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Abstract: Development of resistance to doxorubicin-based chemotherapy limits curative effect in breast cancer
(BC). N-acetyltransferase 10 (NAT10), a nucleolar protein involved in histone acetylation, is overexpressed in several
cancers. We investigated whether NAT10 is involved in doxorubicin resistance in BC and explored the potential
mechanisms. Remodelin, a NAT10 inhibitor, and a NAT10 small interfering RNA (siRNA) were used to inhibit NAT10;
both remodelin and the NAT10 siRNA reduced cell viability and attenuated doxorubicin resistance in four BC cell
lines. Remodelin and doxorubicin synergistically reduced cell viability, though knockdown of NAT10 and remodelin
did not exert a synergistic effect in doxorubicin-treated cells. Remodelin upregulated E-cadherin and downregulated
vimentin, canonical markers of the epithelial-mesenchymal transition (EMT), whereas doxorubicin had the oppo-
site effects. Moreover, both remodelin and knockdown of NAT10 reversed the doxorubicin-induced EMT. Finally,
when the EMT was blocked using a siRNA targeting Twist, remodelin could not alleviate doxorubicin resistance.
Collectively, these findings demonstrate that inhibition of NAT10 attenuates doxorubicin resistance by reversing the
EMT in BC. This represents a novel mechanism of doxorubicin resistance in BC and indicates remodelin may have

potential clinical value to increase the efficacy of doxorubicin-based chemotherapy in BC.
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Introduction

Breast cancer (BC) is a leading cause of death
among women worldwide [1]. Surgery and che-
motherapy are the main treatments; chemo-
therapy can be administered before (neoadju-
vant) or after surgery, with or without other
interventions [2]. Although the goal of chemo-
therapy is to eliminate tumor cells and prevent
metastasis, intrinsic and acquired resistance
limit the efficacy of conventional chemothera-
peutic agents [3]. A lack of a response to che-
motherapeutic drugs remains a major problem
in BC. The anthracycline doxorubicin is recom-
mended as the first-line chemotherapeutic
agent for treatment of BC resistant to endo-
crine therapy or advanced stage disease [4, 5].
The antitumor activity of doxorubicin is mediat-
ed via initiation of DNA damage [5]. Although
doxorubicin is still considered to be one of the
most effective agents for BC, dose-related

development of resistance limits its efficacy [6].
Therefore, it is essential to identify the mecha-
nisms underlying resistance to doxorubicin to
improve survival outcomes in BC.

NAT10 (N-acetyltransferase 10) is a 872 amino
acid nucleolar protein containing an acetyl-
transferase domain and lysine-rich C-terminus.
NAT10 enhances telomerase activity by stimu-
lating human telomerase reverse transcriptase
(hTERT) transcription [7] and is involved in sev-
eral important biological processes, such as
DNA damage responses, activation of rRNA
transcription, cytokinesis and acetylation of
microtubules [8-10]. NAT10 has been reported
to participate in the development of several
human cancers, including colorectal cancer
and hepatocellular carcinoma [11-14]. Although
dysregulation of NAT10 may play an important
role in carcinogenesis, little is known about the
role of NAT10 in BC or the effect of NAT10 on
drug resistance in BC.
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Figure 1. Remodelin attenuates doxorubicin resistance in BC cells. A. BC cell lines were treated with different con-
centrations of doxorubicin (0, 0.0625, 0.125, 0.25, 0.5, 1.0 yg/mL) and/or remodelin (0.00, 2.50, 5.0, 7.50, 10.0

M). Cell viability was examined using the CCK-8 assay. B, C. BC cell lines were treated with doxorubicin (0, 0.0625,
0.125, 0.25, 0.5, 1.0 pyg/mL) and/or remodelin (O, 0.625, 1.25, 2.5, 5, 10 uM). Cell proliferation was examined
using the EDU assay; the numbers of EDU positive blotting confirmed remodelin effectively downregulated NAT10
protein expression. D. Western Bot was used to detect the interference efficiency of NAT10.

Remodelin, a specific inhibitor of NAT10 that pathic cells via microtubule reorganization, was
can mediate nuclear shape rescue in lamino- identified by Larrieu et al. in 2014 [15].
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Figure 2. Knockdown of NAT10 confirms remodelin attenuates doxorubicin resistance in BC cells by inhibiting
NAT10. A. BC cells were treated with different concentrations of doxorubicin (0, 0.0625, 0.125, 0.25, 0.5, 1.0 ug/
mL), then transfected with the NAT10 siRNA, negative control siRNA, or NAT10 siRNA and treated with remodelin.
Cell viability was examined using the CCK-8 assay. B. Western blotting was used to confirm the knockdown efficiency

of the NAT10 siRNA; GAPDH was used as the internal control.

Remodelin was recently reported to alleviate
defects associated with prelamin Aand improve
the health of aged vascular smooth muscle
cells (VSMCs) [16]. Remodelin also inhibits
hepatocellular carcinoma cell invasion and
migration under hypoxic conditions by blocking
the epithelial-mesenchymal transition (EMT)
[11]. However, the effect of remodelin has not
been investigated in BC.

In the present study, we investigated the rela-
tionships between NAT10, doxorubicin and the
EMT to explore the mechanisms underlying
doxorubicin resistance in BC.
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Methods and materials

Cell culture and reagents

Four human BC cell lines, Bcap-37, MCF-7,
HCC1937 and MDA-MB-231, were originally
purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA) and culti-
vated as instructed by the ATCC in a humidified
incubator with 5% CO, at 37°C. Bcap-37 and
HCC193 cells were cultured in RPMI-1640
(Gibco, Grand Island, NY, USA) supplemented
with 10% FBS; MCF-7 cells, in MEM (Gibco,
Grand Island, NY, USA) supplemented with 10%

Am J Transl Res 2018;10(1):256-264
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Figure 3. Remodelin reverses the EMT in BC cells. A. Western blotting of the effect of remodelin on E-cadherin and
vimentin protein expression in BC cell lines. GAPDH was used as the internal control. B. Immunofluorescence assay
of the effect of remodelin on E-cadherin (Red) and vimentin (Green) protein expression in BC cell lines; nuclei were

stained using DAPI (blue).

FBS; MDA-MB-231 cells, in L15 (Gibco, Grand
Island, NY, USA) supplemented with 10% FBS.
Remodelin and doxorubicin were purchased
from Selleckchem (S7641 and S1208; Houston,
TX, USA).

Cell viability assay

MDA-MB-231 cells were seeded into 96-well
microplates at 8,000 cells per well and the
other three cell lines at 4,000 cells per well,
cultured in media containing 1% FBS for 24 h to
synchronize the cells, then cultured with differ-
ent concentrations of doxorubicin (0.00 to 1.0
pg/mL), remodelin (0.00 to 10.0 uM), or both
for 48 h. The CCK-8 assay (Dojindo, Kumamoto,
Japan) was performed according to the manu-
facturer’s instructions. OD450 values were
determined using a MRX Il microplate reader
(Dynex, Chantilly, VA, USA).

Cell proliferation assay

Cell proliferation was assessed by 5-ethynyl-
2’-deoxyuridine (EdU) staining using the Click-
iTEAU Imaging Kit (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions.
Cells were treated with doxorubicin (0, 0.0625,
0.125, 0.25, 0.5, 1.0 yg/mL) or both doxorubi-
cin and remodelin (0, 0.625, 1.25, 2.5, 5, 10
puM). for 48 h, then incubated with 10 yM EdU
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for 2 h at 37°C. The cells were fixed in 3.7%
formaldehyde for 15 min at room temperature,
permeabilized in 0.5% Triton X-100 for 20 min
at room temperature, washed twice with Tris-
buffered saline (TBS) and 0.1% Tween 20 (TBS-
T) containing 5% bovine serum albumin (BSA),
and incubated with 0.5 mL Click-iT® reaction
cocktail for 30 min in the dark., followed by 1
mL of Hoechst 33,342 (1:2000) for 30 min.
Three random fields of view per slide were
captured using a fluorescence microscope (Oly-
mpus, Tokyo, Japan) and the numbers of prolif-
erating cells (EdU-positive) were counted.

Cell transfection and RNA interference

Human NAT10 and Twist siRNAs were obtained
from Shanghai GeneChem Co., Ltd. (Shanghai,
China). The NAT10 siRNA (100 nM) sequence
and the Twist siRNA (100 nM) sequence were
purchased by Santa Cruz Biotechnology (Santa
Cruz, Dallas, TX, USA). The siRNAs were trans-
fected into cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s
instructions. Knockdown efficiency was deter-
mined by Western blotting.

Western blot analysis

Western blot analysis was performed following
standard methods [17] using anti-E-cadherin

Am J Transl Res 2018;10(1):256-264
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Figure 4. Knockdown of NAT10 reverses the doxorubicin-induced EMT in BC cells. A. Western blotting of the effect
of remodelin and/or doxorubicin on E-cadherin, vimentin and NAT10 protein expression in BC cell lines. GAPDH was
used as the internal control. B. Quantification of western blot grey values (*P < 0.05, **P < 0.01, ***P < 0.001 vs
Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs doxorubicin). C. Western blotting analysis the effect of transfected
with NAT10 and/or doxorubicin on E-cadherin, vimentin in BC cell lines. GAPDH was used as the internal control.

(1:2000; Danvers MA, USA), anti-vimentin
(1:2000; CST), anti-Twist (1:2000; CST), anti-
GAPDH (1:1000; Cell Signaling technology,
Danvers, MA, USA) and anti-NAT10 (1:1000;
Abcam, Cambridge, UK). Secondary antibodies
conjugated to horseradish peroxidase (1:2000)
were obtained from Abcam. The grey values
were quantified using Quantity One software
(Bio-Rad, Drive Hercules, CA, USA).

Immunofluorescent staining

Cells were seeded onto coverslips, fixed in 4%
formaldehyde for 30 min, blocked in 3% BSA for
30 min, followed by permeabilization with 0.1%
Triton-X 100. Cells were then stained with pri-
mary E-cadherin or vimentin antibodies (1:100;
Cell Signaling Technology, Danvers, MA, USA),
followed by FITC-conjugated secondary anti-
body (Abcam, Cambridge, USA) and DAPI
(1:1000). The cells were observed by confocal
immunofluorescence microscopy (Zeiss, Ober-
kochen, Germany).

260

Statistical analysis

Data are presented as the mean + SD.
Statistical analyses were performed using.
Differences between two groups were exam-
ined using the Student’s t-test and SPSS soft-
ware (Version 18.0; SPSS Inc, Chicago, IL, USA)
multiple groups, one-way analysis of variance
(ANOVA). Significance was defined as P < 0.05.

Results

Remodelin attenuates doxorubicin resistance
in BC cells

Remodelin is an inhibitor of NAT10. To explore
the role of NAT10 in doxorubicin resistance in
BC, we first evaluated the effect of remodelin
on BC cell viability in the presence of different
concentrations of doxorubicin (Figure 1A).
Combined doxorubicin and remodelin treat-
ment reduced cell viability significantly more
compared to cells treated with doxorubicin

Am J Transl Res 2018;10(1):256-264
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Figure 5. The effect of Remodelin was vanished in BC after knockdown of Twist. A. BC cell lines were transfected
with a Twist siRNA and/or treated with remodelin in the presence of different concentrations of doxorubicin. Cell
viability was examined using the CCK-8 assay. B. Western blotting was used to confirm the knockdown efficiency of

the Twist siRNA; GAPDH was used as the internal control.

alone. EDU assays confirmed that both doxoru-
bicin and remodelin decreased BC cell prolifer-
ation more compared to cells treated with doxo-
rubicin alone (Figure 1B and 1C), suggesting
remodelin attenuates doxorubicin resistance
in BC cells. Western blotting demonstrated
remodelin reduced the expression of NAT10,
confirming remodelin is an effective inhibitor of
NAT10 (Figure 1D).

Knockdown of NAT10 confirms remodelin at-
tenuates doxorubicin resistance in BC cells by
inhibiting NAT10

To further confirm the ability of NAT10 to confer

doxorubicin resistance in BC, we used a siRNA
to knockdown NAT10. The CCK-8 assay showed
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that, similarly to remodelin treatment, knock-
down of NAT10 attenuated doxorubicin resis-
tance in BC cell lines compared to negative
control-transfected cells. However, cell viability
was similar in cells transfected with the NAT10
siRNA alone and cells treated with the NAT10
siRNA and remodelin (Figure 2A), confirming
remodelin attenuates doxorubicin resistance in
BC cells by inhibiting NAT10. The knockdown
efficiency of the NAT10 siRNA was confirmed by
Western blotting (Figure 2B).

Remodelin reverses the EMT in BC cells

The EMT is closely associated with chemoresis-
tance in cancer. Thus, we hypothesized remod-
elin may attenuate doxorubicin resistance in

Am J Transl Res 2018;10(1):256-264
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BC by reversing the EMT. Western blotting
(Figure 3A) and immunofluorescent staining
(Figure 3B) revealed remodelin significantly
upregulated the epithelial marker E-cadherin
and downregulated the mesenchymal marker
vimentin in BC cells, indicating remodelin
reverses the EMT in BC cells.

Knockdown of NAT10 reverses the doxorubi-
cin-induced EMT in BC cells

To further prove our hypothesis, next we exam-
ined the relationship between doxorubicin and
the EMT. Doxorubicin significantly upregulated
vimentin and downregulated E-cadherin in BC
cell lines (Figure 4A and 4B). However, vimentin
expression significantly decreased and E-cad-
herin expression increased in BC cells treated
with both doxorubicin and remodelin, indicating
remodelin reversed the doxorubicin-induced
EMT in BC cells. Furthermore, NAT10 expres-
sion was significantly reduced by remodelin,
but not by doxorubicin (Figure 4A and 4B).
Knockdown of NAT10 using the siRNA also
significantly reversed the doxorubicin-induced
induced EMT (Figure 4C), confirming that inhibi-
tion of NAT10 reverses the EMT in BC cells.

To further explore the relationship between the
EMT, doxorubicin resistance and remodelin, we
knocked down Twist, a key molecule involved in
the EMT, to block the EMT. The knockdown effi-
ciency of the Twist siRNA was confirmed by
western blotting (Figure 5A). After inhibition of
the EMT using remodelin, the cell viability of
cells treated with the Twist siRNA alone and
Twist siRNA + remodelin were not significantly
different in the presence of doxorubicin (Figure
5B), further confirming that remodelin attenu-
ates doxorubicin resistance by reversing the
EMT. Hence, these results prove our hypothesis
that remodelin attenuates doxorubicin resis-
tance in BC cells by reversing the EMT.

Discussion

Chemotherapy is widely used as an adjuvant
therapy for BC; however, drug resistance limits
the efficacy of chemotherapy [18, 19]. This
study demonstrates inhibition of NAT10 attenu-
ates doxorubicin resistance in BC by reversing
the EMT, and indicates the NAT10 inhibitor
remodelin may have potential clinical value to
reduce doxorubicin resistance in BC.
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NAT10 activates telomerase activity and par-
ticipates in several essential biological pro-
cesses [8, 9, 20, 21]. The role of NAT10 in can-
cer is poorly characterized. NAT10 can regulate
the EMT and promote metastasis in HCC, and
high expression of NAT10 is associated with
poor patient survival [11, 13]. In colorectal car-
cinoma, NAT10 is regulated by glycogen syn-
thase kinase-3[ (GSK-3p), involved in the Wnt
signaling pathway and plays a critical role in
p53 activation via acetylating p53 and counter-
acting mouse double minute2 (Mdm?2) [12, 14].
However, little is known about the role of NAT10
in drug resistance in BC. This study provides
the first evidence that inhibition of NAT10 can
relive doxorubicin resistance in BC.

The EMT is involved in drug resistance in can-
cer cells [22-24]. In BC, the EMT can induce
drug resistance by promoting a stemness phe-
notype [25-28]. Furthermore, Ma et al. indicat-
ed that NAT10 could regulate the EMT in HCC
[11]. Based on these previous reports, we
hypothesized NAT10 may confer doxorubicin
resistance in BC cells by regulating the EMT,
and our in vitro experiments provided strong
evidence to confirm this hypothesis.

The small molecule remodelin is an inhibitor of
NAT10 that was first identified by Larrieu et al.
in 2014 [15]. Remodelin can inhibit the inva-
sion and migration of HCC cells under hypoxic
conditions [11]. We demonstrated that remod-
elin could relieve doxorubicin resistance in BC
cells. This finding indicates remodelin could be
administered with doxorubicin to improve treat-
ment efficacy in BC. Further studies are needed
to fully explore the therapeutic value of remod-
elin in BC.

In conclusion, we provide the first evidence that
inhibition of NAT10 can reduce doxorubicin
resistance in BC cells by reversing the EMT.
Moreover, the NAT10 inhibitor remodelin may
represent a potential anti-cancer drug, and
could lead to synergistic treatment effect if
administered with doxorubicin. However, more
experiments are needed to understand the pre-
cise molecular mechanisms underlying doxoru-
bicin resistance in BC.
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