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Take home message: MEK5 acts as an oncogenic driver in mice lung cancer and is pivotal 

for human lung adenocarcinoma. 

mailto:esparis@usal.es


Lung cancer represents the leading cause of cancer death worldwide (1). Because of 

that, intense efforts are being devoted to the development of novel therapeutic strategies to 

fight the disease (2). In this respect, identification of new oncogenic drivers offers therapeutic 

opportunities in tumors in which those molecules or other cooperating elements play a 

pathophysiological role. Here we show that the MEK5 mitogen-activated protein kinase 

kinase has a pivotal role in lung cancer. 

Originally, this study was initiated with the purpose of evaluating the potential 

oncogenic role of the MEK5 route. In fact, while the MEK5 route has been found to be 

deregulated in several neoplasias [reviewed in (3-6)], whether exclusive activation of that 

pathway promotes tumorigenesis has not formerly been addressed. To explore that 

possibility, we generated transgenic mice engineered to express a constitutively active form 

of MEK5 by site-directed mutagenesis of the MEK5 Ser
311

 and Thr
315

 residues to aspartic 

acid (MEK5DD, Figure 1A). These acidic amino acid changes result in a MEK5 form in 

which the aspartic acid substitutions function as phosphomimetic residues (7, 8). As a 

consequence, MEK5DD acts as a constitutively active kinase that is able to phosphorylate its 

downstream target, the ERK5 mitogen-activated protein kinase. Phosphorylation of ERK5 by 

constitutively active MEK5DD results in sustained activation of ERK5. Such ERK5 

phosphorylation (pERK5) provokes a change in its electrophoretic mobility with respect to 

unphosphorylated ERK5, a characteristic that can be used to differentiate ERK5 from pERK5 

by Western blotting (9). The MEK5DD cDNA was subcloned into the pCEFL mammalian 

expression vector, which contains an N-terminal Flag tag sequence that serves to differentiate 

MEK5DD from endogenous MEK5. Increasing amounts of the cDNA coding for Flag-tagged 

MEK5DD were transfected in HeLa cells and its expression was analyzed by Western 

blotting with an anti-Flag antibody. As shown in Figure 1B, expression of Flag-MEK5DD 

caused the appearance of pERK5, indicative of pathway activation.  



After this validation, SmaI and XhoI restriction sites were incorporated by PCR and 

Flag-MEK5DD was then inserted into the multiple cloning site of the pMSG vector, 

downstream of the MMTV promoter and upstream of the SV40 polyadenylation site. This 

promoter has been reported to drive expression of transgenes in several tissues (10). The 

construct was verified by DNA sequencing and was injected into FVB (The Jackson 

Laboratory) fertilized eggs which were then implanted in female mice by standard 

procedures. All animals were maintained in a pure FVB genetic background into the specific 

pathogen free area and manipulated by authorized personnel following legal and institutional 

guidelines. Animal experimentation was approved by the Bioethics Committee of the 

University of Salamanca (authorization number 124). Transgenic offspring identification was 

performed by PCR of genomic DNA from tail snip with specific MEK5DD primers. From 

the analyzed mice, two lineages were able to stably transmit the transgene to the offspring 

and were therefore used for colony expansion. Mice organs were obtained after sacrifice of 

the animals and immediately frozen in liquid nitrogen. Western blot analyses demonstrated 

expression of Flag-MEK5DD in the lung, spleen, kidney, brain and breast (Figure 1C).  

Necropsies of these mice showed macroscopic lung masses (Figure 1D) in males and 

females from both transgenic lineages. Tumors were not observed before 10 months of age.  

From a total population of 71 transgenic mice, lung tumor incidence was 46.47%. Most 

animals developed a single tumor, although up to three lung masses could be observed in the 

same animal. Tumors were located in the periphery of the lung lobes and their size generally 

ranged from 1 to 5 mm in diameter. Other types of tumors were observed in some animals, 

although to a much lower incidence (8.45% altogether). Tumors were found in the spleen 

(N=3, 4.2%), breast (N=3, 4.2%), skin (N=5, 7.04%) and the suprarenal gland (N=1, 1.4%). 

Some animals bore more than one tumor type. The H&E histopathological analysis (Figure 

1E) defined the lung masses as grade I-II adenocarcinomas. Morphological inspection of the 



tumors showed resemblance to human lung adenocarcinomas (LUAD), since tumors were 

peripheral, well delimited and non-encapsulated. In fact, immunohistochemical analyses, 

performed using the Bond Polymer Refine Detection kit (Leica biosystems, Newcastle, UK), 

presented immunoreactivity to napsin A, CK7, and TTF-1, markers used to identify this 

subtype of tumors (Figure 1F).  

Transgenic (TG) lung tumors expressed Flag-MEK5DD (Figure 1G), which was 

accompanied by activation of ERK5. In contrast, analyses of lungs from non-transgenic (NT) 

littermate mice, which appeared negative for the transgene, did not show ERK5 activation. 

Quantitative analyses confirmed a significantly higher ERK5 activation and expression 

(Figure 1H, left and right respectively) in TG tumoral lungs when compared to normal lungs 

from NT littermates.  

The above data moved us to explore the relevance of this pathway in human lung 

cancer. To that end, frozen human lung samples were randomly obtained from patients 

diagnosed with lung adenocarcinoma at the University Hospital of Salamanca, Spain. Patients 

provided informed consent for the usage of the samples which was approved by the 

Institutional Review Board Ethics Committee on Human Research of the Hospital. MEK5 

and ERK5 protein activation and expression were evaluated by Western blotting in 23 LUAD 

samples and 11 non tumoral lung samples (9 of them corresponding to counterparts of the 

same LUAD patient). Constitutively active MEK5, identified using an anti-pMEK5 antibody 

(11), was present in tumor samples whereas no pMEK5 was detected in normal lung tissue 

(Figure 1I). Consequently, pERK5 was observed in the LUAD samples but not in their non-

tumoral counterparts. Moreover, MEK5 and ERK5 expression levels were higher in tumoral 

samples than in normal lung tissue. Quantitative analysis evidenced a highly significant 

MEK5 6.2 fold increase (p-value=2.7e-08) and ERK5 5.5 fold increase (p-value=2.2e-09) in 

tumoral samples when compared to normal tissue (Figure 1J). We thus decided to explore the 



potential relationship between MEK5 and ERK5 expression with clinical outcome in lung 

cancer patients. Analysis of pooled data from the LUAD cohort of patients present in the 

publicly available KM-plotter database (12) showed that high levels of combined MEK5 and 

ERK5 expression significantly associate with poor overall survival (p-value=1.6e-05, Figure 

1K). Remarkably the median survival time was reduced by almost half in the patients with 

high MEK5/ERK5 expression (69 months) when compared to the low MEK5/ERK5 

expression group (112.67 months). 

Immunohistochemical analyses of human LUAD tissue revealed that ERK5 was 

located in the nucleus as well as in the cytoplasm of LUAD cells (Figure 1L). To evaluate the 

role of MEK5 and ERK5 in the proliferation of LUAD, RNAi experiments were carried out 

on NCI-H23 cells infected with lentiviral vectors targeting MEK5 or ERK5 to decrease their 

expression (Figure 1M, top panels). Reduction of MEK5 or ERK5 provoked a significant 

inhibition in the proliferation of NCI-H23 cells (Figure 1M, bottom panel). Similar results 

were obtained using HCC4006 and NCI-H441 LUAD cell lines (data not shown), indicating 

that the MEK5/ERK5 axis regulates proliferation of lung adenocarcinoma cells. 

Despite therapeutic improvements due to the incorporation of targeted and immune 

checkpoint inhibitors, lung cancer still represents the most lethal form of cancer worldwide 

(13). In this respect, identification of new oncogenic drivers offers therapeutic opportunities 

in tumors in which those drivers play a pathophysiological role. In this paper, we show that 

the sole activation of MEK5 fosters the appearance of lung adenocarcinomas in mice, a 

finding that has substantial translational interest due to its potential therapeutic implications.  

The fact that the MEK5/ERK5 route is activated and overexpressed in LUAD samples 

together with the patient clinical correlation data and its implication in the proliferation of 

lung adenocarcinoma cells points to a key role of this pathway in this subtype of tumors. 

Moreover, it is important to notice that the major etiopathogenic causative agent of lung 



cancer, i.e. tobacco smoke, provokes aberrant activation of the MEK5/ERK5 pathway (14). 

In addition, certain EGFR mutants found in lung cancer have been reported to activate the 

MEK5/ERK5 route (15).  

Considering the medical need that lung cancer represents, targeting MEK5/ERK5 may 

offer a novel therapeutically relevant strategy in those lung adenocarcinomas in which this 

pathway plays a pathophysiological role. A limitation in this field is the absence of clinical 

stage drugs that specifically target MEK5/ERK5. Efforts to overcome this limitation could 

offer novel opportunities to fight this malignancy. 
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Figure Legend 

 

Figure 1. A) Schematic representation of MEK5 and the sites mutated to create 

constitutively active MEK5 (MEK5DD). B) The indicated amounts of pCEFL-Flag-

MEK5DD were transfected into HeLa cells. ERK5 and MEK5DD were evaluated by Western 

blotting. C) Expression of MEK5DD in different transgenic mice tissues was evaluated by 

Western blotting. Note: A lane between lung and kidney was cut out from the Western blots. 

D) Representative macroscopic image of a MEK5DD transgenic tumoral lung (tumors are 

indicated by arrows). E) Representative hematoxylin-eosin staining of a lung mass section 

from a MEK5DD mouse. F) 40x representative immunohistochemical images of Napsin-A, 

CK-7 and TTF-1 of a lung adenocarcinoma from MEK5DD mouse. An inset image with an 

isotype control for each antibody was included. G) Western blot analysis of MEK5DD and 

ERK5 expression in the TG (transgenic) lung tumor compared to NT (non-transgencic) lung 

from a littermate mouse. H) pERK5 (left) and total ERK5 (right) levels from NT lungs (n=8) 

versus TG tumoral lungs (n=8) were quantitated from Western blot analysis using ImageJ 

software and represented in a box plot. The median value for each group is represented as the 

central line of the box. Black dots represent the outlier values. Statistical comparisons were 

performed using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) by calculating the p-

value according to a two-sided Student’s t-test. pERK5 levels were represented as percentage 

from total ERK5 expression. I) Representative Western blot analyses of MEK5, pMEK5, and 

ERK5 expression in human lung adenocarcinomas compared to healthy lung tissue (numbers 

correspond to the tissue bank classification of each patient; N: Normal, T: tumor). J) 

Comparison between MEK5 levels (left panel) or ERK5 levels (right panel) from the total 34 

human lung samples. MEK5 and ERK5 expression was quantitated as in Figure 1H. K) 120 

months follow-up Kaplan-Meier analyses of the relationship between combined MEK5 and 



ERK5 expression and overall survival in lung adenocarcinoma patients (n=720) collected in 

the public Kaplan-Meier plotter database. The studies were performed using the multigene 

classifier tool by selecting the combined mean expression values for both MEK5 (Affymetrix 

probe id 211370_s_at) and ERK5 (Affymetrix probe id 35617_at) genes on the 2015 version 

of the database. The cut off value used to split patients into low or high expression was 

automatically computed by selecting the “best cut off” tool of the database. L) Representative 

IHC analysis of the cellular location of ERK5 in human lung adenocarcinoma. M) NCI-H23 

cells were infected with pLKO-lentiviral vectors including shControl (shC), shMEK5 or 

shERK5 interfering sequences. Protein expression levels were evaluated by Western blotting 

(top) and the proliferation (bottom) measured by cell counting. 

 

 


