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Mitogen-activated protein kinase phosphatase 1 is
involved in tamoxifen resistance in MCF7 cells
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Abstract. Tamoxifen resistance is a major clinical problem
for ER-positive breast cancer, but the underlying mechanism
is not completely elucidated. In the present study, we reported
that mitogen-activated protein kinase (MAPK) phosphatase 1
(MKP-1), a member of the family of MKPs, is involved
in tamoxifen resistance. We found that MKP1 expression
increased in tamoxifen resistant MCF7 cells. To explore
the possible role of MKP1 in tamoxifen resistance, siRNA
targeting MKP1 was transfected into tamoxifen resistant
MCEFT7 cells. To our surprise, knockdown of MKP-1 promoted
cell death induced by tamoxifen. On the other hand, the MKP1
overexpressed MCF7 cell clone was established and MKP1
overexpression effectively attenuated MCF7 cell death induced
by tamoxifen. In addition, we revealed that MKP1 inhibited
tamoxifen-mediated JNK activation in tamoxifen resistant
MCF7 and MCF7 cells, and by this mechanism MKP1 was
able to inhibit tamoxifen-induced cell death. We also showed
that combined appliaction of MKP1 inhibitor triptolide and
tamoxifen can effectively increase tamoxifen sensitivity in
tamoxifen resistant MCF7 cells. Collectively, our results indi-
cated that MKP-1 can attenuate tamoxifen-induced cell death
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through inhibiting the JNK signal pathway, which represents a
novel mechanism of tamoxifen resistance in MCF7 cells.

Introduction

Breast cancer is classified into three basic subtypes including
ER-positive subtype, HER2 amplified subtype and triple-
negative breast cancer subtype (1). Approximately 75% breast
cancers are classified into ER-positive subtype and need to be
given endocrine treatment (2). Tamoxifen, a selective estrogen
receptor modulator, has been used as a basic endocrine drug
for the past four decades (3). However, the effect of tamoxifen
is limited by occurrences of de novo and acquired resis-
tance (4). In previous studies (2,5), tamoxifen resistance has
been attributed to many different reasons including: loss of
ERa, signal pathways crosstalk, deregulation of coregulators,
as well as altered expression of microRNAs. Even so, there
is still a great need to explore the underlying mechanism of
tamoxifen resistance.

The signal pathway of mitogen activated protein kinases
(MAPKSs) has been shown to be involved in cancer develop-
ment and progression (6). Studies have also supported that
the MAPKSs are implicated in tamoxifen resistance. Activated
ERK has been shown to phosphorylate ERa, leading to
ligand-independent activation of ER signal and tamoxifen resis-
tance (7). High level of phosphorylated p38 has been observed
in tamoxifen treated breast cancer specimens and activation of
p-38 has been proven to induce tamoxifen resistance through
activation of ER (8). Studies have also shown that AP1, a
downstream target of ERK and JNK, promotes transcription
in tamoxifen-treated breast cancer (9). In addition, JNK has
been shown to contribute to tamoxifen pharmacological action
through mediating apoptosis (10).

The MAPK phosphatases (MKPs), which can specifically
bind and dephosphorylate MAPKs, are negative regulators of
MAPKSs (11). MKP1 is the first identified member of MKPs
family and thus frequently studied. MKP1 has been shown to
dephosphorylate all three members of MAPKSs, particularly
p38 and JNK (12), in inflammatory response and metabolic
homeostasis (13,14). MKP1 also plays an important role in
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cancer (15). Li et al (16) reported that MKP1 is a transcrip-
tional target of tumor suppressor p53, and thus involved in
the negative regulation of cell proliferation. Several studies
have also shown that MKP1 can attenuate chemotherapy-
induced apoptosis in cancers through dephosphorylation of
INK (17-20).

Herein, we show that MKP1 expression was increased in
tamoxifen resistant MCF7 cells. When using MKP1 siRNA
knocked down MKP1 in tamoxifen resistant MCF7 cells,
tamoxifen-mediated cell death increased. On the contrary,
overexpression of MKP1 in MCF7 cells attenuated tamox-
ifen-mediated cell death. In addition, change of MKP1
expression was correlated with tamoxifen-induced activa-
tion of JNK in MCF7 and tamoxifen resistant MCF7 cells.
Importantly, using JNK inhibitor SP600125, we showed that
the inhibition effect of MKP1 on tamoxifen-mediated cell
death is through blocking JNK activation.

Material and methods

Reagents and antibodies. Tissue culture media and materials
were purchased from HyClone. Charcoal stripped fetal bovine
serum (cs-FBS) and fetal bovine serum (FBS) were from PAA
(A-15-119). 4-Hydroxy tamoxifen (TAM) was from Sigma and
freshly dissolved in ethanol at stock concentration 10 mmol/I.
The TurboFect transfection reagent was from Thermo
Scientific (R0531). Cell Counting Kit-8 (CCK-8) was from
Dojin Laboratories of Kumamoto (CK04-01). Cell apoptosis
detection kit was from Beyotime (C1052). The cDNA synthesis
and real-time PCR reagents were purchased from Takara
(D6110A). MKP1 siRNA pool (UGGAGCAUAUCGUGCC
GAA and AAGAUAUGCUCGACGCCUU); and scrambled
siRNA (CGTACGCGGAATACTTCGA) were purchased
from Dharmacon. The empty vector pCMV-Tag-2A and
mkpl-pCMV-Tag-2A plasmids were kind gifts from Professor
Lianfeng Zhang. The SP600125 (sc-200635), triptolide
(sc-200122) and dexamethasone were from Santa Cruz
Biotechnology. The following antibodies were used in the
present study: anti-MKP-1 (sc-370; Santa Cruz); anti-MAPKs
(cst-9926; Cell Signaling Technology), anti-p-MAPKs
(cst-9938), anti p-c-jun (cst-9164) and anti-PARP (cst-9532);
anti-f-actin (A-5316; Sigma). Caspase 3/7 activity assay kit
was from Beyotime.

Cell lines and treatment. Human breast cancer MCF7 cell
line was purchased from the Cell Bank of Chinese Academy
of Science. Tamoxifen resistant MCF7 cell line LCC2 (21)
was a kind gift from Professor Xinyi Chen. MCF7 cells were
maintained in Dulbecco's modified Eagle's medium (DMEM)
containing 10% FBS supplemented with 2 yM L-glutamine,
50 U/ml penicillin and 50 pg/ml streptomycin. LCC2 cells
were maintained in phenol red free DMEM containing 10%
cs-FBS supplemented with 2 yM L-glutamine, 5,050 U/ml
penicillin and 50 pg/ml streptomycin. High-dose tamoxifen
resistant MCF7 cells (MCF7-TR) were derived from LCC2
cells based on the following strategy: LCC2 cells were treated
with gradually increased concentration of TAM (1-5 uM) for
two months, and then were kept in medium containing 5 M
TAM for 6 months. All of the cells were incubated at 37°C in
5% CO,. Prior to experiments, all of the cells were cultured
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in phenol red free DMEM containing 5% cs-FBS for one
week.

MTT analysis. The cell viability was determined by CCK-8
assay according to the manufacturer's instruction. Cells were
incubated with 10 ul CCK-8 for 3 h at 37°C. The absorbance
was measured at 450 nm. The viability of cells was calculated
as: (OD450 nm of sample/OD450 nm of control) x 100%. All
experiments were performed in triplicate.

Flow cytometric analysis of cell apoptosis. Equal numbers of
cells (2x10°) were seeded into 60 mm dishes and incubated at
37°C in 5% CO,. Overnight, cells were treated with different
doses of TAM for 48 h. Both floating and adherent cells were
collected by trypsin/EDTA-free, washed in cold PBS and
centrifuged at 1,000 rpm for 5 min. The supernatant was
discarded. Binding buffer (500 ul) was added to the deposit
which was resuspended, then 5 pl Annexin V-FITC and 5 ul
propidium iodide were added. After incubated at RT for
15 min, cells were analyzed by FACScan flow cytometer. For
each sample, 10,000 events were analyzed.

c¢DNA synthesis and quantitative RT-PCR analysis. Cell
monolayers were lysed and total RNA was isolated using
TRIzol reagent according to the manufacturer's protocol.
Total RNA (100 ng) was reverse transcribed using Takara
PrimeScript First Strand cDNA Synthesis kit. Real-time PCR
was performed using the Takara SYBR Premix Ex Taq kit.
Primers used to amplify MKP1 and 18S were as follows:
MKPIF, 5'-gggacgcgcggtgaag-3' and MKPIR, 5'-gatcttgt-
gegettttttgtgg-3"; 18SF, 5'-tctcaaagattcgecatge-3' and 18SR,
5'-tcaccaacggagaccttg-3'.

MKPI silencing with small interfering RNA. MCF7-TR cells
were transiently transfected with MKP1 siRNA and scrambled
siRNA into 6-well plates with TurboFect reagent according to
the manufacturer's instruction. Forty-eight hours after trans-
fection, cells were used for the experiments. Cells transfected
with scrambled siRNA were used as control.

Establishment of MKPI overexpressing MCF7 cells.
MCF7 cells were transfected with either the empty vector
pCMV-Tag-2A plasmid or mkpl-pCM V-Tag-2A plasmid using
TurboFect reagent according to the instruction of TurboFect
reagent. Transfected cells were selected with 400 pg/ml G418
(Sigma) for 4 weeks. Single clones were picked up for estab-
lishing stable clones. MKP-1 expression was determined by
western blotting.

Western blot analysis. Western blot analysis in cultured cells
was carried out as previously reported (22). Briefly, cells
were washed in PBS and scraped, and whole-cell lysates
were prepared and centrifuged at 12,000 rpm for 20 min at
4°C. Equal amounts of total protein (40 pg) were loaded on
10% SDS-PAGE gels and then transferred onto a polyvi-
nylidene fluoride membrane with a Semi-Dry Transfer Cell.
Membranes were blocked in TBS-Tween (0.1%)/5% milk and
were then hybridized with primary antibody overnight at 4°C.
Membranes were incubated with the secondary antibody for
1 h at RT. Resulting bands were visualized using enhanced
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Figure 1. (A-C) MCF7,LCC2 and MCF7-TR cells were treated with control medium, estrogen (E2; 50 nM) and tamoxifen (TAM; 1 and 5 uM) for 7 days. Cell
proliferation was measured using CCK-8 assay. The growth curves were representative of three independent experiments. (D) Relative MKP1 mRNA level was
measured by quantitative RT-PCR in MCF7, LCC2 and MCF7-TR cells. MKP1 mRNA expression value was relative to the level of 18S mRNA. Significant
difference ‘P<0.05 (mean + SD, n=3). (E) MKP1 protein level was detected by western blotting in MCF7, LCC2 and MCF7-TR cells which were treated with
control medium, E2 (50 nM) and TAM (5 uM) for 24 h, 3-actin was used as loading control.

chemiluminescence reagents (Millipore). Images were scanned
and quantified by ChemiDoc™ MP System (Bio-Rad).

Determination of caspase 3/7 activity. Caspase 3/7 activity
was detected using the Caspase 3/7 Activity Assay kit
following the protocol provided by the manufacturer. Cells
were harvested and then incubated with Ac-DEVD-Pna for
2 h at 37°C. The absorbance was measured at 405 nm. The
caspase 3/7 activity of the cells was calculated as: (OD405 nm
of sample/OD405 nm of control) x 100%. All experiments
were performed in triplicate.

Statistical analysis. Statistical analysis was carried out with
Statistical Package for the Social Sciences version 19.0 (SPSS,
Inc.). Statistical significance (p<0.05) between experimental
and control groups was calculated by LSD-t test. All data are
expressed as the means + SD for the number of experiments.

Results

MKPI expression was upregulated in tamoxifen resistant
breast cancer MCF7 cells. The LCC2 cells were derived
from MCF7 cells and have been used as a tamoxifen resis-
tant cell model for several years (21). In the present study, we
established a high-dose tamoxifen resistant MCF7 cell line
(MCF7-TR) from LCC2 cells by treating LCC2 with 5 uM
TAM for >6 months. In order to verify resistant character of
the MCF7-TR cells, we treated parental MCF7, LCC2 and
MCF7-TR cells with estrogen (E2), tamoxifen (TAM) and
control medium for 7 days. The cell proliferation was detected
by MTT test and cell growth curves were depicted. As shown
in Fig. 1A-C, MCF7-TR cells were resistant to high-dose

(5 uM) tamoxifen, whereas MCF7 and LCC2 cells were
not. For exploring the possible role of MKP1 in tamoxifen
resistance, we examined mRNA level of MKPI1 in all three
cell lines using quantitative RT-PCR. The results indicated
that MKP1 mRNA level was increased in MCF7-TR cells
compared with MCF7 and LCC2 cells (Fig. 1D). Consistent
with MKP1 mRNA, MKPI1 protein expression was also
increased in MCF7-TR cells (Fig. 1E). Taken together, all the
above results suggest that MKP-1 expression is upregulated in
high-dose tamoxifen resistant MCF7 cells.

MKPI inhibits tamoxifen-mediated apoptosis in MCF7-TR
and MCF7 cells. As MKP1 expression increased in
MCF7-TR cells compared with MCF7 and LCC2 cells, we
asked whether MKP1 is correlated with tamoxifen resistance.
To this end, we transiently transfected scrambled siRNA and
MKPI1 siRNA to MCF7-TR cells. The knockdown efficiency
was determined by western blotting and the result is shown
in Fig. 2A. We then asked whether MKP1 plays a role in
tamoxifen-induced apoptosis (23). To this end, both scrambled
siRNA and MKP1 siRNA transfected MCF7-TR cells were
treated with gradually increased micromolar concentration of
tamoxifen (0-10 pM) for 48 h. Apoptosis was determined by
flow cytometry. As shown in the Fig. 2B and C, tamoxifen-
induced apoptosis was sharply increased in MKP1 siRNA
transfected MCF7-TR cells compared to scrambled siRNA
transfected MCF7-TR cells, indicating that knockdown of
MKPI enhanced tamoxifen sensitivity of MCF7-TR cells. On
the other hand, we established MKP1 stably overexpressing
MCF7 cell clones by transfection with mkpl-pCMV-Tag-2A
plasmid. The cell clones were verified by western blot-
ting (Fig. 2D). We also detected the apoptosis induced by
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Figure 2. (A) MKP1 expression was detected in MCF7-TR cells transfected with scrambled siRNA and MKP1 siRNA. (B) Flow cytometry which measured
apoptosis of scrambled siRNA and MKP1 siRNA transfected MCF7-TR cells after TAM treated for 48 h. (C) Comparison of apoptosis rate between scram-
bled siRNA and MKP1 siRNA transfected MCF7-TR cells. Significant difference “P<0.05; “P<0.01 (mean + SD, n=3). (D) MKP1 expression was detected
in control MCF7 cells and MKP1 overexpressed MCF7 cells. (E) Flow cytometry which measured apoptosis of MCF7/control and MCF7/MKP1.1 cells
after TAM treated for 48 h. (F) Comparison of apoptosis rate between MCF7/control and MCF7/MKPI1.1 cells. Significant difference "P<0.05; “P<0.01

(mean + SD, n=3).

tamoxifen (0-10 M) in MKP1 overexpressed MCF7 cells
(MCF7/MKP1.1) and empty vector plasmid transfected
MCF7 cells (MCF7/control). As shown in Fig. 2E and F,
results of flow cytometry indicated that overexpression of
MKP1 effectively inhibits tamoxifen-induced apoptosis in
MCF7 cells. Taken together, the above results suggest that
MKPI can protect MCF7 and MCF7-TR cells from tamoxifen-
induced apoptosis.

MKPI blocks TAM-mediated activation of MAPKs. Since
MKPI1 is a phosphatase which specifically targets activated
MAPKs (11), we hypothesized that knockdown of MKP1
influences the activation of MAPKs in tamoxifen-treated
MCF7-TR cells. The phosphorylated MAPKs and total
MAPKs were analyzed by western blotting in scrambled
siRNA and MKP1 siRNA transfected MCF7-TR cells which
were treated with tamoxifen for 24 and 48 h (Fig. 3A and B).
As shown in the relative quantitation histograms of western
blotting bands (Fig. 3D and E), the increased level of phos-
phorylated ERK1/2 and p-38 were comparable between
scrambled siRNA transfected MCF7-TR cells and MKP1
siRNA transfected MCF7-TR cells after tamoxifen treatment.
Interestingly, the expression of phosphorylated JNK in MKP1
siRNA transfected MCF7-TR cells was sharply increased
compared to expression of phosphorylated JNK in scrambled

siRNA transfected MCF7-TR cells after tamoxifen treat-
ment (Fig. 3F), indicating that knockdown of MKP1 discharges
the inhibition on tamoxifen-induced activation of JNK in
MCFT7-TR cells. Tamoxifen has been shown to activate several
signaling pathways which were upstream of MAPKSs and then
induce activation of MAPKSs in MCF7 cells (23,24). We next
wanted to know whether overexpression of MKP1 affects the
tamoxifen-induced activation of MAPKSs in MCF7 cells. The
phosphorylated MAPKSs and total MAPKs were determined
by western blotting in MCF7/control and MCF7/MKP1.1 cells
after tamoxifen treatment for 24 and 48 h (Fig. 4A and B). As
shown in the relative quantitation histograms of western blot-
ting bands (Fig. 4D-F), tamoxifen-induced phosphorylation of
MAPKs was decreased in MCF7/MKPI.1 cells compared to
MCF7/control cells (Fig. 4D-F), indicating that overexpression
of MKP1 in MCF7 attenuates the tamoxifen-induced activa-
tion of MAPKs. Taken together, these results suggest that
MKPI1 can negatively regulate tamoxifen-induced activation
of MAPKs, especially JNK, in MCF7-TR and MCF7 cells.

MKPI inhibits tamoxifen-induced apoptosis through blocking
JNK signaling. It has been shown that activation of JNK
contributes to tamoxifen-mediated apoptosis (10,25,26). Our
results showed that MKP1 inhibited tamoxifen-induced apop-
tosis and JNK activation in MCF7-TR and MCF?7 cells. Hence,
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Figure 3. (A) Western blotting of MKP1, p-MAPKs and total MAPKSs in scrambled siRNA transfected MCF7-TR cells after TAM treatment for 24 and 48 h.
(B) Western blotting of MKP1, p-MAPKs and total MAPKs in MKP1 siRNA transfected MCF7-TR cells after TAM treatment for 24 and 48 h. (C) Histograms
represent the relative quantitative comparison of MKP1 expression between A and B. (D-F) Histograms represent the relative quantitative comparison of

p-MAPKs level between A and B.
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PARP antibodies.

we asked whether MKP1 mediates inhibition of tamoxifen-
induced apoptosis is through blocking JNK activation. To
this end, we used JNK inhibitor SP600125 (SP) to inhibit the
tamoxifen-induced JNK activation in MKP1 siRNA trans-
fected MCF7-TR and MCF7 cells. All cells were treated with
the following protocol: incubated with 20 M SP600125 for
3 h and then treated with tamoxifen for 48 h or only treated
with tamoxifen for 48 h. After that, cells were harvested and
expression of MKP1, p-JNK, JNK, p-c-jun and cleaved PARP
were determined by western blotting (Fig. 5A and B). As
shown in Fig. 5A, SP600125 effectively inhibited tamoxifen-
mediated JNK activation and cleaved PARP in MKP1 siRNA
transfected MCF7-TR cells. Tamoxifen-induced apoptosis
in MKP1 siRNA transfected MCF7-TR cells was sharply
reduced (Fig. 5C). On the other hand, SP600125 also inhib-
ited tamoxifen-mediated JNK activation in MCF7 cells
and protected MCF7 cells from tamoxifen-induced apop-
tosis (Fig. 5B and C). We also analyzed the caspase 3/7 activity
of cells after treatment with tamoxifen alone or tamoxifen
in combination with SP600125. As shown in Fig. 5D,
SP600125 treatment attenuated TAM-induced caspase 3/7
activity in MKP1 siRNA-transfected MCF7-TR cells.

Taken together, these results suggest that JNK signaling is
involved in TAM-induced apoptosis and MKP1 inhibition of
TAM-induced apoptosis is through blocking JNK activation.

Triptolide has been shown to inhibit MKP1 expres-
sion (27,28). In the present study, we combined triptolide
with tamoxifen to treat MCF7-TR cells. As shown in Fig. S5E,
triptolide reduced MKP1 expression in MCF7-TR cells.
Moreover, combined application of triptolide and tamoxifen
sharply enhanced tamoxifen-induced activation of JNK and
cleaved PARP compared with tamoxifen treatment alone, indi-
cating that MKP1 inhibitor may be a new therapeutic strategy
for tamoxifen resistance.

Discussion

Tamoxifen has been shown to induce both cytostatic (prolif-
eration arrest) and cytotoxic effect (cell death or apoptosis)
through ERa-dependent and -independent pathways (23,24).
In MCF7 cells, the antitumor effects of tamoxifen through
ERa and non-ERa signal pathway were dependent on concen-
tration of tamoxifen (nanomolar or micromolar) (23,29). In
other words, when used at nanomolar concentration, such as
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100 nM, tamoxifen mainly induced cell growth arrest (cyto-
static effects) through inhibition of ER signaling, whereas used
at micromolar concentration, such as 5 yM, tamoxifen mainly
induced cell death (cytotoxic effect) through ER-independent
signal pathways. In the present study, we established a high-
dose TAM resistant MCF7 cell line (MCF7-TR) from the
verified tamoxifen resistant LCC2 cells (21). MCF7-TR cells
are not only resistant to nanomolar (low-dose) tamoxifen-
induced cell growth arrest, but also resistant to micromolar
(high-dose) tamoxifen-induced cell death. We detected the
MKP1 expression in MCF7-TR cells and MCF7 cells, and
found that both of MKP1 mRNA and protein expression
increased in MCF7-TR cells. Several studies have shown that
MKPI increases in poorly differentiated and late stage of
breast cancer but not in early stage of breast cancer (30,31). Our
data indicated that MKP1 expression is higher in tamoxifen
resistant MCF7-TR cells compared with parental MCF7 cells,
which is consistent with the previous studies.

MKPI has been shown to induce drug resistance through
inhibiting apoptosis (18-20,32). In the present study, knock-
down of MKPI in MCF7-TR cells increased cell death
induced by micromolar concentration of tamoxifen. On the
other hand, overexpression of MKP1 in MCF7 cells protected
cells from cytotoxic effect mediated by micromolar concentra-
tion of tamoxifen. These results showed that MKP1 expression
in MCF7-TR and MCF7 cells protects cell from tamoxifen-
induced cytotoxic effect, indicating that MKP1 may be
involved in tamoxifen resistance of MCF7 cells.

It has been reported that tamoxifen induces activation
of MAPKSs in breast cancer (33,34). In the present study,
detection of phosphorylated MAPKs in MKP1 knockdown
MCF7-TR and MCF7 cells after tamoxifen treatment showed
similar results (as shown in Figs. 3B and 4A). Since MKP1
specifically and negatively regulated MAPKs, we explored
whether MKP1 inhibits tamoxifen-induced activation of JNK
in MCF7-TR and MCF7 cells. As shown in Figs. 3A and 4B,
the MKP1 highly-expressed MCF7-TR and MCF7 cells
exhibited declining phosphorylation of MAPKs, especially
phosphorylation of INK, after tamoxifen treatment, indicating
that MKP1 expressed in MCF7-TR and MCF7 cells inhibits
the activation of MAPKs.

It has been reported that activation of JNK contributes to
tamoxifen cytotoxic effect through the process of mediating
apoptosis (10,25,26,29), we thus hypothesized that MKP1 may
protect cells by inactivating JNK. We used both JNK specific
inhibitor SP600125 and tamoxifen to treat cells. The results
showed that inhibition of JNK activation sharply reduced
tamoxifen-induced apoptosis and cleaved PARP expression in
MKPI knockdown MCF7-TR cells and MKP1 low-expressed
MCFT7 cells, suggesting that JNK signal pathway is indeed
involved in the tamoxifen-induced apoptosis, and MKP1
inhibits tamoxifen-induced apoptosis through blocking JINK
activation. Furthermore, we used MKP1 inhibitor triptolide
in combination with tamoxifen to treat MCF7-TR cells, and
found that triptolide promoted tamoxifen-induced activation
of JNK and apoptosis in MCF7-TR cells.

In conclusion, we showed that MKP1 expression increased
in tamoxifen resistant MCF7-TR cells compared with
parental MCF7 cells. We also showed that high expression of
MKP1 in MCF7-TR and MCF7 cells can protect cells from
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tamoxifen-induced apoptosis, and this is dependent on the
role MKP1 played in regulation of JNK activation. Moreover,
our result suggested that targeting MKP1 may be a potential
therapeutic strategy for tamoxifen resistance.
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