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Long non-coding RNA H19 mediates N-acetyltransferase 1
gene methylation in the development of
tamoxifen resistance in breast cancer
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Abstract. Long non-coding RNA (IncRNA) H19 is associ-
ated with proliferation, invasion and metastasis in numerous
types of cancer. HI9 IncRNA has been demonstrated to be
an estrogen-inducible gene, the expression of which is signifi-
cantly increased in tamoxifen (TAM)-resistant MCF-7 breast
cancer cells. The aim of the present study was to investigate the
role and molecular mechanism of IncRNA H19 in the develop-
ment of TAM resistance. TAM-resistant MCF-7 (MCF-7R)
cells were developed by the treatment of wild-type MCF-7
cells with 4-hydroxytamoxifen. Analysis of H19 expression
in the cells indicated that upregulation of H19 contributed to
the resistance of the MCF-7R cell line. Furthermore, when
H19 was knocked down in the MCF-7R cells, the sensitivity
to 4-hydroxytamoxifen was markedly restored. The results
further demonstrated that N-acetyltransferase 1 (NAT1) may
serve an important role in TAM-resistant cells, as NAT1
expression was notably downregulated in the MCF-7R cells
but significantly elevated following the knockdown of H19. In
addition, lower expression of NAT1 and higher expression of
H19 were indicated to be associated with poor prognosis in
patients with breast cancer treated with TAM. The results of
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bisulfite genomic sequencing PCR analysis indicated that the
methylation rate of NAT1 in MCF-7R cells was significantly
higher compared with that in MCF-7 cells, while the meth-
ylation rate of NAT1 in TAM-resistant cells transfected with
small interfering RNA against H19 was significantly lower
than that in the corresponding untransfected cells. Therefore,
the present study suggests that the H19 gene regulates NAT1
expression in TAM-resistant cells via the mediation of NAT1
promoter methylation.

Introduction

Breast cancer is the most frequently diagnosed type of cancer
in women and is the leading cause of cancer-associated
mortality in women worldwide (1). In total, =70% of breast
cancer cases are classified as estrogen receptor (ER)a-positive
breast cancer (2). Tamoxifen (TAM), a partial ER agonist, is
the gold standard first-line endocrine therapy for premeno-
pausal patients with ERa-positive breast cancer. Furthermore,
the adjuvant therapy of breast cancer with TAM for ~5 years
can reduce the rate of disease recurrence by one-half and
annual breast cancer mortality by one-third (3). Despite these
clear benefits, resistance to TAM therapy is a challenge, and
~40% of patients with ERa-positive breast cancer eventually
develop TAM resistance (4). It has been revealed that the
epigenetic regulation of gene expression is a major cause of
TAM resistance in the laboratory and clinic (5). The methyla-
tion of CpG sites in DNA promoter sequences is an important
epigenetic mechanism that may result in the transcriptional
inactivation of genes and the modulation of drug resistance
in breast cancer (6). There is evidence to suggest that TAM
resistance is associated with the methylation and expression
of the N-acetyltransferase 1 (NAT1) gene (7,8). However, the
molecular mechanism involved in the regulation of NAT1
gene expression and methylation remains unknown.

Long non-coding RNA (IncRNA) H19 is an imprinted
oncofetal gene (9). The expression level of IncRNA H19 is
associated with the presence of ERs and progesterone receptors
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in mammary and uterine cells (10,11). The upregulation of H19
may be associated with the poor prognosis of TAM-resistant
breast cancer, and the downregulation of H19 expression has
been shown to inhibit the expression of transcription factors
associated with the Wnt pathway and epithelial-mesenchymal
transition (12). In addition, Basak er al (13) revealed that
H19 upregulation was regulated by Notch and hepatocyte
growth factor signaling in endocrine therapy-resistant cells,
and that the inhibition of pathways regulating H19 expression
significantly overcame TAM and fulvestrant resistance. These
aforementioned findings have a certain significance for the
present study.

While the mechanism by which H19 regulates transcrip-
tion remains largely unknown, Tsang and Kwok (14) reported
that H19 regulated multidrug resistance protein (MDR1) gene
promoter methylation and induced MDR1-associated chemo-
therapy resistance in hepatocellular carcinoma cells. Thus,
the alteration of target gene methylation may be a molecular
mechanism underlying the regulation of gene transcription by
H19.

Materials and methods

Cell culture and 4-hydroxytamoxifen treatment. MCF-7 breast
cancer cells were obtained from the American Type Culture
Collection and cultured as previously described (10). Briefly,
MCEF-7 cells were cultured in RPMI-1640 supplemented
with 10% FBS (Biological Industries), 100 U/ml penicillin,
100 pg/ml streptomycin and 20 mM L-glutamine (Invitrogen;
Thermo Fisher Scientific, Inc.). TAM-resistant MCF-7 cells
were developed by the treatment of wild-type MCF-7 cells with
1x10°° M 4-hydroxytamoxifen (Sigma-Aldrich; Merck KGaA)
for 21 days and then 1x107 M 4-hydroxytamoxifen for
6 months, as described previously (15). All cells were main-
tained in a humidified incubator with 5% CO, at 37°C. In the
present study, 4-hydroxytamoxifen was used as it is the main
active metabolite of TAM. These 4-hydroxytamoxifen-treated
cells were named as MCF-7R and the corresponding parental
cells as MCF-7.

Cell viability assay. To determine viable cell numbers, cells
were plated in 96-well plates (5,000 cells/well) and treated with
either 0.1% dimethyl sulfoxide or 4-hydroxytamoxifen (1x107°,
1x10°, 1x10°%, 1x107 and 1x10°° M) for 24, 48 and 72 h. Cell
viability was determined using an M TS assay and quantified by
measuring the absorbance at 490 nm. Cell viability is expressed
as the fold of the corresponding control. The half-maximal
inhibitory concentration (ICs) of 4-hydroxytamoxifen for cell
growth was determined by a dose-response experiment and
calculated relative to the corresponding control.

Cell transfection and knockdown of gene expression by RNA
interference. A synthetic RNA oligonucleotide targeting H19
was obtained from Guangzhou RiboBio Co., Ltd. H19 IncRNA
was knocked down using a specific HI9-targeting small
interfering RNA (siRNA) and a short hairpin RNA (shRNA)
vector. The H19 hairpin siRNA sequences were 5'-CATCAA
AGACACCATCGGA-3'. The siRNA was subcloned into a
pSilencer 2.1-U6 neovector (shRNAH19; Guangzhou RiboBio
Co., Ltd.). A negative control siRNA and negative control

shRNA were also purchased from Guangzhou RiboBio
Co., Ltd.

Briefly, cells were plated in phenol red-free medium
containing 5% stripped FBS (Biological Industries) in 12-well
plates at a density of ~70%. Stripped FBS has been incubated
with activated carbon that removes non-polar, lipophilic mate-
rial, such as viruses, growth factors, hormones and cytokines
regardless of molecular weight. This method has little effect
on salts, glucose or amino acids. For the knockdown of H19,
the cells were transfected with 200 nM siRNA H19 for 24 h
at 37°C. Following knockdown, the cells were treated with
4-hydroxytamoxifen for 48 h at 37°C at the concentrations indi-
cated in the respective assay. To generate a stable IncRNA H19
knockdown cell line, 1 ug H19 shRNA was transfected into
MCF-7R cells using Lipofectamine® RNAIMAX reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). The transfected
cells were selected using G418 (Promega Corporation) and a
stable clone was obtained and verified for H19 expression. All
cells were maintained in a humidified incubator with 5% CO,
at 37°C. Following incubation for 48 h, the transfected cells
were harvested and utilized for subsequent experiments.

Breast cancer tissue sample collection. The current
study included 30 primary premenopausal patients (age,
41.22+3.67 years) with ER-positive breast cancer. The patients
underwent surgical resection at Xiangya Hospital (Changsha,
China) and were randomly enrolled from January 2012 to
December 2013. The resected tumor specimens were imme-
diately frozen in liquid nitrogen and kept at -80°C until RNA
extraction. The collection and preservation of tumor and paired
tumor adjacent tissues samples and the obtaining of written
informed consent were approved by the Ethics Committee
of Xiangya Hospital (project no. CTXY-140001-5). Patients
continued to take 20-40 mg tamoxifen daily following surgery
for ~1 year. Regular follow-up, including clinical examination,
chest X-ray and mammography, was performed for =5 years.

Reverse transcription-quantitative-PCR (RT-gPCR). Total
RNAs from harvested cells or patient tissues were prepared
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol, and the RNA
concentration was determined using a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific, Inc.). The
quality of the RNA samples was confirmed based on a ratio
of absorbance values at 260 and 230 nm of >1.7 and a ratio of
absorbance values at 260 and 280 nm of between 1.8 and 2.0.
Total RNA (500 ng) was reversely transcribed to cDNA in
a 20-ul reaction mixture comprising 200 units reverse tran-
scriptase, 50 pmol random hexamer, 1X PCR buffer [10 mM
Tris/HCI (pH 9.0), 50 mM KClI and 1.5 mM MgCl,] and 1 mM
deoxynucleotide triphosphates (System Biosciences, LLC).
The reaction products were diluted to a volume of 100 pl with
distilled water prior to qPCR. The gPCR mixture comprised
2 pl diluted reverse transcription product, 1X SYBR-Green
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.) and 50 nM forward and reverse primers. qPCR was carried
out using a LightCycler® 480 Sequence Detection System
(Roche Diagnostics). Following an initial 10-min incubation
at 95°C, thermocycling was carried out for 40 cycles of 95°C
for 15 sec and 60°C for 1 min. Glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) was used as the reference gene. The
primers used were as follows: H19 forward, 5-GTCCGGCCT
TCCTGAACACCTT-3' and reverse, 5'-GCTTCACCTTCC
AGAGCCGAT-3' (10); NAT1 forward, 5-~AGCACTGGCATG
ATTCACCTTCT-3' and reverse, 5'-GAGGCTGCCACATCT
GGTAT-3' and GAPDH forward, 5" TTGATTTTGGAGGGA
TCTCGCTC-3' and reverse, 5'-GAGTCAACGGATTTGGTC
GTATTG-3'. The level of RNA was expressed as a fold of the
control calculated using the 2244 method (16).

Western blot analysis. Western blotting was conducted as
previously described with minor modifications (10,17). Briefly,
cells were collected 48 h after the transfection with H19
siRNA, shRNA or the respective negative control to create
IncRNA HI19 knockdown cell lines. Total cellular proteins
were extracted from the harvested cells using a lysis buffer
(62.5 mM Tris-HCI pH 6.8, 100 mM dithiothreitol, 2% SDS
and 10% glycerol). The protein concentrations were deter-
mined using the Bradford method with Bio-Rad Protein Assay
reagent following the manufacturer's instructions (Bio-Rad
Laboratories, Inc.). Then, 20 ug/lane cell lysate was resolved
using 12% sodium dodecyl sulfate polyacrylamide electropho-
resis and transferred to nitrocellulose membranes. The blots
were incubated in blocking buffer comprising 5% non-fat dry
milk in Tris-buffered saline with 0.5% Tween (TBS-T) at room
temperature for 2 h. After washing with TBS-T, the nitrocel-
lulose membranes were incubated with a specific antibody
against NAT1 (anti-rabbit; 1:250, cat. no. abl09114; Abcam) or
B-actin (anti-mouse; 1:2,000; cat. no. AC-15; Sigma-Aldrich;
Merck KGaA) overnight at 4°C. Following the incubation
with a horseradish peroxidase-conjugated secondary antibody
(mouse anti-rabbit IgG; 1:10,000; cat. no. ab6728; Abcam) or
rabbit anti-mouse IgG (1:10,000; cat. no. abl06762; Abcam)
at room temperature for 1 h, the signal was detected using
an ECL Western Blotting system (Promega Corporation)
and visualized using the ChemiDoc MP Imaging System
(cat. no. 12003154; Bio-Rad Laboratories, Inc.). B-actin was
used as the loading control.

Bisulfite genomic sequencing PCR (BSP) assay. Genomic
DNA was isolated from the peripheral blood leucocytes
with phenol-chloroform followed by ethanol precipitation.
Chromosomal DNA from the MCF-7 and MCF-7R cells was
treated with bisulfite using an EpiTect Bisulfite kit (Qiagen,
Inc.). The methylation status of six CpG sites in the promoter
region of the NAT1 gene was investigated (-790 to -1 of
GenBank accession no. AY338489 in which the major
transcriptional site is numbered +1) (8). A single ‘C’ at the
corresponding CpG site was considered as complete methyla-
tion, a single ‘T’ as no methylation, and overlapping ‘C* and ‘T’
as partial methylation. The gene-specific promoter regions
were amplified via nested PCR from the bisulfite-treated
DNA. The analysis of DNA methylation, including the primer
sequences and PCR conditions used, was performed as previ-
ously described (8). The PCR products were purified by gel
electrophoresis using 1% agarose gel, ligated into a pGEM-T
plasmid (Promega Corporation) and transformed into DH5a
cells (Invitrogen; Thermo Fisher Scientific, Inc.) using stan-
dard heat-shock procedures (18). Blue/white screening was
conducted and =10 positive bacterial clones were sequenced as

previously described (19). Quality control, sequence analysis
and data illustration were performed using BiQ Analyzer 3.0
software (20). The data have been deposited in the CNGB
Sequence Archive of the China National GeneBank DataBase
with accession number CNP0001707.

Analysis of public breast cancer datasets. The importance of
NATI in the outcome of patients with breast cancer treated
with TAM was assessed by analyzing the relevance of NAT1
expression levels in breast cancer tissues to patient outcomes
in the public datasets GSE2990 (21) and GSE20685 (22). R
script-generated data with P<0.05 from the GEO2R analysis of
the GEO database (https:/www.ncbi.nlm.nih. gov/geo/geo2r/)
were obtained (23).

An online survival analysis tool was used to
evaluate the effect of the NAT1 gene on breast cancer
prognosis. Kaplan-Meier plots were generated using
an online tool (http:/kmplot.com/analysis/index.php?
p=service&cancer=breast) (24).

Statistical analysis. Statistical analysis was performed
using SPSS software (version 21.0; IBM Corp.). Each
experiment was performed at least three times, and the data
are presented as the mean + SEM. For parametric data, the
Student's t-test was used to determine the statistical signifi-
cance between two groups, and one-way ANOVA followed
by a post hoc Tukey's test was used to compare differences
among multiple groups. Kaplan-Meier plots for disease-free
survival (DFS) were plotted and analyzed using log-rank
tests. A total of 30 primary premenopausal patients were
allocated to low and high H19 and NAT1 groups according
to whether expression in the tumor tissue was =1.5-fold
lower or higher compared with paracancerous tissue. The
fold difference of expression between tumor and adjacent
normal tissue was =1.5 in every case. Pearson correlation
was used to measure the correlation between the expression
levels of H19 and NAT1. P<0.05 was considered to indicate
a statistically significant difference.

Results

Establishment of the MCF-7R cell line. To analyze the
sensitivity of the MCF-7 and MCF-7R cell lines, the two cell
lines were treated with different concentrations of 4-hydroxy-
tamoxifen for 24-72 h. The viability of the MCF-7 cells was
significantly inhibited by 4-hydroxytamoxifen at a concentra-
tion of 1x107 M, while the viability of MCF-7R cells was
significantly promoted (Fig. 1A). Furthermore, comparison of
the MCF-7R and MCF-7 cells treated with 1x107 M 4-hydroxy-
tamoxifen reveals that the proliferation of the MCF-7R cells, as
indicated by the viable cell number, was significantly increased
at 48 and 72 h (Fig. 1B). These results suggest that MCF-7R
cells have a significant resistance to 4-hydroxytamoxifen.
Furthermore, 4-hydroxytamoxifen exhibited a dose- (Fig. 1A)
and time-dependent (Fig. 1B) inhibitory effect on MCF-7 cells.
The ICs, values were also calculated and were 148.1 nM for
the MCF-7 cells and 7.753 uM for the MCF-7R cells (Fig. 1C).

Knockdown of IncRNA HI9 restores TAM sensitivity in
MCF-7R cells. As IncRNA H19 is an estrogen-inducible
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Figure 1. MCF-7 cells acquire TAM resistance as shown by increased cell
viability. (A) MCF-7 and MCF-7R cells were cultured in phenol red-free
RPMI-1640 with various concentrations of 4-hydroxytamoxifen for 48 h.
""P<0.001 vs. the untreated control. #4P<0.001 vs. the untreated control.
(B) MCF-7 and MCF-7R cells were treated with 1x107 M 4-hydroxytamox-
ifen for different durations. “P<0.05 vs. the MCF-7R+4-hydroxytamoxifen
group. (C) Different cell lines were treated with various concentrations of
4-hydroxytamoxifen for 48 h, and the inhibition of cell viability was measured
from which half-maximal inhibitory concentration values were calculated.
Cell viability was determined using an MTS assay. Data are presented as
the mean + SEM of three independent experiments. MCF-7R, TAM-resistant
MCF-7 cells; TAM, tamoxifen; shH19, short hairpin RNA targeting H19; NC,
negative control sShRNA.

gene (10) and TAM is a partial ER agonist, it was hypothesized
that IncRNA H19 expression may be elevated in MCF-7R cells.
Therefore, the contribution of IncRNA H19 to the TAM resis-
tance of MCF-7R breast cancer cells was investigated. The
knockdown of IncRNA H19 in MCF-7R cells was conducted
using H19-specific siRNA, which knocked down H19 IncRNA
expression by ~63% compared with that in the cells trans-
fected with non-specific (NS) siRNA (Fig. 2A). Transfection
with H19 siRNA significantly increased the sensitivity of the
MCF-7R cells to 4-hydroxytamoxifen compared with that of
the cells transfected with NS)siRNA (Fig. 2C). By contrast,
transfection with NS siRNA, which did not affect H19 expres-
sion, had no effect on the sensitivity of the MCF-7R cells to
4-hydroxytamoxifen treatment.

To further investigate the function of IncRNA H19 in
TAM-resistant cells, MCF-7R/shH19 cells were established by
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Figure 2. Increased expression of IncRNA H19 in MCF-7R cells is associated
with tamoxifen resistance. (A) MCF-7R cells were transfected with siH19,
NS siRNA, shH19 or NC shRNA. The levels of IncRNA H19 were quantified
using reverse transcription-quantitative PCR in MCF-7R, H19-knockdown
MCEF-7R/siH19, MCF-7R/shH19 and corresponding control cells and are
expressed as fold of that in the parental MCF-7 control. 'P<0.05 as indicated.
(B) MCF-7, MCF-7R, MCF-7/NC and H19-knockdown MCF-7R/shH19
cells were plated in 96-well plates and treated with various concentrations
of 4-hydroxytamoxifen for 48 h for the determination of cell proliferation
using an MTS assay. “P<0.05 vs. the MCF-7R/NC group. (C) Transfected
MCF-7R/siH19 cells were treated with or without 1x107 M 4-hydroxy-
tamoxifen for 48 h for the determination of cell proliferation using an MTS
assay. All data are presented as the mean = SEM of three independent experi-
ments. ¥P<0.05 vs. the NS siRNA/4-hydroxytamoxifen group. MCF-7R,
tamoxifen-resistant MCF-7 cells; IncRNA, long non-coding RNA; siH19,
siRNA targeting H19; NS, non-specific; siRNA, small interfering RNA;
shH19, shRNA targeting H19; NC, negative control sShRNA; shRNA, short
hairpin RNA; non-TF, non-transfected.

the stable transfection of MCF-7R cells using a specific H19
shRNA expression vector to knock down H19 expression. The
transfection reduced the expression of H19 IncRNA by >90% in
the MCF-7R/shH19 cells compared with the MCF-7R/NC
cells, as revealed using RT-qPCR analysis. However, H19
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Figure 3. NAT1 expression is decreased in MCF-7R cells and rescued by
long non-coding RNA H19 knockdown. NAT1 (A) mRNA and (B) protein
expression levels were detected using reverse transcription-quantitative PCR
and western blot analysis, respectively, in various cell lines. Representative
blots are shown with lanes as follows: lane 1, MCF-7; lane 2, MCF-7R,
lane 3, MCF-7R/shH19; lane 4, MCF-7/NC; lane 5, MCF-7R/siH19; lane 6,
MCF-7R/NS siRNA. All data are presented as the mean + SEM of three
independent experiments. "P<0.05 and ““P<0.05 as indicated. NATI,
N-acetyltransferase 1; MCF-7R, tamoxifen-resistant MCF-7 cells; siH19,
siRNA targeting H19; NS, non-specific; siRNA, small interfering RNA;
shH19, shRNA targeting H19; NC, negative control shRNA; shRNA, short
hairpin RNA.

expression was not affected in the control vector transfected
MCEF-7R/NC cells (Fig. 2A). When IncRNA H19 was knocked
down using shRNA, the MCF-7R cells were more sensitive to
4-hydroxytamoxifen therapy, with a significant decrease in cell
viability (Fig. 2B) and a reduction in ICs, value from 7.753 uM
in the MCF-7R cells to 2.155 #M in the MCF-7R/shH19 cells
(Fig. 1C). These data suggest that IncRNA H19 may play a key
role in the 4-hydroxytamoxifen resistance of MCF-7R cells.
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Figure 4. Methylation levels across the NAT1 promoter region. Representative
DNA sequencing of (A) completely unmethylated and (B) completely methyl-
ated samples of the NAT1 gene. All unmethylated cytosines were changed to
thymine by bisulfite treatment, but no methylated cytosines were changed.
The CpG sites are indicated by underlining. (C) Methylation levels across
the NAT1 promoter region. Data are presented as mean methylation of each
CpG unit + standard deviation. Significant differences between the MCF-7
and MCF-7R cells were detected at CpG3, CpG4, CpG5 and CpG6. "P<0.05
vs. corresponding MCF-7. NAT1, N-acetyltransferase 1; MCF-7R, tamox-
ifen-resistant MCF-7 cells.

NATI expression is decreased in MCF-7R cells and restored
by IncRNA HI9 knockdown. The mRNA and protein expres-
sion levels of NAT1 in MCF-7R cells were significantly lower
compared with those in MCF-7 cells (Fig. 3). Following the
knockdown of H19 in MCF-7R cells using H19 shRNA and
siRNA, the mRNA and protein expression levels of NAT1 were
significantly increased compared with those in the MCF-7R/NC
and NS siRNA groups, respectively (Fig. 3). These results
suggest that H19 serves an important role in TAM-resistant
breast cancer cells via the regulation of NAT1 gene expression.

IncRNA H19 regulation of NATI gene promoter methylation
in MCF-7R cells. The methylation status of the NAT1 gene
promoter in MCF-7 and MCF-7R cells was examined using a
BSP assay. Completely unmethylated (Fig. 4A) and completely
methylated samples of the NAT1 gene were used (Fig. 4B).
The methylation profiles of six CpG sites were investigated
in the NAT1 upstream promoter region (8). The mean meth-
ylation levels in the MCF-7R group ranged from 45.18% at
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Table I. Methylation density of the NAT1 gene after knockdown of H19 in MCF-7 and MCF-7R cells.

Methylation density (%)

Cell line Non-TF NS siRNA siRNA H19
MCF-7 30.78+2.2 31.61+0.35 36.5£2.92
MCEF-7R 66.11£0.75° 63.84+2.02 26.39+0.75°

MCF-7 and MCF-7R cells were transfected with siRNA H19 and the methylation status of the NAT1 gene promoter in the cells was examined
using a bisulfite genomic sequencing PCR assay. Data were obtained from three separate experiments and are presented as the mean = SEM.
A one-way ANOVA and Tukey's post hoc test were used for analysis. “P<0.001 vs. MCF-7/non-TF; "P<0.001 vs. MCF-7R/non-TF. NAT1,
N-acetyltransferase 1; MCF-7R, tamoxifen-resistant MCF-7 cells; non-TF, non-transfected; NS, non-specific; siRNA, small interfering RNA.
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Figure 5. Low tumor NAT1 expression is associated with low survival in patients with breast cancer treated with TAM. Kaplan-Meier survival curve analysis
was performed using tumor NAT1 expression levels (low or high) in two publicly available data sets for patients with estrogen receptor-positive breast cancer
who received adjuvant TAM treatment. Survival curves based on mRNA expression data from (A) 89 patients and (B) 261 patients receiving TAM treatment.
The red lines and numbers indicate high tumor NAT1 expression and the black lines and numbers indicate low tumor NAT1 expression. HR and log rank
P-values were calculated based on data from the NCBI GEO database (accession numbers GSE2990 and GSE20685, respectively). HR, hazard ratio; NATI,

N-acetyltransferase 1; TAM, tamoxifen.

CpG2 to 82.17% at CpG6 (Fig. 4C). Comparison of NAT1
methylation profiles between the MCF-7 and MCF-7R groups
indicated significant differences at CpG3, CpG4, CpG5 and
CpG6 (Fig. 4C). The mean methylation rate of NATI in
MCEF-7R cells was significantly higher compared with that in
MCEF-7 cells (Table I). Moreover, H19 knockdown by siRNA
transfection significantly decreased the mean methylation rate
of the NAT1 promoter in MCF-7R cells compared with that
in the untransfected cells (Table I). A higher methylation rate
of NAT1 and decreased expression of NAT1 were observed
in the MCF-7R group compared with the MCF-7 group, and
H19 knockdown reversed these resistance-associated changes
(Fig. 3 and Table I). This suggests that H19 may regulate
NATI1 and drug resistance by altering the degree of NAT1
gene promoter methylation in MCF-7R cells.

Tumor NATI expression is associated with clinical outcome
in patients with breast cancer treated with TAM. The present
study analyzed two publicly available datasets, GSE2990 (n=89)

and GSE20685 (n=261), where patients with ER-positive breast
cancer had been treated with adjuvant TAM monotherapy and
>10-year follow-up data were available. The Kaplan-Meier
analysis demonstrated that low NAT1 expression was associ-
ated with significantly shorter overall survival compared with
that of patients with high NAT1 expression (Fig. 5). With regard
to the two datasets, they indicated that a higher mRNA expres-
sion level of NAT1 was favorable to the outcome of patients
with breast cancer treated with TAM therapy.

Patient characteristics and responses. A total of 30 premeno-
pausal patients with breast cancer who took TAM for at least
1 year after surgery were followed up for =5 years. These
patients were allocated to low and high H19 and NATI1
groups according to whether expression in the tumor tissue
was =1.5-fold lower or higher compared with paracancerous
tissue. DFS was found to differ significantly according to the
expression levels of H19 and NAT1. The DFS times of patients
with high and low expression levels of H19 were 54.1 months
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Figure 6. High expression levels of IncRNA H19 and low expression levels of NAT1 predict poor prognosis in patients with breast cancer receiving TAM
therapy. Thirty patients were allocated to low and high H19 and NAT1 groups according to whether expression in the tumor tissue was >1.5-fold lower or higher
than that in the paracancerous tissue. Expression levels of H19 and NAT1 were detected using reverse transcription-quantitative PCR. (A) DFS of patients with
TAM therapy in the low and high H19 expression groups. (B) DFS of patients with TAM therapy in the low and high NAT1 expression groups. (C) Pearson
correlation analysis was used to measure the association between the expression levels of H19 and NAT1. IncRNA, long non-coding RNA; Cum, cumulative;

DFS, disease-free survival; NAT1, N-acetyltransferase 1; TAM, tamoxifen.

(95% CI, 49.5-58.8) and 63.2 months (95% CI, 60.3-66.1),
respectively (Fig. 6A), while the DFS times of patients with
high and low expression levels of NAT1 were 65.7 months
(95% CI, 63.6-67.8) and 54.5 months (95% CI, 50.7-58.3),
respectively (Fig. 6B). Furthermore, a significant very weak
negative correlation was identified between the expression
levels of H19 and NATI in the individual samples (Pearson
correlation coefficient, -0.0377; Fig. 6C). Collectively, these
results suggest that higher expression of NAT1 and lower
expression of H19 are associated with improved outcomes in
patients with breast cancer treated with TAM.

Discussion

Although there have been advances in cancer therapy, TAM
remains the mostly widely used endocrine therapy for patients
with ER-positive breast cancer. However, >40% of breast
cancer cases develop resistance to endocrine therapy (4).
Therefore, an improved understanding of the cellular and
molecular pathways of TAM resistance may facilitate the
development of strategies to overcome resistance.

Previous studies have reported that IncRNAs are a key
component of gene regulatory networks and may serve a vital
role in tumorigenesis and TAM resistance (12,25,26). The
results of the present study suggest that H19 is associated with
TAM resistance in breast cancer. The modulating effect of H19
on NATI gene promoter methylation was further examined.

IncRNA H19 has been revealed to be an estrogen-regulated
gene (10). Zhou et al (27) reported that H19 regulates epithe-
lial-mesenchymal and mesenchymal-epithelial transition in
breast cancer. The present study found that H19 expression was
significantly upregulated in TAM-resistant (MCF-7R) cells,
which is consistent with previous reports (12,13). Moreover,
the knockdown of IncRNA H19 in the MCF-7R cells amelio-
rated their resistance to 4-hydroxytamoxifen and promoted the
inhibitory effect of 4-hydroxytamoxifen on cell proliferation;
the knockdown of H19 enhanced the sensitivity to 4-hydroxy-
tamoxifen in vitro. In a study by Wang et al (28), it was also
reported that the knockdown of H19 significantly enhanced
the sensitivity of TAM-resistant MCF7 cells to TAM in vitro
and in vivo, and inhibited autophagy in these cells. It has also
been observed that H19 expression is increased in doxorubicin
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(Dox)-resistant breast cancer (29). Furthermore, H19 upregula-
tion has been observed in Dox-resistant liver cancer cells (14),
TAM-resistant breast cancer cells, fulvestrant-resistant
breast cancer cells (13,28) and cisplatin-resistant lung cancer
cells (30). Based on these findings, IncRNA H19 has potential
as a useful biomarker and drug resistance target.

The present study demonstrated that NAT1 was significantly
downregulated at the mRNA and protein levels in TAM-resistant
cells. These results are consistent with previous reports that indi-
cated the involvement of NATT in the TAM resistance of breast
cancer cells (8,9). The significance of NAT1 in TAM resistance
was further demonstrated in the present study by the analysis of
public breast cancer datasets, which indicated that low NAT1
expression was associated with poor survival in patients with
breast cancer treated with TAM therapy. The analysis of
primary patients also found that the high and low expression
levels of NAT1 were associated with different DFS times and
TAM response rates. In addition, NAT1 was upregulated at the
mRNA and protein levels in TAM-resistant cells when H19 was
knocked down, indicating that H19 controls NAT1 expression.

The present study investigated the molecular mechanism
by which H19 modulates NAT1 gene expression; the methyla-
tion status of the NAT1 promoter in MCF-7 and MCF-7R cells
was examined using the BSP method. The DNA methylation
of NAT1 has been identified to serve a critical role in cancer,
including breast cancer and colon adenocarcinoma (9,31).
Hypermethylation of the NAT1 gene may affect the initiation
of TAM resistance (9). The results of the present study suggest
that H19 may regulate NAT1 and thereby affect drug resis-
tance by altering the degree of NAT1 promoter methylation in
MCF-7R cells. The results also suggest that high H19 expres-
sion is associated with poor prognosis in patients with breast
cancer treated with TAM therapy. Therefore, the present study
indicates that H19 serves a crucial role in TAM resistance,
which may facilitate the development of therapeutic strategies
to ameliorate the resistance of cancer to endocrine therapy.
However, it must be noted the sample size is the present study
is small, which is a limitation, and a larger sample size is
required in future studies to confirm the results.

Therefore, the present study suggests that the H19 gene
regulates NAT1 expression in TAM-resistant cells via the
mediation of NAT1 promoter methylation. Further elucidation
of the role of H19 in the modulation of NAT1 gene expression
and methylation should improve our understanding of endo-
crine therapy resistance, and may provide a theoretical basis
for further studies evaluating targeted drugs.
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