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Background and Aims: Hepatocellular carcinoma (HCC) is a common malignant disease with high morbidity and mortality
throughout the world. While Borealin is a putative oncogene that is dysregulated in multiple tumors, its exact role in HCC remains
less investigated.
Methods: Quantitative reverse transcription polymerase chain reaction (qRT-PCR) and immunohistochemistry (IHC) assays were
employed to examine the relative amount of Borealin. Gene set enrichment analysis (GSEA) and other bioinformatic analyses were
implemented to probe into the potential functions of Borealin. The biological roles and mechanisms of Borealin in the tumorigenesis
and development of HCC were further evaluated using a battery of functional assays in vivo and in vitro.
Results: Borealin was enhanced in the HCC tissue samples and hepatoma cells when compared with the nontumor tissues and normal
liver cells. Higher Borealin expression was positively linked with advanced pathological phenotypes and inferior overall survival. The
overexpression of Borealin promoted the cells’ abilities on proliferation, invasion and epithelial–mesenchymal transition (EMT)
in vitro, facilitated tumor growth and lung metastasis in vivo, whereas the silencing of Borealin inhibited these capabilities in vitro.
Furthermore, Borealin interacted with β-catenin and further activated the Wnt/β-catenin signaling pathway, which endowed HCC cells
with highly aggressive and metastatic capabilities.
Conclusion: Borealin was identified as an oncogene that could promote HCC growth and metastasis by activating the WNT/β-catenin
signaling pathway. These findings extended the understanding of Borealin in HCC tumorigenesis and development and highlighted
the significance of Borealin in HCC diagnosis and treatment.
Keywords: hepatocellular carcinoma, Borealin, epithelial mesenchymal transition, Wnt/β-catenin

Lay Summary
Our findings verified Borealin as an oncogene clinically, mechanistically and functionally, and it could be an effective
molecular indicator and potential therapeutic target for HCC.

Introduction
As one of the most common malignancies in the digestive system, hepatocellular carcinoma is the third cause of cancer-
related death globally.1,2 Particularly in Asia, the morbidity and mortality of HCC is still high.3 Viral infections, aflatoxin
exposure and alcohol abuse have been implicated in HCC.4–6 With the development of the prevention and treatment of
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hepatitis B virus in China, the number of hepatitis B patients has decreased in the young age group. Nevertheless, the
morbidity of HCC is still high on account of the large accumulation of previously infected patients.7 At present, surgical
excision, transcatheter arterial chemoembolization and radiofrequency ablation are the major treatments for HCC
patients.8–13 In view of its early stage without obvious symptoms, HCC has been in middle and advanced stage when
clinical diagnosis and the surgical resection rate is not high. Liver transplantation is not suitable for the majority of the
patients.14 Due to the high recurrence rates of transcatheter arterial chemoembolization and radiofrequency ablation, and
the low sensitivity of HCC to radiotherapy and chemotherapy, HCC patients possessed unfavourable prognosis. The
median survival time of patients who suffer from HCC is merely 6 months.15 Hence, an intensive comprehension of its
sophisticated molecular pathogenesis and the identification of new biomarker of HCC are urgently requisite.16

Borealin, also called as Dasra B and cell division cycle associated 8 (CDCA8), is located in chromosome 1p34.3
(Supplementary file 1 Figure 1). Borealin encodes an essential component of the chromosomal passenger complex
(CPC), which is considered as a key orchestrator of orderly mitotic exit and cytokinesis.17–19 The functions of Borealin
are mainly confined in CPC and mitosis through facilitating CPC assembling, Aurora B kinase activation, and localiza-
tion in kinetochores.20,21 Besides, Borealin targets INCENP, Aurora B, Survivin and contributes to proper chromosome
segregation and cell division.22,23 Borealin exists in homologues in most vertebrates, as well as in mosquito and
D. melanogaster. In Drosophila, the lack of Borealin induces polyploidy, delayed apoptosis and abnormal tissue
development.24 In mice, Borealin is differentially expressed in undifferentiated and differentiated embryonic stem
cells, and its loss results in embryonic arrest.25,26 Borealin exhibits malignant behaviors in multiple human cancers.
For instance, Borealin promotes the estrogen-stimulated breast cancer cell growth.27 In human gastric cancer, nuclear
Borealin accumulation is related to poor prognosis.28 Borealin enhances the proliferation of colorectal cancer cells.29 In
bladder cancer, Borealin is high expressed and affects its progression.30 Also, silencing of Borealin restrains the
progression and stemness in HCC.31 All these findings illustrate that Borealin participates in cancers’ occurrence and
progression and it could serve as a function and molecular mechanisms in HCC are yet to be determined. In the current
study, we screened out Borealin using bioinformatics and found that it was up-regulated in both HCC cell lines and
tissues. High Borealin expression was positively linked with advanced pathological phenotypes and inferior overall
survival. Furthermore, high Borealin was an independent risk factor for overall survival in HCC. Functionally, Borealin
ablation attenuated cell proliferation, invasion, and EMT in vitro, whereas overexpressed Borealin improved these
activities in vitro and accelerated tumor growth and metastasis in vivo. In addition, Borealin interacted with β-catenin
and further activated the Wnt/β-catenin signaling pathway to promote cell proliferation, invasion and EMT. Collectively,
Borealin was a key regulatory molecule that regulated the Wnt/β-catenin signaling pathway, which endowed HCC cells
with highly aggressive and metastatic capacities. Our results illustrated that Borealin act as an oncogene clinically,
functionally and mechanistically and it could be an effective molecular indicator and potential therapeutic target for
hepatocellular carcinoma patients.

Materials and Methods
HCC Patients and Clinical Specimens
The tumor and paired adjacent non-tumor tissues were gathered and well preserved from 80 primary HCC patients who
performed hepatectomy at Xiangyang Central Hospital, Affiliated Hospital of Hubei University of Arts and Science from
2013 to 2015. Before Surgery, people did not receive any neo-adjuvant therapy. Written informed consent was obtained
from all patients. Our study was known and supported by the Human Subjects Protection Committee of Xiangyang
Central Hospital. The study was conducted in accordance with the Declaration of Helsinki.

Cell Lines and Cell Culture
Hepatoma cell lines (Huh7, HCCLM3, Hep3B, HepG2 and SK-hep1) and normal human liver cell-line HL-7702 (L02)
appeared in our study were purchased from Chinese Academy of Sciences (Shanghai, China). Dulbecco’s modified
Eagle’s medium furnished with 10% fetal bovine serum (Gibco) was used to foster cells. Cells were cultured in cell
incubator with 5% carbon dioxide at 37°C.
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RNA Isolation, Reverse Transcription and Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR)
Total RNAwas isolated from cells and tissues by TRIzol reagent (Invitrogen). Then, PrimeScript RT reagent Kit (Takara)
was employed to carry out reverse transcription to generate complementary DNA (cDNA). RT-qPCR was performed
using a CFX connect Real-Time PCR detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), known
as a key enzyme in the glycolytic pathway, was selected as an internal standard gene due to its high and constant
expression in almost all tissue cells. And it could provide accurately normalized data in HCC tissues. The 2−ΔΔCt method
was employed to analyse the relative expression of target genes (ct = threshold cycle). The primers employed were listed
in Supplementary file 2 Table 1.

Small Interfering RNAs, Lentiviral Vectors, Plasmid and Cell Transfection
The small interfering RNAs specifically targeting Borealin (named Si-Borealin#1, #2, #3), control small interfering RNA
(named Si-control), pcDNA3.1/Borealin plasmid (named Borealin), and control vector plasmid (named vector) were
entirely designed and processed by GeneCopoeia company (Guangzhou, China). SiRNAs and plasmids were transfected
into cells using Genmute reagent (SignaGen) and Lipofectamine 3000 reagent (Invitrogen) as per the manufacturer’s
protocols, respectively.

Proliferation Assay
We employed the cell Counting Kit-8 (CCK8) to measure cell proliferative potential. Seventy-two hours after transfec-
tion, cells were completely collected and plated in 96-well plates. Each plate was put in 4–6 × 104 cells. At the 0, 24, 48,
72 h, total 0.01 mL of CCK8 reagent was added to each well and incubated at 37°C for 2 hours. After incubation, we
measured the absorbance (450 nm) of these cells.

Colony Formation assay
Colony formation assay was used to measure cell potential ability of colony formation. About 103 cells were planted into
each 6-well plate. And 4% paraformaldehyde and 0.1% crystal violet solution were used to fix and stain the colonies after
14 days. Images of the wells were obtained via a camera.

Cell Apoptosis Analysis
Flow cytometry (FACS, USA) was used to analyze the cell apoptosis condition. Cells were collected 48 hours after
transfection and diluted in cold buffer. Afterwards, cells were stained with 5 μL cold propidium iodide solution and 10
μL FITC for 5 minutes and then tested.

Transwell Migration and Invasion Assays
Cell migration and invasion assay were employed by 24-well plates and chambers (BD BioSciences). In terms of
migration assays, the upper chambers were planted with about 30,000 cells in Dulbecco’s modified Eagle’s medium. The
lower chambers were filled with Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. In terms of invasion
assays, matrigel (BD Biosciences) was added to the chamber at a 1:6 dilution. Twenty-four hours later, cells on the outer
surface of the membrane were fixed and stained by 4% paraformaldehyde and 0.1% crystal violet solution, respectively,
and then counted via microscope.

Immunohistochemistry (IHC)
All experimental steps were strictly conducted according to the protocol of UltraSensitiveTM SP kits (Maixin, China).
Tissue samples were fixed using 4% paraformaldehyde, then wrapped in paraffin and segmented at 4 μm. The slices were
deparaffinized, rehydrated and heated in boiling citrate buffer solution. Then, the slices were immersed in 3% hydrogen
peroxide solution. The slices were blocked in bovine serum albumin and further incubated with the primary antibody.
The slices were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody, and detected it by the
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standard substrate recognition of HRP. Afterwards, slices were stained with hematoxylin and dehydrated by categorized
alcohols and xylene. Antibodies applied in our study were listed in Supplementary file 2 Table 2.

Immunofluorescence (IF) Staining
Cells were planted on the glass coverslips in 6-well plates. After 24–48 hours, cells were fixed with cold 4%
paraformaldehyde for 20 min, infiltrated by 0.5% Triton X-100 for 20 min, treated with 10% bovine serum albumin
for 30 min, and then incubated with the corresponding primary at 4°C overnight and secondary antibody for 1 h at 37°C.
After counterstained with 4′,6-diamino-2-phenyl-indole, cells were imaged by fluorescence microscopy. Antibodies
applied in our study were listed in Supplementary file 2 Table 2.

Western Blotting (WB)
Tissues were homogenized, and cells were lysed using RIPA buffer containing protease and phosphatase inhibitors. After
measuring the quantity using a bicinchoninic acid assay, an equivalent volume protein samples were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrotransferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked with 5% skimmed milk at room temperature for 1 hour and incubated with
primary antibodies at 4°C overnight. Membranes were washed and then incubated with secondary antibody at room
temperature for 1 h. Enhanced chemiluminescence solutions were employed to get the exposure result. Lamin B1 and
GAPDH served as internal control. Antibodies applied in our research were listed in Supplementary file 2 Table 2.

In vivo Experiments and Hematoxylin–Eosin (HE) Staining
Animal experimental protocols were performed in accordance with the National Institute of Health guidelines for the
Care and Use of Laboratory Animals. Four-week-old male nude mice (BALB/c) were obtained from the Animal Center
affiliated to the Chinese Academy of Medical Sciences (Beijing, China). Before experiments, we conducted HCCLM3
cells stably transfected with Borealin and vector, respectively. For xenograft experiments, HCCLM3 cells (5x105 cells in
100 µL phosphate buffered solution) stably transfected with Borealin and vector were then subcutaneously injected into
mice armpits. Every five days, we calculated length and width of subcutaneous tumors using a vernier caliper. Six weeks
later, we euthanized the mice and preserved the solid tumor. The tumor volume was metered via the following formula:
length * width2/2. For metastasis assays, 105 treated cells in 100 µL phosphate buffered solution were injected into mice
by tail vein, and they were euthanized seven weeks later. The mice lungs were excised and kept for hematoxylin–eosin
(HE) staining experiments. The mice lungs were fixed in 4% paraformaldehyde then were dehydrated, embedded in
paraffin, and cut into slices. Slices were finally stained with hematoxylin and eosin. Metastatic lung tumors were
observed and counted via microscopy.

Immunoprecipitation
All experimental steps were strictly conducted according to the protocol of ACE rProtein A/G Magnetic IP/Co-IP Kit
(ACE, China). Cells were collected using RIPA buffer containing protease and phosphatase inhibitors. The protein
lysates were obtained from the supernatant through centrifugation at 45,000 r.p.m. for 45 min at 4°C. About 20 ul of cell
lysis supernatant was collected and used as input group. The antibodies were added to the magnetic beads at room
temperature for 1 h. After that, the protein extracts were added to the above reagents incubated at 4°C overnight to
capture the specific antibody captured proteins. The magnetic beads were collected by placing the tube in the magnetic
separator and further washed with buffer to remove all of the non-specifically bounded proteins. The bounded proteins
were eluted from the beads with corresponding elution buffer for Western blot analysis.

Gene Set Enrichment Analysis (GSEA)
Based on the median value of Borealin expression levels in 371 TCGA RNA-seq datasets downloaded from UCSC xena,
HCC samples were defined as Borealin-high (≥7.471) group and Borealin-low (<7.471) group. The 371 HCC sample data
were then subjected to GSEA software to analyse the biological processes or signaling pathways of Borealin based on
Molecular Signatures Database, a collection of annotated gene sets for use with GSEA software. Thresholds for
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significance were determined by permutation analysis (1000 permutations). P value <0.01 and false discovery rate <0.05
were considered statistically significant.

Bioinformatic Analysis
To compare the differential expression of Borealin in the HCC tissues and other tumor tissues, oncomine (https://www.
oncomine.org) and uclan (http://ualcan.path.uab.edu/) were used in our study. GSE64041 and GSE25097 databases from
GEO (https://www.ncbi.nlm.nih.gov/geo/) were employed to analyze the relative Borealin expression. The Kaplan–Meier
curves associated with Borealin were retrieved from Kaplan–Meier Plotter (http://www.kmplot.com/). Via GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/), we, respectively, selected top 250 DEGs in GSE64041 and GSE25097
databases. Kaplan–Meier survival, Cox’s proportional hazards model, as well as multivariate analysis were conducted
to screen out the target gene Borealin using R software (https://bioconductor.org/biocLite.R). In Kaplan–Meier survival
and Cox’s proportional hazards model, p value < 0.001 were considered as extremely significant. Metascape (http://
metascape.org/), an online tool for gene annotation and visualization, was employed for gene ontology, Hallmark
analysis, KEGG Pathway and Canonical Pathways analysis to further clarify the potential role of DEGs. P value
<0.05 was considered as the cutoff criterion.

Statistics
Data are presented as the mean ± standard deviation (SD) from three independent experiments. GraphPad Prism 6
software (La Jolla, USA) was adopted to perform Student’s t-test, χ2 test, Fisher’s exact tests or analysis of variance.
P value <0.05 was considered to be significant.

Results
Bioinformatic Analysis of Two HCC Datasets (GSE64041 and GSE25097) Screened
Out Our Target Gene Borealin
We downloaded two message RNA expression datasets GSE64041 and GSE25097 from Gene Expression Omnibus
(GEO) hepatocellular carcinoma datasets.32,33 With the help of GEO2R, an online tool in GEO, we selected the top 250
differential expressed genes (DEGs) in the two databases, respectively. After the intersection of the 250 DEGs, 81 DEGs
were discovered and displayed via clustering analysis (Figure 1A and B, Supplementary file 2: Table 3). To further
investigate the biological function and related signaling pathways, the 81 DEGs were analyzed using R software and
Metascape (Supplementary file 1 Figure 2).34 Based on gene ontology (GO) analysis, the 81 DEGs were found to mainly
participate in chromosome segregation, mitotic spindle, extracellular matrix and spindle (Figure 1C and D). Hallmark
analysis confirmed that the 81 DEGs mainly enriched in the G2M checkpoint, spermatogenesis and epithelial-mesench-
ymal transition (EMT). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and canonical pathway enrich-
ment analysis signified that the DEGs were principally enriched in cell cycle, PID CXCR4 pathway and other pathways
(Figure 1E). To identify the crucial genes interrelated to HCC patients’ survival from 81 DEGs, the Cox’s proportional
hazards regression model and Kaplan–Meier analysis were employed via R software according to the clinical information
based on the TCGA Liver hepatocellular carcinoma database.35,36 In Cox’s proportional hazards regression model, 28
genes were found to be related to the survival of HCC patients when the P value was defined to be less than 0.001
(Supplementary file 2: Table 4). Through Kaplan–Meier analysis, 11 genes were observed to be associated with HCC
patients’ survival when the P value was defined to be less than 0.001 (Supplementary file 2: Table 5). Nine genes
including Borealin, TOP2A, ANLN, DNASE1L3, BUB1, HJURP, RACGAP1, PTTG1 and EZH2 in the intersection of
Kaplan–Meier analysis and Cox’s proportional hazards regression model when P < 0.001 was considered as extremely
significant. Subsequently, nine genes were analyzed via multivariate Cox, Borealin aroused our interest and was further
selected as our target gene (P = 0.021, Table 1).
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Borealin Was Upregulated in the HCC Tissues and Was Associated with Aggressive
Clinical Pathological Phenotypes and Poor Prognosis
To identify whether Borealin was involved in HCC, we detected its mRNA expression level in 80 paired tissue samples
from patients with HCC. The results showed that HCC tumor tissues exhibited higher Borealin expression than the paired
adjacent nontumor tissue samples (Figure 2A). Consistent with our findings, Borealin expression was enhanced in the tumor
samples compared with the non-tumor samples in the TCGA liver cancer dataset, GSE64041 and GSE25097 (Figure 2B

Figure 1 A total of 81 DEGs were identified by the bioinformatic analysis of GSE64041 and GSE25097 datasets and significant functional analysis. (A) Heatmaps of the 81
DEGs identified from GSE64041 via clustering analysis. The red color represented high expression level, while the green color represents the opposite. Each row indicates
the expression of a gene, while each column represents a sample. The red arrow indicated the location of our target gene. (B) Heatmaps of the 81 DEGs identified from
GSE25097 via clustering analysis. The pink color represents a high expression level, while the light-purple color represents the opposite. Each row indicates the expression
of a gene, while each column represents a sample. The red arrow indicated the location of our target gene. (C) GO enrichment analysis on 81 DEGs by R software. (D) GO
enrichment analysis with P < 0.05 through metascape. (E) Hallmark analysis and KEGG Pathway and Canonical Pathways enrichment with P < 0.05 through metascape.
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and C). As revealed by Uclan and Oncomine data mining analyses, Borealin was upregulated in most of the cancers, thereby
suggesting its oncogenic function (Supplementary file 1 Figure 3). Western blotting (WB) and IHC staining analyses
verified the higher protein level of Borealin in HCC tissues than in non-tumor tissues (Figure 2D and E).

To better explore the clinical role of Borealin, we collected and analyzed the 80 HCC patients’ clinical information
and found that higher expression of Borealin was linked to various aggressive clinical pathological phenotypes including
multifocal tumor, larger tumor size, portal vein tumor thrombus (PVTT) and advanced Barcelona Clinic Liver Cancer
stage (Table 2). Other features, such as age, gender, AFP, HBV infection and liver cirrhosis showed no obvious
correlation with Borealin levels. Furthermore, the Kaplan–Meier cures associated with Borealin suggested that its
expression had vital impact on the survival time of HCC patients in TCGA (Figure 2F). Patients with lower Borealin
possessed longer overall survival time than patients with high Borealin expression (Figure 2G). In general, we concluded
that Borealin expression was enhanced in the HCC tissues and cells, and its high expression was associated with poor
prognosis in HCC. Univariate analysis showed that high Borealin expression, PVTT, and BCLC stage were related to
overall survival. Further multivariate analysis indicated that high Borealin was an independent risk factor for overall
survival in HCC (Figure 2H and I). These results suggest that high Borealin expression is crucial in hepatic carcinogen-
esis and could be used as a prognostic indicator for HCC patients in the clinic.

HCC patients were classified into high- and low-Borealin groups according to the median mRNA expression of
Borealin in the TCGA-LIHC dataset. Subsequent gene set enrichment analysis (GSEA) was performed in 371 TCGA
RNA-seq datasets with high (≥7.471) or low (<7.471) Borealin mRNA expression to investigate its biological function.37

The results indicated that high Borealin expression was involved in multiple biological functions and crucial signal
pathways including cell apoptosis, adherens junction, mitotic spindle, spermatogenesis, glycolysis, the Wnt signaling
pathway and cancer-related pathways, which implied that up-regulated Borealin may participate in the acquisition of an
aggressive phenotype (Figure 2J and Supplementary file 1 Figure 4).

Borealin Promoted Hepatoma Cells Proliferation, Colony Formation and Inhibited
Apoptosis in vitro
To further clarify the biological role of Borealin in the behavior of the cells, we first examined the expression of Borealin in the
HCC cell lines. As shown in Supplementary file 1 Figure 5, Borealin exhibited higher expression in five hepatoma cell lines in
comparison with the immortalized liver cell-line L02. Huh7 and SK-hep1 cells were chosen to establish Borealin-silenced and
Borealin-overexpressed models. Three short interference RNAs (named Si-Borealin#1, #2, and #3) were synthesized and
employed to silence Borealin in the HCC cells. The empty vector and Borealin overexpression vector were transfected into
SK-hep1 cells (named Vector and Borealin respectively). The transfection efficiency was measured using qRT-PCR and WB
assays 24 hours after the transfection (Figure 3A and B). Given the differences in the decreased mRNA and protein levels of

Table 1 The Multivariate Cox Analysis of the Nine Genes

Gene Multivariate Regression Model P value

HR 95% CI

Borealin 1.82 1.09–3.04 0.021

TOP2A 0.56 0.39–0.81 0.002
ANLN 1.71 0.99–2.98 0.057

DNASE1L3 0.83 0.69–1.01 0.064

BUB1 0.74 0.37–1.48 0.4
HJURP 1.25 0.72–2.17 0.426

EZH2 1.12 0.68–1.87 0.65

PTTG1 1.03 0.78–1.38 0.823
RACGAP1 0.94 0.53–1.68 0.844

Abbreviations: HR, hazard rate; CI, confidence interval.
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Borealin, Si-Borealin#1 and Si-Borealin#2 were selected for further experiments. Knockdown of Borealin significantly
restrained the proliferation and colony formation abilities of the hepatoma cells. Overexpressed Borealin promoted growth
and colony formation in SK-hep1 cells (Figure 3C and D). The subsequent cell apoptosis analysis displayed augmented
proportion of apoptotic cells in the Borealin knockdown group when compared with the control group. In comparison with the
control group, Borealin overexpression reduced the apoptosis rates in SK-hep1 cells (Figure 3E). Generally speaking, Borealin
participated in the proliferation, colony formation and cell apoptosis of hepatoma cells in vitro.

Figure 2 Borealin was upregulated in HCC tissues and correlated with poor survival. (A) Borealin was upregulated in the tumor tissues when compared with that in the
non-tumor tissues in HCC by qRT-PCR analysis in 80 pairs tissues. (B) Borealin was highly expressed in HCC according to the TCGA data. (C) GSE64041 and GSE25097
databases displayed a higher expression of Borealin in the HCC tissues when compared with that in the non-tumor tissues. (D) WB revealed the protein expression of
Borealin in the HCC tissues when compared with that in the non-tumor tissues. (E) IHC analysis showed the protein expression of Borealin in HCC tissues. (F and G)
Kaplan-Meier analysis of overall survival rates of HCC patients in the TCGA database and our 80 tissue samples as stratified by Borealin expression. (H and I) Univariate and
multivariate analyses with a Cox proportional hazard model for overall survival. (J) Representative signaling pathways of Borealin GSEA analysis. ES represents Enrichment
score. NES represents Normalized Enrichment score. Error bars indicate SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Borealin Promoted Hepatoma Cells Migration, Invasion and EMT in vitro
Given the crucial role in migration and invasion, we then studied the involvement of Borealin in the motility of hepatoma
cells through cell migration and invasion experiments. On the basis of migratory and invasive cell counts, decreased
Borealin was found to drastically restrain the cell migration and invasion capabilities of SK-hep1 and Huh7 cells
(Figure 4A–D). Overexpressed Borealin promoted the migration and invasion abilities of SK-hep1 hepatoma cells
(Figure 4E and F). We subsequently focused on the relationship between Borealin and EMT.38–40 Lower Borealin was
observed to augment the expression of epithelial indicators (E-cadherin and claudin-1) and decrease mesenchymal
marker (Vimentin). Higher expressed Borealin increased the vimentin level and reduced the E-cadherin and claudin-1
levels (Figure 4G and Supplementary file 1 Figure 6). Taken together, these findings strongly suggest that Borealin is
involved in migration, invasion and EMT in vitro.

Borealin Promoted Tumor Growth and Metastasis in vivo
To probe the effects of Borealin in vivo, we established the subcutaneous and metastatic tumor models. The nude mice
were divided into two groups (n = 8 per group). For the subcutaneous tumor model, HCCLM3 cells were stably
transfected with the Borealin overexpression vector or control vector, which were injected into the right armpit of the
nude mice. The results showed that the Borealin overexpression group exhibited higher tumor growth rates, heavier
tumor weight and larger final tumor volumes when compared with the control group (Figure 5A–C). The IHC staining
results revealed that overexpressed Borealin increased the Ki67 proliferation index and vimentin level, decreased the

Table 2 Patients Clinical Characteristics

Characteristic Number of Case Borealin Expression P value

Low (n = 40) High (n = 40)

Age (years) 0.6442

<60 30 14 16
≥60 50 26 24

Gender 0.6481

Male 48 23 25
Female 32 17 15

Serum AFP (μg/L) 0.4586

<400 23 13 10
≥400 57 27 30

Tumor size 0.0093**

<5 cm 27 19 8
≥5 cm 53 21 32

Tumor number 0.0452*

Singular 58 33 25
Multifocal 22 7 15

HBV infection 0.3397

Positive 54 25 29
Negative 26 15 11

BCLC stage 0.0025*

A 51 32 19
B + C 29 8 21

Liver cirrhosis 0.1659

Yes 50 28 22
No 30 12 18

PVTT 0.0186*
Yes 14 3 11

No 66 37 29

Notes: *p < 0.05, **P < 0.01.
Abbreviations: BCLC, Barcelona Clinic Liver Cancer stage; PVTT, portal vein tumor thrombus.
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positive rates for Bax and E-cadherin (Figure 5D). Furthermore, Borealin decreased the apoptosis of the hepatoma cells
by TUNEL apoptosis assays (Figure 5E). In the metastatic tumor model, the treated cells were injected into the mice
through the tail vein to access the changes in the invasive behaviors of the hepatoma cells. When Borealin was
overexpressed, the number and size of metastatic nodules in the lungs of mice were dramatically increased when
compared with the control group. Hematoxylin–eosin (HE) staining further confirmed that (Figure 5F and Supplementary
file 1 Figure 7). In summary, it is reasonable to believe that Borealin increased the growth and metastasis of HCC tumors
in vivo and in vitro.

Figure 3 Borealin promoted cell proliferation, colony formation and inhibited cell apoptosis. (A and B) The transfection efficiency of siRNAs and plasmids was measured by
qRT-PCR and WB analyses in SK-hep1 and Huh7 cells. (C) CCK8 assay showed that silencing of Borealin suppressed cell proliferation. Overexpressed Borealin upregulated
proliferation ability of SK-hep1 cells. (D) Colony formation assay revealed that lower Borealin restrained the hepatoma cells colony formation ability. Borealin upregulated
the clone formation ability of SK-hep1 cells. (E) FACS analysis explained higher apoptosis rates after impairing Borealin in hepatoma cells. Lower apoptosis rates were
recorded after cells transfected with Borealin plasmid. Error bars indicate SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Borealin Interacted with β-Catenin and Activated the Wnt/β-Catenin Signaling
Pathway in the HCC Cells
To better understand the mechanism of Borealin in HCC, we sought for signaling pathways that might be manipulated
by Borealin. According to previous GSEA results, Borealin was thought to act on the Wnt/β-catenin signaling
pathway (Figure 6A). In normal liver cells, the Wnt/β-catenin signaling pathway was generally inactive, and β-
catenin was phosphorylated and subsequently degraded. Nevertheless, the reactivation of the Wnt/β-catenin signaling
pathway, a key regulator of tumor progression, tumor invasion and EMT has been shown in hepatoma cells.41–43

Tissue expression data (371 tumor tissues and 50 non-tumor tissues) from TCGA indicated significant correlation

Figure 4 Borealin influenced migration, invasion and EMT in hepatoma cells. (A–D) By counting the migratory cells, we noted that the knockdown of Borealin reduced the
migration and invasion abilities in in hepatoma cells. (E and F) Borealin enhanced cell migration and invasion as revealed by transwell assays in SK-hep1 cells. (G) WB assays
analyzed the EMT-related molecules’ protein levels (E-cadherin, claudin-1 and vimentin) in Borealin-depleted Huh7 and SK-hep1 cells. Error bars indicate SD. **p < 0.01.
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between the expression of Borealin and CTNNB1 (Pearson R = 0.37, Figure 6B). To find out whether Borealin could
regulate the Wnt/β-catenin signaling pathway, we measured the related molecules’ expression. WB analysis signified
enhanced β-catenin, c-Myc, cyclin-D1, and LGR5 expression and decreased RNF43 and AXIN2 expression in the
Borealin overexpression group when compared with the control group in the hepatoma cells (Figure 6C and D,
Supplementary file 1 Figure 8). WB analysis of cell nucleoprotein revealed upregulated nuclear β-catenin in the HCC
cells containing Borealin plasmids (Figure 6E). Further immunofluorescence showed a redistribution of cytoplasmic
β-catenin to the nucleus upon transfection of the Borealin plasmids which was consistent with our WB findings
(Figure 6F). Immunoprecipitation and WB assays suggested that β-catenin immunoprecipitated with Borealin in Huh7

Figure 5 Borealin accelerated the hepatoma cells growth and migration in vivo. (A) The tumor growth curves overtime after implanting with HCCLM3 cells stably
transfected with Borealin vector or control. (B) The higher Borealin group showed heavier tumor weight. (C) Representative images of the isolated tumors removed from
nude mice implanted with HCCLM3 cells stably transfected with Borealin vector or control cells. (D) IHC analysis of Ki-67, BAX, vimentin and E-cadherin expression in
tumors for analysis of tumor growth and EMT. (E) Borealin decreased hepatoma cells apoptosis in vivo by TUNEL assays. (F) Representative images of lung metastatic
nodules in the Borealin and control groups. H&E staining confirmed that Borealin promoted the ability of HCC. Error bars indicate SD. *P < 0.05; **P < 0.01; ***p < 0.001.
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and SK-hep1 cells. Hence, β-catenin might be a Borealin interacting protein (Figure 6G). Our findings suggest that
the Borealin interacted with β-catenin and activated the Wnt/β-catenin signaling pathway in hepatoma cells.

The Wnt/β-Catenin Signaling Pathway Was Responsible for Borealin in Regulating
Hepatoma Cells Proliferation, Invasion and EMT
To further explore the contributions of β-catenin in Borealin-mediated hepatoma cell growth and metastasis, we further
transfected β-catenin interference (Si-β-catenin) into Borealin overexpressed SK-hep1 cells. CCK-8 combined with

Figure 6 Borealin upregulated β-catenin and activated the Wnt/β-catenin signaling pathway to exert oncogenic function. (A) GSEA analysis indicated that Borealin might be
involved in the Wnt/β-catenin signaling pathway. (B) Tissue expression data indicated significant correlation between the expression of Borealin and CTNNB1. (C and D)
WB analysis signified enhanced β-catenin, c-Myc, cyclin-D1, and LGR5 expression and decreased RNF43 and AXIN2 expression in the Borealin overexpression group when
compared with the control group in the hepatoma cells. (E) Overexpressed Borealin upregulated nucleus β-catenin by WB analysis of nucleoprotein from HCC cells. (F)
Overexpressed Borealin upregulated nucleus β-catenin by immunofluorescence analysis. (G) The immunoprecipitation and WB assays suggested that β-catenin immuno-
precipitated with Borealin in Huh7 and SK-hep1 cells.
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colony formation assays showed that si-β-catenin recovered the influence of Borealin on cell growth and clone formation
in SK-hep1 cells (Figure 7A and B). Si-β-catenin significantly rescued Borealin overexpression-inhibited ability on cell
apoptosis (Figure 7C). Borealin-mediated facilitation of migration and invasion was partially reversed when cotrans-
fected with Borealin and si-β-catenin in the HCC cells (Figure 7D and E). Concomitant Borealin and si-β-catenin
counteracted the effect of Borealin on β-catenin, E-cadherin, Claudin and Vimentin expression in the HCC cells
(Figure 7F). Briefly, these findings demonstrated that Borealin affected cell behaviors via activating the Wnt/β-catenin
signaling pathway.

Figure 7 Borealin exerted oncogenic functions by activating the Wnt/β-catenin signaling pathway. (A) β-catenin interference significantly rescued the promotive proliferation
ability caused by Borealin overexpression via the CCK-8 assay. (B) β-catenin interference significantly counteracted Borealin overexpression-promoted cell clone formation. (C) Si-
β-catenin significantly rescued Borealin overexpression-inhibited ability on cell apoptosis. (D and E) Si-β-catenin reversed the promotive capacities of Borealin overexpression on
migration and invasion as shown by transwell assay. (F) Si-β-catenin markedly neutralized the enhanced capacity on EMT by upregulated Borealin. (G) A schematic illustration
showed that Borealin influenced cell proliferation, invasion and EMT via the Wnt/β-catenin signaling pathway in HCC. Error bars indicate SD. *P < 0.05; **P < 0.01.
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Discussion
Hepatocellular carcinoma, one of the major malignancies possessed high incidence and mortality in China. According to
the data released by the World Health Organization, more than 750,000 people have died of HCC around the world.44–46

Surgical treatment and interventional therapy have achieved certain clinical effects. Due to the high recurrence of HCC,
patients with advanced tumors possessed unsatisfactory therapeutic effect.47 Hence, it is vital for us to clarify the
underlying molecular mechanism of HCC initiation and progression.48

Through bioinformatic analysis of the GSE64041 and GSE25097, we screened out our target gene Borealin and found
it to be up-regulated in HCC. The GSEA results indicated that the high expression of Borealin was related to
spermatogenesis, cell apoptosis, adherens junction, mitotic spindle, and the Wnt signaling pathway. As a vital component
of the CPC, Borealin is indispensable for chromosome segregation during cell division. Borealin also regulates cell
growth, differentiation and apoptosis.49 In tumor cells, Borealin may regulate tumor progression via the regulation of
mitosis, crossover chromosome separation and division. Borealin is a putative oncogene and has been reported to be
upregulated in many types of cancer tissues (eg, prostate cancer and cutaneous melanoma).50,51 However, the concrete
functional roles of Borealin in tumor initiation and progression are still unclear. In our study, we first confirmed the
higher expression of Borealin in the tumor tissues than corresponding nontumor tissues both at the mRNA and protein
levels. Then, the clinical data emphasized that higher Borealin was particularly associated with aggressive characteristics
and shorter survival time. Univariate and multivariate analyses indicated that high Borealin was an independent risk
factor for overall survival in HCC. Furthermore, Borealin promoted hepatoma cells proliferation, invasion, as well as
EMT in vivo and in vitro.

The Wnt/β-catenin signaling pathway plays crucial roles in animal development. It also regulates cell proliferation,
differentiation, apoptosis, migration, genetic stability and instability to maintain adult tissue homeostasis. The aberrant
regulation of the Wnt/β-catenin signaling pathway is associated with multiple diseases, including fibrosis, metabolic
diseases, neurodegenerative disorders and cancers.52–56 The Wnt/β-catenin signaling pathway is involved in HCC
tumorigenesis and progression.57–59 The immunoprecipitation and WB assays suggested that β-catenin immunoprecipi-
tated with Borealin. Then we transfected the Borealin-overexpressed cells with Si-β-catenin, and observed that it partially
reversed the clone formation, invasion and EMT induced by Borealin. These results suggest that Borealin promoted the
development of HCC by interacting with Borealin and regulating the Wnt/β-catenin signaling pathway.

Our study has offered substantial evidences to indicate that Borealin facilitated HCC growth and metastasis by
activating the Wnt/β-catenin signaling pathway and it may therefore pave the way to a novel approach to treatment
strategies for advanced HCC patients (Figure 7).
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