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Abstract. The expression levels of α‑enolase, also known as 
enolase 1 (ENO1), in liver cancer tissues and the autoantibody 
levels of ENO1 in the sera of patients with liver cancer were 
detected to investigate the function of ENO1 in the invasion 
and metastasis of liver cancer, as well as its clinical diagnostic 
value. Small interfering RNA (siRNA) was used to disrupt 
ENO1 gene expression in HepG2 and Huh7 liver cancer cells. 
The proliferation ability of liver cancer cells was assessed 
using Cell Counting Kit‑8 (CCK‑8); the migration ability of 
liver cancer cells was assessed using scratch tests; and the 
migration and invasion abilities of liver cancer cells were 
assessed using Transwell assays. ENO1 expression in liver 
cancer tissues (43.8%) was significantly higher than that in 
benign liver lesions (15.2%) (P=0.005). The serum anti‑ENO1 
antibody levels in the liver cancer group were significantly 
higher than those in the control and benign liver lesion groups 
(P<0.001). After ENO1 gene interference, the proliferation, 
migration and invasion abilities of HepG2 and Huh7 liver 
cancer cells exhibited different degrees of suppression. The 
results revealed that ENO1 promotes liver cancer invasion and 
metastasis; ENO1 plays an important role in liver cancer and 
can be used as a potential liver cancer‑associated marker.

Introduction

Liver cancer is one of the most common malignant tumours 
in clinical practice (1). There are currently ~800,000 new liver 
cancer cases every year worldwide, and almost half of these 
cases are in China  (2). Liver cancer has an insidious onset, 
and is prone to invasion and metastasis. At diagnosis, surgery 
is no longer a treatment option for the majority of patients; 
therefore, the mortality is very high. The early diagnosis and 

treatment are key for increasing the survival rate of patients 
with liver cancer (3). Currently, commonly used liver cancer 
markers, such as α fetoprotein, have a certain specificity; 
however, the majority of markers have low sensitivity. 
Therefore, when liver cancer is confirmed, it is often already 
at a late stage  (4,5). Thus, the elucidation of the mechanism 
underlying liver cancer invasion and metastasis, and the devel‑
opment of highly effective and non‑invasive diagnostic and 
prognostic markers are of great importance for the diagnosis 
and treatment of liver cancer.

α‑enolase, also known as enolase 1  (ENO1), is a 
multifunctional protein. In addition to catalysing glycolysis, 
ENO1 is also involved in transcription, apoptosis regulation 
and cell differentiation, and plays an important role in a 
number of biological and pathophysiological processes. 
Some studies have reported that ENO1 plays important 
roles in the development and progression of some malignant 
tumours  (6‑8). It has been confirmed that ENO1 is closely 
associated with liver cancer (9); however, the role of ENO1 in 
liver cancer is still unclear, and relevant studies on the level of 
serum anti‑ENO1 antibody have not been reported yet. In the 
present study, the role of ENO1 in the invasion and metastasis 
of liver cancer cells was investigated, as well as the expression 
of ENO1 in liver cancer tissues and that of anti‑ENO1 
antibody in the peripheral blood of patients with liver cancer, 
to evaluate the clinical value of ENO1 in liver cancer.

Patients and methods

Clinical specimens. A total of 80 pathological tissue speci‑
mens and 56  serum specimens were collected from patients 
who were pathologically diagnosed with liver cancer and did 
not receive treatment between January 2017 and June  2019 
at Shaoxing People's Hospital  (Shaoxing, China). A total of 
33  pathological tissue specimens  (including 21  males and 
12  females; mean age of 62.3 years; 14 cases of liver cyst, 
10 cases of liver fibroma, 7 cases of liver abscess, 1 case of 
hepatitis and 1 case of hepatic hamartoma) and 29  serum 
specimens (including 16 males and 13 females; mean age of 
56.7  years; 13  cases of liver cyst, 10  cases of liver fibroma 
and 6  cases of liver abscess) were collected from patients 
with benign liver lesions. In addition, 40  serum specimens 
from healthy individuals who received a physical examina‑
tion during the same period were collected and used as the 
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control group. A patient flow diagram showing the selection 
of the study population is presented in Fig. 1. The study was 
approved by the Ethics Committee of Shaoxing People's 
Hospital (Shaoxing, China) and signed informed consent was 
obtained from the patients. 

The tissue specimens were fixed in 10%  neutral formalin 
at room temperature for 24 h, routinely embedded in paraffin, 
sectioned into 4‑µm‑thick sections, and stored at 4˚C. Peripheral 
blood specimens (3 ml) were placed in vacuum blood collec‑
tion tubes and centrifuged at 2,000 x g at 4˚C for 5 min. Serum 
samples were collected, aliquoted and stored at ‑20˚C.

Cells and reagents. The human liver cancer HepG2 and Huh7 
cell lines were purchased from the Chinese Academy of 
Sciences Shanghai Cell Bank. Rabbit anti‑ENO1 monoclonal 
antibodies were purchased from Abcam (cat. no.  ab85086) 
for use in immunohistochemistry and western blotting. 
Anti‑rabbit IgG secondary antibody (cat. no.  IB000086) 
was purchased from OriGene Technologies, Inc., for use 
in immunohistochemistry. Mouse anti‑β‑actin monoclonal 
antibody (cat. no.  DW9562; Bioworld Technology, Inc.), 
horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
IgG (cat. no.  130321; Hangzhou HuaAn Biotechnology Co., 
Ltd.) and anti‑mouse antibodies (cat. no.  BS12471; Bioworld 
Technology, Inc.) were used for western blotting. The immuno‑
histochemistry reagent kit was purchased from Fuzhou Maixin 
Biotech Co., Ltd., (cat. no. KIT5003). The anti‑ENO1 antibody 
ELISA detection reagent kit (cat. no.  CSB‑EQ027775HU) 
was purchased from CUSABIO Technology LLC. Small 
interfering RNA (siRNA) sequences were purchased from 
Guangzhou RiboBio Co., Ltd., (cat. nos. siG10623162542, 
siG10623162557 and siN05815122147). Lipo6000™ transfec‑
tion reagent and Cell Counting Kit‑8 (CCK‑8) were purchased 
from Beyotime Institute of Biotechnology (cat. nos.  C0526 
and C0038, respectively). The primers (cat. no.  H001) were 
purchased from Sangon Biotech Co., Ltd. One Step SYBR® 
PrimeScript™ RT‑PCR kit was purchased from Takara Bio, 
Inc. (cat. no. RR086A). SDS‑PAGE Gel kit (cat. no. P1200) and 
Phenylmethylsulfonyl fluoride (PMSF; cat. no.  P0100) were 
purchased from Beijing Solarbio Science & Technology Co., 
Ltd. Biolonase was purchased from Shanghai Biolong Biotech 
Co., Ltd. RIPA protein lysis solution was purchased from 
Biotium, Inc. Protein marker was purchased from Invitrogen 
(cat. no. 26616; Thermo Fisher Scientific, Inc.). Transwell plates 
were purchased from Corning, Inc. (cat. no.  3422). Matrigel 
was purchased from BD Biosciences (cat. no. 356234). 

Experimental procedures
Detection of ENO1 levels in liver cancer tissues using immu‑
nohistochemistry. The rabbit monoclonal antibody anti‑ENO1 
was used for analysis. Endogenous peroxidase was blocked 
with 3% H2O2 at room temperature for 10 min after antigen 
retrieval in a microwave heated to 121˚C for 150 sec, xylene 
washing and rehydration in a descending alcohol series (100, 
95 and 85%). The slides were incubated with 10%  normal 
goat serum (cat. no. ZLI‑9056; OriGene Technologies, Inc.) at 
room temperature for 1 h, followed by three washes using PBS 
and incubation with anti‑ENO1 antibody (1:800) at 4˚C over‑
night. Subsequently, the slides were incubated with anti‑rabbit 
IgG (1:1; cat. no.  IB000086; OriGene Technologies, Inc.) at 

room temperature for 20 min and stained with 3,3'‑diamino‑
benzidine (1:20; cat. no.  PV‑8000D; OriGene Technologies, 
Inc.) for 8  min at room temperature. Counterstaining was 
performed with haematoxylin for 20 sec at room temperature.

Five representative fields of each section were selected and 
captured under a high‑power light microscope (magnification, 
x100; cat. no.  BX41; Olympus Corp.), and 100  tumour cells 
in each field were counted. A total of 500 cells were counted. 
The localization of ENO1 was observed in the cytoplasm, cell 
membrane or cell nucleus. Positive cells exhibited yellow or 
yellow‑brown particles. The cells in which the positive signal 
was ≥5% were considered positive, and those in which the 
positive signal was <5% were considered negative. 

Detection of serum anti‑ENO1 antibodies using ELISA. 
Standard and patient samples were added to 96‑well plates 
separately, and then 100  µl HRP‑labelled monoclonal anti‑
body (1:100; included in the anti‑ENO1 antibody ELISA 
detection reagent kit) was added to each well. The plates were 
washed 5 times after incubation at 37˚C for 60 min, and then 
developer A and B (50 µl each) was added to each well. The 
optical density (OD) values were measured at a 450‑nm wave‑
length after development at 37˚C for 15 min without light. The 
concentrations of the standard samples and the measured OD 
values of each plate were used to plot a standard curve, and 
a linear regression equation of the standard curve was calcu‑
lated. The OD values of the samples were introduced into 
the equation to calculate the concentrations of the samples. 
Experiments were repeated at least three times. 

Cell culture and transfection. Human liver cancer cell 
lines, HepG2 and Huh7, were routinely cultured at 37˚C and 
5% CO2 in a humidified environment in complete Dulbecco's 
modified Eagle's medium (DMEM) containing 10%  foetal 
bovine serum (FBS) (both HyClone; Thermo Fisher Scientific, 
Inc.). The culture medium was then aspirated, the cells were 
washed twice with reduced serum medium (Opti‑MEM; 
Gibco; Thermo Fisher Scientific, Inc.), and 2  ml culture 
medium was slowly added to each well in the 6‑well plates 
along the inner wall. Next, 250 µl 0.05 µM siRNA and nega‑
tive control (NC) reagent was added to each well and cultured 
for 4‑6  h. The culture medium and the transfection reagent 
mixture solution were discarded, and the cells were washed 
twice with PBS. Complete DMEM containing 10%  FBS 
was added, and the cells were cultured for 24 or 48  h in a 
37˚C and 5%  CO2 humidified environment. The cells were 
collected, and RNA and protein were extracted to determine 
the interference effect. The sequence of siRNA specific 
to ENO1 was different in the interference group 1 (si‑1) 
(5'‑GCATTGGAGCAGAGGTTTA‑3') and the interference 
group 2 (si‑2) (5'‑CCCAGTGGTGTCTATCGAA‑3').

Validation of the interference effect. At 48 h post‑transfection, 
the interference effect was measured. The interference 
effect of ENO1‑siRNA was evaluated by determining the 
downregulation of the ENO1 gene and protein. Reverse tran‑
scription‑quantitative PCR (RT‑qPCR) and western blot 
analysis were performed 3  times. The mean value of the 
experimental results was used as the relative expression level 
of ENO1.
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a) RT‑qPCR. A 20‑µl PCR system was used. The total 
RNA volume in each group was 2 µl, and 0.8 µl of upstream 
and downstream primers, respectively, was added. A total of 
5.6 µl ddH2O, 10 µl 2X One Step SYBR® RT‑PCR Buffer 4 and 
0.8 µl PrimeScript One Step Enzyme Mix 2 were used. The 
reaction conditions were as follows: Stage 1, 42˚C for 5 min 
and 95˚C for 10 sec; stage 2, 95˚C for 5 sec and 60˚C for 20 sec 
(40  cycles). The primer sequences were as follows: ENO1 
forward, 5'‑GCCTCCTGCTCAAAGTCAAC‑3' and reverse, 
5'‑AACGATGAGACACCATGACG‑3'; and β‑actin forward, 
5'‑CATGTACGTTGCTATCCGAGGC‑3' and reverse, 5'‑CTC 
CTTATGACACGACACGAC‑3'.

b) Western blot analysis. The cells of the three groups 
(NC, negative control; si‑1, siRNA interference group 1; and 
si‑2, siRNA interference group 2) were lysed in RIPA buffer 
(RIPA:PMSF, 100:1), and their protein concentration was 
determined using the bicinchoninic acid assay. Proteins were 
denatured at 100˚C for 7  min and 30  µg protein/lane was 
loaded for SDS‑PAGE on a 10% gel. Subsequently, proteins 
were transferred onto polyvinylidene difluoride membranes 
(cat. no.  IPVH00010; EMD Millipore). The membranes 
were blocked with 5% non‑fat milk at room temperature for 
2  h and incubated with primary antibodies against ENO1 
(1:2,000) and β‑actin (1:5,000) at 4˚C overnight, followed 
by HRP‑conjugated goat anti‑rabbit IgG (1:5,000) and 
anti‑mouse �����������������������������������������������  secondary �������������������������������������  antibodies���������������������������   �������������������������� (1:6���������������������� ,��������������������� 000) at room tempera‑
ture for 1  h. β‑actin expression was used as a control. The 
bands were visualized using BeyoECL Plus Enhanced 
Chemiluminescence reagent (cat. no.  P0018FS; Beyotime 
Institute of Biotechnology). Carestream Molecular Imaging 
software v5.0 (Carestream Health, Inc.) was used to measure 
the greyscale density and calculate the relative expression 
levels.

Detection of cell proliferation using CCK‑8. Cells in loga‑
rithmic growth phase were used to prepare a cell suspension 
that was inoculated into 6‑well plates at ~3x105  cells/well. 
Transfection was performed after 24 h of conventional culture. 
At 24  h after transfection, a cell suspension was prepared, 

and the cells were inoculated into 96‑well plates at 
~5x105  cells/well. At different time points (24, 48 and 72  h 
after transfection), 10 µl CCK‑8 detection solution was added 
to each well, and the cells were cultured for 2 h. The absor‑
bance at 450 nm (OD450) was measured using a microplate 
reader. The liver cancer cell proliferation inhibition rate after 
ENO1‑siRNA transfection was calculated using the OD450 
and the following formula: Inhibition rate = (1 ‑ control group 
OD450/control group OD450) x100%. 

Assessment of cell migration ability using a scratch test. The 
experimental liver cancer cells were seeded into a 6‑well plate 
at a density of 8x105 cells/well. When the cell density reached 
100%, a cross mark was scratched in the middle of the 6‑well 
plate vertically using a disinfected sterile pipette tip (200 µl). 
The cells were repeatedly washed with sterile PBS buffer 
(6‑8 times) until the floating cells were completely removed. 
The culture medium was replaced with serum‑free DMEM, 
and changes in the scratches were observed and photographed 
under a microscope at 0, 24 and 48  h. The gap size was 
measured using ImageJ software v1.52a (National Institutes 
of Health), and the percentage migration was calculated based 
on the size of the wound at 0 h. The experiment was repeated 
three times for each group. The effects of different treatment 
factors on the migration ability of the cells were compared.

Assessment of the migration and invasion ability of cells using 
a Transwell assay. Transwell inserts (8  µm, 24‑well plate; 
Corning, Inc.) were used to analyse the migration and invasion 
abilities of liver cancer cell lines. For the invasion assay, the 
membrane at the bottom of the upper chambers of a Transwell 
plate was coated with Matrigel. A total of 50  µl of 50  mg/l 
Matrigel were diluted in serum‑free DMEM at a ratio of 1:6, 
added to each well and incubated at 37˚C for 30 min. For the 
migration assay, uncoated Transwell chambers were used. For 
both the migration and invasion assays, a 600‑µl cell suspen‑
sion containing 1.5x105 cells in serum‑free DMEM was added 
to the upper chambers of the Transwell, and 600  µl DMEM 
with 10%  FBS was added to the lower chambers. The cells 

Figure 1. Summary of patient flow diagram. A total of 113 tissue samples and 125 serum samples were included in the present study.
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were routinely cultured for 24 h (migration assay) or 48 h (inva‑
sion assay), fixed in 4% paraformaldehyde for 15 min at room 
temperature�������������������������������������������������� and stained in Giemsa for 15 min at �������������room tempera‑
ture. Five fields were randomly selected, and images were 
captured using an inverted fluorescence microscope (magnifi‑
cation, x400; cat. no. CKX41; Olympus Corporation). The cells 
were counted using ImageJ software (National Institutes of 
Health), and each experiment was repeated three times. 

Statistical analysis. Statistical analysis was performed using 
SPSS v19.0 (IBM Corp.) for Windows. The measurement 
data were presented as the mean  ±  SD, or as the median 
and percentiles (P25‑P75). An unpaired Student's t‑test was 
used to determine the differences between two groups. The 
Kruskal‑Wallis test was used to determine the differences 
among multiple groups, followed by Dunn's test as the post 
hoc test to determine any significant differences between 
individual groups. The χ2 test was performed to analyse the 
association of ENO1 with clinicopathological characteristics. 
P<0.05 was considered to indicate a statistically significant 
difference. Receiver operating characteristic (ROC) curve 
analysis was used to analyze the efficiency of the anti‑ENO1 
antibody in the diagnosis of liver cancer.

Results

ENO1 expression in liver cancer tissues. ENO1 expression in 
tumour tissues (Fig. 2A and D) was primarily localized in the 
cytoplasm, with some localization also observed in the cell 
membrane and nucleus. ENO1 expression was not expressed 
in the majority of the benign liver lesions (Fig.  2B  and  E). 
ENO1 expression was observed in all 80 tumour tissues from 

patients with liver cancer. The expression levels of ENO1 
based on the clinical stage, age and sex, were compared 
among all the groups using the c2 test (Table I). Table I shows 
that ENO1 expression in liver cancer tissue (43.8%) was 
significantly higher than that in benign liver lesions (15.2%) 
(c2=8.356; P=0.005). ENO1 expression was not associated 
with clinical stage, age or sex (all P>0.05). 

Expression of anti‑ENO1 antibody in the peripheral blood of 
patients with liver cancer. The levels of anti‑ENO1 antibody 
among the three groups (NC, si‑1 and si‑2) were compared. 
The anti‑ENO1 antibody concentrations in the three groups 
showed skewed distributions. Therefore, the levels were 
expressed using P50 (P25‑P75). The anti‑ENO1 antibody 
levels among the three groups were compared using the 
Kruskal‑Wallis test, and Dunn's post hoc test was used for 
the comparisons between two groups (Fig. 2C and Table II). 
As presented in Table II, i) the anti‑ENO1 antibody levels in 
the liver cancer group were significantly higher than those 
in the control and benign liver lesion groups (P<0.001). The 
anti‑ENO1 antibody levels between the benign liver lesion and 
control groups were not significantly different (P=0.523); and 
ii) the anti‑ENO1 antibody levels were not associated with age, 
sex or clinical stage (P=0.835, 0.326 and 0.138, respectively).

Diagnostic value of the anti‑ENO1 antibody level in liver 
cancer. The ROC curve of liver cancer diagnosis using 
anti‑ENO1 antibody levels was plotted, and the area under 
the curve  (AUC) was calculated. The location with the 
largest Youden index was used as the best screening cut‑off 
value. The cut‑off value for liver cancer diagnosis using the 
anti‑ENO1 antibody level was 29.33  ng/ml; the AUC was 

Figure 2. ENO1 expression in liver cancer tissue and peripheral blood of patients with liver cancer. (A) ENO1 expression in liver cancer tissues (x100). 
(B) ENO1 was not expressed in benign liver lesions (x100). (C) Serum anti‑ENO1 antibody levels in patients with liver cancer were higher than those in 
patients with benign liver lesions and healthy controls. (D) ENO1 expression in liver cancer tissues (x400). (E) ENO1 was not expressed in benign liver lesion 
(x400). (F) Receiver operating characteristic curve analysis for liver cancer diagnosis using anti‑ENO1 antibody levels. The AUC was 0.741, the sensitivity 
was 64.3% and the specificity was 85.5%. The red dot represents the cut‑off value. **P<0.01; ****P<0.0001 ENO1, α‑enolase; AUC, area under the curve.
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0.741, the sensitivity was 64.3%, and the specificity was 
85.5% (Fig. 2F).

Validation of the interference effect
RT‑qPCR. The relative expression levels of the ENO1 gene 
in the siRNA groups, si‑1 and si‑2, were both significantly 
lower than those in the control group. Compared with that in 
the control group, the ENO1 interference rate in HepG2 cells 
reached 85.3% in the si‑1 group and 55.0% in the si‑2 group. 
The interference rate in Huh7 cells reached 82.8% in the si‑1 
group and 88.4% in the si‑2 group (Fig. 3A and B).

Western blot analysis. The western blot analysis results are 
presented in Fig. 3C and D. The ENO1 expression levels were 

normalized to β‑actin expression levels. The results showed 
that the relative expression levels of the ENO1 protein in 
HepG2 and Huh7 cells in the si‑1 and si‑2 groups were signifi‑
cantly lower than those in the control group (P<0.0001).

Effect of ENO1 interference on the proliferation of liver cancer 
cells. The results of the CCK‑8 assay showed that, compared 
with the NC group, ENO1 siRNA treatment resulted in different 
degrees of HepG2 and Huh7 cell proliferation inhibition after 
72  h of transfection, and the differences were statistically 
significant as analysed by Kruskal‑Wallis test (Fig. 4).

Effect of ENO1 interference on the migration ability of liver 
cancer cells. The results of the scratch tests showed that, 

Table I. ENO1 expression in pathological tissues.

	 ENO1 expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 No. of cases	 Positive	 Negative	 Positive rate, %	 χ2	 P‑value

Benign lesion tissue	 33	 5	 28	 15.2	 8.356	 0.005
Liver cancer tissue	 80	 35	 45	 43.8		
Clinical stage					     0.250	 0.157
  I+II	 37	 21	 16	 56.8		
  III	 43	 22	 21	 51.2		
Age, years					     0.033	 0.525
  >60	 54	 24	 30	 44.4		
  ≤60	 26	 11	 15	 42.3		
Sex					     1.270	 0.276
  Male 	 64	 26	 38	 40.6		
  Female	 16	 9	 7	 56.3		

ENO1, α‑enolase.

Table II. Comparison of the serum anti‑ENO1 antibody levels among the three groups of participants [P50 (P25‑P75)].

Group	 No. of cases	 Anti‑ENO1 antibody, ng/ml	 P‑value

Liver cancer 	 56	 50.88 (21.67‑133.97)	 <0.001a

Age, years			   0.835
  >60	 23	 57.42 (21.57‑90.44)	
  ≤60	 33	 45.01 (21.08‑197.08)	
Sex			   0.326
  Male 	 38	 50.88 (22.41‑225.12)	
  Female 	 18	 45.77 (20.15‑100.98)	
Clinical stage			   0.138
  I+II	 27	 61.36 (24.88‑244.18)	
  III	 29	 34.12 (20.13‑118.08)	
Benign liver lesion 	 29	 22.94 (10.02‑35.21)	 0.523b

Healthy control 	 40	 21.46 (12.83‑26.90)	

aThe serum anti‑ENO1 antibody levels in the liver cancer group were significantly higher than those in the control and benign liver lesion 
groups; bThe anti‑ENO1 antibody levels in the benign liver lesion and control groups were not significantly different. ENO1, α‑enolase.
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compared with the NC group, HepG2 and Huh7 cell migration 
after ENO1 siRNA treatment became slower, and the differ‑
ences were statistically significant by Student's t‑test at 48 h 
after treatment (Fig. 5). 

Effect of ENO1 downregulation on the invasion ability of 
liver cancer cells. The results of the Transwell experiment 
showed that, compared with the NC group, the in vitro inva‑
sion and migration abilities of HepG2 and Huh7 cells after 
ENO1 siRNA treatment significantly decreased (Fig. 6).

Discussion

ENO1, also known as α‑enolase, is one of the three subtypes 
of enolase. ENO1 is mainly present in the cytoplasm, but 
also in the membrane and nucleus of a variety of eukaryotic 
cells. This enzyme has important functions in cellular energy 
metabolic processes. ENO1 converts 2‑phosphoglycerate into 
phosphoenolpyruvate during glycolysis and can also catalyse 
the reverse reaction to convert phosphoenolpyruvate into 
2‑phosphoglycerate  (10). In recent years, the association of 

Figure 3. Validation of the siRNA interference effect on ENO1 expression in liver cancer cells. (A) RT‑qPCR validation of the effect of siRNA interference 
on ENO1 expression in HepG2 cells. The results showed that the relative expression levels of the ENO1 gene in the si‑1 and si‑2 groups were lower than those 
in the control group. (B) RT‑qPCR validation of the effect of siRNA interference on ENO1 expression in Huh7 cells. The results showed that the relative 
expression levels of the ENO1 gene in the si‑1 and si‑2 groups were lower than those in the control group. (C) Western blot validation of the effect of siRNA 
interference on ENO1 expression in HepG2 cells. The results showed that the relative expression levels of the ENO1 protein in HepG2 cells in the si‑1 and si‑2 
groups were significantly lower than those in the control group. (D) Western blot validation of the effect of siRNA interference on ENO1 expression in Huh7 
cells. The results showed that the relative expression levels of the ENO1 protein in Huh7 cells in the si‑1 and si‑2 groups were significantly lower than those in 
the control group. **P<0.01; ****P<0.0001. siRNA, small interfering RNA; ENO1, α‑enolase; si‑1, siRNA interference group 1; si‑2, siRNA interference group 
2; RT‑qPCR, reverse transcription‑quantitative PCR.

Figure 4. Effect of ENO1 siRNA on liver cancer cell proliferation. (A) HepG2 and (B) Huh7 cell proliferation was suppressed after ENO1 siRNA treatment. 
Results show that 72 h after transfection in the si‑1 and si‑2 groups, ENO1 siRNA treatment resulted in proliferation inhibition in HepG2 and Huh7 cells. 
In HepG2 cells, the differences in cell proliferation between the NC and the siRNA‑treated groups were statistically significant (P<0.05 vs. si‑2 group and 
P<0.01 vs. si‑1 group). Cell proliferation in Huh7 cells was also significantly different. *P<0.05; **P<0.01. ENO1, α‑enolase; siRNA, small interfering RNA; 
si‑1, siRNA interference group 1; si‑2, siRNA interference group 2; OD, optical density; NC, negative control.
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ENO1 with malignant tumours has received increasing atten‑
tion (11‑13). A number of studies have observed higher levels 
of ENO1 in cell lines and in vivo tissues of malignant tumours, 

including pancreatic cancer, renal cell carcinoma and glioma, 
suggesting that ENO1 has tumour growth‑promoting func‑
tions  (14‑16). The main mechanism underlying the high 

Figure 6. Effect of ENO1 siRNA on the invasion and migration abilities of liver cancer cells. Compared with the NC group, the in vitro invasion and migra‑
tion abilities of (A) HepG2 and (B) Huh7 cells after ENO1 siRNA treatment decreased in the si‑1 and si‑2 groups, and the differences were statistically 
significant. Numbers of (C) HepG2 and (D) Huh7 cells were measured with the ImageJ software after ENO1 siRNA treatment. *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. ENO1, α‑enolase; siRNA, small interfering RNA; NC, negative control; si‑1, siRNA interference group 1; si‑2, siRNA interference group 2. 

Figure 5. Effect of ENO1 siRNA on the migration ability of liver cancer cells. (A) Compared with that of the NC group, HepG2 cell migration after ENO1 
siRNA treatment became slower in the si‑1 and si‑2 groups, and the difference was statistically significant at 48 h after treatment. (B) Gap size was mea‑
sured using ImageJ software and the ratio of gap size after ENO1 siRNA treatment in HepG2 cells was calculated based on the size of the wound at 0 h. 
(C) Compared with that of the NC group, Huh7 cell migration after ENO1 siRNA treatment became slower in the si‑1 and si‑2 groups, and the difference was 
statistically significant at 48 h after treatment. (D) Gap size was measured with the ImageJ software and the ratio of gap size after ENO1 siRNA treatment in 
Huh7 cell was calculated based on the size of the wound at 0 h. *P<0.05; **P<0.01. ENO1, α‑enolase; siRNA, small interfering RNA; NC, negative control; si‑1, 
siRNA interference group 1; si‑2, siRNA interference group 2.
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ENO1 expression in tumour tissues is associated with the 
Warburg effect proposed by Dr Otto Warburg in 1956  (17). 
Warburg hypothesized that the difference in energy source 
was the main reason for the higher growth rate of tumour 
cells compared with that of normal cells. Under sufficient 
oxygen conditions, tumour cells utilize glucose mainly 
through the aerobic glycolysis pathway, and reduce aerobic 
phosphorylation in mitochondria, which is considered to be 
the most important cause of tumour development. A study by 
Altenberg and Greulich (18) also confirmed that the genes of 
glycolysis enzymes are ubiquitously overexpressed in tumour 
cells. Altenberg and Greulich considered that the overexpres‑
sion of glycolysis enzymes might be a key factor causing 
excessive tumour cell proliferation. Therefore, as an impor‑
tant glycolytic enzyme, ENO1 might play an important role 
in the development, progression and metastasis of malignant 
tumours. 

A previous study by our group showed that ENO1 was 
more highly expressed in lung cancer than in benign tumours; 
additionally, the expression levels of serum ENO1 antibodies 
had a diagnostic value in lung cancer (19). However, the role 
of ENO1 in the development of liver cancer remains unclear 
and, to the best of our knowledge, no studies have investigated 
the expression levels of ENO1 antibodies in the peripheral 
blood and their diagnostic value in liver cancer.

To further elucidate the role of ENO1 in liver cancer 
invasion and metastasis, HepG2 and Huh7 liver cancer cells 
were treated with ENO1 siRNA in the present study. The 
interference effect was validated by RT‑qPCR and western 
blot analysis. The proliferation ability of liver cancer cells 
was measured using the CCK‑8 assay; the migration ability 
of liver cancer cells was measured using a scratch experiment; 
and the invasion and migration abilities of liver cancer cells 
were measured using a Transwell assay. The results revealed 
that, after ENO1 gene interference, the proliferation, migra‑
tion and invasion abilities of HepG2 and Huh7 liver cancer 
cells exhibited different degrees of suppression, suggesting 
that ENO1 promotes liver cancer growth and metastasis. The 
expression of ENO1 protein in liver cancer tissue and benign 
liver lesions was also measured using immunohistochemistry. 
The results showed that the ENO1 protein expression in liver 
cancer tissues  (43.8%) was significantly higher than that in 
benign liver lesions  (15.2%), which was consistent with the 
results of a previous study (9). In the present study, no obvious 
association between ENO1 and clinical parameters (stage, age 
or sex) was observed. However, Zhu  et al  (9) suggested that 
ENO1 is associated with Tumor Node Metastasis stage, which 
should be further investigated using a larger sample size. 

In the glycolysis pathway, a number of metabolic enzymes, 
including ENO1, can be secreted from cells through the 
exosome release pathway  (20). Furthermore, with ENO1 
overexpression in tumour cells, ENO1 may be released into 
peripheral blood through tumour cell apoptosis and necrosis 
or other non‑classical pathways (21). 

However, the levels of ENO1 protein in the serum 
of patients with liver cancer and of patients with benign 
liver lesions were not significantly different in the present 
study, which was inconsistent with the results of a previous 
study  (22). A reason for this inconsistency may be that 
ENO1 expression is unstable and easy to degrade in the 

serum environment; therefore, future studies should 
perform experiments to further explore and confirm this 
explanation. However, a high level of anti‑ENO1 antibody 
in the serum of patients with liver cancer was detected. The 
reasons are as follows: As a tumour‑associated antigen, 
ENO1 can stimulate the immune system in the body to 
produce specific anti‑ENO1 autoantibodies. However, the 
mechanism underlying the production of autoantibodies 
remains unclear. It is possible that aberrant tumour cells 
continue to die, causing sustained exposure of intracellular 
proteins after post‑translational modification or remodel‑
ling, and that a variation in tumour cells stimulates the 
immune system to induce an immune response to produce 
autoantibodies  (23). The current tumour immunity theory 
suggests that this immune response occurs in early‑stage 
tumours, and that the produced autoantibody has a more 
stable titre in peripheral blood, suggesting that this autoan‑
tibody might be used as a tumour‑associated serum marker. 
The serum anti‑ENO1 antibody levels in patients with 
liver cancer, patients with benign liver disease and healthy 
controls were measured using ELISA in the present study. 
The results showed that the levels of anti‑ENO1 antibody 
in the liver cancer group were significantly higher than 
those in the benign liver lesion and control groups, whereas 
there was no significant difference between the benign liver 
lesion and healthy control groups. The present study also 
analysed the association of the anti‑ENO1 antibody level 
with age, sex and clinical stage. The results revealed that 
the level of anti‑ENO1 antibody was not associated with 
any of these factors. ROC curve analysis showed that liver 
cancer diagnosis using anti‑ENO1 antibody levels had a 
sensitivity of 64.3% and a specificity of 85.5%, suggesting 
that liver cancer diagnosis using anti‑ENO1 antibody levels 
has a certain accuracy, and that patients have a certain titre 
in peripheral blood in early‑stage liver cancer. However, 
a limitation of this study was the small sample size. 
Therefore, the conclusions need to be further validated with 
a larger sample size.

In conclusion, the results of the present study indicated that 
ENO1 can promote liver cancer invasion and migration. The 
ENO1 protein expression level in tissues and the anti‑ENO1 
antibody level in peripheral blood have important value for 
the diagnosis of liver cancer, and can be used as potential liver 
cancer‑associated markers. Serum anti‑ENO1 antibody detec‑
tion has the advantages of convenient sample collection and 
minimal trauma. Therefore, the value of anti‑ENO1 antibodies 
in liver cancer diagnosis may be greater than that of tissue 
protein expression. However, there are some limitations in the 
present study. The ability of invasion and migration of liver 
cancer cells was only verified to decrease after interference 
of ENO1; however, the changes after upregulation of ENO1 
were not investigated, and proliferation and invasion‑related 
biomarkers were not determined. The focus of our future 
research will be the molecular mechanism of ENO1 that 
promotes liver cancer invasion and migration, as well as 
relevant targets for the treatment of liver cancer.
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