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Abstract 

Identification of genetic alterations in members of the p38 mitogen-activated protein kinase 
(MAPK) pathway is important as these proteins have dynamic roles in tumor progression and may 
serve as potential therapeutic targets in cancer. We analyzed tumor and non-tumorous lung tissue 
of 233 non-small cell lung cancer (NSCLC) patients for the presence of copy number alterations 
(CNAs) in the MAPK kinase 3 (MKK3) and MAPK-activated kinase 2 (MK2) genes. We report 
frequent CNAs in MKK3 and MK2 genes in NSCLC. Copy number losses were detected in 31% of 
NSCLC tumors (odds ratio: 7.08, 95% confidence interval: 3.2–15.6, P<0.001) for the MKK3 gene 
and in 28% of tumors for the MK2 gene (odds ratio: 3.68, 95% confidence interval: 1.9–7.2, 
P<0.001). Several of the non-tumorous tissues showed an elevated MKK3 copy number, with a 
concurrent loss of this in 89% of the paired tumors. MKK3 gene deletions were significantly more 
frequent in squamous and large cell carcinoma than in adenocarcinoma. These data demonstrate a 
novel loss of MKK3 and MK2 genomic copy numbers in NSCLC tumors, and suggest these genes as 
interesting therapeutic candidates in NSCLC. 
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Introduction 
The p38 mitogen-activated protein kinase 

(MAPK) pathway is a stress response pathway, which 
is activated by a wide variety of stimuli. The p38 
MAPK signaling cascade is important in various bio-
logical settings other than inflammation and stress 
responses, including cancer promotion and progres-
sion. It affects tumorigenesis by regulating cellular 
proliferation, differentiation, apoptosis, migration 
and invasion in a cell-type and cell-context specific 
manner [1]. The tumor-suppressing effect of the p38 
pathway is mediated on multiple levels, as the path-
way regulates oncogene-induced senescence, replica-
tive senescence, contact inhibition and DNA-damage 
responses through various downstream effectors in-
cluding TP53 [2]. As such, dysregulated p38 MAPK 
signaling is associated with advanced stages and poor 
survival in cancer patients [3]. p38 MAPKs are acti-

vated by the upstream MAPK kinases MKK3 
(MAP2K3) and MKK6 (MAP2K6), and regulate 
phosphorylation of major transcription factors (e.g. 
TP53), and protein kinases, including 
MAPK-activated kinase 2 (MK2; also known as 
MAPKAPK2) [1]. It is evident that the p38 MAPK 
pathway is important in lung cancer [4], and recent 
reports demonstrating amplifications in the MK2 gene 
[5] and increased MKK3 mRNA expression [6] in 
non-small cell lung cancer (NSCLC) make these genes 
interesting candidates as tumor suppressors in 
NSCLC. 

Thus, identification of genetic alterations in 
members of the p38 MAPK pathway is important as 
they have dynamic roles in tumor progression and 
may serve as potential therapeutic targets in cancer [3, 
7]. To address this, copy number alterations (CNAs) 
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in MKK3 and MK2 genes in NSCLC patients were 
investigated and their correlation to TP53 mutational 
status was studied. 

Materials and Methods 
Cases 

We enrolled 233 Caucasians of Norwegian origin 
(71.1% male and 88.2% smokers) with early-stage lung 
cancer between 1988 and 1994. All patients gave 
written informed consent to participate in the study. 
The average age was 64±10 years. The smokers had on 
average smoked 15.3±8.0 cigarettes/day for 41.5±11.6 
years, corresponding to 31.7±18.5 total pack–years. 
Samples of adjacent non-tumorous lung tissue were 
cut from the lobectomy specimens at the time of sur-
gery. Tumor histology was confirmed by an experi-
enced pathologist and samples containing ≥80% of 
tumor cells were included: 45.6% of the tumors were 
classified as adenocarcinoma (AD), 39.9% as squa-
mous cell carcinoma (SQ) and 14.4% as large cell car-
cinoma (LC). Tissues were snap-frozen in liquid ni-
trogen and kept at −80°C until further processing. The 
study was approved by the Regional Committee for 
Medical and Health Research Ethics in Norway in 
accordance with the WMA Declaration of Helsinki.  

Assessment of TP53 mutations and CNA by 
quantitative (q)PCR 

DNA was extracted using standard proteinase K 
digestion followed by phenol–chloroform extraction 
and ethanol precipitation. Exons 4–9 in the TP53 gene 
were sequenced for mutations in tumor tissues [8, 9]. 
MKK3 and MK2 copy numbers were analyzed using 
qPCR and SYBR Green I technology according to 
D’Haene et al. [10], with some modifications. The 
multicopy gene FTH1 was used as a reference gene. 
Primer sequences were: MKK3 forward primer, 
5’-GGAGGCTGATGACTTGGTGA-3’; reverse pri-
mer, 5’-ACTGAGAGGGATAGGCAGGG-3’; MK2 
forward primer, 5’-CGGCCTGCAGATCAAGAAGA- 
3’; reverse primer, 5’-CCTGGCTGGTGACCTTGTAG- 
3’; FTH1 forward primer, 5’-GATGATGTGGCT 
TTGAAGAACTTTGCCA-3’; reverse primer, 
5’-CACCTCGTTGGTTCTGCAGCTTCATCA-3’. Pri-
mer specificity was determined by melting point 
analysis. The PCR was run in duplicate using a rela-
tive standard curve approach. The standard curve 
was generated by performing serial dilutions of 
plasmid DNA containing one copy of the area of in-
terest for each of the assayed genes. pUC57 plasmid 
DNA (GenScript, Piscataway, NJ, USA) was added to 
each standard to maintain a constant amount of total 
DNA per reaction tube. Samples were normalized to 
the mean of control samples run on each plate. H460 

and H774 cell lines (American Type Culture Collec-
tion) were used as internal controls for the MKK3 as-
say because H774 cells have a double deletion of the 
MKK3 gene [11]. A 1/1 mixture of H460 and H774 
cells had half genomic MKK3 level (0.94±0.36). The 
genomic MKK3 level in H460 cells was determined as 
2.12±0.33. Based on this, the cut-off for copy number 
amplification was set to 2.45 and samples with <1.55 
copies were considered to have a copy number loss. 
The same cut-off values were used for both assays.  

Statistical analysis 
Statistical analyses were performed using IBM 

SPSS version 22.0 software. Associations between 
CNAs and lung tumor development were estimated 
by odds ratios (ORs) and their 95% confidence inter-
vals (CIs) from conditional logistic regression adjust-
ed for age, gender, total pack–years and histology. 
Effects of clinicopathological data and TNM staging 
on gene status were assessed by χ2 or Fisher’s exact 
test for categorical variables and by nonparametric 
tests for ordinal variables. P<0.05 was considered 
significant.  

 

Results and discussion 
The p38 MAPK pathway has well-known func-

tions in inflammation and stress response but also acts 
as a negative regulator of cell proliferation and as a 
tumor suppressor by its impact on several cell-cycle 
regulators, including TP53. Components of the p38 
MAPK pathway are potential targets for novel cancer 
therapies [2] and CNAs in important genes of the p38 
MAPK pathway have been reported in many cancer 
types [12]. MKK3 gene deletion is a known risk factor 
for breast cancer and MKK3 expression is reduced in 
several different tumor types, including lung cancer 
[6]. In our data set, analysis of tumor and 
non-tumorous tissues from 233 NSCLC patients 
demonstrated that loss of MKK3 copy number was 
prominent in 31.1% of NSCLC tumors compared with 
only 7.0% of the adjacent non-tumorous tissues (OR: 
7.08, 95% CI: 3.2–15.6, P<0.001, Fig. 1A). Interestingly, 
18% of the non-tumorous tissues showed an increase 
in copy number (≥3 copies) of the MKK3 gene 
(P=0.002, Fig. 1A). However, in 71.7% of these pa-
tients the extra MKK3 gene copy was not present in 
tumors, and 17.4% of these showed a loss of MKK3 
copy number in the paired tumor tissue. The loss of 
MKK3 copy numbers was significantly more frequent 
in SQ and LC than in AD (P=0.035, Fig. 1B). MKK3 
gene status was not affected by other clinicopatho-
logical parameters such as gender, age and smoking 
(data not shown). 
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Figure 1. MKK3 and MK2 copy number status in NSCLC. Percentage of copy number atlterations (CNAs) in (A) MKK3 and (C) MK2 genes in lung tumors 
and non-tumorous tissues. Distribution of (B) MKK3 and (D) MK2 gene CNAs in NSCLC of different histology. Copy number loss was defined as copy 
number ≤1.55; whereas, gain was defined as copy number ≥2.45. 

 
The p38 downstream target MK2 is also impli-

cated in tumorigenesis [13]. In fact, patients with 
highly elevated MK2 copy numbers (>4) have in-
creased risk of NSCLC [5]. In contrast, we demon-
strated a loss of MK2 copy number in 27.7% of NSCLC 
tumors (OR: 3.68, 95% CI: 1.9–7.2, P<0.001, Fig. 1C). 
This was not affected by tumor histology (Fig. 1D), 
gender, age or smoking (data not shown). In contrast 
to the previous study showing increased MK2 copy 
numbers, our data are consistent with a suggested 
role of the p38/MK2 pathway in tumor suppression 
[2].  

Analysis of effects of MK2 and MKK3 CNAs on 
tumor size and on involvement of lymph nodes as 
classified by TNM staging were investigated by 
Pearson's chi-squared test. MK2 and MKK3 copy 
numbers were not correlated with tumor size and 
involvement of lymph nodes (data not shown). It 
should be noted that the cohort used in this study 
included only early-stage NSCLC without metastatic 
spread. Thus, the possible correlation of MK2 and 
MKK3 copy numbers on NSCLC metastasis cannot be 
excluded.  

TP53 is an important tumor suppressor down-
stream of MKK3/p38/MK2 signaling in NSCLC. We 
observed no correlation between MKK3 or MK2 copy 
numbers and TP53 mutational status (P=0.407 and 
P=0.430, respectively). Others have shown that the 
p38-pathway regulates TP53 on a transcriptional level 
directly by p38 or by its downstream kinases MK2 or 
MK5 following DNA damage [2, 14].  

In conclusion, this is the first report of loss of 
MKK3 and MK2 genomic copy numbers in NSCLC 
tumors. Our study was limited to NSCLC, and these 
observations may not be universal for all lung cancer 
phenotypes. These data highlight the importance of 
understanding genomic changes in novel tumor sup-
pressors and suggest that MKK3 and MK2 may be 
interesting candidates with potential therapeutic 
value in NSCLC. 

Abbreviations 
AD: adenocarcinoma; CNA: copy number alter-

ation; LC: large cell carcinoma; NSCLC: non-small cell 
lung cancer; OR: Odds Ratio; SQ: squamous cell car-
cinoma. 
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