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Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer, which is
very difficult to treat and commonly develops resistance to chemotherapy. The following
study investigated whether the inhibition of Flap Endonuclease 1 (FEN1) expression, the
key enzyme in the base excision repair (BER) pathway, could improve the anti-tumor
effect of arsenic trioxide (ATO), which is a reactive oxygen species (ROS) inducer. Our
data showed that ATO could increase the expression of FEN1, and the knockdown of
FEN1 could significantly enhance the sensitivity of TNBC cells to ATO both in vitro and
in vivo. Further mechanism studies revealed that silencing FEN1 in combination with low
doses of ATO might increase intracellular ROS and reduce glutathione (GSH) levels, by
reducing the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2);
elevating ROS leaded to apoptosis and p38 and JNK pathway activating. In conclusion,
our study suggested the combination of FEN1 knockdown and ATO could induce TNBC
cell death by promoting ROS production. FEN1 knockdown can effectively decrease the
application concentrations of ATO, thus providing a possibility for the treatment of TNBC
with ATO.

Keywords: FEN1, ROS, arsenic trioxide, GSH, Nrf2

INTRODUCTION

Breast cancer is a disease with the highest morbidity in malignant tumors in women (1). Based on
the expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER 2) in tumor cells, breast cancer can be divided into multiple subtypes. TNBC,
a subtype accounting for about 20% of all breast cancers (2, 3), tends to be more aggressive and
difficult to treat. Especially, the women under the age of 40 years old with TNBC has poor clinical
outcomes and disproportionately higher prevalence (4). Nowadays, although chemotherapy is
considered the main treatment approach for TNBC patients; followed by surgery and radiotherapy,
the treatment effect is limited, and most patients occur disease progression in a relatively short time
span (5).
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Xin et al.

Knocking-Down FEN1 Promotes Breast Cancer ATO-Sensibility

It is well-known that many anti-cancer drugs can cause
cellular DNA damage and induce apoptosis by promoting ROS
production in tumor cells. However, ROS-induced oxidative
DNA damage can be repaired by the BER pathway, which
is considered as one of the mechanisms responsible for
chemotherapy resistance (6). FEN1, the key protein of the BER
pathway, participates the repair of DNA damage by removing
the 5 -flaps produced by the Pold/e (7, 8). Previous reports
have shown that FEN1 is highly expressed in several types of
cancer (9-12), and significantly reduces the efficacy of anti-
tumor drugs (9, 13). In non-small-cell lung carcinoma (NSCLC),
FENI1 inhibition can promote apoptosis of tumor cells, in turn
leading to higher sensitivity to cisplatin (9). Many studies have
shown that FEN1 is highly expressed in proliferative cancer cells
and is essential for cell growth in tumor tissues (14, 15). In
addition, recent study has also reported that the inhibition of
FEN1 phosphorylation decreased the tolerance of myocardial
cells to the high oxygen environment during perinatal period,
thus causing oxidative damage (16), which is mainly triggered
by ROS accumulation (17). However, it is not clear whether
FEN1 deficiency can affect the ROS levels in tumor cells, high
expression of FEN1 might effectively repair the oxidative damage,
leading to drug resistance in TNBC cells.

ATO has been proved to cause ROS increase in many tumors,
including acute myeloid leukemia, hepatocellular carcinoma, and
lung cancer (18-20); while its effect on TNBC has not yet been
investigated. Therefore, in this study, we aimed to use a ROS
inducer ATO in combination with FEN1 inhibition to investigate
whether FENT1 is correlated to ROS production or accumulation.
On the other side, we attempted to elucidate whether ATO
could maintain the anti-tumor efficiency at low doses in TNBC;
at high concentration ATO can cause side effects, including
hepatotoxicity neurotoxicity, nephrotoxicity, cardiotoxicity, and
risk of dermatological diseases, which limits it’s application in
clinic (21).

We confirmed that targeting FEN1 could enhance the
efficiency of ATO to TNBC cells by increasing the level of ROS.
This phenomenon was caused by reduced nuclear translocation
of Nrf2, which led to a GSH depletion and ROS accumulation.
This study provided the theoretical basis for clinical application
of ATO to TNBC patients, and revealed the potential of FEN1 as
a potential therapeutic target for TNBC.

MATERIALS AND METHODS

Cell Culture and Reagents

Human breast cancer cell lines, MDA-MB-231 and MDA-MB-
468, were purchased from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). All the cells were maintained in Leibovitz’s L-15 medium
(Gibco) supplemented with 10% fetal bovine serum (Gibco-
BRL), and grown under an atmosphere of 5% CO; at 37°C.

MTT Assay
The 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay was used to measure the effects of ATO

and/or FEN1-knockdown (KD) on cell proliferation. The MDA-
MB-231 cells (7 x 10° cells/well) and the MDA-MB-468 cells
(6 x 10° cells/well) in 96-well plates, were exposed to various
concentrations of ATO with or without FEN1-KD and for the
indicated times. Thereafter, 20 pL of MTT solution (5 mg/mL)
was added to each well, and the cells were incubated for another
4h at 37°C. Then the cell culture medium was removed and 200
WL of dimethylsulfoxide (DMSO) was added. The optical density
(OD) was measured at 570 nm with a microplate reader (Model
550, Bio-Rad Laboratories, USA).

Cell Transfection

The MDA-MB-231 and MDA-MB-468 cells at a density
of 3 x 10° were transfected using Lipofectamine® 2000
transfection reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). The negative control (NC) and FEN1 siRNA sequences
from Guangzhou RiboBio Co., Ltd., (Guangzhou, China)
were as follows: NC forward, 5'-UUCUCCGAACGUGUCACG
UTT-3" and reverse, 5-ACGUGACACGUUCGGAGAATT-3';
FEN1 forward, 5'-GGGUCAAGAGGCUGAGUAAATAT-3" and
reverse, 5'-dTdATCCCAGUUCUCCGACUCAUU-3'. The NC or
FEN1 siRNA (10nM) and Lipofectamine® 2000 were diluted
in L-15 medium. Following 20 min of incubation at 37°C, the
complexes were added to each well of 6-well plates containing
serum-free L-15 and cells. Following 72h of transfection, cells
were used in the subsequent experiments.

Measurement of ROS Generation

ROS were detected by carboxy-H2DCFDA (C6827, Invitrogen,
USA). The MDA -MB-231 and MDA -MB-468 cells were treated
with FEN1-KD and/or ATO for 48 h, followed by pretreatment
with or without N-acetyl-L-cysteine (NAC, 10 mM) for 30 min.
The cells were stained with 1mM carboxy-H2DCFDA for
30min at room temperature, then resuspended in phosphate
buffer saline (PBS) for analyzing by flow cytometer (Becton-
Dickinson, USA).

Detection of Intracellular GSH

Cellular ~ GSH  levels  were  analyzed using  5-
chloromethylfluorescein diacetate (CMFDA,
Ex/Em=522/595nm, Invirtogen, CA, USA) fluorescence.

In brief, cells with different treatment were washed with PBS and
incubated with 1 wM CMFDA at 37°C for 15 min according to
the manufacturer’s instructions, followed by the incubation for
40 min at 37°C with complete medium. CMF fluorescence was
determined by flow cytometer. For each sample, 5,000 events
were collected.

Immunofluorescence

MDA-MB-231 cells seeded in Lab-Tek chamber slides (Nunc
S/A, Polylabo, Strasbourg, France) were treated with different
conditions, and fixed in 3.3% paraformaldehyde for 20 min. Then
the slides were permeabilized with 0.2% Triton X-100 for 5 min
and blocked with 5% bovine serum albumin (BSA). For double
staining, they were primed with anti-y-H2AX mouse antibody
(Cell Signaling Technology, MA, USA) overnight at 4°C. Next
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FIGURE 1 | ATO upregulated FEN1 expression and FEN1 knockdown increased the sensitivity of TNBC cells to ATO. (A) MDA-MB-231 and MDA-MB-468 cells were
treated with different concentrations (0, 1, 2, 4, 8, 16, 32 .M) of ATO for 24 and 48 h, respectively. Then the cell viability was detected by MTT assay. “P < 0.05,
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FIGURE 1 | data are presented as mean =+ standard deviation. (B) The MDA-MB-231 cells were treated with 5mM ATO for the indicated times. Then the expression
of yH2AX was detected by western blot. B-actin was used as an internal control. (C) The expression of yH2AX was detected by immunofluorescence. (D) The
MDA-MB-231 and MDA-MB-468 cells were treated with ATO (5 M) for the indicated time. Then the expression of FEN1 was detected by western blot. f-actin was
used as an internal control. (E) The MDA-MB-231 and MDA-MB-468 cells were transfected with FEN1-specific siRNAs and the expression levels were measured by
western blot. B-actin was used as an internal control. (F) Cells were transfected with FEN1-specific SiRNA followed by treatment with different doses of ATO (0, 2.5, 5,
and 10 M) for the indicated time points. Then the cell viability was detected by MTT assay. *P < 0.05, data are presented as mean =+ standard deviation. (G) Female
nude mice were injected with MDA-MB-231 cells into a nude mice breast pad. Tumor-bearing mice were intraperitoneally injected with PBS, ATO (2 mg/kg), C20 (10
mg/kg), or combination (2 mg/kg ATO+10 mg/kg C20), and images of xenograft tumor were obtained from the different treatment groups. Analysis of weight and
volume of subcutaneous tumors and measured to draw the growth curve of the tumor.

day, after incubated with Alexa Fluor 568-conjugated goat anti-
mouse IgG (Thermo Scientific, MA, USA) in 1% BSA for 1h
at room temperature, cells were further incubated with 4060-
diamidino-2-phenylindole (DAPI) for 5min for nuclei staining.
Finally, the slides were mounted and visualized by fluorescence
microscopy (BX61, Olympus, Japan).

Apoptosis Analysis by Flow Cytometry

The apoptosis of MDA -MB-231 and MDA -MB-468 cells with
different treatment was detected by using the eBioscience™
Annexin V-FITC Apop Kit (BMS500FI-300, Invitrogen, USA).
The collected cells were washed with PBS and resuspended in
binding buffer at the density of 3 x 10° cells/mL. Then, the cells
were double stained with Annexin V-FITC and propidium lodide
(PI). Apoptosis was analyzed by flow cytometry.

Antitumor Effect on Tumor Xenografts in
Nude Mice

BALB/c female nude mice (4-5 weeks old) used in this study were
housed and maintained under standard NIH protocol, which
were purchased from Beijing Vital River Laboratory Animal
Technology (Beijing, China). MDA-MB-231 (1 Xx 107) cells
were inoculated into a nude mice breast pad. Approximately
ten days later, when the average tumor volume reached 90-
110 mm?, the mice were randomly divided into 4 groups-
control group, ATO group, C20 group and ATO+C20 group.
ATO (2 mg/kg mice body weight) and FEN1 inhibitor, C20 (10
mg/kg mice body weight) were administered intraperitoneally
on alternate days. Tumor sizes were measured by a vernier
caliper on alternate days, and tumor volumes (mm?3) were
calculated as length x width 2/2. Nine days later, all mice
were euthanized. All of the animal experiments conformed to
the Guide for Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of China
Medical University.

Western Blot Assay

The harvested cells were solubilized in 1% Triton lysis buffer,
and the protein concentration was determined using the
Lowry method. After eluted by boiling water at 95°C for
5min with 3x sampling buffer, the samples were separated
using SDS-PAGE and electrophoretically transferred onto a
PVDF membrane. Membranes were blocked by 5% skimmed
milk in TBST [10mM Tris (pH 7.4), 150mM NaCl and
0.1% Tween-20] at room temperature for 2h and incubated
with FEN 1 (Abcam, CA, USA), PARP, YH2AX, p-p38, p38,

p-JNK, JNK, Lamin A/C (Cell Signaling Technology, MA,
USA), p-actin, BAX, BCL-2, Nrf2 (Santa Cruz Biotechnology,
CA, USA) primary antibodies at 4°C overnight, followed
by the incubation with monoclonal anti-rabbit or mouse
secondary antibodies (Santa Cruz Biotechnology, CA, USA)
for 30 min at room temperature. Blots were detected using an
enhanced chemiluminescence reagent (SuperSignal Western
Pico Chemiluminescent Substrate; Pierce Biotechnology,
Rockford, IL, USA) and visualized using the Electrophoresis
Gel Imaging Analysis System (DNR Bio-Imaging Systems,
Jerusalem, Israel).

Statistical Analysis

Differences between the two groups were analyzed using
Students t-test and are presented as the mean =+ standard
deviation. SPSS 17.0 computer software (SPSS, Inc., Chicago, IL,
USA) was used for statistical analysis. P < 0.05 was considered to
indicate a statistically significant difference.

RESULTS

FEN1 Inhibition Enhanced ATO-induced

Cytotoxity and Growth Suppression

To determine the effect of ATO on TNBC cells, the cell viability
of MDA-MB-231 and MDA-MB-468 cells with the treatment
of ATO was evaluated by MTT. The results showed that ATO
suppressed TNBC cells growth in a time- and dose- dependent
manner (Figure 1A). The IC50s of ATO at 24 and 48h for
MDA-MB-231 cell were 19.88 4 3.98 and 11.22 4+ 2 M, and
that for MDA-MB-468 cells were 10.46 4 0.92 and 6.02 =+
0.91 M, respectively.

To further determine whether ATO could trigger DNA
damage in TNBC cells, the expression of YH2AX, a DNA damage
marker, was detected by western blot and immunofluorescence.
It was shown that the expression of yYH2AX was up-
regulated after the treatment of ATO in MDA-MB-231 cells
(Figures 1B,C). Next, to investigate whether FEN1 is involved
in the repair process of DNA damage caused by ATO
in TNBC cells, the change of FEN1 protein expression
by the treatment of ATO was detected. As a result, the
expression of FEN1 was increased at 12h and kept at
the high levels for 36h in both of two TNBC cell lines
(Figure 1D).

Then, the sensitivity of TNBC cells to ATO was detected
after FEN1 was knocked down (Figure 1E). As shown in
Figure 1F, the cell viability was significantly inhibited by the
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expression of FEN1, p38, p-p38, JNK, p-JNK, Bax, Bcl-2, and PARP was
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combination treatment of FEN1-KD and ATO, indicating that
silencing FEN1 could increase the sensitivity of TNBC cells
to ATO.

Furthermore, the effect of the combination of ATO and FEN1-
KD was also examined in vivo, using a xenograft model in mice.
For this study, a previously reported FEN1 inhibitor compound
20 (C20) was used (22, 23). C20 is an N-hydroxyl urea derivative
that specifically inhibits FEN1 activity, which is the most potent
FENI inhibitor tested at the time (24). The result showed that
although the treatment of C20 or ATO alone suppressed the
size and weight of tumors, the inhibitory effect of combination
treatment was strongest (Figure 1G). All these results above

indicated that the inhibition of FEN1 could enhance the anti-
tumor effect of ATO, both in vitro and in vivo.

Low Doses of ATO Inhibited TNBC Cell
Proliferation Through ROS-induced
Apoptosis

Subsequently, a low dose of ATO (5 wM), which is below IC50,
was selected to investigate whether ATO inhibited proliferation
is related to apoptosis induction in TNBC cells. After treated
with 0, 2.5, and 5 wM ATO for 48 h, the expression of apoptosis-
related proteins was detected by western blot. As a result, the
expression of Bax and cleaved-PARP was gradually increased,
whereas the expression of Bcl-2 was decreased in MDA-MB-231
cells (Figure 2A), indicating ATO could induce apoptosis.

Then, whether ATO induced apoptosis is mediated by
ROS was further investigated. Figure2B showed that ATO
significantly enhanced the generation of ROS, while this
enhancement was obviously blocked by the pretreatment of
inhibitor NAC in both MDA-MB-231 and MDA-MB-468 cell
lines. Consistent with the trend of ROS change, the proportion
of cell apoptosis, especially late apoptosis, was also induced by
ATO-treatment alone, and reversed by NAC (Figure 2C). These
results indicated that low doses of ATO could induce apoptosis
by promoting ROS production in TNBC cells.

Inhibition of FEN1 Increased ATO-induced
ROS Accumulation and Consequent Cell

Death
To investigate whether FEN1 inhibition increased ATO
sensitivity in TNBC is related to ROS generation, MDA-MB-231
and MDA-MB-468 cells were transfected with FENI siRNA or
control siRNA, respectively, then treated with ATO for 48 h, with
or without NAC 10 mM pretreatment. As shown in Figure 3A,
comparing with the slight increase of ROS accumulation induced
by FENI1-KD or ATO alone, the combination of FEN1-KD and
ATO significantly enhanced ROS accumulation, which could be
reversed by NAC in MDA-MB-231 and MDA-MB-468 cell lines.
Silencing FEN1 or using ATO alone led to mild apoptosis, but
the combination of FEN1-KD and ATO, significantly induced
apoptosis, which was also reversed by NAC (Figure 3B). Similar
with the trend of ROS generation. Moreover, when detecting the
ratio of Bax/Bcl-2 by western blot, it was showed that although
FEN1-KD could not change the Bax/Bcl-2 ratio, this ratio was
slightly increased by ATO-treatment, and further increased by
the combination of FEN1-KD and ATO, which also could be
reversed by NAC (Figure 3C).

Inhibition of FEN1 Activates p38/JNK
Pathway Induced by ATO

It was reported that ATO could induce apoptosis via activating
p38 and JNK pathway (25). Therefore, we suspected that
FENT1 inhibition might enhance ATO-induced apoptosis by p38
and JNK pathway. Figure 4A showed that FEN1-KD had no
significant effect on p38 and JNK, ATO alone could slightly
activate p38 and JNK. Moreover, FEN1-KD combined with ATO
significantly increased the phosphorylation level of p38 and JNK,
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FIGURE 5 | FEN1 knockdown in combination with ATO decreased GSH level and inhibited Nrf2 nuclear translocation. (A) The MDA-MB-231 and MDA-MB-468 cells
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FIGURE 6 | A schematic diagram of the application of ATO after inhibiting the expression of FEN1 to inhibit tumor growth in TNBC cells. FEN1 expression was
increased after ATO treatment, and the inhibition of FEN1 resulted in slightly increase in ROS production. FEN1 knockdown in combination with ATO significantly
reduced GSH level, and then increased intracellular ROS, through reducing Nrf2 nuclear transportation. Finally, the apoptosis and DNA damage were induced by ROS

which was reversed by NAC. These results indicated that the
accumulation of ROS in TNBC could activate p38 and JNK
pathway and induce cell death.

Furthermore, pretreatment with JNK and p38 inhibitors,
SP600125 (Calbiochem, Germany) and SB203580 (Promega, WI,
USA), blocked the activation of JNK and p38 signaling pathways
activated by the combination of FENI knockdown and ATO
(Figure 4B). The above results indicated that the combination
of ATO and FENI inhibition could active p38 and JNK pathway
by promoting ROS accumulation, finally leading to apoptosis in
TNBC cells.

Silencing FEN1 Reinforced the Inhibiting
Effect of ATO by Inhibiting Nrf2 Nuclear
Translocation and Decreasing GSH Level in
TNBC Cells

Nrf2, key factor of antioxidant systems, was known to be
able to protect cells against oxidative stress; improving nuclear
translocation of Nrf2 can promote the synthesis and utilization
of GSH, and in turn inhibit the proapoptotic effects of ATO
on tumor cells (26, 27). To clarify the mechanism of FEN1-KD
enhancing the effect of ATO on ROS accumulation. MDA-MB-
231 and MDA-MB-468 cells were transfected with FEN1-siRNA
or NC-siRNA, followed by ATO for 48 h, with or without NAC
10mM pretreatment for 1h, and the changes in GSH levels
were detected by flow cytometry. The results showed that GSH
levels were gradually decreased with the increasing concentration

of ATO both in NC-siRNA and FEN1-KD cells (Figure 5A).
Nevertheless, the levels of GSH were significantly lower in FEN1-
KD cells than that in NC-siRNA cells. Furthermore, GSH levels
were restored with NAC pretreatment in both of these cells,
which was consistent with previous studies (28), GSH levels were
restored after NAC pretreatment in both groups (Figure 5A).

Next, we detected the expression and the nuclear localization
of Nrf2 after different treatment. It was shown that the total
protein expression of Nrf2 was increased after silencing FEN1
or ATO treatment alone and was further raised after combined
treatment (Figure 5B). However, the nuclear translocation of
Nrf2 in FENI1-KD and ATO combination-treated cells was
decreased compared to ATO treated cells and FEN1-KD cells,
which had the same trend with GSH. In addition, the levels of
Nrf2 translocation could not be reverses by NAC (Figure 5C).
These dates indicated that increasing GSH depletion and lower
Nrf2 translocation reduces the production of GSH, inhibits the
scavenging of ROS (Figure 6).

DISCUSSION

In physiological conditions, normal cells could maintain a lower
ROS level than tumor cells and tolerate a certain degree of
oxidative stress (29). However, these tumor cells have more
peroxiredoxins to protect from oxidative damage, suggesting
that tumor cells are more reliant on the antioxidant system and
more sensitive to exogenous oxidative stimuli. The difference
between normal cells and tumor cells can provide a biochemical
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basis for ROS-mediated selective anti-tumor therapy. In this
study, we found that ATO could enhance ROS levels in TNBCs,
while FEN1-KD could further increase the ROS accumulation.
These results indicate that FEN1 has an important role in
maintaining intracellular homeostasis to some extent of ROS and
could partly protect cells from oxidative damage. Meanwhile,
in colorectal cancer and tongue squamous cell carcinoma, DNA
damage could lead to ROS accumulation, causing cell apoptosis
(30, 31). Therefore, we speculate that ATO could induce DNA
damage by promoting ROS accumulation and FEN1-KD lead
to the obstruction of DNA repair. All of these can cause more
DNA damage, which promote more ROS accumulation. As a
result, further increasing ROS will cause more DNA damage, that
positive feedback triggers cells apoptosis.

Many chemotherapeutic agents, such as Doxorubicin and
Paclitaxel, can be used to treat TNBCs, which could promote
ROS accumulation, in turn lead to cell death by causing
DNA damage (32). Nevertheless, overexpression of DNA repair
enzymes can repair DNA damage more efficient, which related to
the mechanisms of drug-resistance. For example, overexpression
of DNA polymerase B, a DNA repair enzyme in the BER
pathway, is associated with etoposide resistance in small cell
lung cancer (33). And using FEN1 inhibitors in lung and
ovarian cancer could increase the antineoplastic effect of cisplatin
and paclitaxel, by further enhancing the DNA damage (9, 13).
However, those studies did not clarify whether the ROS-induced
oxidative damage could be further enhanced after inhibition of
FEN1. Our results showed that FEN1 inhibition could improve
the anti-tumor effect of ROS inducer ATO by promoting ROS
accumulation and reduce the application concentration of ATO.
These results suggested that FEN1 can protect TNBCs from
oxidative damage and providing references for combination
usage of FEN1 inhibitor and ATO.

Although ROS inducers can effectively induce tumor cell
apoptosis in many types of tumors, some recent studies have
suggested that abnormally high ROS levels may cause drug
resistance (34). Studies have shown that the tumor cells, which
resist to paclitaxel, doxorubicin, or platinum drugs, have higher
antioxidant capacity (34). Multidrug-resistant leukemia cells HL-
60 with high expression of catalase protect from the cytotoxic
effects of hydrogen peroxide (35). In ATO-resistant acute
promyelocytic leukemia cells, resistance to ATO is associated
with upregulation of heme oxygenasel (HMOX1), superoxide
dismutase 1 (SOD1), and GSH (26). Nrf2, a key protein
that regulates many antioxidant enzymes, protects cells against
oxidative stress. Previous studies have shown that improving
nuclear translocation of Nrf2 can promote the synthesis and
utilization of GSH, and in turn inhibit the proapoptotic effects
of ATO on tumor cells (26). Inhibition of GSH biosynthesis
can induce apoptosis in TNBC cells, and GSH can be a
potential therapeutic target for TNBC (36). In this study,
we found that using ATO after silencing FENI1 increases
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