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Abstract

Flap endonuclease 1 (FENT) is a structure-specific nuclease that is involved in the occurrence and
development of various types of tumors. Previous studies have shown that FEN1 plays an important role
in the development of hepatocellular carcinoma, however, the molecular mechanisms remain fully
elucidated, especially its effect on the cell cycle of hepatocellular carcinoma has not been investigated.

In this study, via bioinformatics prediction and clinical specimen verification, we confirmed that FENI was
highly expressed in HCC and correlated with poor prognosis. The knockdown or overexpression of
FENI could inhibit or promote the proliferation and invasion of HCC cells. Importantly, cell cycle and
functional experiments showed that FEN1 could promote cell proliferation by inducing cell cycle
transition from G2 to M phase. Further studies indicated that FENI regulated the G2/M transition by
modulating cell division cycle 25C (Cdc25C), cyclin-dependent kinase 1 (CDKI) and Cyclin Bl
expressions. To sum up, our research suggested that FEN1 could promote the proliferation, migration
and invasion of HCC cells via activating cell cycle progression from G2 to M phase, indicating that FEN1
may be a potential target for the treatment of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth
most common cancer and ranks as the third leading
cause of tumor-related death worldwide [1].
Although surgery is the best way to treat HCC [2],
due to the insidious onset of HCC and early
metastasis, the majority of patients are already in
advanced stages when diagnosed and are no longer
eligible for surgery [3]. In recent vyears, the
development of immunotherapy and targeted therapy
has brought new hope for advanced HCC [4].
Therefore, it is of great importance to find novel
therapeutic biomarkers and targets.

FENT1, located on human chromosome 11q12-13,
is a structure-specific nuclease involved in DNA
replication, synthesis, damage repair, nonhomolo-

gous end-joining and homologous recombination
[5-7]. In this regard, FEN1 is essential for the
maintenance of genomic stability [8, 9]. Previous
studies have shown that FEN1 is abnormally
expressed in lung, breast, gastric, prostate and other
types of cancer and is closely correlated with the
occurrence and development of tumors [10-12]. It has
been reported that FEN1 is highly expressed in liver
cancer [13]. FEN1 is also highly expressed in HCC and
can promote HCC progression through methylation,
ubiquitination, and action on miRNAs [13-15], but its
role in the HCC cell cycle remains unknown.

In view of the role of FEN1 in DNA replication,
we speculated that FEN1 1is crucial for the
proliferation of HCC cells. In this study, we
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conducted bioinformatics prediction and clinical
specimen verification, which confirmed that FEN1
was highly expressed in HCC and correlated with
poor prognosis. We found that FEN1 could promote
the proliferation, colony formation, wound healing,
migration, and invasion of HCC cells. Gene set
enrichment analysis (GSEA) revealed that high
expression of FEN1 was significantly related to the
cell cycle pathway. Cellular experiments and
molecular experiments demonstrated that FEN1
regulates the cell cycle transition from G2 to M phase
by modulating Cdc25C, CDK1 and Cyclin B1, thus
promoting the proliferation of HCC cells. Our study
suggests that FEN1 may be a potential target for the
treatment of HCC.

Material and methods

HCC Datasets

TCGA-LIHC and corresponding clinical data
used in this study were downloaded from The Cancer
Genome Atlas (TCGA) portal (https://gdc-
portal.nci.nih.gov/).

Clinical specimen collection

The HCC and adjacent normal tissues analyzed
in this study were collected from patients at Shanghai
General Hospital between January 2013 and
December 2015. Inclusion: (1) age >18 years; (2)
primary liver cancer; (3) no preoperative treatment
such as immunotherapy, chemotherapy, or radiothe-
rapy; exclusion of any T, N, or M staging unknown.
These patients did not receive immunotherapy,
chemotherapy or radiotherapy before surgery. This
research was approved by the Ethics Committee of
Shanghai General Hospital and informed consent was
obtained from all patients enrolled in the study.

Real-time quantitative PCR (RT-qPCR)

According to the manufacturer's instructions,
TRIzol (Takara Biotechnology, Japan) was used to
extract total RNA from the tissue samples and HCC
cell lines. Then, we synthesized cDNA using a reverse
transcription kit (Takara Biotechnology, Japan) for
subsequent PCR assay. The relative mRNA
expression levels were normalized to GAPDH and
calculated by the 2724t method. All samples were
analyzed in three replicates. The primers are shown in
Table S1.

Immunoblot analysis

Total protein was extracted from the tissue
samples and cells, and the protein concentrations
were quantified using a BCA kit (Yeasen, Shanghai,
China). Equivalent proteins were separated by
SDS-PAGE and transferred to PVDF membranes

(Millipore, Billerica, MA, USA). Then, the membranes
were blocked and incubated with primary and
secondary antibodies. We used ECL chemilumines-
cence to detect protein signals. GAPDH was used as
the internal reference protein. Antibodies against the
following proteins were used: GAPDH (60004-1-Ig,
Proteintech), FEN1 (ab133311, Abcam), Cdc25C
(ab32444, Abcam), CDK1 (ab133327, Abcam) and
Cyclin B1 (ab32053, Abcam).

Immunohistochemistry (IHC)

The sections were baked at 56°C for 2 h for
dewaxing, boiled in citrate buffer for antigen retrieval,
and blocked using 3% hydrogen peroxide. The
contents were incubated with the primary antibody
against FEN1 (1:200, ab133311, Abcam) at 4°C
overnight and biotinylated with a goat anti-rabbit
secondary antibody for 1 h. At last, the reaction was
visualized using DAB, and the sections were
counterstained with hematoxylin. IHC scores were
calculated by multiplying the percentage and
intensity score of stained cells (staining intensity:
negative =0, weak =1, moderate =2, strong=3, and
staining extent: 0 = no staining, 1=0%-25%, 2=25%-
50%, 3 =50%-75% and 4 = 75%-100%). The total score
was calculated as intensity score x extent score. Scores
of > 4 were regarded as having high FEN1 expression
while those with 1, 2, 3 and 4 were regarded as having
low FEN1 expression.

Cell culture and transient transfection

HCC cell lines (Huh-7, Hep-3B, Hep-G2,
Bel-7402, SMMC-7721 and HCCLM3) were cultured
in a humidified incubator containing 5% CO; at 37°C.
Lentivirus was produced by transfection of HEK-293T
cells with psPAX2 and pMD2.G plasmids using
Lipofectamine 2000 (Invitrogen, CA, USA) according
to the manufacturer’s instructions. The sequences of
shRNAs are shown in Table S2.

CCK-8 assay

Cell viability was measured using the Cell
Counting Kit-8 (CCK-8) assay (NCM Biotech, Suzhou,
China) to evaluate cell proliferation. Cells were
seeded into 96-well plates at 2000 cells per well. The
absorbance at 450nm was measured with a
spectrophotometer at different time points (0, 12, 24,
48, and 72 h).

Colony formation assay

Cells were seeded into 6-well plates at 1000 cells
per well. After 2 weeks of culture, the cells were fixed
and stained with crystal violet.

Scratch wound healing assay

Cells were seeded into 6-well plates and cultured
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to 85% confluence. The cell layers were scratched
using a sterile 200pL pipette tip and then washed
three times with PBS to remove the scratched cells.
Then, the remaining cells were cultured in serum-free
DMEM (Gibco, USA). Cells were observed using an
inverted microscope and photographed at 0 and 48 h
respectively.

Transwell assay

Transwell assay was conducted for cell
migration and invasion studies. Cells in serum-free
medium were seeded into the upper chamber, and
600pL DMEM containing 10% FBS (Gibco, USA) was
added to the lower chamber. Matrigel (Corning, NY,
USA) was used to precoat the upper chamber before
cell seeding. The cells were fixed after 24 h of culture.
Cells on the underside of the membrane were stained
with 0.1% crystal violet and counted under a
microscope.

Flow cytometry

A cell cycle detection kit (MultiSciences,
Hangzhou, China) was used to assess the cell cycle of
HCC cells according to the manufacturer's
instructions.

EdU assay

Detection of EdU was conducted with the
Cell-Light EdU Apollo 567 (catalog no. C10310-1;
RiboBio) according to the manufacturer’s instructions.

Statistical analysis

The relationships between FEN1 expression and
clinicopathological features of HCC patients were
analyzed by chi-square test. Kaplan-Meier method
with log-rank test was used for survival analysis. The
boundary value of FEN1 expression was determined
by its mean value. The data are presented as the mean
+ SD. Student’s t-test was used to compare two
groups, and one-way ANOVA was used for
comparison among multiple groups. P < 0.05
indicated a significant difference.

Results

FENI is upregulated in HCC and correlated
with poor prognosis

To explore the expression levels of FEN1 in
HCC, we first downloaded the gene expression data
of HCC tissues from the TCGA database and
analyzed the mRNA expression level of FEN1. The
results showed that FEN1 was upregulated in HCC
tissues compared with normal tissues (Figure 1A).
Analysis of the mRNA data in the Oncomine database
yielded similar results (Figure S1A). Paired
comparisons showed that FEN1 was highly expressed

in HCC tissue compared with adjacent normal tissues
from the TCGA database (Figure S1B).

Next, we used qPCR to analyze FEN1 mRNA
levels in 32 pairs of HCC and matched adjacent
normal tissues from Shanghai General Hospital. The
results showed that 24/32 (75%) of the HCC tissues
exhibited higher FEN1 mRNA levels than the
corresponding adjacent normal tissues (Figure 1B). In
addition, the results of Western blot showed that the
protein expression levels of FEN1 were also
upregulated in HCC tissues compared with adjacent
tissues (Figure 1C). Moreover, IHC staining analysis
was conducted to determine FEN1 protein expression
in tissue microarray (TMA) containing 57 pairs of
HCC and matched adjacent normal tissues. The
protein expression levels of FEN1 were higher in HCC
tissues compared with adjacent tissues (Figure 1D and
Figure S1C). In summary, these findings indicated
that FEN1 was upregulated in HCC tissues at both the
gene and protein levels.

In addition, we analyzed the correlations
between FEN1 protein expression and HCC
clinicopathological features. 57 HCC patients were
divided into FEN1 high-expression (61.4%, 35/57)
and low-expression (38.6%, 22/57) groups according
to IHC score. We found that high expression of FEN1
was positively correlated with tumor T stage, tumor
M stage, tumor stage and tumor grade (Figure 1E-G
and Figure S1D), while there was no correlation
between FEN1 expression and gender, age or tumor N
stage (Table 1). In addition, Kaplan-Meier survival
analysis revealed that HCC patients with high FEN1
expression had worse prognosis than those with low
FENT1 expression (Figure 1H). Analysis of the public
data from the TCGA database also showed similar
results (Figure S1E).

FENI promotes the proliferation, migration
and invasion of HCC cells

We used qPCR and Western blot to detect the
expression of FEN1 in HCC cell lines. Among the six
HCC cell lines, Bel-7402 and Hep-3B cells showed the
highest and lowest FEN1 expression levels (Figure
2A). Therefore, we selected Bel-7402 and Hep-3B cell
lines for further experiments and established cell
models of FEN1 knockdown (Bel-7402) and
overexpression (Hep-3B) (Figure S2A-B). The results
of CCK-8 showed that the knockdown of FEN1 in
Bel-7402 cells significantly reduced cell viability
compared with the levels observed in the control
group, while overexpression of FEN1 increased
Hep-3B cell viability (Figure 2B). Colony formation
assay showed that the number of colonies was
decreased significantly under FEN1 knockdown. In
contrast, Hep-3B cells overexpressing FEN1 yielded
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the opposite results (Figure 2C). In addition, the
wound healing capability of sh-FEN1 cells was
significantly weaker at 48 h post-scratch compared to
the control group. On the contrary, cells overex-
pressing FEN1 displayed significantly enhanced
wound healing ability (Figure 2D). Regarding cell
migration and invasion, Transwell assays showed that
FEN1 knockdown markedly reduced the migration
and invasion abilities of Bel-7402 cells. Conversely,
overexpression of FEN1 in Hep-3B cells significantly

enhanced the migration and invasion potentials of the
cells (Figure 2E-F).

FENI1 promotes the proliferation of HCC cells
through activating cell cycle progression from
G2 to M phase

To further explore how FEN1 promotes HCC cell
proliferation, GSEA of FEN1 high- and low-
expression patient groups from the TCGA database
was carried out. We selected the most significantly
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Figure 1. FENI is upregulated in HCC and associated with clinical features. (A) mMRNA expression level of FENI in 374 HCC tissues and 50 normal tissues from the
TCGA database. (B) RT-qPCR analysis of FENI expression in 32 paired HCC tissues and adjacent normal tissues. (C) Western blot detection of FEN1 protein expression in 10
representative pairs of HCC tissues and adjacent nontumor tissues. (D) IHC staining scores of FENI expression in 57 paired HCC tissues and adjacent normal tissues.
Representative images of different FENI expression levels are shown. Scale bar 100um. (E, F, G) High FEN1 expression was correlated with tumor T stage (E). tumor M stage (F)
and tumor stage (G). (H) Comparison between low and high FEN1-expression groups in tissue microarray (TMA) revealed that high FEN1 expression was associated with poor

overall survival. ** P<0.01, *** P <0.001.
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enriched pathway according to the normalized  patient group with the FEN1 high-expression
enrichment score (NES). The results showed a  phenotype (Figure 3A).
significant enrichment of cell cycle pathways in the
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Figure 2. FEN1 promotes the proliferation, migration and invasion of HCC cells. (A) FENI expression in a human normal liver LO2 cell and 6 HCC cell lines. (B)
CCK-8 assay revealed that knockdown of FENI in Bel-7402 cells significantly lowered the cell viability compared with the levels in sh-NC, whereas overexpression of FENI
increased Hep-3B cell viability. (C) Colony formation assays revealed the effect of FEN1 expression level on proliferation ability in HCC cells. (D) Wound healing assays revealed
the migration of HCC cells, and the percentage wound closure was calculated. Scale bar 200um. (E, F) Transwell assay indicated that FEN1 knockdown inhibited the cell migration
(E) and invasion (F) ability. In contrast, overexpression of FENT significantly enhanced the migration (E) and invasion (F) abilities of HCC cells. Scale bar 200um. Error bars indicate
the standard deviation of triplicates. * P <0.05, ** P <0.01.
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Figure 3. FENI is involved in cell cycle G2-to-M transition. (A) Multiple enrichment plots from gene set enrichment analysis (GSEA). (B) Representative analysis of flow
cytometry for cell cycle detection, histogram of the proportions of cells in G1, S, and G2/M phases of the cell cycle. (C) EdU assay revealed the effect of FENI expression level
on proliferation ability in HCC cells. Scale bar 200um. Error bars indicate the standard deviation of triplicates. * P <0.05, ** P <0.01.

Subsequently, we analyzed «cell cycle
progression in Bel-7402 and Hep-3B cells by
fluorescence-activated cell sorting (FACS). As shown
in Figure 3B, FEN1 knockdown resulted in a marked
increase in the percentage of G2/M-phase cells,
whereas the percentage of Gl-phase cells was
decreased. In contrast, FEN1 overexpression resulted
in a decrease in the percentage of G2/M-phase cells
but an increase in the percentage of Gl-phase cells.

Furthermore, EdU assay demonstrated that FEN1
knockdown inhibited the proliferation of Bel-7402
cells, while FEN1 overexpression promoted the
proliferation of Hep-3B cells (Figure 3C). These results
suggest that FEN1 may promote HCC cell
proliferation by activating cell cycle progression from
G2 to M phase.
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Figure 4. FENI regulates the cell cycle transition from G2 to M phase by modulating Cdc25C, CDKI and Cyclin Bl expressions. (A) Western blot
demonstrated that the knockdown of FEN1 decreased the protein levels of Cdc25C, CDK1 and Cyclin Bl in Bel-7402 cells. Conversely, overexpression of FENI increased the
levels of these proteins in Hep-3B cells. (B) The mRNA levels of FEN1, Cdc25C, CDKI and Cyclin Bl in Bel-7402 and Hep-3B cells, GAPDH was used as the internal control,
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Spearman coefficient R=0.82, 0.75 and 0.74 respectively; P < 0.001. * P <0.05, ** P<0.01.

Table 1. FENI expression in HCC and clinicopathological
characteristics (n =57).

FEN1 expression

Low(n=22) High(n=35) P value

Gender 1.000
Male 17 28

Female 5 7

Age (years) 0.059
<65 16 33

>65 6 2

Tumor grade 0.011
Well 4 2

Moderate 17 21

Poor 1 12

Tumor T stage 0.006
T1 15 8

T2 4 12

T3 2 8

T4 1 7

Tumor N stage 1.000
NO 20 32

N1 2 3

Tumor M stage 0.043
MO 22 27

M1 0 8

Tumor stage 0.006
I 15 8

il 4 12

x 1 7

v 2 8

FENI regulates the cell cycle transition from
G2 to M phase by modulating Cdc25C, CDKI
and Cyclin B1 expressions

To investigate the underlying mechanism of the
proliferation-promoting function of FENI1, cell
cycle-related proteins were analyzed using Western
blot and RT-qPCR. The Cyclin B1/CDK1 complex is
crucial to regulating G2 transition [16]. Moreover,
Cdc25C can activate the Cyclin B1/CDK1 complex by
inducing CDK1 dephosphorylation to promote
mitotic cell G2/M transition [17]. Western blot
demonstrated that the knockdown of FEN1 decreased
the protein level of Cdc25C in Bel-7402 cells, and the
expression levels of CDK1l and Cyclin Bl, the
downstream proteins of Cdc25C, were also decreased
under FEN1 knockdown. Conversely, overexpression
of FEN1 increased the level of Cdc25C, CDK1 and
Cyclin Bl in Hep-3B cells (Figure 4A). The RT-qPCR
results showed similar alterations to the protein
expressions (Figure 4B). In addition, we analyzed
gene expression correlations between FEN1 and
Cdc25C, CDK1 or Cyclin Bl using a bioinformatics
tool, GEPIA (http://gepia.cancer-pku.cn/). The
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results showed that FEN1 mRNA level was positively
correlated with the mRNA expression levels of
Cdc25C, CDK1 and Cyclin Bl (Figure 4C-E). In
summary, our data suggest that FEN1 may promote
cell cycle transition from G2 to M phase by
modulating Cdc25C, CDK1 and Cyclin Bl
expressions, thus promoting the proliferation of HCC
cells.

Discussion

As the third leading cause of cancer-related
deaths in the world, liver cancer has brought a heavy
cancer burden to many countries [16]. Given the low
detection rate of early-stage liver cancer, metastasis
and intraperitoneal spread have already occurred at
the time of diagnosis in the majority of patients; the
overall 5-year survival rate for liver cancer patients is
only about 20% [17], with poor prognosis.

The occurrence and development of liver cancer
is a complex biological process involving the
interaction of multiple molecules that are regulated by
key genes [18, 19]. The research on the regulatory
mechanism of key genes and the progress of
molecularly targeted drugs provides new hope for the
treatment of liver cancer [20, 21]. As a
structure-specific 5’-nuclease, FEN1 plays important
roles in DNA replication and damage repair [22]. In
addition, studies have shown that FEN1 is highly
expressed in various types of cancer cells and is
closely associated with the occurrence and develop-
ment of tumors [10, 12]. These findings suggest that
FEN1 may act as a double-edged sword in cancer.

Our study showed that FEN1 was significantly
upregulated in HCC and that high FEN1 expression
was associated with higher tumor T stage, tumor M
stage and tumor stage. Moreover, K-M analysis
revealed that high expression of FEN1 is indicative of
poor prognosis in HCC patients, consistent with the
findings of Li et al [13]. Next, we revealed that the
knockdown of FEN1 inhibited the proliferation,
migration and invasion of HCC cells, whereas the
overexpression of FEN1 promoted cell proliferation,
migration and invasion, indicating that FEN1 plays a
vital role in the development of HCC.

Cell cycling is a complex process involving a
series of cell cycle regulators [23, 24]. At different
times, different cell cycle regulators have different
expression and degradation patterns, culminating in
the division of a mother cell into two daughter cells
through mitosis [25, 26]. In this study, we found
through GSEA analysis that high expression of FEN1
was closely associated with the cell cycle. In addition,
cell cycle and functional experiments showed that
FEN1 knockdown could inhibit cell proliferation by
inducing cell cycle arrest from G2 to M phase. As an

important cell cycle regulatory protein, Cdc25C is
involved in activating the Cyclin B1/CDK1 complex
in cells to initiate mitosis [27]. The Cyclin B1/CDK1
complex is a key regulator of G2/M transition [28].
The Cyclin B1/CDK1 complex can phosphorylate
varieties of proteins prior to G2/M transition, which
starts the mitotic events, including nuclear envelope
breakdown, centrosome separation and chromosome
condensation [29]. In this study, we found that FEN1
expression was positively correlated with the
expression levels of Cdc25C, CDK1 and Cyclin B1.
Moreover, the results given by the bioinformatics tool
(GEPIA) came to the same conclusion. However, our
studies only investigated the correlation between
FEN1 and Cdc25C, CDK1 or Cyclin Bl, and the
further mechanism remains to be explored.

In summary, our study suggests that FENI1
promotes the proliferation, migration and invasion of
HCC cells by activating cell cycle transition from G2
to M phase though modulating Cdc25C, CDK1 and
Cyclin Bl expressions. FEN1 is an important
biomarker for predicting the prognosis of HCC
patients. Our findings may provide a new focus in the
search for treatment strategies for liver cancer.
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