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Although c-MYC contributes to tamoxifen resistance, it
improves cisplatin sensitivity in ER-positive breast cancer
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Abstract. Tamoxifen (TAM) resistance is a major challenge
in the treatment of estrogen receptor-positive (ER*) breast
cancer. To date, to the best of our knowledge, there are only
a few studies available examining the response of patients
with TAM-resistant breast cancer to chemotherapy, and
the guidelines do not specify recommended drugs for these
patients. In the present study, TAM-resistant cells were shown
to exhibit increased proliferation and invasion compared with
the parent cells, and the increased expression of c-MYC was
demonstrated to play an important role in TAM resistance.
Furthermore, the TAM-resistant cells were significantly more
sensitive to cisplatin compared with the parent cells, and
the silencing of c-MYC expression desensitized the cells to
cisplatin through the inhibition of the cell cycle. An increased
¢-MYC expression was observed in 28 pairs of primary and
metastatic tumors from patients treated with TAM, and the
clinical remission rate of cisplatin-based chemotherapy was
significantly higher compared with other chemotherapy-based
regimens in 122 patients with TAM resistant breast cancer.
Taken together, the data of the present study demonstrated that
although c-MYC was involved in TAM resistance, it increased
the sensitivity of ER* breast cancer to cisplatin. Thus, cisplatin
may be a preferred chemotherapeutic agent for the treatment
of patients with TAM-resistant breast cancer, particularly
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in patients where the rapid control of disease progression is
required.

Introduction

Breast cancer is the most common malignant tumor affecting
women (1), and ~70% of breast cancer cases are considered
estrogen receptor-positive (ER*) (2-4). In patients with ER*
breast cancer, tumor growth and survival are primarily
dependent on the activation of the ER signaling pathway (5-7).
Tamoxifen (TAM), which prevents the activation of ER
signaling and its downstream pathways by blocking estrogen
binding to ER, is the most frequently used endocrine drug
in clinical practice (8-10). However, ~30-40% of responsive
tumors eventually acquire TAM resistance, which remains a
major clinical challenge (11-15).

However, other endocrine therapies with or without
targeted therapy may be recommended for patients who
develop TAM resistance (16,17). Chemotherapy can control
the progression of breast cancer and may prolong the survival
times of patients that exhibit rapid disease progression or
visceral crisis (18). In a previous study by the authors, and
in other studies, it was demonstrated that tumor cells usually
exhibit more rapid growth rates and increased invasiveness
following the development of TAM resistance (19-21), which
may explain why some patients may experience rapid tumor
progression and multiple visceral metastases during TAM
treatment and, thus, require chemotherapy. However, to date, at
least to the best of our knowledge, there are only a few studies
available investigating the responses of TAM-resistant patients
to chemotherapeutic drugs, and there are no guidelines for the
recommended chemotherapeutic regimen.

c-MYC is one of the most upregulated oncogenes in several
different types of cancer, and has been reported to play varying
roles in different molecular subtypes of breast cancer (22,23).
In the present study, TAM resistance and the sensitivities of
TAM-resistant cells to various chemotherapeutic agents were
examined. The results revealed that although c-MYC plays
a pivotal role in TAM resistance, it improves cisplatin sensi-
tivity in ER* breast cancer. Thus, patients with rapid disease
progression during TAM treatment may respond favorably
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to cisplatin, and a high ¢c-MYC expression may be used as a
predictive marker.

Materials and methods

Reagents and antibodies. 4-Hydroxytamoxifen (TAM) was
purchased from Sigma- Aldrich; Merck KGaA. Doxorubicin,
paclitaxel and cisplatin were purchased from Beijing Solarbio
Science & Technology Co., Ltd. Antibodies against Era
(cat. no. 8644S), human epidermal growth factor receptor 2
(HER2) (cat. no. 2242S), GAPDH (cat. no. 5174S) and
AKT (cat. no. 9272S) were purchased from Cell Signaling
Technology, Inc. Antibodies against c-MYC (cat. no. ab32072),
cyclin DI (cat. no. ab226977, phospho (p)-AKT (Serd73)
(cat. no. ab81283) and E-cadherin (cat. no. ab133597)
were purchased from Abcam. Antibodies against p21
(cat. no. 27296-1-AP) and fB-catenin (cat. no. 51067-2-AP)
were purchased from ProteinTech Group, Inc., and an anti-
body against vimentin (cat. no. BS1491) was purchased from
Bioworld Technology, Inc.

Cell lines and cell culture. The human breast cancer cell lines,
MCF-7 and T47D, were purchased from the American Type
Culture Collection. The TAM-resistant cell lines, MCF-7R
and T47DR, were generated by exposing parental MCF-7
and T47D cells to progressively increasing concentrations of
TAM (up to 5 uM) over a duration of ~8 months as previously
described (24,25). All cell lines were maintained in RPMI-1640
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin and 100 pg/ml streptomycin (Beyotime
Institute of Biotechnology) at 37°C in an humidified incubator
with 5% CO,.

Cell viability assay. Cell viability was measured using a
Cell Counting kit-8 assay (CCK-8; Beyotime Institute of
Biotechnology) according to the manufacturer's protocol.
Briefly, 5x10° cells/well were seeded in a 96-well plate in
100 1 medium. After 24 h, the cells were treated with the
different drugs (TAM: 5, 10, 11, 12, 13, 14, 15, 16, 18, 20 and
25 uM; doxorubicin: 0.25,0.5, 1,2, 4, 8 and 16 uM; paclitaxel:
0.25,0.5,1, 2,4, 8, 16, 32 and 64 nM; cisplatin: 2, 4, 8, 16,
32, 64, 128 and 256 M) (5 wells for each drug) for 24-72 h.
Subsequently, 10 u1 CCK-8 solution was added to the medium
and the cells were incubated for a further 2 h at 37°C. Optical
density (OD) values were measured using a digital spectro-
photometer (Bio-Rad Laboratories, Inc.) at a wavelength of
450 nm, and cell viability rates were expressed as a percentage
relative to the corresponding control cells. The ICs, value was
determined from the concentration-effect curve. After the data
were log-transformed, the specific value was obtained through
the curve parameter equation, and the viability of the control
cells was considered as 100% (26).

Cell invasion assays. The MCF7, T47D, MCF7R or T47DR
cells were seeded in the upper chamber of a Transwell insert
(3x10° cells/well; EMD Millipore) coated with Matrigel (1:7.5)
in 200 ul of serum-free medium. Supplemented RPMI-1640
medium (Gibco; Thermo Fisher Scientific, Inc.) containing
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) was added to
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the lower chamber. The cell lines were incubated for 24-48 h
at 37°C, and the cells were fixed with 4% paraformaldehyde
(Wuhan Boster Biological Technology, Ltd.) for 15 min
at room temperature and stained with 0.5% crystal violet
(Wuhan Boster Biological Technology, Ltd.) for 5 min at room
temperature. the number of migrating cells was determined in
5 random fields at an inverted light microscope (magnifica-
tion, x200; TE2000-U; Nikon Corp.).

Cell cycle analysis. The proportion of cells in the S phase
of the cell cycle was analyzed by flow cytometry using a
standard protocol. Briefly, the cells were seeded in 6-well
plates (2x10° cells/well) and cultured for 24 h. The cells were
then harvested and washed twice with cold PBS, fixed with
70% ethanol at 4°C for 1 h, incubated with Rnase for 30 min
at 37°C and stained with propidium iodide for 30 min at room
temperature (cat. no. P4170; Sigma Aldrich; Merck KGaA).
Cell cycle distribution was analyzed by flow cytometry using a
FACSVantage SE instrument (BD Biosciences).

Reverse transcription-quantitative PCR. Total cellular
RNA was extracted using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. Reverse transcription and quantitative PCR were
performed using the PrimeScript RT Master mix kit (Takara
Bio, Inc.) and SYBR Pre-mix Ex Taq™ II (Takara Bio, Inc.)
according to the manufacturer's protocols. GAPDH was used
as the reference gene, and the thermocycling conditions were
as follows: 2 min at 95°C, followed by 39 cycles at 95°C for
30 sec, 30 sec at 56.5°C and 20 sec at 72°C. Relative gene
expression was normalized to GAPDH and calculated using
the 2-44%4 method (27). The sequences of primers used for
amplifying GAPDH, c-MYC, multidrug resistance-related
protein (MRP), multidrug resistance protein (MDR) and breast
cancer resistance protein (BCPR) are presented in Table SI.

Western blot analysis. Cells were lysed using RIPA lysis
buffer with phenyl-methanesulfonyl fluoride (Wuhan Boster
Biological Technology, Ltd.), and the protein concentration
was determined using a bicinchoninic acid assay (Beyotime
Institute of Biotechnology). A total of 50 ug protein was loaded
on a 10% SDS gel and resolved using SDS-PAGE. The resolved
proteins were transferred to PVDF membranes. Non-specific
binding sites were blocked by incubating the membranes with
5% non-fat milk, after which the membranes were incubated
overnight at 4°C with the primary antibodies: ERa (1:1,000);
HER2 (1:1,000); AKT (1:1,000); p-AKT (1:1,000); c-MYC
(1:1,000); cyclin D1 (1:1,000); vimentin (1:1,000); E-cadherin
(1:1,000); p21 (1:500); B-catenin (1:500); GAPDH (1:1,000)
Membranes were subsequently incubated with a horseradish
peroxidase-conjugated anti-rabbit/mouse immunoglobulin G
secondary antibody (1:1,000; cat. no. BA1075 and BA1051;
Wuhan Boster Biological Technology, Ltd.). Signals were
visualized using enhanced chemiluminescence reagent
(EMD Millipore). Densitometry analysis was performed
using ImageJ and normalized to the respective expression of
GAPDH.

Small interfering (si)RNA transfection. siRNAs targeting
c-MYC mRNA and a control siRNA were purchased from
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Shanghai GenePharma Co., Ltd. siRNAs were transfected into
the cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol. The
efficiency of RNA-interference was assessed using RT-qPCR
24-36 h following transfection. Cell lysates were collected
48-72 h following transfection and used for western blot anal-
ysis. The sequences of the siRNAs targeting c-MYC mRNA
are presented in Table SII.

Patient and specimen selection. A total of 178 consecu-
tive patients with recurrent and/or metastatic ER" breast
cancer, treated at the Breast Cancer Center of Chongqing
at The First Affiliated Hospital of Chongqing Medical
University between July, 2012 and July, 2017, were recruited
for the present study. The outcomes of endocrine therapy
were investigated for all patients, and 122 patients with TAM
resistance were identified (Table I). At the time of diagnosis
of recurrent and/or metastatic disease, 125 patients (70.2%)
had received various chemotherapeutic regimens, whereas
the remaining 53 patients continued to receive endocrine
therapy. The Response Evaluation Criteria in Solid Tumors
(RECIST) guidelines (version 1.1) (28) were utilized to assess
chemotherapy responses as follows: Partial response (PR), a
reduction of all target lesion diameters of =30%; progressive
disease (PD), growth of all target lesion diameters by =20%;
stable disease (SD), neither a sufficient reduction to be classi-
fied as PR, nor sufficient growth to be classified as PD (29). A
total of 28 paired, archived paraffin-embedded breast cancer
specimens (primary and metastatic breast cancer tissues) from
the aforementioned TAM-resistant patients were obtained
from the Clinical Diagnostic Pathology Center of Chongqing
Medical University (Chongqing, China). Detailed informa-
tion pertaining to the specimens is presented in Table SIII.
The present study was approved by the Ethics Committee of
Chonggqing Medical University and written informed consent
was obtained from all patients.

Immunohistochemistry (IHC). IHC staining was performed
as previously described (19). For histochemical analysis,
Image-Pro Plus version 6.0 (Media Cybernetics, Inc.) was
used to assess the percentage of positive cells. The detailed
steps were as follows: Deparaffinized specimens were then
sectioned (4-pm-thick slices). Following antigen repair and
blocking for non-specific binding, the slices were incubated
with specific primary antibodies against c-MYC (1:200;
cat. no. ab32072, Abcam) overnight at 4°C. Subsequently, the
sections were treated with HRP-conjugated goat anti-rabbit
IgG secondary antibody (1:200; cat. no. TA140003; OriGene
Technologies, Inc.) for 30 min at room temperature. After
staining with diaminobenzidine (OriGene Technologies, Inc.)
and hematoxylin for 5 sec at room temperature, images were
captured using a Nikon Eclipse 80i microscope (magnifica-
tion, x200; Nikon Corp.). The mean OD in 5 randomly selected
areas (MOD=IOD/area) was used to evaluate the levels of
protein expression. The c-MYC staining intensities in tumor
tissues were scored as follows: 0, no staining; 1, weak staining;
2, intermediate staining; 3, strong staining; and 4, very strong
staining. Finally, the IHC data were quantified by multiplying
the staining intensity by the proportion of positive cells as
previously described (30).

INTERNATIONAL JOURNAL OF ONCOLOGY 56: 932-944, 2020

Table I. Clinicopathological features of tamoxifen-resistant
patients (n=122).

Parameters No. (%)
Age (years)
<30 3 (2)5)
30-40 36 (29.5)
40-50 69 (56.6)
>50 14 (11.4)
Time of metastasis (months)
<24 59 (48.4)
>24 63 (51.6)
Surgical procedure
Mastectomy 103 (84.4)
Breast-conserving 19 (15.6)
Subtypes of Cancer
Ductal 115 (94.4)
Lobular 4 (3.2)
Others 3 (24
TNM staging
I 10 (8.2)
ITA 29 (23.8)
11B 42 (34.4)
IITA 21 (17.2)
111B 10 (8.2)
I1c 2 (1.6)
Unknown 8 (6.6)
Recurrent or/and metastatic site
Breast 9 (74)
Chest wall 27 (22.1)
Lymph node* 21 (17.2)
Bone® 26 (21.3)
Brain® 3 (2)5)
Liver® 13 (10.7)
Lung® 16 (13.1)
Multi-visceral metastasis® 7 (5.7)

Trrespective of the local situation; *irrespective of the local situation
and lymph node; “irrespective of the local situation, lymph node and
bone; ‘including two parts of lung, liver and brain.

Gene Expression Omnibus (GEO) and The Cancer Genome
Atlas (TCGA). The microarray analysis data of MCF-7 cells and
TAM-resistant cell lines were downloaded from GEO (acces-
sion no. GSE26459). c-MYC expression in breast cancer tissues,
para-cancerous tissues and in different molecular subtypes of
breast cancer were obtained from TCGA, and survival curves
based on c-MYC expression in breast cancers were obtained
from Kaplan-Meier plotter: c-MYC expression data in tumors
and follow-up information for patients with ER-positive breast
cancer treated with adjuvant TAM were also downloaded from
GEO (accession nos. GSE6532, n=87; and GSE9195, n=77), and
the log-rank test was then used to assess the association between
c-MYC expression and survival in breast cancer patients.
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Figure 1. Establishment of TAM-resistant breast cancer cells. (A) TAM-resistant cells exhibited a more elongated, spindle-shaped morphology compared with
the respective parental cells. Magnification, x200. (B) Survival of TAM-resistant cells and the respective parental cells was evaluated using a Cell Counting
kit-8 assay following treatment with various concentrations of TAM for 24 h. (C) Western blot analysis (D) and densitometry analysis of ERa and HER2
expression in MCF-7, MCF-7R, T47D and T47DR cells. Data are presented as the means + standard deviation of the mean of 3 repeats. "P<0.05, “P<0.01,
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P<0.001 vs. respective parental cells. TAM, tamoxifen.

Statistical analysis. SPSS version 22.0 (SPSS Inc.) was used for
the data analysis. Data are presented as the means + standard
deviation of 3 repeats. A one-way ANOVA followed by Tukey's
post hoc test was used to compare differences among multiple
groups. A ¥ test was used to evaluate clinical response to
chemotherapy in patients with recurrent and/or metastatic
breast cancer. A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Proliferation and invasion are increased in TAM-resistant
cells. In agreement with a previous study (19) by the authors,
the morphology of the MCF-7R and T47DR cells exhibited a
flatter and more polygonal shape compared with that of the
parental control cells, and the cells were more mesenchymal
phenotypically (Fig. 1A). To validate TAM resistance in these
established cells, MCF-7R and T47DR cells, and their parental
cells were treated with various concentrations of TAM and
the cell survival rates were measured compared with a nega-
tive control. As shown in Fig. 1B, survival was higher in the
MCF-7R and T47DR cells compared with the respective
parental cells treated with the same concentration of TAM.
The ICs, values of the 4 cell lines to TAM were 12.53+0.95 yM

for the MCF-7,26.93+1.76 uM for the MCF-7R, 9.29+1.23 uM
for the T47D and 17.27+1.16 uM for the T47D-7R cells (data
not shown). In addition, the protein expression levels of ERa
and HER?2 were significantly higher in the TAM-resistant cells
(Fig. 1C and D), consistent with previous preclinical models
and clinical observations (24,31-33).

To evaluate the proliferation of the TAM-resistant cells,
cell cycle progression was analyzed by flow cytometry,
and the results revealed that the percentage of cells in the
GO0/G1 phase was decreased and the percentage of cells in
the S phase was increased significantly in the TAM-resistant
cells (Fig. 2A and B), suggesting that proliferation of
the TAM-resistant cells was increased. Consistently, the
expression of the cell cycle checkpoint-associated protein,
p21% decreased significantly in the TAM-resistant
cells, whereas the expression of cyclin D1 was increased
(Fig. 2C and D). Furthermore, the TAM-resistant cells were
significantly more invasive compared with the parental cells
(Figs. 2E and F, and S1A and B). E-cadherin protein expres-
sion was decreased and vimentin expression was increased in
the TAM-resistant cells compared with the respective parental
cells (Figs. 2G and H, and S1C and D), suggesting the cells has
undergone epithelial-mesenchymal transition, consistent with
the morphology of resistant cells.
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Figure 2. Characteristics of TAM-resistant cells. (A) Distribution of cells in different phases of the cell cycle in TAM-sensitive and TAM-resistant cells
detected by flow cytometry. (B) Bar charts representing the percentage of cells in the GO/G1, G2/M or S phase. (C) Western blot analysis and (D) densitometric
analysis of cyclin D1 and p21 expression in TAM-sensitive and TAM-resistant cells. (E) Representative images of successfully invaded MCF-7 and MCF-7R
cells and (F) quantitative analysis of invasion measured using a Transwell invasion assay at different times. Magnification, x200. (G) Western blot analysis
and (H) densitometric analysis of E-cadherin and vimentin expression in TAM-sensitive and TAM-resistant cells. Data are presented as the means + standard
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Figure 3. c-MYC expression is increased in TAM-resistant breast cancer cells, and the knockdown of ¢c-MYC increases TAM sensitivity. (A) Heatmap
depicting the fold-changes of proliferation-related genes in TAM-sensitive and TAM-resistant cells. (B) Bar graph representing the expression levels of
¢-MYC in TAM-sensitive and TAM-resistant cells. (C) Western blot analysis and (D) densitometric analysis of c-MYC, f-catenin, p-AKT and AKT expres-
sion in TAM-sensitive and TAM-resistant cells. Efficiency of siRNA in knocking down ¢c-MYC expression in MCF-7R cells was evaluated by (E) reverse
transcription-quantitative PCR and (F and G) western blot analysis. (H) Cellular viability was evaluated in MCF-7R cells transfected with siRNA and treated
with TAM for 24 h ("P<0.01, ""P<0.001, compared to siRNA). Data are presented as the means + standard deviation of mean of 3 repeats. “P<0.05, “P<0.01,
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c-MYC expression is increased in TAM-resistant cells and
c-MYC knockdown enhances sensitivity to TAM. To explore
the potential mechanisms through which TAM resistance is
acquired, microarray data from TAM-resistant cells were
downloaded from GEO (accession no. GSE26459) and used
to identify TAM resistance-associated genes. A heatmap
depicting the expression of proliferation-related genes in

P<0.001. TAM, tamoxifen; siRNA, small interfering RNA; NC, negative control; p-, phospho-.

the TAM-resistant cells relative to the parental controls
is presented in Fig. 3A. ¢c-MYC expression was found to
be abnormally high in the TAM-resistant cells (P<0.001,
Fig. 3B). c-MYC is one of the primary target genes of the
ER signaling pathway and possesses similar functions to
ER (34-36). The expression of c-MYC was observed in the
TAM-resistant cells used in the present study (Fig. 3C and D).
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Figure 4. Higher c-MYC expression levels are closely associated with TAM resistance in breast cancer patients. (A-C) Representative images of intensity and
quantification of immunohistochemistry staining of c-MYC expression in paired primary and metastatic breast cancer tissues following treatment with TAM.
Magnification, x200. (D) Higher levels of c-MYC expression were associated with a less favorable recurrence-free survival in patients with breast cancer who
received endocrine therapy based on publicly available data. (E) Higher expression levels of c-MYC predicted long-term disease outcomes following adjuvant

TAM therapy. ““P<0.001. TAM, tamoxifen. Scale bar, 100 ym.

Consistently, the activation of PI3K/AKT and f-catenin
signaling in TAM-resistant cells was also confirmed in
the cells used (Fig. 3C and D). To further examine the
role of c-MYC in TAM resistance, the siRNA-mediated
knockdown of ¢-MYC in the MCF-7R cells (Fig. 3E-G)
was shown to enhance the sensitivity of MCF-7R cells
to TAM (Fig. 3H). The TAM IC,, values of the MCF-7R
cells prior to and following the knockdown of ¢c-MYC
were 20.26+0.76 uM for the MCF-7R, 18.88+0.69 uM for
the MCF-7R/NC,13.95+1.82 uM for the MCF-7R/siRNA1
and 13.71x1.63 uM for the MCF-7R/siRNA?2 cells (data not
shown). Taken together, these data demonstrate that c-MYC
plays a critical role in TAM resistance in vitro.

c-MYC expression is associated with TAM resistance in
patients with breast cancer. To further confirm the association
between c-MYC and clinical TAM-resistance in patients with
breast cancer, 28 pairs of primary and recurrent/metastatic
tumor specimens from the same patients who underwent

adjuvant TAM treatment were collected. As shown in Fig. 4A,
c-MYC expression in the primary tumors was weaker, but was
increased significantly in the metastatic lesions following the
development of TAM in the same patients (all P<0.001; Fig. 4B
and C), consistent with the results observed in TAM-resistant
cell lines.

To assess c-MYC expression in breast cancer, TCGA was
used for bioinformatics analysis. As shown in Fig. S2A and B,
c-MYC expression was relatively low in breast cancer tissues
compared with normal tissues (P<0.05); however, c-MYC was
highly expressed in basal subtypes (endocrine therapy-resis-
tant), which indicated an association with the therapeutic
efficacy of TAM. Furthermore, Kaplan-Meier survival
analysis revealed that a higher c-MYC expression was associ-
ated with a shorter distant metastasis-free survival in patients
with breast cancer (P=0.011; Fig. S2C), and its expression was
also associated with a poor relapse-free survival in patients
with breast cancer that received endocrine therapy (P=0.032;
Fig. 4D). In addition, a high c-MYC expression predicted an
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improved post-progression survival of patients with ER* breast
cancer (P=0.023), but not of the patients with ER-negative
breast cancer (P=0.27; Fig. S2D and E).

To determine whether c-MYC expression may serve as
a direct predictor of favorable outcomes following adjuvant
TAM therapy, tumor gene expression levels and corresponding
follow-up data from patients with ER* breast cancer treated
with TAM as an adjuvant were downloaded from GEO (acces-
sion nos. GSE6532 and GSE9195). The results revealed that an
increased c-MYC expression was associated with a reduced
relapse-free survival (P=0.034; Fig. 4E), suggesting that
¢-MYC expression was closely associated with clinical TAM
resistance.

c-MYC affects the sensitivity of cisplatin by regulating cell
cycle progression. According to standard clinical chemotherapy,
3 major chemotherapeutic drugs (doxorubicin, paclitaxel
and cisplatin) were evaluated to determine the alterations in
chemosensitivity following the development of TAM resis-
tance. As shown in Fig. 5A-C, the MCF-7R and T47DR cells
exhibited an increased resistance to doxorubicin and paclitaxel;
however, they exhibited a greater sensitivity to cisplatin, in

comparison with the parental cells. The ICs, values of ADR,
PTX and CP to the MCF-7, MCF-7R, T47D and T47DR cells
were 5.30+0.85, 8.37+1.05, 1.36+0.36, 1.94+0.26 uM for ADR,
14.10£1.63, 57.78+3.85, 16.20+2.37, 102.89+5.37 nM for PTX,
and 42.37+3.35,20.76+2.86, 84.32+4.35, 25.76+3.24 uM for CP,
respectively (data not shown). RT-qPCR assays revealed that the
mRNA expression levels of genes associated with multidrug
resistance (MRP, MDR and BCPR) were significantly higher
in the TAM-resistant cells compared with the parental cells
(Fig. 5D), which may partially explain the increase in resistance
to doxorubicin and paclitaxel.

Thus, the mechanisms underlying increased cisplatin
sensitivity were examined. It is hypothesized that
cisplatin-induced DNA lesions are most cytotoxic in the
S phase of the cell cycle (37-39) and that c-MYC acceler-
ates the G1/S phase transition (40,41). In the present study,
it was hypothesized that a high c-MYC expression increased
cisplatin sensitivity by increasing the proportion of cells in
the S phase. To test this hypothesis, the MCF-7R cells were
treated with a medium concentration of cisplatin for 24 h,
and the dead cells were washed away. Western blot analysis
was performed to evaluate c-MYC protein expression levels
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in the residual adherent cells. As shown in Fig. 6A and B,
¢-MYC protein expression significantly decreased in the
surviving cells following cisplatin treatment, indicating that
the cells with a high c-MYC expression were sensitized to
cisplatin-induced cell death. Furthermore, the percentage
of MCF-7R cells in the S phase decreased significantly
following the knockdown of c-MYC expression (Fig. 6C
and D), and ¢c-MYC knockdown desensitized the MCF-7R
cells to cisplatin (Fig. 6E). The ICs, values of the MCF-7R
cells to cisplatin prior to and following knockdown of c-MYC
were 24.07+2.25 uM for the MCF-7R, 28.89+3.02 yM for the
MCF-7R/NC and 54.23+3.62 uM for the MCF-7R/siRNA
cells (data not shown). Collectively, these results suggest that
a high c-MYC expression in TAM-resistant cells increased
cisplatin sensitivity by regulating the cell cycle.

Patients with TAM-resistant breast cancer exhibit higher
remission rates with cisplatin-based chemotherapy. A total
of 122 patients were shown to possess TAM-resistant breast
cancer among the 178 patients with recurrent and/or metastatic
ER* breast cancer based on their endocrine therapy regimen

(Fig. 7A). The median age of the patients at the time of recur-
rence/metastatic disease was 42.2 years (range, 25-65 years),
and the median time from TAM therapy to recurrence and
metastasis was 36.0 months (range, 5-132 months). In addition,
23 patients (18.9%) received treatment with TAM for >5 years.
The baseline characteristics of the TAM-resistant patients are
presented in Table I.

Following diagnosis with tumor recurrence and metas-
tasis, 125 patients (93 with TAM resistance) received
chemotherapy. The chemotherapeutic regimens and
therapeutic responses are detailed in Fig. 7B. Following
the analysis of the clinical remission efficiencies of patients
that had undergone different chemotherapy regimens, it was
determined that the TAM-resistant patients who received
cisplatin-based chemotherapy exhibited improved clinical
responses compared with those who received other regimens
(P=0.012; Fig. 7C). Furthermore, the patients treated with
TAM exhibited higher clinical remission rates when treated
with cisplatin-based chemotherapy, compared with patients
that had undergone other endocrine treatments (P=0.003;
Fig. 7D).
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Discussion

Despite the fact that aromatase inhibitors and other endocrine
therapy drugs have been successfully used in the treatment
of breast cancer (42,43), TAM remains the most widely used
therapeutic in clinical practice (9,10,44). A major obstacle of
using TAM is that a substantial proportion of patients develop
drug resistance, leading to relapse and progression (12,15,45).
For these patients, chemotherapy is recommended to control
the disease when visceral crisis and rapid tumor progression
occurs (18,46). However, in contrast to the large number of
studies on the mechanisms underlying the development of
TAM resistance (13-15,47,48), to the best of our knowledge,
few studies to date have examined the effect of endocrine
resistance on sensitivity to chemotherapeutics.

As an oncogene, c-MYC has been shown to play an impor-
tant role in multiple cellular functions, including proliferation,
migration, angiogenesis and differentiation through binding
with nuclear DNA (41,49). It has been reported that c-MYC
may partially replace the function of ER in estrogen-deprived
breast cancer (34,37,50) and that c-MYC signaling may
predict responses to endocrine therapy (51,52). Thus, c-MYC
is hypothesized to play an important role in TAM-resistant
breast cancer. In agreement with the findings of previous

studies, the present study also confirmed that c-MYC expres-
sion was significantly increased in TAM-resistant cells and
clinical tumor samples, and the inhibition of ¢c-MYC expres-
sion in MCF-7R cells partly restored TAM sensitivity.
Subsequently, alterations in the sensitivities of cells to
various chemotherapeutic agents following the occurrence
of TAM resistance was determined, and the results revealed
that TAM-resistant cells were significantly more sensitive to
cisplatin-induced cell death compared with the parental cell
line, consistent with previous literature (53-55). Moreover,
previous clinical findings have demonstrated that a high
c-MYC expression predicts more favorable clinical responses
in patients with cervical cancer treated with cisplatin-based
chemotherapy (56), and TAM-resistant triple-negative breast
cancer exhibits an increased sensitivity to cisplatin; in addition,
c-MYC amplification is the most frequently reported aberration
in these tumors (55,57). Therefore, it was hypothesized that
c-MYC may enhance sensitivity to cisplatin by regulating
the proportion of cells in the S phase in TAM-resistant cells,
and the results of the present study confirmed the above
hypothesis. The clinical data generated in the present study
also demonstrated that TAM-resistant breast cancer patients
treated with cisplatin-based chemotherapy had higher clinical
remission rates compared with those treated with other
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chemotherapeutic regimens, further confirming the findings
of the in vitro experiments. To the best of our knowledge,
the present study is the first to demonstrate that c-MYC
plays different roles in treatment with endocrine therapy and
chemotherapy in ER* breast cancer. Furthermore, it is also
the first time that the changes of chemosensitivity have been
investigated in clinical TAM-resistant patients. In addition,
it is noteworthy that the c-MYC downstream genes, CCNA2
and CDK4, also exhibit a high expression in TAM resistance,
and it has been reported that both CCNA2 (58) and CDK4 (59)
play an important role in TAM resistance. Therefore, the high
expression of CCNA2 and CDK4 may also be involved in the
sensitivity of TAM-resistant cells cisplatin; further research is
warranted to confirm the above mechanisms.

In the present study, TAM-resistant cells also exhibited
resistance to doxorubicin and paclitaxel; however, they exhib-
ited an increased sensitivity to cisplatin, in agreement with the
findings of a previous study (60). A possible reason underlying
this phenomenon may be that upregulated expression levels
of multidrug-resistance-associated genes in TAM-resistant
cells are involved in the doxorubicin and paclitaxel efflux;
thus, the cycle change caused by c-MYC may not increase the
sensitivity of these two drugs to TAM-resistant cells (58). In
addition, these proteins exhibited less of an effect on cisplatin
efflux, as the limited intracellular accumulation of cisplatin is
usually the result of reduced uptake (61-63). Furthermore, p21
has been identified as an important effector of c-MYC activity
in the cell cycle, and its expression was significantly reduced in
the TAM-resistant cells in the present study. Previous studies
have revealed that the inhibition of p21 expression sensitized
tumor cells to cisplatin (64,65). Thus, it was hypothesized that
¢-MYC may affect the cell cycle and increase cisplatin sensi-
tivity by regulating p21 expression in TAM-resistant cells, and
further experiments are required to examine this hypothesis.
In addition, a recent study demonstrated that TAM-resistant
breast cancer cells are resistant to DNA-damaging chemo-
therapy (66), which was inconsistent with the findings of the
present and previous studies (53-55,60). The different results
observed in the various studies may reflect the diversity in the
cell models used, and further research aimed at determining
the underlying mechanisms is required due to the complexity
of drug resistance.

In conclusion, the results of the present study suggest that
although c-MYC participates in TAM resistance, it improves
cisplatin sensitivity in ER* breast cancer. TAM-resistant
patients may respond favorably to cisplatin, and the upregu-
lated expression of c-MYC expression may be used as a
predictive marker. However, further research and prospective
clinical trials are required to confirm the observations of the
present study.
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