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Background: Recurrence and metastasis are the major obstacles affecting the therapeutic efficacy and
clinical outcomes for patients with esophageal carcinoma (ESCA). Secreted phosphoprotein 1 (SPP1) is
considered as a hub gene in ESCA and is negatively associated with disease-free survival (DFS) in ESCA.
However, the exact roles and underlying mechanisms remain elusive. This study aims to examine the roles of
SPP1 on ESCA, and elucidate the potential mechanisms.

Methods: Bioinformatics were used to analyze the expression of SPP1 in ESCA tissues, and its relations
with clinicopathological characteristics and clinical prognosis in patients with ESCA based on The Cancer
Genome Atlas (TCGA) dataset. Loss-of-function was conducted to examine the roles of SPP1 on malignant
behaviors of ESCA cells by cell counting kit-8 (CCKS), plate clone, wound healing, and transwell assays.
Gene set enrichment analysis (GSEA) was conducted to screen the pathways associated with SPP1 in
ESCA. Then, the enriched pathway and the underlying mechanism were elucidated by western blotting, cell
adhesion, and cell spreading assays. Lastly, Y15 [a specific inhibitor of focal adhesion kinase (FAK)] was used
to examine its potential to inhibit tumor growth in ESCA cells.

Results: SPP1 was upregulated in ESCA tissues compared to the adjacent nontumorous tissues, which
was closely associated with clinical stage, lymph node metastasis, histological subtype, and p53 mutation. A
high expression of SPP1 indicated a poor clinical prognosis in patients with ESCA. The knockdown of SPP1
inhibited cell proliferative, migratory, and invasive capacities in ESCA cells. GSEA indicated that the focal
adhesion pathway was closely related with SPP1 in ESCA. Further studies confirmed that the knockdown
of SPP1 suppressed cell adhesion ability and reduced the expression of p-FAK and p-Erk in ESCA cells. In
addition, Y15 inhibited FAK autophosphorylation and dramatically inhibited cell proliferation, migration,
and invasion in ESCA cells.

Conclusions: SPP1 promotes tumor progression in ESCA by activating FAK/Erk pathway, and FAK is a

potential therapeutic target to overcome tumor recurrence and metastasis of ESCA.
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Introduction

Esophageal carcinoma (ESCA) is characterized by a complex
pathogenesis and ranked as the tenth most common
cancer and the sixth leading cause of cancer-related deaths
worldwide (1). Despite the progress achieved in the
diagnosis and therapeutic regimens, the 5-year survival rate
remains poor in patients with ESCA (2-4). Recurrence and
metastasis are the major obstacles that affect the therapeutic
efficacy and clinical outcomes for patients with ESCA (5).
Hence, there is an urgent need to unveil the molecular
mechanisms involved in the recurrence and metastasis of
ESCA, which will help to screen and identify the potential
therapeutic targets and pave new ways to enhance the
clinical therapeutic efficacy of ESCA treatment.

Secreted phosphoprotein 1 (SPP1; known as osteopontin)
is a kind of secreted acidic protein (6), which is commonly
expressed in osteocytes, macrophages, and endothelial
cells, etc. (7-10) and regulates various biological functions,
including bone remodeling, chemotaxis, cell activation,
and apoptosis (6,11-15). Under pathological conditions,
SPP1 is highly expressed in several types of cancers such
as colorectal cancer, gastric cancer, liver cancer, pancreatic
cancer and breast cancer, to name a few (16,17). In these
tumors, SPP1 was reported to be associated with tumor
proliferation, invasion, and stem-like behavior (17-19). In
addition, SPP1 has been considered as a diagnostic and
prognostic marker for gastric cancer, liver cancer, and breast
cancer (17,20-23).

The reports on the roles of SPP1 in ESCA are very
limited. Thus far, only two published reports revealed the
roles of SPP1 in ESCA. One was published in 2015, which
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revealed that exogenous SPP1 treatment promoted the
migration of ESCA cells (24). The other was published in
2022, which revealed that SPP1 was involved in radiation
resistance through JAK2/STAT3 pathway in ESCA (25).
Based on integrated bioinformatics analysis, SPP1 is
considered as a hub gene (26-28), which is highly expressed
in ESCA samples and is negatively associated with disease-
free survival (DFS) in ESCA (28-31). Thus, the exact roles
and the underlying mechanisms of SPP1 in ESCA require
further exploration.

In the preliminary study, we found that genes in ESCA
tissues with high expression of SPP1 were enriched in
the focal adhesion pathway based on gene set enrichment
analysis (GSEA). In the current study, we aim to examine
the roles of SPP1 on focal adhesion, and elucidate the
potential mechanisms, in order to optimize the therapeutic
strategies and improve the clinical prognosis for patients
with ESCA. We present this article in accordance with
the MDAR reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-24-302/rc).

Methods
Bioinformatic analysis

The Cancer Genome Atlas (TCGA; http://www.
cancergenome.nih.gov/) was used for GSEA to screen
the enriched pathways in ESCA with a high expression of
SPP1. The Kaplan-Meier plotter (http://www.kmplot.com/)
was used to analyze the effect of SPP1 on clinical survival.
UALCAN (https://ualcan.path.uab.edu/index.html) was
used to analyze the correlations between SPP1 expression
and clinicopathological characteristics.

Cell culture

Human ESCA cell lines (Eca-109 Cat#: ZQ0234, KYSE-
410 Cat#: 2Q0928, and TE-1 Cat#: ZQ0235) were
obtained from Zhong Qiao Xin Zhou Biotech (Shanghai,
China). All cell lines were cultured in RPMI-1640 medium
(Cat#: 350-030; Wisent, Nanjing, China) supplemented
with 10% fetal bovine serum (Cat#: 087-150; Wisent) and
1% penicillin/streptomycin (Cat#: PC0315; ProteinBio,
Nanjing, China).

Stable cell line construction

Lentivirus coding SPP1 short hairpin RNA (shRNA)
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was constructed by GeneChem (Shanghai, China)
(5'-ACGAGTCAGCTGGATGACC-3"; control sequence:
5'-ATTGCGTTCGCAGTAATCT-3"). Cells (2x10%/
well) were seeded in 24-well plates and were infected with
lentiviruses [multiplicity of infection (MOI) =50]. Stable
cell clones were selected for 4-7 days using 0.5 pg/mL
puromycin (Cat#: HY-K1057; MCE, NJ, USA).

Quantitative polymerase chain reaction (gPCR)

Total RNA was extracted from cells with TRIzol. Total
RNA was reverse transcribed using a reverse transcription
kit (Cat#: PE5402; ProteinBio) according to the
manufacturer’s instructions. The SYBR Green qPCR
Supermix (Cat#: PS2024; ProteinBio) was used for gPCR
and the 27*“ method was used to calculate the RNA levels.

The sequences of the primers for qPCR are as follows
[SPP1: forward 5'-CTCCATTGACTCGAACGACTC-3',
reverse 5'-CAGGTCTGCGAAACTTCTTAGAT-3";
glyceraldehyde-3-phosphate dehydrogenase (GAPDH):
forward 5'-TGTGGGCATCAATGGATTTGG-3",
reverse 5'-ACACCATGTATTCCGGGTCAAT-3"].

Cell counting kit-8 (CCKS8)

Cells (1x10°/well) were seeded in 96-well plates and
incubated with complete medium at 37 °C with 5% CO, for
24, 48, 72, and 96 h. Ten pL. of CCKS reagent (Cat#: HY-
K0301; MCE) and 90 pL of complete medium were then
mixed and added to each well. After 2 h of incubation at
37 °C, the optical density (OD) values at 450 nm were
detected.

Western blotting

The protein extracts were separated on 10% gels via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to 0.45 nm polyvinylidene
difluoride membranes. After blocking, the membranes
were incubated with specific primary antibodies as follows:
GAPDH (Cat#: GTX627408; Genetex, San Antonio, TX,
USA; 1:5,000), SPP1 (Cat#: 30200-1-AP; Proteintech,
Whuhan, China; 1:1,000), focal adhesion kinase (FAK;
Cat#: A11131; Abclonal, Wuhan, China; 1:1,000), p-FAK
(Cat#: AP1447; Abclonal; 1:1,000), Erk1/2 (Cat#: A4782;
Abclonal; 1:1,000), p-Erk1/2 (Cat#: RK05775; Abclonal;
1:1,000). After washing, the membranes were incubated
with secondary antibodies (Cat#: AS080; HRP-conjugated
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anti-mouse/anti-rabbit antibody; Abclonal; 1:20,000).
Finally, the proteins were visualized with super enhanced
chemiluminescence (ECL) substrate kit (Cat#: PECLS09;
ProteinBio).

Clone formation assay

A total of 500-1,000 cells were seeded in six-well plates, and
the medium was replaced every 3—4 days. After 10-14 days,
the colonies were fixed with 4% paraformaldehyde (PFA)
for 10 min, and stained with 0.1% crystal violet solution for
20 min.

Wound-bealing assay

The cells were seeded in six-well plates and cultured to
confluence. The 200 pL pipette tip was used to produce the
wound. The cells were cultured in serum-free medium after
removing the detached cells with PBS. The wound images
were collected at 0 and 12 h under a microscope.

Transwell assay

The cell invasion assay was performed as follows: the
upper chambers were coated with Matrigel (Cat#: 356234;
BD Biosciences, Franklin, NJ, USA), then cells (20,000-
40,000 cells/well) in serum-free medium were seeded into
the upper chamber (Cat#: 3422; Corning Inc., Corning,
NY, USA), and complete medium was added to the
lower chamber. After a 24-h culture, the cells in the top
membrane were removed with cotton swabs. The cells on
the lower membrane surface were fixed with 4% PFA and
stained with 0.1% crystal violet.

Adbesion assay

Cells (1x10* were seeded in 96-well plates which were
precoated with 10 pg/mL collagen (MCE) for 2 h at 37 °C.
After incubating at 37 °C for 1 h, cells that did not adhere to
the plates were washed away with PBS. Adherent cells were
fixed with 4% PFA, then stained with 0.1% crystal violet.

Cell spreading assay and immunofluorescence

Cells (2x10* were seeded in 2-cm dishes which were
precoated with 10 pg/mL collagen (Cat#: HY-P70018;
MCE) for 2 h at 37 °C followed by blocking with 1%
BSA for 1 h. After culturing for 1 h, the cells were fixed,
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permeabilized and blocked sequentially. Then, the cells
were incubated with the primary antibody of FAK (Cat#:
A11131; Abclonal; 1:500) overnight at 4 °C followed by Cy3
conjugated anti-rabbit secondary antibody (Cat#: AS007;
Abclonal; 1:300) for 1 h at room temperature. Finally, the
cells were counterstained using YF488-Phalloidin (Cati#:
PY0488; ProteinBio) and 4',6-diamidino-2-phenylindole
(DAPI).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 9.0). Quantitative data are expressed as mean =
standard deviation (SD) and analyzed using the Student’s
t-test. A P<0.05 is considered statistically significant.

Results

SPP1 is upregulated in ESCA tissues and positively
associated with disease progression and poor prognosis in
patients with ESCA

We analyzed the gene expression profile in ESCA based on
TCGA database. A total of 4,049 differentially expressed
genes (2,636 up-regulated differentially expressed genes
and 1,413 down-regulated differentially expressed genes)
were identified under the criteria of fold change (FC) >2
and false discovery rate (FDR) <0.01 (Figure 14). Among
these differentially expressed genes, SPP1 was upregulated
in ESCA tissues compared to the adjacent tissues (log,FC
=4,473, P<0.001) (Figure 1B).

In the subcategory analysis, we found that SPP1
expression was relatively higher in stage 2 or 3 ESCA,
which was higher than that in stage 1 (P<0.001) and
normal tissues (P<0.001) (Figure 1C), while no differences
were found among tumor grade in ESCA (Figure 1D).
There was a higher expression of SPP1 in ESCA with N1
and N2 lymph node metastasis than that without lymph
node metastasis (both P<0.001) (Figure 1E). In addition,
the expression of SPP1 in squamous cell carcinoma
subtype of ESCA was higher than that in adenocarcinoma
subtype (P<0.001) (Figure 1F). The expression of SPP1 in
ESCA with TP53 mutation was higher than that without
TP53 mutation (P=0.006) (Figure 1G).

Survival analysis showed that there was a negative
correlation between SPP1 expression and DFS (log-rank
P=0.001) (Figure 1H), but no correlation was found between
SPP1 expression and overall survival (OS) (log-rank P=0.27)
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(Figure 11) in patients with ESCA, indicating that high
expression of SPP1 predicts a poor clinical prognosis in
patients with ESCA.

SPP1 promoted the malignant bebaviors of ESCA cells

We then examined the expression of SPP1 in three ESCA
cell lines and found that SPP1 was highly expressed in
ESCA cells (Figure 24). TE-1 and KYSE-410 were chosen
for further study due to the relatively higher expression of
SPP1. Result from the immunofluorescence assay confirmed
that SPP1 was localized mainly in the cytoplasm of ESCA
cells (Figure 2B).

To examine the role of SPP1 on the malignance of
ESCA, loss-of-function assay was performed by infecting
TE-1 and KYSE-410 cells with lentivirus coding SPP1
shRNA to establish SPP1-knockdown cell lines. Western
blotting and qPCR confirmed that SPP1 was significantly
knocked down in these two cells (Figure 2C). CCK8
(Figure 2D) and plate clone (Figure 2E) assays showed that
the knockdown of SPP1 repressed the cell proliferative
capacities compared to the control cells. In addition,
wound healing assay revealed that the knockdown of SPP1
reduced the migratory capacities of ESCA cells (Figure 2F),
and transwell assay indicated that the knockdown of SPP1
inhibited the invasive capacities of ESCA cells (Figure 2G).

SPP1 promoted the malignant bebaviors by activating
focal adbesion of ESCA cells

To understand the mechanisms of SPP1 involved in the
malignant progression of ESCA, GSEA was conducted
with dataset from TCGA, and the results showed that the
genes in ESCA tissues with a high expression of SPP1 were
enriched in several pathways (Figure 34). Among them, the
focal adhesion pathway [normalized enrichment score (NES)
=1.772, P=0.02] (Figure 3B) piqued our interest due to its
close relation with tumor malignant progression. To verify
this, we conducted cell adhesion assay and found that the
knockdown of SPP1 in ESCA cells inhibited the ability of
cells to adhere to collagen (Figure 3C). We further examined
the morphology and location of focal adhesion by staining
cells with focal adhesion marker (FAK) and observed that
obvious pseudopods on the leading edge of the plasma
membrane in control cells were almost obscure when SPP1
was knocked down in ESCA cells (Figure 3D). In addition,
we found that the knockdown of SPP1 dramatically
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Figure 1 SPP1 is positively correlated with disease progression and poor prognosis in ESCA. (A) A total of 4,049 differentially expressed
genes (2,636 up-regulated differentially expressed genes and 1,413 down-regulated differentially expressed genes) were identified based
on TCGA database and displayed in the volcano plot. (B) SPP1 was upregulated in ESCA tissues compared to the adjacent noncancerous
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Plate clone assay showed that Y15 dramatically inhibited cell clone formation in ESCA cells (crystal violet staining). (I) Wound healing
showed that Y15 repressed cell migration in ESCA cells (magnification: 100x). (J) Transwell assay showed that Y15 inhibited cell invasion in
ESCA cells (crystal violet staining, magnification: 100x). (K) Schematic model on the mechanisms of SPP1 in regulating tumor malignant
progression by activating FAK/Erk pathway in ESCA. And targeting FAK with Y15 is a potential strategy in management of ESCA. Created
with BioRender.com. *, P<0.05; **, P<0.01; ***, P<0.001. KEGG, Kyoto Encyclopedia of Genes and Genomes; NES, normalized enrichment
score; NC, negative control; SPP1, secreted phosphoprotein 1; KD, knockdown; FAK, focal adhesion kinase; DAPI, 4',6-diamidino-2-
phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OD, optical density; ESCA, esophageal carcinoma; GSEA, gene set

enrichment analysis; TCGA, The Cancer Genome Atlas; CCKS8, cell counting kit-8.

repressed the expression of p-FAK and p-Erk in ESCA cells
(Figure 3E).

Y15 is a specific inhibitor of FAK. To further verify
whether SPP1 regulates tumor progression in ESCA
by activating focal adhesion, we treated ESCA cells
with Y15. The results showed that Y15 inhibited FAK
autophosphorylation in TE-1 at a dose equal or over 5.0 pM
and in KYSE-410 at a dose equal or over 1.0 pM (Figure 3F)
and dramatically inhibited proliferative (Figure 3G,3H),
migratory (Figure 31), and invasive (Figure 37) capacities of
ESCA cells.

Discussion

In the current study, we explored the roles of SPP1 in ESCA
as well as the underlying mechanisms. To our knowledge,
this is the first study that confirms that SPP1 is closely
related to the focal adhesion pathway and regulates tumor
progression by activating FAK/Erk pathway in ESCA.
Furthermore, our findings reveal that FAK inhibitors are
potential therapeutics in the management of ESCA.

© Journal of Gastrointestinal Oncology. All rights reserved.

In this study, SPP1 expression was positively correlated
with clinical stage and lymph node metastasis and TP53
mutation. In addition, the expression of SPP1 in squamous
cell carcinoma subtype of ESCA was higher than that in
adenocarcinoma subtype. These findings indicate that
SPP1 be used as a potential biomarker for patient risk
stratification and local regional metastasis in ESCA.

We then confirmed that the knockdown of SPP1
inhibited the malignant behaviors of ESCA cells including
cell proliferation, migration, and invasion, which was
consistent with a previous report (31). Then, focal adhesion
was identified as a vital pathway involved in the malignance
of ESCA. Our study was the first evidence to prove that
SPP1 exerts an oncogenic role in ESCA by activating the
focal adhesion pathway. It is well-known that focal adhesion
contains several proteins such as FAK and Src (32,33), and is
closely associated with tumor growth and metastasis. FAK is
a highly auto-phosphorylated protein and participates in cell
proliferation, adhesion, and migration (34) by regulating
cytoskeleton dynamics and cell movement. In the current
study, we verified that SPP1can activate focal adhesion
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in ESCA cells, evidenced by decreased levels of p-FAK,
obscure pseudopodiums, and less FAK on the leading edge
of the periphery in SPP1-knockdown cells.

It has been reported that phosphorylated FAK is involved
in several signaling pathways. Phosphorylated FAK in
association with Src can further regulate PI3K/Akt, p53,
and Erk signaling pathway (35-37). In the current study, we
verified that SPP1 promoted cell proliferation, migration,
and invasion by activating FAK/Erk signaling.

Based on the above results, FAK plays a vital role in
tumor progression of ESCA. Thus, FAK-targeted strategies
are promising to overcome the recurrence and metastasis of
ESCA. To date, several FAK-targeted approaches have been
developed, such as the knockdown of FAK using siRNA,
antisense oligonucleotides, etc. Although these approaches
dramatically inhibit tumor growth (38-40), toxicity in vivo
is a big obstacle that hinders the clinical application of these
approaches. Small-molecule agents possess good spatial
dispersion, druggability, and pharmacokinetic properties,
which are great advantages in drug development. Thus, the
development of FAK-targeted small molecule agents seems
promising. Y15 is a kind of FAK inhibitor, which can inhibit
FAK autophosphorylation. In our study, we found that
Y15 repressed cell proliferation, migration, and invasion in
ESCA cells, indicating that targeting FAK is a promising
strategy to overcome the malignance of ESCA.

It has been reported that the combination of FAK
inhibitors with other therapeutics is more effective than
either alone (41). For example, Y15 combined with
gemcitabine was more effective in suppressing pancreatic
cancer cell growth in a mouse model than either alone (42).
In clinical trials, the efficacy data are limited. In a phase I
clinical trial, the safety of FAK inhibitor (PF-04554878) in
combination with pembrolizumab or gemcitabineto treat
pancreatic cancer was evaluated, and although the drug
tolerability is satisfactory, no partial or complete response
was observed (43). A phase II clinical trial (NCT01870609)
evaluated PF-04554878 in the treatment of pleural
mesothelioma after first-line chemotherapy (44), but no
benefit on DFS, OS or quality of life was achieved. To date,
several combined strategies are under clinical evaluation for
treatment of advanced solid cancers, and with more efficacy
data published, the true potential of single or combinatorial
therapies continues to be explored.

There are some limitations in this study. Firstly, the
findings of this study need to be further confirmed in
animal models, especially the anti-tumoral role of Y15 in
ESCA. Secondly, clinical samples should be collected in

© Journal of Gastrointestinal Oncology. All rights reserved.
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our institution to verify the results from public databases.
Lastly, in-depth mechanisms need to be explored to identify
potential targets and develop targeted agents, which may be
combined with Y15 as novel therapeutics in the treatment

of ESCA.

Conclusions

The current study proposes a novel regulatory mechanism
of SPP1 in the malignance of ESCA. SPP1 promotes tumor
cell proliferation, invasion, and migration in ESCA, partly
by initiating the formation of focal adhesion through FAK/
Erk pathway (Figure 3K). The findings achieved in this
study indicated that FAK and downstream molecules are
potential molecular targets for ESCA therapy.
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