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Abstract. Liver cancer is one of the top three fatal types of 
cancer and it causes several thousands of mortalities each 
year. The main treatment is surgical resection which shows 
little benefit for patients with recurrence or metastasis. 
NEIL3 promotes progression and predicts survival in cancer. 
However, its role in liver cancer remains unclear. Based on 
data in the TCGA database, NEIL3 exhibited much higher 
expression in liver cancer tissues and was clinically correlated 
with tumor grade in patients with liver cancer. Furthermore, 
high NEIL3 expression caused shorter survival times. In 
liver cancer cell lines, NEIL3 showed abundant expression. 
When NEIL3 was knocked down in HepG2 and Huh‑7 
cells, cell abilities including proliferation, growth, migra‑
tion and invasion, exhibited deficiency to different extents. 
Cell cycle transition was blocked at the G2 phase and the 
cell apoptotic rate increased notably. In addition, the phos‑
phorylation levels of Akt, PI3K and mTOR were increased 
following NEIL3‑overexpression but decreased following 
NEIL3‑knockdown. In conclusion, NEIL3 contributes toward 
development and/or progression in liver cancer and regulates 
PI3K/Akt/mTOR signaling.

Introduction

Liver cancer is a great threat to people's lives. Over 30,000 
people die of liver and intrahepatic bile duct cancer each year, 
with more than 40,000 new patients annually (1). As a great 
killer, the major therapies, including surgical resection, chemo‑
therapy and radiotherapy are not effective for all patients, 
particularly those with recurrence or distant metastasis (2). 
Approximately 18% of patients are diagnosed with distant 

metastasis and 27% with regional metastasis (1). Only 44% of 
patients are diagnosed at the localized stage. As a result, the 
total five‑year survival rate for patients with liver cancer is just 
18% (1). In fact, the prognosis for patients with liver cancer is 
disappointing and requires further investigation.

Lack of knowledge regarding the mechanism underlying 
liver cancer is one of the major reasons causing its poor 
clinical outcome. In addition, heterogeneity further increases 
the complexity and difficulty involved in curing patients with 
liver cancer (3). By analyzing the reports from the PubMed 
database, a list of genes contributing toward the development 
and progression of liver cancer may be constructed. Among 
them, some are dominant genes, while others serve auxiliary 
function. Due to heterogeneity, the dominant gene is different 
in a particular cohort of patients, leading toward different 
responses to specialized drugs (3,4). For example, sorafenib 
is a small molecular inhibitor targeting Raf‑1 and has been 
applied in the clinic for the treatment of recurrent or metastatic 
liver cancer (5). However, resistance to sorafenib has been 
reported extensively and poses a novel challenge to patients 
with liver cancer (6). In fact, application of sorafenib in clinics 
is limited greatly in certain patients. Therefore, it is very 
important to investigate the molecular mechanism underlying 
liver cancer.

NEIL3, also called nei‑like DNA glycosylase 3, is mapped 
at chromosome 4q34.3 and encodes a protein belonging to the 
DNA glycosylase family (7). NEIL3 was reported to initiate 
the DNA base excision repair process and cleave the bases 
damaged by radiation or oxidative response (7‑9). NEIL3 has 
served important roles in brain development and neurogenesis 
or protection (10‑12). Additionally, Skarpengland et al (13) 
reported that NEIL3 regulated lipid metabolism and prevented 
atherosclerosis in mice. NEIL3 is also involved in the progres‑
sion of cerebral ischemia, autoimmunity, Huntington's disease 
and HIV replication (14‑17). NEIL3 also serves important roles 
in cancer (18). For example, Kim et al (19) reported that poly‑
morphisms in NEIL3 increased the risk of prostate cancer. In 
glioblastoma, loss of NEIL3 increased replication‑associated 
double strand breaks in DNA strands  (20). Aberration in 
NEIL3 was associated with short survival times in patients 
with colorectal cancer and astrocytoma  (21,22). In breast, 
ovarian and prostate cancer, NEIL3 affected cancer progres‑
sion  (23‑25). NEIL3 may repair telomere damage during 
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the mitosis process (26). Telomeres are critical components 
in the maintenance of cell life and maybe candidate targets 
in cancer therapy  (27,28). Using bioinformatics analysis, 
Zhang et al (29) identified SNPs in NEIL3 in liver cancer. 
However, no additional data regarding the role of NEIL3 in 
liver cancer was found.

The present study aimed to investigate the role of NEIL3 
in liver cancer through decreasing the expression of NEIL3 in 
HepG2 cells. Next, cell growth, proliferation, migration, inva‑
sion, cycle transition and apoptosis were analyzed. In addition, 
the clinical value of NEIL3 in liver cancer and the preliminary 
molecular mechanism was investigated.

Materials and methods

Cell lines and cell culture. Human liver cancer HepG2 and 
Huh‑7cells were purchased from American Type Cell Culture 
collection and cultured in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
antibiotics (penicillin and streptomycin) in an atmosphere with 
5% CO2 at 37˚C. All cells had been authenticated using the 
STR method (30).

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted from cancer 
cell lines using RNAeasyTM kit (Beyotime Institute of 
Biotechnology), according to the manufacturer's protocols, 
and the concentration of RNA was determined on an ultra‑
violet spectrophotometer (NanoDrop 2000; Thermo Fisher 
Scientific, Inc.). Next, 1 µg RNA was reverse transcribed 
(42˚C for 50 min) into first‑strand cDNA using the BeyoRTTM 
III cDNA kit (Beyotime Institute of Biotechnology). Next, 
qPCR was performed on an ABI7000 (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) using SYBR‑Green qPCR mix 
(Shanghai Yeasen Biotechnology Co., Ltd.). β‑actin was the 
internal control. The primers for qPCR are listed in Table Ⅰ. 
The thermocycling conditions were as follows: 95˚C for 
2 min; (95˚C for 10 sec; 60˚C for 15 sec) for 40 cycles. The 
relative mRNA levels of target genes were calculated using 
the 2‑∆∆Cq method (31).

Western blotting. Total proteins were extracted from cancer 
cells using a protein extraction kit (Beyotime Institute of 
Biotechnology), according to the manufacturer's protocols. 
Next, equal amounts of 10 µg of protein were analyzed by 
12%  SDS‑PAGE and transferred onto PVDF membranes 
(Beyotime Institute of Biotechnology). Following blocking 
with 5% skimmed milk for 1 h at room temperature, primary 
antibodies against phosphorylated PI3K (cat. no. ab138364; 
di lut ion, 1:1,000; Abcam), phosphorylated mTOR 
(cat. no.  ab109268; dilution, 1:2,500; Abcam), phosphory‑
lated Akt (cat.  no.  ab38449; dilution, 1:500; Abcam) and 
GAPDH(cat.  no.  ab181602; dilution, 1:10,000; Abcam) 
were added to the vessel and co‑incubated overnight at 4˚C. 
Subsequently, the PVDF membranes were washed with PBS 
(Beyotime Institute of Biotechnology) and incubated with 
HRP‑conjugated goat anti‑rabbit IgG antibody (cat. no. ab7090; 
dilution, 1:5,000; Abcam) for 2 h at room temperature. Finally, 
target proteins were detected using chemiluminescence 

assay kits (Beyotime Institute of Biotechnology) and images 
were captured.

Construction of the expression plasmid, pcDNA3.1‑NEIL3, 
siRNA synthesis and transfection. The human NEIL3 gene 
was searched in the NCBI‑gene database (https://www.ncbi.
nlm.nih.gov/nuccore/NM_018248.3), synthesized and cloned 
into the expression plasmid, pcDNA3.1. Next, the recombi‑
nant expression plasmid, pcDNA3.1‑oeNEIL3 (oeNEIL3), 
was confirmed by DNA sequencing. siRNA oligonucleotide 
targeting the human NEIL3 gene (siNEIL3) was designed 
and synthesized. A random sequence was used as negative 
control. Next, Lipofectamine 3000 reagent (Invitrogen; 
Thermo fisher Scientific, Inc.) was used to transfectsi NEIL3 
(#1forward, GAG​CAG​AAA​GUG​AAG​UUA​ATT and reverse, 
UUA​ACU​UCA​CUU​UCU​GCU​CTT; #2 forward, GCU​CAA​
GAG​UGA​AGA​AAA​UTT and reverse, AUU​UUC​UUC​ACU​
CUU​GAG​CTT) or oeNEIL3 (sequence listed on https://www.
ncbi.nlm.nih.gov/nuccore/NM_018248.3) into HepG2 cancer 
cells. In brief, 50 pmol siNEIL3 or 0.2 µg oeNEIL3 with 1 µl 
Lipofectamine 3000 was mixed for 20 min and co‑cultured 
with HepG2 cancer cells for 6 h at 37˚C. Next, the superna‑
tant was replaced with fresh DMEM and cultured at 37˚C 
with 5% CO2. The time interval between transfection and 
subsequent experiment was 48 h.

Cell Counting kit‑8 (CCK‑8). HepG2 cells treated with siNEIL3 
or scramble were seeded into a 96‑well plate at 3x103 cells/well 
and cultured for 4 days. At designated time points of 24, 48, 72 
and 96 h, 10 µl CCK‑8 (Beyotime Institute of Biotechnology) 
was added, and cells were cultured for another 2  h. The 
absorbance value was determined at 450 nm wavelength using a 
microplate reader (Bio‑Rad Laboratories, Inc.).

Plate‑colony formation assay. HepG2 cells treated with 
siNEIL3 or scramble were seeded onto 24‑well plates at 
1x103 cells/well and cultured for ten days at 37˚C in a humid 
environment with 5% CO2. Next, cell colonies were fixed in 
4% paraformaldehyde (Beyotime Institute of Biotechnology) 
at room temperature for 30  min, washed with cold PBS, 
and stained with 0.5% crystal violet (Beyotime Institute 
of Biotechnology) at room temperature for 15  min. Next, 
positively‑stained cancer cells were counted under a light 
inverted microscope (NikonTS100; Nikon Corporation) at 
x100 magnification. The relative colony formation ability 
was evaluated by counting the positively‑stained clones in 
each well and the number of clones was presented as a bar graph.

Wound‑healing assay. A total of 2x105 siNEIL3‑ or 
scramble‑treated cells per well were seeded onto 24‑well 
plates and cultured for 24 h. When cell confluence arrived at 
90%, a scratch was produced by a 10 µl sterile tip. The debris 
was washed gently, and the width of each scratch was recorded 
and set as the 0 h time point (W0h). Next, fresh DMEM with 
no serum was added and cells were cultured for an additional 
24 h. Subsequently, the width of each scratch was recorded and 
set as the 24 h time point (W24h). The relative migration rate 
was detected under a light inverted microscope (NikonTS100; 
Nikon Corporation) at x100 magnification and calculated as 
follows: R=(W24h‑W0h)/W0h.
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Cell invasion assay (chamber room method). Chamber rooms 
with 8‑µm‑pore size membranes (Corning Incorporated) were 
used to detect the invasion of liver cancer cells. Chamber rooms 
were pretreated with Matrigel (BD Biosciences) for 6 h at 37˚C 
and 2x104 cells/well in DMEM with no serum were seeded into 
the upper chamber (the insert). In the bottom chamber (below 
the insert), DMEM with 10% FBS was added. After 24 h at 
37˚C, cells on the top surface of the membrane of the insert were 
removed and cells in the bottom surface of the membrane of 
the insert were fixed in 4% paraformaldehyde at room tempera‑
ture for 30 min, washed and stained with 0.5% crystal violet 
at room temperature for 15 min. Next, positively‑stained cells 
were counted under a light inverted microscope ((NikonTS100; 
Nikon Corporation) at x100 magnification.

Distribution of the cell cycle (PI dying method). A total of 
3x105 siNEIL3‑ or scramble‑treated cells per well were seeded 
onto 6‑well plates and cultured for 48 h. Next, the cells were 
collected, washed and fixed in 75% cold alcohol for 24 h at 
4˚C. Following centrifugation at 300 x g for 5 min at room 
temperature and washing with cold PBS, 500  µl staining 
buffer with 10 µl PI and 10 µl RNaseA solution (Shanghai 
Yeasen Biotechnology Co., Ltd.) was used to re‑suspend 
the cells and cells were cultured at 37˚C for 30 min. Next, 
cells were analyzed using a flow cytometer (FACSCelesta; 
BD  Biosciences). The edition number of software was 
BD FACSDiva Software v8.0.1.1.

Detection of cell apoptosis (Annexin V/FITC‑PI dye). A 
total of 3x105 siNEIL3‑ or scramble‑treated cells per well 
were seeded onto 6‑well plates and cultured for 48 h. Next, 
cells were collected, washed and stained using an Apoptosis 
Detection kit (Shanghai Yeasen Biotechnology Co., Ltd.), 
according to the manufacturer's protocols. In brief, staining 
buffer with 5  µl FITC and 10  µl PI solution was used to 
re‑suspend cancer cells and samples were placed on ice for 
15 min. Next, cell apoptosis was detected using a flow cytom‑
eter (FACSCelesta, BD Biosciences). The edition number of 
software was BD FACSDiva Software v8.0.1.1.

Statistical analysis. All data were statistically analyzed using 
SPSS 16.0 software (SPSS, Inc.).The unpaired Student's t‑test 
method was used to evaluate the significance between two 
groups while the one‑way analysis of variance method followed 
by Tukey's test was used to estimate the difference among 
multiple groups. All data are presented as the mean ± standard 
deviation. *P<0.05 was considered to indicate a statistically 
significant difference.

Results

NEIL3 is associated with short survival time in liver cancer. 
TCGA is a public database that consists of the clinical infor‑
mation of patients affected by cancer. Based on the TCGA 
data (URL:http://ualcan.path.uab.edu/cgi‑bin/ualcan‑res.
pl), the expression of the NEIL3 gene was analyzed in liver 
cancer tissues (n=371) and normal control tissues (n=50). As 
shown in Fig. 1A, the mean expression value of NEIL3 in liver 
cancer tissues was ~28 times as much as that in the normal 
control group. Clinicopathological analysis indicated that 
NEIL3 expression was correlated with tumor grade (Table Ⅱ). 
However, no association was found with age, gender, race and 
weight. Next, by Kaplan‑Meier method (32), patients with high 
NEIL3 expression (n=91) displayed poorer10‑year survival 
probability than patients with low NEIL3 expression (n=274; 
P<0.001; Fig. 1B). Therefore, NEIL3 was clinically associated 
with survival time and may serve important roles in liver 
cancer.

NEIL3 deficiency inhibits cell proliferation and growth in 
liver cancer. To investigate the role of NEIL3 in liver cancer, 
the expression of NEIL3 was detected in liver cancer cell 
lines. NEIL3 displayed much higher expression in HepG2 and 
Huh‑7 cells than in the control group at both the mRNA and 
protein levels (Fig. 2A and B). Next, the mRNA expression of 
NEIL3 in HepG2 cells was decreased by RNAi technology. 
The knockdown efficiency was ~80% in cells treated with 
siNEIL3‑1 oligonucleotide (Fig. 2C and D). To detect the 
effect of NEIL3‑knockdown on cell growth and proliferation, 
CCK‑8 and plate‑colony formation assays were performed. 
As shown in Fig. 3A, the cell proliferation rate decreased by 
61.5% at 96 h after NEIL3 gene expression was decreased in 
HepG2 cells. The number of cell colonies decreased by 52.1% 
compared with the control (Fig. 3B and C). In Huh‑7 cells, the 
cell proliferation rate decreased by 38% when the number of 
cell colonies decreased by 61.6% compared with the control 
(Fig. 4A‑C). It is clear that NEIL3 contributes toward cell 
growth and proliferation in liver cancer.

NEIL3 deficiency suppresses cell migration and invasion 
in liver cancer. To detect the effects of NEIL3‑knockdown 
on cell migration and invasion in liver cancer cells, 
wound‑healing and Transwell assays were performed. As 
shown in Fig. 5A and B, the relative cell migration rate of 
HepG2 cells was decreased by ~27% in NEIL3‑knockdown 
cells, which suggested that siNEIL3 suppressed cell migra‑
tion. The average cell number transferred through the chamber 

Table I. Primers for quantitative polymerase chain reaction 
amplification of NEIL3 and β‑actin.

Gene	 Primer sequence (5'‑3')

NEIL3	 Forward	 TGGAAGTGCAGCTCACCAAA
	 Reverse	 AGCACATCACCTAGCATCCG
β‑actin	 Forward	 GTGCTATCCCTGTACGCCTC
	 Reverse	 AGGTAGTCAGTCAGGTCCCG

Table Ⅱ. Clinical pathological analysis of NEIL3 expression 
with tumor grade.

Comparison	 Statistical significance

Normal (n=50) vs. grade 1 (n=54)	 7.57x10‑4

Normal (n=50) vs. grade 2 (n=173)	 1.25x10‑12

Normal (n=50) vs. grade 3 (n=118)	 2.67x10‑12

Normal (n=50) vs. grade 4 (n=12)	 3.04x10‑3

https://www.spandidos-publications.com/10.3892/etm.2021.10487


WANG et al:  NEIL3 GENE IN THE PROGRESSION OFLIVER CANCER4

membrane in siNEIL3‑treated HepG2 cells was significantly 
lower than that in the scramble group (11 versus 52; P<0.05; 
Fig. 5C and D). In Huh‑7 cells, the relative cell migration rate 
in the NEIL3‑knockdown group was 35.9% compared with 
the scramble group (Fig. 6A and B). The average number of 
Huh‑7 cells transferred through the chamber membrane in the 
NEIL3‑knockdown group was 53, compared with126 in the 
scramble control group (Fig. 6C and D). These data suggested 

that NEIL3 deficiency suppresses cell migration and invasion 
in liver cancer.

The cell cycle is affected by NEIL3 deficiency in liver cancer. 
The cell cycle is accelerated in cancer. FACS analysis with PI 
staining was performed to detect the effects of NEIL3 on cell 
cycle distribution in HepG2 and Huh‑7 cells. The ratio of cells 
in the G2 phase was increased from 2.2 to 5.3% in the siNEIL3 

Figure 2. NEIL3 is knocked down in liver cancer cell lines. (A) The mRNA expression of NEIL3 in liver cancer cell lines by qPCR technology. (B) Protein level 
of NEIL3 in liver cancer cell lines by western blotting. (C) NEIL3 was knocked down at the mRNA level in HepG2 cells, as determined by qPCR technology. 
(D) NEIL3 was knocked down at the protein level in HepG2 cells, as determined by western blotting. *P<0.05 indicates a statistically significant difference. 
qPCR, quantitative polymerase chain reaction; si, small interfering RNA.

Figure 1. NEIL3 is overexpressed in liver cancer tissues and is associated with prognosis. (A) Based on TCGA data, NEIL3 was expressed significantly higher 
in tumor tissues compared with normal control tissues. (B) Survival curve of patients with liver cancer based on NEIL3 expression levels.
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group compared with the scramble control. The ratio of cells in 
the G1 and S phases was slightly decreased (Fig. 7A and B). In 
Huh‑7 cells, cells in the G1 and S phases increased slightly, while 
cells in the G2 phase decreased slightly (Fig. 7C and D). However, 
none of the differences were significant (P>0.05), which suggests 
that the cell cycle is not the target of NEIL3 in liver cancer.

NEIL3 deficiency induces cell apoptosis in liver cancer. 
Suppression of programmed cell death (PCD) or cell apop‑
tosis is adopted by nearly all tumors. By contrast, inducing 
cell apoptosis is the major mechanism of chemotherapy drugs 
in the clinic. Double‑dye staining with Annexin V‑FITC/PI 
solution was performed to detect the effect of siNEIL3 on 
cell apoptosis. In HepG2 cells, the mean apoptosis rate in the 
siNEIL3 group was 5.5% following NEIL3‑knockdown, but it 
was 0% in the scramble group (Fig. 8A and B). The difference 
between the two groups was significant (P<0.05). In Huh‑7 
cells, NEIL3‑knockdown induced cell apoptosis ranging 
between 2.8 and 5.8% compared with the scramble control 
(P<0.05; Fig. 8C and D). Therefore, NEIL3 deficiency induces 
apoptosis in liver cancer.

NEIL3 regulates PI3K/Akt/mTOR signaling in liver cancer. 
NEIL3 was reported to regulate the expression of the 

BRCA1/2oncogene in cancer (33). The present study reported 
that the phosphorylation level of PI3K (piPI3K) was decreased 
when NEIL3 was decreased in HepG2 cells (Fig. 9A and B). In 
addition, the phosphorylation levels of downstream molecules 
of the PI3K signaling pathway, including Akt (piAkt) and 
mTOR (pimTOR), were also decreased. By contrast, overex‑
pression of NEIL3 enhanced the phosphorylation level of PI3K, 
Akt and mTOR in HepG2 cells. However, the background 
expression levels of PI3K, Akt and mTOR did not exhibit clear 
alterations regardless of NEIL3‑knockdown in HepG2 cells 
(Fig. 9C). Therefore, NEIL3 at least partially regulates the 
activation of the PI3K/Akt/mTOR signaling pathway in liver 
cancer.

Discussion

Liver cancer is one of the ten most malignant cancer types 
in humans. Thousands of individuals die of liver cancer each 
year and the number of deaths keeps growing steadily (1). One 
major reason is the absence of knowledge of the cause and the 
molecular mechanism underlying liver cancer. In the clinic, 
liver cancer is heterogeneous, and patients display different 
responses to particular therapies or drugs (3). DNA sequencing 
technology suggests that genetic variation serves critical roles 

Figure 3. NEIL3 deficiency inhibits cell growth and proliferation in HepG2 cells. (A) Cell proliferation of HepG2 was inhibited following NEIL3 deficiency 
in a Cell Counting kit‑8 assay. (B and C) Cell growth of HepG2 was inhibited following NEIL3 deficiency in a colony formation assay. *P<0.05 indicates a 
statistically significant difference. OD, optical density; si, small interfering RNA.

https://www.spandidos-publications.com/10.3892/etm.2021.10487
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Figure 4. NEIL3 deficiency inhibits cell growth and proliferation in Huh‑7 cells. (A) Cell proliferation of Huh‑7 was inhibited following NEIL3 deficiency 
in a Cell Counting kit‑8 assay. (B and C) Growth of Huh‑7 cells was inhibited following NEIL3 deficiency in a colony formation assay. *P<0.05 indicates a 
statistically significant difference. OD, optical density; si, small interfering RNA.

Figure 5. NEIL3 deficiency inhibits cell migration and invasion in HepG2 cells. (A and B) In a wound‑healing assay, migration of HepG2 cells was inhibited 
in the NEIL3 deficiency group. (C and D) In a Transwell assay, invasion of HepG2 cells was inhibited in the NEIL3 deficiency group. *P<0.05 indicates a 
statistically significant difference. si, small interfering RNA.
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Figure 6. NEIL3 deficiency inhibits cell migration and invasion in Huh‑7 cells. (A and B) In a wound‑healing assay, migration of Huh‑7 cells was inhibited in 
the NEIL3 deficiency group. (C and D) In a Transwell assay, invasion of Huh‑7 cells was inhibited in the NEIL3 deficiency group. *P<0.05 indicates a statisti‑
cally significant difference. si, small interfering RNA.

Figure 7. NEIL3 deficiency affects the cell cycle in liver cancer. (A) FACS analysis of the distribution of HepG2 cells in different phases in the context of NEIL3 
deficiency. (B) Statistical analysis of data in A. (C) FACS analysis of the distribution of Huh‑7 cells in different phases in the context of NEIL3 deficiency. 
(D) Statistical analysis of data in C. si, small interfering RNA.

https://www.spandidos-publications.com/10.3892/etm.2021.10487
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Figure 8. NEIL3 deficiency induces cell apoptosis in liver cancer. (A) FACS analysis of the ratio of HepG2 cells after NEIL3 expression was decreased. 
(B) Statistical analysis of data in A. (C) FACS analysis of the ratio of Huh‑7 cells after NEIL3 expression was decreased. (D) Statistical analysis of data in C. 
*P<0.05 indicates a statistically significant difference. si, small interfering RNA.

Figure 9. NEIL3 regulates the phosphorylation levels of PI3K/Akt/mTOR signaling molecules. (A) In western blotting, the phosphorylation level of Akt, PI3K 
and mTOR were regulated by NEIL3. (B) The gray value analysis of each band in A. (C) The background expression levels of Akt, PI3K and mTOR. (D) Relative 
ratio of phosphorylated protein to total protein of each gene. *P<0.05 indicates a statistically significant difference. si, small interfering RNA; oe, overexpression.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  1053,  2021 9

in the formation and progression of liver cancer (34). Genetic 
variations, including gene mutations, alterations, truncations 
and fusions are major causes of heterogeneity in cancer and have 
been considered in precision medicine (35). For example, PD‑L1 
is a tumor antigen that is expressed on the surface of cancer 
cells  (36). Opadivo, a specific antibody drug against PD‑1, 
was developed and displayed great success in the clinic for the 
treatment of liver cancer (37). In fact, dozens of antibody drugs 
have been approved to treat cancer over recent years. However, 
genetic variations have prolonged the process to fight cancer.

TCGA is a public database containing a large quantity 
of information from patients with cancer and it has greatly 
advanced research in cancer  (38). In the present study, by 
extracting the genetic data regarding liver cancer from TCGA, 
it was found that NEIL3 was overexpressed in patients with 
liver cancer and was associated with tumor stage. Furthermore, 
higher expression of NEIL3 predicted poorer survival, 
suggesting that NEIL3 may serve very important roles in liver 
cancer in the clinic. This was consistent with the role of NEIL3 
in colorectal cancer and astrocytoma (21,22). Indeed, a list of 
genes from TCGA database was proven to be involved in the 
formation and/or progression of liver cancer. An in vitro assay 
further supported the significance of NEIL3 in liver cancer. As 
described earlier, knockdown of NIEL3 inhibited cell growth, 
proliferation, migration, invasion and cell cycle transition, 
and induced cell apoptosis in HepG2 and Huh‑7 cells. Cancer 
cells are characterized by potent abilities of proliferation 
and invasion, accelerated cell division and suppressed cell 
apoptosis (39). In physiological conditions, normal cells show 
contact‑inhibitory activity and communicate with each other 
to survive in a limited environment (40). By contrast, cancer 
cells lost this limitation and evolve to have potent prolifera‑
tion abilities, which results in unlimited tumor expansion (40). 
Accelerated cell life also contributes toward cell expansion. 
The entire life of a cell can be divided into G1, S, G2 and M 
phase. Additionally, cell cycle transition is controlled strictly 
by checkpoint mechanisms (41). However, cancer cells evolve 
a novel mechanism to circumvent the checkpoints and accel‑
erate cell cycle transition, which promotes cell division (42). 
In the present study, NEIL3 affected cell cycle transition, but 
not significantly, suggesting that NEIL3mayregulate other 
behaviors in liver cancer. Apoptosis is an important mecha‑
nism for homeostasis but is suppressed in cancer  (43,44). 
NEIL3‑knockdown in HepG2 and Huh‑7 cells induced 
apoptosis, which suggested that NEIL3 was a negative factor 
for apoptosis in liver cancer. This finding further suggests 
that NEIL3 promotes progression in liver cancer. NEIL3 was 
also reported to promote progression in breast, ovarian and 
prostate cancer (23‑25). As a result, it is hypothesized that 
NEIL3 contributes toward the development and/or progression 
of liver cancer.

The PI3K/Akt and mTOR signaling pathways serve 
important roles in normal development and regulate a variety 
of physiological processes, including cell proliferation, 
migration, survival and differentiation (45). The PI3K family 
consists of heterodimeric lipid kinases and maybe classified 
into three classes based on substrate specificity and sequence 
homology (46). Of them, class 1 PI3Ks are responsible for 
catalyzing PIP2 into the secondary messenger, PIP3, which 
recruits Akt to the inner membrane and activates Akt by 

phosphorylating its serine/threonine kinase sites (46). Tuberous 
sclerosis complex (TSC) negatively regulates the activation of 
mTORC1 signaling, while activated Akt inhibits TSC complex 
activity and initiates the mTOR signaling pathway followed 
by phosphorylated activation of eIF4E and 4EBP1 (47,48). 
Next, cell growth and proliferation are switched on. However, 
abnormal activation of PI3K/Akt/mTOR signaling often 
leads to severe diseases, including cancer. PI3K/Akt/mTOR 
signaling shows markedly increased activity in cancer. For 
example, Chen  and  Costa  (49) reported that activation of 
PI3K/Akt/mTOR signaling caused a number of cancer types. In 
glioblastoma, inhibitors targeting PI3K/Akt/mTOR signaling 
provided a promising way to fight the disease (50). In liver 
cancer, the PI3K/Akt/mTOR signaling pathway was a prom‑
ising target for screening effective drugs (51). The present study 
proved, by western blotting, that NEIL3 mayregulate the phos‑
phorylation levels of PI3K, Akt and mTOR, which suggests 
that NEIL3 regulates the PI3K/Akt/mTOR signaling pathway 
in liver cancer. However, further investigation is necessary to 
confirm this. Furthermore, the clinical significance of NEIL3 in 
liver cancer needs to be evaluated in a large cohort of patients.

In summary, NEIL3 contributes toward cell growth, 
proliferation, migration and invasion, but inhibits apoptosis 
in liver cancer. NEIL3 regulates PI3K/Akt/mTOR signaling in 
liver cancer and is associated with prognosis in patients with 
liver cancer.
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