers for early detection, prognosis evaluation,
and targeted treatment of GC. Studies have shown that Src kinase-associated phosphoprotein 1
(SKAP1) promotes cell proliferation and invasion and is associated with poor prognosis in colorectal
cancer, malignant fibrous histiocytoma, and breast cancer. However, the role and mechanism of
SKAP1 in GC are unclear. Here, analyses of multiple databases and experiments revealed that
SKAP1 expression was higher in GC than in adjacent normal tissues. The Cancer Genome Atlas data
showed that high SKAP1 expression was associated with poor GC prognosis. SKAP1 expression
was higher in GC than in normal gastric epithelial cells. SKAP1 silencing reduced the proliferation,
migration and invasion of the GC cell lines MKN45 and HGC27. Rescue experiments suggest that
SKAP1 may promote GC progression by activating JAK1/PI3K/AKT signaling and regulating GC
cell proliferation, invasion, migration, and other functions. Bioinformatics analysis revealed that
SKAP1 was associated with immune cell infiltration and checkpoint expression in GC. High SKAP1
expression was associated with poorer immunotherapy outcomes, suggesting its potential as a
predictive biomarker of GC immunotherapy efficacy. In summary, SKAP1 is overexpressed in GC,
where it promotes cell proliferation, invasion and migration and is associated with poor prognosis
and poor immunotherapy outcomes. SKAP1 may represent a biomarker and therapeutic target in GC
and regulates cellular functions through JAK1/PI3K/AKT signaling.

Keywords: gastric cancer; SKAP1; JAK/PI3K/AKT axis; proliferation; invasion; migration; immunity

1. Introduction

Gastric cancer (GC) is the fourth leading cause of death among malignant tumors
globally; accounting for 7.7% of all cancer-related deaths, after lung cancer, colorectal
cancer, and liver cancer. It poses a severe threat to human physical and mental health
and presents significant social and economic burdens [1]. Despite the effective control of
Helicobacter pylori infection in recent decades and significant advances in early diagnosis
and treatment, GC remains associated with poor prognosis and a low 5-year survival
rate [2,3]. Consequently, elucidating the molecular mechanisms of GC is urgently needed
to develop precise diagnostics and therapies, especially for patients with advanced and
inoperable disease.
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Abnormal gene expression in GC may be involved in tumor occurrence and progres-
sion, leading to poor outcomes. [4] Through bioinformatics analysis and a comprehensive
literature review, we identified a gene called SKAP1 (Src kinase-associated phosphopro-
tein 1), which may be associated with the occurrence and development of GC. SKAP1, also
known as SKAP55 or HEL-S-81p, belongs to the Src kinase family and encodes an intracel-
lular T-cell adaptor protein [5]. Although it lacks enzymatic activity, it possesses modular
domains that recruit other proteins. SKAP proteins include SKAP1 [6] or SKAP55 [7] and
SKAP2 [8] or SKAP-HOM/SKAP-55R [9,10]. They share dimerization (DM), pleckstrin
homology (PH) and C-terminal Src homology 3 (SH3) domains, with 44% sequence identity,
especially in the PH and SH3 domains [9,10]. In various cancers, such as non-small cell
lung cancer and breast cancer, both SKAP1 and SKAP2 are upregulated, promoting tumor
progression, although their underlying mechanisms remain unclear [11–14]. Moreover,
SKAP1 has been implicated in the regulation of cell cycle progression and proliferation. It
has been identified as a substrate of polo-like kinase 1 (PLK1). PLK1 controls crucial cellular
processes, including mitosis, spindle assembly, chromosome separation, DNA replication,
cytokinesis, and meiosis. Overexpression of PLK1 has been observed in neuroblastoma,
colorectal cancer, and GC and correlates with poor prognosis. PLK1 phosphorylates SKAP1
at serine 31, and together, they interact to regulate T-cell proliferation [15–20]. Furthermore,
increased expression of SKAP1 has been detected in colorectal cancer tissues and cells,
where it not only plays a pivotal role in promoting cell invasion and metastasis but also
serves as a prognostic marker for poor outcomes in colorectal cancer patients [21].

Some studies have shown that SKAP1 is involved in immune responses. Decreased
expression of SKAP1 impairs T-cell tumor responses, resulting in decreased tumor im-
munosurveillance and an increased risk of endometrial cancer [22]. Deleting the SH3 or
DM domain of SKAP1 impairs SLP-76 cluster formation and reduces T-cell binding to
intercellular adhesion molecule-1 and antigen-presenting cells [23–25]. SKAP1 and ankle
protein bind lymphocyte function-associated antigen 1 alpha and beta chains, activating T-
cell transendothelial migration [26]. SKAP1 also activates lymphocyte function-associated
antigen 1 through T-cell receptor-mediated “inside-out” signaling by forming a SKAP1-
RapL-Rap1 complex, stimulating lymphocyte adhesion and homing [24,27].

Despite these findings, the specific role and regulatory mechanism of SKAP1 in GC
development and progression remain unclear. In this study, we assessed the expression
levels of SKAP1 in GC tissues and adjacent normal tissues, analyzed the relationship
between SKAP1 expression levels and the clinicopathological parameters of GC patients,
and evaluated its prognostic value. We also investigated the expression of SKAP1 in GC
cells and its role in cell proliferation, migration, and invasion, as well as its potential
mechanisms. Furthermore, we examined the involvement of SKAP1 in GC immunity. The
findings from this study may help to identify a new tumor biomarker and provide new
insights into diagnosis and treatment.

2. Results
2.1. High Expression of SKAP1 in GC Tissue

To elucidate the expression levels of SKAP1 in various cancer types, we conducted an
analysis using Tumor Immune Estimation Resource (TIMER). Our results demonstrated a
marked upregulation of SKAP1 in digestive tract tumors, including stomach adenocarci-
noma (STAD), esophageal carcinoma (ESCA), colon adenocarcinoma (COAD), and rectal
adenocarcinoma (READ), compared to the corresponding controls (p < 0.05, Figure 1A).
These findings strongly indicate the potential involvement of SKAP1 in the development
and progression of digestive tract tumors. To further explore the role of SKAP1 in GC,
we analyzed the The Cancer Genome Atlas (TCGA) GC dataset and Gene Expression
Omnibus (GEO) dataset (GSE54129) and found that SKAP1 was significantly upregulated
in GC tissues vs. normal tissues (p < 0.05, Figure 1B–D). This finding reveals that SKAP1 is
possibly associated with tumor progression.
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To validate these findings, we collected 21 clinicopathologically confirmed GC tissue 
samples and performed Western blotting and qPCR experiments to detect SKAP1 expres-
sion levels. The results showed that the expression of SKAP1 in GC tissues was signifi-
cantly higher than that in adjacent tissues (p < 0.01, Figure 1E–G). These findings support 
the hypothesis that SKAP1 is involved in GC development and progression. 

Figure 1. SKAP1 is overexpressed in GC tissue. (A) SKAP1 expression across different cancers from
the TIMER database, with tumor tissue in red and normal tissue in blue. Gastrointestinal tumors are
marked by red boxes. (B,C) SKAP1 expression in GC based on the TCGA dataset. (B) shows SKAP1
expression in GC and normal tissue and (C) shows SKAP1 expression in paired GC and adjacent
tissue from TCGA. (D) SKAP1 expression in GC based on the GEO dataset (GSE54129). (E,F) SKAP1
mRNA levels in 21 pairs of GC and adjacent tissues. (G) SKAP1 protein levels in GC and adjacent
tissues by Western blot analysis (8 representative samples). ** p < 0.01, *** p < 0.001.

To validate these findings, we collected 21 clinicopathologically confirmed GC tissue
samples and performed Western blotting and qPCR experiments to detect SKAP1 expres-
sion levels. The results showed that the expression of SKAP1 in GC tissues was significantly
higher than that in adjacent tissues (p < 0.01, Figure 1E–G). These findings support the
hypothesis that SKAP1 is involved in GC development and progression.
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2.2. Relationship between SKAP1 and Clinicopathological Parameters and Prognosis of GC
Patients

In the present study, we investigated the relationship between SKAP1 expression
and clinicopathological parameters as well as the prognosis of GC patients. Using the
TCGA database, we found that SKAP1 expression was significantly associated with
the tumor stage (T stage) and tumor differentiation grade (grade) of patients but not
with patient age, gender, stage, or metastasis (N, M) (Figure 2A). Moreover, patients
with high SKAP1 expression had significantly shorter overall survival (OS) (HR = 1.57,
95% CI = 1.27~1.93, p = 2.4 × 10−5), postprogression survival (PPS) (HR = 1.74,
95% CI = 1.36~2.23, p = 7.9 × 10−6), and progression-free survival (PFS) (HR = 1.41,
95% CI = 1.12~1.76, p = 0.0027) than those with low SKAP1 expression (p < 0.05, Figure 2B).
The above results suggest that high SKAP1 expression may be an adverse prognostic factor
in GC.
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Figure 2. Bioinformatic analysis of SKAP1 expression and its association with GC prognosis and
potential mechanisms. (A) SKAP1 expression and its correlation with tumor grade, tumor status,
age, gender, stage and metastasis (N, M stage) based on the TCGA-STAD dataset. (B) SKAP1
expression and its correlation with overall survival, postprogression survival, and progression-free
survival in GC patients from Kaplan–Meier Plotter. The red survival curve belongs to the SKAP1
high-expression group, while the black one belongs to the SKAP1 low-expression group. (C) GSEA
enrichment pathways (JAK/STAT signaling, PI3K/AKT signaling, T-cell receptor signaling, Toll-like
receptor signaling) in datasets with high or low SKAP1 expression. The statistical significance is
indicated as ns (no significance), * p < 0.05.
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2.3. Bioinformatics Prediction of the Possible Mechanism by Which SKAP1 Regulates
GC Progression

To elucidate the mechanism by which SKAP1 regulates GC progression, we conducted
Gene Set Enrichment Analysis (GSEA) on a cohort of patients stratified based on SKAP1
expression levels (high vs. low with the median SKAP1 expression value as the cutoff).
Our analysis identified significant enrichment of the JAK-STAT pathway and PI3K-AKT
pathway in the high-SKAP1 expression group, as demonstrated graphically in Figure 2C.
Moreover, high SKAP1 expression was correlated with a range of proliferation-associated bi-
ological processes, including MYC targets, E2F targets, G2M cell cycle checkpoints, spindle
formation, and DNA repair, among others (Figure S1A–F). In addition, our findings indicate
the potential involvement of SKAP1 in various immune-related signaling pathways, such as
T-cell receptor signaling, Toll-like receptor signaling (Figure 2C), the intestinal immune net-
work for IgA production, antigen processing and presentation, natural killer cell-mediated
cytotoxicity, primary immunodeficiency, and B-cell receptor signaling (Figure S1G–K).

2.4. Effect of Silencing SKAP1 on GC Cell Biology

To explore the impact of SKAP1 on the biological behavior of GC cells, we first exam-
ined the RNA and protein levels of SKAP1 in gastric mucosal epithelial cells (GES-1) and
GC cells via Western blotting and qPCR experiments. Our findings revealed substantially
higher expression of SKAP1 in GC cells than in normal gastric mucosal epithelial cells
(Figure 3A,B). As such, we selected MKN45 and HGC27 cell lines with high SKAP1 expres-
sion for transfection of siRNA targeting SKAP1. Quantification of SKAP1 transcript and
protein levels following transfection with three different siRNAs, each of which specifically
targeted binding sites on SKAP1, revealed a significant decrease in SKAP1 expression
compared to that in the negative control (NC) group (Figure 3C–F). Among the siRNAs
tested, siSKAP1-2 and siSKAP1-3 had greater silencing efficacy than siSKAP1-1, and these
two siRNAs were used for subsequent experiments.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 20 
 

 

2.3. Bioinformatics Prediction of the Possible Mechanism by Which SKAP1 Regulates GC 
Progression 

To elucidate the mechanism by which SKAP1 regulates GC progression, we con-
ducted Gene Set Enrichment Analysis (GSEA) on a cohort of patients stratified based on 
SKAP1 expression levels (high vs. low with the median SKAP1 expression value as the 
cutoff). Our analysis identified significant enrichment of the JAK-STAT pathway and 
PI3K-AKT pathway in the high-SKAP1 expression group, as demonstrated graphically in 
Figure 2C. Moreover, high SKAP1 expression was correlated with a range of proliferation-
associated biological processes, including MYC targets, E2F targets, G2M cell cycle check-
points, spindle formation, and DNA repair, among others (Figure S1A–F). In addition, our 
findings indicate the potential involvement of SKAP1 in various immune-related signal-
ing pathways, such as T-cell receptor signaling, Toll-like receptor signaling (Figure 2C), 
the intestinal immune network for IgA production, antigen processing and presentation, 
natural killer cell-mediated cytotoxicity, primary immunodeficiency, and B-cell receptor 
signaling (Figure S1G–K). 

2.4. Effect of Silencing SKAP1 on GC Cell Biology 
To explore the impact of SKAP1 on the biological behavior of GC cells, we first ex-

amined the RNA and protein levels of SKAP1 in gastric mucosal epithelial cells (GES-1) 
and GC cells via Western blotting and qPCR experiments. Our findings revealed substan-
tially higher expression of SKAP1 in GC cells than in normal gastric mucosal epithelial 
cells (Figure 3A–B). As such, we selected MKN45 and HGC27 cell lines with high SKAP1 
expression for transfection of siRNA targeting SKAP1. Quantification of SKAP1 transcript 
and protein levels following transfection with three different siRNAs, each of which spe-
cifically targeted binding sites on SKAP1, revealed a significant decrease in SKAP1 ex-
pression compared to that in the negative control (NC) group (Figure 3C–F). Among the 
siRNAs tested, siSKAP1-2 and siSKAP1-3 had greater silencing efficacy than siSKAP1-1, 
and these two siRNAs were used for subsequent experiments. 

 
Figure 3. qPCR and Western blot analysis of SKAP1 expression and siRNA knockdown efficiency 
in GC cell lines. (A) SKAP1 mRNA levels in normal gastric epithelial cells (GES-1) and GC cells. (B) 
Figure 3. qPCR and Western blot analysis of SKAP1 expression and siRNA knockdown efficiency
in GC cell lines. (A) SKAP1 mRNA levels in normal gastric epithelial cells (GES-1) and GC cells.
(B) SKAP1 protein levels in normal gastric epithelial cells and GC cells. (C,F) qPCR and WB validation
of SKAP1 knockdown efficiency in MKN45 cells (C,D) and HGC27 cells (E,F). Negative control (NC)
cells represent cells transfected with a scrambled siRNA, while S1, S2, and S3 represent siSKAP1-1-,
siSKAP1-2-, and siSKAP1-3-transfected cells, respectively. ** p < 0.01, *** p < 0.001. The experiment
was repeated independently three times.
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MTS cell proliferation experiments revealed that the proliferation ability of MKN45 and
HGC27 cells was significantly lower in the SKAP1 knockdown group than in their respec-
tive NC groups (p < 0.05, Figure 4A). EdU is a thymidine analog that can replace thymidine
(T) during DNA replication and incorporate into the growing DNA molecule. Based on
the specific reaction between Apollo® fluorescent dye and EdU, DNA replication activity
can be directly and accurately detected. Similarly, EdU assays demonstrated that DNA
synthesis activity was considerably reduced in cells in the SKAP1 silencing group compared
to the NC group (Figure 4B), while colony formation assays demonstrated that the number
of colonies generated by cells with SKAP1 knockdown expression was significantly less
than the number generated by NC group cells (Figure 4C). In addition, we detected cell
apoptosis using an Annexin V-PE/7AAD apoptosis detection kit. The results indicated
a significant increase in cell apoptosis after SKAP1 knockdown in MKN45 cells, whereas
SKAP1 silencing did not have a significant impact on apoptosis levels in HGC27 cells
(Figure 5A). These findings suggest that the effect of SKAP1 on cell apoptosis is not con-
sistent in different GC cell lines, possibly due to heterogeneity arising from different
cell sources. Additionally, Transwell assays demonstrated significant suppression of the
invasive and migratory capabilities of both MKN45 and HGC27 cells following SKAP1
knockdown (p < 0.05, Figure 5B). Overall, our results indicate that silencing SKAP1 ef-
fectively inhibits the proliferation, invasion, and migration of GC cells, underscoring the
potential value of SKAP1 as a diagnostic and therapeutic target for GC.

2.5. SKAP1 Regulates the JAK1/PI3K/AKT Signaling Axis in GC Cells

The previous GSEA enrichment analysis revealed significant enrichment of the JAK
STAT and PI3K/AKT pathways in the high SKAP1 expression group. To further investigate
the regulatory mechanism underlying the effect of SKAP1 on GC cells, we conducted
quantitative measurement of the mRNA and protein levels of key molecules in these
pathways. Subsequent qPCR analysis demonstrated downregulation of JAK1 mRNA levels
in MKN45 cells, as well as decreased mRNA levels of PIK3CA and PIK3CD, following
SKAP1 silencing (Figure S2). As JAK can activate the PI3K-AKT signaling pathway directly
without STAT [28], we inferred that SKAP1 can modulate the JAK/PI3K/AKT signaling
pathway to influence the biological function of GC cells. Further Western blot analysis
confirmed that silencing SKAP1 led to significantly reduced protein expression of JAK1
and P-JAK1, as well as decreased expression of P-PI3K and P-AKT compared to that in the
control group (Figure 6A).

To explore whether SKAP1 regulates the biological behavior of GC cells through the
JAK1/PI3K/AKT signaling axis, we added a PI3K agonist (740Y-P, 20 µg/mL) to SKAP1-
siRNA-transfected GC cells and measured the protein expression levels by Western blotting.
The results indicated that silencing SKAP1 led to a significant reduction in JAK1 and P-JAK1
expression, as well as decreased expression of P-PI3K and P-AKT relative to total PI3K and
AKT. However, after adding the PI3K agonist, the protein expression levels of P-PI3K and
P-AKT were increased, while JAK1 and P-JAK1 levels remained unchanged (Figure 6B).
These results suggest that SKAP1 may modulate the JAK1/PI3K/AKT signaling axis in
GC cells and targeting that this pathway could be a potential therapeutic strategy for
GC treatment.
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Figure 4. Inhibition of SKAP1 suppresses GC cell proliferation. (A) MTS assay showing the growth
curve of MKN45 and HGC27 cells; (B) EdU assay detecting the proliferation rate of MKN45 and
HGC27 cells (200×); (C) colony formation assay evaluating the colony-forming ability of MKN45 and
HGC27 cells. NC represents cells transfected with a scrambled siRNA, while S1, S2, and S3 represent
siSKAP1-1-, siSKAP1-2-, and siSKAP1-3-transfected cells, respectively. ** p < 0.01, *** p < 0.001. The
experiments were repeated independently three times with similar results.
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Figure 5. Silencing SKAP1 induces apoptosis and inhibits the invasion/migration of GC cells.
(A) Flow cytometry analysis detecting the apoptotic rate of MKN45 and HGC27 cells; (B) Transwell
migration and invasion assays assessing the invasion and migration abilities of MKN45 and HGC27
cells. NC represents cells transfected with a scrambled siRNA, while S1, S2, and S3 represent siSKAP1-
1-, siSKAP1-2-, and siSKAP1-3-transfected cells, respectively (100×). The statistical significance is
indicated as ns (no significance), ** p < 0.01, *** p < 0.001. All experiments were repeated three times
with similar results.
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Figure 6. SKAP1 modulates the JAK1/PI3K/AKT signaling pathway in GC cells. (A) Western
blot analysis measuring the levels of JAK1, PI3K, AKT, and their phosphorylated proteins after
SKAP1 knockdown. (B) Western blot analysis detecting the levels of JAK1, PI3K, AKT, and their
phosphorylated proteins after treatment with the PI3K activator 740Y-P (20 µg/mL). NC represents
cells transfected with a scrambled siRNA, while S2 and S3 represent siSKAP1-2- and siSKAP2-3-
transfected cells, respectively. S2+740Y-P represents siSKAP1-2+PI3K activator-treated cells. All
experiments were repeated three times.

2.6. Effect of a PI3K Agonist on the SKAP1-Regulated Biological Behavior of GC Cells

To further explore whether SKAP1 regulates GC cell biological behavior via the
JAK1/PI3K/AKT signaling axis, we added a PI3K agonist (740Y-P, 20 µg/mL) to SKAP1-
siRNA-transfected GC cells and analyzed changes in their biological behavior. Specifically,
we examined MKN45 and HGC27 GC cells in the NC group, S2 (siSKAP1-2) group, and
S2+740Y-P group.

MTS cell proliferation assay results showed that the proliferation ability of MKN45
and HGC27 cells was significantly lower in the SKAP1-silenced group than in the control
group. However, this reduced proliferation ability was partially recovered after adding
740Y-P (20 µg/mL) (Figure 7A). Similarly, the EdU assay showed that the DNA syn-
thesis activity of the SKAP1 knockdown group was significantly lower than that of the
control group but increased significantly in the siSKAP1-2+740Y-P group compared to
the siSKAP1-2 group (Figure 7B). Additionally, the colony formation assay showed that
the number of colonies formed by cells with low SKAP1 expression was significantly
fewer than that of the control group but increased significantly in the siSKAP1-2+740Y-P
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group compared to the siSKAP1-2 group (Figure 7C). Furthermore, Transwell invasion
and migration assays revealed that the invasion and migration ability of MKN45 and
HGC27 cells decreased significantly after SKAP1 knockdown. However, the cells in the
siSKAP1-2+740Y-P group exhibited significantly enhanced invasion and migration ability
compared to the siSKAP1-2 group cells (Figure 7D). These results suggest that SKAP1 may
modulate GC cell biological behavior through the JAK1/PI3K/AKT signaling axis.
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Figure 7. PI3K activator alleviates the inhibitory effect of silencing SKAP1 on the biological behavior
of GC cells. (A) MTS assay detecting the proliferation ability of MKN45 and HGC27 cells in each
group; (B) EdU assay measuring the proliferation rate of MKN45 and HGC27 cells in each group
(200×); (C) colony formation assay evaluating the colony-forming ability of MKN45 and HGC27 cells
in each group; (D) Transwell migration and invasion assays assessing the migration and invasion
abilities of MKN45 and HGC27 cells in different groups (100×). NC indicates cells transfected with a
scrambled siRNA, while S2 and S2+740Y-P represent siSKAP1-2 transfected cells and siSKAP1-2+PI3K
activator-treated cells, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001. All experiments were repeated
three times with similar results.

2.7. Bioinformatics Analysis of the Relationship between SKAP1 Expression and Immune
Infiltration in GC

To investigate the relationship between SKAP1 expression and immune infiltration
in GC, we used R language and the TIMER database to analyze the TCGA-STAD dataset.
SKAP1 expression levels were positively correlated with the infiltration levels of various
immune cells, including T cells, cytotoxic cells, DCs, and Treg cells (Figure 8A,B). Moreover,
SKAP1 expression showed significant positive correlations with multiple immune cell
markers (Table S3). We also used R language to examine the association between SKAP1
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expression and several immune checkpoint molecules and found that SKAP1 expression
was significantly positively correlated with all of them (Figure 9A). This result was further
confirmed by the TIMER 2.0 database, which showed that SKAP1 expression had significant
positive correlations with common immune checkpoint molecules, such as TIGIT (R = 0.402),
CD96 (R = 0.397), PD1 (R = 0.383), PD-L1 (R = 0.246), CTLA4 (R = 0.345), LAG3 (R = 0.339),
and TIM-3 (R = 0.284) (Figure 9B). Furthermore, we stratified the patients in the TCGA-
STAD dataset into high and low SKAP1 expression groups based on the median expression
value and calculated their TIDE scores. We found that the TIDE score was significantly
higher in the high SKAP1 expression group than in the low SKAP1 expression group
(p = 0.011) (Figure 10). These results indicate that high SKAP1 expression is associated
with an impaired immunotherapy response in GC patients and suggest its potential as a
predictive biomarker for GC immunotherapy efficacy.
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Figure 8. SKAP1 expression correlates with immune cell infiltration in GC. (A) Correlation between
SKAP1 expression and immune cell infiltration in the GC TME based on the ssGSEA algorithm.
(B) The purity-corrected partial Spearman’s rho value was used to evaluate the correlation between
SKAP1 expression and immune cell infiltration in the GC tumor microenvironment after adjusting
for tumor purity using the TIMER database. Each point represents a patient with GC, and the line
represents the trendline. * p < 0.05, ** p < 0.01, *** p < 0.001, ns represents no significance.
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Figure 9. SKAP1 is significantly positively correlated with multiple immune checkpoints in GC.
(A) Analysis of the correlation between SKAP1 expression and multiple immune checkpoints based
on the TCGA-STAD dataset; (B) The purity-corrected partial Spearman’s rho value was used to
evaluate the correlation between SKAP1 expression and several common immune checkpoints (TIGIT,
CD96, PD1, PD-L1, CTLA4, LAG3, TIM3) in GC after adjusting for tumor purity using the TIMER
database. Each point represents a patient with GC, and the line represents the trendline.
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3. Discussion

Biomarker discovery has been widely used as a strategy to improve the diagnosis,
prognosis evaluation, recurrence prediction, and treatment response of various diseases,
including cancer. By acting as indicators of normal biological processes, pathological
processes, or pharmacological responses to therapeutic interventions, biomarkers play a
crucial role in improving patient outcomes [29]. In this study, we aimed to investigate
the potential role of SKAP1 in the development of GC and its underlying molecular
mechanisms. Our findings demonstrated that SKAP1 showed high expression in GC
tissues and was associated with poor prognosis. We propose that SKAP1 may facilitate
GC development by promoting GC cell proliferation, invasion, and migration through
activation of the JAK1/PI3K/AKT pathway, making it a possible biomarker for GC.

SKAP1 was initially discovered as a novel adaptor protein that interacts with the tyro-
sine kinase Fyn [7]. Subsequent studies revealed that SKAP1 promotes cancer progression
in breast cancer [14], malignant fibrous histiocytoma [13], and colorectal cancer [21], but
its role in GC remains unclear. Through joint analysis of multiple databases, we found
that SKAP1 is highly expressed in multiple tumors, particularly digestive tract tumors.
We further analyzed SKAP1 expression in GC and found that its expression level was
significantly higher than that in normal gastric epithelial tissue. The results of Western
blotting and qRT–PCR tests on 21 GC samples were consistent with the bioinformatics
analysis results. Additionally, high SKAP1 expression was found to be associated with
the T stage and grade classification of GC patients. Hence, we believe that SKAP1 plays a
similar role to that reported in previous studies: it promotes GC progression and serves as
an adverse prognostic factor for patients.

GSEA analysis suggested that high expression of SKAP1 was significantly corre-
lated with proliferation-related biological processes and inflammatory responses. SKAP1-
deficient mice displayed reduced proinflammatory cytokine IL-17 levels, leading to de-
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creased inflammation and heightened resistance to collagen-induced arthritis [30]. Litera-
ture reports also state that SKAP1 promotes the growth and invasion of colorectal cancer
cells, affecting the occurrence and development of colorectal cancer [21]. In this study,
multiple proliferation experiments showed that silencing SKAP1 significantly inhibited the
proliferation of MKN45 and HGC27 GC cells and markedly suppressed their invasion and
migration. These results align with the findings from previous GSEA analysis and reports,
indicating that SKAP1 may play a vital role in promoting the proliferation, invasion, and
migration of GC cells in GC development.

Furthermore, GSEA analysis revealed significant enrichment of the JAK-STAT pathway
and PI3K-AKT pathway in the high SKAP1 expression group. The PI3K/AKT signaling
pathway is one of the most critical intracellular signaling pathways controlling basic
cellular functions, including but not limited to cellular proliferation, invasion, metabolism,
movement, stress response, and treatment response [31,32]. The JAK-STAT signaling
pathway is also crucial in cancer pathogenesis, regulating cell differentiation, proliferation,
apoptosis, and the immune response [33]. In this study, we found that high SKAP1
expression was significantly correlated with the activation of the JAK1/PI3K/AKT pathway.
Subsequent cell experiments confirmed that silencing SKAP1 in GC cells decreased the
phosphorylation levels of JAK1, PI3K, and AKT, thereby significantly suppressing the
proliferation, migration, and invasion of GC cells. These findings suggest that SKAP1 may
promote GC development by activating the JAK1/PI3K/AKT pathway.

Moreover, SKAP1 has been implicated in several immune-related signaling pathways,
such as T-cell receptor signaling and Toll-like receptor signaling. During tumor develop-
ment, numerous genomic changes often occur, leading to the recognition of tumor cell
surface antigens by the immune system and inducing an immune response [34,35]. Immune
cells present in the tumor microenvironment, such as NK cells, DCs, macrophages, central
granulocytes, T cells, B cells, and other cells involved in innate and adaptive immunity, play
critical roles in cancers [36–41]. We found a significant correlation between SKAP1 expres-
sion and the infiltration of various immune cells, suggesting its potential role in immune
infiltration within the tumor microenvironment and its influence on tumor development
and clinical prognosis. Additionally, GC cells can alter immune checkpoint molecule expres-
sion to avoid immune cell-mediated surveillance and death. SKAP1 expression is positively
correlated with the expression levels of immune checkpoint molecules such as PD-1, TIM-3,
and LAG3 in GC tissues, and we speculate that inhibiting SKAP1 expression may restore
the antitumor immune response and promote immune-mediated malignant cell clearance
by inhibiting multiple immune checkpoints. The TIDE score is a comprehensive evaluation
system that assesses both T lymphocyte dysfunction and immune inhibitory factor effects
on tumor rejection and is considered to be an effective predictor of the efficacy of immune
checkpoint inhibitors. In this study, the TIDE score was found to be significantly higher in
the SKAP1 high-expression group than in the SKAP1 low-expression group, indicating a
correlation between high SKAP1 expression and poor immunotherapy outcomes in GC
patients, suggesting its potential as a predictive biomarker for GC immunotherapy efficacy.

Our study’s findings suggest that SKAP1 may serve as a potential biomarker and thera-
peutic target for GC. Nevertheless, further studies are required to determine the underlying
molecular mechanisms of SKAP1 in GC development and to develop more effective tar-
geted therapies for GC patients. Future research may explore SKAP1-targeted therapeutic
strategies in preclinical models and evaluate their efficacy and safety in clinical trials.

4. Materials and Methods
4.1. Expression, Prognosis and Clinicopathological Data Analysis

We downloaded SKAP1 expression data for various tumors from TIMER 2.0
(http://timer.cistrome.org/, accessed on 4 July 2021). We obtained TCGA-STAD, which
contains expression values and clinicopathological parameters, from the UCSC Xena
Data Browser (https://xenabrowser.net/datapages/, accessed on 21 July 2021), and the
GC dataset (GSE54129) from the GEO database (https://www.ncbi.nlm.nih.gov/geo/,

http://timer.cistrome.org/
https://xenabrowser.net/datapages/
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accessed on 23 July 2021). These datasets were used to analyze the differences in SKAP1
expression between gastric cancer and adjacent tissues and its correlation with clinicopatho-
logical parameters. Moreover, the Kaplan–Meier Plotter website was used to evaluate the
prognosis of GC patients by analyzing OS, PPS, and PFS.

4.2. Tissues and Cells

All experimental protocols and methods were approved by the Ethics Committee of the
Second Affiliated Hospital of Nanchang University and conducted in strict accordance with
the Declaration of Helsinki. Written informed consent was obtained from all participants
prior to enrollment in the study. GC and adjacent tissue samples were collected from
21 patients who underwent GC surgery. None had received preoperative radiotherapy,
chemotherapy, or immunotherapy. The normal human gastric epithelial cell line GES-
1 and GC cell lines AGS, BGC823, HGC27, MKN45, and SGC7901 were maintained in
our laboratory.

4.3. Real-Time Quantitative Reverse Transcription-PCR

RNA was extracted from GC and adjacent tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcribed into cDNA using an RNA reverse transcription
kit (Thermo Scientific, Waltham, MA, USA). We performed quantitative PCR using a qPCR
kit (Takara SYBR Premix Ex Taq I, Tokyo, Japan) with primers (see Table S1) synthesized by
Sangon Biotech (Shanghai, China). We used the 2−∆∆CT method to analyze the data and
normalized SKAP1 expression levels with the endogenous GAPDH mRNA level.

4.4. Protein Extraction, Quantification, and Immunoblot Analysis

Proteins were extracted from tissues or cells using RIPA buffer (Sigma-Aldrich, Livonia,
MI, USA) containing protease and phosphatase inhibitors (Focus, Shanghai, China). Protein
concentration was measured using a BCA protein quantification kit (Solarbio, Beijing,
China). Equal amounts of protein (50 µg) were separated by SDS–PAGE and transferred
onto PVDF membranes (Whatman, Clifton, NJ, USA). After blocking with 5% milk for
2 h, the membranes were incubated with primary antibodies overnight at 4 ◦C. The next
day, the membranes were washed three times and incubated with horseradish peroxidase-
conjugated secondary antibodies (CWBIO, Beijing, China) for 1 h at room temperature.
Next, the membranes were washed three times, and chemiluminescence reagent was added.
The bands were visualized using ImageJ software to calculate the relative expression levels
of the target protein.

4.5. Cell Culture and Gene Transfection

Cells were cultured in RPMI-1640 or high-glucose DMEM containing 10% fetal bovine
serum (BI, Bi’ina, Israel) and incubated at 37 ◦C in a humidified atmosphere of 5% CO2.
SKAP1-siRNA and NC-siRNA were purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, China) The GC cell lines MKN45 and HGC27 were seeded into 6-well plates at a
density of 3 × 105 cells/well. When cell confluence reached 60–70% the next day, TurboFect
Transfection Reagent (Thermo Scientific, Waltham, MA, USA) was used to transfect SKAP1-
siRNA (100 nM) or NC-siRNA (100 nM) into the cells. The sequences of siRNAs against
SKAP1 are listed in Table S2. After 48 h, RNA was extracted from the cells to detect the
relative expression level of SKAP1 mRNA. Protein was extracted from the cells after 72 h to
detect the relative expression level of SKAP1 protein.

4.6. MTS Cell Proliferation Assay

After transfection for 24–48 h, cells were digested from the 6-well plates, centrifuged
and resuspended to make a single cell suspension. Then, cells were seeded into 96-well
plates at a concentration of 5000 cells per well in triplicate and incubated at 37 ◦C in a
humidified atmosphere of 5% CO2. Every day, one 96-well plate was removed, and 20 µL
of MTS reagent (Promega) was added to each well and incubated for 1.5 h. The absorbance
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of each well was measured at 490 nm using an enzyme-labeled instrument. After 3 days,
data were processed, and cell proliferation curves were plotted for each group.

4.7. EdU Cell Proliferation Assay

After transfection for 24–48 h, cells were digested from six-well plates and resuspended
to make a single-cell suspension. Then, the cells were seeded into 96-well plates at a density
of 1.5 × 104 cells per well. The next day, the medium was replaced with 50 µM EdU
medium and incubated for 2 h. Cells were then fixed with 4% paraformaldehyde solution
and stained with Apollo staining solution and Hoechst 33,342 staining solution. After
staining, the cells were photographed using an inverted fluorescence microscope, and
ImageJ software was used to analyze the cells and calculate the cell proliferation rate.

4.8. Colony Formation Assay

After transfection for 24–48 h, cells were digested from the 6-well plates and resus-
pended to make a single cell suspension. Then, cells were seeded into 6-well plates at
a density of 800 cells per well. The plate was shaken in a cross shape to evenly dis-
tribute the cells and incubated at 37 ◦C in a humidified atmosphere of 5% CO2. The
medium was changed when necessary. When the number of cells in each colony was
approximately 50, the cells were fixed with 4% paraformaldehyde solution for 30 min and
stained with 0.1% crystal violet staining solution for 30 min. After staining, the cells were
photographed, and the number of cell colonies was calculated using ImageJ software.

4.9. Transwell Cell Invasion and Migration Assay

We performed cell invasion and migration experiments using Transwell chambers
with or without matrix gel (BD Biosciences, San Jose, CA, USA). After transfection, the
cells were seeded in the upper chamber of the Transwell, and the lower chamber was filled
with medium containing 20% FBS. After incubation for 48 h in the chamber, the cells on the
upper and lower chambers were fixed with 4% paraformaldehyde solution, stained with
0.1% crystal violet staining solution, and photographed under a microscope. The number
of migrated or invaded cells was calculated using ImageJ software.

4.10. Flow Cytometry Apoptosis Assay

All transfected cells were collected and made into a single-cell suspension with a
concentration of 1 × 106 cells/mL using 1× binding buffer. Then, 100 µL of the cell
suspension was mixed with 5 µL of PE and 5 µL of 7AAD staining solution for 15 min.
Next, 400 µL of 1× binding buffer was added to each tube, and the data were analyzed by
flow cytometry using FlowJo V10.

4.11. Relationship between SKAP1 Expression and Immune Infiltration in GC

The immune infiltration algorithm based on ssGSEA was applied using the R package
GSVA, and the immune cell markers were obtained from a study by Bindea et al. [42].
Correlation analysis between SKAP1 expression and immune cell infiltration as well as
immune checkpoint molecule expression was performed using TIMER 2.0. The TIDE
algorithm for predicting potential immune therapy response was also completed using R
language, and the plots were generated using the R packages ggplot2 and ggpubr.

4.12. Statistical Analysis

All experiments were repeated independently at least three times, and the quantitative
data are expressed as the mean ± standard deviation. Independent sample (or paired) t
tests were used for comparisons between two groups, and one-way ANOVA was used for
multiple group comparisons if the data followed a normal distribution and had homoge-
neous variance. Nonparametric tests were used if the data did not meet these assumptions.
GraphPad Prism 8.0 and Adobe Photoshop 2020 software were used for graphing, and
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SPSS 22.0 software was used for statistical analysis. p < 0.05 was considered to indicate
statistical significance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241411870/s1.

Author Contributions: D.G. conceived and designed the experiments; L.Z., Q.Y., Y.L., M.Z., Z.P., S.W.
and Z.Q. performed the experiments; L.Z. and D.G. analyzed the data; L.Z., Q.Y., Y.L., M.Z., Z.P.,
S.W., Z.Q. and D.G. contributed reagents/materials/analysis tools; and L.Z. and Q.Y. wrote the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the National Natural Science Foundation of
China (Grant Nos. 82060563, 81760550), the Natural Science Foundation of Jiangxi Province (grant no.
20202BABL206089 and 20224ACB206034), and the Young Scientists Foundation from Jiangxi Medical
School of Nanchang University (grant no. PY201908).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the the Ethics Committee of the Second Affiliated Hospital of Nanchang
University (No. 201420).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All of the data supporting this work will be made available from the
corresponding author upon reasonable request.

Acknowledgments: We thank the foundation medicine lab members for helpful discussion and
comments on this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Yuan, G.; Chen, Y.; He, S. Family History of Gastric Cancer and Helicobacter pylori Treatment. N. Engl. J. Med. 2020, 382, 2171.
[CrossRef] [PubMed]

3. Fukase, K.; Kato, M.; Kikuchi, S.; Inoue, K.; Uemura, N.; Okamoto, S.; Terao, S.; Amagai, K.; Hayashi, S.; Asaka, M. Effect of
eradication of Helicobacter pylori on incidence of metachronous gastric carcinoma after endoscopic resection of early gastric
cancer: An open-label, randomised controlled trial. Lancet 2008, 372, 392–397. [CrossRef]

4. Jamali, L.; Tofigh, R.; Tutunchi, S.; Panahi, G.; Borhani, F.; Akhavan, S.; Nourmohammadi, P.; Ghaderian, S.M.H.; Rasouli, M.;
Mirzaei, H. Circulating microRNAs as diagnostic and therapeutic biomarkers in gastric and esophageal cancers. J. Cell Physiol.
2018, 233, 8538–8550. [CrossRef] [PubMed]

5. Le Petit, G.F. Medazepam pKa determined by spectrophotometric and solubility methods. J. Pharm. Sci. 1976, 65, 1094–1095.
[CrossRef]

6. Wang, H.; Rudd, C.E. SKAP-55, SKAP-55-related and ADAP adaptors modulate integrin-mediated immune-cell adhesion. Trends
Cell Biol. 2008, 18, 486–493. [CrossRef]

7. Marie-Cardine, A.; Bruyns, E.; Eckerskorn, C.; Kirchgessner, H.; Meuer, S.C.; Schraven, B. Molecular cloning of SKAP55, a novel
protein that associates with the protein tyrosine kinase p59fyn in human T-lymphocytes. J. Biol. Chem. 1997, 272, 16077–16080.
[CrossRef]

8. Zhou, L.; Zhang, Z.; Zheng, Y.; Zhu, Y.; Wei, Z.; Xu, H.; Tang, Q.; Kong, X.; Hu, L. SKAP2, a novel target of HSF4b, associates with
NCK2/F-actin at membrane ruffles and regulates actin reorganization in lens cell. J. Cell. Mol. Med. 2011, 15, 783–795. [CrossRef]

9. Marie-Cardine, A.; Verhagen, A.M.; Eckerskorn, C.; Schraven, B. SKAP-HOM, a novel adaptor protein homologous to the
FYN-associated protein SKAP55. FEBS Lett. 1998, 435, 55–60. [CrossRef]

10. Liu, J.; Kang, H.; Raab, M.; da Silva, A.J.; Kraeft, S.K.; Rudd, C.E. FYB (FYN binding protein) serves as a binding partner for
lymphoid protein and FYN kinase substrate SKAP55 and a SKAP55-related protein in T cells. Proc. Natl. Acad. Sci. USA 1998, 95,
8779–8784. [CrossRef]

11. Kuranami, S.; Yokobori, T.; Mogi, A.; Altan, B.; Yajima, T.; Onozato, R.; Azuma, Y.; Iijima, M.; Kosaka, T.; Kuwano, H. Src
kinase-associated phosphoprotein2 expression is associated with poor prognosis in non-small cell lung cancer. Anticancer Res.
2015, 35, 2411–2415. [PubMed]

12. Tanaka, M.; Shimamura, S.; Kuriyama, S.; Maeda, D.; Goto, A.; Aiba, N. SKAP2 Promotes Podosome Formation to Facilitate
Tumor-Associated Macrophage Infiltration and Metastatic Progression. Cancer Res 2016, 76, 358–369. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms241411870/s1
https://www.mdpi.com/article/10.3390/ijms241411870/s1
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1056/NEJMc2003542
https://www.ncbi.nlm.nih.gov/pubmed/32459942
https://doi.org/10.1016/S0140-6736(08)61159-9
https://doi.org/10.1002/jcp.26850
https://www.ncbi.nlm.nih.gov/pubmed/29923196
https://doi.org/10.1002/jps.2600650741
https://doi.org/10.1016/j.tcb.2008.07.005
https://doi.org/10.1074/jbc.272.26.16077
https://doi.org/10.1111/j.1582-4934.2010.01048.x
https://doi.org/10.1016/S0014-5793(98)01040-0
https://doi.org/10.1073/pnas.95.15.8779
https://www.ncbi.nlm.nih.gov/pubmed/25862907
https://doi.org/10.1158/0008-5472.CAN-15-1879
https://www.ncbi.nlm.nih.gov/pubmed/26577701


Int. J. Mol. Sci. 2023, 24, 11870 19 of 20

13. van Doorn, R.; van Kester, M.S.; Dijkman, R.; Vermeer, M.H.; Mulder, A.A.; Szuhai, K.; Knijnenburg, J.; Boer, J.M.; Willemze,
R.; Tensen, C.P. Oncogenomic analysis of mycosis fungoides reveals major differences with Sezary syndrome. Blood 2009, 113,
127–136. [CrossRef] [PubMed]

14. Schulte, I.; Batty, E.M.; Pole, J.C.; Blood, K.A.; Mo, S.; Cooke, S.L.; Ng, C.; Howe, K.L.; Chin, S.F.; Brenton, J.D.; et al. Structural
analysis of the genome of breast cancer cell line ZR-75-30 identifies twelve expressed fusion genes. BMC Genom. 2012, 13, 719.
[CrossRef]

15. Kumar, S.; Sharma, A.R.; Sharma, G.; Chakraborty, C.; Kim, J. PLK-1: Angel or devil for cell cycle progression. Biochim. Biophys.
Acta 2016, 1865, 190–203. [CrossRef]

16. van de Weerdt, B.C.; Medema, R.H. Polo-like kinases: A team in control of the division. Cell Cycle (Georget. Tex.) 2006, 5, 853–864.
[CrossRef]

17. Ramani, P.; Nash, R.; Sowa-Avugrah, E.; Rogers, C. High levels of polo-like kinase 1 and phosphorylated translationally controlled
tumor protein indicate poor prognosis in neuroblastomas. J. Neuro-Oncol. 2015, 125, 103–111. [CrossRef]

18. Tut, T.G.; Lim, S.H.; Dissanayake, I.U.; Descallar, J.; Chua, W.; Ng, W.; de Souza, P.; Shin, J.S.; Lee, C.S. Upregulated Polo-Like
Kinase 1 Expression Correlates with Inferior Survival Outcomes in Rectal Cancer. PLoS ONE 2015, 10, e0129313. [CrossRef]

19. Shi, W.; Zhang, G.; Ma, Z.; Li, L.; Liu, M.; Qin, L.; Yu, Z.; Zhao, L.; Liu, Y.; Zhang, X.; et al. Hyperactivation of HER2-SHCBP1-PLK1
axis promotes tumor cell mitosis and impairs trastuzumab sensitivity to gastric cancer. Nat. Commun. 2021, 12, 2812. [CrossRef]

20. Raab, M.; Strebhardt, K.; Rudd, C.E. Immune adaptor SKAP1 acts a scaffold for Polo-like kinase 1 (PLK1) for the optimal cell
cycling of T-cells. Sci. Rep. 2019, 9, 10462. [CrossRef] [PubMed]

21. Pu, Y.; Wei, J.; Wu, Y.; Zhao, K.; Wu, Y.; Wu, S.; Yang, X.; Xing, C. THUMPD3-AS1 facilitates cell growth and aggressiveness by the
miR-218-5p/SKAP1 axis in colorectal cancer. Cell Biochem. Biophys. 2022, 80, 483–494. [CrossRef] [PubMed]

22. Canson, D.M.; O’Mara, T.A.; Spurdle, A.B.; Glubb, D.M. Splicing annotation of endometrial cancer GWAS risk loci reveals
potentially causal variants and supports a role for NF1 and SKAP1 as susceptibility genes. HGG Adv. 2023, 4, 100185. [CrossRef]
[PubMed]

23. Ménasché, G.; Kliche, S.; Chen, E.J.; Stradal, T.E.; Schraven, B.; Koretzky, G. RIAM links the ADAP/SKAP-55 signaling module to
Rap1, facilitating T-cell-receptor-mediated integrin activation. Mol. Cell. Biol. 2007, 27, 4070–4081. [CrossRef] [PubMed]

24. Raab, M.; Wang, H.; Lu, Y.; Smith, X.; Wu, Z.; Strebhardt, K.; Ladbury, J.E.; Rudd, C.E. T cell receptor “inside-out” pathway via
signaling module SKAP1-RapL regulates T cell motility and interactions in lymph nodes. Immunity 2010, 32, 541–556. [CrossRef]
[PubMed]

25. Ophir, M.J.; Liu, B.C.; Bunnell, S.C. The N terminus of SKAP55 enables T cell adhesion to TCR and integrin ligands via distinct
mechanisms. J. Cell Biol. 2013, 203, 1021–1041. [CrossRef]

26. Khan, R.B.; Goult, B.T. Adhesions Assemble!—Autoinhibition as a Major Regulatory Mechanism of Integrin-Mediated Adhesion.
Front. Mol. Biosci. 2019, 6, 144. [CrossRef]

27. Yan, B.; Calderwood, D.A.; Yaspan, B.; Ginsberg, M.H. Calpain cleavage promotes talin binding to the beta 3 integrin cytoplasmic
domain. J. Biol. Chem. 2001, 276, 28164–28170. [CrossRef]

28. Almajali, B.; Johan, M.F.; Al-Wajeeh, A.S.; Wan Taib, W.R.; Ismail, I.; Alhawamdeh, M.; Al-Tawarah, N.M.; Ibrahim, W.N.;
Al-Rawashde, F.A.; Al-Jamal, H.A.N. Gene Expression Profiling and Protein Analysis Reveal Suppression of the C-Myc Oncogene
and Inhibition JAK/STAT and PI3K/AKT/mTOR Signaling by Thymoquinone in Acute Myeloid Leukemia Cells. Pharmaceuticals
2022, 15, 307. [CrossRef]

29. Matsuoka, T.; Yashiro, M. Biomarkers of gastric cancer: Current topics and future perspective. World J. Gastroenterol. 2018, 24,
2818–2832. [CrossRef]

30. Smith, X.; Taylor, A.; Rudd, C.E. T-cell immune adaptor SKAP1 regulates the induction of collagen-induced arthritis in mice.
Immunol. Lett. 2016, 176, 122–127. [CrossRef]

31. Hoxhaj, G.; Manning, B.D. The PI3K-AKT network at the interface of oncogenic signalling and cancer metabolism. Nat. Rev.
Cancer 2020, 20, 74–88. [CrossRef]

32. Wu, P.; Hu, Y.Z. PI3K/Akt/mTOR pathway inhibitors in cancer: A perspective on clinical progress. Curr. Med. Chem. 2010, 17,
4326–4341. [CrossRef] [PubMed]

33. Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther.
2021, 6, 402. [CrossRef]

34. Stratton, M.R.; Campbell, P.J.; Futreal, P.A. The cancer genome. Nature 2009, 458, 719–724. [CrossRef] [PubMed]
35. Podlaha, O.; Riester, M.; De, S.; Michor, F. Evolution of the cancer genome. Trends Genet. TIG 2012, 28, 155–163. [CrossRef]

[PubMed]
36. Demaria, O.; Cornen, S.; Daëron, M.; Morel, Y.; Medzhitov, R.; Vivier, E. Harnessing innate immunity in cancer therapy. Nature

2019, 574, 45–56. [CrossRef]
37. Woo, S.R.; Corrales, L.; Gajewski, T.F. Innate immune recognition of cancer. Annu. Rev. Immunol. 2015, 33, 445–474. [CrossRef]
38. Corrales, L.; Matson, V.; Flood, B.; Spranger, S.; Gajewski, T.F. Innate immune signaling and regulation in cancer immunotherapy.

Cell Res. 2017, 27, 96–108. [CrossRef]
39. Vesely, M.D.; Kershaw, M.H.; Schreiber, R.D.; Smyth, M.J. Natural innate and adaptive immunity to cancer. Annu. Rev. Immunol.

2011, 29, 235–271. [CrossRef]
40. Alderton, G.K.; Bordon, Y. Tumour immunotherapy--leukocytes take up the fight. Nat. Rev. Immunol. 2012, 12, 237. [CrossRef]

https://doi.org/10.1182/blood-2008-04-153031
https://www.ncbi.nlm.nih.gov/pubmed/18832135
https://doi.org/10.1186/1471-2164-13-719
https://doi.org/10.1016/j.bbcan.2016.02.003
https://doi.org/10.4161/cc.5.8.2692
https://doi.org/10.1007/s11060-015-1900-4
https://doi.org/10.1371/journal.pone.0129313
https://doi.org/10.1038/s41467-021-23053-8
https://doi.org/10.1038/s41598-019-45627-9
https://www.ncbi.nlm.nih.gov/pubmed/31320682
https://doi.org/10.1007/s12013-022-01074-4
https://www.ncbi.nlm.nih.gov/pubmed/35538197
https://doi.org/10.1016/j.xhgg.2023.100185
https://www.ncbi.nlm.nih.gov/pubmed/36908940
https://doi.org/10.1128/MCB.02011-06
https://www.ncbi.nlm.nih.gov/pubmed/17403904
https://doi.org/10.1016/j.immuni.2010.03.007
https://www.ncbi.nlm.nih.gov/pubmed/20346707
https://doi.org/10.1083/jcb.201305088
https://doi.org/10.3389/fmolb.2019.00144
https://doi.org/10.1074/jbc.M104161200
https://doi.org/10.3390/ph15030307
https://doi.org/10.3748/wjg.v24.i26.2818
https://doi.org/10.1016/j.imlet.2016.04.007
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.2174/092986710793361234
https://www.ncbi.nlm.nih.gov/pubmed/20939811
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1038/nature07943
https://www.ncbi.nlm.nih.gov/pubmed/19360079
https://doi.org/10.1016/j.tig.2012.01.003
https://www.ncbi.nlm.nih.gov/pubmed/22342180
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1146/annurev-immunol-032414-112043
https://doi.org/10.1038/cr.2016.149
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1038/nri3197


Int. J. Mol. Sci. 2023, 24, 11870 20 of 20

41. Yuen, G.J.; Demissie, E.; Pillai, S. B lymphocytes and cancer: A love-hate relationship. Trends Cancer 2016, 2, 747–757. [CrossRef]
[PubMed]

42. Bindea, G.; Mlecnik, B.; Tosolini, M.; Kirilovsky, A.; Waldner, M.; Obenauf, A.C.; Angell, H.; Fredriksen, T.; Lafontaine, L.; Berger,
A.; et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer. Immunity 2013,
39, 782–795. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.trecan.2016.10.010
https://www.ncbi.nlm.nih.gov/pubmed/28626801
https://doi.org/10.1016/j.immuni.2013.10.003
https://www.ncbi.nlm.nih.gov/pubmed/24138885

	Introduction 
	Results 
	High Expression of SKAP1 in GC Tissue 
	Relationship between SKAP1 and Clinicopathological Parameters and Prognosis of GC Patients 
	Bioinformatics Prediction of the Possible Mechanism by Which SKAP1 Regulates GC Progression 
	Effect of Silencing SKAP1 on GC Cell Biology 
	SKAP1 Regulates the JAK1/PI3K/AKT Signaling Axis in GC Cells 
	Effect of a PI3K Agonist on the SKAP1-Regulated Biological Behavior of GC Cells 
	Bioinformatics Analysis of the Relationship between SKAP1 Expression and Immune Infiltration in GC 

	Discussion 
	Materials and Methods 
	Expression, Prognosis and Clinicopathological Data Analysis 
	Tissues and Cells 
	Real-Time Quantitative Reverse Transcription-PCR 
	Protein Extraction, Quantification, and Immunoblot Analysis 
	Cell Culture and Gene Transfection 
	MTS Cell Proliferation Assay 
	EdU Cell Proliferation Assay 
	Colony Formation Assay 
	Transwell Cell Invasion and Migration Assay 
	Flow Cytometry Apoptosis Assay 
	Relationship between SKAP1 Expression and Immune Infiltration in GC 
	Statistical Analysis 

	References

