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Abstract

Purpose Flap endonuclease 1 (FEN1) is up-regulated by estrogen (17p-estradiol, E2) and related to cisplatin resistance of
human breast cancer cells. Letrozole, an aromatase inhibitor, suppresses the change of testosterone into estrogen and is fre-
quently used to treat breast cancer. However, the effects of letrozole on FEN1 expression and cisplatin sensitivity in breast
cancer cells overexpressing aromatase have not been revealed.

Methods The expression of FEN1 and the proteins in ERK/Elk-1 signaling were evaluated by RT-PCR and Western blot.
Cisplatin sensitivity was explored through CCK-8 and flow cytometry analysis, respectively. FEN1 siRNAs and FEN1
expression plasmid were transfected into cells to down-regulate or up-regulate FEN1 expression. The promotor activity of
FENI1 was detected using luciferase reporter assay.

Results FEN1 down-regulation improved cisplatin sensitivity of breast cancer cells overexpressing aromatase. Letrozole
down-regulated FEN1 expression and increased cisplatin sensitivity. The sensitizing effect of letrozole to cisplatin was
dependent on FEN1 down-regulation. FEN1 overexpression could block the sensitizing effect of letrozole to cisplatin.
Testosterone up-regulated the promotor activity, protein expression of FEN1, and phosphorylation of ERK/Elk-1, which
could be eliminated by both letrozole and MEK1/2 inhibitor U0126. Letrozole down-regulated FEN1 expression in an ERK/
Elk-1-dependent manner.

Conclusions Our findings clearly demonstrate that letrozole improves cisplatin sensitivity of breast cancer cells overexpress-
ing aromatase via down-regulation of FEN1 and suggest that a combined use of letrozole and cisplatin may be a potential
treatment protocol for relieving cisplatin resistance in human breast cancer.
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anti-cancer activity of cisplatin is involved in its binding
with DNA. The formation of DNA—cisplatin complex blocks
DNA replication or inhibits transcription [7, 8]. However,
breast cancer cells often develop resistance to cisplatin in
clinic. At present, the actual mechanisms of cisplatin resist-
ance are not fully understood. The currently known mecha-
nisms comprise increased DNA repair, cytosolic inactiva-
tion and altered cellular accumulation of drug [9—11]. The
enhanced DNA repair ability has been demonstrated to be
the key factor to result in cisplatin resistance. The increased
ability of base excision repair (BER), nucleotide excision
repair (NER) and mismatch repair in DNA repair pathway
is considered to be involved in cisplatin resistance, and NER
might be one of the most important mechanisms [9, 12].

FENI is a structure-specific endonuclease. It has flap
endonuclease, gap-endonuclease activities and 5'-exonu-
clease [13, 14]. These properties make it possible for FEN1
to take part in multiple pathways of DNA metabolisms, such
as maintenance of telomere, stalled replication fork rescue,
apoptotic DNA fragmentation and Okazaki fragment matu-
ration [15, 16]. FEN1 is overexpressed in multiple cancers,
including metastatic prostate cancer [17], pancreatic cancer
[18], neurocytoma [19] and breast cancer [20]. In breast
cancer, FEN1 overexpression is considered as a potential
therapy target and biomarker to monitor cancer progression
[20, 21], and involved in resistance to a lot of chemothera-
peutic drugs such as cisplatin [22-24]. Evidence suggests
that FEN1 expression can be regulated by estrogen. Estrogen
regulates FEN1 expression in uterine tissue whose biology
is closely related to breast tissue [25]. FEN1 expression is
up-regulated 2.63-fold by estrogen in MCF-7 breast cancer
cells, though the exact mechanism is not clear [26]. The 5’
flanking region of FEN1 includes two CpG islands which
regulate FEN1 promoter activity, and hypomethylation of
FEN1 promotor up-regulates FEN1 expression in breast
cancer [20]. However, the hypomethylation mechanism can
not fully explain estrogen-induced FEN1 overexpression.
Estrogen-induced genes expression is generally controlled
by transcriptional factor Elk-1, whose phosphorylation activ-
ity is regulated by MAPK/ERK [27, 28]. Bioinformatics
analysis shows the presence of four potential Elk-1 binding
sites and the absence of ER-binding sites in FEN1 promoter
region. Our previous study has demonstrated that increased
MAPK/ERK phosphorylation contributes to FEN1 over-
expression which could be induced by cisplatin in breast
cancer cells [24]. It is indicated that ERK/EIk-1 signaling
may be involved in estrogen-induced FEN1 up-regulation
in breast cancer cells.

In this study, the effects of letrozole on FEN1 expression
and cisplatin sensitivity in breast cancer cells overexpressing
aromatase were explored. We found that letrozole improved
cisplatin sensitivity of MCF-7aro cells, a kind of aromatase
overexpressing breast cancer cells. The sensitizing effect of

letrozole to cisplatin was involved in FEN1 down-regulation
through the inhibition of the ERK/EIk-1 signaling.

Materials and methods
Chemicals, plasmids and antibodies

Testosterone, letrozole and MEK1/2 inhibitor U0126 were
from Sigma Chemical Co. (USA). Cisplatin was bought
from Beyotime Company (China). T-ERK and p-MAPK
(p44/42) were from Cell signaling technology (USA). T-EIk,
p-Elk, FEN1 were from Santa Cruz Biotechnology (USA).
PGLA4-FP9, a luciferase reporter plasmid containing 5’ flank-
ing region of FEN1 promoter from — 458 to + 278, pIRES-
neo and pIRES-neo-FENI1 eukaryon expression plasmid
were the gifts from Dr. Binghui Shen (Beckman Research
Institute, USA).

Cell culture and testosterone treatment

MCEF-7aro cells were a gift from Dr. Shuian Chen (Beckman
Research Institute of the City of Hope, USA) and grown at
37 °C with 5% CO, in phenol-red-free MEM (GIBCO BRL,
USA) containing 10% FBS (GIBCO BRL, USA), 1% NEAA
(Hyclone, USA), 1% sodium pyruvate (Hyclone, USA), 1%
penicillin—streptomycin, 100 pg/mL G418. For testosterone
treatment experiments, cells were cultured in phenol-red-
free media containing 10% charcoal-stripped FBS (Hyclone,
USA) for 3 days and then treated with 10 nM testosterone.

RNA interference

The short interfering RNA (siRNA) strand oligomers spe-
cific for FEN1 were synthesized according to the Ref. [29].
Cells were incubated in 96-well plates or six-well plates
overnight, followed by transfection with FEN1 siRNA or
control siRNA using the Oligofectamine™ Transfection
Reagent (Invitrogen, USA) following the instructions. After
72 h, cells in six-well plates were harvested and analyzed
by Western blot. Cells in 96-well plates were used for cell
proliferation assays after treatment with cisplatin for 3 days.

RT-PCR

The extraction of total RNA was performed by RNAout rea-
gent (Beyotime, China). To produce the first-strand cDNA,
2 pg of total RNA was incubated with a reverse transcriptase
buffer (Takara, China). The PCR primer sequences were
as follows: hFEN1, 5'-ccagctcttcttggaacctg-3' (forward);
5'-cgctectcagagaactgcett-3' (reverse); GAPDH, 5'-caatgaccc-
cttcattgacc-3' (forward); 5'-gacaagcttcccgttctcag-3' (reverse).
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PCR fragments were visualized on a 1% agarose gel stained
with ethidium bromide.

Western blot

The cells were deprived of steroid for 72 h and serum-
starved for 24 h, followed by treatment with the agents
indicated. Isolation of cell extracts and Western blot analy-
sis was previously described [30]. GAPDH was used as a
control for each group. Quantitative density of the images
was calculated with the Imaging Densitometer (Model
GS-700, Bio-Rad, USA) and software of Molecular Analyst
(Bio-Rad, USA). The results were shown with the ratios to
GAPDH density.

Transient transfection and luciferase reporter assay

MCF-T7aro cells were transfected with the kit of Oligo-
fectamine™ Transfection Reagent (Invitrogen, USA).
The number of 1.5x 10° cells per well were transferred to
24-well plates and cultured overnight. A mixture of 0.2 pg
pGL4-FP9, 0.3 pg B-gal, 1 pL Lipofectamine2000 and
Opti-MEM (Invitrogen, USA) was put into each well. After
incubation for 4 h, the cells were treated with the agents
indicated in serum-free medium for 24 h. The activity of
luciferase was detected with the Luciferase Assay System
(Promega, USA). The activity of p-gal was detected with
B-gal Assay Kit (Beyotime, China) at 420 nm. The relative
activity of luciferase was counted as dividing the activity of
luciferase by p-gal.

Cell proliferation assay

Cell proliferation effect was measured by CCK-8 kit (Beyo-
time, China) following the instructions. Briefly, 3000-5000
cells per well (according to the experiment purpose) were
seeded into 96-well plates and incubated overnight. After
treatment with the agents indicated for 3 days, 10 pL CCK-8
dye was added to the well followed by incubation for 2 h.
The absorbance at 450 nm was detected with a microplate
reader.

Flow cytometry analysis

The steroid-deprived cells were treated with testosterone,
or letrozole, or cisplatin for 3 days. Then, approximately
50-60 x 10* cells were suspended in 1 mL of PBS and
aspirated to obtain a mono-dispersed cell suspension. The
cells were centrifuged and 900 pL of the supernatant was
decanted. The remaining 100 pL cell suspension and 900 pLL
of 70% ethanol were mixed and fixed for at least 48 h, and
then was analyzed with a Becton—Dickinson FACS Calibur
flow cytometer.

@ Springer

Statistical analysis

Statistical analysis was carried out using one-way ANOVA
to determine differences in means. All data were shown as
mean + SD, and p < 0.05 was considered to be statistically
significant.

Results

FEN1 down-regulation improves MCF-7aro cells’
sensitivity to cisplatin

To examine the relationship between FEN1 expression and
cisplatin sensitivity in MCF-7aro cells, RNA interference
of FEN1 was first used to down-regulate FEN1 expression.
FENI1 siRNA was found to obviously inhibit FEN1 expres-
sion in MCF-7aro cells (Fig. 1a, b, p <0.05). Then, the anti-
proliferation effect of cisplatin on cells subjected to FEN1
knockdown or not was observed (Fig. 1c and Table S1). Cis-
platin inhibited the proliferation of cells treated with vehicle
or cells transfected with non-specific negative control siRNA
(» <0.001). However, the inhibitory effect of cisplatin on
cells subjected to FEN1 siRNA was more significant than
control siRNA-transfected cells (p <0.01). These results
suggested that FEN1 down-regulation improved the sensi-
tivity of MCF-7aro cells to cisplatin.

Letrozole down-regulates the expression of FEN1
in MCF-7aro cells

To examine the effect of letrozole on FEN1 expression in
MCEF-7aro cells, RT-PCR and Western blot were used to
investigate the expression of FEN1 mRNA and protein
in MCF-7aro cells treated with testosterone or letrozole
(Fig. 2). The results showed that testosterone could up-
regulate mRNA and protein expression of FEN1(p <0.01).
Letrozole alone had no effect on FEN1 expression, because
the cells were deprived of steroid. However, letrozole inhib-
ited testosterone-induced up-regulation of FEN1 expression
(p <0.01). These results showed that similar to the effect of
estrogen on FEN1 expression [25, 26], testosterone which
was transformed into estrogen by aromatase, could also up-
regulate FEN1 expression and testosterone-induced FEN1
up-regulation could be blocked by letrozole.

Letrozole improves MCF-7aro cells sensitivity
to cisplatin

To examine the effect of letrozole on cisplatin sensitivity
in MCF-7aro cells, MCF-7aro cells were incubated in the
presence or absence of testosterone with or without letrozole
or cisplatin or letrozole combined with cisplatin. Then, the



Clinical and Translational Oncology (2019) 21:1026-1033

1029

Fig. 1 FENI down-regulation
improves MCF-7aro cell
sensitivity to cisplatin. Cis: cis-
platin. a Knockdown of FEN1
expression in MCF-7aro cells.
The FEN1 siRNA or negative
control siRNA was transfected
into MCF-7aro cells for 24 h,
respectively. The expression of
FENI1 protein was examined by
Western blot. b Summarized
results from a. ¢ The anti-
proliferation effect of cisplatin
in presence of FEN1 knock-
down or not. MCF-7aro cells
transfected with FEN1 siRNA
or negative control siRNA were
treated with or without 15 pg/
mL cisplatin for 3 days. The cell
proliferation was examined by
CCK-8 on 3rd day. *p<0.05,
*#p <0.01, ***p <0.001

Fig.2 Letrozole down-regulates
FENI1 expression in MCF-7aro
cells. Let: letrozole. T testoster-
one. The cells were cultured in
phenol-red-free media with 10%
CD-FBS for 3 days, and then
treated with 10 nM testosterone
alone or 200 nM letrozole or

10 nM testosterone plus 200 nM
letrozole for 24 h. The mRNA
and protein expression of FEN1
were determined by RT-PCR
and Western blot. a RT-PCR
analysis for FEN1 mRNA
expression. GAPDH was used
as an internal standard. b
Summarized results from a. ¢
Western blot analysis for FEN1
protein expression. d Summa-
rized results from ¢. **p <0.01
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proliferation and cell cycle of treated cells were analyzed
by CCK-8 analysis (Fig. 3a) and flow cytometry analysis
(Table 1). The results showed that testosterone could stimu-
late the proliferation of MCF-7aro cells compared with
vehicle (p <0.05). Letrozole or cisplatin in the presence
of testosterone inhibited cells proliferation compared with
testosterone alone (p <0.05). However, letrozole combined
with cisplatin in the presence of testosterone significantly
inhibited cells proliferation than letrozole or cisplatin alone
(p <0.05). Flow cytometry analysis showed that the propor-
tion of cells treated with testosterone in S-phase increased
compared with vehicle. The proportion of cells treated with
testosterone plus letrozole and testosterone plus cisplatin in
S-phase decreased compared with testosterone treatment
alone. Testosterone plus letrozole combined with cisplatin
markedly decreased the proportion of cells in S-phase than
testosterone plus letrozole and testosterone plus cisplatin.
These data suggested that letrozole improved MCF-7aro
cells sensitivity to cisplatin.

Letrozole improves MCF-7aro cell sensitivity
to cisplatin via down-regulation of FEN1

To confirm the relationship between the sensitization of
letrozole on cisplatin and FEN1 expression in breast cancer
cells, the eukaryotic-expressing plasmid of FEN1 (pIRES-
neo-FEN1) and control plasmid (pIRES-neo) were trans-
fected into MCF-7aro cells, respectively. The effect of

letrozole on cisplatin sensitivity in MCF-7aro cells over-
expressing FEN1 was tested by CCK-8 analysis (Fig. 3b).
The results showed that letrozole combined with cisplatin in
MCF-7aro cells transfected with control plasmid obviously
inhibited cell proliferation compared with cisplatin treatment
alone, suggesting again that letrozole improves MCF-7aro
cells sensitivity to cisplatin as observed in Fig. 3a. However,
when FEN1 was overexpressed, the sensitization of letrozole
on cisplatin disappeared. These results indicated the sensitiz-
ing effect of letrozole to cisplatin was dependent on FEN1
down-regulation and FEN1 overexpression could block the
sensitizing effect of letrozole to cisplatin in MCF-7aro cells.
Combined with results shown in Figs. 1 and 2, these results
suggested that letrozole improved MCF-7aro cell sensitivity
to cisplatin via down-regulation of FEN1 expression.

Letrozole down-regulates FEN1 expression
through ERK/Elk-1 signaling in MCF-7aro cells

To explore the mechanism of letrozole to down-regulate
FEN1 expression in MCF-7aro cells, the promotor activity
of FEN1 and FENI1 protein expression were analyzed by
luciferase reporter assay and Western blot (Fig. 4).The stud-
ies showed that testosterone stimulated the promotor activity
of FEN1 and FEN1 protein expression compared with con-
trol (p <0.05), which could be blocked by either letrozole
or U0126. Because our previous study has demonstrated
that increased MAPK/ERK phosphorylation contributes to
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pIRES-FEN1 - + - + - +
Cis - - + + + +
Let - - - - + +
Table 1
Vehicle T T+Let T+Cis T+Let+Cis
% of S-phase cells | 54.93+0.73 | 63.47+1.39* 40.541+2.84** | 43.561+2.03** 35.321+0.43***

Fig.3 Letrozole improves MCF-7aro cells sensitivity to cisplatin via
down-regulation of FEN1 expression. Cis: cisplatin. Let: letrozole. T:
testosterone. The cells were cultured in phenol-red-free media with
10% CD-FBS for 3 days, and then treated with or without 10 nM
testosterone alone or 10 nM testosterone plus 200 nM letrozole or
10 nM testosterone plus 15 pg/mL cisplatin or 10 nM testosterone
plus 200 nM letrozole plus 15 pg/mL cisplatin for 3 days. a Cell
proliferation was measured by CCK-8. b MCF-7aro cells cultured in
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steroid-deprived media were transfected with or without pIRES-neo-
FEN1 or control plasmid for 24 h, and then treated with or without
15 pg/mL cisplatin or 200 nM letrozole or a combination of both for
48 h. Finally, cell proliferation was measured with CCK-8 assay. The
effect of testosterone, letrozole and cisplatin on the proportion of cells
in S-phase was investigated by flow cytometry (Table 1). *p <0.05,
*#p <0.01, ¥**¥p <0.001
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Fig.4 The effect of testoster-
one, letrozole and U0126 on
the promotor activity of FEN1
and FENI1 protein expres-
sion in MCF-7aro cells. Let:
letrozole. T: testosterone.
U0126: MEK1/2 inhibitor.

a The steroid-deprived cells
were transfected with the FEN1
promoter plasmid and then
treated with or without 10 nM
testosterone alone or 10 nM
testosterone combined with
200 nM letrozole or 10 nM
testosterone combined with
10 pM UO0126 for 1 day. The
FEN1 promoter activity was
determined by the luciferase
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reporter assay. b The steroid-
deprived cells were treated with

or without 10 nM testosterone

alone or 10 nM testoster- T W W W S

one combined with 200 nM

letrozole or 10 nM testosterone
combined with 10 pM U0126
for 1 day. FEN1 protein expres-
sion was examined by Western
blot. ¢ Summarized results from
b. *p <0.05, **p<0.01

cisplatin-induced FEN1 overexpression in breast cancer cells
[24], these data indicate that letrozole could down-regulated
FENI1 expression in a MAPK/ERK-dependent manner. To
further confirm this conclusion, the effect of testosterone,
letrozole and U0126 on phosphorylation of ERK and Elk-1
were detected by Western blot (Fig. 5). The results showed
that testosterone stimulated phosphorylation of ERK and
Elk-1 compared with control, which could be blocked by
letrozole and U0126. Taken together, these results suggested
that letrozole down-regulated FEN1 expression through
ERK/EIk-1 signaling.

Fig.5 The effect of testoster-
one, letrozole and U0126 on
phosphorylation of ERK and
Elk-1 in MCE-7aro cells. T:
testosterone. Let: letrozole.
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Discussion

At present, the detailed mechanisms of cisplatin resistance
in breast cancer cells remain unclear. It is urgent to search
and develop new therapeutic strategies to solve cisplatin
resistance for improving the treatment of breast cancer.
Because FEN1 participates in DNA repair, and DNA repair
mechanism, especially nucleotide excision repair mechanism
plays an important role in cisplatin resistance, it indicates
that FEN1 overexpression is involved in cisplatin resistance.
In the LN308 glioblastoma cells, the sensitivity of cisplatin
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and temozolomide can be enhanced by down-regulation of
FENI1 expression [31]. In breast cancer cells, the overex-
pression of FEN1 has also been found to cause resistance to
many chemotherapy drugs [23]. Our recent research finds
that FEN1 overexpression in breast cancer cells promotes
cisplatin resistance [24]. In this study, similarly, our research
shows that FEN1 down-regulation improves MCF-7aro cell
sensitivity to cisplatin, again suggesting that FEN1 could be
a potential therapeutic target to relieve cisplatin resistance
in breast cancer.

It has been reported that estrogen could up-regulate FEN1
expression in breast cancer cells and FEN1 overexpression
in breast cancer cells promotes cisplatin resistance [24-26].
We guess that a combination of letrozole and cisplatin may
affect breast cancer cell sensitivity to cisplatin because of
the anti-estrogen action of letrozole. Our current research
found that testosterone up-regulated the expression of FEN1
mRNA and protein in MCF7-aro cells, which could be elimi-
nated by letrozole. It suggests that the effect of testosterone
on FENI1 expression was similar to estrogen and letrozole
could inhibit FEN1 expression through blocking the trans-
formation from androgen to estrogen. Our study further
demonstrated that cisplatin combined with letrozole inhib-
its cell proliferation and progress of cell cycle in MCF7-aro
cells better than cisplatin alone, suggesting that letrozole
improves MCF7-aro cells sensitivity to cisplatin. Mean-
while, we found that FEN1 overexpression counteracted the
sensitizing effect of letrozole to cisplatin, further suggesting
that letrozole improves the sensitivity of breast cancer cells
overexpressing aromatase to cisplatin via down-regulation
of FEN1 expression.

The possible mechanism of letrozole to down-regulate
FEN1 expression in MCF7-aro cells was further explored
in our study. Recent research shows that the estrogen sign-
aling is mostly affected by phosphorylation of MAPK/
ERK in the breast cancer cells [32, 33]. The phosphoryla-
tion of ERK has been demonstrated to be associated with
cisplatin resistance [34, 35]. Our previous study has also
demonstrated that increased MAPK/ERK phosphorylation
contributes to cisplatin resistance and cisplatin-induced
FENI1 overexpression in breast cancer cells [24]. All these
accumulated evidence indicates that the phosphorylation
of ERK/MAPK may be involved in letrozole-mediated
FEN1 down-regulation. Our results showed that letrozole
counteracted testosterone-induced FEN1 up-regulation in a
MAPK/ERK-dependent manner. We further observed that
testosterone-induced phosphorylation of ERK and Elk-1
could be inhibited by letrozole and U0126, suggesting that
letrozole down-regulates FEN1 expression through ERK/
Elk-1 signaling. It has been reported that estrogen-mediated
activation of the serum response element in MCF-7 cells
through MAPK-dependent phosphorylation of Elk-1 [33].
Though we have demonstrated that increased MAPK/ERK
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phosphorylation contributes to cisplatin-induced FEN1 over-
expression in breast cancer cells [24], it needs to be further
confirmed whether testosterone-activated Elk-1 binds to
FEN1 promotor.

In conclusion, letrozole improves breast cancer cells sen-
sitivity to cisplatin via down-regulation of FEN1 expression,
which is realized by inhibiting testosterone-mediated activa-
tion of ERK/EIlk-1 signaling. Our research demonstrates a
new mechanism of FEN1 expression regulation and provides
a new strategy to overcome cisplatin resistance in breast can-
cer cells. Although the combination between chemotherapy
and endocrinotherapy in treatment of breast cancer in clinic
remains a considerable controversy, our present data sug-
gest that a combination of letrozole and cisplatin improves
cisplatin resistance in breast cancer cells.
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