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Abstract. Never in mitosis gene-A (NIMA)-related expressed 
kinase 2 (NEK2) has been recently reported to play a role 
in tumor progression, drug resistance and tumorigenesis. 
However, little is known about the effects of NEK2 in hepa-
tocellular carcinoma (HCC) metastasis and the underlying 
mechanism. NEK2 expression levels were examined by immu-
nochemistry, qRT‑PCR and western blot analyses in HCC cell 
lines and HCC tissues. A Transwell assay was used to deter-
mine the migration and invasion capacity of NEK2-silenced 
or NEK2-overexpressing HCC cells. Cell proliferation was 
investigated by MTT [(3-(4,5)-dimethylthiazol(-z-y1)-3,5-di-
phenytetrazolium bromide] assay. The expression levels of 
epithelial-mesenchymal transition (EMT) markers in NEK2-
silenced or NEK2-overexpressing HCC cells were examined by 
western blot analyses and qRT‑PCR. The correlations between 
NEK2 expression and clinicopathological characteristics were 
further analyzed. Gene microarray was further used to analyze 
the effect of NEK2 expression on downstream cell signals. Our 
study showed that NEK2 was overexpressed in human HCC 
(37.84%; 98/259). NEK2 overexpression was significantly 
associated with liver non‑capsulation and predicted poor 
survival outcomes in HCC patients after hepatectomy. In addi-
tion, NEK2 significantly enhanced HCC cell invasive ability. 
Mechanistically, we found that the epithelial-mesenchymal 
transition (EMT) plays a pivotal role in the NEK2-mediated 

promotion of HCC cell invasion. Furthermore, we provided 
evidence that signaling through the Wnt, NF-κB, focal adhe-
sion, VEGF, Hippo and p53 pathways may be downstream of 
NEK2. Our findings highlight the importance of NEK2 in 
HCC metastasis and suggest that NEK2 is a reliable prognostic 
marker for HCC patients after hepatectomy.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
malignant cancers and major health problem worldwide (1). 
Although HCC treatments have improved within recent years, 
patients with HCC often face an unfavorable prognosis, mainly 
due to tumor recurrence and metastasis after liver resection. 
Metastasis, the main risk to the long-term survival of HCC 
patients, involves a complicated process of invasion-metastasis 
cascades (2). Therefore, a better understanding of the molec-
ular mechanisms underlying HCC metastasis is necessary for 
its prevention, diagnosis and treatment.

Never in mitosis gene-A (NIMA)-related expressed 
kinase 2 (NEK2), a serine/threonine centrosomal kinase, is 
highly expressed and activated during the S and G2 phases 
of the cell cycle and plays a pivotal role in regulating centro-
some separation and mitotic progression (3). Aberrant NEK2 
expression can cause chromosome instability (CIN) as well 
as abnormal chromosome content. Aberrant NEK2 expres-
sion has been reported in cancer cells (4), and NEK2 has 
recently been identified as a potential biomarker of several 
cancers, such as non‑small lung cancer (5) and pancreatic 
ductal adenocarcinoma (6). Most studies have focused on 
the function of NEK2 in centrosome regulation as well as 
spindle formation (7), whereas little is known about the other 
functions of NEK2 in cancer. Previous reports with small 
patient populations have identified NEK2 as a biomarker of 
HCC (8,9), but few have provided evidence that NEK2 can 
promote HCC migration and invasion as well as the mecha-
nisms underlying this process.

In the present study, we demonstrated that NEK2 over-
expression predicted poor prognoses in HCC patients after 
hepatectomy. Moreover, NEK2 can promote HCC metastasis 
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through induction of the epithelial-mesenchymal transition 
(EMT). We further analyzed the downstream signaling targets 
of NEK2 that were related to HCC metastasis.

Materials and methods

Cell lines. The human liver cancer cell lines MHCC97H, 
MHCC97L, SMMC-7721, HepG2, Huh7, BEL7402, and 
HCCLM3 and the normal human liver cell line LO2 were 
purchased from the Typical Culture Preservation Committee 
Cell Bank of the Chinese Academy of Science, Shanghai, 
China. The liver cancer cell lines were cultured in DMEM 
with 10% FBS (Thermo Fisher Scientific, MA, USA) at 37˚C 
in a humidified incubator with 5% CO2.

NEK2 overexpression and knockdown cell lines. The 
NEK2 overexpression, knockdown lentivirus and negative 
control lentivirus vectors were purchased from GeneChem 
(GeneChem, Shanghai, China). The transfection was 
performed according to the manufacturer's instructions. 
Briefly, the full‑length NEK2 overexpression lentivirus was 
transfected into MHCC97L cells, and the knockdown virus 
was transfected into HCCLM3 cells. In the meantime, the 
negative control virus was transfected into MHCC97L or 
HCCLM3 cells as controls. Puromycin (3 µg/ml) was then 
used to select the stable clones. The cDNA clone and shRNA 
sequences are listed in Table I.

MTT [3-(4,5)-dimethylthiazol(-z-y1)-3,5-di-phenyltetrazolium 
bromide] assay. Cell growth was examined using MTT assays. 
MHCC97L-control, MHCC97L‑NEK2, HCCLM3‑control, 
HCCLM3‑shNEK2 cells were added to 96-well plates 
at concentration of 1x103 cells/well and placed at 37℃ 
with 5% CO2 incubator. Then MTT reagent (0.5  mg/ml) 
(Sigma‑Aldrich, St. Louis, MO, USA) was added to each well 
and further incubated for 4 h after indicated hours. Dimethyl 
sulfoxide (150 µl) was added. The plates were read at wave-
length of 490 nm.

Migration and invasion assay. Cell migration and invasion 
were tested using a Transwell assay (Corning, NY, USA) as 
we have reported previously (10). The cells were placed into 
the upper chamber of the insert using Matrigel (Corning). 
After a 48-h incubation at 37˚C, the cells adhering to the 
lower membrane of the insert were counted after staining with 
0.1% crystal violet for 10 min. The number of the cells was 
observed using a Leica microscope (Leica, Wetzlar, Germany).

Quantitative real-time PCR. Total RNA was isolated using 
TRIzol reagent (Life Technologies, Carlsbad, CA, USA) from 
the frozen tissue samples or HCC cell lines according to the 
manufacturer's protocol. Generation of cDNA from RNA was 
carried out using a cDNA conversion kit (Takara, Shiga, Japan) 
at 37˚C for 15 min. The resultant products were then amplified 
using the SYBR Green PCR kit (Toyobo, Tokyo, Japan) for 
qRT‑PCR analysis. The Ct values were measured during the 
amplification phase while the amplification plots were analyzed 
using Bio-Rad IQ5 software (Bio-Rad Laboratories  Inc., 
CA, USA). All quantifications were normalized to the level 
of endogenous GAPDH as a control, and the procedure was 

performed as the previously reported (11). The primers were 
all purchased from Genecopia (Guangzhou, China).

Gene microarray. An Agilent Gene Expression array 
(Kangchen Biotech Inc.), containing >41,000 transcripts 
(http://www.Kangchen.com.cn), was used to investigate 
the transcriptional profiles of the MHCC97L-control and 
MHCC97L‑NEK2 cells. The microarray datasets were 
normalized in GeneSpring GX using the Agilent FE one-color 
scenario. Differentially expressed genes were identified via 
fold-change screening.

Western blot analysis. The proteins of interest were obtained 
from lysed cells, fractioned by SDS-PAGE, and subsequently 
transferred to PVDF membranes (Roche Life Sciences, 
Switzerland). The membranes were then blocked with 
5% skim milk in TBST for 1 h at room temperature and then 
incubated with the specific primary antibodies overnight 
at 4˚C. Tubulin was used as a loading control. After incubation, 
the membranes were washed with TBST and incubated with 
HRP-conjugated secondary antibody. The antigen-antibody 
complex was detected with enhanced chemiluminescence 
regents (Merck Millipore, MA, USA). The antibodies are 
listed in Table II.

Immunofluorescence. The cells were seeded on coverslips to 
analyze cellular immunofluorescence. When the cells reached a 
confluence of 60%, they were fixed with 4% paraformaldehyde 
in PBS for 15 min, washed twice with PBS, and then incubated 
with primary antibodies against E‑cadherin (Proteintech 
Group, Chicago, IL, USA) or N‑cadherin (Cell  Signaling 
Technology) overnight at 4˚C. The cells were then incubated 
with FITC-conjugated goat anti-mouse or anti-rabbit IgG 
according to the source of the primary antibody (Genecopia) 
and counterstained with DAPI (Genecopia) for nuclear identi-
fication. A Leica DMRA fluorescence microscope (Leica) was 
used to obtain the images.

Patients and follow-up. In total, 259 patients diagnosed with 
HCC after hepatectomy were enrolled from the First Affiliated 
Hospital, Sun Yat-Sen University, Guangdong, China, between 
2006 and 2009. All surgical specimens were histologically 
determined as HCC. Patients under 18 years of age and those 
with incomplete clinical, laboratory, or follow‑up data were 
excluded. The last follow-up was conducted in December 
2012. The disease-free survival (DFS) and overall survival 
(OS) were calculated from date of surgery to the date of 
recurrence or HCC-associated death, respectively. Informed 
consent was received from each enrolled patient, and the 
research was carried out with approval from the Ethics 
Committee of the First Affiliated Hospital of Sun Yat-Sen 
University (Guangdong, China). All patients in this study 
were classified according to the American Joint Committee 
on Cancer (AJCC) and tumor node metastasis (TNM) clas-
sification system.

Immunochemistry analysis for HCC patients. A tissue micro-
array containing tumor samples as well as the matched adjacent 
non‑cancerous tissue from HCC patients enrolled in the study 
was constructed as previously described (12). A Dako Real 
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Envision kit (K5007; Dako Denmark A/S, Denmark) was used 
for IHC staining. For antigen retrieval, the slides were boiled in 
a pressure cooker at maximum heat for 2 min, which contained 
0.01 mol/l sodium citrate (pH 6.0), and then cooled to room 
temperature. Primary antibodies against NEK2 (1:100 dilu-
tion; Abcam, Cambridge, UK), E‑cadherin (1:200 dilution; 
Cell Signaling Technology, Inc., MA, USA), and N‑cadherin 
(1:200 dilution; Cell Signaling Technology, Inc.) were used for 
this study. A five-point scoring system as follows was used 
to assess staining: 0, no positive cells; 1, >0-25% positive 
cells; 2, >25-50% positive cells; 3, >50-75% positive cells; and 

Table I. The sequence of cDNA clone and shRNA of NEK2.

Name	 Sequence

NEK2-RNAi-1	 TGTATTGAGTGAGCTGAAA
NEK2-RNAi-2	 AGACGAGCAAAGAAGAAAT
NEK2-RNAi-3	 TTACTCTGATGAATTGAAT
ORF nucleotide sequence of NEK2 (transcript variant 3)	 TTTTTTGTTAGACGAAGCTTGGGCTGCAGGTCGACTCTA
	 GAGGATCCCCGGGTACCGGTCGCCACCATGCCTTCCCG
	 GGCTGAGGACTATGAAGTGTTGTACACCATTGGCACAG
	 GCTCCTACGGCCGCTGCCAGAAGATCCGGAGGAAGAGT
	 GATGGCAAGATATTAGTTTGGAAAGAACTTGACTATGG
	 CTCCATGACAGAAGCTGAGAAACAGATGCTTGTTTCTG
	 AAGTGAATTTGCTTCGTGAACTGAAACATCCAAACATC
	 GTTCGTTACTATGATCGGATTATTGACCGGACCAATACA
	 ACACTGTACATTGTAATGGAATATTGTGAAGGAGGGGA
	 TCTGGCTAGTGTAATTACAAAGGGAACCAAGGAAAGGC
	 AATACTTAGATGAAGAGTTTGTTCTTCGAGTGATGACTC
	 AGTTGACTCTGGCCCTGAAGGAATGCCACAGACGAAGT
	 GATGGTGGTCATACCGTATTGCATCGGGATCTGAAACC
	 AGCCAATGTTTTCCTGGATGGCAAGCAAAACGTCAAGC
	 TTGGAGACTTTGGGCTAGCTAGAATATTAAACCACGAC
	 ACGAGTTTTGCAAAAACATTTGTTGGCACACCTTATTAC
	 ATGTCTCCTGAACAAATGAATCGCATGTCCTACAATGA
	 GAAATCAGATATCTGGTCATTGGGCTGCTTGCTGTATGA
	 GTTATGTGCATTAATGCCTCCATTTACAGCTTTTAGCCA
	 GAAAGAACTCGCTGGGAAAATCAGAGAAGGCAAATTC
	 AGGCGAATTCCATACCGTTACTCTGATGAATTGAATGA
	 AATTATTACGAGGATGTTAAACTTAAAGGATTACCATC
	 GACCTTCTGTTGAAGAAATTCTTGAGAACCCTTTAATAG
	 CAGATTTGGTTGCAGACGAGCAAAGAAGAAATCTTGAG
	 AGAAGAGGGCGACAATTAGGAGAGCCAGAAAAATCGC
	 AGGATTCCAGCCCTGTATTGAGTGAGCTGAAACTGAAG
	 GAAATTCAGTTACAGGAGCGAGAGCGAGCTCTCAAAGC
	 AAGAGAAGAAAGATTGGAGCAGAAAGAACAGGAGCTT
	 TGTGTTCGTGAGAGACTAGCAGAGGACAAACTGGCTAG
	 AGCAGAAAATCTGTTGAAGAACTACAGCTTGCTAAAGG
	 AACGGAAGTTCCTGTCTCTGGCAAGTAATCCAGAGTCT
	 CACTTTGTTGCCCAGGCTGGAATGCAGTGGTGTGATCAC
	 AGCTCAATGTAGCTAGCCTGTGGAATGTGTGTCAGTTA
	 GGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGC

Table II. Primary antibodies.

Antibody name	 Source

NEK2	 Abcam (55550)
β-tubulin	 Abcam (6046)
E‑cadherin	 Cell Signaling Technology (9782)
N‑cadherin	 Cell Signaling Technology (9782)
α-catenin	 Abcam (ab51032)
Vimentin	 Cell Signaling Technology (5741)
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4, >75% positive cells. To maintain objectivity, we also applied 
a four-point scoring system as follows to describe the intensity 
of staining: 0, negative staining; 1, weak staining/light yellow; 
2, moderate staining/yellow-brown; and 3, strong staining/
brown. The NEK2, E‑cadherin and N‑cadherin immunore-
activity scores (IRSs) were calculated by adding the staining 
score to the intensity score. Cases with an IRS >4 were defined 
as high expression and cases with an IRS ≤4 were defined as 
low expression. Three independent pathologists without access 
to the clinicopathological data scored the staining. The IRS 
was determined only when all of the examining pathologists 
assigned a consistent score to the sample. When different 
scores were obtained, a consensus score was reached by 
discussion.

Statistical analysis. Statistical analyses were performed using 
SPSS 17.0. Data were expressed as the mean ± standard error 
of the mean (SEM) from at least three independent experi-
ments. Quantitative data were compared between groups 
using Student's t-test. Categorical data were analyzed using 
the χ2 test or Fisher's exact test. Spearman's rank analysis was 
used to analyze the correlations between different protein 
expression levels. The Kaplan-Meier method and log-rank test 
were used to analyze the overall survival and the disease‑free 
survival curve and differences. The independent factors that 
influenced survival and recurrence based on the variables 
selected from the univariate analysis were determined using 
the Cox proportional hazards model. Values of p<0.05 were 
considered as statistically significant.

Results

NEK2 expression is elevated in liver cancer cell lines and 
tissues. Western blot and qRT‑PCR analyses were used to inves-
tigate the expression levels of NEK2 in liver cancer cell lines 
and tissues. Compared with the LO2 cell line, NEK2 expression 
was elevated in the low metastasis potential liver cancer cell 
lines HepG2, BEL7402, Hep3B, SMMC7721, and PLC/PRF/5 
and the high metastasis potential HCC cell line HCCLM3 by 
qRT‑PCR. However, NEK2 expression was downregulated 
in MHCC97L and MHCC97H cells (Fig. 1B). Western blot 
analysis additionally confirmed such results (Fig. 1A).

NEK2 expression was further identified in 8 paired fresh 
HCC tissues and adjacent non‑cancerous liver tissues. qRT‑PCR 
analysis showed that mRNA levels of NEK2 were markedly 
elevated in 6 HCC tissues when compared with the adjacent 
non‑cancerous liver tissues (Fig. 1B). In accordance with the 
qRT‑PCR results, NEK2 protein expression was significantly 
higher in HCC tissues than in adjacent non‑cancerous tissues 
in 6/8 cases (Fig. 1C).

NEK2 expression is correlated with poor HCC prognosis. 
To further evaluate the significance of NEK2 expression in 
HCC prognosis, we employed another HCC tissue microarray 
with follow-up data from 259 pairs of HCC and adjacent 
non‑cancerous tissues. The IHC staining demonstrated that 
NEK2 expression was dramatically enhanced in 37.84% of 
the HCC samples (98/259) when compared with the adjacent 
non‑tumorous specimens (Table  III); HCC patients with 
higher NEK2 expression exhibited shorter median OS time 

(15.5 months) compared with patients who had lower levels 
of NEK2 expression (39.0 months) (Fig.  1E). In addition, 
HCC patients with higher NEK2 expression levels had shorter 
overall survival than did those with lower NEK2 expression 
levels (1-, 3- and 5-year OS: 76.5, 50.6 and 42.0% vs. 56.1, 36.7 
and 32.7%, respectively). The 1-, 3- and 5-year disease-free 
survival (DFS) rates for HCC patients with higher or lower 
NEK2 expression levels were 46.9, 30.6 and 26.5% and 50.3, 
34.2 and 29.1% respectively, with no significant difference 
between the two groups (p=0.171). Furthermore, univariate 
analysis revealed that NEK2 overexpression was significantly 
correlated with tumor size (p=0.031) and non‑capsulation 
(p=0.019). However, no statistical connections were found 

Table III. Correlation between NEK2 expression and clinico-
pathological characteristics of HCC patients.

	 NEK2
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Category	 n	 Low	 High	 p-value
			   expression	 expression

Sex
	 Female	   29	   20	   9	 0.543
	 Male	 230	 141	 89
Age
	 <60	 198	 127	 71	 0.291
	 ≥60	   61	   34	 27
HBsAg
	 Negative	   31	   18	 13	 0.695
	 Positive	 228	 139	 84
AFP
	 ≥200	 148	   94	 54	 0.608
	 <200	 111	   67	 44
Size
	 ≥5	 188	 109	 79	 0.031
	 <5	   71	   52	 19
Tumor nos.
	 >1	   84	   49	 35	 0.413
	 1	 175	 112	 63
Liver cirrhosis
	 Present	 206	 125	 81	 0.347
	 Absent	   53	   36	 17
Capsulation
	 Capsulated	   96	   55	 41	 0.019
	 Non-capsulated	 163	 106	 57
Vascular invasion
	 Absent	 208	 132	 76	 0.422
	 Present	   51	   29	 22
Edmondson grade
	 I-II	 201	 126	 75	 0.760
	 III-IV	   58	   35	 23

p<0.05 is highlighted as bold text.
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between NEK2 expression and other clinicopathological 
parameters, such as age, sex, hepatitis B surface antigen level, 
α-fetoprotein (AFP) level, tumor number, liver cirrhosis, 
Edmondson grading, or vascular invasion (Table  III). 
Notably, HCC patients with NEK2-positive tumor exihibited 

shorter overall survival (p=0.036) than did patients with 
NEK2‑negative tumors. Moreover, multivariate analysis 
revealed that higher expression of NEK2, bigger tumor size, 
multiple tumors, non‑capsulation, and vascular invasion 
were independent risk factors associated with decreased 

Figure 1. Expression of NEK2 in HCC. (A) Western blot analysis of NEK2 in different HCC cell lines. (B) qRT‑PCR of NEK2 in different HCC cell lines. 
(C) NEK2 is upregulated in human HCC tissues by western blot analysis and qRT‑PCR. (D) IHC staining of NEK2 expression in adjacent non‑cancerous 
tissues and HCC tissues. (E) Kaplan-Meier analysis of the correlation between NEK2 expression and overall survival.
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survival (Table IV). Collectively, the clinical data indicated 
that NEK2 is correlated with poor prognosis in HCC patients.

NEK2 can promote cell migration and invasion. As tumor 
non‑capsulation is a significant risk factor for tumor metas-
tasis, higher NEK2 expression was correlated with tumor 
non‑capsulation in our study. Therefore, we determined 
whether NEK2 plays a role in HCC cell proliferation or 
invasion. As NEK2 expression levels were upregulated 
in HCCLM3 cells (high metastasis liver cancer cell line) 
and downregulated in MHCC97L cells (low metastasis 
liver cancer cell line), we established two stable cell lines 
(MHCC97L‑NEK2 and HCCLM3‑shNEK2) using lentivirus. 
MTT assay showed that overexpression of NEK2 in MHCC 
97L cells (MHCC97L‑NEK2) can promote cell proliferation, 
whereas knockdown of NEK2 in highly metastatic HCCLM3 
cells (HCCLM3‑shNEK2) resulted in a remarkable suppres-
sion of cell proliferation (Fig. 2C). Furthermore, Transwell 
migration and Matrigel invasion assays revealed that overex-
pression of NEK2 dramatically inhibited cell migration and 
invasion when compared with control cells (Fig. 2D). Our 
results demonstrated that NEK2 can promote cell prolifera-
tion, migration and invasion.

NEK2 induces epithelial mesenchymal transition (EMT). A 
previous study indicated that NEK2 contributed to altered 
β-catenin localization from the intercellular adherens junc-
tion to the cytoplasm and nucleus, which is a key process 
during EMT and an invasive phenotype typical of HCC. 
Here, we confirmed that NEK2 can induce EMT by immu-
nofluorescence (IF), qRT‑PCR, western blot analysis and IHC 
of EMT molecular marker expression. We showed that NEK2 
overexpression increased the levels of mesenchymal marker 
(N‑cadherin and vimentin) expression and decreased epithelial 
marker (E‑cadherin and α-catenin) expression by qRT‑PCR and 
western blot analyses. Conversely, knocking down NEK2 had 
the opposite effect (Fig. 3A and B). Moreover, IF showed that 
ectopic expression of NEK2 suppressed E‑cadherin expression, 
while inducing N‑cadherin expression in MHCC97L‑NEK2 
cells. In contrast, E‑cadherin expression was enhanced, whereas 
N‑cadherin expression was inhibited, in HCCLM3‑shNEK2 
cells compared with the parental HCCLM3 cells (Fig. 3C). 
Furthermore, IHC of tissue microarray data showed that the 
levels of E‑cadherin and N‑cadherin were strikingly altered in 
HCC tumor samples expressing high levels of NEK2 (Fig. 3D). 
N‑cadherin was upregulated, whereas E‑cadherin was down-
regulated (Fig. 3D). These results suggested that NEK2 can 

Table IV. Univariate and multivariate analysis of risk factors associated with overall survival of HCC patients.

	  Overall survival
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Category	 Subcategory	U nivariate analysis	 HR (95%)	 Multivariate analysis	 HR (95%)

Sex	 Male	 0.037	 1.037-3.221	 NA	 NA
	 Female
Age	 <60	 0.927	 NA	 NA	 NA
	 ≥60
HBs-Ag	 Negative	 0.252	 NA	 NA	 NA
	 Positive
AFP (ng/ml)	 <200	 0.008	 1.122-2.118	 NA	 NA
	 ≥200
Tumor size (cm)	 <5	 <0.001	 1.703-3.446	 <0.001	 1.324-2.941
	 ≥5
Tumor no.	 Single	 <0.001	 0.332-0.622	  0.009	 0.462-0.896
	 Multiple
Liver cirrhosis	 Absent	 0.375	 NA	 NA	 NA
	 Present
Capsulation	 Capsulated	 <0.001	 0.367-0.678	  0.034	 0.479-0.971
	 Non-capsulated
Vascular invasion	 Absent	 <0.001	 2.160-4.315	  0.002	 1.095-2.076
	 Present
Edmondson grade	 I-II	 0.004	 1.174-2.310	 NA	 NA
	 III-IV
ELMO1	 Lower expression	 0.039	 1.017-1.897	 0.012	 0.457-0.835
	 Higher expression

p<0.05 is highlighted as bold text.
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affect the expression of epithelial and mesenchymal markers 
and may induce EMT in HCC cells.

NEK2 can regulate metastasis-related pathways. To study the 
genes and signaling pathways regulated by NEK2 in HCC, 
we subjected MHCC97L-control and MHCC97L‑NEK2 
cells to gene expression microarray analysis. EMT-related 

gene analysis revealed that NOTCH1, SNAIL1, TWIST1, 
WNT11, and WNT5A were upregulated in MHCC97L‑NEK2 
cells compared with the MHCC97L-control (Fig. 4B). Then, 
signaling pathways influenced by NEK2 were analyzed. 
Notably, the Wnt, NF-κB, focal adhesion, and VEGF 
signaling pathways were activated by NEK2 overexpression. 
Interestingly, tumor suppression pathways, such as the Hippo 

Figure 2. NEK2 can promote HCC cell proliferation and metastasis. Western blot analysis (A) and qRT‑PCR (B) showed successful overexpression and 
knockdown of NEK2 in HCC cells. (C) Proliferation of indicated cells was examined by MTT assays. (D) Transwell cell migration and invasion assays of 
indicated cells.
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and p53 pathways, were downregulated when NEK2 was 
overexpressed (Fig. 4C). Our data provided novel insights 
into NEK2 regulation of HCC cells and suggested that NEK2 
regulates gene expression and signaling involved in EMT.

Discussion

In this study, we identified that overexpression of NEK2 
predicted poor prognosis for HCC patients after hepatectomy. 

Figure 3. NEK2 induces EMT of HCC cells. Western blot analysis (A) and qRT‑PCR (B) of EMT markers in MHCC97L-control, MHCC97L‑NEK2, 
HCCLM3‑control and HCCLM3‑shNEK2. (C) Representative IF images of cell E‑cadherin and N‑cadherin expression in MHCC97L‑NEK2, HCCLM3‑shNEK2 
and their respective parental cells. (D) Representative IHC images of HCC tissue microarrays for E‑cadherin and N‑cadherin in the HCC tissue microarray.
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We then demonstrated that overexpression of NEK2 led 
to EMT in HCC cells and promoted HCC cell migration 
and invasion. Moreover, we discovered that Wnt or NF-κB 
signaling may be involved in the NEK2-induced EMT process 
in HCC using gene expression microarray.

Aberrant NEK2 activities resulted in failed regulation of 
centrosome duplication, causing aneuploidy and, therefore, 
oncogenic effects (13). Recently, accumulating evidence has 
demonstrated that NEK2 is overexpressed in several neoplastic 
diseases, such asbreast carcinoma, testicular seminomas, 

Figure 4. Downstreams of NEK2 in HCC cells. (A) Heat map showing the differences in gene expression between parental MHCC97L and MHCC97L‑NEK2 
cells. (B) EMT-related genes regulated by NEK2. (C) Cell signals suppressed (upper panel) and activated (lower panel) by NEK2 overexpression.
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diffuse large B cell lymphomas and prostate cancer (14-17). 
Further studies should focus on the expression levels of NEK2 
in HCC. Zhang et al (18) reported that NEK2 expression was 
higher in HepG2 cells than in Huh7, SMMC-7721 and BEL7402 
cells. However, these authors did not compare the expression 
levels of NEK2 between cancer cell lines and normal liver 
cell lines. Li et al (9) found that the NEK2 expression level is 
higher in SMMC-7721 cells than in the normal liver cell line 
HL-7702. Neither study could identify differences in NEK2 
expression levels in high or low potential metastasis HCC cell 
lines. In our study, we found that the NEK2 expression level 
was elevated in cancer cell lines relative to the normal liver 
cell line LO2, and we also found NEK2 expression was higher 
in the high metastasis potential HCC cell line (HCCLM3) than 
in the low metastasis potential HCC cell line (MHCC97L). 
Furthermore, we revealed that NEK2 expression levels were 
much higher in HCC tissues when compared with the adjacent 
non‑cancerous tissues. Collectively, such data suggest that 
NEK2 is overexpressed in HCC.

Emerging evidence has shown that NEK2 is an independent 
risk for cancer patients prognosis and identified NEK2 as a 
putative oncogene. NEK2 overexpression is a frequent event in 
cancer cells. For instance, NEK2 was found to be upregulated 
in breast tissue when compared with adjacent non‑cancerous 
tissue, and its upregulation was closely linked to poor prog-
nosis and high recurrence in patients (14). Zhou et al (19) 
investigated the levels of 56 genes related to drug resistance 
using clinical data, and found that NEK2 was the gene most 
strongly associated with overall survival in myeloma. Further 
study also identified NEK2 as an effective tumor proliferation 
marker of poor prognosis for non‑small cell lung cancer (5). 
Recently, several studies have highlighted the potential role 
of NEK2 in predicting HCC patient prognosis. One report 
indicated that NEK2 was a promising biomarker for HCC 
recurrence by analyzing 50 HCC patients who underwent 
hepatectomy. They showed that NEK2 had a statistically 
significant association with DFS although not with OS, which 
was completely contradictory to our results. The study popula-
tion was relatively small and the background hepatitis C virus 
infection was present in most cases, which might explain the 
big difference compared with our results.

Another report revealed that NEK2 was related with 
diolame complete, tumor nodule number and recurrence (9). 
However, like the above-mentioned study, this study concerned 
only 63 patients, which might not provide strong evidence to 
determine the relationship between NEK2 status and HCC 
characteristics. These authors then verified the relationship 
of NEK2 expression with p-AKT and MMP-2 by IHC, but 
they did not explore the underlying mechanism as to how 
NEK2 promotes cell migration and invasion. Consistent with 
previous studies, our study confirmed the clinical significance 
of NEK2 as an independent prognostic marker for HCC 
patients after hepatectomy in more specimens, and confirmed 
that NEK2 expression level was related to tumor size and 
tumor non‑capsulation. Taken together, our data revealed 
that NEK2 may serve as an independent risk factor for HCC. 
Unlike previous reports concerning NEK2 expression level in 
HCC, we enrolled more HCC patients (259 cases), which could 
provide more exact evidence for the function of NEK2 in HCC 
and further performed experiments in vitro to explore the role 

of NEK2 expression in cell migration and invasion as well as 
its underlying mechanism.

Notably, as we discovered that the NEK2 expression level 
is related to tumor non‑capsulation in clinical specimens, of 
interest, we employed functional experiments to confirm our 
suspicion. Interestingly, upregulated NEK2 expression fosters 
the migration and invasion ability in HCC cells, whereas down-
regulated NEK2 expression results in decreasing migration and 
invasion ability. This upregulation pattern and its invasion and 
metastasis activator function as characterized here in HCC cells 
were similar to those functions as previously demonstrated in 
pancreatic cancer (20). Nevertheless, the underlying biological 
mechanism by which overexpression of NEK2 promotes cancer 
cell invasion remains poorly understood. Currently, little 
information underlying the molecular mechanism of NEK2 
regulation of cancer cell invasion is available. A previous report 
indicated that NEK2 may contribute to HCC metastasis, which 
revealed that NEK2 may mediate liver cancer cell migration 
via pAKT signaling and matrix metalloproteinase (MMP) 
activation (21), however, such signaling might not be the unique 
mechanism by which NEK2 promotes HCC metastasis. One 
recent report demonstrated that NEK2 contributed to altered 
β-catenin localization from the intercellular adherens junction 
to the cytoplasm and nucleus (22), a key process of EMT and an 
invasive phenotype typical of HCC (23). Therefore, we specu-
lated that NEK2 is involved mainly in the events that trigger 
EMT. Notably, the present study provides further evidence that 
overexpressed NEK2 result in upregulated N‑cadherin and 
downregulated E‑cadherin in HCC cells; conversely, silenced 
NEK2 expression showed contrary results. Furthermore, these 
EMT process-related markers all showed similarly correlated 
staining patterns for NEK2 in HCC clinical tissue microarray. 
Based on our results, we speculated that NEK2 can induce 
EMT in HCC.

Our findings provided evidence that NEK2 is a critical 
mediator of HCC cell invasion and that activation of EMT is 
its novel regulating mechanism. However, how NEK2 induces 
EMT remains unclear. One recent report indicated that over-
expression of NEK2 can activate AKT and Jnk pathways and 
upregulate Wnt/Wingless signaling and alter the expression 
of Rho1, Rac1 and E‑cadherin (24). Consistently, our study 
identified that upregulation of NEK2 can alter Wnt, NF-κB, 
focal adhesion and VEGF signaling. All of the above signaling 
pathways are classical signaling pathways that are involved 
in cancer cell invasion and metastasis (25-28). Interestingly, 
overexpression of NEK2 could suppress the Hippo signaling 
pathway and p53 signaling pathway, which were reported as 
cancer progression suppressors by numerous studies (29,30). 
Collectively, our data highlight the potential role of NEK2 
in regulating several cancer-related signaling pathways. 
Nevertheless, future studies to assess how NEK2 regulation of 
such pathways promotes HCC cell invasion will be warranted, 
and whether these pathways take part in NEK2 induction of 
EMT is required.

In conclusion, our results revealed an oncogenic role for 
NEK2 in HCC and as an independent prognosis indicator 
for HCC patients. Forced expression of NEK2 in HCC cells 
promoted cell proliferation, migration and invasion, at least 
partly via EMT activation, and provided evidence that Wnt, 
NF-κB, focal adhesion, VEGF, Hippo and p53 signaling 
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pathways may be downstream of NEK2. Therefore, NEK2 
may be a novel target for the treatment of HCC.
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