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Biological and clinical significance of flap endonuclease-1
in triple-negative breast cancer: Support of
metastasis and a poor prognosis
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Abstract. Flap endonuclease-1 (FEN1), a structure-specific
nuclease participating in DNA replication and repair
processes, has been confirmed to promote the proliferation
and drug resistance of tumor cells. However, the biological
functions of FENI in cancer cell migration and invasion have
not been defined. In the present study, using online database
analysis and immunohistochemistry of the specimens, it was
found that FENI1 expression was associated with a highly
invasive triple-negative breast cancer (TNBC) subtype in
both breast cancer samples from the Oncomine database and
from patients recruited into the study. Furthermore, FEN1 was
an important biomarker of lymph node metastasis and poor
prognosis in patients with TNBC. FEN1 promoted migration
of TNBC cell lines and FEN1 knockdown reduced the number
of spontaneous lung metastasis in vivo. Ingenuity Pathway
Analysis of FENI-related transcripts in 198 patients with
TNBC demonstrated that the polo-like kinase family may be
the downstream target of FENI. PLK4 was further identified
as a critical target of FEN1 mediating TNBC cell migration, by
regulating actin cytoskeleton rearrangement. The results of the

Correspondence to: Professor Yue-E Teng or Professor
Yun-Peng Liu, Department of Medical Oncology, The First Hospital
of China Medical University, No. 155 North Nanjing Street, Heping
District, Shenyang, Liaoning 110001, P.R. China

E-mail: yeteng@cmu.edu.cn

E-mail: ypliu@cmu.edu.cn

“Contributed equally

Abbreviations: FENI, flap endonuclease-1; PLK4, polo-like
kinase 4; TNBC, triple-negative breast cancer; ER, estrogen
receptor; PR, progesterone receptor; Her-2, human epidermal
growth factor receptor-2; RFS, relapse-free survival; DMFS, distant
metastasis-free survival; OS, overall survival

Key words: FENI, triple negative breast cancer, prognosis,
metastasis, PLK4

present study validate FEN1 as a therapeutic target in patients
with TNBC and revealed a new role for FEN1 in regulating
TNBC invasion and metastasis.

Introduction

Triple-negative breast cancer (TNBC) is defined as breast
cancer that lacks expression of the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2). TNBC is poorly differentiated and
there is an increased risk to develop visceral metastases early
during the development of cancer, which eventually leads
to worse prognosis and poor survival rates (1-3). Therefore,
metastasis is the key challenge to overcome in patients with
TNBC. Recent findings demonstrated that genomic instability
is a driver of metastasis, particularly in TNBC (4,5). Genomic
instability was also found in a pan-cancer genomic analysis of
metastatic tumors (6). Thus, it is imperative to identify novel
and targetable molecules, that regulate the progression of
aggressive breast cancers.

DNA replication and repair are vital mechanisms in the
maintenance of genomic stability and alterations in these
processes can promote the evolution of cancer cells via the
accumulation of gene copy number changes, rearrangements,
and mutations (7). Flap endonuclease-1 (FEN1) plays critical
roles in both DNA replication and repair, by participating
in the maturation of the Okazaki fragment, rescuing stalled
replication forks, maintaining telomere stability and DNA
long-patch base excision repair (8-10). An increasing amount
of evidence shows that the overexpression of FENI in several
types of tumor affects the proliferation, apoptosis, and drug
resistance of tumor cells, which was also associated with poor
prognosis (9,11-24). In addition, previous research showed
that FEN1 mediated microRNA-200a methylation to promote
breast cancer cell growth via the MET and EGFR signaling
pathway (24). However, the function and molecular mecha-
nisms of FENI in metastasis, particularly in highly invasive
TNBC, has not been investigated. Due to the important roles
of FENI1 in DNA metabolic processes, the effects of FEN1 on
breast cancer invasion and metastasis were investigated.
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In the present study, a high expression of FEN1 was found
in the ER-negative/TNBC subtype, and was an important
biomarker of lymph node metastasis and poor prognosis in
patients with TNBC using the online database and immuno-
histochemistry (IHC) analysis from patients recruited into
the study. In addition, FEN1 was found to promote TNBC
cell migration in vitro and the formation of lung metastasis
in vivo, which was associated with cytoskeletal reorganization
by modulating the expression of PLK4. These results indicated
that FEN1 was an important regulator of TNBC migration and
a potential target for TNBC treatment.

Materials and methods

Analysis of FENI in COSMIC database and Oncomine
database. The Catalogue of Somatic Mutations in Cancer
(COSMIC) database is a high-resolution database system that
collects somatic mutation data in the genetics of human cancer
(http://cancer.sanger.ac.uk) (25). The latest release (COSMIC
v81) was employed to examine the variant status of FEN1
in human cancer. The study presents the data and analytical
results for point mutations, copy number variation and changes
of gene expression from 3,281 tumors among 12 tumor types.

The expression levels of FEN1 in breast cancers were
analyzed in Oncomine gene expression array datasets (Www.
oncomine.org) (26). We searched FENI in the database, using
thresholds of P<0.05 and fold change >1.5. The t-test was
conducted both as one-sided for overexpression analysis and
two-sided for differential expression analysis.

Patient tissue specimens and immunohistochemistry (IHC).
The tissue microarray (TMA) was constructed in collabo-
ration with Shanghai Biochip as described in our previous
study (27). The inclusion criteria were invasive breast cancer,
and clinical data and follow-up data were complete. The
exclusion criteria were preoperative therapy, pathological
type of breast carcinoma in situ, simultaneous bilateral breast
cancer, double cancer, and RFS time <6 months, with a final
enrollment of 248 patients. Expression of ER, PR and HER2
was assessed according to the American Society of Clinical
Oncology/College of American Pathologists (ASCO/CAP)
guidelines. The follow-up date was followed from the
patient's surgery day, every 6 months. The current study
includes follow-up data available as of October 31, 2018.
Tumors were staged according to the criteria set by the
American Joint Committee on Cancer (AJCC) (7th edition).
The relapse-free survival (RFS) was set in the period from
the date of surgery to recurrence. The distant metastasis-free
survival (DMFS) was set for the period from the date of
surgery to distant metastasis. Overall survival (OS) was set
in the period from the date of surgery to death or to the most
recent clinic visit.

The primary antibody used for IHC included mouse
anti-human FEN1 (working concentrations were 1:200),
purchased from Santa Cruz Biotechnology. The results of IHC
were assessed with double-blind method, the staining results
were reviewed and approved by two specialists in Department
of Pathology in the First Hospital of CMU. The positive
staining of FEN1 was cytoplasmic or nuclear patches of brown
scored (21). The scale quantified the extent of expression: 0, no

XU et al: FEN1 PROMOTES METASTASIS OF TNBC

detectable or only trace staining; 1, weak expression; 2, strong
expression. Score 0 was considered as ‘low expression’, and
score 1 and 2 were considered ‘high expression’. This study
was approved by the Ethics Committee of the First Hospital
of China Medical University, and written informed consent
was obtained from each patient. Animal experiments were
approved by the China Medical University Application for
Laboratory Animal Welfare and Ethical review.

Cell culture and lentiviral transfection. The human
triple-negative breast cancer cell lines MDA-MB-231 and
HCC1937 were obtained from the Type Culture Collection
of the Chinese Academy of Sciences. MDA-MB-231 was
cultured in L-15 (Gibco; Thermo Fisher Scientific, Inc.) and
HCC1937 was cultured in RPMI-1640 (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 0.11 g/l sodium pyruvate,
2.5 g/l glucose, 1.5 g/1 sodium bicarbonate. The cells were
cultured containing 10% heat-inactivated fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin
and 100 pug/ml streptomycin in a humidified incubator at 37°C
with an atmosphere of 5% CO,. Mycoplasma testing was
carried out for the two cell lines.

Virus production and FENI-related infection were
performed as described previously (24). In brief, the lentiviral
vectors LV-GFP-FENI-RNAi, LV-GFP-FEN1-3FLAG and
empty vector controls were synthesized (Genechem Company).
Target sequences of FENI were 5-GGGTCAAGAGGCTGA
GTAA-3' (sense), 5'-UUACUCAGCCUCUUGACCCATdT-3'
(anti-sense), negative control: 5'-UUCUCCGAACGUGUC
ACGUtt-3' (sense), 5S'-ACGUGACACGUUCGGAGA Att-3'
(anti-sense). The breast cancer cells in logarithmic phase of
growth were infected with lentivirus according to the multi-
plicity of infection (MOI) with density 1x10° cells/well. The
medium for the transfected cells was supplemented with poly-
brene (5 ug/ml) and Enhanced Infection Solution (Genechem
Company) to elevate the transfection efficiency. Polybrene
and virus for silencing or overexpressing FEN1 were added
to infect MDA-MB-231 (MOI=40) and HCC-1937 (MOI=60).
After 120-h infection, GFP expression was detected by
florescent microscopy (BX61, Olympus). Western blot analysis
was performed to detect the knockdown and overexpressing
efficiency.

Transwell migration assay and xenograft studies. A 24-well
chemotaxis chamber (8-ym pore size; Corning) was used in
this experiment. Briefly, 2x10* cells of MDA-MB-231 and
4x10* cells of HCC-1937 were loaded onto the upper well of
the Transwell chamber with serum-free culture medium, while
the medium containing 2.5% FBS for MDA-MB-231 and
10% FBS for HCC-1937 as an attractant added to the bottom
chamber. After incubating plates for 24 h at 37°C, migration
was assessed using the trypan-blue dye method.

Athymic nude (nu/nu) mice, female, 4-6 weeks of age,
were purchased from Vital River and housed in a sterile
room at the Experimental Animal Center of CMU University
at 25°C and 40-70% humidity, with a 12-h light/dark cycle
and free access to food and water. Lentivirus-transfected
MDA-MB-231 cells were harvested. The concentration of cell
suspensions was adjusted to 2x10° cells/100 ul with PBS, and
then injected into the caudal vein of nude mice. At least 5 mice
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were used for each group. Mice were monitored for symptoms
related to tumor growth including an arched back, unsteady
gait, and paralysis of legs and body weight loss each week.
Eight weeks later, no mice died. The method of euthanasia was
cervical dislocation (when the heart stopped completely, the
mouse was determined as dead) after a total body weight loss
of 20% or severe symptoms were observed. Lung tissues were
fixed in 4% paraformaldehyde for later staining of pathological
tissue sections. Hematoxylin and eosin (H&E) staining was
used for verifying cancer tissues and confirming the pulmo-
nary metastatic lesions under a microscope. IHC staining was
used for checking the expression of FENI1. Anti-human FEN1
(working concentrations were 1:150) were purchased from
ZSGB-Bio (TA802762). The mice were housed and main-
tained under standard NIH protocol.

RNA-seq and RNA-Seq data analysis. RNA-sequencing
(RNA-seq) technology was utilized to investigate changes in
cell mRNA profiles with FEN1 siRNA vs. the control group in
MDA-MB-231 cells. After total RNA was extracted, mRNA
was isolated according to the manufacturer's instructions.
RNA integrity was assessed using the RNA Nano 6000 assay
kit of the Bioanalyzer 2100 system (Agilent Technologies).
Libraries were generated using the NEBNext® Ultra™
Directional RNA Library Prep kit for Illumina® (NEB). The
libraries were sequenced on an Illumina Hiseq 4000 platform
and 150 bp paired end reads were generated. The differential
expression genes were evaluated using Ballgown. Transcripts
with a g-value <0.01 and llog, (fold change)l>1 were assigned
as DEGs. Based on the DEGs, R/fGSEA package was used
(biorxiv, doi: https://doi.org/10.1101/060012) with MSigDB for
pathways analysis.

Ingenuity pathway analysis of GSE76124 and correlation
analysis of FENI and PLK4. Raw data from publicly avail-
able datasets focusing on the largest dataset of TNBC patients
were downloaded from Gene Expression Omnibus (GEO):
Accession number GSE76124. To explore possible molecular
functions and biological networks of FEN1, the samples in
GSE76124 were divided into two groups according to high
(top 25%) and low (bottom 25%) FENI expression. A total of
699 genes which had a log-fold change =1 and a P-value <0.05
were considered to be significantly differentially expressed
and were imported into Ingenuity Pathway Analysis
(IPA, http://www.ingenuity.com) (28). The most affected
biological functions included promoting tumorigenesis,
migration and cell movement and inhibiting cell apoptosis,
necrosis, and cell death. Additionally, the correlation between
FENI1 and PLK4 expression was analyzed through Spearman's
correlation analysis. Additionally, PPI analysis was conducted
to reveal the molecular mechanisms between FEN1 and PLK4.
The STRING protein database 11.0 (http://string-db.org/) was
utilized to construct the PPI networks.

Western blot analysis and co-immunoprecipitation. For
western blot analysis, the process was described previ-
ously (29). The membrane was incubated with the indicated
primary and secondary antibodies, and the proteins were
visualized by an enhanced ECL kit (Beyotime). Imaging
Densitometer with Molecular Analyst Software (Bio-Rad) was
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used to compare the gel images and expressed as the ratios to
the density of GAPDH bands.

Immunoprecipitations were performed as described
previously (29). Ethidium bromide was added to a final
concentration of 60 mg/ml to disrupt DNA protein interac-
tions in endogenous protein co-IP experiments. Cell lysis was
centrifuged for 5 min at 1,000 x g at 4°C and the supernatant
(5-10 mg) was incubated with the indicated primary antibodies
(5-10 ug) and protein-A beads (Invitrogen; Thermo Fisher
Scientific, Inc.) at 4°C overnight. The beads were washed three
times with cell lysis buffer and the precipitated proteins were
subjected to western blot analysis. The primary and secondary
antibodies are listed in Table SI.

Immunofluorescence staining. Cells were transfected for
72 h and fixed with ice-cold methanol and permeabilized
with 0.2% Triton X-100. Actin filaments were stained with
Rhodamine Phalloidin [Thermo Fisher Scientific, Inc.; R415)]
linked to Texas Red (red staining), and the nuclei were coun-
terstained with DAPI (blue staining). The data are presented as
mean + SD of the membrane/cytosol actin fluorescent intensity
ratio relative to the control (n=3). Images were captured via a
confocal laser scanning microscope with x400 magnification.
Each experiment was performed in triplicate. The red values
of the 40 cells per condition were quantified using ImageJ
software by measuring 10 xM distances encompassing the
extracellular area, the full thickness of the membrane and the
intracellular space. Each experiment was repeated three times.

Statistical analysis. Each experiment was repeated at least
3 times unless otherwise specified. Group data comparisons
were conducted by t-test. The results were expressed as
mean + standard deviation (SD) in this study. Categorical
parameters were compared using the x> test or Fisher's exact
test. Kaplan-Meier analysis and a log-rank test were used to
determine survival. Correlation analysis was determined using
Pearson's correlation. Statistical differences between groups
were considered significant if P<0.05. Data were analyzed by
SPSS statistical software (version 18.0).

Results

FENI variants in different types of human cancer, and the
association between FENI mRNA expression levels and
the clinical characteristics in patients with breast cancer. The
different types of cancer with complete information on point
mutations, copy number variations, and the mRNA expression
level of the FEN1 gene are shown in Fig. 1. The 0.11% patients
with breast cancer (3/2,620 cases) exhibited FEN1 gene point
mutations, 0.45% (7/1,544 cases) exhibited FEN1 gene copy
number gains, and 7.07% (78/1,104 cases) exhibited FENI.
The results show that the frequency of point mutations, change
in copy number and copy number variation frequency was low
(<0.5% in breast cancer). There was also a marked increase
in the gene expression level of FENI in patients with breast
cancer (7.07% among 1,104 patients), indicating overexpres-
sion of FEN1 was more common in patients with breast cancer.

Subsequently, the FEN1 mRNA expression level between
normal and cancer tissue was analyzed in data obtained from
the Oncomine database. The results showed that FEN1 was
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Figure 1. Data from the COSMIC database revealed the frequency of point
mutations, copy number variants, and gene expression variants for human
FENI in different types of cancer. The results revealed that 0.11% patients
with breast cancer (3/2,620 cases) exhibited FEN1 gene point mutations,
0.45% (7/1,544 cases) exhibited FEN1 gene copy number gains, and
7.07% (78/1,104 cases) exhibited FEN1 mRNA upregulation. FEN1, flap
endonuclease-1.

expressed at high levels, in almost all types of solid tumor
(Fig. 2A). In addition, FEN1 expression was increased in the
ER/PR-negative and TNBC subtypes (Fig. 2B). Furthermore,
FENI expression levels were significantly higher in patients
with advanced N and M stage across the four analyses
(P=0.003) and with a metastatic event at 1- (P=5.81E-4),
3- (P=7.09E-5) and 5-years (P=0.007) following diagnosis
(Fig. 2C). In addition, in a comparison with patients who were
still alive, those who had died after 1- and 5-years exhibited
FEN1 overexpression (P=9.34E-5 and P=0.003, respectively)
(Fig. S1A and B). Using online database analysis, it was
found that the high expression level of FENI was associated
with the TNBC subtype and was significantly associated
with the occurrence of breast cancer metastasis and poor
prognosis.

Patient characteristics and FENI expression. To further
confirm the aforementioned results, the prognostic value of
FENI, at the protein level in a tissue microarray (TMA) from
248 human breast cancer samples from patients with breast
cancer, recruited into the present study, was investigated.
The clinicopathological characteristics are summarized
in Table SII. The enrolled patients were 28-62 years of
age (median age, 51 years). The median follow-up time
was 128.6 months, with 73 patients (29.4%) having tumor
recurrence, 49 patients (19.8%) had a distant metastasis,
and 48 patients (19.4%) had succumbed to the disease; six
patients were lost to follow up and were not included in the
survival analysis. FEN1 staining was found to be strong in
the cytoplasm surrounding the stromal cells (Fig. 3A). Of
the 248 cancer specimens in the current study, 158 (63.7%)
demonstrated a high FENI expression.

FENI protein expression is associated with lymph node
metastasis and is a poor prognosis marker in patients with
TNBC. The association between FEN1 expression level
and the clinicopathological characteristics of the cohort
is shown in Table I. High expression levels of FEN1 were
significantly associated with the TNBC phenotype (P=0.036)
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(Fig. 3B, Table I), but not with age (P=0.571), histological
grade (P=0.635), tumor size (P=0.067), lymph node posi-
tivity (P=0.081), (Table I). Using Kaplan-Meier analysis of
all the patients, high FENI1 expression was not significantly
associated with relapse-free survival (RFS) (P=0.54), distant
metastasis-free survival (DMFS) (P=0.15), or overall survival
(0S) (P=0.069) in 248 breast cancer patients (Fig. 3C).

In a 77 TNBC patients subset (n=77), 50.2% of the patients
expressed high levels of FEN1, and was associated with
lymph node positivity (P=0.025), but not with age (P=0.616),
histological grade (P=0.273), tumor size (P=0.518), or tumor
stage (P=0.073) (Table II). From the Kaplan-Meier analysis
of patients with TNBC, high FEN1 expression was associ-
ated with worse RFS (P=0.025), DMFS (P=0.001), and OS
(P=0.012) (Fig. 3D). Taken together, the data revealed that
high FENI protein expression was also positively associated
with the TNBC subtype and could be a biomarker for poor
prognosis in patients with TNBC.

FENI expression in TNBC is associated with their migratory
phenotype both in vitro and in vivo. To investigate the role of
FENI1 during TNBC cell migration and metastasis, a Transwell
assay was performed using MDA-MB-231 and HCC-1937
cells, which were transfected with FEN1 knockdown and
overexpressing lentivirus vectors, respectively. In both cell
lines, the efficiency of FEN1 knockdown and overexpression
exceeded 80%, as confirmed by fluorescence (Fig. 4A) and
western blot analysis (Fig. 4B). The results of the Transwell
assay showed that when FEN1 was silenced, the migration
abilities of the two cell lines were significantly decreased
with 59.4+5.11% inhibition in MDA-MB-231 cells (P=0.0052)
and 44.33+9.97% inhibition in HCC1937 cells (P=0.0105)
(Fig. 4C and D). The migration abilities of the two cell lines
were significantly increased when FEN1 was overexpressed
compared with that in the control cells; 227.1+11.41% in
MDA-MB-231 cells (P=0.0027) and 306.31£16.27% in
HCC1937 cells (P=0.0021) (Fig. 4C and D).

Next, a nude mouse lung metastatic model was created
by injecting transfected MDA-MB-231 cells into the tail
vein. H&E staining was performed to determine the degree
of metastases, while IHC staining was performed to detect
FENI expression (Fig. 4E). The carcinogenesis rates in the
control and experimental groups were both 100%. The number
of metastases in the NC-KD and KD-FENI1 groups were
18.8+4.9 and 6+2.3 (P=0.0014). The number of metastases in
the NC-OE and OE-FENI1 groups were 31.0+2.7 and 67.8+13.2
(P=0.0004) (Fig. 4F). These results suggested direct evidence
for the role of FEN1 in promoting TNBC cell metastasis
in vitro and in vivo.

FENI promotes cell migration and mitosis in TNBC by
analyzing RNA-seq profile data from MDA-MB-231 cells and
clinical TNBC tissues. The gene expression profiles showed
4,014 DEGs after FENI1 knockdown; 2,328 were upregulated,
while 1,686 were downregulated (Fig. 5A). To further verify
the functions of the FEN1-related DEGs in TNBC (Table SIII),
GSEA was performed and the results revealed that the
functions of FEN1 were enriched in mitotic spindle, DNA
repair, spermatogenesis, E2F targets and G,/M checkpoint
(Fig. 5B).
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Figure 2. FEN1 mRNA expression level in cancer using the Oncomine database. (A) Summary view for the FEN1 expression levels in different types of
cancer compared with that in normal tissues. P<0.05 and fold change >1.5. (B) Elevated mRNA expression level of FEN1 in ER-positive breast cancer and
ERBB2/ER/PR-negative breast cancer. (C) Elevated mRNA expression levels of FEN1 were detected in patients with advanced N or M stage and metastatic
event at 1-, 3-, and 5-years following diagnosis. FENI, flap endonuclease-1; ER, estrogen receptor; PR, progesterone receptor.

Next, the IPA software was used to analyze the 699
FENI1-related DEGs in 198 clinical TNBC tissues from the
GSE76124 dataset (Fig. 5C; Table SIV). The results revealed
multiple related biological functions and diseases that were
significant (P<0.05), and the top 20 are presented in Fig. 5D.
The most affected biological functions in patients with TNBC
and high expression levels of FEN1 were involved in promoting
tumorigenesis, migration and cell movement, and inhibiting
cell apoptosis, necrosis, and cell death. These results suggested
that high FEN1 expression plays an important role in the
occurrence of malignant tumors by promoting the invasion,
metastasis and proliferation of tumors, which was consistent
with the aforementioned results.

To further investigate the FENI-related biological
functions, canonical pathways were identified, and the
top eight significant pathways are shown in Fig. 5E. The
analysis demonstrated that high FEN1 expression was asso-
ciated with the activation of cell cycle progression (such as
estrogen-mediated S-phase entry, P=1.86x10', z score, 1.67;

mitotic roles of polo-like kinase, P=1.23x10",zscore, 2.11; and
cell cycle control of chromosomal replication, P=6.31x10"),
suppression of cell cycle checkpoints (such as the cell cycle:
G,/M DNA damage checkpoint regulation, P=3.31x10", and
z score, -1.51), disruption of the DNA repair pathway (such
as role of BRCA1 in DNA damage response, P=1.23x108,
z score, 0.63; and mismatched repair, P=2.14x10"%), and
another two pathways (hepatic fibrosis/hepatic stellate cell
activation, P=1.99x10"'"* and agranulocyte adhesion and
diapedesis, P=1.10x10"). Therefore, we hypothesized that
FENI may participate in dysfunction of the mitosis pathway
to promote cell migration.

FENI promotes the migration and invasion of TNBC cells
by modulating the expression level of PLK4. Mitotic roles of
polo-like kinase, which was identified as one of the prominent
pathways associated with FEN1 high expression, was further
investigated and a significant positive correlation between
FENI and PLK1/PLK4 expression was found among all the
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Figure 3. Identification of FENI1 as a poor prognosis marker in patients with TNBC. (A) Representative images of negative, low and high FENI staining in
breast cancer samples from the tissue microarray. (B) Strong staining was observed both in the cytoplasm and nucleus (brown). (C) High protein expression levels
of FEN1 were found in patients with TNBC. (D and E) Kaplan-Meier survival curves based on FEN1 expression for relapse-free survival, distant metastasis-free
survival, and overall survival in all patients with breast cancer and with TNBC. FENI, flap endonuclease-1; TNBC, triple negative breast cancer.

5 members of the PLK protein family, while Pearson's correla-
tion was highest (r=0.75; P<0.0001) between FEN1 and PLK4
(Fig. 6A).

To investigate the mechanism of FENI-related increase
in migration, the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database (https://string-db.org/)

was used to predict the interaction of FEN1 with PLK4
(Fig. 6B). Western blot analysis revealed that knockdown of
FENI attenuated the protein expression level of PLK4 in the
MDA-MB-231 cell line, and vice versa (Fig. 6C). However,
immunoprecipitation experiments did not reveal a direct inter-
action between FENI1 and PLK4 (Fig. 6D). Taken together the
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Table I. Relationship between the expression of FEN1 and clinicopathological characteristics in 248 patients with breast cancer.

FEN1 expression in BC

Characteristics Cases Low (%) High (%) P-value

Age (year) 0.571
<50 107 40 (374) 67 (62.6)
>50 141 50 (35.5) 91 (64.5)

Histological grade 0.635
LII 140 81 (57.9) 59 (42.1)
I 48 9 (18.8) 39 (81.2)

Tumor size 0.067
<2 cm 82 28 (34.1) 54 (65.9)
>2 cm 166 62 (37.3) 104 (62.7)

pN stage 0.081
NO 112 53 (47.3) 59 (52.7)
N1+2+3 136 37(27.2) 99 (72.8)

Tumor subtype 0.036*
Non-TNBC 171 67 (39.2) 104 (60.8)
TNBC 77 23 (29.9) 54 (70.1)

aStatistically significant, P<0.05. The categorical parameters were compared with the y*-test or Fisher's exact test and analysis of variance as
appropriate.

Table II. Relationship between the expression of FEN1 and clinicopathological characteristics in 77 patients with TNBC.

FEN1 expression in TNBC

Characteristics Cases Low (%) High (%) P-value
Age (year) 0.616
<50 40 14 (35.0) 26 (65.0)
=50 37 9 (24.3) 28 (75.7)
Histological grade 0.273
LI 45 16 (35.6) 29 (64.4)
I 20 7 (35.0) 13 (65.0)
Tumor size 0518
<2cm 25 10 (40.0) 15 (60.0)
>2 cm 52 13 (25.0) 39 (75.0)
pN stage 0.025¢
NO 25 12 (48.0) 13 (52.0)
NI1+2+3 52 11 (21.2) 41 (78.8)

“Statistically significant, P<0.05. Categorical parameters were compared with the y*-test or Fisher's exact test and analysis of variance as
appropriate.

results indicated that the regulation of PLK4 by FENI may be
at the protein level.

cell line (Fig. 6E). Subsequently, the effects of FEN1 on modu-
lating cytoskeleton rearrangement were further investigated

Previous studies have reported that PLK4 promoted the
migration and metastasis by epithelial-mesenchymal transi-
tion (EMT), MMPs (30,31) and actin cytoskeleton (32,33).
The western blot assay revealed that the change in FEN1
expression could not change the protein expression levels of
EMT-associated proteins and MMPs in the MDA-MB-231

and F-actin staining, using phalloidin. Immunofluorescence
microscopy showed the red phalloidin of stress fibers and
lamellipodia in MDA-MB-231 cells (Fig. 6F). OE-FENI1
transfection increased the formation/maintenance of actin
stress fibers, in contrast, KD-FENI1 transfection exhibited
reduced stress fibers (Fig. 6F and G). These results indicated
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that FEN1 facilitates TNBC cell migration by modulating
the expression levels of PLK4 to enhance F-actin assembly,
rather than activating EMT or matrix degradation.

Discussion

Despite advances in cancer treatment, the mortality rate of
breast cancer is still high in women worldwide and metastasis
remains the primary cause of cancer-related deaths. Compared
with other subtypes of breast cancer, patients with TNBC
are known to have the poorest prognosis and develop distant

metastasis during the early stages, as the tumor cells possess
a stronger ability of invasion and metastasis, which deter-
mines their higher malignancy (34). Therefore, an in-depth
investigation into the mechanism of metastasis is crucial to
improve the outcome in patients with TNBC. However, due to
the complex mechanism of TNBC metastasis, some aspects
remain unknown. FENI has been identified as a potential
biomarker from previous studies, which found that overexpres-
sion of FEN1 could disrupt the cell cycle and promote cell
proliferation in numerous types of cancer, including breast
cancer (13,24,35,36). Furthermore, FEN1 overexpression was
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also associated with resistance to chemotherapy (18,22), and
targeted therapy (37). In addition, some early studies showed
that high FEN1 expression was associated with aggres-
sive phenotypes in patients with breast, ovarian or prostate
cancer (9,38). The function of FEN1 has been characterized in
several types of cancer,such as lung,colorectal, gastric, cervical,
prostate and breast cancer (9,11,13,14,18,19,21,23,35,38).
However, the prognostic value of FENI1 in TNBC has not been
elucidated. The present study provides support that FEN1 was
associated with the triple-negative subtype of breast cancer,
while overexpression of FEN1 was also associated with distant
metastasis and unfavorable prognosis, which provides new

perspectives and directions for investigating the metastatic
mechanism of TNBC.

A recent study identified FENI as one of the hub
upregulated-hypomethylated genes in breast cancer (39).
Results of the COSMIC analysis revealed that the marked
elevation of FENI1 expression was a common variant status
in patients with breast cancer, indicating that FEN1 may be
involved in tumorigenesis or tumor progression. Using the
Oncomine database, increased FENI1 expression was associ-
ated with some aggressive breast tumor features, such as the
ER-negative or TN subtypes, and advanced N and M stage.
Patients with FEN1 mRNA overexpression had a significantly
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Figure 6. FEN1 promotes the migration and invasion of TNBC cells by modulating the expression level of PLK4. (A) Correlation analyses of FEN1 and members
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higher rate of recurrence, metastasis and death. To verify the
online analysis results, IHC analysis was performed using
TMA-containing samples obtained from 248 patients with
breast cancer who were recruited into the present study. The
results revealed that patients with TNBC were more likely to
have high expression levels of FEN1. Furthermore, patients
with TNBC and high FEN1 expression levels were more likely
to develop lymph node invasion and early distant metastasis,
leading to poor overall survival, which was not observed in
the total number of patients with breast cancer. To further

determine the role of FENI in the invasion and metastasis of
TNBC cells, two TNBC cell lines with FEN1 overexpression
and knockdown were constructed to perform Transwell assay
and to generate a TNBC lung metastasis model in nude mice.
The results confirmed that FEN1 promoted metastasis both
in vitro and in vivo.

To investigate the molecular mechanism by which FEN1
promotes TNBC cell metastasis, GSEA and IPA were used
to analyze the transcription changes associated with FEN1
expression in MDA-MB-231 cells and in 198 patients with
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TNBC from the GSE76124 dataset. The results showed that
FENI was positively associated with cell migration and cell
movement biofunctions, which was consistent with the func-
tional results. In addition, the biofunctions were involved in
mitosis and cell cycle checkpoint regulation, which led to the
further analysis of the polo-like kinase pathway, as it was
found to significantly affect these biological processes (40),
and was identified following IPA pathway analysis. Among
the five members of the PLK protein family, Pearson's corre-
lation analysis indicated that the expression level of FEN1 in
patients with TNBC was highly correlated with the expres-
sion levels of PLK4. The analysis of the protein-protein
interaction network, using the STRING database revealed
that there may be co-expression between FEN1 and PLK4.
However, the results from the immunoprecipitation experi-
ments did not reveal any direct interaction. The western
blot results revealed that knockdown of FENI attenuated
the protein expression level of PLK4 in the MDA-MB-231
cell line, and vice versa. It has been demonstrated that PLK4
enhances cancer cell invasion (30-32) and its elevated expres-
sion was positively associated with lymph node metastasis
and distant metastasis in patients with breast cancer (41).
With respect to the previous studies, we hypothesized that
FENI1 may promote the migration and invasion of TNBC
cells by modulating the expression level of PLK4. Previous
findings have shown that PLK4 promoted tumor invasion
by mediating EMT (30,31). However, after examining
the expression levels of the EMT-associated proteins and
MMPs in the MDA-MB-231 cell line, there were no changes
following FEN1 knockdown or overexpression. Except for
the EMT process, PLK4 promotes cancer cell motility and
actin dynamics through interaction with the Arp2/3 complex
and the oGTPase pathways (42). Therefore, whether FEN1
would be required for actin rearrangement, using immuno-
fluorescence was investigated and the results revealed that
the density of F-actin in FEN1 knockdown TNBC cells was
significantly decreased, while the density was significantly
increased following FEN1 overexpression. In summary, the
present study found that FENI facilitates TNBC cell migra-
tion by enhancing F-actin assembly, rather than activating
EMT or matrix degradation.

However, there are limitations to the present study. Firstly,
TNBC is a general term for a heterogeneous type of breast
cancer, which can be divided into six subtypes (43). The
current study was limited by the small sample size and due
to the lack of previous studies investigating the association
between FENI1 and the TN subtype, which is to be part of
future research. Secondly, more biological experiments are
required to explore the complex relationship between FEN1
and PLK4.

In summary, the present study revealed that FENI was
associated with TNBC invasion and metastasis, and could
modulate PLK4 expression and actin cytoskeleton rearrange-
ment. The results suggested that FEN1 could be potentially
utilized as a novel biomarker for TNBC prognosis and a
therapeutic target for patients with TNBC.
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