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Abstract
Purpose  Triple-negative breast cancer (TNBC) lacks the receptor targets estrogen receptor, progesterone receptor, and 
human epidermal growth factor receptor 2, and thus, it does not respond to receptor-targeted treatments. TNBC has higher 
recurrence, metastasis, and mortality rates than other subtypes of breast cancer. Mounting data suggest that the MAPK (also 
known as RAS-RAF-MEK-ERK) pathway is an important therapeutic target in TNBC.
Methods  To evaluate anti-tumor and anti-metastasis efficacy of E6201, we used cell proliferation assay, soft agar assay, cell 
cycle assay, Annexin V staining assay, immunoblotting analysis, immunohistochemistry, migration assay, invasion assay, 
mammary fat pad xenograft, and experimental and spontaneous metastasis xenograft models. We also evaluated the anti-
tumor efficacy of E6201 plus CDK4/6 inhibitor, mTOR inhibitor, or ATR inhibitor.
Results  E6201 inhibited TNBC cell colony formation, migration, and invasion in a dose-dependent manner. E6201 induced 
G1 cell cycle arrest and apoptosis. E6201 inhibited TNBC xenograft growth and inhibited TNBC lung metastasis and 
improved mouse survival in experimental metastasis and spontaneous metastasis assays. Immunohistochemical staining 
demonstrated that E6201 decreased the metastatic burden in the lung and decreased phosphorylated ERK expression in a 
dose-dependent manner. Combination of E6201 with CDK4/6 inhibitor or mTOR inhibitor enhanced E6201’s in vitro anti-
tumor efficacy.
Conclusion  These results indicate that E6201 exhibits anti-tumor efficacy against TNBC in vitro and anti-metastasis efficacy 
against TNBC in vivo. These results provide a rationale for further clinical development of E6201 as a MAPK-pathway-
targeted therapy for TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is estrogen receptor 
negative, is progesterone receptor negative, and lacks over-
expression of HER2 receptor. Thus, it does not respond to 
hormonal therapy or trastuzumab, and chemotherapy is the 
mainstay of treatment [1]. TNBC accounts for 15–20% of 
breast cancer cases but 30–40% of US breast cancer deaths 
[2]. TNBC has a distinctively worse clinical outcome than 
other breast cancers types, with a higher recurrence rate, a 
higher metastasis rate, and worse overall survival after recur-
rence [3]. Thus, development of better therapeutic agents for 
TNBC constitutes a critical unmet need.

The mitogen-activated protein kinase (MAPK; also 
known as RAS-RAF-MEK-ERK) signaling pathway has 
long been viewed as a promising target in the development 
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of novel anticancer therapies [4]. Drugs directly targeting 
Ras, a critical upstream regulator in the MAPK pathway, 
have been sought for decades, but no effective RAS inhibi-
tor has been developed. However, small molecules targeting 
RAF and MEK, other important molecules in the MAPK 
pathway, have been developed [5–7]. Three MEK inhibi-
tors (trametinib, cobimetinib, and binimetinib) have been 
approved by the US Food and Drug Administration for 
BRAF V600E-mutated melanoma, non-small cell lung can-
cer, and/or anaplastic thyroid cancer.

Using preclinical models, we previously found that 
the MEK1/2 inhibitor selumetinib (AZD6244) inhibited 
TNBC cell growth, epithelial-mesenchymal transition, and 
lung metastasis in a TNBC xenograft model [8] and that 
the MEK1/2 inhibitor pimasertib (AS703026) exhibited 
enhanced anti-tumor efficacy when combined with a his-
tone deacetylase inhibitor [9]. These findings suggest that 
the MAPK pathway is critical for TNBC progression and 
is a potentially important therapeutic target in this disease.

E6201, a synthetic analog of a natural product, is an ATP-
competitive dual kinase inhibitor of MEK1 and FLT3 [10, 
11]. Preclinical studies showed that E6201 may be useful 
for treatment of cancers associated with elevation of MEK1 
kinase activity, including melanoma and acute myeloid 
leukemia [12–15]. E6201 has been evaluated in a phase I 
clinical trial in advanced solid tumors and melanoma (trial 
registration ID: NCT00794781).

The purpose of this study was to determine the in vitro 
anti-tumor efficacy and in vivo anti-metastasis efficacy 
of MEK1 inhibitor E6201 in TNBC. In the present study, 
we evaluated the anti-tumor and anti-metastasis efficacy 
of E6201 in TNBC. We showed that E6201 inhibited the 
growth of TNBC cells, reduced metastasis, and prolonged 
the survival of TNBC xenograft mice. Furthermore, we 
found that CDK4/6 and mTOR inhibitors are potential can-
didates for combination treatment with E6201 targeting 
TNBC.

Materials and methods

Cell lines

Human TNBC cell lines BT20, HCC70, MDA-MB-231, 
HCC1806, and HCC1937 were purchased from Ameri-
can Type Culture Collection (Manassas, VA), and human 
TNBC cell lines SUM149 and SUM159 were purchased 
from Asterand Bioscience, Inc. (Detroit, MI). MDA-
MB-231 lung metastasis subclone (MDA-MB-231-LM2) 
was obtained from Dr. Joan Massague at Memorial Sloan 
Kettering Cancer Center. All cell lines were authenticated 
by genotyping through the Characterized Cell Line Core 
Facility at The University of Texas MD Anderson Cancer 

Center and routinely tested for mycoplasma contamination 
using MycoAlert (Lonza, Allendale, NJ).

Reagents and antibodies

E6201 was provided by Spirita Oncology, LLC. We obtained 
anti-ERK and anti-pERK from Cell Signaling Technology 
(Danvers, MA); anti-vimentin, anti-fibronectin, anti-Ki-67, 
anti-ZEB1, and phalloidin-FITC from Thermo Fisher 
(Waltham, MA); pMEK from Santa Cruz Biotechnology 
(Dallas, TX); and anti-horseradish peroxidase-conjugated 
antibodies from Sigma-Aldrich (St. Louis, MO).

In vitro cell proliferation assay

To investigate the anti-proliferative effect of E6201 in TNBC 
cell lines, Cell Titer-Blue cell viability (Promega, Madison, 
WI) and sulforhodamine B staining assays were performed 
according to the manufacturer’s instructions. In brief, 1 × 103 
to 5 × 103 cells were added into a 96-well plate and treated 
with drug for 5 days. The GraphPad Prism program and 
the CalcuSyn program were used to evaluate 50% inhibitory 
concentration (IC50).

Cell‑cycle distribution and apoptosis analysis

Cells (2 × 105  cells/well) were plated in a 6-well plate, 
cultured overnight, and then treated or left untreated with 
E6201 for 48 h. Cells were then harvested, fixed with etha-
nol, and resuspended with PI solution. The cell-cycle distri-
bution was analyzed using flow cytometry. Apoptosis was 
measured with a PE Annexin V/7AAD Apoptosis Detection 
Kit I (BD Biosciences, San Jose, CA), which detects the loss 
of membrane integrity. The assay was performed according 
to the manufacturer’s instructions.

Soft agar assay

TNBC cells (1 × 103 to 10 × 103 cells/well) were resuspended 
in 2 mL of 0.4% agarose solution in complete medium and 
overlaid onto the bottom agar layer (0.8%) in 12-well plates. 
The plates were incubated for 2 to 4 weeks with or without 
E6201, and colonies were stained with 200 µL of MTT solu-
tion (2 mg/mL) for 2 h. The stained colonies greater than 80 
µm in diameter were counted using the GelCount colony-
counting system (Oxford Optronix, UK) according to the 
manufacturer’s instructions.

Immunoblotting analysis

TNBC cells were treated with DMSO or E6201, and total 
protein extracts were prepared using cold M-PER mamma-
lian protein extraction reagent (Thermo Fisher) including 
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phosphatase/protease inhibitors. A total of 15 µg of each 
sample was resolved by NuPAGE 4–12% Bis-Tris Plus gel 
(Thermo Fisher) and then transferred onto PVDF membrane 
(Bio-Rad, Hercules, CA). Membranes were incubated with 
target antibodies overnight. Signals were detected using an 
Odyssey IR imaging system (LI-COR Biosciences, Lincoln, 
NE) or chemiluminescent substrates (Thermo Fisher).

Immunohistochemistry

TNBC xenograft tumor tissues were fixed in neutral-buffered 
formalin and embedded in paraffin. Sections (5 µm thick) 
were deparaffinized in xylene, rehydrated in graded alcohols, 
and washed in distilled water. Antigens were retrieved by 
boiling the sections in citric acid-based antigen unmasking 
solution (Vector, Burlingame, CA) for 30 min. Immunohis-
tochemistry (IHC) staining was performed using the Lab 
Vision automated system (Thermo Fisher) through the Divi-
sion of Surgery Histology Core. Immunostained slides were 
scanned by using an Aperio AT2 slide scanner, and images 
were captured using the Aperio ImageScope V12 (Leica, 
Buffalo Grove, IL).

Immunofluorescence

SUM149 or MDA-MB-231 cells (1 × 104 cells/well) were 
plated in an eight-well µSlide (Ibidi USA, Fitchburg, WI), 
cultured overnight, and then treated or left untreated with 
E6201 for overnight. Cells were fixed in 4% para-formalde-
hyde in PBS for 10 min and permeabilized with 0.1% Triton 
X-100 in PBS for 5 min. Cells were then washed three times 
with PBS for 10 min, blocked for 30 min with 5% BSA/0.3% 
Triton X-100 in PBS, and incubated overnight with target 
antibodies in an antibody dilution buffer (Cell Signaling). 
Immunofluorescence staining was visualized using Alexa 
Fluor 488 (green), Alexa Fluor 594 (red), Alexa Fluor 647 
(yellow), and DAPI (Thermo Fisher). Images were captured 
at a magnification of × 20 and stored using a BZ-X fluo-
rescence microscope (Keyence, Itasca, IL) according to the 
manufacturer’s instructions.

Migration assay and invasion assay

Migration and invasion assays were performed in triplicate 
using a 24-well Falcon cell culture insert with 8-µm pore 
size and BioCoat Matrigel invasion chamber, respectively 
(Thermo Fisher). SUM149 and MDA-MB-231 cells were 
pre-treated with E6201 for 2 h. Cells were collected and 
resuspended in 0.1% BSA DMEM/F12 or F12 medium 
to make 5 × 105 cells/mL cell density. Cell suspensions 
(1 × 105  cells/200  µL) were added into the insert, and 
750 µL of 5% FBS culture medium was added into the lower 
chamber as an attractant. Cells were incubated for 8 h for 

migration and 24 h for invasion, and then, cells were fixed 
and stained using Diff-Quick solution (Electron Microscopy 
Science, Hatfield, PA) according to manufacturer’s instruc-
tions. The invaded and migrated cells were scanned and 
quantified using the ImageJ program (National Institutes of 
Health, Bethesda, MD).

Mice

Animal studies were approved by the Animal Care and Use 
Committee of MD Anderson Cancer Center. Female Nod.
Scid gamma mice, age 4 to 6 weeks old (Jackson Labora-
tories, ME), were used for all of the in vivo studies. Mice 
were housed under pathogen-free conditions and treated in 
accordance with NIH guidelines.

Effect of E6201 on growth of xenograft tumors 
in vivo

To establish breast cancer xenografts, MDA-MB-231-LM2 
cell suspensions (2 × 106  cells/100  µL) were injected 
into one site in the abdominal mammary fat pad of each 
mouse. E6201 or vehicle control was administered via 
tail vein injection three times per week starting when the 
tumors were approximately 100 to 150 mm3. Tumor vol-
ume [V = 0.5 × (L × W2)] was measured by caliper, and body 
weight was measured twice weekly. Tumor samples were 
collected at the end of the experiment, and sections were 
preserved by paraffin block embedding for IHC staining.

Effect of E6201 on experimental and spontaneous 
metastasis

An experimental metastasis assay was performed using 
SUM149 cells. Cell suspensions (4 × 106 cells/200 µL) were 
injected via tail vein using a 28-gauge needle. Starting the 
next day, E6201 or vehicle control was delivered via intra-
venous injection three times per week. Mouse body weight 
was measured once weekly. After 6 weeks of treatment, mice 
were killed, and lungs were preserved in paraffin blocks. To 
measure metastases in lungs, formalin-fixed paraffin-embed-
ded mouse lung sections were stained with hematoxylin and 
eosin and scanned using an Aperio ScanScope (Aperio, CA), 
and then metastatic tumor burden was quantified using the 
ImageJ program.

A spontaneous metastasis assay was performed 
using MDA-MB-231-LM2 cells. Cell suspensions 
(2 × 106 cells/100 µL) were injected into one site in the 
abdominal mammary fat pad of each mouse. Tumor vol-
ume [V = 0.5 × (L × W2)] was measured by caliper, and body 
weight was measured twice weekly. Starting when tumors 
were approximately 100 mm3, E6201 or vehicle control 
was delivered via tail vein injection three times per week. 
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When tumors were approximately 400 mm3, all tumors were 
removed by survival surgery. Drug treatment was then con-
tinued for 2 more weeks, at the end of which mice were 
killed, lungs were preserved in paraffin blocks, and metas-
tases in lung were measured as described in the preceding 
paragraph.

Effect of E6201 on survival of mice with xenograft 
tumors

For the xenograft survival assay, MDA-MB-231-LM2 cell 
suspensions (2 × 106 cells/100 µL) were injected into one site 
in the abdominal mammary fat pad of each mouse. Tumor 
volume [V = 0.5 × (L × W2)] was measured by caliper, and 
body weight was measured twice weekly. When tumors 
reached 200 mm3, mice were divided into two groups (n = 14 
each) and then E6201 or vehicle control was delivered via 
tail vein injection three times per week. When tumors were 
approximately 400 mm3, all tumors were removed by sur-
vival surgery. Injections of E6201 or vehicle control were 
then continued, and body weight was measured twice 
weekly. Animal survival was counted from the first day of 
treatment until the mice showed morbidity.

Statistical analysis

For experimental outcomes, descriptive statistics (mean 
and standard error of the mean) were summarized for each 
group. Statistical analyses were performed with Prism ver-
sion 6 (GraphPad Software, La Jolla, CA). In vitro experi-
ments were performed using an unpaired t test between 
control and treatment groups. In vivo tumorigenicity data 
were compared using an analysis of variance model. Sur-
vival data were compared using log-rank (Mantel-Cox) and 
Gehan–Breslow–Wilcoxon tests. P values of less than 0.05 
were considered statistically significant.

Results

E6201 significantly inhibited TNBC cell proliferation 
and anchorage‑independent colony formation 
in a dose‑dependent manner

We first evaluated the anti-proliferation efficacy of E6201 
in TNBC cell lines. TNBC cells were treated with differ-
ent concentrations of E6201 for 5 days, and cell viability 
was measured by CellTiter-Blue and sulforhodamine-B 
assays. We observed dose-dependent growth inhibition in 
TNBC cell lines by E6201 treatment (Fig. 1a). We com-
pared these findings from three other MEK inhibitors, selu-
metinib, trametinib, and pimasertib, in TNBC cell lines and 
found that E6201 was more effective or similar to the other 

inhibitors in terms of growth inhibition (Supplementary 
Fig. 1). Next, we determined the in vitro anti-tumor effect 
of E6201 by an anchorage-independent growth (soft-agar) 
assay. We observed that the number of colonies was signifi-
cantly reduced in a dose-dependent manner (Fig. 1b). Next, 
because a previous study showed that E6201 inhibits acute 
myeloid leukemia cell proliferation through FLT3 target-
ing, we tested the effect of E6201 on FLT3 expression in 
TNBC cells and the effect of the FLT3 inhibitor quizartinib 
on TNBC cell viability. E6201 reduced FLT3 expression 
in some cell lines and increased FLT3 expression in others 
(Supplementary Fig. 2a). We observed weak inhibition of 
proliferation by quizartinib, and the inhibitory effect did not 
correlate with FLT3 expression in tested cell lines (Supple-
mentary Fig. 2b). These results suggested that inhibition of 
TNBC cell proliferation by E6201 was not due to suppres-
sion of FLT3.

E6201 inhibited expression of phospho‑ERK 
and induced G1 phase cell cycle arrest, apoptosis, 
and suppression of tumor growth in TNBC

To confirm that E6201 treatment inhibited the MAPK path-
way in TNBC cells, we performed a Western blot assay with 
anti-phospho-ERK since ERK is the molecule immediately 
downstream of MEK. pERK expression level showed a 
rapid (apparent by 1 h) and sustained (still apparent at 24 h) 
decrease in the tested TNBC cell lines following treatment 
with E6201 (1 µM) (Fig. 2a). To discern the effects of E6201 
on cell cycle and apoptosis, SUM149 and MDA-MB-231 
cells were treated with E6201 for 48 h and then cell cycle 
and apoptosis were analyzed by using fluorescence-activated 
cell sorting. We observed that E6201 at a concentration of 
1 µM significantly increased the proportion of cells in G0/
G1 phase arrest (SUM149: 34.3–67.8%, MDA-MB-231: 
49.7–85%) and significantly decreased the proportions of 
cells in S phase (SUM149: 36.5–13.6%, MDA-MB-231: 
29.4–5.7%) and G2/M phase (SUM149: 28.3–16.3%, 
MDA-MB-231: 19.7–7.7%) (Fig.  2b). The Annexin V 
staining assay showed that E6201 increased the proportion 
of apoptotic cells (SUM149: 8.6–25.8%, MDA-MB-231: 
7.0–10.1%) (Fig. 2c). We also observed that MDA-MB-231 
cells needed an incubation time of more than 96 h to reach 
the same level of apoptosis as seen in SUM149 cells (data 
not shown).

We next tested the in vivo anti-tumor effect of E6201 
using the MDA-MB-231-LM2 xenograft model. Compared 
with mice treated with vehicle control (n = 10), the E6201-
treated mice (n = 10) showed 60% tumor growth suppression 
(P < 0.0001) (Fig. 2d). IHC analysis data showed that E6201 
strongly inhibited pERK and Ki-67 expression in xenograft 
tumor tissues (Fig. 2d).
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These results suggested that E6201 as a single agent sup-
pressed TNBC cell growth in vitro and inhibited TNBC 
xenograft growth in vivo.

E6201 inhibits TNBC cell migration, invasion, 
and morphological changes

ERK has been reported to contribute to migration and inva-
sion by modulating focal adhesion and actin dynamics [16], 
and we previously reported that the MEK1/2 inhibitor selu-
metinib significantly suppressed TNBC cell migration and 
invasion [8]. Thus, we hypothesized that MEK1 inhibitor 
E6201 can inhibit TNBC cell migration and invasion by sup-
pression of the MAPK pathway. To test this hypothesis, we 
analyzed the effect of E6201 on cell migration and invasion 
at a clinically relevant dose (≤ 1 µmol/L). The data showed 
that E6201 significantly inhibited both MDA-MB-231 and 
SUM149 cell migration and invasion in a dose-depend-
ent manner (Fig. 3a, b). To confirm that E6201 inhibited 

migration and invasion through MEK1 inhibition and not 
FLT3, we treated MDA-MB-231 and SUM149 cells using 
the FLT3 inhibitor quizartinib and performed migration and 
invasion assays. The data showed that quizartinib did not 
inhibit migration or invasion of TNBC cells (Supplemen-
tary Fig. 2c, d). These results suggested that E6201 inhibits 
TNBC cell migration and invasion through inhibition of the 
MAPK pathway.

Next, we tested the effect of E6201 on cellular movement 
and morphological changes. We treated MDA-MB-231 and 
SUM149 cells with E6201 and stained them with phalloi-
din, anti-pMEK, and anti-pERK. We observed that E6201 
prevented actin polymerization, lamellipodia, and filopo-
dia formations in MDA-MB-231 (Fig. 3c) and prevented 
actin polymerization and filopodia formations in SUM149 
(Fig. 3d). In control cells, pMEK and pERK were co-local-
ized in the morphological change area, and treatment with 
E6201 inhibited co-localization of pMEK, and pERK in 
these area.
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Fig. 1   E6201 inhibited TNBC cell proliferation and anchorage-
independent colony formation in a dose-dependent manner. a Cell 
proliferation. TNBC cells were treated with E6201 for 5  days, and 
viability was measured by using CellTiter-Blue and sulforhodamine-
B assays. IC50 (µM) values of other MEK inhibitors in TNBC cell 
lines are shown in the table. Data shown are representative of three 
experiments with similar results. b Colony formation. TNBC cells 
were treated with E6201 and allowed to grow in an anchorage-inde-

pendent environment for 2–3  weeks. Colonies were stained with 
MTT solution (2  mg/mL) for 2  h and counted using the GelCount 
system according to the manufacturer’s instructions. Statistical sig-
nificance was evaluated by t test using GraphPad Prism software. 
Each bar represents the mean of three independent experiments; error 
bars indicate standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 for E6201 treatment compared with control
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E6201 inhibits experimental and spontaneous lung 
metastasis and increases survival in a spontaneous 
lung metastasis model

After confirming that E6201 reduced cell proliferation, 
migration, and invasion in vitro, we tested the ability of 
E6201 to reduce experimental metastasis in a SUM149 xen-
ograft model. In this model, E6201 significantly reduced the 
incidence of SUM149 lung metastasis and lung tumor bur-
den compared to the vehicle control (P < 0.0101) (Fig. 4a). 
We next analyzed the effect of E6201 on the MAPK pathway 
(pERK), mesenchymal markers (vimentin and fibronectin), 
and proliferation (Ki-67) in metastatic tumors in the lung. 
Compared to tumors in the mice treated with vehicle control, 
tumors in the E6201-treated mice exhibited reduced pERK, 
vimentin, fibronectin, and Ki-67 expression levels (Fig. 4b).

We next examined whether E6201 would inhibit spontane-
ous metastasis in the MDA-MB-231-LM2 xenograft model. 
We observed spontaneous lung metastasis in all mice in both 
the vehicle control and E6201 treatment groups (n = 5 each); 
however, the lung tumor burden was significantly reduced in 
the mice treated with E6201 (Fig. 4c, P = 0.0449). We next 

analyzed the effect of E6201 on the MAPK pathway (pERK), 
mesenchymal markers (fibronectin and ZEB1), and prolif-
eration (Ki-67) in metastatic tumors in the lung. Compared 
to tumors in the mice treated with vehicle control, tumors in 
the E6201-treated mice exhibited reduced pERK, fibronec-
tin, ZEB1, and Ki-67 expression levels (Fig. 4d). Our in vivo 
results showed that E6201 effectively inhibited TNBC tumor 
cell metastasis and decreased metastatic lung tumor burden.

Given the significant contribution of metastasis to breast 
cancer-caused mortality, we hypothesized that E6201 can pro-
long survival in the MDA-MB-231-LM2 spontaneous metas-
tasis xenograft model. We observed that E6201 treatment 
did significantly extend mouse survival: the median survival 
duration was 35 days for the vehicle control group versus 47 
days for the E6201 treatment group (Fig. 4e, P < 0.0001 by 
log-rank test).
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growth. a pERK expression. TNBC cells were treated with E6201 for 
1 h or 24 h, and then immunoblotting was performed with pERK and 
ERK antibodies. Data shown are representative of three independent 
experiments with similar results. b and c Cell cycle and apoptosis. 
TNBC cells were treated with E6201 for 48  h, and then, cell cycle 
(b) and apoptosis (c) were analyzed by FACS. Each bar represents the 
mean of three independent experiments. d Xenograft tumor growth. 
MDA-MB-231-LM2 cells (2 × 106/100  µl) were injected into one 

mammary fat pad area. Starting when tumors reached approximately 
100 mm3, E6201 or vehicle control (n = 14 each) was administered 
via tail vein injection three times per week. Top, Change in tumor 
volume over time. Error bars indicate standard error of the mean. 
****P < 0.0001 for E6201 treatment compared with control. Bot-
tom, Results of IHC staining of tumor specimens. IHC staining was 
performed with anti-pERK and anti-Ki-67 antibody. H&E, hematox-
ylin-eosin. Magnification, × 20; scale bars, 200 µm. Data shown are 
representative of three IHC staining experiments from each treatment 
group with similar results
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Combination of E6201 with CDK4/6 or mTOR 
inhibitor increases E6201’s in vitro anti‑tumor 
efficacy

TNBC is a heterogeneous disease with a high rate of recur-
rence after chemotherapy, which is the standard first-line 
treatment. If approved by the U.S. Food and Drug Admin-
istration for treatment of TNBC, E6201 would be given 
as a second-line or later treatment option, in combination 
with chemotherapy or another kinase inhibitor. Because 
cumulative chemotherapy-related toxicities remain a clini-
cal problem, we decided to evaluate the in vitro anti-tumor 
efficacy of combinations of E6201 with kinase inhibitors. 
Our previous high-throughput kinome RNAi screening 
with MEK inhibitor revealed that inhibitors of the cell 
cycle, PI3K/mTOR, and ATM/ATR pathways are potential 
agents for combination with MEK inhibitor in TNBC [9]. 
Thus, we investigated the combinational anti-tumor effect 
of E6201 in combination with palbociclib (CDK4/6 inhibi-
tor), everolimus (mTOR inhibitor), and BAY-1895344 (ATR 
inhibitor). We observed a strong combinational anti-tumor 
effect when E6201 was combined with CDK4/6 inhibitor 
(combinational index [CI] values range 0.01 ~ 0.9) or mTOR 
inhibitor (CI values range 0.1 ~ 0.9) compared to the anti-
tumor effect with single treatment in both SUM149 and 
MDA-MB-231 cells. However, E6201 combined with ATR 
inhibitor showed only a weak combinational anti-tumor 
effect in MDA-MB-231 cells only (Fig. 5a [SUM149] and 
5b [MDA-MB-231]).

Discussion

Here we showed that single-agent E6201, a MEK1 inhibitor, 
has anti-metastasis activity that leads to prolonged survival 
of mice with TNBC xenograft tumors. Our mechanistic stud-
ies showed that improved anti-metastasis activity and sur-
vival were due to specific MAPK pathway inhibition. Our 
in vitro studies of E6201 against TNBC demonstrated simi-
lar growth inhibition compared to two other MEK inhibi-
tors, pimasertib and trametinib; dose-dependent inhibition 
of TNBC cell colony formation in anchorage-independent 
growth conditions; and inhibition of pERK expression. In 
experimental and spontaneous metastasis models of TNBC, 
we found that E6201 inhibited lung metastasis, and this 
effect was associated with dose-dependent inhibition of 
pERK. These data demonstrate that E6201 has potential for 
use in treatment of TNBC that is dependent on the MAPK 
pathway.

Because the MAPK pathway plays a central role in regu-
lating the growth and survival of cancer cells, this pathway 
has long been viewed as a promising target for anticancer 
therapy [17]. The MAPK pathway contributes to the survival 

and progression of cancers through diverse mechanisms 
[18–22]. MEK is a critical component of the MAPK path-
way (Raf-MEK-ERK) and is a key regulator of cell prolif-
eration, survival, differentiation, and malignant transforma-
tion. In TNBC chemotherapy resistance, the MAPK pathway 
regulates downstream caspase-mediated apoptosis pathways 
favoring cancer cell survival [23]. While a substantial body 
of literature is available on MEK inhibitors and their effects 
on other solid tumors, such as lung, colorectal, and head and 
neck, the effect of MEK inhibitors on breast cancer has been 
less well elucidated to date. Inhibitors of MEK induce cell 
death in TNBC, but with only partial tumor growth inhibi-
tion [24]. Inhibitors of MEK effectively inhibit the phos-
phorylation of ERK as well as tumor growth and metastasis 
but exhibit moderate activity as single agents against TNBC 
[24]. In cancer cells with non-genomic MAPK activation, 
such as the majority of breast cancers, MEK inhibitors can 
modulate the immune microenvironment by up-regulation of 
tumor antigen expression and presentation [25].

Overall in breast cancer, the biological contribution of 
the MAPK pathway is less studied than the biological con-
tribution of the PI3K-AKT-mTOR pathway. Currently, 15 
ongoing studies are testing MEK inhibitors in breast cancer 
[26], and the majority of these studies are testing the effi-
cacy of MEK inhibitors in combination with other agents 
instead of the efficacy of MEK inhibitors as single agents. 
Combinations of MEK inhibitor and checkpoint inhibitor 
are being studied in breast cancer, although the rationale for 
such combinations is based on data from other cancers. For 
example, a trial of the combination of atezolizumab, cobi-
metinib, and eribulin (NCT 03202316) that is looking at the 
effect of MAPK inhibition on the immune microenvironment 
of advanced breast cancer is based on data from lung and 
colorectal cancer. Our study of MAPK inhibitors enhances 
the knowledge of pathway inhibition in breast cancer and 
therefore provides a further direct disease site-oriented 
rationale for translation.

Three MEK inhibitors, trametinib, cobimetinib, and bini-
metinib, have been approved in combination with BRAF 
inhibitors for patients with BRAF-mutated metastatic mela-
noma, non-small cell lung cancer, and anaplastic thyroid 
cancer [27]. Although the rate of BRAF gene alteration in 
breast cancer is low (1.2%) [28] and MAP2K1 gene altera-
tion in breast cancer is rare, aberrant RAF-MEK signaling 
activation by tyrosine kinases is frequently observed in 
breast cancer. EGFR protein expression has been found in 
15–45% of TNBC patient samples [29], and IGF-1R protein 
expression has been found in 25–40% of TNBC patient sam-
ples [30]. Elevated c-Src tyrosine kinase activity has been 
found in TNBC patient samples as well [31]. Preclinical data 
indicated that both EGFR and IGF-1R are key activators 
of the MAPK signaling pathway and mediated TNBC cell 
proliferation and survival as well as TNBC clinical disease 
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progression [32, 33]. TNBC patients with high ERK2 
expression are at higher risk of death than those with low 
ERK2 expression [34]. The MAPK pathway has been shown 
to be a marker of breast cancer metastasis [8, 35, 36].

MEK inhibitors, including both approved and investi-
gational agents, have shown in vitro and in vivo preclini-
cal anticancer activity in breast cancer cell lines, including 
TNBC and basal-like breast cancer. In preclinical studies, 

MEK inhibitors have demonstrated anticancer efficacy 
against TNBC cells, but the strength of the activity has dif-
fered by cell line, and MEK inhibitors as single agents have 
produced mostly moderate activity [37]. ATP non-compet-
itive MEK inhibitors selumetinib, trametinib, pimasertib, 
and U0126 showed TNBC cell growth inhibition and tumor 
growth inhibition in xenograft models [8, 9, 38, 39]. Our 
previous study showed that high-pEGFR-expressing TNBC 
cell lines, including MDA-MB-468, MDA-MB-231, and 
SUM149, were more sensitive to pimasertib or trametinib 
treatment than were low-pEGFR-expressing TNBC cell lines 
[9, 40]. E6201 is an ATP-competitive inhibitor; thus, we 
anticipate that cellular ATP concentration may affect the 
efficacy of E6201. In the current study, we observed a strong 
anti-proliferative effect of E6201, and this efficacy was not 
correlated with TNBC molecular subtype. ATP-competitive 
inhibitors must have high affinity due to competing with 
intracellular ATP; our data indicated that E6201 effectively 
inhibited the ATP binding site of MEK and had an IC50 
concentration similar to that of ATP-non-competitive MEK 
inhibitors.

Fig. 3   E6201 inhibited TNBC cell migration, invasion, and morpho-
logical changes. a, b Migration and invasion. TNBC cells (1 × 105/
well) were added into trans-wells and incubated with or without 
E6201 for 6 h (migration, upper panels) or 24 h (invasion, lower pan-
els). Migration and invasion were evaluated by using ImageJ soft-
ware. Error bars indicate standard deviation. *P < 0.05, **P < 0.01, 
****P < 0.0001 for E6201 treatment compared with control. c, d 
Actin polymerization, lamellipodia or filopodia formations. TNBC 
cells were treated with E6201 overnight, and then, immunofluores-
cence assay was performed with phalloidin-FITC (green), anti-pMEK 
(red), anti-pERK (yellow), and DAPI (blue). Arrows indicate actin 
polymerization, lamellipodia, or filopodia. Scale bars, 50  µm. Data 
shown are representative of three migration, invasion, and immuno-
fluorescence experiments with similar results
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Fig. 4   E6201 inhibited lung metastasis and extended mouse survival 
in TNBC metastasis models. a SUM149 cells (4 × 106/200  µl) were 
injected into mice via the tail vein. Starting the next day, E6201 or 
vehicle control was delivered via intravenous injection three times per 
week. After 6 weeks of treatment, mice were killed, and incidence of 
lung metastasis and tumor burden in the lung were measured. Data 
shown are representative of three mice from each treatment group. 
b IHC staining was performed with anti-pERK, anti-vimentin, anti-
fibronectin, or anti-Ki-67 antibody in tumors from the mice described 
in (a). Data shown are representative of three IHC experiments from 
each treatment group with similar results. Magnification, × 20; scale 
bars, 200 µm. c MDA-MB-231-LM2 spontaneous metastasis model. 
MDA-MB-231-LM2 cells (2 × 106/100  µl) were injected into one 
mammary fat pad area. Starting when tumors were approximately 100 
mm3, E6201 or vehicle control was administered via tail vein injec-
tion three times per week. When tumors were approximately 400 
mm3, all tumors were removed by survival surgery. Drug treatment 
was then continued for 2 more weeks, at the end of which mice were 

killed. Top, Photomicrographs of hematoxylin-eosin (H&E)-stained 
sections showing metastatic tumor growth in the lung. Bottom, Per-
centage of lung occupied by metastatic tumors as visualized by using 
ImageJ software. Data shown are representative of three mice from 
each treatment group. Magnification, × 0.5; scale bars, 5  mm. d 
IHC staining was performed with anti-pERK, anti-fibronectin, anti-
ZEB1, or anti-Ki-67 antibody in tumors from the mice described in 
(c). Data shown are representative of three IHC staining experiments 
from each treatment group with similar results. Magnification, × 20; 
scale bars, 200  µm. e Kaplan–Meier survival curves of MDA-MB-
231-LM2 spontaneous metastasis model. MDA-MB-231-LM2 cells 
(2 × 106 cells/100 µL) were injected into one mammary fat pad area. 
Starting when tumors were approximately 200 mm3, E6201 or vehicle 
control was administered via tail vein injection three times per week. 
When tumors were approximately 400 mm3, all tumors were removed 
by survival surgery. Drug treatment was then continued. Error bars 
indicate standard deviation. *P < 0.05, **P < 0.01, ****P < 0.0001 
for E6201 treatment compared with vehicle control
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Fig. 5   Combinational anti-tumor effect of E6201 in combination with 
CDK4/6, mTOR, or ATR inhibitor. SUM149 (a) and MDA-MB-231 
(b) cells were treated with E6201 in combination with other kinase 
inhibitor for 5 days, and viability was measured by using CellTiter-
Blue and sulforhodamine-B assays. Data shown are representative of 
three independent experiments with similar results. Error bars indi-
cate standard deviation. Combinational index (CI) and fractional cell 

killing effect (Fa) were determined by using CalcuSyn software 2.1 
(Biosoft). CI < 0.1 indicates very strong synergism; 0.10–0.30, strong 
synergism; 0.31–0.70, synergism; 0.71–0.85, moderate synergism; 
0.86–0.90, slight synergism; 0.91–1.10, nearly additive; 1.11–1.20, 
slight antagonism; 1.21–1.45, moderate antagonism; 1.46–3.30, 
antagonism; 3.31–10, strong antagonism; and > 10, very strong 
antagonism
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MEK’s inhibitory effect in breast cancer is of short dura-
tion because of resistance developing from multiple bypass 
feedback loops, including activation of RTK or PI3K/AKT/
mTOR pathways [32, 41, 42]. Because of these dynamic 
resistance mechanisms in breast cancer, monotherapy with 
a MEK inhibitor is probably not an effective strategy, espe-
cially for treating breast cancer and specifically TNBC. 
MEK inhibitor dynamic resistance mechanisms most likely 
explain the relatively low efficacy of MEK inhibitor mono-
therapy seen in completed clinical trials, including those 
with breast cancer patients [43, 44]. These trials showed 
no evidence of clinical response in breast cancer patients 
(unspecified subtypes). Consequently, to our knowledge, 
there are no ongoing clinical trials with MEK inhibitor 
monotherapy focused on breast cancer or TNBC and only 
MEK inhibitor combination clinical trials are currently 
being performed in breast cancer patients (clinicaltrials.
gov). Dual inhibition strategies involving combination of 
MEK inhibitors with other agents are probably needed for 
efficacy in breast cancer, and this concept is supported by 
preclinical studies showing synergistic in vitro and in vivo 
anticancer activity with combination of MEK inhibitors with 
other agents in TNBC [9, 32, 39, 45–47]. Preclinical stud-
ies showed that MEK inhibitors enhanced the anti-tumor 
effects of BRAF, EGFR, PI3K, mTOR, and CDK4/6 inhibi-
tors in advanced solid tumors [48–51]. In chemotherapy-
resistant TNBC, alteration of MAPK pathway proteins was 
noted in more than 30% of patient samples [52]. Given the 
up-regulation of MAPK pathway in chemotherapy-resistant 
TNBC, the combination of the MEK inhibitor cobimetinib 
and the taxane paclitaxel is being evaluated as first-line treat-
ment in patients with advanced TNBC (COLET study) [53]. 
Recently, a clinical study of a MEK inhibitor in combina-
tion with a checkpoint inhibitor in advanced breast cancer 
was initiated [54]. Our current findings, taken together with 
previously reported findings, suggest that the best use of 
MEK inhibitors in TNBC may be in combination with other 
drugs or as maintenance therapy in patients with metastatic 
disease. We previously showed that the MEK inhibitor selu-
metinib had modest activity but could prevent the growth 
and metastasis of TNBC [8], and our current findings with 
E6201 were similar. Therefore, E6201 combinational treat-
ment may be necessary to maximize anti-tumor and anti-
metastasis activity against TNBC.

The results of our current study support the use of a 
MEK inhibitor as part of a novel strategy to keep TNBC 
in check and prevent metastasis. Progression-free survival 
is an important clinical outcome for patients with breast 
cancer. Often, metastasis continues even during active 
therapy, requiring a change in therapeutics with additional 
toxicity and reduced quality of life. Thus, it is important to 
develop a novel “anti-metastasis” strategy. In summary, we 
have demonstrated the efficacy of MEK1 inhibitor E6201 in 

suppressing the progression of tumor growth and improving 
survival in preclinical models of TNBC. In our models, the 
efficacy of E6201 against TNBC was not via inhibition of 
FLT3. Collectively, our data provide a rationale for clinical 
investigation of targeting the MAPK pathway and possible 
MEK1-inhibitor-based combination therapy in metastatic 
TNBC.
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