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Abstract. Mitogen extracellular-signal-regulated kinase 
kinase 5 (MEK5) plays an important role in promoting cell 
proliferation and tumorigenesis. The aberrant expression 
of MEK5 has been reported in various malignant diseases 
including cancers of breast, prostate, lung, colorectal and brain. 
However, the function and regulation of MEK5 signaling 
pathway are ambiguous and remain elusive with respect to its 
oncogenic roles in various cancers, especially in the regulation 
of the initiation and progression of cancer invasion and metas-
tasis. Ectopic expression of MEK5 or knockdown of MEK5 
by shRNA with in vitro cell based models demonstrated the 
role of MEK5 in regulation of epithelial mesenchymal transi-
tion (EMT) and breast cancer invasion and metastasis. Here, 
we show that MEK5 upregulated by Stat3 promotes breast 
cancer cell invasion through EMT. Further study demon-
strated that Stat3 could bind to promoter region of MEK5 and 
enhanced MEK5 transcription and expression. In addition, the 
phosphorylation of MEK5 significantly increased in breast 
cancer cells corresponding to metastatic capability of breast 
cancer cells. The depletion of MEK5 by shRNA significantly 
decreased breast cancer invasion. Ectopic expression of MEK5 
could confer non-invasive breast cancer cells to become inva-
sion capable cells. Moreover, the phosphorylation of Erk5, a 
MEK5-regulated downstream kinase, was also upregulated 
consistent with the increased level of active MEK5. Our 
studies provide insights into a molecular mechanism by which 
MEK5 transcriptionally upregulated by Stat3 augments breast 
cancer cell EMT, which subsequently enhances cancer cell 
invasion and metastasis. This finding may suggest that Stat3 
and MEK5/Erk5 pathways could be an effective therapeutic 
target for inhibition of breast cancer invasion and metastasis.

Introduction

The mitogen extracellular-signal-regulated kinase kinase 
5/extracellular-signal-regulated kinase 5 (MEK5/Erk5) signal 
pathway was first characterized in 1995 (1) and categorized 
as a member of MEK/Erk family. MEK5 is a 444 amino acid 
protein with a mass of 50 kDa (MEK5α) and 40 kDa (MEK5β), 
respectively (2). MEK5 protein conserves a partial domain of 
other MEK family kinases such as MEK1 and MEK2 with 
an overall 40% homology (1). Physiologically, MEK5/Erk5 
pathway has its functional role during normal muscle and 
neuronal development (3-5). It has been reported that MEK5 
regulates skeletal and myocardium development through 
upregulation of Erk5 and MEF2 (6). Recent studies showed 
that targeted deletion of MEK5 led to embryonic lethality due 
to blockade of the MEK5/Erk5 signal pathway, which normal 
cardiac and embryonic development depends on (7,8). These 
studies suggest that MEK5/Erk5 is an essential regulatory 
signal pathway for stem cell survival. MEK5 is the only known 
and characterized Erk5 kinase direct regulator. MEK5/Erk5 
signaling pathway regulates a number of transcription factors. 
For example, MEF2, c-Fos, Fra-1 and NF-κB (6,9-11). Muscle 
differentiation and neuronal survival have been implicated to 
be associated with Erk5-regulated MEF2 signaling in vitro 
studies (7).

In addition, a few reports demonstrated that MEK5 protein 
was overexpressed and associated with certain types of 
cancer (12,13), for example, cancers of breast, lung, colorectal, 
prostate and leukemia and neuroblastoma (14-22). Besides, 
MEK5/Erk5 signal pathway has been reported to regulate 
angiogenesis and tumor cell proliferation (12,23). Notably, 
MEK5 has also been observed to play a role in EMT during 
breast cancer progression and metastasis by proteomics 
analysis (16,24,25). However, the function and regulation of 
MEK5 signaling in cancer metastasis remain to be elucidated 
in detail.

With respect to the regulation of MEK5 upstream and 
downstream signal pathways, some reports demonstrated that 
MEK5 was regulated by TNF-α/JNK signal pathway (26,27). 
MEKK2 and MEKK3 have been demonstrated as MEK5/Erk5 
direct upstream regulators (28-30). It has been proved that 
MEK5 signaling function acts through regulating MEF2C, a 
member of the MEF2 transcription factor family (6). MEK5 
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has been reported to promote prostate cancer metastasis 
through upregulation of MMP9 (14). Erk5 is MEK5-regulated 
immediate downstream kinase that was responsible for further 
activating MMP-9, which functions to enhance cancer cell 
migration and invasion. Moreover, MEK5 expression was also 
associated with poor prognosis in prostate cancer patients. 
MEK5 is also overexpressed in breast cancer (16), especially 
in cells that Stat3 signaling is persistently activated (31). The 
overexpression of constitutively active Stat3 (Stat3C) could 
upregulate total level of MEK5 protein expression and activa-
tion in breast cancer, suggesting that Stat3 might participate in 
MEK5 upstream regulation in development of breast cancer. 
Stat3 is frequently expressed and activated in triple-negative 
breast cancer (TNBC). In addition, MEK5 direct downstream 
target, Erk5, has been identified as an important factor respon-
sible for poor prognosis and low survival rate of TNBC. This 
evidence suggests that MEK5/Erk5 inhibitors could have 
potential to mitigate malignancy and improve outcomes of 
TNBC  (32-34). Therefore, therapeutical targets related to 
kinases, which are responsible for EMT such as Erk5 and 
MAPK7, are attractive for developing new generation of anti-
cancer drugs (34,35).

In order to understand cellular regulatory role of MEK5 
signaling in breast cancer invasion and metastasis, we 
compared MEK5 expression and activation in comparison of 
invasive and non-invasive breast cancer in the present study. 
Our data demonstrated that MEK5 was activated in invasive 
breast cancer cell lines that we tested, but not non-invasive 
breast cancer cell line and/or immortalized cell line. Ectopic 
expression of MEK5 could lead to non-invasive MCF7 
breast cancer cells to change morphology through EMT. The 
knockdown of MEK5 in highly invasive MDA-MB-231 cells 
resulted in the loss of its invasive and metastatic ability. The 
mechanism study suggested that active Stat3 was closely 
correlated with high level of MEK5 expression and activation.  
Together, our observations suggested that MEK5 expression 
was transcriptionally upregulated by Stat3 activation.

Although active Stat3 was critical to activate MEK5 
and further induce cancer cell EMT, Stat3 activation was 
not essential to initiate these cellular processes. Instead, 
we provided evidence to show that the activation of MEK5 
through serine/threonine phosphorylation was essential for 
the initiation of cell invasion and metastasis. Taken together, 
the present study unveiled a new insight into the mechanism 
by which transcriptionally upregulated MEK5 by active Stat3 
was essential to initiate cell EMT and resulted in cancer cell 
invasion and metastasis. The significance of our observations 
may implicate that the blockade of Stat3 and MEK5/Erk5 
pathways could potentially benefit the prevention of breast 
cancer metastasis (13,24,25,36).

Materials and methods

Cell lines and chemicals. MCF-7, MCF10A, MDA-MB‑231 
and MDA-MB-468 cell lines were purchased from the 
American Type Culture Collection (ATCC; http://www.atcc.
org/). Spontaneous immortalized MCF10A breast cells (37) 
were cultured as previously described (31). Breast carcinoma 
cell lines, MCF-7, MDA-MB-231 and MDA-MB-468, were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 

containing 10% fetal bovine serum (FBS) with appropriate 
antibiotics. All chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) or Thermo Fisher Scientific 
(Pittsburgh, PA, USA) and were of analytically pure grade if 
not otherwise noted.

Western blot analysis. For western blot analysis, 100 µg of cell 
lysate was resolved on SDS-PAGE and transferred to PVDF 
membrane. Antibodies against MEK5 (BD Transduction 
Laboratories, San Diego, CA, USA), phos-Stat3 (Tyrosine705), 
Stat3, Erk5, phospho-Erk5 (Cell Signaling Technology, Inc., 
Beverly, MA, USA), phospho-MEK5 (S311/T315), phospho-
MEKK1, MEKK1, MEKK2, MEKK3 (Abcam, Cambridge, 
MA, USA), phospho-MEKK2 (Thermo Fisher Scientific), 
phospho-MEKK3 (Sigma-Aldrich), E-cadherin, N-cadherin, 
Snail, Slug, vimentin (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) and tubulin (Sigma-Aldrich) were used to detect 
corresponding proteins, respectively.

Cell invasion assay. Cell invasion assay was performed using 
an invasion chamber system (BD Transduction Laboratories) 
following the manufacturer's instructions. In brief, 2.5x104 

cancer cells in 0.5  ml culture medium were seeded into 
upper compartment in two layer chamber invasion plates. The 
cells were cultured for 24 h prior to staining of the matrigel 
membrane. Cell penetration through the membrane was 
detected by staining the cells on the porous membrane with 
a Diff-Quik stain kit (Dade Behring, Inc., Newark, DE, USA). 
Each experimental group was performed at least in triplicate.  
The results are denoted as mean ± standard deviation (SD).

Chromatin immunoprecipitation (ChIP) assays and real-time 
PCR. To detect Stat3 binding with MEK5 promoter region, a 
ChIP assay kit (Upstate Biotechnology, Lake Placid, NY, USA) 
was employed in the present study. The assay was performed 
according to the manufacturer's instructions and protocols 
previously described (31). For measuring MEK5 expression, 
a real-time PCR was performed and relative expression level 
was calculated accordingly.

Infection of breast cancer cells by viral constructs. The viral 
plasmid constructs, pWZL-MEK5 and pMX-Stat3C were used 
for expression of MEK5 and active Stat3C, respectively. The 
construct for expression of constitutively activated MEK5DD 
(S311D/T315D) was generated by site-directed mutagenesis 
and confirmed by DNA sequencing. MEK5 knockdown was 
achieved by using lentiviral shRNA particles (Santa Cruz 
Biotechnology) following the manufacturer's instructions. 
Breast cancer MCF-7 or MD-MB-231 cells were infected for 
expression of Stat3 or MEK5 following standard procedures.  
The infected cells were selected by neomycin for 3 weeks and 
pooled for next experiments or further infection by lentiviral 
MEK5 shRNA, if needed. The MDA-MB-231 cells were 
infected by lentiviral MEK5 shRNA and selected by puro-
mycin for two weeks and pooled for assays.

Immunohistochemical (IHC) analysis. Human breast cancer 
tissue array slides were obtained from the National Cancer 
Institute (Philadelphia, PA, USA) and Chemicon International, 
Inc. (Temecula, CA, USA). Immunostaining was conducted 
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by using Chemicon IHC Select™ detection system (Chemicon 
International). The array slides were stained and probed by 
using relevant antibodies according to the standard procedures 
and the manufacturer's instructions.

Statistical analysis. The data are described as mean ± standard 
derivation or odds ratio. Statistical analyses were performed by 
the student's t-test, ANOVA and Chi-square analysis. P<0.05 
was considered as statistically significant.

Results

MEK5 is overexpressed in Stat3 activated breast cancer cells, 
but not in normal breast epithelial cells or non-invasive cells. 
We previously showed that MEK5 was overexpressed in a 
majority of breast cancer cells that we tested (31). To prove that 
this is the case in breast cancer tissues, we first evaluated an 
appropriate anti-phospho-MEK5 antibody that is suitable for 
tissue immunostaining (Fig. 1). A group of samples with 106 
cases, including 10 normal breast tissues, 36 triple-positive 
tissues and 60 TNBCs, were studied in this investigation. The 
results showed that odds ratio of Stat3 and MEK5 phosphory-
lation in breast cancer tissues is 36.47 (p<0.001) and 25.92 
(p<0.001) respectively, which was significantly higher than 
that in normal tissues (Fig. 2). As Fig. 3A demonstrates, breast 

tissue IHC staining showed that active Stat3 was correlated 
with high level of MEK5 expression and activation. MEK5 is 
overexpressed and activated in invasive breast cancer cell lines 
MDA-MB-231 and MDA-MB-468, but not in immortalized 
MCF10A cells. Although MEK5 protein could be detected 
in non-invasive MC-F7 cells (Fig. 3B), the phosphorylation 
of MEK5 was undetectable, suggesting that MEK5 might be 
inactive. Further studies identified that constitutively activated 
Stat3 could increase phosphorylation of MEKK2/3 but not 
MEKK1. MEK5/Erk5 specific inhibitor, BIX02189 can reduce 
Stat3-mediated phosphorylation of MEK5/Erk5. However, 
phosphorylation of MEKK2/3 was not affected by such an 
inhibitor (Fig. 3C). Ectopic expression of either active Stat3C, 
which could mimic active phosphorylated Stat3 by consti-
tutively forming dimers or MEK5 caused the change of cell 
morphology. The inhibition of MEK5 by MEK5/Erk5 inhib-
itor could block such a change of cell morphology (Fig. 3D). 
Together, suggesting that both active Stat3 and MEK5 are able 

Figure 1. Validation of phospho-MEK5 antibody. MDA-MB-231 cells were 
treated with EGF (25 ng/ml for 20 min) and then lysated for western blotting. 
western blotting was performed by using phospho-MEK5 in the presence or 
the absence of the peptide that was used for immunizing animals for antibody 
production. 

Figure 2. Breast tissues for immunostaining. A cohort of samples with 10 
normal breast tissues, 36 breast cancer tissues with triple-positive staining 
(ER+, PR+ and HER2+) and 60 TNBCs were performed in this investigation.  
Odds ratio and Chi-square analysis were performed for analyzing the signifi-
cance of difference of phosphorylated-Stat3 and phosphorylated-MEK5 in 
breast cancer tissues. 
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to induce cancer cells to change morphology and MEK5 may 
be activated by MEKK2/3 and play an important role in this 
cellular process.

MEK5 promotes non-invasive MCF-7 cells to become inva-
sive cancer cells. MCF-7 cells are non-invasive breast cells 
and were negative for EMT markers such as vimentin (38-40). 
However, upon ectopic expression either Stat3C or MEK5, 
MCF-7 cells became invasive (Fig. 4A). Western blot analysis 
from cell lysates showed that ectopic expression of both Stat3C 
and MEK5 could activate the MEK5/Erk5 signal pathway 
through serine or threonine phosphorylation (Fig. 4B). Both 
knockdown of MEK5 by shRNA and inhibition of MEK5 
by a MEK5/Erk5 inhibitor BIX02189 could block Stat3C-
induced invasiveness in the cells that ectopically expressed 
active Stat3C (Fig. 4C and D), suggesting that active Stat3 
acted through activation of MEK5 and MEK5/Erk5 signal 
pathway played a key role in this cellular process. Together, 
these observations indicate that MEK5 may be essential for 
regulating State3 mediated breast cancer cell invasion and 
metastasis.

Knockdown of MEK5 inhibits cell invasion of invasive 
MDA-MB-231 breast cancer cells. MDA-MB-231 cells 
express high level of activated Stat3 and MEK5 and aggres-
sively metastasize to the lung. Knockdown of MEK5 or 
treatment by a MEK5 inhibitor could significantly inhibit its 
invasive phenotype through blockade of activation of MEK5/
Erk5 pathway (Fig. 5A and B). The inhibition of Stat3C by a 

Stat3 inhibitor, STA-21 (41), also reduced its invasive ability 
(Fig. 5C and D). However, in the cells that expressed constitu-
tively active MEK5DD (S311D/T315D), STA-21 was not able 
to inhibit cell invasion. This result suggests that Stat3 func-
tioned through MEK5 activation, which was essential for EMT 
and cell invasion. However, the inhibition of MEK5 by both 
shRNA and a MEK5/Erk5 inhibitor, BIX02189, significantly 
reduced invasion (Figs. 4 and 5). Even though MDA-MB-231 
expressed constitutively activated Stat3C, the blockade of 
MEK5 was still able to impede cell invasion (Fig. 4C). These 
results suggest that MEK5 plays a key role in the regulation of 
breast cancer cell invasion. To summarize, this evidence indi-
cates that Stat3-induced cancer cell invasion and metastasis 
may, at least in part, depend on activation status of MEK5. In 
other words, MEK5 was essential for enabling breast cancer 
invasion and further metastasis.

Stat3 transcriptionally upregulates MEK5 expression. We 
previously reported that Stat3 directly upregulated MEK5 
expression through microarray analysis. As reported by 
us (31), there are twelve candidate Stat3-binding sites that 
exist in the 3.2 kb MEK5 promoter region. Ten out of the 
twelve Stat3‑binding sites are located at the position from 
-1776 to -1037 upstream of the transcription initiation site. The 
sequence TTCTGGAAA between -1770 and -1762 was used 
for ChIP assay. As showed in Fig. 6A, interferons and active 
Stat3C were able to induce MEK5 expression suggesting 
that Stat3 directly regulated MEK5 in its promoter region 
(Fig.  6A). Real-time PCR also demonstrated that Stat3C 

Figure 3. MEK5 expression and activation are correlated with activated Stat3 in breast cancer cells. (A) tissue IHC using antibodies as indicated in the figure. 
For detailed information see the Materials and methods. (B) Western blotting by using cell lysates as indicated. (C) Western blotting by using cell lysates from 
MCF-7 expressing Stat3C. (D) MCF-7 cell morphology changes in the cells that express active Stat3C or MEK5 with or without MEK5/Erk5 inhibitors U0126 
and BIX02189.
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Figure 5. MEK5 plays an essential role in controlling cancer cell invasion in vitro. (A) MDA-MB-231 cells were treated by either knockdown of MEK5 or 
5 µM BIX02189 and then subjected to invasion assay. (B) Western blotting using cell lysates from (A). (C) MDA-MB-231 cells with expression of activated 
MEK5 (MEK5DD) were treated with 20 µM STA-21 (a Stat3 inhibitor) and then subjected to invasion assay. (D) Western blotting using cell lysates from (C). 

Figure 4. Stat3 regulates breast cancer cell invasion through upregulation and activation of MEK5. (A) MCF-7 cells with expression of either active Stat3C or 
MEK5 or antisense Stat3C were used for invasion assay. (B) Western blotting using cell lysates from (A). (C) MCF-7 cells with expression of constitutively 
activated Stat3C were treated with either knockdown of MEK5 by shRNA or 5 µM BIX02189 for 24 h. Then, invasion assay was performed by using the cells 
described above. (D) Western blotting using cell lysates from C. For invasion assay, each group was performed at least in triplicate. The results are described 
as mean ± SD.
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enhanced MEK5 mRNA expression (Fig. 6B). Further study 
showed that active Stat3C was a causative factor that increased 
MCF-7 cells to express EMT markers, including increased 
expression of MEK5, p-MEK5, N-cadherin, vimentin, slug, 
snail and a decrease of E-cadherin (Fig. 6C). Together, these 
data support that active Stat3-mediated upregulation of MEK5 
directly contributed to cancer cell EMT, which subsequently 
resulted in cancer invasion and metastasis. To illustrate 
this concept, we propose a model that explains a possible 
mechanism of MEK5-induced breast cancer cell EMT and 
metastasis (Fig. 6D). In summary, either stimulus-activated or 
constitutively activated Stat3 could transcriptionally upregu-
late MEK5 expression and activate MEK5 through increasing 
phosphorylation of MEKK2/3. Subsequently, an increased 
level of active MEK5 causes breast cancer cell EMT and 
metastasis. During this process, MEK5/Erk5 plays an essen-
tial role in breast cancer invasion and metastasis.

Discussion

Stat3 plays a critical role in development of normal embry-
onic stem cells and tumorigenesis. Constitutively activated 
Stat3 was linked to various types of cancer such as cancers 
of the breast, prostate, lung, brain, colorectal and leukemia. 
Moreover, Stat3 has also been reported to be involved in the 
initiation and progression of cancer stem cells, including glio-
blastoma, hepatoma, sarcoma, breast, head and neck and skin 
cancer (42-47). In addition, Stat3 seems to be a key modulator 

that regulates cancer cell EMT and promotes cancer metas-
tasis (16,46,48). However, our observations suggest that Stat3 
has to act through MEK5 in order to trigger breast cancer 
invasion and metastasis. It is of interest that similar observa-
tion of MEK5-promoted EMT has also been reported (16,24). 
Therefore, this evidence indicates that Stat3-MEK5/Erk5 
pathway has a critical role in the regulation of EMT, thereafter 
cancer metastasis.

Although MEK5/Erk5 pathway plays an important role 
in various cellular processes (1,2,49,50), little is known about 
how MEK5 functions during the development of tumorigen-
esis and/or cancer metastasis. MEK5 overexpression has been 
reported in invasive breast and prostate cancer (14,32). Especially 
in prostate cancer, MEK5 has been reported to play a pivotal 
role in prostate cancer progression and metastasis. However, the 
underlying molecular mechanism by which MEK5 regulates 
these cellular processes remains elusive. The understanding of 
the role of MEK5/Erk5 pathway in cancer metastasis may help 
to develop an effective cancer therapeutic regimen and prevent 
cancer from reoccurrence and/or metastasis.

In the present study, we observed that constitutively acti-
vated Stat3 not only increased the level of MEK5 expression, 
but also enhanced MEK5 phosphorylation by increasing phos-
phorylated MEKK2 and MEKK3. One possibility could be 
that Stat3-mediated stress responses are similar to oxidative 
stress response. Further study needs to be conducted in order 
to understand molecular mechanisms of how activated Stat3 
can augment phosphorylation of MEKK2/3.

Figure 6. Transcriptional upregulation of MEK5 by Stat3 results in enhancement of tumor cell EMT and metastasis. (A) ChIP assay was performed as previ-
ously described (32). (B) real-time PCR was performed to determine MEK5 mRNA expression in different cell lines. (C) Western blotting was performed by 
using antibodies as indicated. (D) proposed model for Stat3-MEK5-regulated breast cancer cell EMT and metastasis.  
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MEK5 played an essential role in controlling cancer cell 
EMT and subsequent metastasis. The evidence from ectopic 
expression and knockdown of MEK5 suggested that MEK5 
is a key player in these processes. Although Stat3 constitutive 
activation alone could activate the cancer cell EMT process, 
blockade of MEK5 by either shRNA or a small molecule 
inhibitor could impede this development, suggesting that 
Stat3 acted through MEKK2/3-activated MEK5 (Figs. 3C 
and 6D). Taken together, these data suggest that MEK5 may 
play a pivotal role in the initiation of cancer cell invasion 
and metastasis. MEK5 participated in regulation of breast 
cancer progression and metastasis through increasing cancer 
cell EMT. Stat3 along with MEK5 could possibly be effec-
tive therapeutic targets for the treatment of breast cancer, 
especially TNBCs. The implications of the present study may 
suggest that blockade of Stat3 and MEK5/Erk5 pathways along 
with other conventional interventions could potentially benefit 
breast cancer therapy and improve therapeutic outcomes by 
blocking cancer cell metastasis.
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