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Abstract

Patients with triple-negative breast cancer (TNBC) have a poor prognosis because TNBC often 

metastasizes, leading to death. Among patients with TNBC, those with ERK2 (extracellular 

signal-regulated kinase 2)-overexpressing tumors were at higher risk of death than those with low-

ERK2-expressing tumors (hazard ratio, 2.76; 95% confidence interval, 1.19–6.41). The MAPK 

pathway has been shown to be a marker of breast cancer metastasis, but has not been explored as a 

potential therapeutic target for preventing TNBC metastasis. Interestingly, when we treated TNBC 

cells with the allosteric MEK inhibitor selumetinib, cell viability was not reduced in 2-

dimensional culture. However, in 3-dimensional culture, selumetinib changed the mesenchymal 

phenotype of TNBC cells to an epithelial phenotype. Cells that undergo epithelial-mesenchymal 

transition (EMT) are thought to contribute to the metastatic process. EMT leads to generation of 

mesenchymal-like breast cancer cells with stem cell-like characteristics and a CD44+CD24−/low 

expression pattern. We tested the hypothesis that targeted inhibition of the MAPK pathway by 

selumetinib inhibits acquisition of the breast cancer stem cell phenotype and prevents lung 

metastasis of TNBC. TNBC cells treated with selumetinib showed inhibition of anchorage-

independent growth, an indicator of in vivo tumorigenicity (P<0.005), and decreases in the 

CD44+CD24−/low fraction, ALDH1 activity and mammosphere-forming efficiency. Mice treated 

with selumetinib formed significantly fewer lung metastases than control mice injected with 

vehicle (P<0.05). Our data demonstrate that MEK inhibitors can inhibit breast cancer stem cells 

and may have clinical potential for the prevention of metastasis to prevent metastasis in certain 

cases in which tumors are MAPK dependent.
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INTRODUCTION

Triple-negative breast cancer (TNBC), which lacks estrogen receptor and progesterone 

receptor expression and has low HER2 expression, is an aggressive, poorly understood 

disease that accounts for 20–25% of all breast cancers. Patients with TNBC can be treated 

with chemotherapeutic agents, but disease often recurs, resulting in rapid disease 

progression, metastasis, and death. TNBC is the only major type of breast cancer for which 

no specific targeted therapy is available to improve patient outcomes (1).

The MAPK pathway is known to promote cell proliferation, angiogenesis, differentiation, 

and survival. Many drugs that act on signaling pathways upstream of ERK, such as the 

HER2-targeting drugs trastuzumab and lapatinib, may exert their actions through the MAPK 

pathway. The MAPK pathway has been shown to be a marker of breast cancer metastasis 

and increased MAPK activity was associated with lymph node metastasis (2).The MAPK 

pathway also has oncogenic potential, as demonstrated by the findings that elevated ERK1/2 

MAPK activity is associated with shorter disease-free survival and MAPK activity is 

prognostic for relapse-free survival in patients with breast cancer (2–5).

We recently showed that among patients with TNBC, those with ERK2-overexpressing 

tumors were at higher risk of death than those with low-ERK2-expressing tumors (6). This 

evidence suggests that ERK modulation may be a helpful therapeutic strategy for some 

subsets of TNBC. ERK activity is tightly regulated by MEK through phosphorylation. Many 

potential therapeutic MEK inhibitors have been investigated. One of the most widely studied 

of these inhibitors to date is selumetinib (AZD6244; ARRY-142886; AstraZeneca, 

Macclesfield, United Kingdom), a highly selective allosteric inhibitor of MEK1/2 (7). At 

present, multiple clinical trials of selumetinib are ongoing, and basal-type breast cancer cell 

lines, which accounts for the majority of cases of TNBC, showed sensitivity to MEK 

inhibitors (8). Selumetinib may become part of a paradigm shift in the treatment of TNBC, 

from nonspecific chemotherapy to more rational, targeted therapy.

Epithelial-mesenchymal transition (EMT) is an essential developmental process by which 

cells of epithelial origin lose epithelial characteristics and polarity and acquire a 

mesenchymal phenotype with fibroblast-like morphology, cytoskeleton reorganization, 

increased motility, invasiveness, and metastatic capability (9, 10). EMT is characterized by 

loss of epithelial cell junction proteins, e.g., E-cadherin, occludins, and cytokeratins, and 

gain of mesenchymal markers, e.g., vimentin, smooth muscle actin, and fibronectin (9, 10). 

It has been proposed that EMT-like processes allow tumor cells to disassemble and migrate 

to tissue or organ sites distant from the primary tumor (9, 10). The EMT state in breast 

cancer is associated with a cancer stem cell (CSC) phenotype (11). For instance, cells 

undergoing EMT acquire a CD44+CD24−/low expression pattern, have increased ability to 

form mammospheres, and are enriched in tumor-initiating cells. Furthermore, cancer cells 

that undergo EMT are more migratory and invasive and have the capacity to metastasize 
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(12). A microarray analysis of cells from breast cancer tumors showed that the gene 

expression profile of the breast CSC fraction (CD44+CD24−/low) resembled a stem cell-like 

profile, and this subpopulation was able to form mammospheres in vitro (11). The induction 

of EMT in immortalized, nontumorigenic human mammary epithelial cells resulted in 

acquisition of the CD44+CD24−/low phenotype (11). The cell-adhesion molecule CD44 is 

involved in binding cells to hyaluronic acid, whereas CD24 is a negative regulator of the 

chemokine receptor CXCR4 and is involved in breast cancer metastasis. The prevalence of 

CD44+CD24−/low tumor cells in breast cancer may favor distant metastasis (13).

EMT is associated with breast cancer tumorigenicity. A study in FSP-cre transgenic mice, in 

which mammary epithelial cells were genetically marked with the BGH polyadenylate 

signal to visualize EMT during cancer progression in vivo, demonstrated that these cells 

underwent EMT during breast cancer development (14). Whether EMT actually occurs in 

human cancer and the relevance of EMT in human cancer—in particular, in metastasis—is a 

matter of intense debate (9, 15, 16). Recently, EMT has been suggested to be a reason for 

the aggressiveness of basal-like breast cancer. Analysis of a tissue microarray of 479 breast 

carcinomas showed that up-regulation of mesenchymal markers (vimentin, smooth muscle 

actin, N-cadherin, cadherin-11), overexpression of proteins involved in extracellular matrix 

remodeling and invasion (SPARC, laminin, fascin), and reduction of epithelial markers (E-

cadherin, cytokeratins) preferentially occurred in basal-like breast tumors.

The current view is that the 2-dimensional (2D) culture system does not accurately reflect 

the 3-dimensional (3D) cellular microenvironment where cancer cells are located. 

Previously, it was shown that different types of cells cultured in a 3D culture system show 

different sensitivities to drugs, indicating that responses in 3D culture may be representative 

of the way cancer cells respond to chemotherapeutic drugs in vivo (17).

In most cancer cell lines, the MAPK pathway plays a crucial role in inducing EMT; in some 

cell lines, transient activation of Src, PI3K, and Rac has an effect on particular aspects of 

EMT (18). ERK and PI3K have been implicated in TGF-beta signaling through the 

conventional Smad pathways and other as yet unknown pathways (15). A role of these 

signaling pathways, particularly cooperation between ERK and TGF-beta signaling, is also 

observed in EMT in squamous carcinoma of the skin, which can progressively acquire a 

fibroblast-like morphology in later stages of the disease (16). These findings justify studying 

targeting of ERK as a potential strategy for inhibiting metastasis of TNBC.

We hypothesized that inhibition of the MAPK pathway inhibits acquisition of the CSC 

phenotype and suppresses metastasis in TNBC. To evaluate this hypothesis, we tested the 

impact of selumetinib on in vitro and in vivo inhibition of EMT in TNBC cells. We found 

that selumetinib did not reduce cell viability in 2D culture but did inhibit anchorage-

independent growth and reverse EMT in 3D culture model system and inhibited ALDH1 

activity and mammosphere-forming efficiency. Using the highly metastatic breast cancer 

cell line MDA-MB-231-LM, we found that treatment with selumetinib prevented lung 

metastasis in a xenograft model. Our findings indicate that the MAPK pathway may be a 

promising therapeutic target in TNBC.
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MATERIALS AND METHODS

Cell lines and cell cultures

Three human TNBC cell lines (MDA-MB-231, MDA-MB-468, and SUM149), three non-

TNBC (SUM190, KPL-4, and MDA-IBC-3) and one TNBC lung metastatic cell line (MDA-

MB-231-LM2) were used. MDA-MB-231 and MDA-MB-468 cells were purchased from 

American Type Culture Collection in 2008 and SUM149 and SUM190 cells from Asterand 

in 2011 (Detroit, MI). KPL-4 cells were a kind gift in 2008 from Dr. Junichi Kurebayashi 

(Kawasaki Medical School, Kawasaki, Japan) and MDA-IBC-3 cells from Dr. WA 

Woodward in 2010 (The University of Texas MD Anderson Cancer Center, Houston, TX). 

MDA-MB-231-LM2 cells were obtained in 2010 from Dr. Joan Massague at Memorial 

Sloan-Kettering Cancer Center. The MDA-MB-231-LM2 cells, a subline of MDA-MB-231, 

is highly metastatic to lung transduced with HSV1-TK. MDA-MB-231, MDA-MB-231-LM, 

MDA-MB-468 and KPL-4 cells were maintained in Dulbecco's modified Eagle's 

medium/F12 medium (GIBCO) supplemented with fetal bovine serum (FBS; 10%) and 

penicillin-streptomycin (100 units/mL). SUM149, SUM190 and MDA-IBC-3 cells were 

maintained in F12 medium (GIBCO) supplemented with fetal bovine serum (FBS; 5%), 

penicillin-streptomycin (100 units/mL) insulin (5 μg/mL), and hydrocortisone (1 μg/mL). 

All cell lines used in this study were validated either on August 8th 2014, October 28, 2014 

and January 2015 by the Characterized Cell Line Core Facility at MD Anderson Cancer 

Center by using a short tandem repeat method based on primer extension to detect single 

base deviations.

Drugs

Selumetinib was provided by AstraZeneca.

Western blot analysis

For western blot analysis, cell pellets were lysed as described previously (16). Primary 

antibodies were anti-phospho-p42/44 MAPK (Thr202/Tyr204) (1:1000 dilution; Cell 

Signaling), anti-α-tubulin (1:5000 dilution; Sigma-Aldrich), anti-β-actin (1:5000 dilution; 

Sigma-Aldrich), anti-fibronectin (1:500 dilution; BD Transduction), anti-vimentin (1:1000 

dilution; Cell Signaling), anti-E-cadherin (1:1000 dilution; BD Transduction), anti-beta-

catenin (1:1000 dilution; Cell Signaling), anti-Twist (1:1000 dilution; Santa Cruz) and anti-

Slug (1:1000 dilution; Santa Cruz). Secondary antibodies were horseradish peroxidase-

conjugated IgG (1:10,000 dilution; Invitrogen) for chemiluminescent signal detection and 

the corresponding Alexa Fluor-conjugated IgG (1:5000 dilution; Invitrogen) for 

fluorescence signal detection.

WST-1 assay

Cell viability was assayed using cell proliferation reagent WST-1 (Promega) as described 

previously (17). MDA-MB-231 cells (2 × 103/90 μL), SUM149 cells (3 × 103/90 μL), 

MDA-MB-468 (3 × 103/90 μL), SUM190 (2 × 103/90 μL), KPL-4 (2 × 103/90 μL), and 

MDA-IBC-3 (2 × 103/90 μL) were seeded into each well of a 96-well plate and treated the 
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next day with selumetinib at a final concentration of 0.001, 0.01, 0.1, 1, or 10 μM for 72 

hours.

3D Matrigel projection formation assays

The 3D Matrigel projection formation assays were performed in triplicate using μ-Slide 

plates (ibidi GmbH, Germany) as described previously (19). For the bottom layer, 10 μL of 

100% Matrigel was added into each well of the μ-Slide plate, and the plate was incubated in 

a CO2 incubator for 10 minutes at 37°C. MDA-MB-231 and SUM149 cells (2 × 104 cells/50 

μL) were resuspended in 2% Matrigel/complete medium and then overlaid onto the bottom 

layer. After a 6- to 24-hour incubation in the CO2 incubator, cell network images were 

captured and analyzed for tube formation using S.CORE analysis software (S.CO 

LifeSciences GmbH, Germany).

Migration assay

Migration assays were performed in triplicate using a 48-well micro-chemotaxis chamber. 

MDA-MB-231 and SUM149 cells (2.5 × 105/250 μL) were resuspended in FBS-free 

medium and added into each chamber. The bottom wells were filled with complete medium 

(500 μL) containing 10% FBS as an attractant. The cells were allowed to migrate for 6 hours 

and were then fixed and stained with hematoxylin and eosin. Migrated cells were scanned 

using the PathScan Enabler IV Histology Slide Scanner (Meyer Instruments, Inc., TX, USA) 

and then quantified using National Institutes of Health Image J software (http://

rsb.info.nih.gov/ij/).

Invasion assay

Invasion assays were performed using a 48-well micro-chemotaxis chamber as described 

above for the migration assay with the following modifications. The micro-chemotaxis 

chambers were pre-filled with 100 μL of 90% Matrigel/FBS-free medium, and cells were 

allowed to invade for 24 hours. Invaded cells were fixed, stained, scanned and then 

quantified as described above for the migration assay.

Immunohistochemistry staining

Tumor tissues were fixed in formalin, embedded in paraffin, sectioned to 5 μm, and mounted 

on slides. The sections were deparaffinized in xylene, rehydrated in graded alcohols, and 

washed in distilled water. Antigens on sections were retrieved by boiling in 10 mM citric 

acid (pH 6.0) for 40 minutes. Endogenous peroxidases were quenched by incubation in 3% 

H2O2 for 10 minutes at room temperature. The slides were washed 3 times with PBS and 

blocked for 30 minutes with 10% normal goat serum in 1% bovine serum albumin/PBS. The 

slides were then incubated with the following antibodies: anti-Ki-67 (Lab Vision), anti-

phospho-p42/44 MAPK (Thr202/Tyr204) (Cell Signaling), anti-fibronectin (BD 

Transduction), anti-vimentin (Cell Signaling), anti-E-cadherin (BD Transduction), and anti-

β-catenin (Cell Signaling). Stained slides were visualized with an Eclipse 80i microscope 

(Nikon), and the images were captured at a 200× magnification.
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Soft agar assay

Cells (2 × 103 cells/well) were resuspended in 2 mL of 0.4% agarose solution in complete 

medium and overlaid onto the bottom agarose layer (0.8%) in 6-well plates. After a 25-day 

incubation, colonies greater than 80 μm in diameter were counted using the GelCount 

system (Oxford Optronix, UK) according to the manufacturer's instructions.

Mammosphere formation assay

Single cell suspensions (SUM149 cells at 2 × 104 cells/well and MDA-MB-231 cells at 5000 

cells/well) were seeded in 6-well ultra-low attachment plates (Corning Incorporated Costar) 

in serum-free DMEM supplemented with 1% L-glutamine, 1% penicillin/streptomycin, 30% 

F12 (Sigma), 2% B27 (Invitrogen), 20 ng/mL EGF (Sigma), and 20 ng/mL FGFβ 

(Invitrogen). After a 7-day incubation, mammospheres greater than 80 μm in diameter were 

counted using the GelCount system (Oxford Optronix, UK) according to the manufacturer's 

instructions.

Cell cycle distribution analysis

MDA-MB-231 and SUM149 cells were plated in 6-well plates, cultured overnight, and then 

treated or untreated with selumetinib for 48 and 72 hours at final concentrations of 0.1 or 1 

μM. Cell cycle distribution was analyzed by flow cytometry as described previously (16).

CSC subpopulation analysis

MDA-MB-231 and SUM149 cells (3 × 105 cells) were seeded in 60-mm plates and the next 

day treated with selumetinib at 0 μM, 0.1 μM, and 1 μM. Forty-eight hours after selumetinib 

treatment, cells were harvested, incubated at 37°C with ALDEFLUOR reagent 

(STEMCELL Technologies Inc.) or at room temperature with anti-CD24 and anti-CD44 

antibodies (BD Biosciences) for 30 minutes, and then subjected to flow cytometry analysis. 

For the CD24−/CD44+ subpopulation analysis, non-treated cells incubated with CD24-PE 

alone or CD44-FITC alone were used as controls to determine non-specific signal and to 

gain the gates for CD24+ and CD44+ subpopulations, respectively. For the ALDH1+ 

subpopulation analysis, diethylamino benzaldehyde (DEAB), an ALDH inhibitor, was used 

as a control for each treatment; for each sample, the cells treated with DEAB were used as a 

control to gain the gate for ALDH1+ subpopulations.

Selumetinib treatment in a TNBC xenograft model

Institutional Animal Care and Use Committee approval for this study was obtained. Female 

athymic nu/nu mice, 6–8weeks, average weight 25 g, were randomly divided into 2 groups 

of 15 mice each. Suspensions of MDA-MB-231-LM2 a derivative of MDA-MB-231 cells 

that was selected for its ability to metastasize to lung (luciferase-expressing cells) were 

resuspended (1 × 106 cells in 0.2 mL of PBS) and injected under aseptic conditions into the 

tail vein of each mouse. Six hours before tumor cell inoculation, group 1 was given vehicle 

(0.5% hydroxypropyl methyl cellulose and 0.1% Tween 80, 10 ml/kg mouse body weight) 

and group 2 was given selumetinib 50 mg/kg mouse body weight by oral gavage. The 

treatment was continued daily with weekends off for 3 weeks. Mice were subjected to 

whole-body luciferase imaging under an IVIS 100 Imaging System (Xenogen) at 1-week 
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intervals for 3 weeks. Before imaging, mice were injected intraperitoneally with luciferin 

(Caliper Life Sciences) at 150 mg/kg body weight. Then mice were kept under anesthesia 

with isoflurane. Starting 5.5 minutes after the luciferin injection, images were collected for 

30 seconds each with mice in the ventral and dorsal positions. Images and amounts of 

bioluminescent signals were analyzed using Living Image Software (Xenogen). At the end 

of the experiment, tissue samples were collected and processed for expression of target 

proteins as described above in the section Immunohistochemistry Staining.

Statistical analysis

Statistical analyses were performed with Prism, version 5 (GraphPad Software Inc). Data are 

presented as means ± standard error. Means for all data were compared by 1-way analysis of 

variance with post hoc testing or by unpaired t-test. P values of <0.05 were considered 

statistically significant.

RESULTS

Selumetinib does not inhibit cell proliferation but does inhibit anchorage-independent 
growth in TNBC cells

To determine whether selumetinib could suppress proliferation of TNBC cells, we treated a 

panel of breast cancer cells (MDA-MB-231, MDA-MB-468, SUM149, SUM190, KPL-4, 

and MDA-IBC-3) with different concentrations of selumetinib and assessed cell viability by 

WST-1 assay 72 hours later. We observed that in MDA-MB-468, SUM190, KPL-4, and 

MDA-IBC-3 cells, the 50% inhibitory concentration (IC50) was above 20 μM (Fig.S1A), 

and in MDA-MB-231 and SUM149 cells, the IC50 values were 8.6 μM and 10 μM, 

respectively (Fig. 1A).

For further studies, we selected the TNBC cell lines MDA-MB-231 (which harbors BRAF 

and RAS mutations) and SUM149 (p53 mutant) on the basis of lower IC50 values, 

metastasis capability and/or mesenchymal features. We examined the effect of selumetinib 

on cell cycle distribution in the 2 cell lines. As shown in Fig. 1B, in both MDA-MB-231 and 

SUM 149 cells, selumetinib induced G1 arrest at 48 hours (denoted by an increased 

proportion of cells in G1 phase). This trend was maintained at 72 hours (Fig. S1B). Next, we 

assessed the impact of selumetinib treatment of these TNBC cells on anchorage-independent 

growth in soft agar, a hallmark of tumorigenicity. We observed that selumetinib inhibited 

colony formation in a dose-dependent manner (Fig. 1C). Selumetinib inhibited colony 

formation in MDA-MB-231 cells by 41.7% at 1 μM and 52.1% at 5 μM (P < 0.05) and in 

SUM149 cells by 93.1% at 0.1 μM and 100% at 1 μM (P < 0.05).

Selumetinib induces mesenchymal to epithelial transition in a 3D cell culture model of 
TNBC

Three-dimensional cell culture models mimic the in vivo microenvironment, a feature that 

simple 2D cell monolayer culture systems lack. We observed that when MDA-MB-231 and 

SUM149 TNBC cells were grown in a 3D cell culture model, both types of cells exhibited a 

mesenchymal phenotype, including formation of projections/filopodia (Fig. 2A, upper 

panels). When cells were treated with selumetinib, their phenotype changed from 
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mesenchymal to epithelial (inhibition of projections/filopodia formation by 57.3% at 0.1 μM 

[P < 0.05] and 90.2% at 1 μM [P < 0.01] in MDA-MB-231 cells and by 35.1% at 0.1 μM [P 

< 0.01] and 72.3% at 1 μM [P < 0.01] in SUM149 cells), suggesting reversal to a more 

epithelial phenotype (Fig. 2A, lower panels). We further confirmed mesenchymal to 

epithelial transition by determining the expression of epithelial and mesenchymal markers 

by western blot analysis. We observed that inhibition of ERK phosphorylation by 

selumetinib correlated with decreased expression of mesenchymal marker vimentin in 3D 

culture and increased expression of epithelial marker E-cadherin in both 2D and 3D cultures 

(Fig. 2B). We found that knocking down MEK1/2 with siRNA had a similar effect on levels 

of EMT markers as treatment with selumetinib in 3D culture, although treatment with 

selumetinib had a more robust effect on the EMT marker expression change (Fig S2). We 

also observed a change in the localization of β-catenin, which was diffusely expressed in 

both the cytoplasm and the nucleus before selumetinib treatment but was localized at the 

plasma membrane after treatment in 3D culture (Fig. 2C). These results suggested that 

treating TNBC with selumetinib induced mesenchymal to epithelial transition in both 2D 

and 3D cell culture models. Interestingly, the concentration of selumetinib that reversed the 

mesenchymal phenotype was low (0.1 μM), whereas a 10 fold higher concentration (1 μM) 

did not inhibit proliferation in a 2D cell culture model.

Selumetinib inhibits the CSC-like cell population and mammosphere formation in TNBC 
cells

Previous studies have shown that EMT leads to generation of breast cancer cells with stem-

cell-like characteristics (11). CSCs are capable of self-renewal. They can be enriched by 

growth as mammospheres (spheres that grow in suspension in serum-free and growth-factor-

enriched medium) (20) and are characterized by high expression of cell surface marker 

CD44, low expression of cell surface marker CD24 (21), and high ALDH1 activity. To 

determine the effect of selumetinib on the self-renewal capacity of MDA-MB-231 and 

SUM149 TNBC cells, we examined the effects of selumetinib on mammosphere formation, 

expression of CD44 and CD24, and ALDH1 activity. We found that selumetinib 

significantly decreased the formation of mammospheres in both TNBC cell lines in a dose-

dependent manner (Fig. 3A; 70.5% at 0.1 μM and 98.5% at 1 μM in MDA-MB-231 cells [P 

< 0.05] and 59.9% at 0.1 μM and 67.6% at 1 μM in SUM149 cells [P < 0.05]). Selumetinib 

decreased the proportion of cells with CD44+/CD24−/low surface marker expression pattern 

(Fig. 3B). Selumetinib also decreased the proportion of cells with ALDH1 activity in both 

MDA-MB-231 cells (control 26.9% vs selumetinib 18.4% at 1 μM) and SUM149 cells 

(control 15.8% vs selumetinib 5.69% at 1 μM) (Fig. 3C). These results suggested that 

selumetinib could exert its inhibitory effect on the self-renewal capacity of TNBC cells and 

thus that targeting the MAPK pathway may be a way to reduce the CSC population in 

TNBC, which is known to have a high potential to metastasize and to to be resistant to 

chemotherapy.

Selumetinib inhibits the motility and invasiveness of TNBC cells and prevents lung 
metastasis in a TNBC xenograft model

It was previously shown that CD44+CD24−/low enriched breast CSCs display more invasive 

properties than other cells do (22). Given our findings that selumetinib reversed the 
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mesenchymal phenotype and inhibited the CSC subpopulation in TNBC cells and given the 

high propensity for early metastasis we investigated whether selumetinib can inhibit 

migration and invasion of TNBC cells. In MDA-MB-231 and SUM149 cells, compared to 

migration of untreated cells, migration of cells treated with selumetinib (1 μM) was reduced 

by 52.0% (P < 0.0001) and 50.1% (P < 0.0001), respectively (Fig. 4A). Similarly, 

selumetinib (1 μM) inhibited the invasion of both MDA-MB-231 and SUM149 cells, by 

68.3% (P < 0.0001) and 78.6% (P < 0.0001), respectively. These results suggest that 

selumetinib inhibits both cell motility and invasion in TNBC cells.

Given that selumetinib reversed the mesenchymal phenotype in TNBC cells and inhibited 

cell migration and invasion in vitro, we hypothesized that suppression of ERK by 

selumetinib prevents metastasis in a breast cancer xenograft model. We found that the 

incidence of lung metastasis (21% – 38%) was lower in the selumetinib-treated group than 

was in the vehicle-treated group (60% – 64%) (Table 1). Furthermore, bioluminescent 

signals (to assess metastasis) were significantly lower in selumetinib-treated mice (50 

mg/kg/day) than in mice treated with vehicle control on days 7, 14, and 21 after TNBC cell 

inoculation, indicating that mice treated with selumetinib formed significantly fewer lung 

metastases than did control mice injected with a vehicle (P ≤ 0.05, 2-sided t-test.) (Fig. 4B).

To further evaluate the effect of selumetinib on metastasis of TNBC, at the end of the animal 

study, we collected lung tissues from mice and confirmed lung metastasis by hematoxylin 

and eosin staining (Fig 4B; upper panel). We observed fewer lung metastatic tumors in the 

treatment group (Fig 4B; upper panel). Lung tissues were analyzed for ERK1/2, pERK1/2, 

mesenchymal markers (vimentin, fibronectin), epithelial markers (E-cadherin, β-catenin 

localization), and proliferation (Ki-67) in control mice and mice treated with selumetinib. As 

expected, expression levels of pERK1/2, ERK, and Ki-67 were reduced in the selumetinib-

treated tumors compared to the control tumors. The expression of mesenchymal markers 

fibronectin and vimentin was also reduced in the treated group. More importantly, 

selumetinib increased the expression of E-cadherin and β-catenin as well as relocalization of 

β-catenin to the membrane from the nucleus and cytoplasm (Fig. 4C). These results indicate 

an inhibition of lung metastasis and reversal from mesenchymal to epithelial phenotype of 

tumor cells in the mice treated with selumetinib, confirming our in vitro findings in TNBC 

cells.

DISCUSSION

Our results demonstrate that selumetinib effectively reduced lung metastasis established 

using MDA-MB-231 cells in a xenograft model. We also showed that in a 3D cell culture 

model, selumetinib changed the mesenchymal phenotype of TNBC to an epithelial 

phenotype and decreased the proportion of CSCs, as shown by reduced proportions of cells 

expressing CSC surface markers and ALDH1, leading to inhibition of mammosphere 

formation. Through these findings, we have demonstrated that suppression of MAPK 

pathway signaling by selumetinib can reduce CSC subpopulations in TNBC, leading to 

inhibition of metastasis.
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TNBC is characterized by a mesenchymal phenotype, which has features in common with 

those of CSCs. Cells undergoing EMT are thought to contribute to the metastatic process 

and have increased ability to form mammospheres in vitro. TNBC is now classified into 6 

subtypes, including 2 basal-like subtypes, which have high expression of cell cycle and 

DNA damage response genes; an immunomodulatory subtype; a mesenchymal subtype and 

a mesenchymal stem-like subtype, both of which are enriched for EMT and growth factor 

pathways; and a luminal androgen receptor subtype, which is characterized by androgen 

receptor signaling. One of the top canonical pathways associated with the mesenchymal 

stem-like subtype is the MAPK pathway, as determined by enrichment of genes from 

samples of mesenchymal stem-like TNBC using mRNA microarray data (23). Our findings 

suggest that patients with the mesenchymal stem-like subset of TNBC could be effectively 

treated with therapy targeting the MAPK pathway.

One of the major problems in patients treated for TNBC is tumor recurrence and metastasis. 

This has been attributed to the concept that CSCs, which are known to be resistant to 

conventional chemotherapeutic agents and radiation therapy, remain dormant, and give rise 

to secondary tumors at a later stage. Since CSCs are resistant to chemotherapy and radiation 

therapy, it is important to target these cells. In our current study, we showed that inhibition 

of CSCs with MEK inhibitors inhibits lung metastasis in a TNBC xenograft model, which 

may reduce the frequency of TNBC recurrence and overcome resistance due to CSCs.

In metastatic melanoma with BRAFV600E mutation, MEK1 mutations conferred resistance 

to treatment with individual MEK or BRAF inhibitors, but the combination of MEK and 

BRAF inhibitors prevented the emergence of resistant clones (24). Other ways in which 

cells acquire resistance to MEK inhibition are amplification of BRAF (25, 26) and 

upregulation of STAT3 (27). Recently, MEK inhibition has been shown to cause loss of 

ERK activity and c-Myc degradation, which resulted in activation of many receptor tyrosine 

kinases; receptor tyrosine kinase activation overcame MEK2 inhibition and resulted in ERK 

activation and drug resistance (28). This shows that there maybe a need for combination 

treatment. Therefore, we are performing a synthetic lethality screen using the whole-genome 

siRNA library, and will identify genes whose silencing sensitizes TNBC cells to 

selumetinib. Small molecules that inhibit the activity of the protein products of the identified 

target genes will be used with selumetinib as combinatorial therapy against TNBC to 

overcome resistance.

In our future studies, we will conduct a phase II clinical trial in which MEK inhibitor will be 

administered to patients with primary TNBC after completion of all local and systemic 

therapies to determine whether we can prolong progression-free survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Selumetinib does not inhibit proliferation of TNBC cells in 2D culture but does inhibit 

anchorage-dependent growth. A, MDA-MB-231 and SUM149 cells were treated with 

selumetinib for 72 hours, and then cell viability was measured using the WST-1 assay. B, 

MDA-MB-231 and SUM149 cells were treated with selumetinib for 48 hours, and FACS 

analysis was performed to determine cell cycle distribution. PI, propidium iodide. C, MDA-

MB-231 and SUM149 cells in soft agar were treated with selumetinib, and colonies were 

counted 3 weeks later. *, P<0.001; **, P<0.0001.
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Figure 2. 
Selumetinib reverses 3D mesenchymal phenotype in TNBC cells. A, MDA-MB-231 and 

SUM149 cells treated with selumetinib in a 3D cell culture model changed from a 

mesenchymal phenotype to an epithelial phenotype (upper panels). Images were taken under 

100× magnification. Projection formation was measured using S.CORE analysis software 

(lower panels). *, P < 0.05; **, P < 0.01. B, MDA-MB-231 and SUM149 cells were treated 

with selumetinib for 48 hours, and western blot analysis was performed, with β-actin used as 

a loading control. C, MDA-MB-231 and SUM149 cells were treated with selumetinib in a 

3D culture for 48 hours. Immunofluorescence staining was done to detect β-catenin-FITC 

(fluorescein isothiocyanate), and nuclei were stained with DAPI. Images were taken under 

60× magnification.
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Figure 3. 
Selumetinib reduces the CSC-like cell populations and inhibits mammosphere formation in 

TNBC cells. A, MDA-MB-231 and SUM149 cells were cultured in the presence of 

selumetinib for 6 days. Mammosphere formation is presented as the mean ± SEM number of 

spheres per 5000 (MDA-MB-231) or 20,000 (SUM149) cells plated. *, P < 0.05. B, MDA-

MB-231 and SUM149 cells were treated with selumetinib for 24 hours, and CD44+/

CD24−/low CSC subpopulations were was analyzed using FACS. Non-treated cells incubated 

with CD24-PE alone or CD44-FITC alone were used as controls. C, MDA-MB-231 and 

SUM149 cells were treated with selumetinib for 48 hours, and ALDH1activity was analyzed 

using FACS. DEAB (diethylamino benzaldehyde), an ALDH inhibitor, was used as a 

control for each treatment.
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Figure 4. 
Selumetinib inhibits migration and invasion of TNBC cells and prevents lung metastasis in a 

TNBC xenograft model. A, MDA-MB-231 and SUM149 cells were treated with 

selumetinib, and migration and invasion assays were performed. *, P < 0.001; **, P < 

0.0001. Images were taken under 100× magnification. B, In a TNBC xenograft model, 

selumetinib treatment significantly reduced lung metastases. Female athymic nude mice 

were injected intravenously with luciferase-transfected MDA-MB-231-LM2 cells. The 

experimental groups were treated with vehicle control (0.5% hydroxypropyl methyl 

cellulose and 0.1% Tween-80) at 10 mL/kg mouse body weight or selumetinib at 50 mg/kg 

mouse body weight daily for 3 weeks beginning 6 hours before cell injection. #, P < 0.05. 

The photon counts per area (monitored by IVIS) for each treatment group were measured at 

weeks 1, 2, and 3 after inoculation. C, Immunohistochemical stains of lung tissues for 

ERK1/2, pERK1/2, mesenchymal markers (vimentin, fibronectin), epithelial markers (E-

cadherin, β-catenin localization), and proliferation (Ki-67) from control mice and mice 

treated with selumetinib. Images were taken under 200× magnification.
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Table 1

Numbers of mice bearing MDA-MB-231–LM2-4175 xenografts that had lung metastases after treatment with 

vehicle (control) or selumetinib (50 mg/kg mouse body weight) daily for 3 weeks.

Weeks of treatment Group of treatment Number of mice with metastatic tumors Incidence of lung metastasis

Week 1 Vehicle 9/15 60

Selumetinib 3/14 21

Week 2 Vehicle 9/14 64

Selumetinib 3/13 23

Week 3 Vehicle 9/14 64

Selumetinib 5/13 38
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