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Abstract. Hepatocellular carcinoma (HCC) is a malignant 
tumor with a high metastatic rate. Recent studies have shown 
that the mitosis‑associated spindle‑assembly checkpoint 
regulatory protein spindle pole body component 25 homolog 
(SPC25) promotes HCC progression, although the underlying 
mechanism has yet to be fully elucidated. The aim of the 
present study was to investigate the mechanism through which 
SPC25 may promote HCC progression in greater detail. First, 
the expression of SPC25 was analyzed in publicly available 
databases to explore the association between SPC25 and HCC 
metastasis. Western blotting was subsequently performed to 
examine the level of SPC25 expression in different HCC cell 
lines. SPC25 was then silenced in HCCLM3 and Huh7 cells, 
and the effects of SPC25 silencing were investigated using cell 
proliferation, wound‑healing, Transwell migration assays and 
an in vivo mouse model. Finally, the mechanism of SPC25 
action with respect to the promotion of HCC metastasis was 
explored using microarray analysis and rescue experiments. 
The results obtained demonstrated that SPC25 is highly 
expressed in HCC, and this high level of expression is associ‑
ated with poor prognosis and metastasis. Moreover, SPC25 
silencing led to a marked inhibition of the invasion and migra‑
tion of HCC cells both in vitro and in vivo. The gene‑expression 
profiling and mechanistic experiments suggest that SPC25 
preferentially influences the expression of genes associ‑
ated with extracellular matrix (ECM)‑integrin interactions, 
including integrin subunit β4 (ITGB4), an upstream element of 

the integrin pathway. ITGB4 upregulation partly reversed the 
decline in cell invasion and migration capacities that resulted 
from SPC25 silencing. Furthermore, deleting both SPC25 
and ITGB4 caused a decrease in the phosphorylation of focal 
adhesion kinase (FAK), phosphoinositide 3‑kinase (PI3K) and 
AKT, which are downstream elements of the integrin pathway. 
Taken together, the results of the present study demonstrated 
the important role of SPC25 as a prognostic indicator and as 
a promoter of metastasis in HCC, and the underlying mecha‑
nism of its action has been partially elucidated, suggesting 
that SPC25 could be used as a biomarker and as a target for 
therapeutic intervention in the treatment of HCC.

Introduction

Liver cancer is an aggressive tumor, and its incidence is 
increasing globally  (1). Hepatocellular carcinoma (HCC), 
accounting for more than 90% of the total cases of primary 
liver cancer, is the sixth most common type of cancer, and 
the fourth most common cause of cancer‑associated deaths 
worldwide (2). The majority of patients are diagnosed at an 
advanced stage, at which time they have lost the opportunity 
of operable (surgical) therapy. For inoperable patients, the 
drugs that are available as molecular‑targeting therapies 
include sorafenib and lenvatinib. However, sorafenib only 
extends the survival of patients by 3 months on average, and 
the objective response rate is only 2‑3% (3); the extension of 
survival time of patients when administered lenvatinib are 
similar to those of sorafenib  (4). The majority of patients 
with HCC already display metastasis at the time of diag‑
nosis, even if their tumors are small. Complications due to 
tumor metastasis are the leading cause of cancer‑associated 
deaths (5). Previous research published recently has shown 
that changes in gene expression, the tumor microenvironment 
and epithelial‑to‑mesenchymal transition (EMT) are associ‑
ated with tumor metastasis (6), although the complexity of the 
underlying mechanism has only been partially elucidated for 
certain types of cancer. Consequently, a better understanding 
of the molecular mechanisms of HCC metastasis is urgently 
required in order to provide new opportunities for therapeutic 
interventions.

The extracellular matrix (ECM) is composed of interstitial 
collagens and basement membrane. In addition to providing 
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tissue structural integrity and scaffolding, ECM also adheres 
to the integrin family on cell membranes forming focal 
adhesions that serve to promote tumor metastasis (7). The 
interaction between laminin‑332, one of the main proteins of 
the ECM, and integrin α6β4 (ITGA6 and ITGB4) plays a key 
role in mediating the recognition and adhesion of cells with the 
ECM, and also with respect to signal transmission (8). Upon 
ligation, the integrin‑mediated pathway is activated, and the 
integrin‑mediated phosphorylation of focal adhesion kinase 
(FAK) activates downstream signaling (9). In particular, the 
hyperactivation of FAK, phosphoinositide 3‑kinase (PI3K) 
and AKT has been shown to be a common occurrence in 
human malignancies, including esophageal squamous cell 
carcinoma, breast cancer and HCC, and is involved with tumor 
metastasis (10‑12).

Spindle pole body component 25 homolog (SPC25) is a 
mitosis‑associated spindle‑assembly checkpoint regulatory 
protein (13) that is involved with genomic instability (14). SPC25 
has been shown to be highly expressed in tumors, including 
prostate, breast and non‑small cell lung cancer (NSCLC), and 
is associated with tumor progression (15‑17). In previously 
published studies on HCC, the results revealed that SPC25 
acts as an oncogene in HCC progression (18‑20). However, 
the underlying mechanism has yet to be fully elucidated. In 
the present study, it was demonstrated that overexpression of 
SPC25 in HCC is associated with poor prognosis, and both 
in vitro and in vivo experiments were used to demonstrate 
the promotion of metastasis by SPC25. The results of Agilent 
cDNA microarray analysis showed that SPC25 silencing was 
significantly correlated with ‘ECM receptor interactions’ 
which were mainly mediated by the interaction of laminin‑332 
and integrin α6β4 (ITGA6 and ITGB4). ITGB4 and SPC25 
had the strongest positive correlation based on the TCGA data 
and PCR and had a similar role in promoting HCC metastasis. 
Ectopic overexpression of ITGB4 with simultaneous silencing 
of SPC25 partially mitigated the reduction in cell invasion 
and migration capability caused by SPC25 silencing. In the 
KEGG enrichment analysis, we also found that the PI3K/AKT 
signaling pathway was significantly altered. Previous study 
has shown that integrin laminin binding increased FAK 
phosphorylation, which induces activation of the PI3K/AKT 
signaling pathway to promote tumor metastasis  (10). The 
results of the present study revealed that ITGB4 may be the 
main downstream mediator of SPC25‑induced metastatic 
activity that is involved in ECM‑integrin interactions, which 
subsequently activate the FAK/PI3K/AKT signaling pathway 
to promote metastasis in HCC.

Materials and methods

Tissue microarrays (TMAs) and immunohistochemistry (IHC) 
assay. The present study was approved by the Institutional 
Review Board of the First Affiliated Hospital of Zhengzhou 
University. All patients signed informed consent forms, and 
the study was performed in accordance with the principles 
dictated in the Declaration of Helsinki. TMAs were constructed 
with 141 pairs of HCC tumor and normal liver tissues, which 
were collected at our center between January  2012 and 
December 2015. The mean age of the patients was 53.4 years 
(25‑77 years).

As described previously  (21), immunohistochemistry 
(IHC) assay was performed using an UltraVision Quanto 
Detection System HRP (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions, and the SPC25 
antibody (1:100; cat. no. ab121395; Abcam) was used, and 
incubation was performed at 4˚C for 12 h. Subsequently, the 
integrated optical density (IOD) value was detected using 
Image‑Pro Plus 6.0 software (Image‑Pro Plus, http://scicrunch.
org/resolver/SCR_007369; Media Cybernetics, Inc.).

Bioinformatics analysis based on public databases. The 
expression profile of liver cancer was obtained from The 
Cancer Genome Atlas (TCGA) database (https://www.cancer.
gov/tcga) and The International Cancer Genome Consortium 
(ICGC) database (https://dcc.icgc.org/) and the gene expres‑
sion profiles of GSE102079 (22) and GSE112790 (23) were 
downloaded from the Gene Expression Omnibus (GEO) 
database. Then the gene expression data for HCC and adja‑
cent non‑cancerous tissues were obtained. The Student's 
t‑test was used to detect the differential expression of SPC25. 
Kaplan‑Meier method was used to compare survival analysis 
for the SPC25 high and low expression patients based on the 
TCGA and ICGC database.

Cell culture. All HCC cell lines used (MHCC97H, MHCC97L, 
HCCLM3 and Huh7) and the immortalized human hepatocyte 
MIHA cells were obtained from the Liver Cancer Institute at 
Fudan University, and cultured in HyClone Dulbecco's modified 
Eagle's medium (DMEM) or RPMI‑1640 medium (for MIHA) 
with high glucose (Cytiva), supplemented with 10% Gibco® 
fetal bovine serum (FBS) and 1% penicillin/streptomycin 
(Invitrogen; Thermo Fisher Scientific, Inc.) in an atmosphere 
of 5% CO2 at 37˚C. The cell lines were authenticated via STR 
profiling.

Reverse transcription‑quantitative (RT‑q)PCR. As previously 
described (21), total RNA was extracted from the HCC cells or 
tissues with RNAiso Plus (Takara Bio, Inc.). cDNA was synthe‑
sized using PrimeScript™ RT reagent Kit with gDNA Eraser 
(Takara Bio, Inc.). qPCR was performed using SYBR® Premix 
Ex Taq™ (Takara Bio, Inc.). The following thermocycling condi‑
tions were used: initial denaturation at 95˚C for 30 sec followed 
by 40 cycles at 95˚C for 5 sec and 60˚C for 20 sec. Subsequently, 
the levels of gene expression were quantified using the 2‑ΔΔCq 
method (24), and the values were normalized against GAPDH. 
The primer sequences are listed in Table SI.

Small interfering RNA (siRNA) synthesis, vector construction, 
and transfection. SPC25 shRNA, integrin subunit β4 (ITGB4) 
small interfering (si)RNA and ITGB4 cDNAs were synthe‑
sized by Bio‑link‑Gene Co., Ltd. The target sequences are 
listed in Table SII. Briefly, 3x105 cells (Huh7 and HCCLM3) 
per well were seeded in 6‑well plates the day before transfec‑
tion. After 24 h, the lentiviruses were added to respective HCC 
cells with 1 ml of DMEM containing no FBS and 5 µg/ml 
Polybrene (Sigma‑Adrich; Merck KGaA). Twelve hours later, 
the medium was removed and replaced with fresh culture 
medium containing 10% FBS. Three days later, the cells were 
collected for subsequent culture. The efficiency of the trans‑
fections was confirmed using western blotting and RT‑qPCR.
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Microarray analysis. Total RNA was extracted from 
HCCLM3‑shSPC25 and HCCLM3‑shNC cells with RNAiso 
Plus (Takara Bio, Inc.). The Agilent SurePrint G3 Human Gene 
Expression v3 8x60K Microarray (Design ID: 072363) was 
used in this experiment, and data analysis of the 6 samples was 
conducted by OE Biotechnology Co., Ltd. (Shanghai, China). 
Total RNA was quantified by the NanoDrop ND‑2000 (Thermo 
Fisher Scientific, Inc.) and the RNA integrity was assessed 
using Agilent Bioanalyzer 2100 (Agilent Technologies). The 
sample labeling, microarray hybridization and washing were 
performed based on the manufacturer's standard protocols. 
Briefly, total RNA was transcribed to double‑strand cDNA, and 
then synthesized into cRNA and labeled with Cyanine‑3‑CTP. 
The labeled cRNAs were hybridized onto the microarray. 
After washing, the arrays were scanned by the Agilent Scanner 
G2505C (Agilent Technologies). Feature Extraction software 
(version 10.7.1.1; Agilent Technologies) was used to analyze 
array images to obtain raw data. Genespring (version 14.8, 
Agilent Technologies) was employed to finish the basic 
analysis with the raw data. Initially, the raw data were normal‑
ized with the quantile algorithm. The probes with at least 
1 condition out of 2 conditions that had flags in ‘Detected’ 
were chosen for further data analysis. Differentially expressed 
genes were then identified through fold change as well as the 
P‑value calculated with t‑test. The threshold set for upregu‑
lated and downregulated genes was a fold change ≥1.0 and 
a P‑value ≤0.05. Afterwards, Gene Ontology (GO) analysis 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis were applied to determine the roles of these differ‑
entially expressed mRNAs. Finally, hierarchical clustering 
was performed to display the distinguishable gene expression 
patterns among the samples. We uploaded the raw data to the 
GEO database (GSE188881).

Wound healing assay. Cells (HCCLM3 and Huh7) were 
seeded at 80% confluency and cultured overnight. After the 
cells had been scratched using a 200‑µl pipette tip, they were 
cultured in FBS‑free DMEM and the movement of the cells 
was measured every 12 h (up to 48 h) after scratching using 
a microscope (Olympus IX‑71; Olympus Corp.), original 
magnification, x200. The wound distances were measured and 
calculated as a percentage of the distance at 0 h.

Transwell assay. Transwell assays were performed using 
Transwell chambers (Corning, Inc.) and Matrigel™ (Corning 
Life Sciences). For Transwell assays, the upper chamber coated 
with Matrigel was used for the invasion assays, whereas the 
migration assays were performed without Matrigel. The cells 
(HCCLM3 and Huh7) were seeded into the upper chamber and 
incubated for 36 h, and subsequently the chambers were stained 
with 0.1% crystal violet (Beyotime Institute of Biotechnology) 
for 10 min at 25˚C. and counted in three different fields with 
a binocular optical microscope (Olympus Corp.) at original 
magnification, x200.

In vivo assay. As described in our previous studies (25,26), 
an in vivo assay was performed using nude mice (4‑week‑old 
male mice weighing approximately 20  g purchased from 
Charles River Laboratories, Inc.), which were randomly 
assigned to control and experimental groups (n=5). A total 

of 6x106 cells (HCCLM3 and Huh7) were injected subcuta‑
neously in the axilla of the nude mice. When the diameter 
of the subcutaneous tumor was 1‑1.5 cm 4 weeks later, the 
subcutaneous tumors were obtained, which were used in an 
orthotopic model. The orthotopic model was established by 
orthotopic inoculation of tumor tissue (2x2x2 mm) into the 
livers of nude mice (n=5). When some mice developed ascites 
or cachexia after a subsequent 4‑week period, the mice were 
sacrificed, and the tumor weights and volumes (largest diam‑
eter x perpendicular height2/2) were measured and analyzed. 
In this study, the largest diameter measured was 18 mm in 
for the HCCLM3 group, and 20 mm for the Huh7 group. The 
nude mice were euthanized via barbiturate overdose (sodium 
pentobarbital, 150  mg/kg), followed by exsanguination. 
General mouse health and well‑being were monitored daily 
and no animals were withdrawn from the study. This research 
was conducted in strict accordance with the Care and Use of 
Laboratory Animals of the National Institutes of Health.

Western blot assay. As previously described (21), total protein 
was extracted using RIPA lysis buffer (Beyotime Institute of 
Biotechnology). Protein concentration was determined using 
a BCA assay (Beyotime Institute of Biotechnology). Total 
protein (30 µg/lane) was separated using SDS‑PAGE on a 
10% gel (Beyotime Institute of Biotechnology) and transferred 
onto a PVDF membrane (MilliporeSigma). The membranes 
were blocked with 5% skimmed milk at room temperature 
for 1 h and incubated overnight at 4˚C with diluted primary 
antibodies. Subsequently, the membranes were washed using 
TBS with 0.1% Tween‑20 (TBST) three times and incubated 
with HRP‑conjugated secondary antibodies for 1 h at room 
temperature. After being washed with TBST, the membranes 
were visualized using electrochemiluminescence (ECL) 
kit (Beyotime Institute of Biotechnology). Β‑actin was used 
as the loading control. The following antibodies were used: 
mouse monoclonal anti‑β‑actin (1:1,000; cat. no. AF0003; 
Beyotime Institute of Biotechnology), rabbit polyclonal 
anti‑SPC25 (1:500; cat. no. ab121395; Abcam), rabbit mono‑
clonal anti‑ITGB4 [1:1,000; cat. no. 14803; Cell Signaling 
Technology, Inc. (CST)], rabbit monoclonal anti‑PI3K (1:1,000; 
cat. no. 4257; CST), rabbit monoclonal anti‑phospho‑PI3K 
(1:1,000; cat.  no.  17366; CST), rabbit monoclonal 
anti‑AKT (1:1,000; cat. no. 4658; CST), rabbit monoclonal 
anti‑phospho‑AKT (1:1,000; cat.  no.  4060; CST), rabbit 
monoclonal anti‑FAK (1:1,000; cat. no. 13009; CST), rabbit 
monoclonal anti‑phospho‑FAK (1:1,000; cat. no. 8556; CST), 
rabbit monoclonal anti‑MMP9 (1:1,000; cat. no. 13667; CST) 
and rabbit monoclonal anti‑MMP13 (1:1,000; cat. no. 69926; 
CST), HRP‑linked anti‑rabbit secondary antibody (1:2,000; 
cat. no. 7074; CST), and HRP‑linked anti‑mouse secondary 
antibody (1:2,000; cat. no. 7076; CST). Three independent 
experiments were performed for each of the western blots.

Cell Counting Kit‑8 (CCK‑8) assay. The CCK‑8 assay was 
performed using the CCK‑8 assay kit of Dojindo Molecular 
Technologies, Inc. After 3,000 cells (HCCLM3 and Huh7) 
were seeded for 24, 48, and 72 h, 100 µl reaction mixture (90 µl 
DMEM and 10 µl CCK‑8 solution) was added and incubation 
was carried out for 2 h at 37˚C. Finally, the absorbance was 
measured at 450 nm.
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Statistical analysis. Statistical analyses were performed 
using SPSS Statistics 20.0 (IBM Corp.). Experimental data 
are presented as the mean ± SD from three independent 
experiments performed in triplicate. The significant differ‑
ences between groups were calculated by Student's t‑test, 
Chi‑square test or one‑way ANOVA and Tukey post hoc 
test, as appropriate. The correlation analysis was performed 
using Spearman correlation analysis. Survival analysis was 
conducted using the Kaplan‑Meier method, and compari‑
sons were made using the log‑rank test. Cox proportional 
hazards regression models were assessed using the relative 
prognostic significance of the variables for predicting overall 
survival (OS) and disease‑free survival (DFS). P‑values 
were two‑tailed, and P<0.05 was considered to indicate a 
statistically significant difference.

Results

Overexpression of SPC25 tissues is associated with poor 
prognosis in HCC. To study the role of SPC25 in HCC, the 
expression of SPC25 was first analyzed based on publicly 
available databases [The Cancer Genome Atlas (TCGA), 
International Cancer Genome Consortium (ICGC) and Gene 
Expression Omnibus (GEO)]. These analyses revealed that 
SPC25 is expressed at higher levels in HCC compared with 
that in normal liver tissues in the databases, TCGA [HCC 
(n=374) cf. normal (n=50) tissues, P<0.001] (Fig. 1A), ICGC 
[HCC (n=240) cf. normal (n=202) tissues, P<0.001] (Fig. 1B), 
GSE102079 [HCC (n=243) cf. normal (n=14) tissues, P<0.001] 
(Fig. 1C) and GSE112790 [HCC (n=183) cf. normal (n=15) 
tissues, P<0.001] (Fig. 1D). To validate these results, SPC25 
expression was detected in 30 pairs of HCC and normal liver 
tissues using RT‑qPCR, which confirmed that the expression 
of SPC25 in HCC tissues was indeed higher compared with 
the normal tissues (n=30, P<0.001) (Fig. 1E).

To explore the association between SPC25 and HCC 
metastasis, the expression levels of SPC25 were detected 
in 141 pairs of HCC and normal liver tissues by IHC. This 
analysis revealed that SPC25 was expressed at a higher level in 
HCC tissues (n=141, P<0.001) (Fig. 1F and G). Subsequently, 
the patients were divided into high and low expression groups, 
based on the median IOD of SPC25 expression.

Further analysis was conducted with the factors and the 
basic information related to HCC, which could objectively 
reflect the tumor burden and metastatic risk. The results 
revealed that thrombus, microvascular invasion (MVI), tumor 
number and encapsulation were markedly different when 
comparing the high and low expression groups (Table  I), 
which strongly suggested that SPC25 may be involved in HCC 
malignancy, especially metastasis.

Kaplan‑Meier analysis showed that SPC25 was associated 
with poor OS and DFS in HCC (Fig. 2A and B). The univariate 
and multivariate analyses revealed that SPC25 expression was 
an independent risk factor for OS [hazard ratio (HR), 1.864; 
95% confidence interval (CI), 1.125‑3.089; P<0.001] and DFS 
(HR, 1.712; 95% CI, 1.097‑2.672; P=0.018) rates of patients 
with HCC (Table II). In order to validate these results, survival 
analysis was performed based on TCGA and ICGC data, which 
demonstrated that SPC25 was associated with poor OS rates 
(Fig. 2C and D). Therefore, it was possible to speculate that 

SPC25 overexpression was associated with the aggressiveness 
and poor prognosis of HCC.

SPC25 promotes invasion and migration of HCC cells in vitro 
and in vivo. Subsequently, western blotting was performed 
to assess the expression levels of SPC25 in the different liver 
cancer cell lines, and this analysis revealed that SPC25 was 
more highly expressed in HCCLM3 and Huh7 cells (Fig. 3A). 
SPC25 was then silenced in HCCLM3 and Huh7 cells using 
shRNAs, and its silencing was confirmed by western blotting 
and RT‑qPCR (n=3, P<0.05) (Fig. 3B and C). CCK‑8 assay 
showed that SPC25 silencing led to a decrease in the prolif‑
eration of HCC cells (n=3, P<0.01) (Fig. 3D). Wound healing 
assays were subsequently performed, and these experiments 
revealed that SPC25 silencing inhibited cell motility (n=3, 
P<0.05) (Fig.  3E). Finally, Transwell assays consistently 
confirmed that SPC25 silencing inhibited the invasion and 
migration abilities of HCCLM3 and Huh7 cells (n=3, P<0.05) 
(Fig. 3F). Taken together, the results obtained from these 
in vitro experiments suggested that SPC25 could facilitate 
HCC migration and invasion.

To explore the promotion of metastasis by SPC25 in vivo, 
transfected HCCLM3 and Huh7 cells were transplanted in situ 

Table I. Association between intratumor SPC25 and clinico‑
pathologic features (N=141) of the HCC patients.

	 SPC25
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 Low 	 High 	 P‑value

Age (years)	 52.61±11.4	 54.12±10.3	 0.316
Sex			   0.379
  Female	   9	 14	
  Male	 58	 60	
Cirrhosis			   0.180
  No	 11	 19	
  Yes	 56	 55	
Thrombus			   0.002
  No	 65	 59	
  Yes	   2	 15	
Tumor size (cm)	 6.34±3.36	 8.57±4.12	 0.091
MVI			   0.042
  No	 49	 42	
  Yes	 18	 32	
Tumor number			   0.039
  Single	 50	 43	
  Multiple	 17	 31	
Encapsulation			   0.042
  Yes	 44	 36	
  No	 23	 38	

HCC, hepatocellular carcinoma; SPC25, spindle pole body compo‑
nent 25 homolog; MVI, microvascular invasion. P<0.05 (Chi‑square 
test or t‑test) indicates a statistically significant difference and are 
indicated in bold print. 
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Figure 1. Differential expression analysis of SPC25 in HCC and normal liver tissues is shown. (A) TCGA [HCC (n=374) cf. normal (n=50) tissues, P<0.001 
(independent‑samples t‑test)]. (B) ICGC [HCC (n=240) cf. normal (n=202) tissues, P<0.001 (independent‑samples t‑test)]. (C) GSE102079 [HCC (n=243) cf. 
normal (n=14) tissues, P<0.001 (independent‑samples t‑test)]. (D) GSE112790 [HCC (n=183) cf. normal (n=15) tissues, P<0.001 (independent‑samples t‑test)]. 
(E) The results from the RT‑qPCR analysis is shown [n=30, P<0.001 (matched samples t‑test)]. (F) The results from the IHC analysis are shown [(n=141, 
P<0.001) (matched samples t‑test)]. (G) IHC staining indicated that SPC25 was expressed more highly in HCC tumor tissues compared with the expression 
in normal liver tissues. Original magnification, x200 (scale bars, 100 µm) and x400 (scale bars, 50 µm). SPC25, spindle pole body component 25 homolog; 
TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium; GEO, Gene Expression Omnibus; HCC, hepatocellular carcinoma.
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into nude mice (n=5 each group). SPC25 silencing resulted 
in markedly reduced tumor sizes (n=5, P<0.05) (Fig. 4A) and 
metastasis to the lungs (n=5, P<0.01) (Fig. 4B). IHC staining 
with Ki‑67 and E‑cadherin antibodies suggested that SPC25 
could promote tumor proliferation and metastasis (Fig. 4C). 
Therefore, these data support a role of SPC25 in promoting 
HCC metastasis in vitro and in vivo.

SPC25 upregulates the expression of genes associated with 
ECM‑receptor interactions and focal adhesion pathways. To 
gain an improved understanding of the mechanism of SPC25 
in promoting metastasis, Agilent cDNA microarray analysis 
was performed, and the gene expression levels of shSPC25 
and shNC (negative control) in HCCLM3 cells were compared 
(GSE188881). A total of 1,091 differentially expressed genes 
(DEGs) were screened out, including 695 downregulated and 
396 upregulated genes (P<0.05, |log2FoldChange|≥1) (Fig. 5A). 

Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis was 
performed. The results obtained showed that SPC25 silencing 
mainly influenced the functions ‘extracellular region cellular 
component’, ‘small molecule binding molecular function’, 
‘extracellular matrix organization biological process’ (Fig. 5B) 
and ‘ECM‑receptor interactions’ (Fig. 5C). The ECM‑receptor 
interactions included numerous genes that promote metas‑
tasis and cell motility, a finding that was in keeping with the 
metastasis‑promoting role of SPC25. Subsequently, RT‑qPCR 
was used to confirm the genes identified by microarray analysis 
in SPC25‑silenced cells (n=3, P<0.05) (Fig. 5D). The results 
obtained showed that SPC25 could affect the expression of 
metastasis‑associated genes.

SPC25‑mediated promotion of metastasis is mediated by 
ITGB4. Among the DEGs, ITGB4 is an integrin‑encoding 

Figure 2. Kaplan‑Meier analysis, showing that high expression of SPC25 is associated poor prognosis in HCC. (A) OS of patients at our center (n=141, P<0.001). 
(B) DFS of patients at our center (n=141, P<0.001). (C) OS of TCGA (n=374, P<0.001). (D) OS of ICGC (n=240, p<0.001). SPC25, spindle pole body component 
25 homolog; HCC, hepatocellular carcinoma; OS, overall survival; DFS, disease‑free survival; TCGA, The Cancer Genome Atlas; ICGC, International Cancer 
Genome Consortium.
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gene, and laminin subunit α1 (LAMA1), laminin subunit α3 
(LAMA3), laminin subunit α4 (LAMA4) and laminin 
subunit  γ3 (LAMC3) are laminin‑coding genes that lie 
upstream of the integrin pathway. Therefore, our conjecture 
was that SPC25 may control ECM‑integrin interactions to 
regulate the integrin pathway. The associations among SPC25 
and ITGB4, LAMA1, LAMA3, LAMA4 and LAMC3 were 
analyzed based on the HCC data of TCGA, which revealed 
that ITGB4 and SPC25 had the strongest positive correlation 
(n=369; ρspearman=0.34; 95% CI: 0.25‑0.43; P<0.001) (Fig. 6A 
and Fig. S1). Subsequently, the correlation between ITGB4 
and SPC25 was analyzed based on the data of HCC tissues 
by RT‑qPCR, which revealed that ITGB4 and SPC25 were 
positively correlated (n=30; ρspearman=0.451; 95% CI: 0.16‑0.64; 
P<0.01) (Fig. 6B). Finally, the decrease in ITGB4 in response 
to SPC25 knockdown was confirmed via western blot analysis 
(n=3, P<0.01) (Fig. 6C). Taken together, these results indicated 
that ITGB4 may be a downstream target of SPC25.

Since the results obtained suggest a role for SPC25 in 
promoting metastasis, the role of ITGB4 in the transmission 
of HCC metastatic potential was subsequently explored. 
Silencing of ITGB4 caused a significant reduction in the 
invasion and migration abilities of HCCLM3 and Huh7 
cells in vitro (n=3, P<0.01) (Fig. 6D). The findings revealed 
that ITGB4 and SPC25 have a similar role in promoting 
HCC metastasis. Subsequently, rescue experiments were 
performed to explore whether SPC25 could promote 
HCC metastasis via ITGB4. The results obtained showed 
that ectopic overexpression of ITGB4 with simultaneous 
silencing of SPC25 partially mitigated the reduction in cell 
invasion and migration capability caused by SPC25 silencing 
(n=3, P<0.05) (Fig. 6E). Hence, these results suggest that 
ITGB4 is the main downstream mediator of SPC25‑induced 
metastatic activity.

SPC25 activates the FAK/PI3K/AKT signaling pathway through 
ITGB4. A previous study has shown that integrin‑laminin 
binding increases FAK phosphorylation, which induces acti‑
vation of the PI3K/AKT signaling pathway to promote tumor 
metastasis (10). In the present study, the results obtained showed 
that neither SPC25 nor ITGB4 silencing exerted any effect on 
the total protein levels of FAK, PI3K and AKT, whereas their 
silencing did markedly reduce the levels of phosphorylated 
(p‑)FAK, p‑PI3K and p‑AKT (n=3, P<0.05) (Fig. 7A) and the 
ratios of phosphorylated vs. total protein (PI3K, FAK and AKT) 
(Fig. S2A). Subsequently, rescue experiments were performed, 
and ITGB4 overexpression was observed to reverse the decrease 
in expression of p‑FAK, p‑PI3K and p‑AKT levels induced by 
SPC25 silencing (n=3, P<0.05) (Fig. 7B) and the ratios of phos‑
phorylated vs. total protein (PI3K, FAK and AKT) (Fig. S2B). 
Furthermore, SPC25 silencing was also found to decrease the 
expression of MMP9 and MMP13 (n=3, P<0.05) (Fig. 7C and D), 
which are proteins involved in the FAK/PI3K/AKT signaling 
pathway. Taken together, these findings suggest that SPC25 
could promote HCC metastasis, mainly through regulating 
ITGB4 to activate the FAK/PI3K/AKT signaling pathway.

Discussion

The present study has mainly focused on the role of spindle 
pole body component 25 homolog (SPC25) in promoting 
metastasis in hepatocellular carcinoma (HCC), and in the 
underlying mechanism. Previous studies have shown that 
SPC25 is able to promote HCC proliferation, and that it was 
found to be a prognostic indicator of poor survival in patients 
with HCC  (18‑20). However, these studies were mainly 
based on bioinformatics analysis, and relevant experimental 
studies have found only an in vitro phenomenon. There are 
no in‑depth and reliable experimental studies on the specific 

Table II. Univariate and multivariate analysis of factors associated with overall survival and disease‑free survival of the HCC 
patients.

	 Overall survival	 Disease‑free survival
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Multivariate	 Multivariate
	 Univariate 	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 Univariate	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Factor	 P‑value	 HR	 95% CI	 P‑value	 P‑value	 HR	 95% CI	 P‑value

Age (years) (≤50 vs. >50)	 0.707			   NA	 0.495			   NA
Sex (female vs. male)	 0.676			   NA	 0.877			   NA
Cirrhosis (no vs. yes)	 0.489			   NA	 0.447			   NA
Tumor size (cm) (≤5 vs. >5)	 0.002	 1.541	 0.882‑2.691	 NS	 0.002	 1.743	 1.089‑2.791	 0.021
Tumor number	 0.918			   NA	 0.675			   NA
(single vs. multiple)								      
MVI (no vs. yes)	 0.002	 2.296	 1.432‑3.680	 0.001	 0.002	 1.347	 0.857‑2.119	 NS
Thrombus (no vs. yes)	 <0.001	 2.283	 1.244‑4.187	 0.008	 <0.001	 2.922	 1.527‑5.558	 0.001
Encapsulation (no vs. yes)	 0.377			   NA	 0.300			   NA
SPC25 (high vs. low)	 <0.001	 1.864	 1.125‑3.089	 0.016	 <0.001	 1.712	 1.097‑2.672	 0.018

HCC, hepatocellular carcinoma; SPC25, spindle pole body component 25 homolog; MVI, microvascular invasion; NA, not applicable; NS, not 
significant; HR, hazard ratio; CI, confidence interval. P<0.05 indicates a statistically significant difference and significant P‑values are indi‑
cated in bold print. 
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Figure 3. SPC25 promotes HCC migration in vitro. (A) Western blot analysis revealed the levels of SPC25 protein expression in liver cancer cell lines. 
(B and C) Western blotting and RT‑qPCR were used to confirm the silencing of SPC25 in the HCC cell lines (*P<0.05 and **P<0.01, one‑way ANOVA, compared 
with the shNC). (D) CCK‑8 assay indicated that SPC25 silencing reduced the proliferation of Huh7 and HCCLM3 cells (**P<0.001, independent‑samples t‑test, 
compared with shNC group). (E) Wound‑healing assay was used to show that SPC25 silencing reduced the migration of Huh7 and HCCLM3 cells. Original 
magnification, x200. Scale bars, 50 µm (*P<0.05 and **P<0.01, independent‑samples t‑test, compared to the shNC group). (F) Transwell assay, indicating that 
SPC25 silencing reduced the invasion and migration of Huh7 and HCCLM3 cells (*P<0.05, **P<0.01, independent‑samples t‑test, compared to the shNC group). 
Original magnification, x200. Scale bars, 100 µm. SPC25, spindle pole body component 25 homolog; HCC, hepatocellular carcinoma.
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roles and mechanisms of SPC25 in HCC. In the present study, 
the expression of SPC25 was first examined in specimens 
from 141  patients with HCC and survival analyses were 
performed to verify the results from the public database. We 
firstly detected the changes of genes and signaling pathways 
in HCC cells (HCCLM3) induced by SPC25 knockdown by 
Agilent cDNA microarray analysis and uploaded the relevant 
data to the GEO database (GSE188881). Based on the results, 
we identified the main pathway of SPC25 regulating the inva‑
sion and metastasis of HCC cells and was verified by rescue 

experiments. In conclusion, we firstly examined the role and 
mechanism of SPC25 in regulating the invasion and metastasis 
of HCC cells in a systematic and in‑depth experimental study.

In the present study, SPC25 expression was examined in 
HCC tissues, and microarray analysis was performed to clarify 
the mechanism. SPC25 was found to be expressed highly in 
HCC tissues, and this high level of expression was associated 
with thrombus, microvascular invasion (MVI), tumor number 
and encapsulation, suggesting that SPC25 may be a predictor 
for HCC prognosis and metastasis. Subsequently, further 

Figure 4. SPC25 promotes HCC metastasis in vivo. (A) An in vivo assay was performed to show that SPC25 silencing could reduce the growth of Huh7 and 
HCCLM3 cells (tumors in the liver tissues) (*P<0.05, independent‑samples t‑test, compared to the shNC group). (B) SPC25 silencing reduced the lung metas‑
tasis of Huh7 and HCCLM3 cells (**P<0.01, independent‑samples t‑test, compared to the shNC group). (C) IHC staining indicated that SPC25 silencing could 
reduce the expression of Ki67 and E‑cadherin in vivo. Original magnification, x200. Scale bars, 100 µm. SPC25, spindle pole body component 25 homolog; 
HCC, hepatocellular carcinoma.
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Figure 5. SPC25 upregulates the expression of genes associated with ECM‑receptor interactions and focal adhesion pathways. (A) The volcano map of DEGs 
(HCCLM3 silencing vs. control). (B) GO analysis showed that SPC25 exerts an influence on ECM‑associated biological processes. (C) KEGG analysis, also 
revealing that SPC25 silencing exerts important effects on ECM‑receptor interactions. (D) The genes associated with ECM‑receptor interactions and focal 
adhesion were screened by microarray analysis, and subsequently confirmed by RT‑qPCR (**P<0.01, independent‑samples t‑test, compared with the shNC 
group). SPC25, spindle pole body component 25 homolog; DEG, differentially expressed gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; ECM, extracellular matrix.
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Figure 6. Promotion of metastasis by SPC25 is mediated by ITGB4. (A) Correlation analysis of SPC25 and ITGB4 based on TCGA data is shown. (B) Correlation 
analysis of SPC25 and ITGB4 by RT‑qPCR is shown. (C) Western blot analysis showed that alterations in the level of ITGB4 were accompanied by changes 
in the level of SPC25 (**P<0.01, one‑way ANOVA, compared with the shNC group). (D) Transwell assay, showing that ITGB4 silencing reduced the invasion 
and migration of Huh7 and HCCLM3 cells (**P<0.01, independent‑samples t‑test). (E) A rescue experiment with Transwell assays was performed in Huh7 and 
HCCLM3 cells co‑transfected with shNC or shSPC25 and pcDNA3.1 or pcITGB4 (*P<0.05 and **P<0.01, one‑way ANOVA). Original magnification, x200. 
Scale bars, 100 µm. 001. SPC25, spindle pole body component 25 homolog; ITGB4, integrin subunit β4; TCGA, The Cancer Genome Atlas.
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Figure 7. SPC25 activates the FAK/PI3K/AKT signaling pathway through ITGB4. (A) Western blot analysis revealed the changed levels in phosphorylated (p)
FAK, pPI3K and pAKT after SPC25 or ITGB4 silencing in Huh7 and HCCLM3 cells (*P<0.05, **P<0.01, ***P<0.001; ns, not significant, independent‑samples 
t‑test). (B) Western blot analysis, revealing the results of the rescue experiment on proteins associated with the FAK/PI3K/AKT signaling pathway (***P<0.001; 
ns, not significant, one‑way ANOVA). (C and D) The altered levels of MMP9 and MMP13 in Huh7 and HCCLM3 after SPC25 silencing are shown [(C) Results 
of western blot, (D) Results of RT‑qPCR (**P<0.01, ***P<0.001, independent‑samples t‑test]. SPC25, spindle pole body component 25 homolog; FAK, focal 
adhesion kinase; ITGB4, integrin subunit β4; p, phosphorylated; MMP, matrix metalloproteinase; PI3K, phosphoinositide 3‑kinase. 
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experiments revealed that SPC25 could accelerate HCC 
metastasis both in vivo and in vitro.

The present study also demonstrated that SPC25 accelerated 
HCC metastasis by regulating a number of genes that are associ‑
ated with extracellular matrix (ECM)‑integrin interactions. A 
previously published study revealed that integrin imbalances 
resulting from genomic variation or expression disorder are asso‑
ciated with tumorigenesis (27). For example, ITGB4 was shown to 
be associated with the progression of NSCLC, pancreatic cancer, 
colon cancer, prostate cancer and other types of cancer (28‑31). 
In particular, ITGB4 expression is often found at the forefront of 
cancer cell invasion (32,33). In the present study, it was found that 
ITGB4 expression decreased with SPC25 silencing. Moreover, 
ITGB4 exerted the same role as SPC25 in terms of promoting 
HCC metastasis. In addition, it was found that SPC25 is closely 
associated with the expression of ITGB4 in HCC tissues, and that 
upregulation of ITGB4 partly alleviated the reduced cell migra‑
tion ability caused by downregulated expression of the SPC25 
gene. Collectively, these results provided sufficient evidence for 
the hypothesis that ITGB4 may be a target gene of SPC25.

In the present study, it has also been shown that SPC25 
promotes HCC metastasis mainly through activation of the 
FAK/PI3K/AKT signaling pathway. ECM proteins locally adhere 
to integrin elements on the cell membrane, forming the basic 
adhesive molecule known as a hemidesmosome (34,35). Upon 
ligation, FAK becomes phosphorylated to activate the PI3K/AKT 
signaling pathway, a phenomenon that has also been reported in 
HCC and gastric cancer (12,36). In the present study, the results 
showed that silencing both SPC25 and ITGB4 reduced the activa‑
tion of FAK, PI3K and AKT. Furthermore, the upregulation of 
ITGB4 inhibited the inactivation induced by SPC25 silencing. 
Activated signaling pathways often occur in many different tumor 
types, and the regulatory networks among them are particularly 
complex. The present study demonstrated that ITGB4 could 
induce the phosphorylation of FAK, and the PI3K/AKT signaling 
pathway was identified as being affected by SPC25. It has also 

been shown that the activated FAK/PI3K/AKT signaling pathway 
induced by SPC25 was regulated via ECM‑integrin interactions.

Genomic instability fulfills an important role in tumor 
metastasis  (37,38), and metastasis is the leading cause of 
cancer‑associated deaths (5). SPC25, as a gene associated with 
genomic instability, has an important role in promoting HCC 
metastasis. The results based on clinical samples in the present 
study showed that SPC25 is associated with thrombus, MVI, 
tumor number and encapsulation, which are indicators either 
of tumor metastasis or a high propensity for metastasis. In 
analyzing the underlying mechanism, it was found that SPC25 
could activate the FAK/PI3K/AKT signaling pathway and regu‑
late ECM‑integrin interactions to promote metastasis in HCC. 
Based on these findings, it is possible to conclude that SPC25 is 
able to regulate the invasion and metastasis of HCC cells, and 
promote metastasis in patients with HCC. Considering all the 
results obtained and this discussion thus far, we consider that 
targeting SPC25 as a means of therapeutic intervention may be 
a viable strategy for reducing the invasive ability of HCC cells, 
thereby improving the survival time of the patients.

In conclusion, the present study suggests a role for SPC25 
as a prognostic indicator, as SPC25 was shown to be able to 
promote metastasis in HCC. The results obtained have demon‑
strated that SPC25 is able to promote metastasis through the 
ITGB4‑mediated FAK/PI3K/AKT signaling pathway (Fig. 8). 
This study has enabled us to recognize the importance of SPC25 
and its role in the invasion and migration of HCC cells and, 
consequently, its potential prognostic and therapeutic value.
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