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Abstract. Excessive proliferation, metastasis and immune 
escape are considered to be hallmarks of cancer contributing 
to tumor progression. Split hand and foot malformation 1 
(SHFM1) is highly expressed in various cancers and has 
been reported to increase malignant behaviors. However, the 
biological functions of SHFM1 in esophageal squamous cell 
carcinomas (ESCC) progression remain to be elucidated. An 
integrated bioinformatics analysis was performed to identify 
candidate genes in ESCC progression based on GSE micro‑
arrays. SHFM1 was found to be profoundly upregulated in 
ESCC tissues compared with normal tissues and SHFM1 
expression was positively associated with poor prognosis. 
The biological effects of SHFM1 on cell growth, metastasis 
and immune escape were investigated following depletion or 
overexpression of SHFM1 in vitro. A xenograft mouse model 
was established to investigate the effect of SHFM1 on ESCC 
progression in vivo. SHFM1 overexpression promoted ESCC 
cell proliferation and migration in vitro as well as tumori‑
genesis in vivo, while SHFM1 knockdown restored those 
phenotype changes. Additionally, the present study demon‑
strated that the effects of SHFM1 on malignant behaviors of 
ESCC cells were achieved by activating the NF‑κB signaling 
accompanied by increased P65 phosphorylation and nuclear 
translocation. Furthermore, SHFM1 was also found to regu‑
late the sensitivity of cancer cells to natural killer (NK) cells. 
Specifically, inhibition of SHFM1 enhanced cell‑mediated cell 
apoptosis and increased NK toxicity, which might involve the 

downregulation of c‑Myc and programmed death‑ligand 1, key 
targets in cancer immunotherapy. In conclusion, these findings 
suggested that SHFM1 probably promoted ESCC progression 
by activating the NF‑κB pathway and enhancing the resistance 
of ESCC cells to NK cell cytotoxicity, indicating that SHFM1 
may be a promising target for ESCC treatment.

Introduction

Esophageal cancer (ESCA) is one of the most prevalent malig‑
nant cancers worldwide and ranks as the sixth commonest 
cause of death (1). Esophageal squamous cell carcinomas 
(ESCC) and adenocarcinoma are two major subtypes of 
ESCA with broad pathological heterogeneity and together 
comprise the majority of diagnosed ESCA cases (2). ESCC 
is the primary histologic type and accounts for >90% of 
ESCA (3). Currently, the primary clinical therapies have 
focused on the improvement of patient outcomes, including 
chemotherapy and surgical resection (4). Extensive tumor cell 
metastasis remains the primary cause of high mortality and 
poor prognosis of ESCC (5). Previous reports demonstrate that 
cancer immunotherapies have been considered a central tool 
against cancer in the past few decades (6,7). Therefore, it is 
urgent to elucidate the more specific detection indicators and 
the underlying pathological mechanism of ESCC.

Split hand and foot malformation 1 (SHFM1) is a key 
transcription factor that regulates various genes important 
for embryonic morphogenesis and tumor progression (8). 
Notably, SHFM1 has been considered an oncogene that is 
highly expressed in a number of types of human cancer, such 
as lung cancer, oral squamous cell carcinoma, osteosarcoma 
and ovarian cancer (9‑12). The tumor promotion effect of 
SHFM1 has attracted great attention. Previous reports indicate 
that SHFM1 promoted osteosarcoma progression and abla‑
tion of SHFM1 inhibited cell proliferation and promoted cell 
apoptosis both in vitro and in vivo (10). In addition, SHFM1 
exerts tumor promotion effects on ovarian cancer progression 
and knockdown of SHFM1 causes an inhibition of cell growth 
and cell cycle progression (12). These emerging findings 
suggest that SHFM1 expression is closely associated with 
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tumor progression and considered an oncogene in cancerous 
development. However, the functional roles of SHFM1 in 
ESCC progression have yet to be determined. In addition, 
emerging evidence indicates that SHFM1 is associated with 
the activation of multiple signaling pathways that participated 
in tumorigeneses such as the Akt, Notch and Wnt signaling 
pathways (11,12). It is well established that the NF‑κB signaling 
is aberrantly dysregulated in numerous types of cancer cells 
and is associated with tumorigenesis (13). However, the role 
of SHFM1 in the regulation of NF‑κB signaling in ESCC 
progression remains to be elucidated.

The immunotherapy of cancer has been well‑documented 
and the regulation of immune responses serves an important 
role in tumor progression (14). Notably, natural killer (NK) 
cell‑mediated cellular cytotoxicity is valuable for cancer 
immunotherapy (15). c‑Myc is a proto‑oncogene in the majority 
of types of human cancer (16,17) and promising research 
indicates that c‑Myc expression regulates cytotoxicity‑induced 
apoptosis, which is one of the mechanisms of NK cell‑medi‑
ated immune response in tumors (18,19). c‑Myc acts as a 
transcriptional target of SHFM1 and SHFM1 overexpression 
promotes cell proliferation by regulating the transcriptional 
expression of c‑Myc in lung cancer (20). c‑Myc could regulate 
tumor immune response by mediating an immune checkpoint 
programmed death‑ligand 1 (PD‑L1) in a number of types of 
tumors (21‑23). Notably, c‑Myc can bind to the promoter of 
PD‑L1, thereby positively regulating the expression of PD‑L1 
in ESCC progression (24). Blockade of PD‑L1 by immune 
checkpoint inhibitors exhibits promising clinical results for 
antitumor activity via enhancing NK cell responses (25). 
Hence, the present study hypothesized that SHFM1 also 
regulated immune response in ESCC progression.

In the present study SHFM1 was identified as a potential 
biomarker in ESCC through bioinformatics analysis. SHFM1 
expression was frequently upregulated in ESCC patient tissues 
and was significantly associated with clinicopathologic features 
and overall survival of patients. In addition, the present study 
focused on the effects of SHFM1 on the malignant phenotypes 
of ESCC cell lines. Functional studies demonstrated that 
SHFM1 promoted cell viability, cell cycle progression and 
migration in ESCC cells and accelerated tumor formation 
in a xenograft mouse model. Furthermore, the present study 
specifically assessed whether SHFM1 expression was involved 
in tumor immunity response in ESCC cells. These findings 
confirmed the oncogenic role of SHFM1 in the progression of 
ESCC and highlighted its potential role as a target for ESCC 
treatment.

Materials and methods

Bioinformatics and database analysis. A total of two gene 
expression profiles GSE17351 and GSE33810 were selected 
from the Gene Expression Omnibus (GEO; http://www.ncbi. 
nlm.nih.gov/geo) database. The GSE17351 dataset included five 
ESCC and normal tissues. The GSE33810 dataset consisted of 
one normal and two ESCC samples. The differential expressed 
genes between ESCC and normal samples were screened by the 
GEO2R database (http://www.ncbi.nlm.nih.gov/geo/geo2r/). 
The P‑value <0.05 and |log2FC| value >2 were set as signifi‑
cance. The differential genes in ESCC were presented using 

volcano plots. Venn diagram analysis was performed to 
explore the overlapped upregulated genes according to these 
two profiles. Gene Ontology (GO) enrichment and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways assays 
were performed using DAVID (https://david.ncifcrf.gov/) to 
annotate overlapped genes. Protein‑protein interaction (PPI) 
network was constructed to analyze the interactions among 
selected proteins. Kaplan‑Meier plots (http://www.kmplot.
com/analysis/index.php?p) database was performed to explore 
the correlation between gene expression and overall survival. 
The Gene Set Cancer Analysis database (GSCA; http://bioinfo.
life.hust.edu.cn/GSCA) was performed to analyze SHFM1 
expression across The Cancer Genome Atlas (TCGA) cancer 
types. The expression level of SHFM1 in clinical cases was 
validated using the Gene Expression Profiling Interactive 
Analysis (GEPIA) (http://gepia.cancer‑pku.cn/) database and 
the UALCAN database (http://ualcan.path.uab.edu). UALCAN 
dataset was also performed to assess the association between 
SHFM1 expression and clinical parameters of ESCC.

Human tissue samples. A total of 58 patients with ESCC 
(male, n=41 and female, n=17; age range, 56‑87 years; 
with a median age of 68 years) were harvested from the 
Xingtai People's Hospital. All procedures were approved 
by the Ethics Committee of Xingtai People's Hospital 
(approval no. 2022‑021) and conducted according to the 
guidelines of the Declaration of Helsinki; all patients provided 
written informed consent prior to entering the study. ESCC 
and adjacent non‑tumor tissues were collected and stored 
at ‑80˚C.

Cell culture and transfection. Human ESCC cell lines 
TE‑1 and KYSE‑410 were obtained from Zhong Qiao 
Xin Zhou Biotechnology (cat. no. ZQ0235) and Procell 
(cat. no. CL‑0586), respectively and were cultured at 37˚C 
with 5% CO2 in RPMI‑1640 medium (cat. no. 31800; Beijing 
Solarbio Science & Technology Co., Ltd.) supplemented 
with 10% fetal bovine serum (FBS). Small interfering RNA 
(siRNA) sequences were designed and synthesized by General 
Biology (Anhui) Co., Ltd., comprising two siRNA sequences 
against SHFM1 (siSHFM1‑1 and siSHFM1‑2) or nonspecific 
control siRNA (siControl). In brief, 20 µM siRNAs (3.75 µl) 
and Lipofectamine® 3000 regent (7.5 µl; cat. no. L3000015; 
Invitrogen; Thermo Fisher Scientific, Inc.) were added to 
Opti‑MEM (125 µl; cat. no. 31985070, Invitrogen; Thermo 
Fisher Scientific, Inc.) and incubated for 15 min at room 
temperature. The sequences used in the present study were 
as follows: siSHFM1‑1, 5'‑GAU CAA GAA GAU CAU GAA 
ATT‑3'; siSHFM1‑2, 5'‑AGA UCA AGA AGA UCA UGA ATT‑3'; 
and siControl, 5'‑UUC UCC GAA CGU GUC ACG UTT‑3'. For 
SHFM1 overexpression, the coding sequence of SHFM1 
was constructed to the pcDNA3.1 vector (cat. no. G109090; 
Youbao Biology). pcDNA3.1 empty vector (cat. no. V79020; 
Invitrogen; Thermo Fisher Scientific, Inc.) served as a 
control. Briefly, SHFM1 expression plasmid or empty vector 
(4 µg) was complexed with 7.5 µl Lipofectamine® 3000 
(cat. no. L3000015; Invitrogen; Thermo Fisher Scientific, 
Inc.) and then incubated for 15 min at room temperature for 
transfection into TE‑1 and KYSE‑410 cells. All experiments 
were performed 48 h after the transfection.
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Western blotting analysis. ESCC tissues and cells were 
lysed using the RIPA buffer (cat. no. P0013B; Beyotime 
Institute of Biotechnology) with phenylmethylsulfonyl 
fluoride (cat. no. ST506; Beyotime Institute of Biotechnology) 
for the isolation of proteins. A BCA protein assay kit 
(cat. no. P0009; Beyotime Institute of Biotechnology) was 
used for protein concentration quantification. Equal amounts 
of proteins (15‑30 µg) were loaded into a 10% SDS‑PAGE 
gel (cat. no. P0015; Beyotime Institute of Biotechnology) 
and blotted to polyvinylidene fluoride (PVDF) membranes 
(cat. no. LC2005; Thermo Fisher Scientific, Inc.). Following 
blocking with bovine albumin (5%; BSA; cat. no. BS043; 
Biosharp Life Sciences) for 1 h at room temperature, PVDF 
membranes were immunoblotted with antibody against 
SHFM1 (1:500; cat. no. 10592‑1‑AP, Wuhan Sanying 
Biotechnology), c‑Myc (1:500; cat. no. 10828‑1‑AP; Wuhan 
Sanying Biotechnology), PD‑L1 (1:1,000; cat. no. 28076‑1‑AP, 
Wuhan Sanying Biotechnology), phosphorylated (p‑)P65 
(Ser536; 1:1,000; cat. no. AF2006; Affinity Biosciences), 
P65 (1:1,000; cat. no. AF5006; Affinity Biosciences), matrix 
metalloproteinase 9 (MMP9) (1:500; cat. no. 10375‑2‑AP; 
Wuhan Sanying Biotechnology), or MMP2 (1:1,000; 
cat. no. 10373‑2‑AP; Wuhan Sanying Biotechnology), respec‑
tively, overnight at 4˚C, followed by the incubation of horseradish 
peroxidase (HRP)‑conjugated goat anti‑rabbit (1:10,000; IgG, 
cat. no. SA00001‑2; Wuhan Sanying Biotechnology) at 37˚C 
for 40 min. The blots were visualized with an ECL detection 
reagent (cat. no. E003; Seven Sea biotech, China) and protein 
expression was normalized to β‑actin. The blots were detected 
using the Gel‑Pro‑Analyzer (cat. no. WD‑9413B; Beijing Liuyi 
Biotechnology Co., Ltd.).

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
was isolated from ESCC cells (6‑well plates at a density of 
1x106 cells per well) with TRIpure solution (cat. no. RP1001; 
BioTeke Corporation) according to the manufacturer's 
instructions. The synthesis and quantification of cDNA were 
performed with the Exicycler 96 SYBR Green PCR system 
(Bioneer Corporation) according to the manufacturer's instruc‑
tions. qPCR was conducted using the SYBR Green Master Mix 
(cat. no. SY1020; Beijing Solarbio Science & Technology Co., 
Ltd.). The PCR program consisted of: 94˚C for 5 min; 94˚C for 
20 sec and 60˚C for 30 sec, for 40 cycles. Gene expression was 
conducted by the method of 2‑ΔΔCq (26) and β‑actin was used 
for normalization. Three biological replicates were analyzed 
for each experiment.The primer sequences were: SHFM1 
forward, 5'‑ACC TCG GCT TCC TAT GGC‑3' and reverse, 
5'‑CTG GGT TTA CGA ACT TTC TTT G‑3'; c‑Myc forward, 
5'‑ACA CCC TTC TCC CTT CG‑3' and reverse, 5'‑CCG CTC 
CAC ATA CAG TCC‑3'; PD‑L1 forward, 5'‑AAC TAC CTC TGG 
CAC ATC‑3' and reverse, 5'‑ATC CAT CAT TCT CCC TTT‑3'; 
β‑actin forward, 5'‑GGC ACC CAG CAC AAT GAA‑3' and 
reverse, 5'‑TAG AAG CAT TTG CGG TGG‑3'.

Cell Counting Kit‑8 (CCK‑8) assay. ESCC cells (3x103 cells) 
were seeded onto 96‑well plates and cultured in RPMI‑1640 
medium. Following transfection, cell viability was assessed 
at 0, 24, 48 and 72 h, respectively. The cells were treated 
with CCK‑8 solution (10 µl; cat. no. KGA317; Nanjing 
KeyGen Biotech Co., Ltd.) and were cultured for another 2 h. 

Cell proliferation ability was represented by detecting the 
absorbance value at 450 nm under a microplate reader (800Ts; 
BioTek Instruments, Inc.).

Cell cycle assay. Cell cycle analysis was performed using the 
Cell Cycle Analysis kit (cat. no. KGA512; Nanjing KeyGen 
Biotech Co., Ltd.) according to the manufacturer's protocol. 
Briefly, the transfected ESCC cells were collected and fixed 
in 70% cold ethanol at 4˚C overnight. Subsequently, the fixed 
cells were washed with 1X phosphate‑buffered saline (PBS; 
pH 7.4; Sangon Biotech Co., Ltd.), followed by incubation with 
the prepared propidium iodide (PI) staining solution in dark‑
ness for 30 min. The DNA content was detected using a flow 
cytometer (NovoCyte; Agilent Technologies, Inc.). Flow Plus 
software (version 1.5.6; Agilent Technologies, Inc.) was used 
to analyze the results. The percentage of cells at the G1, S and 
G2 phases were calculated.

Migration and invasion assays. The effect of SHFM1 on 
the migratory and invasive capabilities of ESCC cells was 
performed by Transwell assay. For invasion assay, the Transwell 
chambers were pre‑coated with 40 µl of diluted (1:3) Matrigel 
(cat. no. 3422; Corning, Inc.) at 37˚C for 2 h. In brief, the trans‑
fected TE‑1 and KYSE‑410 cells (6x103 cells) were suspended 
and seeded in 200 µl serum‑free medium in the top chamber. 
RPMI‑1640 medium (800 µl) containing 10% FBS was added 
to the bottom chambers. Following cultivation at 37˚C with 5% 
CO2 for 24 h, the cells were washed and fixed with 4% parafor‑
maldehyde for 15 min at 37˚C, followed by staining with 0.4% 
crystal violet solution (cat. no. 0528; Amresco, LLC) at 37˚C 
for 5 min. The migrated and invaded cells from five random 
fields were quantified and captured under an inverted light 
microscope (IX53; Olympus Corporation).

Immunofluorescence assay. P65 localization was developed 
by the immunofluorescence assay. The transfected ESCC cells 
were fixed with 4% paraformaldehyde at 37˚C and reacted 
with 0.1% Triton X‑100 (cat. no. ST795; Beyotime Institute 
of Biotechnology). Following blocking with 1% BSA for 
15 min at 37˚C, cells were incubated with an antibody against 
P65 (1:200; cat. no. A11201; ABclonal Biotech Co., Ltd.) 
overnight at 4˚C. Cy3‑labeled goat anti‑rabbit IgG (1:200; 
cat. no. A27039; Invitrogen; Thermo Fisher Scientific, Inc.) 
were used as secondary antibodies. Cells were counterstained 
with DAPI staining solution (cat. no. D106471‑5mg, Aladdin, 
China) for 5 min at 37˚C and the immunofluorescent images 
were captured using a fluorescence microscope (BX53; 
Olympus Corporation).

Cell cytotoxicity assay. For cell cytotoxicity assay, NK‑92 
cells were obtained from Procell Life Science & Technology 
Co., Ltd. and grown in a specific medium (cat. no. CM‑0530; 
Procell Life Science & Technology Co., Ltd.) at 37˚C with 
5% CO2. The transfected TE‑1 and KYSE‑410 cells were 
stained with 5‑6‑carboxyfluorescein diacetate succinimidyl 
ester (CFSE; cat. no. S19285; Shanghai Yuanye Biotechnology 
Co., Ltd.) for 10 min at 37˚C. Following incubation for 24 h, 
NK‑92 cells were co‑incubated with TE‑1 or KYSE‑410 cells 
(5:1) for 4 h, respectively. TE‑1 and KYSE‑410 cells were also 
incubated separately to detect basal levels. The collected cells 
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were then stained with PI (100 µg/ml) for 5 min at 4˚C. Cells 
were then examined by flow cytometry (NovoCyte; Agilent 
Technologies, Inc.). The specific lysis rate was analyzed by 
Flow Plus software (version 1.5.6; Agilent Technologies, Inc.) 
according to the following formula: Specific lysis%=(sample 
ratio‑basal ratio) x100%, where ratio=% CFSE+PI+/% 
CFSE+ (27).

ELISA assay. To assess granzyme B and perforin expression 
levels, ESCC cells were harvested following transfection 
for 48 h. NK‑92 cells were co‑incubated with ESCC cell at 
5:1 radio for a further 12 h at 37˚C. The levels of granzyme 
B (cat. no. EH0157) and perforin (cat. no. EH1487) from 
culture media supernatants were detected using the human 
ELISA kits (Wuhan Fine Biotech Co., Ltd.) according to the 
manufacturer's instructions.

Animal experiments. A total of 24 BALB/c male nude mice 
(aged 4‑5 weeks; weight 15‑16 g) purchased from Changzhou 
Cavince Laboratory Animal Co., Ltd. were used for the xenograft 
growth assay. Mice were maintained under standard conditions 
(temperature, 22±1˚C; 45‑55% humidity; 12 h light/dark cycle). 
The mice were randomly divided into four groups (6 mice in each 
group): The shControl group, the shSHFM1 group, the Vector 
group and the SHFM1 group; none of nude mice succumbed 
during the study. For xenograft models, KYSE‑410/vector cells 
or SHFM1‑overexpression KYSE‑410 cells (1x106 cells) were 
subcutaneously injected into the right flank of mice. In addition, 
a total of 1x106 cells with SHFM1 knockdown or without gene 
intervention were injected into mice. Tumor volumes (LxW2)/2 
were examined every 4 days. Loss of weight >20% of the body 
weight of mice and tumor position severely impairing usual 
body function were applied as humane endpoints. After 28 days, 
the animals were sacrificed using 30% volume/min CO2. Tumor 
tissues were dissected and fixed in 4% paraformaldehyde at 
room temperature for 24 h for further analysis. Mortality was 
confirmed by observation of cessation of heartbeat, respiratory 
arrest and dilated pupils. All animal experiments were approved 
by the Institutional Animal Care and Use Committee of the 
Xingtai People's Hospital (approval no. 2022‑026) and the 
ARRIVE Guidelines 2.0 for Reporting Animal Research (28) 
were followed.

Immunohistochemistry (IHC). For IHC staining analysis, 
the samples were fixed in 4% paraformaldehyde at room 
temperature overnight. The sections were embedded in paraffin 
and sliced into 5 µm sections. Tumor sections were deparaf‑
finized with xylene, followed by rehydration with ethanol. The 
sections were performed by heat‑induced epitope retrieval with 
antigen retrieval buffer and endogenous peroxidase activity was 
quenched with 3% H2O2 for 15 min. The samples were blocked 
with 1% BSA at 37˚C for 15 min and incubated with antibodies 
against SHFM1 (1:100; cat. no. DF3220; Affinity Biosciences) 
or Ki‑67 (1:100; cat. no. AF0198; Affinity Biosciences) over‑
night at 4˚C. Slides were then cultivated with goat anti‑rabbit 
HRP‑conjugated secondary antibody (1:500; cat. no. 31460; 
Thermo Fisher Scientific, Inc.) for 1 h at 37˚C. The sections 
were counterstained with DAB solution (cat. no. DAB‑1031; 
Fuzhou Maixin Biotech Co., Ltd.). The images were obtained 
under a light microscope (BX53; Olympus Corporation).

Statistical analysis. GraphPad Prism 8.0 software (Dotmatics) 
was used for statistical analysis. Statistical tests for data anal‑
ysis were calculated with Student's t‑test or one‑way analysis 
of variance (ANOVA) with Tukey's multiple comparisons test. 
The data were expressed as the mean ± standard deviation. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Identification of differentially expressed genes in ESCC and 
analysis. The present study first screened ESCC‑related differ‑
ential genes in two GSE data sets (GSE17351 and GSE33810). 
The regulated genes were shown in the volcano plot (Fig. 1A). 
The Venn diagram showed the overlap of two profiles and 75 
upregulated genes were screened (Fig. 1B).

Enriched GO and the KEGG pathway analysis was 
performed with DAVID. As indicated in Fig. 1C, the GO 
terms showed that 75 upregulated genes were mainly enriched 
in the extracellular matrix organization and collagen catabolic 
process on biological process group; collagen‑containing 
extracellular matrix and collagen trimer on cellular compo‑
nent; metallopeptidase activity and extracellular matrix 
structural constituent on molecular function. In addition, in the 
KEGG pathway analysis, 75 upregulated genes were mostly 
enriched on the IL‑17 signaling pathway and transcriptional 
misregulation in cancer.

PPI network analysis and key genes selection. As shown in 
Fig. 2A, the PPI network revealed a correlation among these 
significantly co‑expressed genes. A significant module was 
identified and the most significant three node genes were 
collagen type I alpha 1 (COL1A1), secreted phosphoprotein 
1 (SPP1) and SHFM1 (Fig. 2B). Survival analysis was further 
performed to evaluate prognostic value of these significant 
genes. Survival analysis data from TCGA indicated a negative 
association between SHFM1 expression and overall survival 
rate of patients (P<0.05; Fig. 2C). In addition, there was no 
significant association between COL1A1 or SPP1 expression 
and survival rate of patients with ESCC. Among these key 
genes, SHFM1 was identified as a candidate biomarker based on 
the prognostic value and SHFM1 expression in different types 
of cancer was performed across TCGA database. Analysis of 
data from the GSCA database revealed that SHFM1 expres‑
sion was highly expressed in various types of cancer, including 
ESCC (Fig. 2D). Furthermore, the SHFM1 expression pattern 
focused on ESCC in clinical cases was explored based on the 
GEPIA and UALCAN databases (P<0.05; Fig. 2E and F). 
Consistently, the expression of SHFM1 was markedly higher 
in ESCC tissues compared with normal esophageal tissues.

SHFM1 expression and clinical‑pathological parameters 
of patients with ESCC. Given that SHFM1 was related to 
the prognosis of ESCC, the present study further explored 
the association between SHFM1 expression and clinical 
parameters based on TCGA datasets. SHFM1 expression in 
ESCC patients was increased and positively associated with 
different clinical features, including nodal metastasis status 
and pathologic stages in ESCC and was not associated with 
histological grade (Fig. 3A). The present study revealed that 
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SHFM1 expression in the primary tumors with nodal metas‑
tasis (N1‑N3) was markedly increased compared with those 
without lymph node metastasis (N0) in ESCC (P<0.01) and 
SHFM1 expression increased in stages 1‑4 compared with 
normal samples, suggesting that SHFM1 expression was 
significantly related to the prognosis of patients with ESCC 
(Fig. 3A). In addition, SHFM1 expression was gradually 
upregulated with an increase in tumor stages and lymphatic 
invasion in ESCC. To further confirm the expression of 
SHFM1 in ESCC progression, 58 ESCC tissues were collected 
and the correlation among SHFM1 and clinicopathological 
variables was detected. Notably, SHFM high expression was 

positively associated with TNM stage (P=0.048) and lymph 
node metastasis (P=0.006; Table I), this was consistent with 
database results, suggesting that SHFM might be independent 
prognostic factor for the patients with ESCC. IHC staining 
showed that SHFM1 expression was divided into the low 
expression and high expression groups (Fig. 3B). As shown in 
Fig. 3C, the protein expression of SHFM1 in ESCC tissues was 
significantly increased in cancerous tissues compared with 
adjacent normal tissues.

SHFM1 promotes cell growth and cell cycle progression in 
ESCC cells. The biological function of SHFM1 in ESCC 

Figure 1. Volcano map and Venn diagram of GSE17351 and GSE33810. (A) volcano map of GSE17351 and GSE33810; red plots for upregulated genes, blue 
plots for downregulated genes. P<0.05 and log2FC >2 were considered significant. (B) An overlap of 75 upregulated genes was screened on the Venn diagram. 
(C) The enriched GO terms and KEGG pathway of 75 upregulated genes in ESCC. Bubble diagram of GO enrichment in biological process, molecular function 
and cellular component. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; ESCC, esophageal squamous cell carcinoma.
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cell lines was further explored. SHFM1 was silenced or 
overexpressed in ESCC cells by loss‑of or gain‑of‑function 
approaches. RT‑qPCR and western blotting analysis were 

performed to confirm the expression of SHFM1 following 
transfection in TE‑1 and KYSE‑410 cells (Fig. S1A‑1D). 
Subsequently, cell proliferation ability was monitored in ESCC 

Figure 2. PPI network and gene expression. (A) PPI network of 75 upregulated genes. (B) The significant module was selected from the PPI network. 
(C) Kaplan‑Meier plots analysis of the correlation between selected genes expression and the overall survival. (D) The expression level of SHFM1 in different 
types of cancer. Red plots represent tumor tissue, blue plots represent normal tissue. (E) SHFM1 was upregulated in patients with ESCC based on the GEPIA 
database. Red plots represent tumor tissue, blue plots represent normal tissue. (F) SHFM1 expression in patients with ESCC based on the UALCAN database. 
Red plots represent tumor tissue, blue plots represent normal tissue. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. normal group. 
PPI, protein‑protein interaction; SHFM1, split hand and foot malformation 1; ESCC, esophageal squamous cell carcinoma; GEPIA, Gene Expression Profiling 
Interactive Analysis.
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Table I. Correlation between SHFM1 expression and clinicopathologic parameters in ESCC patients.

 SHFM1 expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameters n High (n=33) Low (n=25) P‑value

Age (years)    0.114
  ≥65 40 20 (50%) 20 (50%) 
  <65 18 13 (72.2) 5 (27.8%) 
Sex    0.942
  Male 41 23 (56.1%) 18 (43.9%) 
  Female 17 10 (58.9%) 7 (41.1%) 
TNM stage    0.048*

  T1 1 0 (0) 1 (1) 
  T2 21 7 (33.3%) 14 (66.7%) 
  T3 24 17 (70.8%) 7 (29.2%) 
  T4 12 9 (75%) 3 (25%) 
Histological grade    0.359
  Low 27 18 (66.7%) 9 (33.3%) 
  Middle 22 11 (50%) 11 (50%) 
  High 9 4 (44.4%) 5 (55.6%) 
Lymph node metastasis    0.006*

  Positive 26 20 (76.9%) 6 (23.1%) 
  Negative 32 13 (40.6%) 19 (59.4%) 

SHFM1, split hand and foot malformation 1; ESCC, esophageal squamous cell carcinoma.

Figure 3. SHFM1 expression based on online database and clinic samples. (A) Expression profile of SHFM1 in patients with ESCC based on different clinical 
features. (B) The expression of SHFM1 in ESCC tissues was detected by IHC staining. Images were captured at x400 magnification. (C) Expression of SHFM1 
in matched 17 ESCC tissues (T) and the non‑tumor tissues (N) was explored by western blotting. Relative expression was analyzed and β‑actin was used as 
a normalization control. Data are presented as the mean ± standard deviation. ns, not significant; **P<0.01 vs. normal group. SHFM1, split hand and foot 
malformation 1; ESCC, esophageal squamous cell carcinoma; IHC, immunohistochemistry.
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cells by CCK‑8 analysis. The results revealed that knockdown 
of SHFM1 significantly reduced cell proliferation and the 
cell viability was increased following SHFM1 overexpression 
(Fig. 4A and B). To further confirm these results, flow cytom‑
etry analysis was conducted to evaluate the role of SHFM1 
in cell cycle progression. As shown in Fig. 4C, in the absence 
of SHFM1, the cell proportion of the G1 phase was remark‑
ably increased, while the number of cells was decreased in 
the S phase, suggesting SHFM1 deficiency caused cell cycle 
arrest in the G1 phase. by contrast, SHFM1 overexpression 
caused a decrease in the cell counts of the G1 phase and was 
accompanied by increased cells in the S phase (Fig. 4D).

SHFM1 promotes migration and invasion of ESCC cells. 
Furthermore, the effect of SHFM1 on cell aggressiveness 
in SHFM1‑overexpressed or ‑silenced cells was determined 
by Transwell assay. Migration analysis revealed that the 
downregulation of SHFM1 markedly inhibited the migration 

capability of TE‑1 and KYSE‑410 cells and overexpression of 
SHFM1 markedly increased migration ability and the number 
of the migrated cells (Fig. 5A and B). In addition, the Matrigel 
invasion assay indicated that SHFM1 depletion caused a 
significant decrease in cell invasiveness compared with the 
corresponding control group and the invasive ability was 
increased in the SHFM1‑overexpressed TE‑1 and KYSE‑410 
cells (Fig. 5C and D).

SHFM1 promotes ESCC tumor growth in vivo. Given 
that SHFM1 associated with ESCC cell growth in vitro, a 
xenograft tumor model was established to explore whether 
SHFM1 promoted ESCC progression in vivo. As indicated in 
Fig. 6A and B, the tumors formed by SHFM1‑silenced ESCC 
cells demonstrated a decreased growth rate and reduced 
tumor volumes compared with those of the control group, 
while SHFM1 overexpression clearly accelerated ESCC tumor 
growth in vivo. In addition, the contribution of SHFM1 in 

Figure 4. SHFM1 promotes ESCC cell proliferation. (A and B) CCK‑8 assays in ESCC cells upon SHFM1 knockdown or overexpression. The images of DNA 
content were obtained by (C) flow cytometry analysis and (D) quantification of the percentage of cells at the G1, S and G2 phases. Data are presented as the 
mean ± standard deviation. ns, not significant; *P<0.05, **P<0.01, vs. siControl or Vector group. SHFM1, split hand and foot malformation 1; ESCC, esophageal 
squamous cell carcinoma; si, short interfering.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  25:  195,  2023 9

tumor progression in vivo was explored. MMP9 and MMP2 
expression in ESCC tissues was significantly upregulated in 
SHFM1‑overexpression tumors and downregulated following 
SHFM1 depletion (Fig. 6C). IHC staining of the xenograft 
sections demonstrated that overexpression of SHFM1 
resulted in increased expression of SHFM1 and Ki‑67 levels 
and SHFM1 and Ki‑67 expression was decreased following 
knockdown of SHFM1 (Fig. 6D and E). These results further 
suggested that SHFM1 promoted ESCC progression in vivo.

Effects of SHFM1 on the NF‑κB signaling pathway. The 
present study further investigated the effect of SHFM1 on the 

NF‑κB signaling pathway. Following transfection for 48 h, 
ESCC cells were collected to detect the expression of total and 
phosphorylated P65 content. As indicated in Fig. 7A and B, 
the knockdown of SHFM1 in ESCC cells markedly decreased 
the expression levels of phosphorylation of P65, while SHFM1 
overexpression strongly promoted P65 phosphorylation and the 
expression of total P65 protein was not significantly changed. 
These data suggested that SHFM1 might exert the role in acti‑
vating the NF‑κB signaling pathway. In addition, the location 
of P65 was further detected by immunofluorescence assay and 
the results revealed that P65 was located predominantly in the 
cytoplasm of control cells. Notably, SHFM1 overexpression 

Figure 5. SHFM1 promotes migration and invasion in ESCC cells. The migration and invasion abilities were detected in ESCC cells upon SHFM1 knockdown 
or overexpression based on Transwell assays; (A) Representative images and (B) quantification of migrated cells. Images were captured at x200 magnification. 
(C) Representative images and (D) quantification of invaded cells. Images were captured at x200 magnification. Data are presented as the mean ± standard 
deviation. *P<0.05, **P<0.01 vs. siControl or Vector group. SHFM1, split hand and foot malformation 1; ESCC, esophageal squamous cell carcinoma.
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showed an increase in nuclear translocation of P65, while 
P65 was mainly in the cytoplasm of SHFM1‑silencing cells 
(Fig. 7C and D).

Effects of SHFM1 on NK cell‑mediated immune response. It 
is well‑known that c‑Myc and PD‑L1 expression is involved 
in the immune response in ESCC progression (24,29). Thus, 

Figure 6. SHFM1 promotes tumor growth in vivo. (A) Representative photographs of tumors excised from ESCC tumor‑bearing mice. (B) Tumor volume 
was monitored every 4 days. (C) Western blotting analysis of the expression levels of MMP9 and MMP2 in ESCC tissues. Relative expression was analyzed. 
(D) SHFM1 and (E) Ki‑67 expression in ESCC tissues was detected by IHC staining. Images were captured at x400 magnification. Data are presented as 
the mean ± standard deviation. *P<0.05, **P<0.01 compared with shControl or Vector group. SHFM1, split hand and foot malformation 1; ESCC, esophageal 
squamous cell carcinoma; MMP, matrix metalloproteinase; IHC, immunohistochemistry; sh, short hairpin.
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the effect of SHFM1 on the expression level of c‑Myc and 
PD‑L1 in ESCC cells was investigated. The results revealed 
that downregulation of SHFM1 significantly reduced c‑Myc 
and PD‑L1 levels, while upregulation of SHFM1 enhanced 
c‑Myc and PD‑L1 expression in ESCC cells (Fig. 8A‑D). It 
has been reported that human leukocyte antigen (HLA) class‑I 
molecules and PD‑L1 on cancer cell surfaces are pivotal for 
tumor immunity (30). The present study further verified HLA 
class‑I expression in ESCC cells. Results indicated that HLA 
class‑I expression was significantly upregulated following 
SHFM1 knockdown (Fig. S2). Having shown that SHFM1 
knockdown inhibited c‑Myc and PD‑L1 expression, the 
present study next explored the effect of SHFM1 on the NK 
cell‑mediated immune cell killing and co‑incubated NK cells 
with ESCC cells. ESCC cells were used as the target cells and 
NK‑92 cells as the effector cells and a CFSE/PI flow cytom‑
etry assay was conducted. As shown in Fig. 9A and B, SHFM1 
silencing significantly increased the dead target cells, while 
ESCC cells overexpressing SHFM1 exhibited a decreased 
number of dead cells, suggesting that knockdown of SHFM1 
enhanced the capability of immune cell killing. Additionally, 
NK‑92 cell‑mediated specific cell lysis results showed that 
SHFM1 deficiency increased the percent specific lysis of the 
ESCC cells, whereas overexpression of SHFM1 yielded the 
reverse results (Fig. 9C and D). It is generally known that 
granzyme B and perforin synergize to mediate target cell 
apoptosis in NK‑mediated killing (15,31). The present study 
detected the expression levels of granzyme B and perforin 
in culture medium from SHFM1‑silenced or ‑overexpressed 
ESCC cells that co‑cultured with NK‑92 cells. The results of 

ELISA indicated that the knockdown of SHFM1 significantly 
increased the expression of granzyme B and perforin and 
upregulation of SHFM1 decreased levels of these cytolytic 
agents (Fig. 9E‑H). These findings suggested that SHFM1 
expression partly blocked the susceptibility of cancer cells 
toward immune attack.

Discussion

In the present study, bioinformatics methods were performed 
to identify differential genes based on the cohorts profile 
datasets. GO and KEGG pathway analysis was performed for 
annotating these genes and PPI network was also developed to 
identify central node genes. Through bioinformatical analysis, 
three significant genes were screened, including COL1A1, 
SPP1 and SHFM1. The clinical significance and function of 
COL1A1 in ESCC have been well documented in previous 
studies (32,33). In addition, SPP1 has been identified based on 
four GEO databases from ESCC samples (34). Thus, SHFM1 
was selected as a biological marker in ESCC for further study. 
Accumulating research indicate that SHFM1 is involved in 
tumorigenesis in a number of types of human cancer (8,35,36). 
Consistently, the present study observed a significantly higher 
level of SHFM1 in ESCC progression based on clinic patient 
tissues and aberrantly increased SHFM1 expression in cancer 
patients predicted poor survival. Furthermore, the prognosis 
value of SHFM1 was investigated based on online databases 
and clinical cases. It was found that SHFM1 expression was 
higher in tumors with lymph node metastasis compared with 
non‑metastatic focus. Highly expressed SHFM1 was positively 

Figure 7. SHFM1 regulates the NF‑κB signaling pathway in ESCC cells. (A and B) Western blotting analysis of the expression levels of P65 and p‑P65 in the 
SHFM1 silenced or overexpressed TE‑1 cells. The relative expression was analyzed. (C and D) Immunofluorescence analysis indicated the location of P65 in 
the SHFM1 silenced or overexpressed TE‑1 cells. Data are presented as the mean ± standard deviation. **P<0.01 vs. siControl or Vector group. SHFM1, split 
hand and foot malformation 1; ESCC, esophageal squamous cell carcinoma; si, short interfering; p‑, phosphorylated.
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associated with lymph node metastasis and TNM stage, 
indicating a significant association of high SHFM1 expres‑
sion with tumor growth and metastasis in ESCC. A previous 
study reported the functional significance of SHFM1 in ESCC 
progression in that it promotes cell growth, invasiveness 
ability, colony formation and xenograft growth (37). These 
findings demonstrated the important role of SHFM1 in cancer 
progression. Indeed, the present study presented the oncogenic 
role of SHFM1 in ESCC progression and SHFM1 was associ‑
ated with the aggressiveness of ESCC cells both in vitro and 
in vivo. Suppression of SHFM1 inhibited the proliferation 
ability and the migrated and invasive capacity of ESCC cells 
and overexpression of SHFM1 promoted ESCC progression.

Abnormal activation of NF‑κB signaling serves a vital role 
in progressions in various types of cancer, including ESCC (38). 
It has been indicated that the homeoprotein of SHFM1 is asso‑
ciated with enhanced NF‑κB activity in ovarian cancer (39). 
The present study hypothesized that SHFM1 might exert the 
functional role in ESCC progression through the regulation 
of the NF‑κB signaling pathway. The data demonstrated that 
overexpressing SHFM1 increased the expression level of 
p‑P65 and P65 nuclear translocation, suggesting that SHFM1 
might regulate the NF‑κB pathway by promoting NF‑κB 
nuclear translocation. Furthermore, nuclear translocation of 
the NF‑κB P65 was decreased in SHFM1‑silenced ESCC 
cells. This finding suggested that SHFM1 depletion might be 

Figure 8. SHFM1 blunts NK cell‑mediated cell apoptosis. (A and B) c‑Myc and PD‑L1 mRNA expression levels were examined by reverse transcription‑quan‑
titative PCR in the SHFM1 silenced or overexpressed TE‑1 and KYSE‑410 cells. (C and D) c‑Myc and PD‑L1 protein expression levels were examined 
by western blotting in the SHFM1 silenced or overexpressed TE‑1 and KYSE‑410 cells. The relative expression was analyzed. Data are presented as the 
mean ± standard deviation. **P<0.01 vs. siControl or Vector group. SHFM1, split hand and foot malformation 1; NK, natural killer; ESCC, esophageal 
squamous cell carcinoma; PD‑L1, programmed death‑ligand 1; PI, propidium iodide; si, short interfering.
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a valuable approach for the treatment of cancers by regulating 
the NF‑κB signaling pathway in ESCC.

In addition, the present study studied the effect of SHFM1 
on the NK cell‑mediated immune response in ESCC cells. 
SHFM1 exerts functional roles through regulating c‑Myc 
expression in lung cancer (11,20). Evidence indicates that the 
expression of PD‑L1 exerts important roles in the malignant 
progression of various types of human tumors based on 
the immune response (40,41). PD‑L1 is highly expressed in 
various tumors and elevated PD‑L1 expression has been 
indicated to inhibit the immune response (42). The expression 

PD‑L1 level is commonly regulated by c‑Myc in the antitumor 
immune response (22,43). Thus, the inhibition of PD‑L1 and 
c‑Myc could regulate immune responses that benefit tumor 
immunotherapy (44,45). The present study demonstrated a 
positive association between SHFM1 expression and c‑Myc 
and PD‑L1 levels. SHFM1 knockdown significantly decreased 
the expression of c‑Myc and PD‑L1 in ESCC cells. It has been 
demonstrated that c‑Myc and PD‑L1 expression is associated 
with cytotoxicity‑induced apoptosis and NK cell responses 
against tumors (22,46). Therefore, the present study further 
explored the effect of SHFM1 on cellular cytotoxicity‑mediated 

Figure 9. SHFM1 knockdown enhances the ability of immune cell killing. (A and B) Representative images of cell death were obtained by PI staining. 
(C and D) The specific lysis of ESCC cells was detected using a flow cytometry assay. (E‑H) The levels of granzyme B and perforin were observed by ELISA 
analysis. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. siControl or Vector group. SHFM1, split hand and foot malformation 1; 
ESCC, esophageal squamous cell carcinoma; si, short interfering; NC, negative control.
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immune response in ESCC. Consistently, immune killing 
assays were performed to explore the role of SHFM1 in 
the capacity of cellular cytotoxicity‑mediated cell death. 
Cytotoxic T lymphocytes and NK cells are prevalent players 
in the innate immune response that exert an antitumor role 
through recognizing and eradicating cancer cells (47). NK 
cell‑mediated cytotoxicity assay was performed to investigate 
the cellular and molecular that regulates NK cell anticancer 
function (48). In the present study, the effect of SHFM1 on NK 
cell‑mediated killing activity was investigated and the percent 
ESCC cell death was quantified and it was found that suppres‑
sion of SHFM1 enhanced the ability of immune cell killing of 
these NK cells on ESCC cells. Notably, ESCC cells overex‑
pressing SHFM1 showed clear resistance to NK cell‑mediated 
cell death. Cellular cytotoxicity is mediated by the secretion 
of lytic granules, including pore‑forming protein perforin 
and granzymes (15). Perforin‑mediated escape of granzymes 
initiating cell apoptosis is one of the major mechanisms of the 
ability of NK cells to kill tumor cells (49,50). Thus, the release 
of perforin and granzymes is vital in cellular cytotoxicity. 
Inhibition of SHFM1 expression significantly increased the 
expression levels of perforin and granzyme B. In brief, the 
increased cell death and lytic granules secretion provided 
promising evidence of the effect of SHFM1 on immune 
response during ESCC progression, suggesting that SHFM1 
might consider a potential target for ESCC immunotherapy.

The primary mediators of cellular cytotoxicity are CD8+ 
T cells and NK cells (51). HLA in tumors is another major 
escape mechanism in cellular cytotoxicity‑mediated immune 

response that is based on triggering tumor specific CD8+ T 
lymphocyte‑mediated responses (52). It has been demonstrated 
that tumor cells tend to lose expression of HLA class I mole‑
cules and reduced expression of HLA class I in tumor cells is 
associated with mechanisms of tumor escape from immune 
recognition by tumor‑specific cytotoxic T lymphocytes (53) 
and recovery of HLA class I in cancers is important for T‑cell 
mediated cancer immunotherapy (54). Therefore, HLA class 
I expression was investigated and it was found that SHFM1 
depletion increased HLA class I expression, suggesting that 
SHFM1 might be involved in T cell‑mediated immunity 
through the regulation of HLA class I. However, information 
about epigenetic factors for the regulation of HLA‑class I 
expression is limited. The molecular mechanisms underlying 
SHFM1‑dependent HLA‑A regulation were not elucidated in 
the current study. Future work will remedy these deficiencies.

In conclusion, the findings of the current study highlighted 
the functional role of SHFM1 in ESCC progression. In addi‑
tion, it further demonstrated that the effects of SHFM1 on 
the progression of ESCC might be through the regulation of 
the NF‑κB signaling and the effect of SHFM1 on the NK 
cell‑mediated immune response was ascertained (Fig. 10). 
In summary, the findings of the present study implicated the 
multi‑faceted role of SHFM1 and it might be an attractive 
diagnostic marker for the therapy of ESCC.
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