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Abstract: Tamoxifen is recommended as a first line treatment for estrogen receptor positive breast cancer. However,
the acquisition of endocrine resistance remains the biggest hurdle to achieving treatment success. We, therefore,
designed the present study to disclose the relationship between autophagy and endocrine resistance and to provide
some insight into overcoming tamoxifen resistance. Experiments were performed using TAM-sensitive (MCF-7) cell
lines and TAM-resistant (TAM-R) cell lines. Western blot, real-time PCR, and immunofluorescence analyses were
conducted to detect autophagy and apoptosis related proteins and to evaluate pathways that stimulated autophagy
in the two targeted cell lines. Higher LC3 and Beclin-1 levels were found in the TAM-R cell lines compared with the
MCEF-7 cell lines, suggesting that the degree of autophagy was higher in the TAM-R cells. Other proteins kinases such
as pAMPK, BAX, and p-p70S6K also proved the involvement of autophagy in the process of developing tamoxifen
resistance. Lower levels of microRNA-101 were detected in the TAM-R cells, indicating a negative correlation be-
tween microRNA-101 and autophagy. Based on the findings presented in this study, autophagy is a major cause of
tamoxifen resistance in breast cancer patients. Inhibiting autophagy could improve the therapeutic efficacy of TAM

by overcoming endocrine resistance in estrogen receptor positive breast cancers.
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Introduction

Breast cancer is reported to be the second
highest killer among all cancers in women, with
up to a 30% death rate in diagnosed patients
[4, 2]. It is estimated that approximately 1.2
million newly diagnosed patients appear each
year, with an increased occurrence in younger-
aged women [3, 4]. The expression of hormone
receptors is a threshold for categorizing breast
cancer into estrogen receptor (ER), progester-
one receptor (PR), and human epidermal growth
receptor 2 (HER2). The treatment options for
breast cancer patients are varied according to
the breast cancer phenotypes. Since almost
70% of patients express ER, endocrine thera-
pies targeting estrogen and its receptor are the
most common strategy used in treating breast
cancer [5].

Tamoxifen (TAM), as an antiestrogen agent, has
been considered the “gold standard” and been
used as a first-line endocrine therapy since it

was approved by the Food and Drug Adminis-
tration [6]. The function of TAM is to competi-
tively bind to ERs, thereby inhibiting the prolif-
eration of estrogen-stimulated breast cancer
cells [7]. The application of TAM therapy has
been proved to be effective by reducing the
risk of recurrence and death [8]. However, ob-
stacles and limitations are still in the blocking
the hope of achieving the best possible per-
formance of TAM. Data show that around one
third of patients do not respond to TAM treat-
ment at the very beginning, and the majority of
patients with an initial response develop resis-
tance over time [9]. Several mechanisms res-
ponsible for TAM resistance have been explor-
ed, such as pharmacologic mechanisms, loss
or modification in ER expression, regulation of
the various signaling pathways that engage in
different cellular processes, and the inhibition
of apoptosis [10]. Recently, accumulating evi-
dence suggests that the induction of autopha-
gy in breast cancer cells is related to the devel-
opment of therapeutic resistance [11, 12].
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Autophagy is a conserved process initiated as
a response to stress or nutrient deprivation
conditions in an attempt to maintain metabolic
homeostasis by degrading damaged or super-
fluous proteins and subcellular organelles th-
rough delivery to lysosomes [13, 14]. Auto-
phagy, with its dual role as either pro-survival
or pro-death, on the one hand, acts as a tumor
suppressor; on the other hand, it delays and
limits breast cancer cells death in response to
stressors, thereby protecting the tumor cells
[15-17]. There are five sequential steps that
comprise the procedure of autophagy (induc-
tion, nucleation, elongation, maturation, and
degradation) [13, 14], and each stage is tightly
controlled by specific complexes and involved
with pathways [18]. Previous research has con-
sidered autophagy as an important mechanism
of TAM resistance and demonstrated that the
re-sensitization of breast cancer cells with
acquired resistance can be achieved by inhibit-
ing autophagy [11, 19]. However, the exact
mechanisms of protective autophagy and TAM
resistant autophagy in breast cancer cells are
still confusing and largely unknown. To better
understand the correlation between autophagy
and acquired resistance in breast cancer cell to
TAM, we have compared the proteins related to
the process of autophagy as well as the signal-
ing pathways controlling autophagy between
ER* and estrogen/TAM-sensitive breast cancer
cells (MCF-7) and TAM-resistant breast cancer
cells (TAM-R).

Materials and methods
Materials

The MCF-7 and TAM-R cell lines for breast
cancer we used were kind gifts from Profes-
sor Wei Yue (University of Virginia, VA, USA).
Tamoxifen was purchased from Sigma (St.
Louis, MO). The cell culture medium, Improved
Minimum Essential Medium (IMEM), was ob-
tained from Cellgro through Fisher Scientific
(Pittsburgh, PA). The fetal bovine serum (FBS),
glutamine, and trypsin were obtained from
Invitrogen (Carlsbad, CA). The antibodies aga-
inst LC3, Beclin-1, p62, Survivin, pAMPK, total
AMPK, Bax, and p-p70S7K were obtained from
Cell Signaling Technology (Beverly, MA). Near
infrared dye conjugated secondary antibodies
for the western blot analysis were purchased
from LI-COR INC (Lincoln, NE). MitoTracker Red
CMXRos, Hoechst 33324, and Alex Fluor 488
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goat anti-rabbit 1gG were obtained from Mole-
cular Probes (Eugene, Oregon USA). All other
chemicals were obtained from Sigma, unless
indicated otherwise.

Cell culture

The culture medium IMEM containing 5% FBS
was used to maintain the MCF-7 cells. TAM-R
cells were cultured in the same medium as
MCF-7 cells and further supplemented with
107 M tamoxifen.

Determination of cell number

MCF-7 cells and TAM-R cells were seeded in six-
well plates at a density of 3 x 10* per well in 5%
FBS IMEM. Tamoxifen was then added to both
cell lines, and the cells were treated for 5 days.
The medium was changed on day 3. After cul-
turing, MCF-7 cells and TAM-R cells were rinsed
twice with saline. Then, 2 mL HEPES MgCI,
solution (0.01 mol/L HEPES and 1.5 mmol/L
MgCl,) and 0.2 mL ZAP solution [0.13 mol/L
ethylhexadecyldimethylammonium bromide in
3% glacial acetic acid (v/v)] were sequentially
added for the preparation of the nuclei. The
number of cells in both cell lines was counted
with a model Z1 Coulter counter.

Immunoblotting

MCF-7 cells and TAM-R cells were grown in
60-mm dishes with 5% FBS IMEM. Tamoxifen
(107 and 10¢ M), and rapamycin (10 nM) were
imported as vehicles in the culture medium
when the cells were about 80% of confluence,
and the cells were treated for 24 hours. Cells
plated in 60-mm dishes were washed with
phosphate buffered saline (PBS), incubated on
ice for 5 min with 0.5 mL lysis buffer [20
mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1
mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L sodi-
um orthovanadate, 2.5 mmol/L sodium pyro-
phosphate, 1% Triton X-100, 1 mmol/L B-
glycerophosphate, 1 pg/mL leupeptin and
aprotinin, and 1 mmol/L phenylmethylsulfonyl
fluoride (PMSF)] pulse sonicated, and centri-
fuged at 14,000 rpm for 10 min at 4°C. Before
the analysis, the cell lysates were stored at
-80°C. The total content of the protein in the
lysate was measured by a standard Brad-
ford assay utilizing a reagent from Bio-Rad
Laboratories (Hercules, CA). Fifty micrograms
of total protein was extracted on a 10% Sodium
dodecyl sulfate (SDS) polyacrylamide gel. Then,
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the protein was transferred to a nitrocellulose
membrane. Primary antibodies (Cell Signaling)
dissolved in tris-buffered saline (TBS) with 5%
bovine serum albumin was added to the mem-
brane followed by IRDye conjugated secondary
antibody (Li-Cor Inc., Lincoln, NE) for incuba-
tion. An Odyssey imaging scanner (Li-Cor Inc.,
Lincoln, NE) was applied to visualize and quan-
tify the protein bands.

Real time PCR analysis

The extraction and purification of the total RNA
was conducted using Qiagen RNeasy Mini Kit.
The expression of mature miR-101 was deter-
mined by the TagMan miRNA-assay (Applied
Biosystems, Foster City, CA, USA) following the
manufacturer’s instructions. Relative miR-101
copies were compared using the DCt method.
(There is no endogenous housekeeping control
for this assay).

Immunofluorescent staining

MCF-7 and TAM-R cells were cultivated on a
sterile glass cover slip in 6-well plates in IMEM-
5% FBS. They were treated with rapamycin 10
nM and chloroquine 10 mM for 24 h. At the
appropriate time, the cells were rinsed briefly
with PBS after the culture medium was re-
moved. Then they were fixed in PBS contain-
ing 4% formaldehyde for 15 min at room tem-
perature. Later, the cells were rinsed 3 times
with PBS and permeabilized with cold methanol
for 10 min in a -20°C freezer. Afterwards, the
cells were rinsed again with PBS for 5 min. The
background was blocked in 5% normal goat
serum in PBS/Triton for 1 h. The cells were
incubated with a primary antibody against LC3
(1:200 in PBS/Triton) at 4°C overnight, then
rinsed 3 times with PBS and incubated with a
fluorochrome-conjugated secondary antibody
(10 pg/ml in PBS/Triton) at room temperature
for 1 h in the dark. Then Hoechst 33342 was
added, and the cells were incubated at room
temperature for 15 min in darkness. Finally, the
cells were rinsed 3 times with PBS and covered
with Fluoromount-G. The immunofluorescence
staining was visualized using an Olympus (IX81)
inverted fluorescence microscope.

Statistical analysis

All reported data are presented as the means
+ SD. Statistical comparisons are conducted
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with two-tailed Student’s t tests. A P value <
0.05 is considered as statistically significant.

Results

Effect of tamoxifen on the growth of TAM-R
and MCF-7 cells

To investigate whether autophagy participated
in the drug resistance of TAM-R cells, we estab-
lished a model where TAM-R cells manifested a
stable resistance. A stepwise drug selection
was applied, and comparisons of the cytotoxic-
ity of TAM between the TAM-R and MCF-7 cells
were performed to verify the efficacy of the
established models. According to the cell count,
the cell death caused by TAM in both TAM-R
and MCF-7 cells was dose-dependent. At the
concentration of 101° to 108, TAM only exhibit-
ed a weak inhibitory effect on TAM-R and MCF-7
cells. Tam at a concentration of 107 to 10°
induced significant cell death in the MCF-7
cells; however, cell death in the TAM-R cells did
not reach statistical significance until TAM
reached 10°®. These results further proved that
TAM-R is resistant to TAM (Figure 1).

The effects of tamoxifen on autophagy mark-
ers in MCF-7 and TAM-R cells

Autophagy was deemed to induce antiestrogen
resistance in breast cancer cells [11]. Thus, a
comparison was performed regarding Tam
induced autophagy between the drug-resis-
tance cell lines and the wild-type cell lines.
Endogenous LC3 can be used to measure the
induction of autophagy. It is suggested that
LC3 is the first mammalian protein that is re-
cruited to the autophagosome membranes and
involved in the formation of autophagosome
[20]. A Western blot analysis revealed higher
levels of LC3 in the TAM-R cells compared with
the MCF-7 cells in the TAM free environment
(control), suggesting a process of acquired re-
sistance is involved with autophagy (Figure
2A). The interference high-dose TAM (10°)
brought a lower expression of LC3, which in-
hibits autophagy. Immunofluorescent staining
localizing the LC3 protein in TAM-R and MCF-7
cells further confirmed the presence of autoph-
agy. The localization of LC3 appeared to be
diffuse in the control MCF-7 cells under im-
munofluorescence microscopy. However, the
expression of LC3 in the TAM-R cells was mar-
kedly higher than it was in the MCF-7 cells
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Figure 1. The effect of tamoxifen (5 days) on the growth of TAM-R and MCF-7 cells. The TAM-R and MCF-7 cells were treated with tamoxifen for 5 days in IMEM-5%
FBS 5% DCC; seeding cells number: 3*10"4/well in 6-well plate.
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Figure 2. Protective autophagy in MCF-7 cells and TAM-R cells. MCF-7 cells
and TAM-R cells were plated in 60-mm dishes with 5% FBS IMEM, and treat-
ed with tamoxifen (107 and 10® M), and rapamycin (10 nM) in a culture
medium for 24 hours when the cells were about 80% of confluence before
immunoblotting. The protein bands were visualized and quantified using an
Odyssey imaging scanner. A: The effects of tamoxifen on autophagy marker
LC-3 in MCF-7 and TAM-R cells; B: The effects of tamoxifen on autophagy
marker Beclin-1 in the MCF-7 and TAM-R cells; C: The effects of tamoxifen
on autophagy marker p62 in the MCF-7 and TAM-R cells.
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Figure 3. Autophagy fluorescent
microscopy of LC-3 in MCF-7 and
TAM-R cells in the control, ra-
pamycin, and chloroquine. MCF-7
and TAM-R cells grown on sterile
glass cover slip in 6-well plates in
IMEM-5%FBS were treated with
rapamycin 10 nM and chloro-
quine 10 mM for 24 h and then
stained with CytolD green dye
for autophagosome and Hoechst
33342 for nuclei. The immunoflu-
orescence staining was visualized
with an Olympus (IX81) inverted
fluorescent microscope. Imaging:
FITC and DAPI (60 x).

(Figure 3). The level of p62 is
also an indicator for autopha-
gy turnover, as the p62 pro-
tein directly binds to LC3 and
is degraded by autophagy
[21]. Evidence has shown that
the inhibition of autophagy
leads to the accumulation of
p62. However, from our analy-
sis, the basal level of p62 is
higher in TAM-R than it is in
MCF-7 (Figure 2B). This con-
tradictory result may be a
reflection of the reduction of
autophagy when TAM-R cells
were shifted from a routine
tamoxifen containing medium
to a vehicle containing medi-
um. Another explanation could
be that there is increased oxi-
dative stress in the TAM-R
cells because p62 is also in-
volved in this process.

Beclin-1 is one of the criti-
cal markers responsible for
both autophagosome forma-
tion and autolysosome fusion
[22]. A higher Beclin-1 level
was detected in the TAM-R
cells compared with the MCF-
7 cells among the control, low-
dose TAM, and high dose TAM
groups, indicating a stronger
autophagy in the TAM-R cells
(Figure 2C).

Evidence of mTOR inhibition
induces autophagy

As a highly conserved Ser/Thr
protein kinase, AMPK can bal-
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Figure 4. Tamoxifen therapy altered the autophagy and apoptosis markers
in the MCF-7 and TAM-R cells. The MCF-7 and TAM-R cells were plated in
60-mm dishes with 5% FBS IMEM and treated with tamoxifen (107 and 10°
M), and rapamycin (10 nM) in a culture medium for 24 hours when the cells
were about 80% of confluence before western blotting. Bar graphs indicate
the relative levels of pAMPK, Bax, and P-p70s6k normalized to B-actin. A:
The effects of tamoxifen on the expression of pAMPK in the MCF-7 and TAM-
R cells; B: The effects of tamoxifen on the expression of P-p70s6k in MCF-7
and TAM-R cells; C: The effects of tamoxifen on the expression of BAX in the

blot imaging from our analysis
revealed that the TAM-R cells
had higher basal levels of
pAMPK (Figure 4A) and lower
levels of p-p70S6K (Figure
4B) than the MCF-7 cells, indi-
cating the exhibition of au-
tophagy in TAM resistance. In
the intervention of low-dose
and high-dose TAM treatment,
the expression of pAMPK was
negatively correlated with p-
p70S6K.

Effects of tamoxifen on the
expression of total Bax in
MCF-7 and TAM-R cells

BAX is a pro-apoptotic agent,
and its reduction may predis-
pose it to enhance drug resis-
tance in breast cancer [28]. A
lower level of Bax was obser-
ved in the TAM-R cells, indica-
ting Bax was involved in the
acquired resistance process.
The attendant reduction of
Bax in the TAM-R cells with a
different dose of TAM inter-
vention further supported the
hypothesis that the inhibition
of Bax could indirectly affect
autophagy (Figure 4C).

miR-101 in MCF-7 and TAM-R
cells

MCF-7 and TAM-R cells.

ance energy homeostasis and metabolic stress
[23]. It is also involved in many basic biological
processes, including cell growth, proliferation,
apoptosis, autophagy [24]. Previous studies
demonstrated AMPK could positively mediate
autophagy through the regulation of the mam-
malian target of the rapamycin (mTOR) complex
[25]. Numerous signaling pathways can trigger
autophagy, and the PI3K/Akt-mTOR signaling
pathway is regarded as a crucial negative re-
gulator for the formation of autophagosomes
[26]. The PI3K/Akt signaling pathway controls
the activity of mTOR and activated mTOR can
phosphorylate the ribosomal protein S6 kinase
(P70S6K). Evidence has shown that AMPK acti-
vation may stimulate autophagy through the
negative regulation of mTOR [14, 27]. Western
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miR-101 is considered a pow-

erful inhibitor of autophagy. A
previous study showed that the overexpression
of miR-101 repressed autophagy [29]. In our
study, real-time PCR revealed that miR-101
expression was lower in the Tam-R cell lines
compared with the MCF-7 cell lines, which indi-
cates that enhanced autophagy had appeared
in the breast cancer cells which developed TAM
resistance (Figure 5).

Discussion

While TAM is still the key to treating breast can-
cer patients, the acquisition of TAM resistance
still is the biggest challenge hampering treat-
ment success. Autophagy is considered to be
one of the mechanisms causing endocrine ther-
apy resistance. The protective and pro-survival
mechanisms of autophagy were observed in
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Figure 5. The expression of miR-101 in MCF-7 cells and TAM-R cells. Total RNA was extracted and purified using a
Qiagen RNeasy Mini Kit. The expression of mature miR-101 was determined by the TagMan miRNA-assay following
the manufacturer’s instructions. Relative miR-101 copies were compared using the DCt method. *P < 0.05.

previous investigations, and this mechanism is
thought to play an antagonistic role against a
few chemotherapeutics in human cancer cell
lines [30]. A number of experiments also sh-
owed that the acquisition of TAM resistance in
breast cancer cells is strongly correlated with
autophagy [31]. However, a lot is still unknown
regarding the relationship between autophagy
and acquired resistance. Thus, we have desi-
gned the current experiment in an attempt to
disclose the relevance of autophagy to TAM
resistance by analyzing the related parame-
ters.

LC3 is a key protein responsible for the major
steps of autophagy. It is mainly localized in the
nucleus, but it functions primarily in the cyto-
plasm where the autophagosomes and autoly-
sosomes arise [32] and determines autophago-
some size and membrane curvature [33]. A
Western blot analysis showed higher expres-
sions of LC-3 in TAM-R cells compared with the
MCF-7 cell lines in all three groups (control, 107
M TAM, and 106 M TAM), indicating that the lev-
els of autophagy were higher in the TAM-R cell
lines. In high-dose TAM interference (10° M),
when the cell growth of TAM-R cells was signifi-
cantly inhibited, the LC3 levels subsequently
dropped. This phenomenon further confirmed
that autophagy was engaged in the acquired
resistance process against TAM in breast can-
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cer cells. Beclin-1, as the first identified auto-
phagic gene in mammalian cells, can positively
regulate autophagy [34]. Reports have shown
that autophagy may be stimulated as the syn-
thesis of beclin-1 is increased under treatment
with TAM [35]. According to our result, the
TAM-R cell lines contained higher beclin-1 lev-
els than the MCF-7 cell lines in all three groups,
suggesting that the induction of autophagy
involves the regulation of beclin-1. The ability to
interact with proteins in certain intracellular
signaling pathways makes p62 important at
the crossroads of autophagy, apoptosis, and
cancer [36]. p62 is an adaptor protein that con-
tributes to the formation of autophagosome,
and it is also associated with LC3 and ubiquiti-
nated proteins. Also, as a substrate of autopha-
gy, p62 appears to be accumulative in autoph-
agy-deficient cells. The highest p62 concentra-
tion clearly appeared in the control group of
Tam-R cell lines which was contradictory with
previous findings [37]. Many factors might have
led to this discrepancy. One possible explana-
tion is that the shift from a routine tamoxifen
containing medium to a vehicle containing me-
dium may cause a reduction of autophagy. Ano-
ther explanation could be that there is increa-
sed oxidative stress in TAM-R cells because
p62 is also involved in this process. Protein
kinase AMPK and P70S6K were also evalua-
ted, and the results demonstrated that levels
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of pAMPK and p-p70S6K were connected to
the regulation of autophagy. The results also
showed that the pro-apoptotic agent BAX and
miR-101 may function as negative regulators
of autophagy in the acquisition of TAM resis-
tance.

It is important to reveal the correlation be-
tween autophagy and the acquired resistance
of TAM therapy. By understanding which pro-
tein can positively or negatively regulate au-
tophagy, clinicians can design specific treat-
ments to inhibit endocrine resistance or resen-
sitized resistance cells to therapy by modulat-
ing certain proteins. For example, by disclosing
the relationship between miR-101 and autoph-
agy, researchers can block autophagy by en-
hancing miR-101 in patients who acquire re-
sistance to endocrine therapy to increase the
therapeutic success.

In conclusion, the use of TAM chemotherapy
could trigger protected autophagy in cancer
cells. The development of drug resistance to
TAM therapy is chiefly caused by autophagy.
Inhibiting autophagy could improve the thera-
peutic effect of TAM by overcoming endocrine
resistance in ER* breast cancers.
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